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Patient-derived organoids model
treatment response of metastatic
gastrointestinal cancers

Georgios Vlachogiannis,! Somaieh Hedayat,' Alexandra Vatsiou,” Yann Jamin,>

Javier Fernandez-Mateos,"”> Khurum Khan,* Andrea Lampis,' Katherine Eason,’

Ian Huntingford,! Rosemary Burke,” Mihaela Rata,> Dow-Mu Koh,?® Nina Tunariu,>¢
David Collins,® Sanna Hulkki-Wilson,! Chanthirika Ragulan,’ Inmaculada Spiteri,>
Sing Yu Moorcraft,* Ian Chau,* Sheela Rao,* David Watkins,* Nicos Fotiadis,®

Maria Bali,>® Mahnaz Darvish-Damavandi,' Hazel Lote,"* Zakaria Eltahir,"

Elizabeth C. Smyth,* Ruwaida Begum,* Paul A. Clarke,’ Jens C. Hahne,"

Mitchell Dowsett,” Johann de Bono,® Paul Workman,” Anguraj Sadanandam,’

Matteo Fassan,” Owen J. Sansom,'® Suzanne Eccles,” Naureen Starling,*

Chiara Braconi,*®> Andrea Sottoriva,> Simon P. Robinson,®

David Cunningham,* Nicola Valeri®**

Patient-derived organoids (PDOs) have recently emerged as robust preclinical models;
however, their potential to predict clinical outcomes in patients has remained unclear. We
report on a living biobank of PDOs from metastatic, heavily pretreated colorectal and
gastroesophageal cancer patients recruited in phase 1/2 clinical trials. Phenotypic and
genotypic profiling of PDOs showed a high degree of similarity to the original patient tumors.
Molecular profiling of tumor organoids was matched to drug-screening results, suggesting
that PDOs could complement existing approaches in defining cancer vulnerabilities

and improving treatment responses. We compared responses to anticancer agents ex vivo in
organoids and PDO-based orthotopic mouse tumor xenograft models with the responses

of the patients in clinical trials. Our data suggest that PDOs can recapitulate patient responses
in the clinic and could be implemented in personalized medicine programs.

igh-throughput sequencing has been ex-
tensively used in precision medicine to
identify somatic mutations that can be
exploited for cancer treatment and drug
development (7). However, the limited role
of genomic profiling in predicting response to
targeted therapies and the limitations of pre-
clinical models used for drug validation are
important obstacles hampering the success of
personalized medicine (2). Co-clinical trials are
parallel studies in which drug responses in
patients are matched to laboratory preclinical
models to personalize treatment and understand
mechanisms of chemosensitivity through func-
tional genomics and reverse translation (3). Most
co-clinical trials rely on the use of genetically

!Division of Molecular Pathology, The Institute of Cancer
Research, London, UK. ®Centre for Evolution and Cancer, The
Institute of Cancer Research, London, UK. 3Cancer Research
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The Royal Marsden NHS Trust, London, UK. ®Cancer
Research UK Cancer Therapeutics Unit, The Institute of
Cancer Research, London, UK. ®Department of Radiology,
The Royal Marsden NHS Trust, London, UK. ’Ralph Lauren
Centre for Breast Cancer Research, Royal Marsden Hospital
NHS Trust, London, UK. &Division of Clinical Studies, The
Institute of Cancer Research, London, UK. °Department of
Medicine, Surgical Pathology and Cytopathology Unit,
University of Padua, Padua, Italy. ‘°Cancer Research UK
Beatson Institute, Glasgow, UK.

*Corresponding author. Email: nicola.valeri@icr.ac.uk
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engineered mouse models or patient-derived
xenografts, posing logistic, ethical, and eco-
nomic issues (4).

LGR5" stem cells can be isolated from a num-
ber of organs and propagated as epithelial or-
ganoids in vitro to study physiology and neoplastic
transformation (5). Most studies on human colo-
rectal cancer (CRC) organoids have been con-
ducted on cultures derived from primary tumors
(6). In contrast, examples of PDOs from meta-
static cancer sites remain sparse (7-9). Further-
more, very limited evidence is available on the
ability of PDOs to predict response to treatment
in the clinic (Z0). Here we present a living bio-
bank of PDOs from heavily pretreated metastatic
gastrointestinal cancer patients and show exam-
ples of how the drug responses of these cancer
organoids can be compared with those of the ac-
tual patient.

A total of 110 fresh biopsies from 71 patients
enrolled in four prospective phase 1/2 clinical
trials were processed between October 2014 and
February 2017. In line with previous data (7),
PDOs were grown from 70% of biopsies with a
cellularity of 2+ and above, and their establish-
ment rate strongly correlated with tumor cellu-
larity in the parental biopsy (x? test, P < 0.0001).
No inverse correlation was observed between
PDO establishment rate and presence of necrosis
(cutoff = 20%). Tumor percentage is a key lim-
iting factor for genomic and transcriptomic an-
alyses. When the 60% threshold used in large

www.SCIENCEMAG.org

sequencing studies of primary CRC (1) or gastro-
esophageal cancer (GOC) (12) was applied in our
cohort, we found no correlation between PDO
take-up rate and tumor percentage, suggesting
that PDOs can also be established in cases of a
low tumor/stroma ratio, thus allowing the ex vivo
expansion of the cancer population in samples
that would have otherwise failed quality-control
tests for next-generation sequencing (NGS).

PDOs presented in this study were derived
from ultrasound (n = 20), computed tomography
(CT)-guided (n = 7), or endoscopic (n = 2) biop-
sies of metastatic CRC (mCRC; n = 16), metastatic
GOC (mGOC; n = 4), and metastatic cholangio-
carcinoma (n = 1) patients (fig. S1). Liver, pelvic,
peritoneal, and nodal metastases of chemore-
fractory patients were used to establish PDOs.
In several cases, PDOs were established from se-
quential biopsies at baseline (BL), at the time of
best response [partial response (PR) or stable
disease (SD)], and at the time of disease progres-
sion (PD), as well as from multiregion biopsies
(table S1).

Histological evaluation revealed notable mor-
phological similarities between PDOs and the
patient biopsies from which they were originally
derived (Fig. 1, A and B, and figs. S2A and S2B).
Immunohistochemistry markers routinely used
in the diagnosis of CRC (CDX-2 and CK?7) showed
that the parental tumor’s expression pattern was
maintained in PDOs, even when derived from
sequential biopsies during treatment (fig. S2, C
to E). Similarly, amplification of oncogenic drivers
such as ERBB2 (Fig. 1C and fig. S2F) and re-
arrangements in FGFR2 (fig. S2G) were retained
in PDOs from mGOC and metastatic cholangio-
carcinoma, respectively.

NGS was used to profile 151 cancer-related
genes in both PDOs (n = 23) and their parental
biopsies; archival material from primary cancer
or pretreatment diagnostic biopsies was also
sequenced for eight patients, and whole-genome
sequencing (WGS) was performed for one PDO
(tables S2 and S3). The molecular landscape of our
PDOs (Fig. 1D) largely overlapped with that re-
ported for mCRC and mGOC in the MSK-IMPACT
study (1), with the exception of SRC and EGFR
amplifications and ATM and BRCA2 mutations
that were more frequent in our mCRC PDO co-
hort (table S4). Overall, a 96% overlap in muta-
tional spectrum was observed between PDOs and
their parental biopsies (Fig. 1D), whereas intra-
tumor heterogeneity was observed between ar-
chival material (primary cancer) and metastatic
deposits (biopsies or PDOs) (fig. S3A and table
S2). PDOs were able to capture spatiotemporal
intratumor heterogeneity when established from
multiple biopsies at the time of disease progres-
sion and when compared with PDOs established
at the beginning of treatment (Fig. 1D, fig. S3A, and
table S2). Similar results were observed for copy
number alterations (CNAs) in PDOs and biopsies
collected at different time points during treat-
ment (figs. S3B and S4). WGS confirmed CNAs
extrapolated from targeted NGS of PDOs or PDO-
derived orthotopic tumors (PDO-xenografts) (figs.
S3B and S4); CNAs detected in key oncogenic

23 February 2018 Vol 359 Issue 6378 aao2774
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Fig. 1. Histopathological, molecular, and functional characterization
of patient-derived organoids (PDOs). (A) Phase-contrast image of

a mCRC PDO culture (top) and hematoxylin and eosin staining comparing
organoids to their matching patient biopsy (bottom). (B) Intestinal

and diffuse growth patterns are retained in mGOC PDOs. (C) ERBB2
amplification and overexpression in mGOC PDOs and parental tissue
biopsy (CISH, chromogenic in situ hybridization; IHC, immunohisto-
chemistry). (D) Heatmap showing the most frequently mutated and/or
copy number—-altered genes in PDOs (left) and Venn diagram demon-
strating 96% mutational overlap between PDOs and parental tissue
biopsies (right). (E) Target engagement in genotype—drug phenotype
combinations: pathway analysis downstream of ERBB2 in ERBB2-
amplified and nonamplified PDOs treated with lapatinib (24 hours)

(right), BRAF inhibition (24 hours) (center), and AKT inhibition (4 hours)

(left). wt, wild type. (F) Concentration-dependent effect of the

dual PI3BK/mTOR inhibitor GDC-0980 in three PDOs from patient
R-009, all carrying an acquired PIK3CA mutation (H1047R). PDOs
established from a liver metastasis biopsied at disease progression
(R-009 PD-A) that also harbored PIK3CA amplification showed
concentration-dependent response to GDC-0980. PIK3CA-mutant but
nonamplified PDOs established before regorafenib treatment (R-009 BL)
or from a different liver metastasis biopsied at disease progression
(R-009 PD-B) did not respond to GDC-0980. Viability data shown

are means = SEM of indicated independent experiments. (G) Correlation
(Fisher's exact test) between presence of RBI amplification in PDOs

(D) and response to the CDK4/CDK®6 inhibitor palbociclib in the
reported drug screen (fig. S9A). BL, baseline; SD, stable disease; PD,
posttreatment/progressive disease.
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drivers were further validated by digital-droplet
polymerase chain reaction (fig. S5). High con-
cordance was observed in mutational, CNA, and
transcriptomic profiling over successive passages
when PDOs were tested before and after several
months of continuous culture [passage range,
5 to 13; mutations, coefficient of determination
(R? = 0.96, P < 0.0001; CNA, R? = 0.97, P < 0.0001;
gene expression (RNA sequencing), R? = 0.7,
P < 0.001] (fig. S6).

Next we tested the feasibility of using PDOs
derived from metastatic cancers as drug-screening
tools and validated the robustness of our approach
by identifying several genotype-drug phenotype

correlations across the PDO panel. We ran three-
dimensional (3D) screening assays over a period
of 2 weeks (figs. S7 and S8), using a library of
55 drugs now in phase 1 to 3 clinical trials or in
clinical practice (table S5). The heatmap shown
in fig. SOA summarizes the screening data; hit
validation at lower drug concentrations is re-
ported in fig. S9B. For all 19 screens, a very high
correlation was observed among each screen’s
three replicate assays and controls (fig. S10).
F-013 was the only ERBB2-amplified PDO in
our cohort (Fig. 1C), and it exhibited the strongest
response to lapatinib [dual ERBB2/epidermal
growth factor receptor (EGFR) inhibitor]; lapatinib

potently inhibited the mitogen-activated protein
kinase (MAPK) and phosphatidylinositol 3-kinase
(PI3K)/AKT signaling downstream of EGFR/
ERBB2, inducing apoptosis in the F-013 PDO (Fig.
1E and fig. SOA). In a PDO (F-014) in which EGFR
was amplified but ERBB2 was not, lapatinib had
no effect on viability and only modestly reduced
MAPK and PI3K/AKT signaling (Fig. 1E and
fig. S9A).

Similarly, across all PDOs, F-016 was the only
tumor carrying an AK7TT amplification and E17K
mutation (E, glutamic acid; K, lysine) (Fig. 1D) and
was the only one to respond strongly to both AKT
inhibitors present in the drug library (MK-2206
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Fig. 2. PDO-based ex vivo co-clinical trials in mGOC and mCRC.

(A) PDOs were generated from sequential biopsies of a liver metastasis
(red circles in the bottom panel) of mGOC patient F-014 that showed
initial response to paclitaxel (F-014 BL) and subsequently progressed
(F-014 PD). Violet bars indicate overall tumor volume [according to
RECIST (Response Evaluation Criteria in Solid Tumors) 1.1], and

red bars indicate volume of the target metastasis used to generate
PDOs. (B) Cell viability upon paclitaxel treatment was compared in BL
and PD PDOs from patient F-014 and PDOs from patients that exhibited
primary (F-015) or acquired (F-012) resistance to paclitaxel in the clinic.
Viability data shown are means = SEM of indicated independent
experiments. (C) Cell cycle analysis upon paclitaxel treatment in the

10

F-014 BL PDO compared with the F-014 PD PDO. DMSO, dimethyl
sulfoxide. (D) Concentration-dependent DNA damage was observed in the
F-014 BL PDO in response to paclitaxel but not in PDOs from the same
patient established at PD. (E) PDOs were established from BL (C-003
and C-004) and PD (C-001 and C-002) biopsies from patients treated
with the anti-EGFR monoclonal antibody cetuximab. PDOs were

treated with cetuximab in vitro; data shown are means £ SD from
independent experiments performed in triplicate. (F) Molecular analysis
of BL and PD PDOs, matching biopsy (tumor), and primary bowel
cancer (archival); arrows indicate the presence of clonal or subclonal
mutations in BRAF or KRAS, respectively, in two patients. VAF, variant
allele frequency; FFPE, formalin-fixed paraffin-embedded.
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Fig. 3. PDO-based co-clinical trials mimic primary and acquired
resistance to regorafenib in mice. (A) mCRC patients on regorafenib
treatment underwent biopsies at BL, SD, or PD. An early reduction

(15 days) in functional imaging (DCE-MRI) parameters correlated with
changes in microvasculature assessed by CD31 staining and clinical benefit
from regorafenib (right). Arrowheads indicate CRC metastases; K",
volume transfer constant. (B) Changes in microvasculature in response to
regorafenib were assessed in PDO-xenografts in mice by quantification

of tumor-associated CD31-positive vessels. Data show PDO-xenografts
from a primary resistant patient (R-009) and a long-term responder
(R-005) to regorafenib. Means £ SD from the indicated number of mice
(n) in a representative experiment are shown; significance was determined
using Student's unpaired t test. (C) Reduction in fractional blood volume
(fBV) in regorafenib-treated mice carrying long-term regorafenib
responder (R-005) PDO-xenografts. A total of 10 animals were analyzed
(five in each arm); shown are the means * SD of an individual experiment.
Day O fBV values could not be obtained for two animals owing to
respiratory movement. Significance was determined using Student’s
paired t test for fBV and unpaired t test for CD31 and necrosis.

(D) Schematic representation of the animal experiment using PDOs
from patient R-O11, established pre- and posttreatment with regorafenib.
Mice carrying liver orthotopic R-0O11 pretreatment (BL) and posttreatment
(PD) PDO-xenografts were randomized to control and treatment arms
and treated with vehicle or regorafenib for 10 days. After treatment,

each arm was further randomized to a cohort culled for histopathological
analysis and a survival cohort, which was monitored over time.

(E) CD31 immunostaining in the parental patient BL, SD, and PD
biopsies, demonstrating an initial reduction in tumor microvasculature

in response to regorafenib. Shown are means + SD calculated by scoring
10 high-power-field tumor areas. (F) Representative images (top) and
analysis (bottom) of CD31 immunostaining in the BL and PD R-011
PDO-xenografts. Shown are means + SD calculated by scoring at least
10 high-power-field tumor areas per animal in an individual experiment;

n, number of animals analyzed in each group. Significance was determined
using Student's unpaired t test. (G) Kaplan-Mayer curves for regorafenib-
or vehicle-treated mice bearing BL and PD PDO-xenografts from patient
R-011 from an individual experiment (n, number of mice analyzed).
Significance was determined using the Mantel-Cox log-rank test.
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Fig. 4. PDOs recapitulate intra- and interpatient heterogeneity

in response to TAS-102. (A) PDOs were established from a patient
(R-019) with mixed response to TAS-102. Whereas the segment

2 metastasis rapidly progressed, the segment 5 metastasis remained
stable upon TAS-102 treatment (white arrowheads in the CT scan
indicate metastases; bars represent pre- and posttreatment
measurements of the indicated metastases). (B) Ex vivo

and GSK690693) (Fig. 1E and fig. SOA). One mCRC
PDO (C-004) harbored a BRAF V600E mutation (V,
valine) (Fig. 1D) and was the only PDO that showed
significantly decreased viability after treatment
with the BRAF inhibitor vemurafenib (fig. SOA).
Consistent with this, vemurafenib selectively in-
hibited MEK/ERK (MAPK Kkinase/extracellular
signal-regulated kinase) signaling in the C-004
PDO (Fig. 1E) but failed to induce apoptosis, in
keeping with the lack of efficacy of single-agent
BRAF inhibitors in mCRC (13).

Overall, PIK3CA mutations were not predictive
of response to GDC-0980 (a dual PI3K/mTOR in-
hibitor) in the PDOs panel (Fig. 1D and fig. SOA). In
line with this observation, in a patient from whom
pre- and posttreatment PDOs were established
from multiple metastases (R-009 BL, PD-A, and
PD-B), a PIK3CA H1047R mutation (H, histidine;
R, arginine) common to all the PDOs was not asso-
ciated with any response to GDC-0980. However,
PDOs carrying a synchronous PIK3CA amplification
(R-009 PD-A) showed a concentration-dependent
reduction in cell viability in response to GDC-
0980 (Fig. 1F and fig. S3A). Last, in keeping with

12

published data (74), a significant correlation was
observed between RBI amplification and sen-
sitivity of PDOs to palbociclib [cyclin-dependent
kinase 4 (CDK4)/CDKG6 inhibitor] (Fig. 1G).
After extensive molecular and functional char-
acterization of our PDOs, we examined their clin-
ical predictive value in 21 comparisons of clinical
responses observed in patients with ex vivo re-
sponse data gathered in organoids (table S6).
Taxanes are a standard second-line treatment
option for metastatic gastric cancer; however,
efficacy is modest, and no predictive biomarkers
are available to inform clinical decisions (15). We
compared response to paclitaxel in sequential
PDOs established before and after treatment in
a paclitaxel-sensitive patient (F-014) with that
in PDOs established from liver metastases of two
paclitaxel-resistant patients (Fig. 2, A and B).
PDOs derived from the responsive metastasis
showed a Gl (concentration that inhibits growth
of cancer cells by 50%) for clinically relevant
paclitaxel concentrations (16) that was about one-
fourth that for PDOs from the same patient
derived at progression; these resistant PDOs dem-
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concentration-response curves in BL and PD multiregion PDOs from
patient R-019 (with mixed response to TAS-102). (C) TK1 IHC expression
in TAS-102-refractory (segment 2) and —sensitive (segment 5) PDOs.
(D) Cell viability (left) and TK1I mRNA expression (right) in PDOs

from TAS-102-responsive and —refractory patients. In (B) and (D),

N indicates the number of independent experiments, and viability
values are expressed as means = SEM.

onstrated an identical paclitaxel concentration-
response profile to the two PDOs established from
paclitaxel-refractory patients (Fig. 2B). Cell cycle
analysis showed marked apoptosis and G, arrest
upon taxane treatment in the pretreatment F-014
PDOs, whereas no significant difference was
observed in PDOs established at progression
(Fig. 2C and fig. S11A). Similarly, paclitaxel in-
duced concentration-dependent DNA damage,
mitotic arrest, and apoptosis in the pretreatment
F-014 PDOs but had a much weaker impact on
the progression (and thus resistant) PDOs (Fig.
2D). Consistent with data observed for second-
line treatment, a ~10-fold difference in GI5, was
observed in response to the combination of
5-fluorouracil and cisplatin in PDOs collected
from chemosensitive and chemorefractory mGOC
patients receiving first-line treatment (fig. S11B),
highlighting the clinical potential of PDOs for
treatment selection in cancers of unmet need.
Anti-EGFR monoclonal antibodies, regorafenib,
and TAS-102 are U.S. Food and Drug Administration—-
approved options for treatment of chemorefractory
mCRC; however, with the exception of RAS pathway
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mutations for anti-EGFR therapy, there are no
validated clinical biomarkers for patient selection
in this setting. We initially tested the predictive
value of PDOs in mCRC by comparing response to
anti-EGFR treatment (cetuximab) in five PDOs
and their respective patients (Fig. 2E). Two PDOs
established from BL biopsies before anti-EGFR
treatment in the PROSPECT-C trial showed no
response to cetuximab, in keeping with the pri-
mary resistance observed in these two patients
in the clinic. Unsurprisingly (17), both PDOs and
their respective patient biopsies harbored ei-
ther KRAS G12D (subclonal) (G, glycine; D,
aspartic acid) or BRAF V60OE (clonal) mutations
(Fig. 2F). The third cetuximab-resistant PDO
(C-002) was established from the progression
biopsy of a patient who initially responded to
cetuximab, and it harbored an EGFR amplifica-
tion (Fig. 1D and fig. S5), no RAS pathway muta-
tional aberrations (Fig. 2F), and high amphiregulin
mRNA levels. Despite these molecular markers
being suggestive of responsiveness to cetuximab,
the C-002 PDO showed no response (and, in fact,
paradoxically showed enhanced proliferation)
upon cetuximab treatment, in line with the respec-
tive patient’s clinical outcome, thus highlighting
the potential of PDOs to predict clinical outcomes
better than molecular pathology alone. Another
KRAS wild-type PDO derived from a slow-growing
progressing metastasis in a patient with other-
wise stable disease (C-001) (fig. S11C) showed a
marginal response to cetuximab. Last, the KRAS
wild-type PDO established from a BL biopsy of a
patient enrolled in the PROSPECT-R trial (R-007)
(fig. S11C) showed response to cetuximab at con-
centrations higher than 5 pg/ml; this, however,
could not be compared with clinical response,
because the patient did not receive anti-EGFR
monoclonal antibodies.

Next we tested the ability of PDOs to reca-
pitulate response to regorafenib, a multiple tyro-
sine kinase inhibitor blocking oncogenic and
angiogenic signaling pathways. No response to
regorafenib was observed in our 3D ex vivo screen-
ing assays (fig. SOA), an observation in keeping
with our recently reported clinical results from
the PROSPECT-R trial (I8), suggesting that re-
sponse to regorafenib is mainly driven by its anti-
angiogenic effect (Fig. 3A).

To match responses to regorafenib in the clinic
and in aligned PDOs, we established an ortho-
topic human tumor xenograft model by implant-
ing luciferase-expressing (Luc*) PDOs in the liver
of NSG mice (PDO-xenografts) (fig. S12A). We
initially compared response to regorafenib in
PDO-xenografts from a patient with primary re-
sistance (R-009; n = 11) and from a patient who
achieved a durable (10-month) response (R-005;
n = 6) to regorafenib (fig. S12, B and C). In keep-
ing with the clinical responses (Fig. 3A), PDO-
xenografts from the regorafenib-sensitive patient
displayed a significant (P = 0.03) reduction in
their microvasculature in response to regorafe-
nib, as revealed by CD31 immunostaining; in
contrast, no significant changes were observed in
PDO-xenografts from the regorafenib-resistant
patient (Fig. 3B). To mimic our clinical obser-

vations, we performed functional susceptibility
contrast magnetic resonance imaging (MRI) of
PDO-xenografts of the responding patient (R-005;
n = 10) before and after treatment (fig. S12D).
In line with dynamic contrast-enhanced MRI
(DCE-MRI) results in patients (Fig. 3A), suscep-
tibility contrast MRI revealed a significant reduc-
tion in tumor fractional blood volume (fBV) in
regorafenib-treated mice (Fig. 3C). These changes
were associated with a reduction in CD31 staining
and increased necrosis (Fig. 3C). Notably, across
all animals, a robust correlation was observed be-
tween the fBV values obtained from susceptibility
contrast MRI and the microvasculature assess-
ment (CD31) of the same samples (R? = 0.64; P =
0.006) (Fig. 3C). Consistent with our clinical data,
changes in microvasculature indicative of re-
sponse appeared to be independent of changes
in tumor volume (fig. S12E) (18). Three differ-
ent histopathological growth patterns (HGPs)—
desmoplastic HGP, pushing HGP, and replacement
HGP—have been associated with different degrees
of response to anti-angiogenic drugs, with the re-
placement HGP being frequently associated with
vessel co-option and primary resistance (19). In
our experiments, a predominance of replacement
HGP, and thus vessel co-option, was observed
in PDO-xenografts from the resistant patient,
whereas tumors established from the PDOs of
the sensitive patient showed a prevalence of des-
moplastic and pushing HGPs (fig. S12F), suggest-
ing that vessel co-option might be the mechanism
underpinning primary resistance to regorafenib.
‘When the responder to regorafenib (R-005) pro-
gressed and received subsequent treatment, he
was enrolled in a phase 1 trial of the ATR inhib-
itor VX-970. No response was observed in this
patient with VX-970 monotherapy, and this was
in keeping with the lack of response to ATM/
ATR inhibitors observed in his PDOs in the drug
screening reported in fig. SOA.

To test the PDOs’ ability to capture tumor
evolution and acquired resistance to treatment,
we generated xenografts using PDOs from the
same liver metastasis before (BL) and after (PD)
treatment in mCRC patient R-011 that exhibited
initial response to regorafenib and subsequently
progressed (fig. S13A). Mice were randomized to
treatment and control arms, and, after treatment,
each arm was further randomized for survival or
functional analysis (Fig. 3D). In line with clinical
findings (Fig. 3E) (I8), CD31 immunostaining
revealed a ~60% reduction in microvasculature
in response to regorafenib in BL. PDO-xenografts
(P = 0.001), whereas no significant change was
observed in PD PDO-xenografts (Fig. 3F). More
importantly, regorafenib treatment offered a se-
lective survival benefit in mice carrying BL PDO-
xenografts (Fig. 3G and fig. S13B), confirming the
predictive value of PDOs and their ability to re-
flect cancer evolution upon treatment.

TAS-102, a combination of the nucleoside an-
alog trifluridine and the thymidine phosphorylase
inhibitor tipiracil, is approved for the treatment
of chemorefractory mCRC, but no validated bio-
markers are available (20). We compared clinical
and preclinical response to TAS-102 in six organ-
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oids from four different patients treated with
TAS-102. Initially, we tested response to TAS-102
in PDOs from a patient (R-019) who had a mixed
response, with stability of disease in one of the
liver metastases (segment 5) and rapid progres-
sion in another (segment 2) (Fig. 4A). Ex vivo
concentration-response data showed about an
eightfold difference in GI5, between PDOs derived
from the TAS-102-sensitive metastasis and those
derived from pre- and posttreatment biopsy of
the rapidly progressing metastasis (Fig. 4B),
highlighting the ability of PDOs to recapitulate
intrapatient heterogeneity. TK1 has been pro-
posed as a potential biomarker of response to
TAS-102 (21); TK1 protein expression was indeed
higher in PDOs from the responding metastasis
than in those from the nonresponding site
(Fig. 4C). When we extended the TAS-102 sensitiv-
ity analysis to PDOs from three other patients, we
confirmed that PDOs from patients who achieved
disease control were sensitive to low micromolar
concentrations of TAS-102, whereas no significant
effect on cell viability was observed in PDOs from
resistant (primary or acquired) patients (Fig. 4D,
left); consistent with previous data, TKI mRNA
expression was higher in PDOs from patients that
achieved stable disease in response to TAS-102
(Fig. 4D, right).

Overall, for the PDOs that we analyzed, we
found 100% sensitivity, 93% specificity, 88% pos-
itive predictive value, and 100% negative pre-
dictive value in forecasting response to targeted
agents or chemotherapy in patients (Fisher’s ex-
act test, P < 0.0001) (table S7). Our data suggest
that PDOs can be exploited for functional ge-
nomics to simulate cancer behavior ex vivo and
integrate molecular pathology into the decision-
making process of early-phase clinical trials.
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The chromatin accessibility
landscape of primary human cancers

M. Ryan Corces'*, Jeffrey M. Granja®>>*, Shadi Shams’, Bryan H. Louie’,
Jose A. Seoane?*’, Wanding Zhou®, Tiago C. Silva”%, Clarice Groeneveld®,
Christopher K. Wong'®, Seung Woo Cho', Ansuman T. Satpathy’,

Maxwell R. Mumbach®2, Katherine A. Hoadley", A. Gordon Robertson'Z,
Nathan C. Sheffield'?, Ina Felau'¥, Mauro A. A. Castro®, Benjamin P. Berman’,
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We present the genome-wide chromatin accessibility profiles of 410 tumor samples
spanning 23 cancer types from The Cancer Genome Atlas (TCGA). We identify 562,709
transposase-accessible DNA elements that substantially extend the compendium of known
cis-regulatory elements. Integration of ATAC-seq (the assay for transposase-accessible
chromatin using sequencing) with TCGA multi-omic data identifies a large number of
putative distal enhancers that distinguish molecular subtypes of cancers, uncovers specific
driving transcription factors via protein-DNA footprints, and nominates long-range
gene-regulatory interactions in cancer. These data reveal genetic risk loci of cancer
predisposition as active DNA regulatory elements in cancer, identify gene-regulatory
interactions underlying cancer immune evasion, and pinpoint noncoding mutations that
drive enhancer activation and may affect patient survival. These results suggest a
systematic approach to understanding the noncoding genome in cancer to advance

diagnosis and therapy.

ancer is a highly heterogeneous group of

diseases, with each tumor type exhibiting

distinct clinical features, patient outcomes,

and therapeutic responses. The Cancer Ge-

nome Atlas (TCGA) was established to
characterize this heterogeneity and understand
the molecular underpinnings of cancer (7). Through
large-scale genomic and molecular analyses, TCGA
has revealed an exquisite diversity of genomic
aberrations, altered transcriptional networks,
and tumor subtypes that have engendered a more
comprehensive understanding of disease etiolo-
gies and laid the foundations for new therapeu-
tics and impactful clinical trials.

Work from TCGA and many others has dem-
onstrated the importance of the epigenome to
cancer initiation and progression (2). Profiling
of cancer-specific coding mutations through whole-
exome sequencing has identified prominent driver
mutations in genes encoding chromatin remodel-

ing enzymes and modifiers of DNA methyla-
tion. These mutations drive alterations in the
epigenome which, in turn, can establish the
dysregulated cellular phenotypes that have be-
come known as the hallmarks of cancer (3). Al-
though many principles of chromatin regulation
have been elucidated in cultured cancer cells,
epigenomic studies of primary tumors are es-
pecially valuable, capturing the genuine eco-
system of heterotypic tumor and stromal cell
interactions and the impacts of factors in the
tumor microenvironment such as hypoxia, aci-
dosis, and matrix stiffness (4). TCGA has car-
ried out targeted DNA methylation profiling of
more than 10,000 samples and, more recently,
whole-genome bisulfite sequencing (WGBS) of
39 TCGA tumor samples (5). This data-rich re-
source has identified cancer-specific differentially
methylated regions, providing an unprecedented
view of epigenetic heterogeneity in cancer. In-

tegration of DNA methylation and additional
TCGA data types has enabled the prediction of
functional regulatory elements (6-8) and the
identification of previously unknown cancer
subtypes (9-13). Additional work has identified
cancer-relevant variable enhancer loci by using
histone modifications (74) and enhancer RNA
sequencing (15). These studies represent, to date,
the largest genome-wide epigenomic profiling
efforts in primary human cancer samples.

Recently, the advent of the assay for transposase-
accessible chromatin using sequencing (ATAC-seq)
(I16) has enabled the genome-wide profiling of
chromatin accessibility in small quantities of fro-
zen tissue (17). Because accessible chromatin is
a hallmark of active DNA regulatory elements,
ATAC-seq makes it possible to assess the gene
regulatory landscape in primary human cancers.
Combined with the richness of diverse, orthogo-
nal data types in TCGA, the chromatin accessi-
bility landscape in cancer provides a key link
between inherited and somatic mutations, DNA
methylation, long-range gene regulation, and,
ultimately, gene expression changes that affect
cancer prognosis and therapy.

Results
ATAC-seq in frozen human cancer
samples is highly robust

We profiled the chromatin accessibility land-
scape for 23 types of primary human cancers,
represented by 410 tumor samples derived from
404 donors from TCGA (protocol S1). These 23
cancer types are representative of the diversity of
human cancers (Fig. 1A and data S1). From the
410 tumor samples, we generated technical repli-
cates from 386 samples, yielding 796 genome-wide
chromatin accessibility profiles (data S1). Given the
size of this cohort, we first ensured that all gen-
erated ATAC-seq data could be uniquely mapped
to the expected donor through comparison with
single-nucleotide polymorphism (SNP) genotyping
calls (fig. S1A). In all samples, the genotype from
the ATAC-seq data generated in this study cor-
related most highly with previously published
genotyping array data for the expected donor
compared with that of all other 11,126 TCGA donors.
All ATAC-seq data included in this study passed a
minimum threshold of enrichment of signal over
background (fig. S1, B to D, and data SI) with most
samples showing a characteristic fragment size
distribution with clear nucleosomal periodicity
(fig. S1E). With this high-quality set of 410 tu-
mor samples, we identified 562,709 reproducible
(observed in more than one replicate) pan-cancer
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Fig. 1. Pan-cancer ATAC-seq of TCGA samples identifies diverse
regulatory landscapes. (A) Diagram of the 23 cancer types profiled in
this study. Colors are kept consistent throughout figures. (B) Pan-cancer
peak calls from ATAC-seq data. Peak calls from each cancer type are
shown individually in addition to the 562,709 peaks that represent the pan-
cancer merged peak set. Color indicates the type of genomic region
overlapped by the peak. The numbers shown above each bar represent the
number of samples profiled for each cancer type. UTR, untranslated
region. (C) Overlap of cancer type-specific ATAC-seq peaks with Roadmap
DNase-seq peaks from various tissues and cell types. Left: The percent
of ATAC-seq peaks that are overlapped by one or more Roadmap peaks.
Right: A heatmap of the percent overlap observed for each ATAC-seq
peak set within the Roadmap DNase-seq peak set. Colors are scaled
according to the minimum and maximum overlaps, which are indicated
numerically to the right of the DNase-seq peak set names. The total
number of ATAC-seq peaks (white to purple) or Roadmap DNase-seq
regions (white to green) are shown colorimetrically. (D) Normalized
ATAC-seq sequencing tracks of all 23 cancer types at the MYC locus. Each
track represents the average accessibility per 100-bp bin across all

replicates. Known GWAS SNPs rs6983267 (COAD, PRAD) and rs35252396
(KIRC) are highlighted with light blue shading. Region shown represents
chromosome 8 (chr8):126712193 to 128412193. (E) Normalized

ATAC-seq sequencing tracks of five different COAD samples (top,
orange) and KIRC samples (bottom, purple) shown across the same MYC
locus as in Fig. 1D. Known GWAS SNPs rs6983267 (COAD, PRAD) and
rs35252396 (KIRC) are highlighted with light blue shading. Region

shown represents chr8:126712193 to 128412193. ACC, adrenocortical
carcinoma; BLCA, bladder urothelial carcinoma; BRCA, breast invasive
carcinoma; CESC, cervical squamous cell carcinoma; CHOL, cholangiocar-
cinoma; COAD, colon adenocarcinoma; ESCA, esophageal carcinoma;
GBM, glioblastoma multiforme; HNSC, head and neck squamous cell
carcinoma; KIRC, kidney renal clear cell carcinoma; KIRP, kidney renal
papillary cell carcinoma; LGG, low grade glioma; LIHC, liver hepatocellular
carcinoma; LUAD, lung adenocarcinoma; LUSC, lung squamous cell
carcinoma; MESO, mesothelioma; PCPG, pheochromocytoma and
paraganglioma; PRAD, prostate adenocarcinoma; SKCM, skin cutaneous
melanoma; STAD, stomach adenocarcinoma; TGCT, testicular germ cell tumors;
THCA, thyroid carcinoma; UCEC, uterine corpus endometrial carcinoma.
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peaks of chromatin accessibility (Fig. 1B and
data S2). These peaks were identified using a
normalized peak score metric to enable direct
comparison of peaks across samples of unequal
sequencing depth, with each cancer type having
an average of 105,585 peaks (range 56,125 to
215,978; Fig. 1B and fig. SIF; see methods). Re-
producibility within the pan-cancer peak set was
high for technical replicates (different nuclei
from the same tumor sample; fig. S1, G and H),
intratumor replicates (different samples from
the same tumor; fig. S1I), and intertumor rep-
licates (tumor samples from different donors;
fig. S1, J and K).

Cancer chromatin accessibility extends
the dictionary of DNA regulatory elements

The pan-cancer and cancer type-specific peak
sets generated in this study enabled quantifi-
cation of the number of DNA regulatory ele-
ments identified. To do this, we compared the
regions defined by our pan-cancer and cancer
type-specific peak sets to the regions defined
by the Roadmap Epigenomics Project deoxy-
ribonuclease I hypersensitive sites sequencing
(DNase-seq) studies (18), finding a median of
34.4% overlap between the cancer type-specific
peak sets and the various Roadmap tissue-type
peak sets, with the strongest overlap occurring
in the expected combinations (Fig. 1C and data
S3). In total, about 65% of the pan-cancer peaks
identified in this study had overlap with previ-
ously observed regulatory elements, highlighting
both the consistency of our results with pub-
lished datasets and the large number of addi-
tional putative regulatory elements observed in
this study (Fig. 1C). Given the extensive coverage
of Roadmap DNase-seq studies in healthy tissues,
our results suggested that the disease context
of cancer unveils the activity of additional DNA
regulatory elements. Moreover, overlap of the
ATAC-seq-defined DNA regulatory elements with
chromatin immunoprecipitation sequencing
(ChIP-seq)-defined ChromHMM regulatory
states shows a strong enrichment of accessible
chromatin sites in promoter and enhancer re-
gions, as expected (fig. S1L). Although we pro-
filed many samples in some cancer types [i.e.,
breast invasive carcinoma (BRCA), 75 tumor sam-
ples], we profiled fewer samples in multiple other
cancer types (i.e., cervical squamous cell car-
cinoma, four tumor samples) (Fig. 1B). By esti-
mating the number of unique peaks added with
each additional sample, we found that cancer
types have an estimated average of 169,822 total
peaks (range 97,995 to 309,313) at saturation
(fig. S1, M and N, and data S3), suggesting that
profiling of additional samples of each cancer
type would further expand the repertoire of reg-
ulatory elements.

Noncoding DNA elements reveal distinct
cancer gene regulation and genetic risks
The MYC proto-oncogene locus provides a prime
illustration of the diversity of the chromatin
accessibility landscape across cancer types. MYC
is embedded in a region with multiple DNA

18

regulatory elements and noncoding transcripts
that regulate MYC in a tissue-specific fashion
(19). We observed sufficient diversity in the
chromatin accessibility landscape of the MYC
locus to enable clustering of cancer types into
two primary categories: (i) cancer types with
extensive chromatin accessibility at 5’ and 3’
DNA elements, such as colon adenocarcinoma
(COAD), and (ii) cancer types with chromatin
accessibility primarily at 3’ regulatory elements,
such as Kidney renal clear cell carcinoma (KIRC)
(Fig. 1D). This trend is consistent across dif-
ferent samples of the same cancer type, as shown
for COAD and KIRC (Fig. 1E) and is similar to
the regulation observed in the HOXD locus (20).

Genome-wide association studies (GWAS) have
identified numerous inherited risk loci for can-
cer susceptibility. However, many of these SNPs
reside in the noncoding genome within known
DNA regulatory elements. In the MYC locus, we
identify known sites of chromatin accessibility,
including peaks surrounding functionally vali-
dated GWAS cancer susceptibility SNPs (rs6983267
and rs35252396; Fig. 1, D and E). SNP rs6983267
is associated with increased susceptibility to co-
lon adenocarcinoma and prostate adenocarcinoma
(PRAD) (21-23), consistent with the presence of
focal chromatin accessibility in these cancer
types. However, SNP rs6983267 has not been
previously associated with breast cancer or any
squamous tumor types, which also have strong
chromatin accessibility at this regulatory ele-
ment in our ATAC-seq data (Fig. 1D). Similarly,
SNP rs35252396 has been associated with KIRC
and, in our data, shows strong accessibility in
samples from Kidney cancer types as well as
breast and thyroid carcinoma, suggesting a
potential role for these SNPs in previously un-
appreciated cancer contexts.

To visualize global patterns from our diverse
ATAC-seq datasets, we performed Pearson cor-
relation hierarchal clustering on distal and
promoter elements (Fig. 2A). We found that dis-
tal elements exhibited a greater specificity and
wider dynamic range of activity in association
with cancer types, whereas promoter element
accessibility was less cancer type-specific and
showed similar patterns of correlation to global
gene expression, as measured by RNA-seq (Fig.
2A). This functional specificity of distal regu-
latory elements was also previously observed
in healthy tissues and in development (24, 25).
Using t-distributed stochastic neighbor embed-
ding (26) (t-SNE; Fig. 2B) and density cluster-
ing (27) (fig. S2A), we identified 18 distinct
clusters, which we labeled based on the ob-
served cancer-type enrichment (fig. S2B and
data S3). We found strong concordance between
this ATAC-seq-based clustering and the pub-
lished multiomic iCluster scheme using TCGA
mRNA-seq, microRNA (miRNA)-seq, DNA meth-
ylation, reverse-phase protein array (RPPA), and
DNA copy number data (28) (Fig. 2, C and D).
Comparing this clustering scheme to other TCGA-
based clustering schemes, we observed the
strongest concordance of our ATAC-seq cluster-
ing scheme with mRNA and cancer type (Fig. 2E).

www.SCIENCEMAG.org

This is consistent with the connection of chro-
matin accessibility to transcriptional output and
the observation that ATAC-seq is strongly cell
type-specific. Multiple observations can be made
from these clusters: (i) Some cancer types split
into two distinct clusters such as breast cancer
(i.e., basal and nonbasal) and esophageal can-
cer (i.e., squamous and adenocarcinoma), (ii)
cancer samples derived from the same tissue
type often group together [i.e., Kidney renal pap-
illary cell carcinoma (KIRP) and KIRC], and (iii)
some cancers group together across tissues as
observed for squamous cell types (Fig. 3A and
fig. S2B).

Cluster-specific regulatory landscapes
identify patterns of transcription factor
usage and DNA hypomethylation

Grouping of samples into defined clusters en-
ables the determination of patterns in chroma-
tin accessibility that are unique to each cluster.
Using a framework that we term “distal bi-
narization,” we identified the distal regulatory
elements that are accessible only in a single clus-
ter or small group of clusters (Fig. 3B, fig. S2C,
and data S4). Of the 516,927 pan-cancer distal
elements, 203,260 were found to be highly ac-
cessible in a single cluster or group of clusters
(up to four clusters). These cluster-specific peak
sets are enriched for motifs of transcription fac-
tors (TFs) with correlated gene expression that
are known to be important for cancer and tissue
identity (Fig. 3C, fig. S2D, and data S4). These
include the androgen receptor (AR) in prostate
cancer, forkhead box Al (FOXA1) in nonbasal
breast cancer, and melanogenesis-associated tran-
scription factor (MITF) in melanoma. Moreover,
these cluster-specific peak sets are enriched for
known GWAS SNPs that are associated with
cancers of the corresponding type (fig. S2E and
data S5), highlighting that cancer-related GWAS
SNPs tend to be located within or near cancer
type-specific regulatory elements. The concor-
dance of GWAS risk loci and cancer chromatin
state has often been evaluated using cancer
cell lines in the past, and our work provides a
foundational map to evaluate noncoding GWAS
SNPs in primary human cancers.

Consistent with published reports (12, 18, 29, 30),
the degree of DNA methylation was anticorre-
lated with chromatin accessibility at regulatory
elements, and regions lacking chromatin acces-
sibility were more frequently methylated (fig. S2F).
In particular, cluster-specific peak sets are hypo-
methylated in the relevant cancer types, though
frequently methylated in other cancer types that
lack accessibility in those peaks (fig. S2G). Con-
sistent with these observations, which are based
on DNA methylation array data, we see a strong
depletion of DNA methylation at the center of
both distal peaks and promoter peaks in a single
patient profiled by WGBS (fig. S2H) (5). In our
analysis of methylation levels within cluster-
specific peak sets, we also identified a subgroup
of brain cancers that exhibits DNA hypermeth-
ylation of peaks specific to nonbrain cancers
(fig. S2G), likely caused by mutations in genes
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that affect DNA methylation, such as isocitrate
dehydrogenase 1 (IDHI) (fig. S3A). Similarly,
we found that the subset of testicular germ cell
tumors that are seminomas show a pattern of
genome-wide DNA hypomethylation, consistent
with a published report (31) (fig. S3B). Thus, a
small number of TFs dominate the cis-regulatory
landscape in each cancer type. These TFs are
often the known key drivers of the respective

Fig. 2. Chromatin accessibility profiles
reveal distinct molecular subtypes of
cancers. (A) Pearson correlation heatmaps
of ATAC-seq distal elements (left), ATAC-seq
promoters (middle), and RNA-seq of all
genes (right). Clustering orientation is
dictated by the ATAC-seq distal element
accessibility, and all other heatmaps use this
same clustering orientation. Color scale
values vary between heatmaps. Promoter
peaks are defined as occurring between
-1000 and +100 bp of a transcriptional start
site. Distal peaks are all nonpromoter peaks.
The total number of features (N) used for
correlation is indicated above each Pearson
correlation heatmap. (B) Unsupervised
t-SNE on the top 50 principal components
for the 250,000 most variable peaks across
all cancer types. Each dot represents the
merge of all technical replicates from a given
sample. Color represents the cancer type
shown above the plot. (C) Cluster residence
heatmap showing the percent of each
TCGA iCluster that overlaps with each ATAC-
seq—based cluster. (D) ATAC-seq t-SNE
clusters shown on the PanCanAtlas iCluster
TumorMap. Each hexagon represents a
cancer patient sample, and the positions of
the hexagons are computed from the sim-
ilarity of samples in the iCluster latent
space. The color and larger size of the
hexagon indicates the ATAC-seq cluster
assignment. Samples that were not included
in the ATAC-seq analysis are represented
by smaller gray hexagons. The text labels
indicate the cancer disease type.

(E) Variation of information analysis of
clustering schemes derived by using
various data types from TCGA.

cancer or tissue type, and TF occupancy is as-
sociated with, and possibly causes, DNA hypo-
methylation of the corresponding DNA elements
in cancer.

De novo identification of cancer
subtypes from ATAC-seq data

Given the richness of the chromatin accessi-
bility landscape, we explored the capacity of

A AC-seq Dlstal Elements (N=516,927) ATAC-: seq Promoters (N=45,782)
- . »Bi _ L]

ATAC-seq data to define molecular subtypes
of cancer de novo. This analysis was limited to
cancer types with sufficient available donors:
BRCA (IV = 74), PRAD (N = 26), and KIRP (V =
34). In KIRP, a gap statistic identified three
distinct subgroups that are clearly separable by
the first two principal components (Fig. 3D).
The smallest of these subgroups contains four
donors with very clear differences in ATAC-seq
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Fig. 3. ATAC-seq clusters cancer samples to show cancer- and tissue-
specific drivers. (A) Cluster residence heatmap showing the percent of
samples from a given cancer type that reside within each of the

18 annotated ATAC-seq clusters. (B) Heatmap showing the ATAC-seq
accessibility at distal elements (N = 203,260) identified to be cluster-
specific by distal binarization. (C) Enrichment of TF motifs in peak

sets identified in Fig. 3B. Enrichment is determined by a hypergeometric
(HG) test —logo(P value) of the motif's representation within the cluster-
specific peaks compared to the pan-cancer peak set. Transcription factors
shown represent a manually trimmed set of factors whose expression is
highly correlated (r > 0.4) with the accessibility of the corresponding
motif. Color represents the —logio(P value) of the hypergeometric test.
(D) Principal component analysis of the top 25,000 distal ATAC-seq
peaks within the KIRP cohort (N = 34 samples). Each dot represents an
individual sample. The color of the dots represents K-means clustering
(K = 3 by gap statistic). (E) Distal binarization analysis based on

the three K-means—defined groups identified and shown (by color) in

20

Fig. 3D. (F) Dot plot showing the number of nearby ATAC-seq peaks per
gene from the group 1 distal binarization. Each dot represents a

different gene. The MECOM gene (also called EVII) is highlighted in red.
(G) Normalized average sequencing tracks of K-means—defined groups 1,
2, and 3 at the MECOM locus. Peaks specific to group 1 are highlighted
by light blue shading. (H) DNA copy number data at the MECOM locus in
the three K-means—defined groups. Each dot represents an individual
sample. CNV, copy number variation. (I) Average chromatin accessibility at
peaks near the MECOM gene (N = 42 peaks) and RNA-seq gene expression
of MECOM in KIRP samples (N = 34 samples). Each dot represents an
individual donor. Dots are colored according to the clustering group colors
shown in Fig. 3D. CPM, counts per million. (J) Kaplan-Meier analysis of
overall survival of all KIRP donors in TCGA (N = 287) stratified by MECOM
overexpressed (N = 44) and normal MECOM expression (N = 243).

(K) Hazard plot of risk of dying from KIRP based on multiple covariates,
including MECOM expression (hazard ratio = 5.2, 95% confidence
interval = 2.4 to 11.0). Lines represent 95% confidence intervals.
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accessibility identified by distal binarization (red
coloring in Fig. 3E). Within the set of regulatory
elements that are specific to this subgroup, we
found 42 ATAC-seq peaks near the MDS1 and
EVI1 complex locus (MECOM) gene (Fig. 3, F
and G). Notably, the high chromatin accessibil-
ity of these MECOM peaks is not related to copy
number amplification, as determined by DNA
copy number array data (Fig. 3H). The expres-
sion of the MECOM gene is highly correlated
with the mean ATAC-seq accessibility at these
42 ATAC-seq peaks [correlation coefficient (7) =
0.79, Fig. 31]. Additionally, overexpression of
MECOM is significantly associated with poorer
overall survival across all available KIRP data
from TCGA (P = 2.2 x 107°, Cox proportional
hazard test, Fig. 3J) with a hazard ratio of 5.2
(95% confidence interval = 2.4 to 11.0). This
association is more substantial than lymph node
status or patient age and is independent of can-
cer stage (Fig. 3K), indicating a potential prognos-
tic role for these findings. Importantly, MECOM
overexpression is not readily explained by any
previously identified subgroups of KIRP, includ-
ing subgroups with a CpG island methylator
phenotype or mutations in the gene encoding
fumarate hydratase, which have also been shown
to confer poor overall survival (13). These results
suggest that MECOM activation in KIRP iden-
tifies a previously unappreciated subgroup of
patients with adverse outcomes, a finding that
was uncovered by notable changes in the chro-
matin accessibility landscape of these samples.

Similarly, we found multiple distinct sub-
groups of PRAD and BRCA based on K-means
clustering of the top 25,000 variable distal ATAC-
seq peaks (fig. S3, C and D). In PRAD, these
include subgroups driven by activity of AR,
tumor protein P63 (TP63), and forkhead box-
family TFs (fig. S3C). From an unsupervised
analysis of breast cancer, we identified motifs
of known TF drivers of luminal subtype iden-
tity, such as GATA binding protein 3 (GATA3)
and FOXA1, as being enriched in the peak clus-
ters specific to a subset of luminal samples
(clusters 3 and 4, fig. S3D). We also identified a
potential role for grainyhead-like (GRHL) TF
motifs in basal breast cancer (32) (cluster 1, fig.
S3D) and an overlapping role for nuclear factor
I (NFI) in both basal and luminal A breast can-
cer (cluster 2, fig. S3D). Additionally, ATAC-seq
data can be used to identify regions of copy
number amplification de novo (33), enabling
the classification of HER2-amplified cases of
breast cancer (fig. S3, E to G).

Footprinting analysis defines
TF activities in cancer

The high sequencing depth of the ATAC-seq data
generated in this study (median of 56.7 million
unique reads per technical replicate) enabled the
profiling of TF occupancy at base-pair resolution
through TF footprinting. TF binding to DNA
protects the protein-DNA binding site from
transposition while the displacement or deple-
tion of one or more nucleosomes creates high
DNA accessibility in the immediate flanking se-

quence. Collectively, these phenomena are re-
ferred to as the TF footprint. To characterize TF
footprints, we adapted a recent approach (34)
that quantifies the “flanking accessibility,” a
measure of the accessibility of the DNA adja-
cent to a TF motif, and “footprint depth,” a
measure of the relative protection of the motif
site from transposition (Fig. 4A and data S6).
To calculate these variables, we aggregated all
insertions relative to the TF motif center, genome-
wide (fig. S4A). To attempt to account for known
Tn5 transposase insertion bias, we computed the
hexamer frequency centered at Tn5 insertions
and normalized for the expected bias at each
position relative to the motif center (34) (see
methods for potential limitations). Depending
on the binding properties of a TF and its ability
to affect local chromatin accessibility, changes
in these properties would be detectable through
this approach genome-wide (fig. S4, B and
C). ChromVAR (35), a similar genome-wide ap-
proach which assesses the ability of a TF to
affect flanking accessibility, identified a highly
overlapping list of TFs (fig. S4D).

To uncover transcriptionally driven TF bind-
ing patterns, we correlated the RNA-seq gene
expression of a given TF to its corresponding
footprint depth and estimated flanking acces-
sibility (data S6). A factor whose expression is
sufficient to generate robust DNA binding would
have a footprint depth and flanking accessibility
that are significantly correlated to its gene ex-
pression [false discovery rate (FDR) < 0.1, purple
dots in Fig. 4B], such as TP63 (Fig. 4, C and D) or
NK2 homeobox 1 (NKX2-1) (Fig. 4, E and F).
Increases in flanking accessibility and decreases
in footprint depth are likewise accompanied by
decreases in methylation (bottom of Fig. 4, D and
F), consistent with the hypothesis that methy-
lated DNA is less likely to be bound by TFs (36).
Although footprint depth and flanking accessi-
bility are often correlated, their divergence can
suggest the modes of TF-DNA interaction. For
example, factors whose expression is sufficient to
cause opening of chromatin around the motif
site but not to protect the motif site from trans-
position would be expected to only exhibit a
significant correlation between gene expres-
sion and flanking accessibility (blue dots in Fig.
4B). This pattern of correlation could be caused
by effects such as rapid TF off rates or low oc-
cupancy (fig. S4, E and F). Conversely, a small
number of TFs have expression that is only
significantly correlated with footprint depth (red
dots in Fig. 4B). Though likewise rare, we also
identified potential negative regulators whose
expression is inversely correlated to gain of flank-
ing accessibility and loss of footprint depth,
such as the cut-like homeobox 1 (CUX1) TF (37)
(Fig. 4B and fig. S4, G and H). This is the ex-
pected behavior of repressive TFs that bind
DNA and lead to compaction of the neighbor-
ing sequence. These results predicted dozens
of positive and negative regulators whose ex-
pression is strongly correlated with chromatin
accessibility patterns near to their correspond-
ing motif (fig. S4I and data S6). Overall, our

www.SCIENCEMAG.org

footprinting analysis identified putative TFs
with activities correlated with gene expression.

Linking of DNA regulatory elements to
genes predicts interactions relevant
to cancer biology

The breadth and depth of this sequencing study
enabled a robust association of ATAC-seq peaks
with the genes that they are predicted to reg-
ulate. To do this, we implemented a strategy
based on the correlation of ATAC-seq accessi-
bility and gene expression across all samples
(Fig. 5A, N = 373 with matched RNA-seq and
ATAC-seq). Because promoter capture Hi-C data
suggested that >75% of three-dimensional (3D)
promoter-based interactions occur within a 500-
kilobase pair (kbp) distance (38), we restricted
the length scale of this analysis to 500 kbp to
avoid spurious predictions. Using a conserva-
tive FDR cutoff of 0.01, we identified 81,323
unique links between distal ATAC-seq peaks
and genes (Fig. 5B and data S7). Some of these
links are driven by correlation across many
cancer types (Fig. 5, C to E), whereas 70% are
strongly driven by one cluster (Fig. 5F and data
S7). To derive a final list of peak-to-gene links
(Fig. 5B), putative links were filtered against (i)
links whose correlation is strongly driven by
DNA copy number amplification (“CNA”; fig. S5,
A and B), (ii) regions with broad and high local
correlation (“diffuse”; fig. S5, B and C), and (iii)
links involving an ATAC-seq peak that over-
laps the promoter of any gene (Fig. 5G). As
expected, the histogram of distances between
a peak and its target gene decays sharply with
distance (39) (Fig. 5H). The expression of most
genes is correlated with the activity of fewer
than five different peaks (Fig. 5I), whereas most
peaks are predicted to interact with a single
gene (Fig. 5J). Additionally, this analysis found
that only 24% of predicted links occur between
an ATAC-seq peak and the nearest gene, indicat-
ing that the majority of predicted interactions
skip over one or more genes and would not be
possible to predict from primary sequence alone
(Fig. 5K). In total, we predicted at least one peak-
to-gene link for 8552 protein-coding genes,
accounting for nearly half of all protein-coding
genes in the human genome, including 48%
of the curated Catalogue of Somatic Muta-
tions in Cancer (COSMIC) cancer-relevant genes
(data S7).

In addition to predicting peak-to-gene links
across cancer types, we also predicted peak-to-
gene links within breast cancer (N = 74 donors),
identifying 9711 unique peak-to-gene links (fig. S5D
and data S7). Of these links, 36% were also
identified in our analysis of all cancer types
(fig. S5E). Particularly important in these BRCA-
specific links was the contribution of recurrent
DNA CNA as a strong driver for spurious peak-
to-gene correlation (Fig. 5G). These false-positive
associations were removed through the use of
published TCGA DNA copy number array data
and a local correlation correction model, as men-
tioned above (see methods). The final predicted
BRCA-specific links follow a similar distance
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Fig. 4. Footprinting
analysis identifies
distinct TF activities
in cancer. (A) Sche-
matic illustrating

the dynamics of

TF binding (purple) and
Tn5 insertion (green).
(B) Classification of TFs
by the correlation of
their RNA expression to
the footprint depth
and flanking accessibil-
ity of their motifs.
Color represents
whether the depth
(red), flank (blue), or
both (purple) are sig-
nificantly correlated to
TF expression below
an FDR cutoff of O0.1.
Each dot represents
an individual dedupli-
cated TF motif (see
methods). (C) TF foot-
printing of the TP63
motif (CIS-BP
M2321_1.02) in lung
cancer samples from
the squamous (cluster
8) or adenocarcinoma
(cluster 12) subtype.
The Tn5 insertion bias
track of TP63 motifs is
shown below. (D) Dot
plots showing the
footprint depth and
flanking accessibility of
TP63 motifs across all
lung cancer samples
studied. Each dot rep-
resents a unique sam-
ple. Color represents
cancer type (top),
RNA-seq gene expres-
sion (middle), or meth-
ylation beta value
(bottom). Samples
without matching RNA
or methylation data are
shown in gray. (E) TF
footprinting of the
NKX2-1 motif (CIS-BP
M6374_1.02) in lung
cancer samples from
the squamous (cluster
8) and adenocarcinoma
(cluster 12) subtype.
The Tn5 insertion bias
track of NKX2-1 motifs
is shown below. (F) Dot
plots showing the
footprint depth and
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distribution and peak-to-gene linking speci-
ficity as observed in the pan-cancer predicted
links (fig. S5, F to I).

Many of these predicted peak-to-gene links
occur in clusters where multiple nearby peaks
are predicted to be linked to the same gene,
indicating that these clusters of peak-to-gene
links may function as part of a single regu-
latory unit or enhancer. Extending the width of
the linked ATAC-seq peaks to 1500 bp allows
for joining of these peaks into defined merged
putative enhancer units (fig. S5J). This resulted
in a total of 58,092 pan-cancer and 7622 BRCA-
specific enhancer-to-gene links (data S7).

Validation and utility of predicted links
between distal elements and genes

To verify a regulatory interaction for the pre-
dicted peak-to-gene links, we used a CRISPR
interference (CRISPRi) (40) strategy using a
catalytically dead Cas9 (dCas9) fused to a Kruppel-
associated box (KRAB) domain, which mediates
focal heterochromatin formation and functional
silencing of noncoding DNA regulatory elements
(Fig. 6A). In this way, targeting the distal peak
region of a predicted peak-to-gene link would be
expected to cause a decrease in the expression of
the linked gene, located tens to hundreds of
kilobases away. CRISPRi of a predicted distal
regulatory element linked to BCL2 (164 kbp,
Fig. 5C) led to a significant reduction in BCL2
gene expression in the luminal-like breast can-
cer MCF7 cell line but not in the basal-like MDA-
MB-231 cell line (Fig. 6B), consistent with the
role of BCL2 as a luminal-specific survival factor
(41). Similarly, CRISPRi of a distal regulatory
element linked to the SRC oncogene (-49 kbp,
Fig. 5D) led to a significant reduction in gene
expression in both MCF7 cells and MDA-MB-
231 cells (Fig. 6B). On a genome-wide scale, the
predicted BRCA-specific peak-to-gene links show
a strong enrichment in 3D chromosome con-
formation data from MDA-MB-231 cells (42),
providing further support for our link predic-
tion strategy (Fig. 6C). Moreover, we found that,
of the peak-to-gene links predicted from BRCA
ATAC-seq data that are also associated with a
DNA methylation array CpG probe, 35% overlap
with links predicted jointly from DNA methyl-
ation array and RNA-seq data in an ELMER
analysis (8, 43) of the complete TCGA BRCA
dataset (N = 858 tumors) (P << 0.001; Fig. 6D,
fig. S6A, and data S8). These overlaps contain
many luminal-specific and basal-specific links
(fig. S6A), with a clear delineation between
luminal (fig. S6B) and basal (fig. S6C) breast
cancer samples. Integrating WGBS and ATAC-
seq demonstrated the dynamics of methylation
and chromatin accessibility and the overlap of
predicted interactions at the non-basal FOXAI
and basal forkhead box C1 (FOXCI) loci (fig. S6,
D and E).

Similarly, previous work has leveraged TCGA
RNA-seq data to infer transcriptional networks
that consist of regulons, each of which is based
on a TF regulator and its associated positive and
negative target genes (fig. S7A) (44). For each
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regulon, every donor in the cohort can be as-
signed a positive, undefined, or negative regulon
activity as measured by a differential enrichment
score (dES) (45). Certain patterns of chromatin
accessibility are expected on the basis of the
target gene set and dES status of the donor
(fig. S7B). For example, in donors with positive
dES, chromatin at sites linked to positive target
genes should be more accessible, whereas chro-
matin at sites linked to negative targets should
be less accessible (fig. S7B). Examination of the
estrogen receptor 1 (ESR1) regulon in the 74 BRCA
donors profiled in this study identified 482
ATAC-seq distal peak-to-gene links correspond-
ing to 124 ESR1 target genes (fig. S7C and
data S8). Accessibility at these peaks is strongly
concordant with expectations, further support-
ing the predicted links (P < 1 x 1072, fig. S7D).

Examination of this regulon across all TCGA

BRCA donors (N = 1082) showed a significant
difference in overall survival between ESR1 dES-
positive and -negative samples (fig. S7, E and F).

Together, pan-cancer and BRCA-specific peak-
to-gene links further informed cancer-related
GWAS polymorphisms, allowing the linkage of
SNPs to putative gene targets with about 65%
of all GWAS polymorphisms targeting a gene
other than the closest gene on the linear ge-
nome (data S5). SNPs falling within peak-to-
gene links were predicted to act on important
cancer-related genes, including master regulators
of cancer and tissue identity such as NKX2-1
(fig. S7G) and TP63 (fig. STH). Focusing specif-
ically on the BRCA peak-to-gene links for which
published 3D chromosome conformation data
are available, we found clear examples of GWAS
SNPs interacting with distant, non-neighboring
genes, such as OSRI (Fig. 6E and fig. S7I). More-

over, overlapping of the pan-cancer and breast
cancer-specific peak-to-gene links with expres-
sion quantitative trait loci (eQTLs, where genetic
variation at noncoding elements is associated
with gene expression differences) from the
Genotype-Tissue Expression (GTEx) project
showed significant overlap in almost all com-
parisons (N = 44 of 48 comparisons) (fig. S7J
and data S5). These results underscored our
ability to use these predicted peak-to-gene links
to generate key insights into published data
and inform poorly understood aspects of cancer
biology.

Identification of DNA regulatory
elements related to immunological
response to cancer

Of particular interest to current cancer ther-
apy, immune infiltrates represent a substantial

A B oot L)
ATAC z-score chr18:63155941-63156442 chr20:37295451-37295952
ATAC-seq RNA-seq il ] - - - >
A A A < LEE s % T T 8
A A [ 5 2 2 = 6 S
A A hal = o o
A A [ 8 RNA z-score = E 6
< I Y
8 < =)
Center and extend < 2 2 9 o
RNA-seq & | 1 4
Q Cancer Type g 2 g
-0.5 Mbp +0.5 Mbp @ [ ACC e ? -49 kbp
'—Iﬂ—i © [ ] gRgA ‘Z’: é 2 r=0.47
Overlap all ATAC-seq | = C’ésgl o 0 FDR =4e-5 FDR =7e-3
peaks within window i I GBM 0 2 4 -1 0 1 2 3 4
...... I COAD ATAC-seq — log2(CPM) ATAC-seq - log2(CPM)
-0.5 Mbp A — A +0.5 Mbp PCPG
BLCA E PPARG F ERBB3
[l HNSC chr3:12194523-12195024 chr12:56021872-56022373
Matrix correlation for MESO = = e
ATAC and RNA-seq KIRP + + ? .
= =
M ESCA z Z7
W LUSC = s
-0.5 Mbp A — A +0.5 Mbp TGCT & &
M LIHC 2 5,
B LUAD 2 <
H PRAD o o
Determine significant W LGG 2 0 2.
interactions H KIRC it <
W THCA z =
-0.5 Mbp +0.5 Mbp ¥ STAD o o
— A A T e e UCEC 3 3 1 o 5 T 3 3
CHOL
\_/ ATAC-seq RNA-seq u ATAC-seq - log2(CPM) ATAC-seq - log2(CPM)
200 20 4 Mean = 5.53 Mean = 1.60 Mean =5
95% =18.1 30 To 1 Gene = 68% Median =2
g1so ‘é 15 ‘é 3 «é :"E 201 Nearest Gene = 24.3%
X = X X x
e > > > 20 >
» 100 9 %) [3) 9
= g1 §° 5 5
J g g g g
* 50 2 o 9 10 o
w s w w w
0
Pan-cancer BRCA o 0 — 0 — 01
Links Links -500 -250 0 250 500 0 10 20 30 0 10 20 30 0 10 20 >30
WCNA B Promoter Distance to TSS (kb # Peaks Mapped # Genes Mapped # Genes Skipped
Diffuse M Distal istance to (kbp) eaks Mappe enes Mappe enes Skippe

per Gene

Fig. 5. In silico linking of ATAC-seq peaks to genes. (A) Schematic of
the in silico approach used to link ATAC-seq peaks in distal noncoding DNA
elements to genes via correlation of chromatin accessibility and RNA
expression. (B) Heatmap representation of the 81,323 pan-cancer peak-to-
gene links predicted. Each row represents an individual link between one
ATAC-seq peak and one gene. Color represents the relative ATAC-seq
accessibility (left) or RNA-seq gene expression (right) for each link as a
z-score. (C) Dot plot of the ATAC-seq accessibility and RNA-seq gene
expression of a peak-to-gene link located 164 kbp away from the
transcription start site of the BCL2 gene (peak 498895) that is predicted
to regulate its expression. Color represents the cancer type. Each dot
represents an individual sample. (D) Same as in Fig. 5C but for a peak
that is located 49 kbp away from the SRC gene (peak 525295). (E) Same

per Peak by Peak

as in Fig. 5C but for a peak that is located 93 kbp away from the PPARG
gene (peak 98874). (F) Same as in Fig. 5C but for a peak that is located
58 kbp away from the ERBB3 gene (peak 381116). (G) Bar plot showing the
number of predicted links that were filtered for various reasons. First,
regions whose correlation is driven by DNA copy number amplification
were excluded (“CNA"). Next, regions of high local correlation were
filtered out (“Diffuse”). Lastly, peak-to-gene links where the peak
overlapped a promoter region were excluded (“Promoter”). The remaining
links (“Distal™) are used in downstream analyses. (H) Distribution of the
distance of each peak to the transcription start site (TSS) of the linked
gene. (1) Distribution of the number of peaks linked per gene. (J) Distribution
of the number of genes linked per peak. (K) Distribution of the number of
genes “skipped” by a peak to reach its predicted linked gene.
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contribution to the overall tumor composition
in solid tumors (46-48). We reasoned that in-
filtrating immune cells could contribute to our
ATAC-seq data, both through actions on tumor
cells and through increased chromatin accessi-
bility at known immune-specific regulatory ele-
ments. Leveraging published ATAC-seq datasets
from the human hematopoietic system (25) and
data generated here from human dendritic cell
subsets (Fig. 6F), we characterized each of our
linked peaks by comparing its accessibility in
immune cell types to its accessibility in bulk
cancer samples (Fig. 6G). We reasoned that
peaks that are more accessible in immune cells
compared with our cancer cohort might be gen-
erated from immune cells associated with the
tumor tissue (Fig. 6G). Additionally, we cor-
related each linked peak to the cytolytic activity
score (49) of the tumor. The cytolytic activity
score is based on the log-average gene expres-
sion of granzyme A and perforin 1, two CD8
T cell-specific markers. Linked peaks that ex-
hibit high correlation to cytolytic activity might
also be considered to be related to immune in-
filtration. Combining these two metrics, we iden-
tifiled peak-to-gene links expected to be highly
relevant to immune infiltration, including links
to genes relevant to antigen presentation and
T cell response (Fig. 6H and data S9). The ac-
cessibility of these peak-to-gene links that were
predicted to be immune-related is highly cor-

related with computationally predicted metrics
of immune infiltration (46, 47) and inversely
correlated with tumor purity (48) (Fig. 61). One
notable linked gene is programmed death ligand 1
(PDL1, also known as CD274), a key mediator
of immune evasion by cancer and an impor-
tant target for cancer immunotherapy. PDLI is
linked to four putative distal regulatory ele-
ments that exhibit distinct chromatin acces-
sibility across cancer types and are located as
far as 43 kbp away from the PDLI transcription
start site (Fig. 6, J and K). CRISPRIi of each of
these four putative PDLI regulatory elements
significantly decreased, but did not abrogate,
the expression of PDLI mRNA in at least one of
the two breast cancer cell lines tested (MCF7
and MDA-MB-231 cells, Fig. 6L). These results
support a model where the expression of PDLI
is affected by the combined activity of multiple
distal regulatory elements.

Identification of cancer-relevant
noncoding mutations

In addition to identifying gene regulatory in-
teractions in cancer, ATAC-seq combined with
whole-genome sequencing (WGS) can be used
to identify regulatory mutations driving cancer
initiation and progression. For example, if a
noncoding somatic mutation causes the gener-
ation of a TF binding site, this mutation could
lead to an increase in chromatin accessibility

in cis and a concomitant increase in the ob-
served frequency of the mutant allele in ATAC-
seq as compared with that in WGS (Fig. 7A).
Similarly, a mutation that inactivates a TF bind-
ing site can lead to a decrease in chromatin
accessibility and a concomitant decrease in the
observed frequency of the mutant allele. If such
mutations in regulatory elements were to be
functional in cancer, we might also expect that
they increase or decrease chromatin accessibil-
ity beyond the expected distribution observed
in nonmutated samples.

From the 404 donors profiled in this study,
high-depth WGS data was available for 35 donors
across 10 cancer types. These 35 donors had
374,705 called somatic mutations, with 32,696
falling within annotated ATAC-seq peaks and
2259 having at least 30 reads in both ATAC-seq
and WGS data (data S10). Among these mutations
were three separate occurrences of telomerase
reverse transcriptase (7ERT) gene promoter mu-
tations (Fig. 7B), previously shown to generate
de novo E26 transformation-specific (ETS) motif
sites. ATAC-seq is especially well suited to iden-
tifying these TERT promoter mutations because
the variant allele frequency is skewed owing to
the increase in accessibility on the mutant allele
(fig. S8A). Compared with the publicly available
exome sequencing data from TCGA, where the
TERT capture probes do not extend into the pro-
moter region, ATAC-seq provided significantly

Fig. 6. Validation of long-range gene regulation of cancer in peak-to-
gene links. (A) Schematic of CRISPRi experiments performed. Each
experiment uses three guide RNAs (gRNAs) to target an individual peak.
The effect of this perturbation on the expression of the linked gene is
determined with quantitative polymerase chain reaction (QPCR). (B) Gene
expression changes by qPCR after CRISPRI of peaks predicted to be linked to
the BCL2 (peak 498895) and SRC (peak 525295) genes in MCF7 and
MDA-MB-231 cells. Error bars represent the standard deviation of four
technical replicates. ***P < 0.001 and NS is not significant by two-tailed
Student’s t test. (C) Meta-virtual circular chromosome conformation capture
(4C) plot of predicted BRCA-specific peak-to-gene links with distances
greater than 100 kbp. HiChlIP interaction frequency is shown for the MDA-
MB-231 basal breast cancer cell line as well as multiple populations of
primary T cells. Th17, T helper 17 cell; Treg, regulatory T cell. (D) Bar plot
showing the overlap of predicted ATAC-seq—based peak-to-gene links and
DNA methylation—based ELMER predicted probe-to-gene links in BRCA, as
a percentage of all ATAC-seg-based peak-to-gene links with a peak
overlapping a methylation probe. The percentage of peak-to-gene links
overlapping an ELMER probe-to-gene link (34.9%) is compared to the
overlap with 1000 sets of randomized ELMER probe-to-gene links (3.6 £
0.6%, P << 0.001). (E) Virtual 4C plot of the peak-to-gene link between
rs4322801 and the OSRI gene. Normalized HiChlP interaction signal is
shown for the MDA-MB-231 basal breast cancer cell line as well as multiple
populations of primary T cells using the colors shown in Fig. 6C. ATAC-seq
sequencing tracks are shown below for four BRCA samples and MDA-MB-231
cells with increasing levels of OSRI gene expression. The rs4322801 SNP
(left) and OSRI gene (right) are highlighted by light blue shading. Region
shown represents chr2:18999999 to 19425000. (F) Diagram of the
hematopoietic differentiation hierarchy with differentiated cells colored as
either B cells (green), T cell or natural killer (Tcell/NK) cells (blue), or myeloid
cells (red). HSC, hematopoietic stem cell; LMPP, lymphoid-primed multipo-
tent progenitor; CLP, common lymphoid progenitor; MPP, multipotent
progenitor; CMP, common myeloid progenitor, GMP, granulocyte macrophage
progenitor; HSPC, hematopoietic stem and progenitor cells; pDC, plasmacy-

24

toid dendritic cell; mDC, myeloid dendritic cell. (G) Schematic of the analysis
shown in Fig. 6H. Peak-to-gene links are classified as related to immune
infiltration if their accessibility is higher in immune cells than TCGA cancer
samples and they are highly correlated to cytolytic activity. (H) Dot plot
showing ATAC-seq peak-to-gene links with relevance to immune infiltration.
Each dot represents an individual peak with a predicted gene link. Peaks that
are related to immune cells have higher ATAC-seq accessibility

in immune cell types compared to TCGA cancer samples. Peaks related to
immune infiltration have a higher correlation to cytolytic activity. Color
represents the cell type of the observation. The vertical dotted line represents
the mean + 2.5 standard deviations above the mean for all ATAC-seq peak
correlations to the cytolytic activity. The red shading indicates peak-to-gene
links that are predicted to be related to immune infiltration. The blue
shading indicates peak-to-gene links that are not predicted to be related to
immune infiltration. NS, not significant. (I) Violin plots of the distribution

of Spearman correlations across all peak-to-gene links predicted to be
related to immune infiltration (red) or not (blue) with various metrics of
tumor purity. (J) Normalized ATAC-seq sequencing tracks of the PDLI gene
locus in six samples with variable levels of expression of the PDLI gene
(right). Predicted links (red) are shown below for four peak-to-gene links
(L1 to L4, peaks 293734, 293735, 293736, and 293740, respectively) to the
promoter of PDLI. One of these peak-to-gene links (L2) overlaps an
alternative start site for PDL1 and was therefore labeled as a “promoter” peak
during filtration. This peak-to-gene link was added to this analysis after
manual observation. Region shown represents chr9:5400502 to 5500502.
(K) Heatmap representation of the ATAC-seq chromatin accessibility of the
5000-bp region centered at each of the four peak-to-gene links shown in
Fig. 6J. Each row represents a unique donor (N = 373) ranked by PDLI
expression. The correlation of the chromatin accessibility of each peak with
the expression of PDLI is shown below the plot. Color represents normalized
accessibility. (L) Gene expression changes of the PDL1 gene by qPCR after
CRISPRI of peaks predicted to be linked to the PDLI gene in MCF7 and MDA-
MB-231 cells. Error bars represent the standard deviation of four technical
replicates. ***P < 0.0001 and **P < 0.05 by two-tailed Student's t test.
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higher sequencing coverage of the TERT pro-
moter locus per read sequenced, enabling a more
robust classification of TERT promoter muta-
tions (P < 1 x 107, fig. S8B). Of the three TERT
promoter mutations identified in the subset of
donors with matched WGS, one mutation, in
particular, leads to a significant increase in ac-
cessibility compared to the other nonmutated
members of that cancer type (FDR < 0.0001,
blue dot in Fig. 7, B and C). As expected, this
increase in TERT promoter accessibility is asso-
ciated with a concomitant increase in 7ERT gene
expression (blue dot in Fig. 7C). TERT promoter
mutations, however, are not the only way to in-
crease TERT gene expression, because high 7TERT
expression can also be observed in samples with-
out identifiable 7ERT promoter mutations (Fig. 7C).
Consistent with a previous report (50), differ-
ential motif analysis at the site of this TERT
promoter mutation identified E74-like ETS tran-

scription factor 1 (ELF1) or ELF2 as the TF that
likely binds to the de novo ETS motif (fig. S8C).
In addition, we identified several mutations over-
lapping CCCTC-binding factor (CTCF) motif oc-
currences that are associated with decreased
accessibility at that site (fig. S8, D and E). How-
ever, these mutations were relatively rare and
often had only small effects on the accessibility
of the CTCF motif site despite a known en-
richment of somatic mutations in CTCF motif
sites in cancer (51, 52).

In addition to known TERT promoter mu-
tations, integrative analysis of WGS and ATAC-
seq data uncovered a mutation upstream of the
FYVE RhoGEF and PH domain-containing 4
(FGD4) gene, a regulator of the actin cytoskeleton
and cell shape. This mutation occurs in a bladder
cancer sample where the variant allele frequen-
cy observed in ATAC-seq is markedly higher

than the variant allele frequency observed in

www.SCIENCEMAG.org

WGS (Fig. 7B). This mutation is associated
with a significant increase in accessibility com-
pared to other bladder cancer samples in this
cohort (Fig. 7, B and D) and is accompanied by
a similar increase in FGD4 mRNA (Fig. 7D).
Moreover, this mutation upstream of the FGD4
gene (referred to as eFGD4 for enhancer FGD4)
leads to a level of accessibility that is higher than
any of the other samples profiled by ATAC-seq
in this study (fig. SS8F) and a level of FGD4 gene
expression that is in the top 3% of all bladder
cancer samples in TCGA (fig. S8G). As estimated
by WGS data, this eFGD4 mutation is present in
a subclone comprising about 13% of the tumor
(Fig. 7E); however, the mutant allele is present
in 96% of all ATAC-seq reads spanning this
locus (Fig. 7E), demonstrating a strong prefer-
ence for accessibility on the mutant allele. This
eFGD4 mutation is analogous to, but potentially
more potent than, the TERT promoter mutation
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Fig. 7. Integration of WGS and ATAC-seq identifies cancer-relevant regulatory mutations.

(A) Schematic of how functional variants are identified in regulatory elements. The example shown
depicts the TERT promoter. (B) Dot plot of the difference in variant allele frequency (VAF) of ATAC-seq
and WGS and the changes in chromatin accessibility caused by the given variant with respect to other
samples of the same cancer type. Variants with a higher variant allele frequency in ATAC-seq than WGS
would be expected to cause an increase in accessibility. Each dot represents an individual somatic
mutation. (C) Normalized ATAC-seq and RNA-seq of thyroid cancer donors profiled in this study.
Each dot represents an individual donor. Blue dot represents the donor with a TERT promoter
mutation shown in Fig. 7B. Other thyroid cancer donors known to harbor a TERT promoter mutation
were excluded from this plot. The hinges of the box represent the 25th to 75th percentile. WT, wild type.
(D) Normalized ATAC-seq and RNA-seq of bladder cancer donors profiled in this study. Each dot
represents an individual donor. Purple dot represents the donor with a mutation upstream of

the FGD4 gene shown in Fig. 7B. The hinges of the box represent the 25th to 75th percentile.

(E) Comparison of wild-type and mutant reads in WGS and ATAC-seq data at the TERT promoter and
FGD4 upstream region for the donors highlighted in (D) and (E). (F) Normalized ATAC-seq sequencing
tracks of the FGD4 locus in the 10 bladder cancer samples profiled in this study, including the one
sample with a mutation predicted to generate a de novo NKX motif (TCGA-BL-A13J). Locus shown
represents chrl2:32335774 to 32435774. The mutation position is indicated by a black dotted line.
The predicted enhancer region surrounding this mutation is highlighted by light blue shading.

(G) Difference in motif score in the wild-type and mutant FGD4 upstream region. Motif score
represents the degree of similarity between the sequence of interest and the relevant motif. Each dot
represents an individual motif. (H) Overlay of the NXK2-8 motif (CIS-BP M6377_1.02) and the wild-
type and mutant sequences of the FGD4 upstream region. (I) Kaplan-Meier survival analysis of TCGA
bladder cancer patients with high (top 33%) and low (bottom 33%) expression for the FGD4 gene.
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described above (Fig. 7E). In the case of the
eFGD4 mutation, this dramatic allele bias oc-
curs because chromatin at this locus is not
normally accessible in any of the bladder can-
cer samples profiled in this study (gray dots
and tracks in Fig. 7, D and F) but becomes highly
accessible in the context of the eFGD4 mutation
(purple dot and track in Fig. 7, D and F). Dif-
ferential motif analysis identified NKX factor
motifs as the most strongly enriched in the se-
quence corresponding to the eFGD4 mutation
(Fig. 7G), where a C-to-T transition at position
two generated a perfect NKX2-8 motif de novo
from a latent site (Fig. 7H). RNA-seq data from
the mutated sample identified multiple expressed
NKX TFs [transcripts per million (TPM) > 0.5],
nominating NKX3-1, NKX2-3, and NKX2-5 as
potential mediators of this DNA binding event
(fig. S8H). From this, we hypothesized that the
eFGD4 mutation creates a de novo binding site
for an NKX TF which, upon binding to the
DNA, leads to a broad increase in accessibility
across the entire 12-kbp region upstream of the
FGD4 gene. This hypothesis was further sup-
ported by the observation that the ATAC-seq ac-
cessibility of the entire FGD4 upstream locus
occurs on a single phased allele (fig. S8I). Moreovet,
separation of subnucleosomal and nucleosome-
spanning reads in the ATAC-seq data are con-
sistent with protein binding at the site of the
eFGD4 mutation (light blue shading in fig. S8I).
Lastly, because higher FGD4 expression is sig-
nificantly associated with worse overall survival
in bladder cancer (Fig. 7I and fig. S8J), this mu-
tation could have functional consequence in
this particular cancer. Whether the eFGD4 mu-
tation or other enhancer mutations emerge as
recurrent drivers of human cancer should be
addressed in future studies. Our data identified
multiple additional noncoding mutations asso-
ciated with a concomitant gain of chromatin
accessibility and increase in RNA expression
(fig. S8, K to Q), and we anticipate that future
work will uncover mechanisms underlying this
type of regulatory mutation across all cancer types.

Discussion

Here we provide an initial characterization of
the chromatin regulatory landscape in primary
human cancers. This dataset identified hundreds
of thousands of accessible DNA elements, ex-
panding the dictionary of regulatory elements
discovered through previous large-scale efforts
such as The Roadmap Epigenomics Project. The
identification of these additional elements was
made possible through (i) our analysis of pri-
mary cancer specimens, (ii) greater saturation
of some cancer and tissue types in our dataset,
or (iii) potential differences between ATAC-seq
and DNase-seq platforms. Nevertheless, the high
overlap between the two datasets demonstrates
the robustness of both platforms and the con-
sistency of the observed results.

The exquisite cell type-specificity of distal
regulatory elements from our ATAC-seq data
enabled the classification of cancer types and
the discovery of previously unappreciated cancer
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subtypes. De novo clustering of TCGA samples
based on chromatin accessibility strongly over-
laps previous integrative clustering methods,
identifying 18 distinct cancer clusters. Compar-
ing this clustering scheme to other clustering
schemes defined by cancer type, mRNA, miRNA,
DNA methylation, RPPA, and DNA copy number
alterations, we observed the strongest concor-
dance of our clustering scheme with mRNA and
cancer type, consistent with a close functional
linkage between chromatin accessibility and
transcriptional output. The strength of the ob-
served associations is influenced by the features
represented for each platform. For example, the
DNA methylation clusters are based on cancer-
specific promoter hypermethylation (28). Clus-
tering based on DNA methylation at distal
regulatory elements would likely show a stron-
ger correlation with the ATAC-seq groupings,
but distal regulatory element representation
on the DNA methylation array used for these
samples was too sparse to allow such an anal-
ysis. We also identified epigenetically distinct
subtypes of kidney renal papillary cancer that
have clear differences in overall survival. This
cancer type-specific activity in DNA regulatory
elements may arise via mutations within the
regulatory element, pathologic transcription fac-
tor activity, or reflect the regulatory state of the
tumor’s cell of origin (e.g., stem cells). As the
chromatin accessibility landscapes of additional
primary cancer samples are profiled, we antic-
ipate the identification of further epigenetic
subdivisions with prognostic implications, po-
tentially nominating avenues for therapeutic
intervention.

The data generated in this study fully rep-
resents the cellular complexity of primary human
tumors, comprising signals from tumor cells,
infiltrating immune cells, stromal cells, and other
normal cell types. In many ways, this complex-
ity is advantageous because it allows complex
systems-level analyses to be performed in the
future, including cellular deconvolution ap-
proaches to understand the contributions of
various cell types or cell states to the overall
landscape of chromatin accessibility. However,
the admixed nature of this signal also highlights
the need for future work to profile the chroma-
tin accessibility of matched healthy tissues to
further refine the specific changes that drive
cancer. Nevertheless, the chromatin accessibil-
ity profiles generated in this study represent the
largest effort to date to characterize the regu-
latory landscape in primary human cancer cells.

Using this data-rich resource, we identified
classes of TFs whose expression leads to dif-
ferent patterns in TF occupancy and motif
protection. By integrating RNA-seq and ATAC-
seq, we found factors whose expression is suf-
ficient for both motif protection and nucleosome
repositioning and demonstrated this binding to
be inversely correlated with the level of DNA
methylation at those binding sites. Despite this
strong correlation, many sites of differential
chromatin accessibility do not show differential
methylation, demonstrating the complemen-

tarity of these two data types, perhaps owing to
the presence of intermediate chromatin states
such as poised promoters or enhancers (53, 54,).

Moreover, integration of RNA-seq and ATAC-
seq across the 373 donors with paired datasets
enabled a quantitative model to link the acces-
sibility of a regulatory element to the expression
of predicted target genes. This workflow identi-
fied putative links for more than half of the
protein-coding genes in the genome, informing
the target genes of poorly understood GWAS
SNPs and increasing our understanding of can-
cer gene regulatory networks. These predictions
were further supported using 3D chromosome
conformation data, and a subset were validated
through CRISPRi experiments in breast cancer
cell lines. However, profiling of chromosome
conformation in primary cancer samples has
not been performed on a large scale. Future
work to produce maps of chromosome confor-
mation in these or other primary cancer sam-
ples will improve our understanding of gene
regulatory networks in cancer and further clar-
ify the roles for certain GWAS-identified SNPs
in cancer initiation and progression.

Lastly, through integration of WGS and ATAC-
seq, we revealed a class of somatic mutations
that occur in regulatory regions and lead to
strong gains in chromatin accessibility. We
demonstrated that these mutations likely lead
to changes in nearby gene expression and affect
genes whose expression is linked to poorer over-
all survival. Some of these mutations, such as
those occurring in the TERT promoter, have
been found to be recurrent whereas others, such
as the mutation upstream of the FGD4 gene,
may be rare but functionally important. Because
the enhancer functions are often distributed
and latent enhancer sequences are pervasive in
the genome, noncoding mutations in cancer
may be especially challenging and require high-
throughput functional assessment. Future larger-
scale efforts to combine genome and epigenome
sequencing will pave the way to tackling the
noncoding genome in cancer.

Materials and methods summary

ATAC-seq data was generated from 410 tissue
samples from the TCGA collection of primary
human tumors. These samples spanned 23 dif-
ferent tumor types. These ATAC-seq data were
used to cluster samples, identifying epigeneti-
cally defined patient subgroups. Moreover, TF
regulators of cancer were defined, and foot-
printing of these regulators was correlated to
gene expression to identify putative classes of
TFs. A correlation-based model was developed
to link ATAC-seq peaks to putative target genes.
These putative links were validated using CRISPRi-
based perturbation of the peak region followed
by quantification of changes in gene expression.
Publicly available HiChIP data and GTEx eQTL
data were further used to support genome-wide
peak-to-gene linkage predictions. Lastly, WGS
and ATAC-seq were combined to identify non-
coding mutations that affect chromatin accessi-
bility in an allele-specific manner.
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High lethality rates associated with metastatic cancer highlight an urgent medical need for improved understanding
of biologic mechanisms driving metastatic spread and identification of biomarkers predicting late-stage progression.
Numerous neoplastic cell intrinsic and extrinsic mechanisms fuel tumor progression; however, mechanisms driving
heterogeneity of neoplastic cells in solid tumors remain obscure. Increased mutational rates of neoplastic cells in
stressed environments are implicated but cannot explain all aspects of tumor heterogeneity. We present evidence
that fusion of neoplastic cells with leukocytes (for example, macrophages) contributes to tumor heterogeneity,
resulting in cells exhibiting increased metastatic behavior. Fusion hybrids (cells harboring hematopoietic and
epithelial properties) are readily detectible in cell culture and tumor-bearing mice. Further, hybrids enumerated
in peripheral blood of human cancer patients correlate with disease stage and predict overall survival. This unique
population of neoplastic cells provides a novel biomarker for tumor staging, as well as a potential therapeutic

target for intervention.

INTRODUCTION

Historic dogma describing tumor evolution is based on outgrowth
and expansion of clonal tumor populations; however, it is now ap-
preciated that both genetic and nongenetic mechanisms drive tumor
evolution fostering phenotypic variability of neoplastic cells and their
clones. These changes underlie aggressive tumor growth, metastatic
spread, acquisition of tumor heterogeneity, and therapeutic response
or resistance (I, 2). While our understanding of the molecular and
cellular mechanisms contributing to intratumoral heterogeneity has
significantly expanded, there are no effective therapies quelling het-
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erogeneity to improve patient stratification or response to antican-
cer therapies, highlighting the need for advances in this area.

Heterotypic cell fusion is a fundamental developmental mechanism
serving to enhance cellular diversity; the most notable and best-
studied example is fusion of sperm and egg. In adult murine intestines,
we previously reported that fusion between hematopoietic and epi-
thelial cells is readily detected in response to injury (3, 4); similar
findings have been reported with various cells, including hepatocytes,
cardiomyocytes, and skeletal muscles (5-8). In cancer, however, de-
spite a century-old hypothesis that cell fusion contributes to tumor
initiation (9-11) and acquisition of metastatic behaviors (10, 12, 13),
few experimental studies have mechanistically addressed the func-
tional underpinnings or consequences of cell fusion in the etiology
of malignant progression. Reports using various approaches identify
human tumor cells with immune and malignant characteristics
(13-19); the etiologic mechanism for these cells is attributed to cell
fusion, developmental mimicry, transdifferentiation, or other un-
identified mechanisms. These previous studies do not address the
biologic significance of the hybrid tumor cells or present evidence
from experimental models to support the mechanism. Since under-
lying mechanisms for these cells cannot easily be determined in human
subjects, murine models and in vitro studies provide a more appro-
priate and tractable platform for investigation.

In our previous studies, we reported that in vivo fusion between
intestinal epithelial cells and macrophages (M®s) yields hybrid off-
spring retaining epithelial characteristics defined by their gene ex-
pression profile (12). On the basis of this report, and recognizing that
M®s are inherently migratory, we sought to determine physiologic
relevance of cell fusion to tumor heterogeneity by enhanced somatic
diversity of neoplastic hybrids, through increased migratory or invasive
properties, and by instilling a selective metastatic advantage. Herein,
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we present a systematic analysis of M®-neoplastic cell fusion (re-
ferred to as M®-cancer cell fusion or fusion hybrid) using ex vivo
and in vivo murine cancer models to provide evidence that hybrids
acquire functional M®-associated phenotypes that enhance tumor
progression. Analyses of human tumor biopsies and peripheral blood
reveal a novel circulating hybrid cell (CHC) population (defined as
cells harboring hematopoietic and epithelial/tumor properties), whose
numbers correlate with disease stage and predict overall outcome,
thereby representing a biomarker for patient stratification.

RESULTS

In vitro-derived M®d-neoplastic cell fusion hybrids display
biparental lineage

On the basis of our previous findings that M®s are the prominent
fusogenic bone marrow-derived cell partner for epithelial cells (12),
we used in vitro validation and analyses of M®-cancer cell fusion
hybrids to examine contributions of the neoplastic cell and M® to
the identity of the hybrid cells. To generate in vitro-derived hybrids,
we engineered two murine cancer cell lines, colon adenocarcinoma
(MC38) and melanoma (B16F10), to stably express Cre recombinase
and histone 2B fused to red fluorescent protein (H2B-RFP). In co-
cultures, engineered MC38 and B16F10 cancer cells spontaneously
fused with bone marrow-derived M®s isolated from transgenic
mice expressing either actin-green fluorescent protein (GFP) (20)
or a yellow fluorescent protein (YFP) Cre reporter (21). This resulted
in M®-cancer cell fusion hybrids identified by coexpression of nuclear
RFP and cytoplasmic GFP or YFP (Fig. 1, A and B; figs. S1A and S2;
and movie S1). YFP expression enabled subsequent fluorescence-
activated cell sorting (FACS) isolation of hybrid cells and downstream
validation of their identity using immunoblot analyses and YFP ex-
pression (Fig. 1C). Notably, in control experiments where condi-
tioned media from GFP-expressing M®s incubated on MC38s or
conditioned media from Cre-expressing MC38s incubated on YFP
Cre reporter M®s, fusion hybrids were not detected.

To demonstrate the biparental lineage of hybrid cells, we used
three discrete approaches. First, M®s labeled with 5-ethynyl-2'-
deoxyuridine (EdU) before coculture with H2B-RFP-expressing
neoplastic cells produced M®-cancer cell fusion hybrids that ini-
tially harbored two nuclei, one labeled with EAU (M® origin) and
the other expressing H2B-RFP (neoplastic cell origin; Fig. 1D). Upon
the first mitotic division, binucleated hybrids underwent nuclear
fusion, yielding a single nucleus containing both EdU- and H2B-RFP-
labeled DNA (Fig. 1D).

A second approach, karyotype analyses of sex chromosomes,
demonstrated that male M®s (XY) fused to neoplastic cells (XO) gen-
erated hybrids containing three sex chromosomes (XXY; Fig. 1E),
consistent with a fusion event. Chromosome enumeration revealed
that hybrids existed as a unique cell population defined by their sex
chromosome and total chromosome content when compared to
parental M®s or cancer cells (Fig. 1F, red spheres are hybrids, black
spheres are M®s, and white spheres are MC38s). Loss of chromo-
somes observed in hybrid clones occurred with temporal in vitro
passage (fig. S3A); karyotype analyses of single hybrid cells revealed
variable chromosome numbers (Fig. 1F), indicating that cell fusion
contributes to tumor cell heterogeneity.

Finally, transcriptome analyses revealed that M®-cancer cell hy-
brids predominantly exhibited neoplastic cell transcriptional iden-
tity, while notably, retained M® gene expression signatures (Fig. 1G,
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red bar, and table S1) that clustered into gene ontology (GO) bio-
logic functions attributed to M® behavior (table S2). Of the five
independently analyzed hybrid clones, each displayed a high degree of
heterogeneity with respect to their M® gene expression. Together, these
findings support the tenet that cell fusion between M®s and neo-
plastic cells produces heterogeneous hybrid cells sharing characteristics
of both parental predecessors but possessing their own characteristics.

Fusion hybrids acquire differential response

to the microenvironment

Despite acquiring M® gene expression profiles, M®-cancer cell fu-
sion hybrids initially retained in vitro proliferative capacity similar
to unfused neoplastic cells, as opposed to M®s (fig. S3B). However,
with prolonged culture, that is, past confluence, unfused neoplastic
cells pile on themselves, forming cellular aggregates, whereas M®-
cancer cell fusion hybrids remained sheet-like with mesenchymal
histologic features, indicating an acquired contact inhibition (fig. S3B
and movie S2). These data indicate that, although hybrids have sim-
ilar division rates, they gain differential growth properties as com-
pared to unfused cancer cells. To determine whether these in vitro
differences were recapitulated when cells were grown in vivo, in vitro-
derived hybrids from MC38 or B16F10 cells were respectively in-
jected subcutaneously into the flank or intradermally into syngeneic
immunocompetent mice. Hybrids retained tumorigenic potential,
with MC38 hybrids displaying shorter doubling times as compared
to unfused parental cancer cells [data from two hybrid clones and
two unfused cancer cell clones (Fig. 2A); B1I6F10 not shown], indicat-
ing that hybrids gain growth advantage in an in vivo microenvironment.

To determine whether hybrid cells acquired enhanced ability to
seed and/or proliferate in ectopic microenvironments, we conducted
experimental metastases assays. MC38-derived hybrids injected into
spleens readily trafficked to the liver and resulted in increased met-
astatic foci per area compared to unfused parental cancer cells (Fig. 2B),
indicating that cancer fusion hybrids gained enhanced properties
required for trafficking to metastatic sites, seeding, and/or growing in
a new microenvironment. Likewise, BI6F10-derived fusions injected
intravenously resulted in greater metastatic lung tumor area, relative
to control, unfused B16F10 (Fig. 3G), indicating that they trafficked,
adhered, or proliferated more efficiently within the lung. These ac-
quired phenotypic behaviors aligned with data from gene expres-
sion analyses that identified increased fusion-associated expression of
GO pathway genes implicated in metastatic spread (table S2). In par-
ticular, those pathways contributing to tumor invasion—attachment,
matrix dissolution, and migration—as well as pathways involving re-
sponse to specific microenvironmental cues (22-24) were up-regulated
in hybrids relative to unfused tumor cells.

These results led us to ask whether tumor hybrids gain selective
advantages in different microenvironments that may reflect primary
tumor or metastatic sites. To directly test distinct microenvironmental
interactions, we evaluated adhesion phenotypes and cytokine-
dependent growth responsiveness of MC38-derived fusion hybrids
versus unfused tumor cells using a microenvironment microarray
(MEMA) platform (25). This high-throughput assay specifically mea-
sures cellular behavior in distinct engineered microenvironments con-
taining variable extracellular matrix (ECM) molecules, growth factors,
and chemokines, spotted combinatorially in rows and columns,
thus permitting comparison of adhesion phenotypes among unfused
cancer cells, M®s, and hybrids. Analysis of microenvironment-
specific adhesion revealed that MC38 cells harbor distinct growth
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Fig. 1. In vitro-derived Md-cancer cell fusion hybrids. (A) MC38 (H2B-RFP) cancer cells and GFP-expressing M®s cocultured in a ratio of 1:2 result in hybrid cells with
RFP nuclei and GFP-expressing cytoplasm (yellow arrowhead) among unfused cancer cells (white arrow) and M®s (white arrowhead). (B) MC38 (H2B-RFP/Cre) cancer cells
cocultured with M®s expressing the Cre reporter, R26R-stop-YFP results in YFP-expressing hybrid cells (yellow arrowhead). (C) YFP-expressing hybrids can be FACS-isolated
to purify YFP-expressing hybrid cells confirmed by immunoblot. A representative FACS plot is shown. (D) Cocultured M®s labeled with EdU (green) and MC38 (H2B-RFP/Cre)
cancer cells produce YFP-expressing hybrids that initially harbor two nuclei—one from each parent; upon mitotic division, these undergo nuclear fusion, resulting in a
single nucleus with EdU-labeled and RFP-expressing DNA. Hybrid cell outlined in yellow. Scale bar, 10 um. (E) Karyotype and X (red) and Y chromosome (green) fluorescence
in situ hybridization (FISH) analyses of parental M®s, unfused MC38 cancer cells, and fusion hybrids. (F) Fusion hybrids (red sphere, n = 45) cluster as a unique population
based on their chromosome number and sex chromosomes, relative to M®s (white sphere, n = 27) and MC38s (black sphere, n = 28). (G) Microarray analyses of n =5 in-
dependent hybrid isolates and n = 3 each for MC38 and M® populations. The yellow bar denotes hybrid gene expression unique from MC38s and M®s. The red bar marks
hybrid gene expression that is similar to that in M®s.
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Fig. 2. In vitro-derived fusion hybrid characterization. (A) Proliferation analysis of MC38 cells and MC38-derived hybrids injected into flanks of immunocompetent
syngeneic mice (n =13 mice, each from two different hybrid isolates). Each data point reflects tumor growth in a single mouse. (B) Analysis of metastatic seeding potential
of hybrids and MC38 cells injected into spleens and area analyzed in H&E-stained tissue sections of the liver [n = 15 mice injected with MC38 cells (three different hybrid
clones), n = 17 mice injected with hybrids, with each data point reflecting metastatic tumors analyzed in the liver]. (C) Static portrayal of migration tracks from unfused
MC38s (black) and a MC38-derived fusion hybrid (red) generated from live-imaged cocultures. Images reflect representative images. (D) The mean speed of hybrids (red bar)
relative to MC38s (gray bar) is statistically significant (*P < 1.1 x 10'9). (E) In vitro invasion assay of MC38 cells and MC38-derived hybrids in Matrigel invasion chambers,
stained with crystal violet after 15 hours. Data reflect the average of triplicate samples in biologic replicates. (F) A representative data set evaluating chemotaxis toward
CSF1 and SDF1 ligands. Hybrid cell chemotaxis toward CSF1 and SDF1 is statistically significant relative to unfused MC38 cells after 24 hours (P < 0.05). Three independent
experiments of triplicates or quadruplicates were conducted for each ligand. Multiple hybrid clones were assessed. (G) Incubation of cells with blocking antibodies to
CSF1R and CXCR4 reduces migration of hybrids toward ligands. P < 0.05 and P < 0.01, respectively (hybrid, red bar; MC38, gray bar).

factor-independent adhesive preferences for select ECM molecules,
most notably, fibronectin (fig. S3C). M®s, by contrast, exhibited
enhanced adhesion to collagen XXIII, vitronection (the ECM com-
ponent), and more uniform adhesion across all MEMA conditions
relative to unfused cancer cells (fig. S3C). Fusion hybrids exhibited
a combination of adhesion biases, reflecting properties of both parental
cells, potentially providing a broader adhesive affinity in different
microenvironments. Further analysis, using hierarchical clustering,
distinguished hybrids from unfused cancer cells with respect to ad-
hesion on independent microenvironments (fig. S3C).

To extend these observations and determine whether M® fusion
provided cancer cells with a selective proliferative or survival advan-
tage, we directly analyzed effects of >90 different cytokines, chemo-
kines, and soluble factors on unfused MC38s and hybrids (not shown).
A number of growth factors induced differential influence on MC38
cells as compared to hybrids, including transforming growth factor
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(TGFp1-3), which induced dose-dependent suppression of MC38 pro-
liferation but showed no effect on hybrids (fig. S4, A, C, and D).
Likewise, a moderate, dose-dependent growth-suppressing effect of
hepatocyte growth factor (HGF) was apparent on MC38 cells but not
on hybrids (fig. S4B). More strikingly, hybrids were resistant to tumor
necrosis factor-o (TNF-a) that profoundly inhibited proliferation of
MC38 cells (fig. S4E). Resistance of hybrids to cytokine concentra-
tions that suppressed MC38 growth indicates that M® fusion influ-
ences selective cellular phenotypes and altered cancer cell responses
to microenvironmental factors to yield adhesive, proliferative, and
potentially survival advantages.

Fusion hybrids acquire M®-associated phenotypes

To determine whether cell fusion provides a mechanism by which
neoplastic cells acquire M® phenotypes consistent with tumor promo-
tion, we evaluated M® attributes up-regulated in hybrids identified
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a primary tumor. RFP/GFP coexpressing cells analyzed for cell surface M® identity. All boxes represent hybrid populations. Open box denote hybrids that have lost CD45
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lung tumors stained with antibodies to GFP (green) and the tumor protein microphtalmia-associated transcription factor (MITF, red). Scale bar, 25 um.

by GO pathway analysis (table S2); behaviors shared by both M®
and fusion hybrids included migration, invasion, and response to
paracrine stimuli (table S3). To determine whether hybrids har-
bored enhanced functional motility, we evaluated in vitro-derived
MC38-derived fusion hybrids and unfused MC38 cells for migratory
capacity in live-imaged M® and neoplastic cell cocultures. Using

TrackMate analysis to calculate the mean speed of cells, hybrid clones
exhibited increased motility compared to nearby unfused MC38 cells
(Fig. 2, C and D). Moreover, when evaluated for invasive properties
using a Boyden invasion assay, MC38-derived hybrids exhibited en-
hanced migration and invasion activity, relative to unfused cancer
cells (Fig. 2E); these results were consistent with invasive properties
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displayed by B16F10-derived hybrids (fig. S1B). Notably, we evaluated
two independent hybrid isolates for each cell type; these displayed
varying degrees of invasion, supporting our hypothesis that cell fu-
sion can yield heterogeneous clonal outgrowths (Fig. 2E and fig. S1B).

GO genes involved in “response to stimulus” expressed at high
levels in M®s were also up-regulated in M®-cancer cell fusion hybrids.
In particular, fusion hybrids harbored elevated expression of the M®-
associated gene colony-stimulating factor 1 receptor (CsfIR), a sig-
nificant recruitment, differentiation, and survival molecule for M®s
(26) implicated in regulating prometastatic M® effector functions
(27). To determine whether acquisition of M®-associated receptor
gene expression translated to functional ligand-mediated migration,
we analyzed hybrids and unfused cancer cells in Transwell chemo-
taxis assays coupled to live imaging (IncuCyte Chemotaxis, Essen
BioScience). Under these conditions, fusion hybrids migrated to-
ward the ligand CSFlor stromal cell-derived factor-1 (SDF1) at multi-
ple concentrations (shown at 25 ng/ml), whereas unfused MC38 cancer
cells were incapable of responding to either chemoattractant; in con-
trast, BI6F10 cancer cell hybrids exhibited decreased migratory re-
sponses (Fig. 2, F and G, and fig. S1C). Notably, the presence of a
ligand did not change proliferative dynamics of either fusion hybrids
or unfused cancer cells (not shown); however, incubation with block-
ing antibodies to CSF1R or CXCR4 reduced chemotactic responses
of fusion hybrids (Fig. 2G). Some hybrid clones expressed both
CSF1R and its main ligand, CSF1.

Tumor cell fusion hybrids are generated in vivo

In vitro-derived fusion hybrids allowed for in-depth functional analy-
ses of acquired M® behaviors, and FISH analyses of human tumors
indicated that cell fusion occurs in vivo. These studies provided only
partial insight into the physiologic relevance of fusion hybrids in
human cancer. Therefore, to extend the relevance and functional
significance of fusion in enhanced tumor heterogeneity and ac-
quired behaviors for tumor progression, we investigated cell fusion
in mouse models of cancer. MC38 cancer cells were injected into the
flanks of R26R-YFP Cre reporter mice; fusion hybrids were identified
as RFP'YFP" cells detected among unfused tumor cells (RFP") using
immunohistochemical analyses of primary tumors. Orthotopic in-
jection of MC38 cancer cells into the cecum resulted in pervasive
peritoneal seeding, limiting the utility of this model. B16F10 mela-
noma cells injected intradermally into recipient mice readily developed
1.0-cm tumors (Fig. 3A), and subsequent analysis of primary BI6F10
tumors revealed presence of RFP*/GFP" fusion hybrids in actin-
GFP recipient mice (Fig. 3B) and RFP*/YFP" fusion hybrids in R26R-
YFP Cre reporter mice (fig. S5, A and B). Using the latter system
and FACS analyses, primary tumors were dissociated to single cells
to determine the extent of cell fusion (YFP*/RFP*) in primary tumors.
Hybrids represented a rare neoplastic cell population within the
primary tumor (representative experiment: hybrids, 0.48% of RFP*
cells; but overall hybrids range from 0.03 to 0.69% of RFP" cells
from n = 6 individually analyzed tumors; Fig. 3D and fig. S6).
To determine whether hybrids retained tumorigenicity, 300 FACS-
isolated in vivo-derived hybrid cells were injected intradermally
into secondary recipient mice (n = 19; Fig. 3C) and resulted in tumor
growth, demonstrating that hybrid cells retained tumorigenicity
(Fig. 3E). To assess tumor heterogeneity, we subsequently isolated
and injected 3000 in vivo-derived fusion hybrids to facilitate tem-
poral analyses of robust tumor growth properties in # = 3 mice.
In vivo-derived fusion hybrids displayed different rates of tumor
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growth (Fig. 3F), indicating that hybrid cells have heterogeneous growth
capacity and resulted in different rates of tumor growth.

Hybrid cell metastatic potential was evaluated using an experi-
mental metastases model. In vitro-derived hybrids were introduced
into circulation by tail vein injection. Tumor cells that trafficked to
the lungs and grew as metastatic foci were identified macroscopically
by their pigmented appearance and microscopically on tissue sec-
tion by hematoxylin and eosin (H&E) staining. Metastatic tumor
area was quantified; hybrid cells showed markedly greater metastatic
burden than injected unfused tumor cells (Fig. 3G).

To determine whether in vivo-derived fusion was generated from
M fusion partners, primary tumors were dissociated into single
cells, and fusion hybrids coexpressing RFP and GFP were analyzed
for cell surface M® antigen expression (Fig. 3H and fig. S7). Identi-
fication of discrete populations of hybrids with M®-associated sur-
face identity points to a M® fusion partner. Further, to establish the
M® as a fusion partner, B16F10 cells harboring an fl-dsRed-fl-eGFP
allele were orthotopically injected into LysM-Cre transgenic mice
(Fig. 3I). Analyses of primary tumor and lung metastases revealed
MITEF-expressing tumor cells harboring Cre-mediated GFP expres-
sion (Fig. 3I). Collectively, these data indicate that hybrid cells are of
M®-tumor fusion origin, develop spontaneously in vivo, retain tumor-
igenic capacity, and exhibit accelerated tumor progression properties.

M®-tumor cell fusion hybrids are enriched in circulation
Detectible fusion hybrids in both primary and metastatic sites sup-
ported the possibility that fused neoplastic cells readily disseminate
from primary to distant sites. To explore this, we collected blood
from GFP* mice with established isogenic RFP* B16F10 tumors
(Fig. 4A). Peripheral blood was subjected to flow cytometry for
quantification of circulating tumor cells (CTCs) as defined by their
RFP expression. RFP*/GFP" fusion hybrids (or CHC) were easily
detectible within the total REP" population, representing 90.1%
of the tumor cells in circulation, markedly outnumbering unfused
RFP*/GFP™"* CTCs (Fig. 4A). Imaging of individual CHCs confirmed
their fusion identity and morphologically distinguished them from
M®s that had phagocytosed or adhered to cancer cells (Fig. 4A).
The classical definition of CTCs in human cancer is a circulating cell
expressing a tumor antigen [typically epithelial cell adhesion molecule
(EPCAM) or cytokeratin for epithelial cancers] and not expressing the
pan-leukocyte antigen CD45 (28, 29). M®s normally express CD45;
therefore, we reasoned that M®-cancer cell fusion hybrids would also
express this cell surface epitope. The majority of RFP*/GFP™ fusion
hybrids expressed CD45, while unfused RFP* cancer cells largely did
not (Fig. 4B and fig. S8). The classical isolation approaches for CTCs
exclude any CD45-expressing cells and therefore exclude the novel CHC
population from routine analyses. The presence of both classical CTCs
and novel CHC:s highlights heterogeneity of tumor cells in circulation
destined to seed metastatic tumors. Moreover, presence of CD45-
expressing CHCs in our mouse models prompted us to investigate the
presence of this unique hybrid population in human cancer patients.

Hybrids in humans correlate with disease stage

and patient survival

To evaluate the biological significance of hybrids in humans, we first
determined whether hybrids between blood cells and epithelial-
derived cancer cells were detectible. To accomplish this, we exploited
a disease scenario that supports identification of hybrids harboring
properties of peripheral mononuclear blood cells and epithelial
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cells (30)—specifically, the analysis of tumor biopsies from female
cancer patients who had previously received a sex-mismatched bone
marrow transplant and subsequently developed a secondary solid
tumor. In these patients, only the male donor-transplanted hema-
topoietic cells should contain a Y chromosome; therefore, identifica-
tion of Y chromosome-positive nuclei in cytokeratin-positive cells
within the tumor biopsy could indicate fusion between a peripheral
mononuclear blood cell and an epithelial tumor cell. We identified
tumor epithelia by a pathologic review of H&E-stained tumor bio-
psies, and then we probed tissue sections with pan-cytokeratin anti-
bodies and interrogated with Y chromosome FISH probes to identify
cellular products consistent with fusion between neoplastic cells and
transplanted male hematopoietic cells (Fig. 5 and fig. $9). In a biopsy
from a female patient with pancreatic ductal adenocarcinoma (PDAC),
neoplastic cell nuclei containing a Y chromosome were detectible through-
out regions of the tumor (Fig. 5, A to E, and fig. S9, A and B), as well as
in premalignant regions of pancreatic intraepithelial neoplasia (PanIN;

A Tumor-bearing peripheral blood
T o - " 3 F Cont
2k ) .- -
B16F10 ' freerer
(H2B-RFP) It
lDermaID_ - .. .
L|_ L]
=~ Qi 90.1% #
Act-GFP 5 = H
Analyze
blood . i 3
3 1 4 I ]
10 10 10

RFP

fig. S9C). Confocal microscopy confirmed that Y chromosomes were
located in nuclei of cytokeratin-positive epithelial tumor cells (see
higher magnifications in Fig. 5). For these studies, tumor specimens
from seven patients were examined, and all contained evidence of
fusion by these criteria. Y chromosome-positive epithelial tumor cells
were not unique to PDAGC, as fusion hybrids were detected in other
solid tumors from female recipients of sex-mismatched transplan-
tation, including renal cell carcinoma, head and neck squamous cell
carcinoma, and lung adenocarcinoma (fig. S9, D to F). Control tissue
staining from female and male tissue samples were carried as controls
for Y chromosome detection (fig. S10, A and B). These observations
were consistent with previous case reports of cell fusion in human
cancer using a variety of other detection methods (11, 17, 31, 32).
To examine hybrid cells in circulation from human patients, we
analyzed the peripheral blood from a sex-mismatched bone marrow-
transplanted female cancer patient. CHCs that coexpressed CD45,
a pan-leukocyte marker, and EPCAM, an epithelial marker, were
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Fig. 4. Murine CTCs. (A) B16F10 (H2B-RFP) cells (5 x 10* cells) intradermally injected into a syngeneic GFP-expressing recipient mouse. Blood collected at time of tumor
resection and analyzed by flow cytometry for GFP and RFP expression. RFP*GFP* cells were detectible in presorted cell preparations by immunofluorescence. Scale bar,
50 um. We analyzed GFP-expressing blood by flow cytometry as a negative control for (A) inset. (B) Percentages of fusion hybrids (RFP*/GFP*) and unfused CTCs (RFP*/GFP")
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Fig. 5. Cell fusion in human tumors. Solid tumors from women (n = 7) with previous sex-mismatched bone marrow transplantation (BMT) permits analysis of cell fusion.
(A) PDAC tumor section with cytokeratin (gray), the Y chromosome (Y chr, red), and Hoechst (blue) detection revealed areas of cytokeratin-positive cells with Y chr-positive
nuclei (white arrowheads). Boxed representative areas are enlarged in (B) to (E). Scale bars, 25 um.
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detected (Fig. 6A). Both of these CHCs and leukocytes expressed
the Y chromosome (Fig. 6A and fig. S10B). To determine whether
CHC:s expressed M® markers, analogous to fusion hybrids found in the
murine tumor model, we identified M® epitope expression by immuno-
histochemical (Fig. 6B) and by flow cytometric analyses (Fig. 6C and
fig. S11) was performed. A variety of M® epitopes were expressed
on CK*/CD45" CHCs, including CD163, CD68, CSFR1, and CD66b
(Fig. 6B). Similarly, flow cytometric analyses revealed that CHCs from
three different PDAC patients expressed M® epitopes, including
CD14, CD16, CDl11c, and CD163 (Fig. 6C). CTCs analyzed from
the same patients had low expression levels of CD16. These results
indicate that M®—tumor cell hybrids are the predominant tumor
cell in circulation, although other leukocyte-tumor cell hybrids with
discrete M® surface antigen expression most likely exist.

To explore the presence of CHCs in pancreatic cancer patients
diagnosed at various tumor stages, node-negative, node-positive,
or metastatic, we collected peripheral blood and performed in situ
antibody staining (CD45, and CK) on isolated cells. Digital image
analyses allowed validation of double-positive expression of CD45
and CK on CHCs (Fig. 6D) while excluding doublets or clusters of
cells that could register as double-positive cells by flow cytometry.
We determined that the number of CHCs expressing CD45"/CK"
significantly correlated with advanced disease (Fig. 6E). Notably, CHC
enumeration revealing high expression in the blood provided a prog-
nostic indicator of overall survival, regardless of disease stage (Fig. 6F).
Conventionally defined CTCs (CD45™*/CK") did not correlate with
stage or survival (Fig. 6, E and G) and were detected at quantities an
order of magnitude lower than CHCs in metastatic disease. These
findings identify a novel population of tumor cells in circulation, a
population previously overlooked and excluded from routine analy-
ses, which has a biologic function and correlation to clinically rele-
vant disease status in human cancer patients.

DISCUSSION

Cell fusion between immune and neoplastic cells initiating tumor-
igenesis and affecting progression is an untested, century-old hy-
pothesis (9, 10) that has been only circumstantially examined
(10,12, 17,31, 33-37). Reports of cells located in tumors containing
components of both immune and neoplastic cells are increasingly
frequent (I, 10-13, 16, 17, 19, 35, 38-44), although without strong
evidence of etiologic mechanism or physiologic relevance. Early in
vitro studies revealed that cell fusion hybrids displayed reduced cell
doubling times relative to their genetic burden (45). More recently,
it was suggested that tumor cell fusions gain shorter cell cycling times
compared to either of their parental cells (46, 47). These divergent
views add to the controversy of whether cell fusion provides a selective
advantage to evolving tumors. Moreover, description of M® gene
expression in metastatic cancer cells as evidence that fusion propa-
gates aggressive metastatic spread of cancer (31, 42) is presented
without substantial proof that these cells arise from a fusion event,
further diminishing enthusiasm for this mechanism. Despite this,
M®-neoplastic cell fusion does provide an intriguing mechanism
for how neoplastic cells rapidly gain discrete cellular behaviors to
facilitate metastases and to propagate intratumoral heterogeneity.
Before this study, experimental results demonstrating in vivo tumor
cell fusion with M®s or investigating a function role for cell fusion
in tumor progression were undetermined. Here, we demonstrate that
cell fusion occurs spontaneously in a number of systems. Cell fusion
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can contribute to the generation of diverse neoplastic clones with
altered phenotypes, implicating it as a mechanism for gain of intra-
tumoral heterogeneity. This finding may reveal insight into diverse
tumor cell pathophysiology that underlies treatment resistance, pro-
gression, and posttreatment tumor recurrence in human cancer.

We present a systematic analysis of M®-cancer cell fusion and
provide evidence that hybrids impart physiologically relevant and
functionally significant aspects contributing to tumor evolution.
Together, our in vitro and in vivo murine data indicate that neo-
plastic cells fuse spontaneously with leukocytes and myeloid cells
(that is, M®s, neutrophils, or dendritic cells) and produce heteroge-
neous cancer hybrid clones. Despite their diversity, hybrid clones
retain M® genotypes with functional phenotypes, thereby bestowing
M®-like behaviors on neoplastic cells. Fusion hybrids express func-
tional levels of CSF1R, which is relevant to cancer progression ex-
emplified by the association of CSF1 overexpression in lung cancer
with increased tumor cell proliferation and invasion (48), by the in-
hibition of CSF1R with decreased tumor metastasis (49) and by
late-stage metastatic breast carcinomas frequently acquiring CSF1R
expression (38). In human tumors, the mechanism by which tumor
cells gain chemotactic responsive receptor expression remains un-
clear, but multiple mechanisms likely underlie transcriptional changes.
Our data indicate that cell fusion could play a role in the acquisition
of migratory/chemotactic functional behavior and may have im-
portant clinical implications considering hybrids’ potential response
to clinically relevant CSF1R inhibitors (27, 50, 51).

Data presented here indicate that M®-cancer cell hybrids are dif-
ferentially responsive to microenvironment-derived regulatory forces.
Specific extracellular conditions provide a selective adhesive and/or
growth advantage to hybrids but not to unfused neoplastic cells.
Given that genotypic and phenotypic diversity provides selective ad-
vantages to the fittest neoplastic clones, continued cell fusion may
underlie adaptation, survival, and growth of dominant neoplastic
clones within the evolving tumor microenvironment during tumor
progression. Considering this possibility, cell fusion provides a pre-
viously underappreciated mechanism by which neoplastic cells gain
phenotypic diversity, increasing opportunities for highly fit subclones
to overcome selection pressure and drive tumor progression.

These data indicate that tumor-initiating hybrid populations can
acquire behaviors allowing for navigation of the metastatic cascade—
from the primary tumor, to survival in circulation, to seeding of ectopic
sites, and to propagation of metastatic foci. Further, in vivo—derived
hybrid cells were readily detected in peripheral blood. CHCs out-
numbered conventionally isolated CTCs in both mice and humans.
Moreover, in patients with pancreatic cancer, CHCs directly cor-
related with tumor stage and inversely correlated with overall
survival—highlighting an exciting prognostic opportunity for de-
velopment of this novel cell population as a liquid biomarker for
disease status in discrete cancers where conventional biomarkers
(for example, CTCs, cell-free DNA, exosomes, and proteins) have
not demonstrated efficacy.

Unlike in murine models, the etiology of human CHCs, while
consistent with cell fusion, cannot be conclusively determined. It is
possible that tumor cells can gain expression of leukocyte- and M®-
associated proteins by an undetermined mechanism or that CD45-
expressing blood cells transdifferentiate into epithelial cancer cells.
Despite these unexplored caveats, the CHC is a population of tumor
cells previously overlooked and understudied. Our initial investiga-
tions indicate that this novel cell population has exciting potential.
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Identification of functionally significant properties of this unique
tumor population, a chimera of M®s and neoplastic cells, offers
opportunities for understanding the dynamic interaction between
neoplastic cells and diverse infiltrating immune cell populations.
Elevated CHCs relative to CTCs in peripheral blood might suggest
that hybrids are immune privileged—a trait bestowed by their leu-
kocyte identity. This scenario could have implications on immune-
mediated therapeutic strategies for cancer treatment. Therefore,
understanding how hybrids respond to immune therapies, such as
inhibitors or agonists to costimulatory and/or coinhibitory receptors,
offers an important area of future investigation. Acquisition of func-
tional myelomonocytic receptors on hybrids indicates that they may
be vulnerable to targeted therapies such as CSF1/CSF1R blockade,
now being investigated in clinical trials (5I). Alternatively, these
therapies may inhibit M®-neoplastic cell fusion. The presence of
tumor cells with acquired M® phenotypes supports a cell fusion
mechanism in the propagation of intratumoral heterogeneity, in-
troduces a functionally significant aspect of tumor progression and
evolution, identifies an unappreciated CHC population, and uncovers
anew area of tumor cell biology.

METHODS

Human samples and ethics statement

All human blood and tissue samples were collected and analyzed with
approved protocols in accordance with the ethical requirements
and regulations of the Oregon Health & Science University (OHSU)
institutional review board. Informed consent was obtained from all
subjects. Peripheral blood was obtained from cancer patients diag-
nosed with PDAC at various stages and treated at OHSU, as well as
from healthy controls. Identification and acquisition of solid tumor
or peripheral blood biopsies from female patients who previously
received a gender-mismatched bone marrow transplantation was
conducted by screening of the Center for International Bone Marrow
Transplant Registry.

FISH and immunohistochemical analyses of human solid
tumors and peripheral blood cells

Analyses of human solid tumors

The presence of cell fusion between Y chromosome-containing blood
cells and host tumor epithelium was evaluated by dual FISH and
immunohistochemical analyses. X and Y chromosome FISH probes
were hybridized to 5-um formalin-fixed paraffin-embedded primary
human tumor sections using CEP X (DXZ1 locus) and CEP Y (DYZ1
locus) probes (Abbott Molecular) following the manufacturer’s pro-
tocols. Briefly, the tissue was treated with Retrievagen A solutions
(BD Biosciences) and Tissue Digestion Kit II reagents (Kreatech)
and then hybridized with a probe at 80°C for 5 min and 37°C for
12 hours. Tissue sections were permeabilized with graded detergent
washes at 24°C and then processed for immunohistochemical staining.
Tissue was incubated with antibodies to pan-cytokeratin (Fitzgerald)
and counterstained with Hoechst dye (1 ug/ml). Two slides were
analyzed for each tumor section. Slides were digitally scanned and
quantified by two independent investigators. Areas with Y chromo-
some positivity were analyzed by confocal microscopy. H&E staining
was conducted on adjacent sections.

In situ analyses of human peripheral blood analyses

Patient peripheral blood was collected in heparinized Vacutainer tubes
(BD Biosciences), and then, lymphocytes and peripheral mononu-
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clear cells were isolated using density centrifugation and LeucoSep
Centrifuge Tubes (Greiner Bio-One) according to the manufacturer’s
protocol. Cells were then prepared for antibody staining. Briefly, cells
were adhered to poly-p-lysine-coated slides, fixed, and permeabilized
before staining for CD45 and cytokeratin expression using antibodies
to CD45 (eBioscience) and human pan-cytokeratin (Fitzgerald).
Phenotypes of CHCs were evaluated with additional antibody stain-
ing, including to CD66b (BD Pharmingen), CD68 (Abcam), CD163
(Neomarkers), CSF1R (Abcam), and EPCAM (1:200; US Biological).
Tissue was developed with appropriate fluorescent-conjugated sec-
ondary antibodies [anti-mouse Cy3 (Jackson ImmunoResearch), goat
anti-guinea pig 488 (Invitrogen), goat anti-guinea pig 555 (Invitrogen),
anti-rabbit A647 (1:500; Thermo Fisher Scientific), and anti-mouse
Cy5 (1:500; Jackson ImmunoResearch)] and then was stained with
Hoechst (1 pg/ml). Slides were digitally scanned with a Leica DM6000
B microscope or a Zeiss AxioObserverZ1 microscope and analyzed
using Ariol or Zeiss Zenblue software.

To determine whether circulating CD45"/CK" or CD45"/EPCAM"
cells were cell fusion products, patient peripheral blood was subjected
to FISH/immunohistochemical analyses as described for solid tis-
sues (see above). Processed peripheral blood was interrogated with
Y chromosome FISH (DYZ1 locus) probes (Abbott Molecular) fol-
lowing the manufacturer’s protocols. Briefly, cells were hybridized
with a probe at 42°C for 16 to 20 hours and then subjected to graded
detergent washes. Cells were then subjected to antibody staining with
anti-CD45 conjugated to fluorescein isothiocyanate (FITC) (1:100;
BioLegend) and EPCAM (1:100, US Biological) and processed with
anti-rabbit AF647 secondary antibodies (1:250; JacksonImmuno
Research). Cells were imaged on a Zeiss AxioOberverZ1 micro-
scope. Images were postprocessed to rule out nonspecific staining.
Briefly, CZI files were opened using ZEN 2.3 Lite (Blue Edition) and
saved as single-channel TIF files [four channels per CZI: EPCAM
(white), Y chromosome (red), CD45 (green), and 4',6-diamidino-
2-phenylindole (DAPI; blue)]. Single-channel TIF files were loaded
into MATLAB as UINT8 matrices containing RGB information at
each pixel. To create binary images, pixel intensity thresholds were
set for each channel image separately: Any pixel with a value above
the threshold was turned ON (that is, maximum intensity), and the
remaining pixels were turned OFF (that is, zero intensity). Two bi-
nary channel images were reassigned colors (EPCAM: white — yellow,
Y chromosome: red — white); all binary channel images were then overlaid.
Quantification of CHCs in patient blood
Manual quantification by three independent investigators of randomly
selected regions containing 2000 cells evaluated CD45 and cytokeratin
status of Hoescht" cells. Percentages of CHCs in the buffy coat cor-
relate with disease stage with significance determined by overall ANOVA
post-test [P < 6.3 x 10”%; P values for no nodal-met (0.00035), nodal-
met (0.05), and no nodal-nodal (0.15)], while none of the conven-
tional CTCs (that is, CD45"°) comparisons across stage were statically
significant [P values for no nodal-met (0.31) and nodal-met (0.9)].
Survival analysis was conducted on 18 of 20 pancreatic patients
(2 patients were lost to follow-up, 9 patients have high levels, and
9 patients have low levels) to correlate CHCs or CTCs with time to
death using Kaplan-Meier curve and log-rank test using dichotomized
biomarkers based on a median value. High CK*/CD45" (median,
>0.808) was associated with a statistically significant increased risk
of death (log-rank test, P = 0.0029) with a hazard ratio of 8.31, but
high CK"/CD45™" (median, >0.101) did not have a statistically sig-
nificant effect on time to death (log-rank test, P = 0.95).
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Flow cytometric analyses of fusion hybrids in

peripheral blood

For flow cytometric analysis, patient blood was collected, as described
above. Red blood cell (RBC) lysis was performed by a 1-min incuba-
tion in 0.2% NaCl, followed by addition of the equivalent volume of 1.6%
NaCl. Cells were washed and resuspended in FACS buffer [phosphate-
buffered saline (PBS), 1.0 mM EDTA, and 5% fetal bovine serum
(FBS)]. Cells were incubated in PBS containing LIVE/DEAD Fixable
Aqua (1:500; Invitrogen) with Fc Receptor Binding Inhibitor (1:200;
eBioscience). Cells were then incubated in FACS buffer for 30 min
with CD45-APC (1:25; Thermo Fisher Scientific), CD11c-APCeF780
(1:100; Thermo Fisher Scientific), CD14-BV785 (1:100; BioLegend),
CD163-PECy7 (1:100; BioLegend), EPCAM-FITC (1:100; Abcam), or
cytokeratin-PE (1:500; Abcam). A BD LSRFortessa cell analyzer was used
for analyses. A gating scheme established with single-color controls is pro-
vided in fig. S10. Data reflect analyses from n = 3 patients with PDAC.

Mice

All mouse experiments were performed in accordance to the guide-
lines issued by the Animal Care and Use Committee at OHSU or
the Fred Hutchinson Cancer Center, using approved protocols. Mice
were housed in a specific pathogen-free environment under strictly
controlled light cycle conditions, fed a standard Rodent Laboratory
Chow (#5001 PMI Nutrition International), and provided with water
ad libitum. The following strains were used in the described studies:
C57BL/6] (JAX #000664), Gt(ROSA)26S0r ™ EYFPICOs/1 (R26R -stop-YFP;
JAX#006148) (21), Tg(act-EGFP)Y01Osb (Act-GFP; JAX #006567)
(20), and B6.129P2-Lyz2tm1(cre)Lfo/] (LysM-Cre; JAX#004781) (52).
Mice of both genders were randomized and analyzed at 8 to 10 weeks
of age. When possible, controls were littermates housed in the same
cage as experimental animals.

Cell culture

MC38 mouse intestinal epithelial cancer cells were provided by
J. Schlom [National Cancer Institute (NCI)], and B16F10 mouse
melanoma cells were obtained from the American Type Culture
Collection. Validation of cell lines was confirmed by polymerase chain
reaction and by functional metastasis assay for the latter. Cell lines,
both derived from C57BL/6] mice, were cultured in Dulbecco’s
modified Eagle’s medium (DMEM) + 10% serum (Life Technologies).
Stable cancer cell lines, MC38 (H2B-RFP), MC38 (H2B-RFP/Cre,
B16F10 (H2B-RFP), and B16F10 (H2B-RFP/Cre), were generated
by retroviral transduction using pBABE-based retroviruses, and
polyclonal populations were selected by antibiotic resistance and
flow-sorted for bright fluorescence as appropriate. B16F10 (fl-dsRed-
fl-eGFP) cells were generated by stably expressing a pMSCV-LoxP-
dsRed-LoxP-eGFP-PURO construct (Addgene #32702) into the
parental B16F10 cells. Primary M® derivation was conducted from
the bone marrow of R26R-stop-YFP or Act-GFP mice. To elicit M®s,
cells were cultured for 6 days in DMEM + 15% serum supplemented
with sodium pyruvate, nonessential amino acids (Life Technologies),
and CSF1 (25 ng/ml; PeproTech).

Cell fusion hybrid generating cocultures were established in M®-
derivation media without CSF1 for 4 days. MC38 or B16F10 cells
and M®s were coseeded at a 1:2 ratio at low density. Hybrid cells
were FACS-isolated for appropriate fusion markers on a Becton
Dickinson InFlux or FACSVantage SE cell sorters (BD Biosciences).
FACS plots are representative of at least 20 independent MC38 or
B16F10 hybrid isolates (technical replicates). Low-passage hybrid

isolates were established; functional experiments were conducted on
passage 8 to 20 hybrid isolates. Live imaging of cocultured cells was
performed using an IncuCyte ZOOM automated microscope system
and associated software (Essen BioScience). Technical triplicates
generated 36 movies that covered 77.4 mm” and were screened for
hybrid generation and division. Movie contains a fusion event; a total
of 21 video clips were captured containing fusion events.

EdU-labeling and karyotype analysis

During hybrid generation

Cultured cells were fixed in 4% formaldehyde in PBS and processed
for immunohistochemical analyses with antibodies against GFP (1:500;
Life Technologies) or RFP (1:1000; Allele Biotechnology). EAU
labeling and detection were performed according to the manufac-
turer’s directions (Life Technologies). Briefly, M® DNA was labeled
with 10 uM EdU supplemented in media for 24 hours before hybrid
generation coculture. EAU (10 uM) was used for the determination
of S-phase indices as well. Biologic and technical replicates (n = 6)
were conducted and screened for biparental hybrids.

For karyotype analyses

Chromosome spreads from cells in S phase were prepared using
standard protocols, from cells treated for >12 hours with Colcemid
(100 ng/ml; Life Technologies) to induce mitotic arrest. DNA was
visualized by staining with DAPI; X and Y chromosomes were iden-
tified using fluorescently labeled nucleotide probes (ID Labs) as
directed by the manufacturer. Images of stained fixed cells and chro-
mosome spreads were acquired using a 40x 1.35 UApo oil objective
on a DeltaVision-modified inverted microscope (IX70; Olympus)
using SoftWorx software (Applied Precision) and represented max-
imum intensity projections of deconvolved z-stacks unless otherwise
indicated. Experiments were replicated eight times. Each biologic
replicate was analyzed in an independent experiment. A minimum
of n =20 cells were analyzed in each experiment. Chromosomes were
counted manually by two independent investigators.

Gene expression analysis

Microarray analysis was performed with Mouse 430.2 gene chips
(Affymetrix) at the OHSU Gene Profiling Shared Resource, and data
were analyzed using GeneSifter software (Geospiza) to identify relative
expression differences between cell types (replicates: M®, n = 3; MC38,
n = 3; hybrids, n = 5 independent isolates) and produce GO analyses.
GO category enrichment was calculated using the GOstats R package
(53) and visualized using functions from the GOplot R package (54).

Code availability
The source code used to generate figures and corresponding tables
is available for download from our public repository (55).

Polymerase chain reaction

DNA was extracted from frozen formalin-fixed melanoma primary
tumor and lymph node sections by 40 min of incubation in lysis
buffer [25 mM NaOH and 0.2 mM EDTA (pH 12)] at 95°C, followed
by neutralization with equal volumes of neutralization buffer [40 mM
tris-HCI (pH 5)]. RFP primers were as follows: 5'-CAGTTCCAG-
TACGGCTCCAAG-3' (forward) and 5'- CCTCGGGGTACATCCG-
CTC-3’ (reverse). Actin primers were as follows: 5'-GAAGTACC-
CCATTGAACATGGC-3’ (forward) and 5'-GACACCGTCCC-
CAGAATCC-3’ (reverse). Reactions were run with a 60°C anneal-
ing temperature.
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Microenvironment arrays

Recombinant proteins (R&D Systems and Millipore) were diluted to
desired concentrations in print buffer (Arraylt), and pairwise com-
binations of ECM proteins and growth factors or cytokines were
made in a 384-well plate. A Q-Array Mini microarray printer (Genetix)
was used to draw from the 384-well plate and print protein combi-
nations onto Nunc 8-well chambered cell culture plates (Thermo
Fisher Scientific). Each combination was printed in quintuplicate in
each array, and arrays were dried at room temperature. Printed
MEMAs were blocked for 5 min using 0.25% (w/v) F108 copolymer
(Sigma-Aldrich) in PBS and then rinsed with PBS and media before
plating cells. Cells were trypsinized, filtered to exclude cell clumps,
and counted; 10° cells were plated on each array in 2 ml of DMEM +
2.5% serum and incubated for 30 min in a humidified tissue culture
incubator. Unbound cells were gently removed, and fresh media
were added. After 12 hours, the arrays were fixed with 4% formalde-
hyde in PBS for 10 min and stained with DAPI. Adhesion was mea-
sured as relative cellular preference: the number of cells occupying
a given microenvironment condition relative to the average cell
number over all occupied microenvironmental spots across the en-
tire MEMA for each sample. Five replicate samples each for MC38
cells and M® and five independent MC38-derived hybrid isolates
were analyzed. Standard two-tailed ¢ tests were performed with P <
0.05 reported as significant. Error bars represent SEM.

In vitro-derived hybrid proliferation

For phenotypic profiling growth responsiveness to cytokines and
soluble factors, 95 different cytokines or soluble signaling molecules
were distributed at high, medium, and low concentrations in 384-well
plates, in 25 ul of RPMI 1640 (Life Technologies) supplemented with 1%
FBS, and 25 pl of a suspension of hybrid or MC38 cells (1.2 x 10* cells/ml)
in DMEM + 4% FBS was added to each well. Ninety-nine wells of
each plate were left cytokine-free, and no cells were added to 2 of
these wells, which served to provide measurements of background
signal. Plates were cultured in a humidified incubator for 72 hours,
after which 5 ul of MTS reagent was added to each well. Two hours
later, absorbance at 490 nm was read with a 384-well plate reader.
For each plate, absorbance values for each cytokine-treated well were
normalized to the mean absorbance of the cytokine-free wells on
that plate and expressed in terms of SDs from the cytokine-free mean.
Three independent hybrid isolates and three MC38 replicates were
analyzed. Cytokines or factors that showed a potential differential
effect on growth of MC38 and hybrid cells were retested in 96-well
plates. In these experiments, 2.5 x 10* hybrid or MC38 cells were
plated in the presence of three different concentrations for each sol-
uble factor or in media alone (DMEM + 2.5% FBS), in triplicate for
each condition. Plates were imaged every 2 hours for 90 hours, and
then, cell viability was assessed.

Chemotaxis assay

Chemotaxis assays were performed using IncuCyte Chemotaxis Cell
Migration Assay (Essen BioScience) with at least three technical
replicates of triplicate samples. Briefly, 1000 cancer cells were plated
media for 20 hours. CSF1 or SDF1 ligand (25 ng/ml) was added to the
bottom well, and cells were incubated at 37°C for at least 36 hours with
live imaging. The neutralizing antibodies to the CSF1R (eBioscience),
CXCR4 (BioLegend), and isotype control antibody were added to the
top and bottom wells (2.5 ng/pl). Migration was quantified by mea-
suring the phase-contrast area of the top and bottom wells for each

40

time point using IncuCyte ZOOM software. Triplicates of each con-
dition were performed, and the means and SDs were calculated. P <
0.02 for hybrids treated with CSF1 or SDF1 relative to hybrids with-
out CSF1 or SDF1 by unpaired ¢ test. Two independent hybrid iso-
lates were analyzed. Technical octupulicates (MC38) or sextuplicates
(B16F10) with biologic quadruplicates or triplicates were analyzed.
For inhibitor studies, technical duplicates with biologic triplicates
were analyzed.

Migration analysis

From IncuCyte live imaging of cocultured M®s and cancer cells,
24- to 48-hour image series containing a cancer-M® fusion event
was cropped and exported as two separate uncompressed audio video
interleave (AVI) files: one containing only the red channel for
TrackMate analysis and another containing both red and green chan-
nels with a sizing legend. Red-channel AVI files were imported into
FIJI and converted to 8-bit image series with a mean filter of 1.5
pixels applied. TrackMate analysis was then performed on nuclei
with an estimated diameter of 10 pixels and a tolerance of 17.5.
Using the Linear Assignment Problem Tracker, settings for track-
ing nuclei were as follows: 75.0-pixel frame-to-frame linking and
25.0-pixel and two-frame gap track segment gap closing. Tracks
segments were not allowed to split or merge. Using the analysis func-
tion in TrackMate, track statistics were exported to an Excel file, and
tracks containing 11 or fewer frames were excluded from the analy-
sis. A total of 9 hybrid cells and 536 unfused cells were analyzed
with a P < 1.1 x 10~° by unpaired ¢ test. Error bars represent SD.

Boyden chamber invasion assay

In vitro invasion assay was performed, as described previously (56).
Briefly, cellular invasion was measured in a growth factor-reduced
Matrigel invasion chamber with 8-um pores (#354483, Corning).
Cells (3 x 10°) in a medium containing 0.1% FBS were placed into
each Boyden chamber. The medium containing 10% FBS was placed
in the lower chamber to facilitate chemotaxis. Invasion assays were
run for 15 hours, and then cells that passed through the Matrigel
membrane were stained with 0.09% crystal violet/10% ethanol. After
extraction by elution buffer [1:2:1 acetate buffer (pH 4.5)/ethanol/
deionized water], the stain was measured at 560 nm. Representative
images of invaded cells were taken by an Axio Zoom.V16 micro-
scope (Zeiss). The assay was run in triplicate, in biologic replicate.

In vivo analyses of in vitro-derived cell fusion hybrids

For tumor growth, 8-to 12-week-old C57BL/6] mice (Jackson Lab-
oratories) were injected with 5 x 10* cells (MC38 and MC38-derived
hybrids) or 5 x 10° cells (B16F10 and B16F10-derived hybrids) sub-
cutaneously or intradermally, respectively. Length (L) and width
(W) of palpable tumors were measured three times weekly with cal-
ipers until tumors reached a maximum diameter of 2 cm. Tumors
were surgically removed in survival surgery, or animals were sacri-
ficed during tumor removal in accordance with OHSU Institutional
Animal Care and Use Committee guidelines. Animals were ob-
served for at least 6 months for detection of tumor growth. For each
tumor, volume (V) was calculated by the formula V = Us (L x WP,
volume doubling time for each tumor was extracted from a curve
fit to a plot of log tumor volume over time. Curves with R* values
of less than 0.8 were excluded from analysis, as were tumors with
six or fewer dimension measurements; these exclusion criteria were
established in response to the unanticipated early ulceration of some
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tumors, which precluded accurate measurements of length and width
(P < 0.05, by Mann-Whitney U test). For growth of tumor at meta-
static sites, 1 x 10® MC38 cells were injected into the spleen. Livers
were analyzed 3 weeks later for tumor burden by H&E stain. Hybrids
formed metastatic foci more readily with a P < 0.008 by Mann-Whitney
U test. MC38 (n = 17) and MC38-derived hybrids (n = 13) were in-
jected in four different technical replicate experiments. For B16F10
cells, 2.5 x 10° cells were retro-orbitally injected, and lungs were
analyzed 16 days after injection. Melanin-marked tumor metastasis
was visualized. Tumor burden was analyzed on paraffin-embedded
tissue sections located every 100 um apart through the entire lung
(n =5 tissue sections per lung). Metastatic foci areas were measured
using an Aperio ImageScope V12.3.0.5056 to outline metastatic tu-
mors and quantify area. A nonparametric ¢ test was performed. Du-
plicate studies of BI6F10 and B16F10-derived hybrids (n = 12 mice)
were analyzed.

In vivo-derived cell fusion hybrids

For isolation of in vivo—derived hybrids or assessment of CTCs, 5 x
10° B16F10 (H2B-RFP with or without Cre) cells were injected in-
tradermally into R26R-YFP or actin-GFP mice, respectively. Once
tumors reached 1 to 2 cm” in diameter, they were surgically removed
for immunohistochemical analyses or for FACS/flow analyses.

For demonstration that tumor cells can fuse with myeloid cells,
5 x 10° B16F10 (fl-dsRed-fl-eGFP) cells were injected intradermally
into 6- to 8-week-old LysM-Cre transgenic mice. When tumors
reached 1 ¢cm’, primary tumors and lungs were removed for immuno-
histochemical analyses.

Immunohistochemical analysis of in vivo-derived tumors
B16F10 (H2B-RFP, Cre) primary tumors in Act-GFP or R26R-stop-YFP
mice were fixed in 10% buffered formalin, frozen in optimum cut-
ting temperature (OCT), and 5-um sections were obtained. Tumors
from R26R-stop-YFP mice were incubated with antibodies for GFP
(1:500; Life Technologies) followed by detection with fluorescent sec-
ondary antibody (1:500, Alexa Fluor 488; Jackson ImmunoResearch).
Nuclei were counterstained with Hoechst (1 pg/ml). Slides were digi-
tally scanned with a Leica DM6000 B microscope and analyzed using
Ariol software. Confocal images were acquired with a FluoView
FV1000 confocal microscope (Olympus).

B16F10 (fl-dsRed-fl-eGFP) primary tumors and lungs from
LysM-Cre mice were fixed in 4% paraformaldehyde for 2 hours at
20°C, washed, and cryopreserved in 30% sucrose for 16 hours at 4°C
and then embedded in OCT. Primary tumors were stained as de-
scribed in the paragraph above. Lung sections were cut to 8-um
thickness, baked for 30 min at 37°C, then subjected to antigen re-
trieval under standard conditions (R&D Systems, CTS016), blocked
with DAKO Protein Block Serum-Free (Agilent, X090930-2), and
incubated for 16 hours at 4°C with primary antibodies [anti-MITF
(1:500; Abcam, ab12039), anti-dsRed (1:250; Clontech, 632496), and
anti-GFP (1:1000; Abcam, ab13970)] in background-reducing anti-
body diluent (Agilent, S302281-2). Fluorescent-tagged secondary anti-
bodies were applied, and then sections were mounted in a ProLong
Gold antifade reagent (Molecular Probes, P36934). Antibody speci-
ficity was determined by immunostaining healthy lungs of nontumor-
bearing mice and performing secondary antibody only controls.
FACS isolation and flow cytometric analyses of fusion hybrids
Tumors were diced and digested for 30 min at 37°C in DMEM +
Collagenase A (2 mg/ml; Roche) + DNase (Roche) under stirring
conditions. Digested tumor cells were filtered through a 40-um filter

and washed with PBS. For FACS isolation, hybrid and unfused cells
were isolated by direct fluorescence on a Becton Dickinson InFlux
sorter. For flow cytometric analysis, blood was collected retro-
orbitally using heparinized microhematocrit capillary tubes (Fisher)
into K;EDTA-coated tubes (BD Biosciences). RBC lysis was performed
as described above. Cells were washed and resuspended in FACS
buffer (PBS, 1.0 mM EDTA, and 5% FBS). Cells were incubated in
PBS containing LIVE/DEAD Fixable Aqua (1:500; Invitrogen) with
Fc Receptor Binding Inhibitor (1:200; eBioscience). Cells were then
incubated in FACS buffer for 30 min with CD45-PeCy7 (1:8000;
BioLegend), CSF1IR-BV711 (1:200; BioLegend), F4/80-APC (1:400;
BioLegend), and CD11b-AF700 (1:200; eBioscience). A BD LSRFortessa
FACS machine was used for analyses. A statistical significance of P <
2.2 x 107 by unpaired t test was determined for CD45" hybrid CTCs
relative to CD45~ hybrid, CD45" unfused, and CD45" unfused CTCs.
Technical duplicates of #n = 5 or 6 mice were analyzed.
Tumorigenic analyses of FACS-isolated in vivo-derived hybrids
A total of 100 or 3000 FACS-isolated hybrids and unfused B16F10
cells were injected intradermally into C57BL/6] mice. For experi-
ments with 100 cells, technical octuplicates with biologic duplicates,
triplicates, or quadruplicates were performed, depending on the
number of hybrids isolated form the primary tumor, for a total of
n = 16 mice analyzed. For experiments with 3000 cells injected, tech-
nical triplicates were performed.

Statistical analyses and graphical displays

Dot plots, bar charts, and line charts were generated in GraphPad
Prism or Excel. GraphPad Prism and Excel were also used for statistical
analyses of these data, including ensuring that data met assump-
tions of the tests used and comparisons of variance between groups
when appropriate. Microsoft Excel was used to perform two-tailed
t tests. A three-dimensional scatterplot was generated in R using the
rgl package. Flow cytometry data were prepared for display using
FlowJo software. Microarray gene expression data were displayed as
a heatmap prepared using Genesifter software. Heatmap of MEMA
data was generated in R using the standard heatmap function and
default parameters.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/4/9/eaat7828/DC1

Fig. S1. Characterization of B16F10-derived fusion hybrids.

Fig. S2. Still images from cell fusion movie.

Fig. S3. Differential growth, adhesion, and cytokine response in hybrids.

Fig. S4. Differential growth and cytokine response in hybrids.

Fig. S5. Characterization of in vivo-derived B16F10 fusion hybrids.

Fig. S6. Flow cytometry gating scheme for B16F10-derived cell fusion analyses.

Fig. S7. Gating scheme for flow cytometry of in vivo—derived hybrids from primary tumor.
Fig. S8. Flow cytometry gating scheme for analyses of murine CHCs.

Fig. S9. Cell fusion in PanIN and tumors from other organ sites.

Fig. $10. Control blood samples for immunohistochemical and FISH analyses.

Fig. S11. Flow cytometry gating scheme for analyses of human CHCs.

Table S1. GO terms derived from differentially expressed genes between MC38 and hybrid cells.
Table S2. GO category gene table.

Table S3. M®-unique or M®-enriched genes.

Movie S1. Live imaging of M®-cancer cell fusion.

Movie S2. Live imaging of cultured hybrid cells past confluence.

REFERENCES AND NOTES
1. G.H.Heppner, Tumor heterogeneity. Cancer Res. 44, 2259-2265 (1984).
2. A.Marusyk, K. Polyak, Tumor heterogeneity: Causes and consequences.
Biochim. Biophys. Acta 1805, 105-117 (2010).

www.SCIENCEADVANCES.org 12 September 2018 Vol 4 eaat7828 41



RESEARCH ARTICLE

Science Advances

20.

21.

22.

23.

24,
25.

26.

27.

28.

42

. A.Z.Rizvi, J. R. Swain, P. S. Davies, A. S. Bailey, A. D. Decker, H. Willenbring, M. Grompe,

W. H. Fleming, M. H. Wong, Bone marrow-derived cells fuse with normal and transformed
intestinal stem cells. Proc. Natl. Acad. Sci. U.S.A. 103, 6321-6325 (2006).

. P.S.Davies, A. E. Powell, J. R. Swain, M. H. Wong, Inflammation and proliferation act

together to mediate intestinal cell fusion. PLOS ONE 4, e6530 (2009).

. M. Alvarez-Dolado, R. Pardal, J. M. Garcia-Verdugo, J. R. Fike, H. O. Lee, K. Pfeffer, C. Lois,

S.J. Morrison, A. Alvarez-Buylla, Fusion of bone-marrow-derived cells with Purkinje
neurons, cardiomyocytes and hepatocytes. Nature 425, 968-973 (2003).

. F.D.Camargo, R. Green, Y. Capetanaki, K. A. Jackson, M. A. Goodell, Single hematopoietic

stem cells generate skeletal muscle through myeloid intermediates. Nat. Med. 9,
1520-1527 (2003).

. N.Terada, T. Hamazaki, M. Oka, M. Hoki, D. M. Mastalerz, Y. Nakano, E. M. Meyer, L. Morel,

B. E. Petersen, E. W. Scott, Bone marrow cells adopt the phenotype of other cells by
spontaneous cell fusion. Nature 416, 542-545 (2002).

. X. Wang, H. Willenbring, Y. Akkari, Y. Torimaru, M. Foster, M. Al-Dhalimy, E. Lagasse,

M. Finegold, S. Olson, M. Grompe, Cell fusion is the principal source of bone-marrow-
derived hepatocytes. Nature 422, 897-901 (2003).

. A. Carter, Cell fusion theory: Can it explain what triggers metastasis? J. Natl. Cancer Inst.

100, 1279-1281 (2008).

. J. M. Pawelek, Tumour-cell fusion as a source of myeloid traits in cancer. Lancet Oncol. 6,

988-993 (2005).

. T.Dittmar, K. S. Zanker, Tissue regeneration in the chronically inflamed tumor

environment: Implications for cell fusion driven tumor progression and therapy resistant
tumor hybrid cells. Int. J. Mol. Sci. 16, 30362-30381 (2015).

. A.E.Powell, E. C. Anderson, P. S. Davies, A. D. Silk, C. Pelz, S. Impey, M. H. Wong, Fusion

between intestinal epithelial cells and macrophages in a cancer context results in nuclear
reprogramming. Cancer Res. 71, 1497-1505 (2011).

. R.Lazova, G.S. LaBerge, E. Duvall, N. Spoelstra, V. Klump, M. Sznol, D. Cooper, R. A. Spritz,

J.T.Chang, J. M. Pawelek, A melanoma brain metastasis with a donor-patient hybrid
genome following bone marrow transplantation: First evidence for fusion in human
cancer. PLOS ONE 8, e66731 (2013).

. D.L.Adams, S.S. Martin, R. K. Alpaugh, M. Charpentier, S. Tsai, R. C. Bergan,

I. M. Ogden, W. Catalona, S. Chumsri, C.-M. Tang, M. Cristofanilli, Circulating giant
macrophages as a potential biomarker of solid tumors. Proc. Natl. Acad. Sci. U.S.A. 111,
3514-3519 (2014).

. C.R.Cogle, N.D. Theise, D. Fu, D. Ucar, S. Lee, S. M. Guthrie, J. Lonergan, W. Rybka,

D.S. Krause, E. W. Scott, Bone marrow contributes to epithelial cancers in mice and
humans as developmental mimicry. Stem Cells 25, 1881-1887 (2007).

. M. Grimm, O. Feyen, J. F. Coy, H. Hofmann, P. Teriete, S. Reinert, Analysis of circulating

CD14%/CD16" monocyte-derived macrophages (MDMs) in the peripheral blood of
patients with oral squamous cell carcinoma. Oral Surg. Oral Med. Oral Pathol. Oral Radiol.
121,301-306 (2016).

. G.S.LaBerge, E. Duvall, Z. Grasmick, K. Haedicke, J. Pawelek, A melanoma lymph node

metastasis with a donor-patient hybrid genome following bone marrow transplantation:
A second case of leucocyte-tumor cell hybridization in cancer metastasis. PLOS ONE 12,
0168581 (2017).

. |.Shabo, H. Olsson, X. F. Sun, J. Svanvik, Expression of the macrophage antigen CD163 in

rectal cancer cells is associated with early local recurrence and reduced survival time.
Int. J. Cancer 125, 1826-1831 (2009).

. Y.Yilmaz, R. Lazova, M. Qumsiyeh, D. Cooper, J. Pawelek, Donor Y chromosome in renal

carcinoma cells of a female BMT recipient: Visualization of putative BMT-tumor hybrids
by FISH. Bone Marrow Transplant. 35, 1021-1024 (2005).

M. Okabe, M. Ikawa, K. Kominami, T. Nakanishi, Y. Nishimune, ‘Green mice’as a source of
ubiquitous green cells. FEBS Lett. 407, 313-319 (1997).

S. Srinivas, T. Watanabe, C.-S. Lin, C. M. William, Y. Tanabe, T. M. Jessell, F. Costantini, Cre
reporter strains produced by targeted insertion of EYFP and ECFP into the ROSA26 locus.
BMC Dev. Biol. 1,4 (2001).

M. J. Bissell, W. C. Hines, Why don’t we get more cancer? A proposed role of the
microenvironment in restraining cancer progression. Nat. Med. 17,320-329 (2011).

D. Hoshino, K. M. Branch, A. M. Weaver, Signaling inputs to invadopodia and podosomes.
J. Cell Sci. 126 (Pt. 14), 2979-2989 (2013).

J. Massagué, TGFp in cancer. Cell 134, 215-230 (2008).

C.-H. Lin, J. K. Lee, M. A. LaBarge, Fabrication and use of MicroEnvironment microArrays
(MEArrays). J. Vis. Exp., 4152 (2012).

C. J. Sherr, C. W. Rettenmier, The fms gene and the CSF-1 receptor. Cancer Surv. 5,
221-232(1986).

D. G. DeNardo, D. J. Brennan, E. Rexhepaj, B. Ruffell, S. L. Shiao, S. F. Madden,

W. M. Gallagher, N. Wadhwani, S. D. Keil, S. A. Junaid, H. S. Rugo, E. S. Hwang, K. Jirstrém,
B. L. West, L. M. Coussens, Leukocyte complexity predicts breast cancer survival and
functionally regulates response to chemotherapy. Cancer Discov. 1, 54-67 (2011).

T. Fehm, A. Sagalowsky, E. Clifford, P. Beitsch, H. Saboorian, D. Euhus, S. Meng,

L. Morrison, T. Tucker, N. Lane, B. M. Ghadimi, K. Heselmeyer-Haddad, T. Ried, C. Rao,

29.

30.

31.

32

33.

34,

35.

36.

37.

38.

39.

40.

41.

42.

43.

44

45.

46.

47.

48.

49.

J. Uhr, Cytogenetic evidence that circulating epithelial cells in patients with carcinoma
are malignant. Clin. Cancer Res. 8, 2073-2084 (2002).

E.Racila, D. Euhus, A. J. Weiss, C. Rao, J. McConnell, L. W. M. M. Terstappen, J. W. Uhr,
Detection and characterization of carcinoma cells in the blood. Proc. Natl. Acad. Sci. U.S.A.
95, 4589-4594 (1998).

A.D.Silk, C. E. Gast, P. S. Davies, F. D. Fakhari, G. E. Vanderbeek, M. Mori, M. H. Wong,
Fusion between hematopoietic and epithelial cells in adult human intestine. PLOS ONE 8,
e55572 (2013).

A. Lorico, D. Corbeil, J. M. Pawelek, R. Alessandro, Transmission of information in
neoplasia by extracellular vesicles. Biomed. Res. Int. 2015, 289567 (2015).

R. Lazova, A. Chakraborty, J. M. Pawelek, Leukocyte-cancer cell fusion: Initiator of the
warburg effect in malignancy? Adv. Exp. Med. Biol. 714, 151-172 (2011).

R. Halaban, J. Nordlund, U. Francke, G. Moellmann, J. M. Eisenstadt, Supermelanotic
hybrids derived from mouse melanomas and normal mouse cells. Somatic Cell Genet. 6,
29-44 (1980).

R.S. Kerbel, A. E. Lagarde, J. W. Dennis, T. P. Donaghue, Spontaneous fusion in vivo
between normal host and tumor cells: Possible contribution to tumor progression and
metastasis studied with a lectin-resistant mutant tumor. Mol. Cell. Biol. 3, 523-538 (1983).
M. Lizier, A. Anselmo, S. Mantero, F. Ficara, M. Paulis, P. Vezzoni, F. Lucchini, G. Pacchiana,
Fusion between cancer cells and macrophages occurs in a murine model of spontaneous
neu" breast cancer without increasing its metastatic potential. Oncotarget 7,
60793-60806 (2016).

X. Lu, Y. Kang, Cell fusion as a hidden force in tumor progression. Cancer Res. 69,
8536-8539 (2009).

1. Shabo, K. Midtb, H. Andersson, E. Akerlund, H. Olsson, P. Wegman, C. Gunnarsson,

A. Lindstrém, Macrophage traits in cancer cells are induced by macrophage-cancer cell
fusion and cannot be explained by cellular interaction. BMC Cancer 15, 922 (2015).

A. Patsialou, Y. Wang, J. Pignatelli, X. Chen, D. Entenberg, M. Oktay, J. S. Condeelis,
Autocrine CSF1R signaling mediates switching between invasion and proliferation
downstream of TGFp in claudin-low breast tumor cells. Oncogene 34, 2721-2731 (2015).
Y. Mo, O. Giricz, C. Hu, K. Dahlman, S. Bhattacharyya, H. Nguyen, B. Matusow, T. Bhagat,
Y. Yu, R. Shellooe, E. Burton, G. Habets, J. Greally, P. Kenny, J. Sosman, G. Bollag, B. L. West,
A.Verma, Integrated epigenomic profiling reveals widespread demethylation in
melanoma, and reveals aberrant CSF-1 receptor expression as a regulator of malignant
growth and invasion inhibited by PLX3397. Cancer Res. 73, Abstract A26 (2013).

W. Sheng, O. 0. Ogunwobi, T. Chen, J. Zhang, T. J. George, C. Liu, Z. H. Fan, Capture,
release and culture of circulating tumor cells from pancreatic cancer patients using an
enhanced mixing chip. Lab Chip 14, 89-98 (2014).

G. A. Clawson, E. Kimchi, S. D. Patrick, P. Xin, R. Harouaka, S. Zheng, A. Berg, T. Schell,

K. F. Staveley-O'Carroll, R. . Neves, P. J. Mosca, D. Thiboutot, Circulating tumor cells in
melanoma patients. PLOS ONE 7, e41052 (2012).

G. A.Clawson, G. L. Matters, P. Xin, C. McGovern, E. Wafula, C. dePamphilis, M. Meckley,
J. Wong, L. Stewart, C. D'Jamoos, N. Altman, Y. Imamura Kawasawa, Z. Du, L. Honaas,

T. Abraham, "Stealth dissemination" of macrophage-tumor cell fusions cultured from
blood of patients with pancreatic ductal adenocarcinoma. PLOS ONE 12, e0184451
(2017).

G. Rappa, J. Mercapide, A. Lorico, Spontaneous formation of tumorigenic hybrids
between breast cancer and multipotent stromal cells is a source of tumor heterogeneity.
Am. J. Pathol. 180, 2504-2515 (2012).

M.-H. Xu, X. Gao, D. Luo, X.-D. Zhou, W. Xiong, G.-X. Liu, EMT and acquisition of stem
cell-like properties are involved in spontaneous formation of tumorigenic hybrids
between lung cancer and bone marrow-derived mesenchymal stem cells. PLOS ONE 9,
87893 (2014).

J. R. McGill, P. J. Lalley, R. J. Leach, T. J. Johnson, D. D. Von Hoff, Chromosomal influence
on hybrid cell proliferation. Cell Prolif. 25, 345-355 (1992).

M. Q. Islam, L. da S. Meirelles, N. B. Nardi, P. Magnusson, K. Islam, Polyethylene
glycol-mediated fusion between primary mouse mesenchymal stem cells and mouse
fibroblasts generates hybrid cells with increased proliferation and altered differentiation.
Stem Cells Dev. 15,905-919 (2006).

J. Xue, Y. Zhu, Z. Sun, R. Ji, X. Zhang, W. Xu, X. Yuan, B. Zhang, Y. Yan, L. Yin, H. Xu,

L. Zhang, W. Zhu, H. Qian, Tumorigenic hybrids between mesenchymal stem cells and
gastric cancer cells enhanced cancer proliferation, migration and stemness. BMC Cancer
15,793 (2015).

J.Y.Hung, D. Horn, K. Woodruff, T. Prihoda, C. LeSaux, J. Peters, F. Tio, S. L. Abboud-Werner,
Colony-stimulating factor 1 potentiates lung cancer bone metastasis. Lab. Invest. 94,
371-381(2014).

J. B. Mitchem, D. J. Brennan, B. L. Knolhoff, B. A. Belt, Y. Zhu, D. E. Sanford, L. Belaygorod,
D. Carpenter, L. Collins, D. Piwnica-Worms, S. Hewitt, G. M. Udupi, W. M. Gallagher,

C. Wegner, B. L. West, A. Wang-Gillam, P. Goedegebuure, D. C. Linehan, D. G. DeNardo,
Targeting tumor-infiltrating macrophages decreases tumor-initiating cells, relieves
immunosuppression, and improves chemotherapeutic responses. Cancer Res. 73,
1128-1141(2013).

www.SCIENCEADVANCES.org 12 September 2018 Vol 4 eaat7828



Science Advances

RESEARCH ARTICLE

50. S.F.Ngiow, K. M. Meeth, K. Stannard, D. S. Barkauskas, G. Bollag, M. Bosenberg,
M. J. Smyth, Co-inhibition of colony stimulating factor-1 receptor and BRAF oncogene in
mouse models of BRAF*®€ melanoma. Oncoimmunology 5, €1089381 (2016).

51. B.Ruffell, L. M. Coussens, Macrophages and therapeutic resistance in cancer.
Cancer Cell 27, 462-472 (2015).

52. B.E.Clausen, C. Burkhardt, W. Reith, R. Renkawitz, |. Férster, Conditional gene targeting
in macrophages and granulocytes using LysMcre mice. Transgenic Res. 8, 265-277
(1999).

53. S.Falcon, R. Gentleman, Using GOstats to test gene lists for GO term association.
Bioinformatics 23, 257-258 (2007).

54. W.Walter, F. Sanchez-Cabo, M. Ricote, GOplot: An R package for visually combining
expression data with functional analysis. Bioinformatics 31, 2912-2914 (2015).

55. J. Burkhart, Cell Fusion Potentiated Acquisition of Macrophage-like Behavior in Cancer cells
and Its Contribution (Oregon Health & Science University, 2016).

56. D.F.Seals, E. F. Azucena Jr., |. Pass, L. Tesfay, R. Gordon, M. Woodrow, J. H. Resau,

S. A. Courtneidge, The adaptor protein Tks5/Fish is required for podosome formation
and function, and for the protease-driven invasion of cancer cells. Cancer Cell 7, 155-165
(2005).

Acknowledgments: We acknowledge members of the OHSU Flow Cytometry Shared Resource
and Advanced Light Microscopy Core at the Jungers Center for technical assistance, M. Troxell
for pathology support, and A. Wong for technical assistance. Funding: Instrumentation used in
this work was supported by grant number S10-RR023432 from the National Center for Research
Resources, a component of the NIH, to the Advanced Light Microscopy Core at the OHSU
Jungers Center. Research reported in this publication was supported by the NCI of the NIH
under award numbers U54CA112970 and P30 CA069533 and by the National Heart Lung and
Blood Institute of the NIH under award number T32HL007781. Additional support are as
follows: NIH/T32GM071388, NCI/T32CA106195, and the American Skin Association (to C.E.G.);
the Knight Cancer Institute Development Award/Veterans of Foreign Wars Ladies Auxiliary
Group, the Phileo Foundation, and the Collins Medical Trust (to A.D.S.); and the Achievement
to College Students Foundation Oregon (to K.T.G.). J.G.B. acknowledges support from

NLM/5T15M007088-27. M.H.W. acknowledges support from the OHSU Center for Women'’s
Health Circle of Giving Grant, the Newton Foundation, the Prospect Creek Foundation,

the Brenden-Colson Center for Pancreatic Health, the Crohn’s and Colitis Foundation, and
NIH/NCI grants R0O1CA118235 and R21CA172334. L.M.C. acknowledges support from the
NIH/NCI, Department of Defense Breast Cancer Research Program Era of Hope Scholar
Expansion Award, Breast Cancer Research Foundation, the Susan G. Komen Foundation, and
the Brenden-Colson Center for Pancreatic Health. Author contributions: Conception and
design: CE.G,, A.D.S,, and M.H.W. Development of methodology: CE.G,, ADS., JK,KTG.,

and J.G. Acquisition of data (provided animals, acquired and managed patients, provided
facilities, etc.): CE.G.,,AD.S, LR, LZ, JRG, B.O, MSP, VS, MR-J, MS,, JRS, PSD,S.I,PF,JJ,
SW., JK, CD.L, KG.B., B.CS., and M.HW. Analysis and interpretation of data (for example,
statistical analysis, biostatistics, and computational analysis): C.E.G.,, J.B., J.G.B., JM.F, and M.H.W.
Writing, review, and/or revision of the manuscript: C.E.G, AD.S,, J.GB., KGB, S.AC,LM.C,and
M.H.W. Administrative, technical, or material support (that is, reporting or organizing data and
constructing databases): J.G.B. Study supervision: C.E.G,, AD.S,, L.Z, and M.H.W. Competing
interests: M.H.W. and C.E.G. are inventors on a patent application filed by the OHSU. The
authors declare that they have no other competing interests. Data and materials availability:
All data needed to evaluate the conclusions in the paper are present in the paper and/or the
Supplementary Materials. Additional data related to this paper may be requested from the authors.

Submitted 4 April 2018
Accepted 1 August 2018
Published 12 September 2018
10.1126/sciadv.aat7828

Citation: C. E. Gast, A. D. Silk, L. Zarour, L. Riegler, J. G. Burkhart, K. T. Gustafson, M. S. Parappilly,
M. Roh-Johnson, J. R. Goodman, B. Olson, M. Schmidet, J. R. Swain, P. S. Davies, V. Shasthri,
S. lizuka, P. Flynn, S. Watson, J. Korkola, S. A. Courtneidge, J. M. Fischer, J. Jaboin, K. G. Billingsley,
C. D. Lopez, J. Burchard, J. Gray, L. M. Coussens, B. C. Sheppard, M. H. Wong, Cell fusion
potentiates tumor heterogeneity and reveals circulating hybrid cells that correlate with stage
and survival. Sci. Adv. 4, eaat7828 (2018).

www.SCIENCEADVANCES.org 12 September 2018 Vol 4 eaat7828 43



RESEARCH ARTICLE

Science Advances

CANCER

Mechanism of FACT removal from transcribed genes by

anticancer drugs curaxins

Han-Wen Chang’, Maria E. Valieva®?, Alfiya Safina*, Razvan V. Chereji®, Jlanmin Wang®,
Olga I. Kulaeva', Alexandre V. Morozov’, Mikhail P. Kirpichnikov>?, Alexey V. Feofanov?%,

Katerina V. Gurova®, Vasily M. Studitsky'>*

Human FACT (facilitates chromatin transcription) is a multifunctional protein complex that has histone chaperone
activity and facilitates nucleosome survival and transcription through chromatin. Anticancer drugs curaxins induce
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FACT trapping on chromatin of cancer cells (c-trapping), but the mechanism of c-trapping is not fully understood.
Here, we show that in cancer cells, FACT is highly enriched within the bodies of actively transcribed genes. Curaxin-
dependent c-trapping results in redistribution of FACT from the transcribed chromatin regions to other genomic
loci. Using a combination of biochemical and biophysical approaches, we have demonstrated that FACT is bound
to and unfolds nucleosomes in the presence of curaxins. This tight binding to the nucleosome results in inhibition
of FACT-dependent transcription in vitro in the presence of both curaxins and competitor chromatin, suggesting

a mechanism of FACT trapping on bulk nucleosomes (n-trapping).

INTRODUCTION
Histone chaperone FACT (facilitates chromatin transcription) is
involved in DNA transcription (1-6), replication (7-10) and repair
(11-15), cell differentiation, and cancer development (16-19) [re-
viewed in (20)]. Human FACT (hFACT) is a heterodimer composed
of two proteins: SPT16 (suppressor of Ty16) and SSRP1 (structure-
specific recognition protein 1) (21). FACT preferentially interacts
with the histone H2A/H2B dimer and also binds the H3/H4 tetramer
and DNA (21-26). By interacting with different targets in the nucleo-
some, yeast FACT has the ability to reorganize the nucleosomal
structure (24, 27, 28); this activity is likely important for transcrip-
tion initiation (24, 28-30). hFACT facilitates transcription through
chromatin by RNA polymerase II (Pol II) in vitro and nucleosome
survival during this process (1, 2, 5) by transiently interacting with
the DNA binding surface of the H2A/H2B dimers (2, 5, 6); it also
facilitates nucleosome survival during transcription in cancer cells
(31). In cancer and stem cells, the expression of FACT is up-regulated
so that it correlates with the malignancy of tumor cells (16-19, 32-34).
Recently, FACT has been reported as the potential target for anti-
cancer compounds curaxins (17, 33-35) that intercalate into DNA
without causing DNA damage (17, 36, 37). After treatment of cancer
cells with curaxins, FACT is redistributed within the cell nuclei and
becomes tightly bound to chromatin [c-trapped (17)]; there is a cor-
relation between the ability to cause c-trapping and cytotoxicity of
various curaxins (37). Treatment of cancer cells with curaxins is also
accompanied by activation of p53, inhibition of nuclear factor kB-
(NF-xB) and hypoxia-inducible factor 1o (HIF1a)-dependent tran-
scription, and cancer cell death (17, 34). However, the mechanism
of c-trapping upon treatment by curaxins is not fully understood.
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In this work, the mechanism of c-trapping was analyzed using
a combination of single-particle Forster resonance energy transfer
(spFRET), biochemical, and genomic approaches. Genomic data
suggest that in cancer cells, curaxins induce redistribution of FACT
from transcribed chromatin to other genomic loci. Our in vitro
studies indicate that curaxins induce FACT binding to nucleosomes
that, in turn, results in nucleosome unfolding. Together, our data
suggest that curaxins create multiple “false targets” for FACT, thus
inducing FACT redistribution from transcribed genes to other
chromatin regions.

RESULTS

Experimental rationale

FACT facilitates transcription in vitro by interacting with the his-
tone surfaces transiently exposed during Pol II transcription (5).
Because curaxins are DNA intercalators (36) and induce FACT re-
location (c-trapping), we hypothesized that curaxins could induce
changes in nucleosome structure and thus create high-affinity sites
for FACT binding and induce genome-wide redistribution of FACT.
This hypothesis makes the following predictions: (i) Curaxins create
multiple sites for FACT binding genome-wide and therefore deplete
FACT from highly transcribed genes. (ii) FACT is more tightly
associated with bulk nucleosomes in the presence of curaxins. (iii)
Curaxins inhibit FACT action during transcription through a nucleo-
some only in the presence of competitor chromatin. Below, we system-
atically evaluate these predictions. Throughout the study, we used
curaxin CBL0137. This curaxin has been selected as our primary
experimental model because, in preclinical studies, it can strongly
inhibit growth of various, including drug-resistant, cancers (35, 38).
Some in vitro data were confirmed with a structurally similar curaxin,
CBL0100.

Curaxins induce redistribution of FACT from transcribed
chromatin to other genomic loci

hFACT facilitates Pol II transcription through chromatin in vitro
(1, 2, 5), raising the possibility that curaxins affect association of
FACT with Pol II-transcribed chromatin in cancer cells. To obtain
initial clues on colocalization of FACT and transcribing Pol II, we
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have analyzed immunofluorescence of SSRP1 and transcribing Pol I
using anti-SSRP1 and anti-Pol II S2-P antibodies, respectively,
before and after curaxin treatment (fig. S1). Because FACT is an
abundant protein localized in the nuclei, it was difficult to detect
colocalization of the small fraction of FACT bound to chromatin in
the absence of curaxins with transcribing Pol II using an immuno-
fluorescence approach (fig. S1). However, after curaxin treatment,
Pol IT and FACT were localized within different chromatin regions
(fig. S1).

To evaluate the effect of curaxins on FACT association with tran-
scribed genes in more detail, the distribution of FACT in the genome
of HT'1080 cancer cells was studied using chromatin immunoprecipi-
tation with anti-SSRP1 antibodies followed by next-generation se-
quencing (ChIP-seq) before or after treatment with curaxin CBL0137
(19). FACT association with transcribed and nontranscribed genomic
regions was notably reduced or increased, respectively, upon treat-
ment with CBL0137 (Fig. 1, A and B). The total amount of FACT in
CBL0137-treated cells was not changed [fig. S2 and (17)]. The total
amount of chromatin-bound FACT was substantially increased
(figs. S2 and S3). The SSRP1 ChIP-seq data were compared with
nascent RNA sequencing (RNA-seq) data (37) to determine FACT
occupancy in the transcribed regions of the genome before and after
curaxin treatment. FACT is highly enriched on genes actively tran-
scribed in untreated cells, especially on the 5% of most actively tran-
scribed genes (n = 653; Fig. 1C and fig. S4). Consistently, there is a
strong correlation between the extent of FACT enrichment and
levels of transcription for the 500 highly transcribed genes in un-
treated cells (Fig. 1, D and E, and figs. S5 and S6). The depletion of
SSRP1 upon CBL0137 treatment preferentially occurs at actively tran-
scribed genes (Fig. 1 and figs. S4 to S6). Thus, general redistribution
of FACT from transcribed to nontranscribed chromatin regions
occurs upon treatment of the cells with curaxin CBL0137. It would be
expected that global changes in the chromatin structure occur soon
after curaxin treatment, and this is indeed the case (36).

FACT and curaxins strongly, synergistically, and reversibly
uncoil nucleosomal DNA
The effect of curaxins on the nucleosome structure and FACT-
nucleosome interaction was studied using the spFRET in solution
in vitro. Precisely positioned nucleosomes assembled on a DNA tem-
plate containing the 603 nucleosome positioning sequence (NPS)
(39, 40) and fluorescent labels Cy3 and Cy5 at the +13 and +91 po-
sitions on nucleosomal DNA (from the 5’ end of nontemplate DNA
strand of nucleosomal DNA; Fig. 2A), respectively, were gel purified
(fig. S7). The donor fluorophore (Cy3) was excited by a 514.5-nm
wavelength laser (28). The nucleosome complexes were diffused in
solution, and only one particle of the nucleosome complex traversed
the focal volume of the microscope at any given time. The fluores-
cence intensities of both donor (Cy3) and acceptor (Cy5) dyes were
then measured, and the proximity ratios (Epg) that reveal the changes
of distances between labeled DNA sites through changes in FRET
efficiency were calculated (28). The data obtained using the fluores-
cently labeled nucleosome are typically described by two Gaussian
peaks: a minor peak that corresponds to histone-free DNA in the
solution and a major peak representing the intact nucleosome (Fig. 2,
B and C). The signals obtained from control nucleosomes are stable
during the experimental time periods (fig. S8).

FACT used in our studies has been purified from insect cells and
therefore is likely phosphorylated and unable to bind nucleosomes

(22, 25, 26, 41, 42); this is the state of bulk FACT complexes in cancer
cells (6, 22, 26). Adding either CBL0137 or FACT alone to nucleo-
somes results in only minimal changes of Epg (Fig. 2B). In contrast,
adding CBL0137 and FACT together results in a marked increase of
the peak corresponding to the histone-free DNA and a correspond-
ing decrease of the peak corresponding to the intact nucleosome
(Fig. 2C). The data indicate that in the presence of CBL0137, FACT
binds to nucleosomes, resulting in FACT trapping on nucleosomes
(n-trapping). Thus, the data suggest that FACT binds to nucleo-
somes only in the presence of curaxins and induces a strong,
partially reversible nucleosome unfolding or uncoiling of the nucleo-
somal DNA (Fig. 2D). Because FACT alone does not bind nucleo-
somes, the affinity of FACT to nucleosomes is strongly increased in the
presence of curaxins. It should be noted that the term n-trapping
was used previously to describe the interaction of FACT with the
hexasomes (a nucleosome missing one H2A/H2B dimer) (36).

The changes in Epg are partially reversed by adding an excess of
unlabeled histone-free DNA after the formation of FACT-nucleosome
complex unfolded in the presence of curaxins to remove FACT (and
likely some curaxins bound to nucleosomal DNA) from the com-
plexes (28). The reversibility indicates that in the presence of CBL0137
and FACT, the nucleosome is either unfolded or the nucleosomal
DNA is uncoiled without notable accompanying dissociation of the
majority of core histones from the nucleosomal DNA. Any histone
loss from the nucleosomes after FACT-dependent uncoiling is like-
ly to be irreversible (43), especially in the presence of an excess com-
petitor DNA. Even if nucleosomes would reform after the reversal
of FACT binding, they will preferably form on the competitor DNA.
Consistently, our previous experiments have shown that nucleo-
some reorganization by yeast FACT is accompanied by only mini-
mal (typically 5 to 10%) loss of the dimers (28). The reversibility is
incomplete, and the low Epg peak is slightly increased as compared
to the control nucleosomes (Fig. 2C), likely because some nucleo-
somes are displaced by FACT in the presence of CBL0137 (see
below) and some nucleosomes contain DNA that is partially uncoiled
from the octamer in the presence of curaxins.

Next, the effect of curaxins on FACT-nucleosome interaction was
analyzed in vitro using a gel shift assay. The nucleosome cores were
assembled on the **P-labeled 147-base pair (bp) DNA fragment con-
taining the 603 NPS. Gel-purified nucleosomes contain less than 5%
histone-free DNA (fig. S7). After incubation in the presence of FACT
and/or curaxins CBL0137 or CBL0100, the samples were incubated
either with or without an excess of unlabeled DNA competitor and
analyzed by native polyacrylamide gel electrophoresis (PAGE) (Fig. 3A).
FACT, competitor histone-free DNA, or curaxins alone minimally
affect the nucleosomes (Fig. 3, B and C). Nucleosomes are slightly
more efficiently disrupted after incubation with CBL0100 than after in-
cubation with CBL0137 (Fig. 3, B and C), probably because CBL0100
is a more potent DNA intercalator than CBL0137 (17, 36).

In contrast, nucleosomes incubated in the presence of both FACT
and curaxins are very unstable, with approximately 70% of the tem-
plates disrupted during gel electrophoresis in the absence of com-
petitor DNA. This effect is largely reversed by adding the excess of
competitor DNA after the reaction (Fig. 3, B and C), indicating that
nucleosomes incubated in the presence of FACT and curaxins are
stable in solution, but unstable during electrophoresis. Apparently,
removal of FACT from the nucleosomes in the presence of competi-
tor DNA in solution results in recovery of nearly intact nucleosomes
that are stable during electrophoresis. Thus, consistent with the results

www.SCIENCEADVANCES.org 7 November 2018 Vol 4 eaav2131 45



RESEARCH ARTICLE Science Advances

A chi§
e e A i T e o
38 kb
-~ N—_— . o
1 | | 1 1 | | 1
=
-CBL0137 r \
.
+CBL0137
RefSeq genes "B [] a = [] [] =

Feature
Promoter (1-2 kb)
. Promoter (< 1 kb)
Promoter (2-3 kb)
s ur
B utr
. 1st exon
Other exon

1st intron

. Other intron

Downstream (< 3 kb)

. Distal intergenic

B
-CBL0137 .I
+CBL0137 Il

50 75 100
Percentage (%)

c — —CBL0137  +CBL0137
i Top 5% 1-25% 25-50% 50-75% 75-100% Unexpressed
6| ] jk_(\ | ] ] ]
2 I T+ ,/\_____,-—,.. 1 et I k!
e N

-3.0 TSS TES 3.0 kb -3.0 TSS TES 3.0 kb -3.0 TSS TES 3.0 kb-3.0 TSS TES 3.0 kb -3.0 TSS TES 3.0 kb -3.0 TSS TES 3.0 kb

D E
8 Top 500 most active genes 8 Top 500 most active genes
= -CBL0137 . = +CBL0137
@ 6 . oo e ®e " ‘m 6}
[ == LR L [
(] [
T 4l . " °
3 5
3.:) 2r L s ®
Ll u)

1] [%)]
o 0f o .
g, s

w2 | -2
2 Correlation: 0.590 4 Correlation: 0.003
— -4 n " " " " " i — -4

6 7 8 9 6 7 8 9 10 11

Log,(avg. mRNA density) Log,(avg. mRNA density)

Fig. 1. FACT subunit SSRP1 is preferentially enriched on highly transcribed genes, and curaxins remove SSRP1 from the gene bodies. (A) Integrated genome
views of the SSRP1 distributions at selected regions of chromosome 6 of the human genome. (B) Distribution of SSRP1 peaks in control and CBL0O137-treated cells in relation
to genome annotation features. (C) SSRP1 protein is preferentially enriched on highly transcribed genes. Average SSRP1 occupancy near the transcription start sites
(TSSs), in the transcribed regions, and in transcription end sites (TESs) of the genes in HT1080 cells (incubated in the absence or presence of 3 uM curaxin CBL0137) was
determined using ChIP-seq. The genes are grouped on the basis of the RNA-seq data. The corresponding heatmaps are shown in fig. S4. (D and E) Curaxins preferentially
remove SSRP1 from actively transcribed genes. Density scatter plots representing average SSRP1 densities over gene bodies against the level of transcription of the cor-
responding genes, quantified by the average level of nascent transcripts determined in HT1080 cells by NET-seq (native elongating transcript sequencing). Analysis of all
(fig. S5) or top 500 most actively transcribed genes (D and E) in the absence (D) or presence (E) of the curaxin. For the top 500 most active genes, the Pearson correlation
coefficient is markedly decreased (from 0.590 to 0.003) upon treatment with curaxin.

4 5 10 1 4 5

46 www.SCIENCEADVANCES.org 7 November 2018 Vol 4 eaav2131



Science Advances RESEARCH ARTICLE

SPT16
A
Cy5 and Cy3 on neighboring gyres SSRP1
+ CBL0137 +
FACT
sﬁll:ET
measuremen
B = N ¢ — N+CBL0137
—=— N+hFACT —— N+ CBL0137 + hFACT
—— N+CBL0137 —— N+ CBL0137 + hFACT + competitor DNA
8 8
2 19 N13/91 3 10 N13/91
c
g s :
T o
1] 1]
- 64 =
S 2
g 4 E
I [
€ x
02 00 02 04 06 08 10 1.2 02 00 02 04 06 08 10 12
EPR EPR
D
/ Nucleosome
+FACT & unfolding
curaxins

S

Fig. 2. FACT and curaxins strongly and synergistically affect the nucleosomal structure: Analysis by spFRET. (A) Experimental approach. The mononucleosomes
contained the single pair of Cy3 and Cy5 dyes on the nucleosomal DNA (the positions of Cy3 and Cy5 are shown by green and red circles, respectively). spFRET from nu-
cleosomes was measured in the absence or presence of curaxin CBL0137, FACT, and/or competitor DNA. (B and C) Typical frequency distributions of FRET efficiencies
(EpR). Analysis by spFRET microscopy. Sample sizes and other numerical parameters are shown in table S1. (B) Only minor changes in nucleosome structure are detected
in the presence of either CBL0137 or FACT. (C) FACT and CBL0O137 together induce marked and partially reversible uncoiling of the nucleosomal DNA. The uncoiling is
partially reversed by subsequent addition of an excess of competitor DNA, resulting in removal of FACT from the complex. (D) Possible changes in the nucleosome struc-
ture in the presence of FACT and curaxins: nucleosome unfolding or uncoiling of nucleosomal DNA from the histone octamer.

DNA uncoiling

of the spFRET studies (Fig. 2), biochemical studies suggest that
nucleosomes are destabilized in the presence of FACT and curaxins,
but the majority of these nucleosomes are recovered in the presence

nucleosome complex formed in the presence of curaxins can be dis-
rupted in the presence of competitor DNA or during electrophoresis.

of an excess of unlabeled DNA competitor that removes FACT from
the FACT-nucleosome complexes (Fig. 3).

Together, the data suggest that in the presence of curaxins, FACT
binds to nucleosomes (n-trapped), causing a considerable change in
the nucleosome structure that is partially reversible and is not ac-
companied by the loss of core histones (Figs. 2 and 3). The FACT-

Curaxins and competitor nucleosomes synergistically inhibit
FACT-dependent transcription in vitro

To evaluate the effect of n-trapping on FACT-dependent tran-
scription, a well-established in vitro Pol II transcription system
containing the purified yeast Pol II and nucleosomes or corre-
sponding DNA templates containing the 603 NPS was used [Fig. 4A
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Fig. 3. Nucleosomes are reversibly destabilized in the presence of curaxins
and FACT. (A) Experimental approach. DNA-labeled nucleosomes were incubated
in the presence of FACT, unlabeled competitor DNA, CBLO137 (B), or CBLO100 (C)
and analyzed by native PAGE. Note that in the presence of both FACT and curaxins,
nucleosomes are unstable (as reflected in release of histone-free DNA); this effect is
reversed in the presence of DNA competitor that partially removes FACT from the
nucleosomes (see Fig. 2).
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(39, 40, 44)]. Authentic Pol II elongation complexes (ECs) were as-
sembled and immobilized on Ni-NTA beads and ligated to DNA or
nucleosomal templates (43, 45). The transcription was continued in
the presence of incomplete combination of nucleotide triphosphates
(NTPs), RNA was pulse labeled in the presence of a->*P-labeled
guanosine 5'-triphosphate (GTP), and the ECs were stalled. The
Pol II ECs were then washed, eluted from the beads, and further
transcribed in the presence of all unlabeled NTPs, FACT, curaxin
(CBL0137 or CBL0100), and/or competitor core nucleosomes. The
pulse-labeled RNA transcripts were purified and analyzed by dena-
turing PAGE (Fig. 4, B and C).

In the presence of the curaxins, the pattern of Pol II pausing is
altered (Fig. 4, B and C), likely due to curaxin intercalation in DNA
that affected the DNA structure in the nucleosome (36). The differ-
ences between CBL0137- and CBL0100-induced Pol II pausing pat-
terns (Fig. 4, B and C) likely occur due to the different structures of
the curaxins. In particular, CBL0100 is a more potent DNA interca-
lator than CBLO0137 (17, 36); consistently, it has a stronger effect on
the pausing. The +15 nucleosome-specific pausing is partially re-
lieved in the presence of the curaxins, suggesting that they destabi-
lize some DNA-histone interactions in the nucleosome. However,
curaxins do not notably affect the catalytic activity of Pol II (fig. S9).
In agreement with the previously published results (5), FACT
facilitates Pol II transcription through the nucleosome, relieving
nearly all nucleosomal pausing (Fig. 4, B and C). Curaxins do not
considerably inhibit FACT action during transcription through the
nucleosome (Fig. 4, B and C), suggesting that FACT redistribution
upon curaxin treatment in vivo does not occur because of direct in-
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Fig. 4. Curaxins and competitor nucleosomes synergistically inhibit FACT-
dependent transcription in vitro. (A) Experimental approach. The assembled Pol Il EC-
119 was ligated to the 603 DNA or nucleosome (43, 58). The RNA was pulse labeled
in the presence of a subset of NTPs and [a->2P]GTP, and Pol Il was stalled at position
—83 (43,45, 58). Then, transcription was resumed by adding all unlabeled NTPs, FACT
(to 0.2 uM), unlabeled competitor nucleosomes, and CBLO100 (B) or CBL0137 (C). Note
that without competitor nucleosomes, curaxins moderately stimulate transcription
through chromatin but do not inhibit FACT action. UTP, uridine 5’-triphosphate.

hibition of Pol II or FACT by curaxins. Therefore, we next studied
the effect of curaxin-induced n-trapping on FACT action during
Pol II transcription.

In the control experiments in the absence of curaxins and FACT,
free nontranscribed mononucleosomes present in the reaction
minimally affect the nucleosomal pausing pattern and FACT activity;
the curaxins themselves do not inhibit FACT action (Fig. 4, B
and C). However, the action of FACT during Pol II transcription
through the nucleosome is inhibited in the presence of both curaxins
and excess of competitor mononucleosomes added together (Fig. 4,
Band C).

Curaxin treatment results in FACT-induced nucleosome unfolding
and n-trapping under the same experimental conditions (Figs. 2C
and 3), suggesting that FACT-induced unfolding of competitor
mononucleosomes and FACT n-trapping cause the inhibition of
FACT-dependent transcription, likely after redistribution of FACT
to competitor nucleosomes present in excess. To further evaluate
this possibility, transcription was conducted in the presence of an
excess of biotinylated competitor nucleosomes, the nucleosomes were
immobilized on magnetic beads, and the amount of FACT remaining
in supernatant was quantified (fig. S10). In the presence of CBL0137,
less than 30% of FACT remained in the solution, confirming that
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FACT n-trapping on the competitor nucleosomes causes the inhibi-
tion of FACT-dependent transcription.

Mechanism of curaxin action in cancer cells: N-trapping
Together, our data suggest that FACT is preferentially associated with
transcribed genes in cancer cells, most likely interacting with nucleo-
somes that are already destabilized by transcribing Pol II complexes.
The association of FACT with bodies of transcriptionally active genes
is considerably decreased upon curaxin treatment, preferentially on
the highly transcribed genes (Fig. 1). FACT interacts with and un-
folds nucleosomes in the presence of curaxins (n-trapping; Figs. 2
and 3). Destabilization of nucleosomes, caused by genome-wide
CBL0137 binding, makes possible redistribution of FACT to multiple
chromatin loci (Fig. 1), which thus compete with transcribed regions
for FACT and deplete FACT from transcribed genes. Our in vitro
data suggest that curaxins likely uncoil the nucleosomal DNA and
thus affect the Pol II transcription through chromatin (Fig. 4).
Curaxins inhibit FACT action during Pol II transcription through
the nucleosome only in the presence of competitor mononucleo-
somes, suggesting that the FACT complexes are n-trapped on the
excess of transcriptionally silent nucleosomes destabilized by the
drug (Fig. 4).

The data suggest a model describing the effect of curaxins on
FACT-dependent transcribed genes (Fig. 5). In cancer cells, FACT
is associated with gene bodies, especially with the highly transcribed
genes, and participates in transcription through chromatin and nu-
cleosome survival by transiently interacting with histone H2A/H2B
dimers within the transcribed nucleosomes (2, 5). Curaxins interca-
late into DNA of nucleosomes present in various genomic loca-
tions, destabilize the nucleosomes, and, together with FACT, cause
reversible, partial uncoiling of nucleosomal DNA. FACT tightly
binds to the unfolded nucleosomes and thus becomes n-trapped on
the vast excess of nontranscribed chromatin that is present in cancer
cells; as a result, FACT is depleted from the transcribed regions of
the genes.

DISCUSSION

We observed a strong decrease of FACT association with transcribed
genes after curaxin treatment. This should result in inhibition of
FACT-dependent Pol II transcription. Indeed, n-trapping of FACT
results in the inhibition of FACT-dependent Pol II transcription in
vitro, suggesting a plausible mechanism for curaxin action in cancer
cells through their effect on transcription. Curaxins also alter the
structure of nucleosomes, suggesting that, together with FACT, they
could act by perturbing global chromatin structure in cancer cells.
Last, a recent study has demonstrated that curaxins can induce
accumulation of Z-DNA and FACT trapping on the Z-DNA (z-
trapping) in cancer cells (36); this mechanism could additionally
contribute to the curaxin action.

The process of nucleosome unfolding by FACT in the pres-
ence of curaxins is adenosine 5'-triphosphate (ATP) independent
and is partially reversed after removal of FACT with an excess of
competitor DNA. Only nonphosphorylated (bacterially expressed)
hFACT can interact with nucleosomes in the absence of curaxins
(the structural state of the nucleosomes in the complex is unknown)
(22, 41). In contrast, phosphorylated hFACT purified from insect
cells [and likely representing the majority of hFACT complexes in
cancer cells (6, 25, 26)] does not interact with intact nucleosomes

-Curaxins
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& chromatin
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Fig. 5. Mechanism of curaxin action in cancer cells: N-trapping. In the cells
without curaxin treatment (—Curaxins), FACT loosely interacts with the transiently
exposed DNA binding surface of the H2A/H2B dimer and thus facilitates transcrip-
tion through the nucleosome barrier. In the presence of curaxins (+Curaxins), FACT
causes genome-wide nucleosome unfolding and is tightly trapped on the unfolded
nucleosomes (n-trapping). Because the nontranscribed chromatin is present in
vast excess, FACT is trapped primarily within inactive chromatin regions. Thus,
curaxin-induced n-trapping reduces density of FACT on transcribed regions, resulting
in loss of FACT from the transcribed genes and likely affects chromatin dynamics
and/or transcript elongation process.

(6,22, 25, 26, 41, 42). In contrast, yeast FACT can induce reversible
nucleosome unfolding even in the absence of curaxins, but only in
the presence of Nhp6 protein (28); this activity is likely important
for DNA replication and transcription initiation (7, 10, 46). In the
complexes of nucleosomes with yeast or human FACT in the ab-
sence of curaxins, the interactions occur through multiple binding
surfaces on the histone octamer (including on H2A/H2B dimers and
H3/H4 tetramers) and FACT (including C-terminal tails of Spt16
and SSRP1 subunits, and mid-AID domain of Spt16) (22-26, 28). It
is possible that this multipoint FACT-nucleosome interaction is a
prerequisite for nucleosome unfolding that occurs in the presence
of curaxins.

The difference in the nucleosome unfolding activities of yeast
and human FACT are likely explained by the requirement for an
additional protein that is involved in nucleosome unfolding in the
case of yeast FACT. FACT subunits Spt16 and SSRP1 (Pob3 in yeast)
are highly conserved between yeast and human; additional yeast
Nhp6 protein is required for nucleosome unfolding by yeast FACT
(7,21, 46) and by phosphorylated hFACT (47). Yeast Nhp6 is an
HMGB-like DNA binding protein that supports various functions
of yeast FACT (7, 46). Similar to phosphorylated hFACT, yeast FACT
does not induce nucleosome unfolding in the absence of Nhp6 protein
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(24, 28, 48), suggesting that the lack of Nhp6-like protein in hFACT
results in additional requirements for curaxins to induce nucleo-
some unfolding. The ability of hFACT to unfold nucleosomes in the
presence of curaxins suggests that hFACT has an intrinsic, con-
served nucleosome unfolding activity. However, hFACT can unfold
nucleosomes only if they are destabilized, e.g., by curaxins or by
DNA damage (25). Alternatively, there could be an unknown
Nhp6-like human protein that facilitates interaction of hFACT with
nucleosomes.

Previously, the c-trapping of FACT was positively correlated with
the curaxin toxicity for types of cancer that involved several signal-
ing pathways related to cell death (17, 34). Transcriptions of cell
survival-related genes such as NF-kB- and HIF1la-dependent genes
were inhibited in the curaxin-treated cancer cells (17). During the
c-trapping, curaxins also activate the CK2-p53 pathway involved in
cell death (17), suggesting that curaxin-induced FACT-nucleosome
complex could serve as a signal inducing the cell death signaling
cascade. Because the c-trapping of FACT occurs during a very short
time period (within 1 min) after adding curaxins to cancer cells (36),
c-trapping therefore is a very early step, acting upstream of and pos-
sibly inducing the cell death signaling pathways.

In summary, we have shown that hFACT interacts with and un-
folds bulk nucleosomes in the presence of curaxins (n-trapping).
This, in turn, results in redistribution of FACT from the bodies of
transcribed genes to other genomic regions, strongly affecting the
function of FACT in cancer cells.

MATERIALS AND METHODS

Cells

HT1080 cells were obtained from the laboratory of A. Gudkov
(Roswell Park Cancer Institute) and authenticated using short tan-
dem repeat polymerase chain reaction (PCR) (100% match with
American Type Culture Collection cell line). Cells were maintained
in Dulbecco’s modified Eagle’s medium supplemented with 5%
fetal bovine serum and antibiotic/antimycotic solution. HT1080 cells
constantly expressing green fluorescent protein-tagged SSRP1 or
mCherry-tagged H2B were described previously (36).

Analysis of colocalization of FACT and transcribing Pol Il
using immunofluorescence

Cells were plated in 35-mm plastic dished with no 1.5 glass inserts.
Cells were fixed in 4% paraformaldehyde for 10 min, washed three
times with phosphate-buffered saline, and blocked in 3% bovine
serum albumin (BSA) and 0.1% Triton X-100. Antibody staining
was done in 0.5% BSA and 0.1% Triton X-100. Antibody against
phosphorylated RNA polymerase (RBP1) at Ser” was purchased from
Abcam (clone H5, catalog no. ab24758) and diluted 1:200. Antibody
against SSRP1 was purchased from BioLegend (clone 10D1, catalog
no. 609702) and diluted 1:500. Images were taken using Zeiss Axio
Observer Al inverted microscope with N-Achroplan 100x/1.25 oil
lens, Zeiss MRC5 camera, and AxioVision Rel.4.8 software.

Immunoblotting

Cells were lysed in 1x cell culture lysis reagent buffer (Promega)
supplemented with protease inhibitor cocktail (Roche). After 10 min
of incubation on ice, lysates were spun down at 13,000 rpm for
10 min at +4°C. Supernatant was collected and used as soluble pro-
tein extract. Pellet was suspended in the same buffer and sonicated
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for 10 cycles, 30 s on/30 s off on ice. Protein concentrations were
measured using Bradford reagent (Bio-Rad). Electrophoresis and
blotting were done using Bio-Rad Criterion running and blotting
cameras and polyvinylidene difluoride (PVDF) membrane (Invit-
rogen). The following antibodies were used for the detection of
SSRP1 (clone 10D1, catalog no. 609702, BioLegend), SPT16 (clone
8D2, catalog no. 607001, BioLegend), and B-actin (clone AC-74,
catalog no. A2228, Sigma-Aldrich).

ChIP-seq and nascent RNA-seq

SSRP1 ChIP-seq data in the form of bed files are available at www.
ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE45393 (19). Nascent
RNA-seq data done in HT1080 cells are available at GSE107595
(37). Raw reads that passed quality filter from Illumina RTA were
mapped to human reference genome (hgl19) after quality control
check using FastQC. For both ChIP-seq and nascent strand RNA-seq
data, the raw counts in gene body were generated using featureCounts
from Subsread R package with RefSeq gene annotation database
(49, 50). The quantification data were normalized using DESeq2 R
package. To remove impact of overlapping genes on both data, genes
with overlapping were removed from analysis. The big wiggle files,
heatmaps, and profiles of SSRP1 binding around genes were gener-
ated using deepTools software (51, 52).

Alignments of densities of ChIP-seq against the levels of
nascent RNA-seq

Single-end SSRP1 ChIP-seq reads (19) were aligned to the human
reference genome hgl9 using Bowtie2 with parameters -X 1000 (to
map sequences up to 1 kb with maximum accuracy). The aligned
single-end reads were first analyzed using the SPP package (avail-
able at https://github.com/hms-dbmi/spp/) to estimate the average
fragment length that resulted in the sonication process. This aver-
age length of 85 bp was used to extend the fragments from the 5’
end that was sequenced toward the 3’ end. The raw occupancy pro-
files were computed in MATLAB by stacking the extended (85 bp)
reads and counting the number of reads that overlapped with each
base pair. The raw occupancy profile for each chromosome was
normalized by the chromosome average. For each RefSeq annotated
gene, the average SSRP1 density was computed by averaging the
normalized SSRP1 occupancy over the whole gene body. For count-
ing the levels of transcriptions, single-end nascent RNA-seq reads
(37) were aligned to the human transcriptome using TopHat2 with
the default parameters. The raw nascent RNA-seq counts were
computed in MATLAB by stacking all 5" ends of the aligned reads,
which correspond to the 3’ ends of the nascent transcripts. For each
chromosome, the corresponding NET-seq profiles were normalized
by the chromosome average. For each RefSeq annotated gene,
the normalized nascent RNA-seq counts were averaged over the
whole gene body.

Analysis of SSRP1 occupancy of various genomic regions in
control and CBL0O137-treated samples

MACS 2.0 (53) with default parameters for pair-end BAM files was
used to identify peaks from ChIP-seq of SSRP1 (19). Heatmaps and
profiles under all conditions were generated using deepTools on
RPKM (reads per kilobase million) normalized coverage data using
merged bam files of biological replicates. Tag densities for RefGenes
body with 3 kb up- and downstream were plotted. Heatmaps of the
unexpressed and top-expressed (5%) genes and quantiles of all genes
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were prepared using nascent RNA-seq data for control untreated
HT1080 cells (37).

DNA templates

All DNA templates were amplified by PCR and purified from gel
electrophoresis using a gel extraction kit (Omega Bio-Tek), as
described (39). For spFRET, DNA templates were assembled from
fluorescence oligos [Cy3/Cy5-labeled pairs at +13 and +91 bp
relative to 603 NPS boundary], as described (28). All sequence of
primers and templates will be provided per request.

Protein purification

Yeast Pol II was purified as described (45, 54). -H1 chicken erythro-
cyte chromatin, histone H2A/H2B dimer, and histone H3/H4 te-
tramer were purified as described (44, 55, 56). hFACT was purified
as described (2).

Nucleosome assembly and purification

Nucleosomes were assembled as described (44). In short, NPS
templates were mixed with purified chicken erythrocyte H2A/H2B
dimers and H3/H4 tetramers or with -H1 chicken erythrocyte chro-
matin in the presence of salmon testes DNA as competitors in the
buffer containing 2 M NaCl, 10 mM tris-HCI (pH 7.4), 0.1% NP-40,
and 0.2 mM EDTA (pH 8). The samples were then dialyzed against
buffers with progressively decreasing (2 M, 1.5 M, 1 M, 0.75 M, 0.5 M,
and 10 mM) NaCl at 4°C for 2 hours at each step. For gel shift anal-
ysis of FACT binding and spFRET, nucleosomes were gel purified
after assembly and analyzed as described (57).

Gel shift analysis of FACT binding

Core nucleosomes (final concentration, 15 nM) were incubated
with hFACT (final concentration, 400 nM) in the transcription
buffer [TB; 20 mM tris-HCI (pH 8.0), 5 mM MgCl,, and 2 mM
B-mercaptoethanol] containing 40 mM KCl and then mixed with
CBL0137 (final concentration, 1 uM) or CBL0100 (final concentra-
tion, 2.5 uM) for 1 min. Curaxins were provided by Incuron Inc. The
samples were analyzed by native PAGE as described (57). To reverse
FACT binding, DNA competitor [salmon testes DNA (250 ng/ul)]
was added to the loading buffer.

Single-particle Forster resonance energy transfer
Nucleosomes reconstituted in the presence of donor chromatin from
chicken erythrocytes and fluorescently labeled DNA templates
(containing 603 positioning sequence) were gel purified and used for
spFRET measurements at a concentration of 0.5 nM, as described
(28). Nucleosomes were incubated in the presence of hRFACT (0.1 pM)
and/or CBL0137 (5 uM) in the TB containing 150 mM KCl for 5 min
at 25°C. spFRET measurements and raw data analysis were con-
ducted as described (28).

In vitro transcription assay

The in vitro transcription assay with yeast Pol II was performed as
described (5, 58). In short, the ECs were assembled using purified
yeast Pol IT and DNA/RNA oligonucleotides. The assembled Pol II
ECs were immobilized on Ni-NTA (nickel-nitrilotriacetic acid) resins
(Qiagen), washed, and eluted from the beads. ECs and nucleosomal
templates (or corresponding DNA fragments) were ligated by T4
ligase (Promega). Pol II was then progressed to position —83 using
limited mixture of NTPs and a->*P-labeled GTP. ECs were washed

from the unincorporated NTPs and eluted, and transcription was
resumed in the presence of unlabeled NTPs, hFACT (final concen-
tration, 0.1 uM), CBL0137 (1 uM) or CBL0100 (5 uM), and mono-
nucleosomes (~0.18 uM) in the TB containing 150 mM KCl for
10 min. Transcription was terminated using phenol/chloroform
extraction. RNA transcripts were purified and analyzed by de-
naturing PAGE.

Biotinylated nucleosome pull-down assay

The competitor core nucleosomes were assembled using 5’ end-
biotinylated 147-bp DNA template. Transcription by Pol II in the
presence or absence of curaxins, FACT, and competitor core nucleo-
somes (containing 50% of end-biotinylated DNA) was conducted
as described above. After transcription, hydrophilic streptavidin
magnetic beads (NEB) were added to the reaction mixture for 10 min
at room temperature, and the supernatant was collected. The beads
were resuspended in 1x TB40 buffer. The SDS loading buffer [1x
SDS loading buffer containing 50 mM tris-HCI (pH 6.8), 2% SDS,
70 mM B-mercaptoethanol, and 10% glycerol] was added to the sam-
ples and heated at 99°C for 10 min. Electrophoresis and blotting were
done using NuPAGE (4 to 12% bis-tris) (Invitrogen), NuPAGE MOPS
SDS Running Buffer (Invitrogen), PVDF membrane (Invitrogen),
and film developing solutions (SuperSignal West Femto Maximum
Sensitivity Substrate, Thermo Fisher Scientific). The Flag-tagged
SPT16 protein was detected using the DYKDDDDK Tag Mono-
clonal Antibody (FG4R) (Invitrogen). The data were quantified using
OptiQuant software and normalized for total protein loading.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/4/11/eaav2131/DC1

Fig. S1. Analysis of colocalization of FACT and transcribing Pol Il using immunofluorescence.
Fig. S2. Redistribution of FACT in HT1080 cells from nucleoplasm to chromatin.

Fig. S3. Redistribution of FACT in nucleus of HT1080-treated cells from nucleoplasm to
chromatin.

Fig. S4. Heatmaps of SSRP1 occupancy in the vicinity of TSSs and TES of the genes in HT1080
cells.

Fig. S5. Analysis of the average SSRP1 densities over gene bodies against the levels of
transcription of the corresponding genes.

Fig. S6. Curaxins preferentially remove SSRP1 from gene bodies of highly transcribed genes.
Fig. S7. Analysis of gel-purified nucleosomes by native PAGE.

Fig. 8. Typical frequency distributions of FRET efficiencies of the N13/91 nucleosomes.

Fig. S9. The catalytic activity of Pol Il is minimally affected by curaxins.

Fig. $10. Trapping of FACT on immobilized competitor nucleosomes after Pol Il transcription in
the presence of CBLO137.

Table S1. Statistical data for spFRET analysis.
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Most patients with cancer do not develop durable antitumor responses after programmed cell death protein 1
(PD-1) or programmed cell death ligand 1(PD-L1) checkpoint inhibition monotherapy because of an ephemeral
reversal of T cell dysfunction and failure to promote long-lasting immunological T cell memory. Activating costimu-
latory pathways to induce stronger T cell activation may improve the efficacy of checkpoint inhibition and lead to
durable antitumor responses. We performed single-cell RNA sequencing of more than 2000 tumor-infiltrating
CD8" T cells in mice receiving both PD-1 and GITR (glucocorticoid-induced tumor necrosis factor receptor-related
protein) antibodies and found that this combination synergistically enhanced the effector function of expanded
CD8* T cells by restoring the balance of key homeostatic regulators CD226 and T cell immunoreceptor with Ig and
ITIM domains (TIGIT), leading to a robust survival benefit. Combination therapy decreased CD8" T cell dysfunc-
tion and induced a highly proliferative precursor effector memory T cell phenotype in a CD226-dependent manner.
PD-1 inhibition rescued CD226 activity by preventing PD-1-Src homology region 2 (SHP2) dephosphophoryla-
tion of the CD226 intracellular domain, whereas GITR agonism decreased TIGIT expression. Unmasking the molecular
pathways driving durable antitumor responses will be essential to the development of rational approaches to

optimizing cancer immunotherapy.

INTRODUCTION
After the initial clinical successes obtained using programmed cell
death protein 1 (PD-1) and cytotoxic T lymphocyte-associated an-
tigen 4 (CTLA-4) antibody (Ab) treatments in patients with cancer,
the number of immunotherapy agents in clinical development is ex-
panding rapidly with goals of improving the limited response rate
and generating more durable responses (1, 2). Recent elegant studies
using infectious disease-related mouse models demonstrated that
PD-1 blockade induces an incomplete rescue of exhausted T cells
(Tgxs), thus failing to restore Tgys into T effector memory cells (Tgums),
which are required for an effective immune memory (3, 4). Although
PD-1 and/or programmed cell death ligand 1 (PD-L1) inhibition af-
fects the transcriptional and epigenetic landscape of Tgys, these cells
are not fully reprogrammed when antigen concentration remains
high and fail to acquire a memory phenotype upon antigen clearance
(3). Designing additional strategies to induce more robust T cell ac-
tivation and/or target other immunoregulatory pathways could con-
tribute to the generation of sustainable long-term responses.
Combination treatments aimed at PD-1 inhibition and activation
of costimulatory receptor GITR [glucocorticoid-induced tumor ne-
crosis factor receptor (TNFR)-related protein or TNFRSF18] to
induce a stronger T cell activation are currently being evaluated in
early-phase clinical trials for patients with metastatic melanoma and
other solid tumors (5, 6). Although the intrinsic properties of each
Ab and the selection of the appropriate indications for use play an
important role in the clinical outcome, emerging data from a small
clinical study reported limited clinical activity for anti-GITR mono-
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therapy and potentially promising data for the combination therapy
(7). In preclinical studies in which monotherapy with anti-GITR or
anti-PD-1 Ab has limited efficacy (e.g., in large or poorly immuno-
genic murine tumors) (6, 8), combination therapy was able to achieve
long-term survival in mouse models of ovarian and breast cancer (9).
However, the effect of this synergism on T cell dysfunction and the
underlying molecular mechanisms remain unknown. Here, we sought
to establish an experimental approach to identify the mechanisms of
antitumor synergism between anti-GITR and anti-PD-1 Abs. We ge-
netically profiled more than 2000 tumor-infiltrating CD8" T cells in
the murine MC38 colon adenocarcinoma model using single-cell
T cell receptor (TCR) and transcriptome sequencing. Our systematic
approach demonstrated that combination immunotherapy rescued
T cell dysfunction while promoting a memory phenotype and also re-
vealed the molecular pathways driving durable antitumor responses
in the MC38 and RENCA tumor models. Identification of these path-
ways provides a rational basis for optimizing existing combination
immunotherapies and improving tumor responsiveness.

RESULTS

Anti-PD-1 and anti-GITR Ab combination therapy
synergistically rejects established tumors and reinvigorates
dysfunctional intratumoral CD8" T cells

To examine the antitumor effect of PD-1 and GITR combination
immunotherapy, we first used a widely studied and poorly immuno-
genic murine MC38 colon adenocarcinoma model (Fig. 1A). Al-
though variable reductions in tumor volume and modestly prolonged
survival have been reported in this model (10), monotherapy with
anti-PD-1 or anti-GITR [DTA-1 rat immunoglobulin G2b (IgG2b)]
Ab is not effective at inducing complete and durable tumor regression
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Fig. 1. Anti-GITR and anti-PD-1 combination synergistically rejects established murine tumors and reinvigorates intratumoral dysfunctional T cells. (A) Survival
curve of MC38 tumor-bearing mice treated with anti-GITR and/or anti-PD-1 Ab treatment (days 6 and 13). Results depict cumulative survival curves with indicated treat-
ment (n = 16 to 17 mice per group). (B) CD8" T cell-dependent long-term tumor protection mediated by combination treatment. C57BL/6 mice were treated with anti-
CD8-, anti-CD4-, or anti-CD25-depleting Ab before and during therapy with anti-GITR and anti-PD-1 Ab or control Ab. Data shown are average tumor growth curve upon
treatment with different depletion Abs (n = 6 mice per group). (C and D) Combination treatment increases intratumoral Teq/T,eq ratio. (C) Representative FACS plots
showing tumor T cell subsets on day 11 (FoxP3* versus CD8", cells pregated on live/single cells/CD45%/CD3™). FITC, fluorescein isothiocyanate. (D) Summary FACS result
of intratumoral CD8* T cell/Teg and cD4* Tes/ Treg ratio on days 8 and 11 after tumor challenge. Data are representative of three independent experiments (n = 7 mice per
group). (E to G) Combination treatment reinvigorates intratumoral dysfunctional T cells. Tumors were harvested on days 11 and 12 after implantation, dissociated into
single-cell suspension restimulated with phorbol 12-myristate 13-acetate/ionomycin with the presence of brefeldin A. Cells were fixed and permeabilized, followed by
intracellular staining with Ki67 (E), granzyme A (F), and granzyme B (G). Data shown are percentages of positive cells (n = 8 to 9 mice per group). All error bars in figures show
SEM. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, log-rank test (A) and one-way ANOVA with Tukey’s test (C to G).

in established tumors (8, 11, 12). To determine the relative contribu-
tion of GITR agonism, we selected the DTA-1 mouse IgG2b isotype in
this model to avoid maximum regulatory T cell (Trg) depletion as
seen with the mouse IgG2a isotype, allowing us to test the effect of the
combination therapy. The Abs were administered on 6 and 13 days
after tumor challenge when tumors were palpable. In line with previ-
ous studies (9, 12, 13), whereas anti-GITR or anti-PD-1 treatment
alone exhibited little antitumor effect, combination therapy synergis-
tically prolonged overall survival time of mice (~70% of mice were
tumor free for >80 days; Fig. 1A). Cell depletion studies showed that
tumor rejection was primarily dependent on the CD8" T cells, because
removal of CD8" T cells abrogated the antitumor effect elicited by
anti-PD-1/GITR Ab treatment (Fig. 1B and fig. S1). The antitumor
effect was associated with a reduction in intratumoral Tregand a ro-
bust increase in the effector CD8" and CD4" T cell (Tgg)—to-Tyeq ratio,
indicating a more immunostimulatory microenvironment (Fig. 1,
Cand D) and validating previous findings by other groups (13, 14). In
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addition, combination therapy increased proliferation (as judged by
expression of Ki67) and granzyme A and B production by intratu-
moral CD8" T cells (Fig. 1, Eto G).

Concurrent single-cell TCR and transcriptome analyses
identified a unique gene signature of clonally expanded
CD8" T cells upon combination immunotherapy

We developed and validated a new bioinformatics platform designated
rpsTCR (for random priming sequencing TCR) to extract, reconstruct,
and analyze TCR sequences after single-agent or combination treat-
ment. Briefly, this platform uses random priming RNA sequencing
(RNA-seq) data generated from sorted single cells to identify mouse
T cell clones potentially associated with tumor reactivity across differ-
ent treatments (fig. S2 and table S2) (15). Mice were treated as de-
scribed in Fig. 1, and more than 2000 CD8" T cells were sorted from
tumor-bearing mice at days 8 and 11 after tumor challenge (Fig. 2A).
The rpsTCR platform was used to profile the TCR sequences of 1379
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CD8" T cells. Our detection rates of TCRB-CDR3 (86%), TCRA-CDR3
(78.2%), and paired TCRB and TCRA (73.1%) were comparable with
the reported detection rates using targeted TCR sequencing from
single T cells (table S2) (15). At the early time point (day 8), very few
clones of high-frequency T cells (defined as > 3 T cells sharing
identical TCR sequences) were detected in all treatment groups (fig. S3).
By day 11, we identified two high-frequency T cell clones (repre-
senting 5.7% of sequenced single CD8" T cells) from isotype control
samples—3 clones (20.3%) for anti-GITR samples and 6 clones
(26.7%) for anti-PD-1 samples—and 10 clones (31.9%) for combi-

nation-treated samples. Between days 8 and 11, a significant clonal
expansion of intratumoral CD8" T cells was induced by anti-PD-1
monotherapy, in agreement with published data on human mela-
noma patients (16) showing an increase in TCR clonal size after
anti-PD-1 therapy with pembrolizumab. Our results extend these
findings by showing that dual targeting of PD-1 and GITR further
enhances intratumoral CD8" T cell TCR clonal expansion (fig. S3).
Of note, anti-GITR and/or anti-PD-1 had no significant impact on
peripheral (spleen) T cell clonality (fig. S3), consistent with patient
data using pembrolizumab (16).
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Fig. 2. Single-cell RNA-seq analysis of intratumoral CD8" T cells reveals uniqu

e gene profiles upon combination treatment. (A) Schematic of tumor immunother-

apy and single-cell sorting study design. (B) Heat map of significantly changed genes in clonal expanded intratumoral CD8" T cells upon different treatment. Numbers

indicate unique gene clusters (see table S3 for gene list). Color gradient indicates

the P value. (C) Distribution of genes significantly affected by each treatment on the

dysfunctional/activation plot. (D) KS plot of the values of the gene signatures on the dysfunction < activation axis (KS, P < 0.05).
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To evaluate the effect of combination therapy on the activation
state of intratumoral CD8" T cells, we performed gene expression
pathway analysis on clonally expanded CD8" T cells. Combination
treatment synergistically integrated the pathways modulated by each
single agent, resulting in a distinct transcriptional state associated
with induction of adaptive immune response, cell cycle, and meta-
bolic activity gene expression pathways (Table 1). We then applied to
our data the uncoupled T cell dysfunction and activation gene ex-
pression module analysis, as described by Singer et al. (17). A total of
452 genes were significantly regulated by either single-agent or combi-
nation treatment compared with isotype control. These genes were
plotted against the activation/dysfunctional score (Fig. 2B, P < 0.05).
Genes shared or unique across treatment groups were sorted on the
basis of P value and then grouped into six clusters (Fig. 2C). Selected
genes differentially increased in each group and fold changes compared
with isotype control treatment are listed in table S3. Up-regulation of
certain T cell activation markers (i.e., IL2rb) was shared across treatment
groups, whereas most of the differentially regulated gene signatures
were nonoverlapping, consistent with distinct transcriptional states
of expanded CD8" T cell clones. GITR agonism specifically up-regulated
genes involved in T cell activation/cytotoxicity (I12ra, Txk, Gzme,
Gzmd, and Prfl), in prosurvival function (Tnfrsf1b), and in immune
checkpoint (Havcr2, Tigit, and Entpdl). PD-1 blockade stimulated
induction of Gata3, Tox, Mt2, and Pdcd4 (18), which are involved
in T cell dysfunction and apoptosis, and promoted expression of Themis
assisting TCR signaling to low-affinity ligands (19). Cd226, a co-
stimulatory molecule that plays an important role in antitumor response
(20), was the most up-regulated gene upon combination therapy, fol-
lowed by other genes involved in signal transduction and T cell
differentiation/activation (Pde4d, Vavl, Mki67, and Id2) (21-23). Fur-
thermore, combination treatment, in contrast to monotherapy, se-
lectively prevented the up-regulation of genes involved in T cell
differentiation/dysfunction, such as Eomes, Mt1, Mt2, and Cd200.

Table 1. Pathways specifically up-regulated in clonal expanded CD8*
T cells with Ab treatment (day 11). Genes specifically up-regulated in
monotherapy or combination therapy compared with isotype control
were analyzed using lllumina Gene Ontology Engine. Jak, Janus kinase;
STAT, signal transducers and activators of transcription.

Treatment Pathway P value
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This activation and dysfunctional module score allowed us to quan-
titatively compare the complex T cell activation profile among differ-
ent treatment groups. The activation module had significantly higher
scores in the combination versus monotherapy treatment groups, indicative
of a more activated T cell state [Fig. 2D; Kolmogorov-Smirnov (KS)
test, P < 0.05].

Overall, although single-agent therapy expanded intratumoral CD8"
T cell clones and modulated critical gene pathways, this was not suf-
ficient for complete and long-lasting tumor rejection (Fig. 1A). Our
findings suggest that a profound reprogramming of dysfunctional tumor-
infiltrating T cells by combination therapy was required for tumor rejec-
tion and long-term response. This result is supported by a recent study
showing that CD8" T cells quickly become dysfunctional at early stage
of tumor development and gradually evolve into a less flexible state (24).

Anti-PD-1 and anti-GITR combination therapy modulates
distinct tumor-specific CD8* T cell populations

To determine whether distinct cellular mechanisms underlie anti-
PD-1- and anti-GITR-mediated tumor rejection, we profiled tumor-
infiltrating T cells by high-dimensional flow cytometry and used
well-validated data-driven unsupervised clustering approaches (25, 26).
Our attempt to use published mutated MC38 tumor epitopes (27)
to track MC38-specific T cell clones was not successful. This possibly
reflects the different mutation status of tumor cell lines between labora-
tories, likely due to intrinsic genome instability of the tumor cells (28).
Asan alternatlve approach, we generated MC38 tumor cell variant ex-
pressing H-2K® single-chain trimer of major histocompatibility com-
plex class I with SIINFEKL peptlde (as a surrogate tumor epitope) and
B,m [ovalbumin (OVA)-B,m- K% ; fig. S4A]. This allowed us to track Ag
(OVA/SIINFEKL)-specific CD8" T cells, which can be identified by
H-2K-SIINFEKL pentamer staining (fig. S4B). Consistent with the
TCR clonality analysis (fig. S3), anti-PD-1 Ab and combination treat-
ment induced significant clonal expansion of OV A-specific CD8"
T cells intratumorally. Only the combination therapy significantly in-
creased the intratumoral density (cell number normalized to milligrams
of tumor tissue). A fluorescence-activated cell sorter (FACS)-based
method was used, which allowed us to sample substantially more
cells than the capacity of single-cell RNA-seq; thus, we were able
to identify significant clonal expansion induced by combination
therapy in spleen (fig. S4B). Functionally, clonally expanded OV A-
specific T cells produced higher levels of interferon-y (IFN-y) upon
OVA peptide restimulation (fig. S4C).

Next, we profiled T cells from tumor-bearing mice treated with
anti-GITR and/or anti-PD-1 Ab using T cell differentiation/activation
markers (e.g., PD-1, TIM3, LAG3, KLRG1, CD244, and CD44) and
T cell lineage transcription factors (e.g., Eomes and Tbet). We detected
heterogeneity within the Ag-specific CD8" T cells, reflecting different
activation/differentiation states (Fig. 3A). At day 9, T cell populations
between treatment groups were indistinguishable; however, a marked
skew in the population was observed by day 12 in response to anti-
GITR Ab alone or combination treatment (Fig. 3B). To gain a more
comprehensive understanding of the phenotypes of the T cell popula-
tions that were affected by the treatment, we analyzed Ag-specific
CD8" T cells using unsupervised spanning-tree progression analysis
of density-normalized events (SPADE) clustering. Fourteen distinct Ag-
specific CD8 T cell clusters (>2% relative frequency) were identified
(Fig. 3C). Among them, clusters 14, 12, and 7 were highly responsive
to anti-GITR and anti-PD-1 treatment (Fig. 3D). On the basis of the
high expression level of T cell activation/dysfunction markers (PD-1,
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TIM3, LAG3, CD244, Eomes, Tbet, and KLRG1), these three clus-
ters likely represent different stages of dysfunction (Fig. 3E and fig.
S5), unlike cluster 10 representing a more naive/quiescent phenotype.
Cluster 14 is absent at the earlier time point and has the highest
expression level of markers associated with dysfunctional T cells,
suggesting a terminal stage of dysfunction. All treatment groups
were associated with a relative decrease in dysfunctional T cell fre-
quency, and there was no significant difference between treatment
groups (Fig. 3D). To evaluate the dysfunctional state (plastic versus
nonprogrammable) (24), we examined the expression level of PD-1,
LAG3, CD38, CD101, and CD5 on intratumoral Ag-specific T cells.
Using an unsupervised hierarchical clustering algorithm [cluster iden-
tification, characterization, and regression (CITRUS), Cytobank], we
found that combination and anti-GITR Ab treatment significantly de-
creased a T cell cluster with a profile matching the nonprogram-
mable dysfunctional T cells (PD-1""LAG3"CD38"CD101"CD5*%;
Fig. 3, Fand G).

A

To further characterize the responsive T cell populations, we
used additional differentiation and activation markers to pheno-
typically dissect the T cells (e.g., Scal, CD95, CD127, CD122, CD226,
and Ki67). Unique cell populations can be identified upon treatment
on day 12 (Fig. 4, A and B, and fig. S6). SPADE clustering was con-
ducted using this specific panel of markers (Fig. 4C) to allow for statis-
tical analysis between groups for a single cluster. We observed a specific
effect of the combination treatment that was driven primarily by the
anti-GITR Ab in expanding a unique memory cell population (cluster
11; Fig. 4, C to F) that may confer long-lasting protective immunity.
These cells express CD62L and CD44 (Fig. 4E), similar to memory
cells in the spleen compartment, while up-regulating additional key
markers (Scal, CD95, CD127, CD122, and Eomes), characteristic of
a memory precursor effector cell phenotype (MPEC) as previously
described (29) (Fig. 4F). Overall, combination therapy drives the ex-
pansion of MPECs, which represent a very small fraction of CD8"
T expressing CD127/IL7R. MPECs have high propensity to survive
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Fig. 3. Identification of combination treatment-responsive dysfunctional tumor-infiltrating CD8" T cell population. (A) Density viSNE plots of OVA-specific intratumoral
CD8" T cells from each treatment group days 9 and 12 after tumor challenge. (B) viSNE plots of tumor-infiltrating T cells overlaid with the expression of indicated markers.
(C) ViSNE plot of intratumoral OVA-specific CD8" T cells overlaid with color-coded T cell clusters identified by SPADE. (D) Frequency of selected T cell clusters displayed on a
per-mouse basis with means + SEM. Indicated cluster was highlighted on viSNE plot below the bar graph. (E) Histogram displaying the expression level of indicated markers
on T cell clusters. (F) CITRUS cluster result overlaid with indicated markers. Cluster that was significantly affected with Ab treatment is circled (C1). (G) Frequency of cluster
C1 is shown with means + SEM. *P < 0.05, **P < 0.01, ***P < 0.001, one-way ANOVA test.
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overlaid with the expression of selected markers. (B) Density ViSNE plots of OVA-specific tumor-infiltrating CD8" T cells from each treatment group days 9 and 12 after
tumor challenge. (C) viSNE plot of MC38 infiltrating OVA-specific CD8" T cells overlaid with color-coded T cell clusters identified by SPADE. (D) Frequency of selected T cell
clusters (means + SEM). Indicated cluster was highlighted on viSNE plot below the bar graph. (E) FACS plots of CD44 and CD62L expression on cluster 11 compared with
spleen T cell subsets. Ty, central memory T cells. (F) Histogram displaying the expression level of selected markers on T cell clusters. (G) Frequency of cytokine production
of CD8" T cells upon restimulation in vitro with OVA peptide. GzmB, granzyme B. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, one-way ANOVA with Tukey’s test).

and become functional memory T cells, which are essential to confer
protective immunity (3). These cells also express high levels of CD226
and Ki67, suggesting an activated and highly proliferative state (Fig. 4F).
Further, these intratumoral OV A-specific CD8" T cells from cluster 11
showed increased IFN-y, and granzyme B production upon Ag-specific
restimulation followed single-agent treatment, but only combination
treatment significantly enhanced their function (Fig. 4G).

In agreement with previous findings, we showed that although
anti-PD-1 alone induces a less dysfunctional tumor-infiltrating lym-
phocyte (TIL) phenotype (Fig. 3), it is associated with low Tgy (30, 31)
and lack of long-term survival (Fig. 1) (32). We demonstrated that
combination therapy can promote a memory CD8" T cell phenotype,
indicating that a costimulatory agonist Ab can synergize with PD-1
checkpoint blockade, leading to long-term antitumor responses. We
further investigated the mechanism by which this specific combination
therapy effect occurred by functional analysis of the identified up-
regulated genes.

CD226 expression is induced on tumor-specific CD8" T cells
upon combination therapy

CD226, a costimulatory molecule with a well-validated role in the
development of antitumoral immune response (31), was identified
as the most up-regulated gene upon combination therapy (Fig. 1, Band

C, and table S3). We performed a Cd226 expression analysis on differ-
ent subsets of intratumoral CD8" T cells (total, clonally expanded, or
nonexpanded) across treatment groups (Fig. 5A), which revealed that
Cd226 mRNA levels were significantly increased by combination treat-
ment on clonally expanded T cells (fold change, 10.7), whereas this
difference was diluted in bulk/total CD8" T cells (fold change, 3.5) and
nonexpanded CD8" T cells (not significant). Further, Cd226 mRNA
levels were significantly increased by combination treatment on clo-
nally expanded CD8" T cells in comparison to anti-PD-1 (fold change,
6.5) and anti-GITR (fold change, 9.2). Using the MC38—OVA—[32m—Kb
model, we found that protein levels of CD226 were highest on spleen
OV A-specific CD8" T cells after anti-PD-1 treatment (Fig. 5B) and were
further elevated by combination treatment. The same treatment had no
significant effect on the CD226 levels of nonspecific CD8" T cells. This
dataset suggests that anti-PD-1 treatment could play a dominant role in
driving the increase of CD226 on Ag-specific T cells, providing key in-
formation on the mode of action of anti-PD-1 in antitumor immunity.

CD226 is a substrate for dephosphorylation by PD-1-SHP2

Next, we investigated a potential association between PD-1 signaling
and CD226. The costimulatory receptor CD28 was previously identified
as a target for PD-1-SHP2 dephosphorylation (32). Experiments using
a cell-free reconstitution system in which the cytoplasmic domain
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of PD-1 was bound to the surface of large unilamellar vesicles (LUVs)
that mimic the plasma membrane of T cells demonstrated that CD28
is preferred over the TCR as a target for SHP2-mediated dephospho-
rylation. Using the same system, we examined whether CD226 could
be another target for dephosphorylation by the PD-1-SHP2 complex.
We reconstituted different components (CD3, CD226, etc.) involved in
T cell signaling on the liposomes (Fig. 5C) (33). The sensitivity of each
component in response to PD-1 titration on the LUV's was measured
by phosphotyrosine (pY) Western blots. We confirmed previous pub-
lished data (32) showing that CD28, but not inducible T cell costimu-
lator (ICOS), is a substrate for desphosphorylation by PD-1-SHP2
(Fig. 5D). We found that CD226 was efficiently dephosphorylated by

LFA-1. Although LFA-1 facilitates T cell activation by lowering the
amounts of antigen necessary for T cell activation (33), cross-linking
of LFA-1 induces tyrosine phosphorylation of DNAM-1 (CD226) (34).
Although additional experiments are needed to fully characterize the
basis of CD226 sensitivity to PD-1-SHP2-induced dephosphorylation,
we demonstrated a biochemical association between PD-1 signaling
and CD226 dephosphorylation using a cell-free biochemical system.
To validate these findings in a more physiologically relevant system
involving primary cells from the tumor microenvironment, we iso-
lated Ag-specific intratumoral CD8" T cells from MC38-OVA tumor-
bearing mice (day 11) previously treated with anti-PD-1 Ab or isotype
control Ab. Consistent with the cell-free in vitro assay, we found that

PD-1-SHP2 in a dose-dependent manner (Fig. 5D) in the presence of CD8" TILs from the PD-1 Ab-treated group showed high CD226
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phosphorylation upon PD-1 inhibition (Fig. 5E), confirming that
CD226 is in an activated state. CD8" TILs from isotype control-treat-
ed mice showed a lack of CD226 phosphorylation, indicating that
PD-1/PD-L1 pathway is a negative regulator of CD226 activity on
intratumoral CD8" T cells. These data suggest that CD226 is an addi-
tional substrate for dephosphorylation by PD-1-SHP2.

Down-regulation of TIGIT expression upon GITR Ab
treatment shifts the CD226/TIGIT pathway toward stronger
costimulation

It has recently been shown that the strength of CD8" T cell response
is affected by the overall balance between CD226 and the coinhibito-
ry receptor TIGIT (31). Single-cell RNA-seq data indicated that anti-
GITR Ab treatment increased TIGIT transcripts in high-frequency
T cell clones (fig. S7A), whereas FACS analysis showed lower expres-
sion of TIGIT on OV A-specific CD8" T cells with anti-GITR or
combination treatment compared with anti-PD-1 treatment alone
(fig. S7B). This result is consistent with the observation that TIGIT
expression is tightly regulated at the posttranscriptional level (35).
Combination treatment significantly decreased the percentage of
TIGIT" cells and the expression level on a per-cell basis on total
tumor-infiltrating CD8" and CD4" T and Tregs, the effect of which
was mainly driven by anti-GITR Ab treatment (fig. S7, C and D).
Combination and/or monotherapy treatment had no effect on the
percentage of CD226" tumor-infiltrating CD4" T cells, splenic CD4"
T cells, or splenic Tregs (fig. S7E). TIGIT expression level (fig. S7F) on
the dysfunctional T cell cluster 14 (identified in Fig. 3D) is uniformly
high (~100%), whereas the memory-like T cell cluster 11 (identified
in Fig. 4D) shows much lower levels of TIGIT expression.

In addition, because GITR is highly expressed on Teg, We per-
formed a comprehensive profiling [¢-distributed stochastic neighbor
embedding (t-SNE)-based visualization (viSNE)/SPADE] analysis
on the remaining intratumoral Tregs upon combination treatment
and compared the results to a well-studied T\g-depleting Ab (anti-
CD25, PC61). We found that GITR and PD-1 combination therapy
has a distinct effect on the phenotype of the remaining Tregs com-
pared with the anti-CD25 Ab treatment group. GITR and PD-1
combination treatment skewed the remaining T, subsets toward a
less suppressive phenotype, as defined by a lower expression of
TIGIT, KLRG1, LAG3, and TIM3 (fig. S8). All these markers have
been reported to identify a highly activated and phenotypically sup-
pressive Trg population (36, 37). To assess whether the distinct ef-
fect of GITR and CD25 Abs on Ty depletion could differentially
alter the phenotype of CD8"* T cells, we analyzed the intratumoral
OVA-specific CD8" T cells (fig. S9). Using an extended 18-parameter
viSNE analysis, we found that GITR and PD-1, but not CD25 and
PD-1, combination Ab treatment significantly decreased the dys-
functional phenotype (cluster 1: low Ki67, CD226, Scal, CD95, CD122,
high KLRGI, PD-1, LAG3, and CD244) and the naive-like T cells
(cluster 10: CD62L*CD44 ", low Ki67, CD226, PD-1, and other T cell
activation markers), whereas it increased the cluster with memory-
like activated T cell phenotype (cluster 6: high CD226, Ki67, Scal,
CD127, CD95, and CD122 and lower level of PD-1, TIM3, LAG3,
KLRG1, and CD244). These data show that the shift in balance be-
tween CD226 and TIGIT is driven by the direct combination of
PD-1 and GITR Abs and not solely through a reduction in intratu-
moral T (fig. S9, E and F).

Overall, the single-cell RNA-seq and FACS phenotyping data
showed that anti-PD-1 favored the increased expression of CD226,

whereas anti-GITR treatment down-regulated surface expression of
TIGIT and reduced intratumoral Tieg subsets with a highly suppres-
sive phenotype, therefore synergistically restoring the homeostatic
CD8" T cell function.

CD226 signaling pathway is essential in mediating the
antitumor response induced by combination treatment
Using a CD226-blocking monoclonal Ab, we showed that costimula-
tory signaling through CD226 is required for the antitumor immu-
nity mediated by combination treatment (Fig. 5F). To validate the
T cell intrinsic role of CD226, we genetically inactivated it in C57BL/6
background mice (fig. S10, A and B). CD226 knockout (KO) mice
showed no defect on T cell (CD4", CD8", and Tyegs) development and
homeostasis (fig. S10, C and E) or responsiveness to TCR activation
when compared with wild-type (WT) littermates (fig. S10F). After
tumor challenge in the CD226 KO mice, we found that combination
treatment with anti-PD-1 and anti-GITR no longer conferred any
antitumor effect or survival benefit, suggesting that CD226 is essen-
tial for the antitumor effect of the combination therapy (Fig. 5G). In
addition, we validated the specificity of the CD226 pathway mediat-
ing this effect because inhibition of TNFR superfamily pathways
(OX40/0OX40L or 4-1BB/4-1BBL) or blockade of the B7 costimula-
tory molecule (CD28) with CTLA4-Ig had no impact on the anti-
tumor effect observed with the combination treatment (fig. S11, A
to C). In mice lacking CD226, combination therapy can no longer
maintain the activated and highly proliferative memory T cell pheno-
type (PD-1""", Eomes*, Ki67*, CD122", Scal®, and CD95"), as ob-
served in WT control tumor-bearing mice (Fig. 5, H and I).

To test whether the mechanisms found in the MC38 model also
extend to other tumor cell models, we evaluated the role of PD-1 and
GITR combination therapy in the RENCA tumor model (murine
kidney carcinoma tumor in Balb/c background). This tumor cell
line was chosen because it also showed relatively good expression of
CD155, the endogenous ligand for CD226 (fig. S12). Consistent with
the MC38 studies, anti-GITR and anti-PD-1 combination therapy
can synergize and promote long-term survival of RENCA tumor-
bearing mice (Fig. 6A). FACS analysis of tumor-infiltrating T cells
revealed a significant reduction in Tyeg driven by GITR Ab and ex-
pansion of tumor-specific CD8" T cells (gp70-tetramer™) driven pri-
marily by PD-1 Ab (Fig. 6, B and C). In addition, we also observed a
significant increase of CD226 expression on tumor-specific CD8"
T cells (Fig. 6D, gp70 tetramer" cells), consistent with our observations
in the MC38 tumor model. viSNE and SPADE analyses (Fig. 6, E to G)
revealed an increase in memory-like effector cell cluster (Fig. 6G, C5;
high CD95, CD122, Ki67, and Tbet and low CD44 and TIM3) ac-
companied by reduced dysfunctional T cell cluster (Fig. 6G, C1; high
TIM3 and low Ki67, CD95, CD122, Tbet, and Scal). Likewise, when
CD226 signaling is blocked by an anti-CD226 Ab during combination
treatment, the antitumor efficacy is completely abrogated (Fig. 6I),
as previously demonstrated in the MC38 tumor model. Thus, our
data provide additional evidence that the role of CD226 is not limited
to one tumor model or mouse genetic background.

DISCUSSION

We systematically profiled tumor-infiltrating CD8" T cells using
single-cell TCR sequencing, transcriptomics, and high-dimensional
flow cytometry clustering analysis to unveil the molecular mech-
anisms driving the potent synergism of a costimulatory agonist,
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anti-GITR Ab, and a coinhibitory antagonist, anti-PD-1 Ab. We showed
that a combination of these Abs synergistically enhanced the effector
function of expanded CD8" T cells by restoring the balance of two
key homeostatic regulators, CD226 and TIGIT, resulting in robust
survival benefit.

Recently, it has been shown that T cell dysfunction represents an
important hurdle for the generation of durable responses upon PD-1
inhibition (3). PD-1 blockade induces an incomplete rescue of Ty,
thus failing to restore Tgy into Tgy;, a necessary requirement for ef-
fective immune memory (38, 39). We demonstrated that combina-
tion therapy not only decreased the intratumoral CD8" T cells with
a nonprogrammable dysfunctional profile (Fig. 3, F and G) (31, 40)
but also induced a highly proliferative TEM precursor population
(Fig. 4) (32, 41), thus eliciting potent antitumor immunity in a
CD226-dependent manner (Figs. 5, F and G, and 61). The similarity in
the efficacy between both MC38 and RENCA tumor models despite
different mouse genetic backgrounds and tumor types (C57BL/6

and Balb/c; colon and kidney adenocarcinoma, respectively) sug-
gests that this mechanism is not limited to a specific tumor model.
However, further research is needed to determine whether the re-
duction of dysfunctional CD8" T cells is through the reinvigoration
of these populations and/or epigenetic reprogramming of them into
a functional state (24).

Furthermore, we validated our findings using gene pathway anal-
ysis to show that although anti-GITR and anti-PD-1 monotherapies
regulated distinct molecular pathways, combination treatment syn-
ergistically integrated the pathways modulated by each single agent,
resulting in a distinct transcriptional state of CD8" T cells (Table 1).
In addition, applying to our data the uncoupled T cell dysfunction and
activation gene expression module score, as described by Singer et al.
(17), enabled us to quantitatively compare the complex T cell activa-
tion profile between different treatment groups. We found that the
activation module had significantly higher scores in the combination
versus monotherapy treatments groups, indicative of a more activated
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T cell state (Fig. 2, B to D). Last, we confirmed CD226 as the most
up-regulated gene upon combination treatment.

We developed a new bioinformatic pipeline rpsTCR that allowed
us to selectively profile clonally expanded intratumoral CD8" T cells,
which displayed distinct gene signature upon treatment with anti-
PD-1 and/or anti-GITR Ab. Expression analysis of different subsets
of intratumoral CD8" T cells (total, clonally expanded, or nonex-
panded) across treatment groups revealed that CD226 mRNA level
was significantly increased by combination treatment in clonally ex-
panded T cells, although this difference was diluted and lost in bulk
and nonexpanded CD8" T cells. This observation stresses the impor-
tance of performing genome profiling on putative tumor-reactive
clones (high-frequency T cell clones) to unmask critical gene changes.
These genetic findings were validated at the protein level by comparing
cell surface CD226 expression on tetramer-positive, antigen-specific
intratumoral CD8" T cells after different Ab treatments. One po-
tential limitation of the MC38 tumor model is that we tracked the
clonally expanded CD8" T cells using a surrogate OVA antigen due
to lack of reagents to track endogenous tumor antigen-specific
CD8" T cells. However, we were able to validate the findings using
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S @ ©
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(tumor cells or host immune cells)

wI-'\ctlvated
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costimulatory signaling

TIGIT
expression

the RENCA tumor model and endogenous tumor antigen-specific
T cells.

Recently, both cis- and trans-inhibitory mechanisms have been
proposed for the TIGIT/CD226 signaling pathway (31). Therefore,
the net output of this pathway may result from the balance between
the expression level of CD226 on CD8" T cells and TIGIT on both
CD8" T cells and bystander lymphocytes. We found CD226 as a pre-
viously unidentified target for PD-1-initiated SHP2 dephosphorylation
(Fig. 7) in addition to CD28 (32), thus revealing additional complexity
of the PD-1 pathway. In addition, we showed that PD-1 blockade res-
cued CD226 dephosphorylation by PD-1-SHP2, whereas GITR ago-
nism reduced TIGIT expression, which competes for CD155/PRV
binding with CD226 (42). Therefore, only the combination treatment
restored T cell effector function by favorably tipping the balance
between CD226 and TIGIT leading to durable antitumor responses
(model shown in Fig. 7).

In summary, the systematic approaches used in this study can shed
light on important functional T cell regulatory pathways implicated
in the synergy between two immunotherapeutic Abs, representing
distinct immunotherapeutic modalities (costimulatory agonism and

Without immunotherapy
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Fig. 7. Proposed model for anti-PD-1 and anti-GITR Ab combination therapy. pMHC, peptide-major histocompatibility complex; APC, antigen-presenting cells.
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checkpoint inhibition). Similar methodology may be useful in future
clinical trials of cancer immunotherapy to help unmask the molecular
pathways driving durable antitumor responses.

MATERIALS AND METHODS

Study design

The aim of this study was to dissect the molecular and cellular
mechanisms mediated by combination immunotherapy. Single-cell
RNA-seq analysis study of tumor-infiltrating CD8" T cells was de-
signed to identify the specific gene signature induced upon treatment.
Single-cell suspensions were profiled by high-dimensional computa-
tional flow cytometry to identify phenotypic changes in cell populations.
To validate our findings, we designed in vitro biochemistry experi-
ments and additional in vivo studies using either genetically engi-
neered mice or blocking Abs. Control and experimental treatments
were administrated to age- and sex-matched mice. Investigators were
blinded for tumor measurements. The number of experimental repli-
cates is indicated in the figure legends.

Mice and treatments

Six- to eight-week-old female C57BL/6 and Balb/c mice were obtained
from the Jackson laboratory. CD226~'~ mice on a C57BL/6 back-
ground were generated at Regeneron Pharmaceuticals Inc. using the
VelociGene method (43, 44). Briefly, enhanced green fluorescent pro-
tein complementary DNA (cDNA) was inserted in-frame to the start
codon, followed by a selection cassette that disrupts transcription of
the gene body and results in a CD226 null allele. Heterozygous targeted
mice were interbred to produce homozygous KO mice for study. All
animals were maintained under pathogen-free conditions, and experi-
ments were performed according to protocols approved by the Institute
of Animal Care and Use Committee of Regeneron Pharmaceuticals
Inc. For tumor studies, 3 x 10> MC38 or 1 x 10® RENCA cells were
subcutaneously injected on the right flank of age-matched C57BL/6 or
Balb/c, respectively. Six days after tumor implantation, mice (randomly
distributed in different groups) were grouped on the basis of tumor size
and treated by intraperitoneal injection with anti-GITR (5 mg/kg;
DTA-1) and/or anti-PD-1 (RPM1-14) Ab or isotype control IgGs (rat
IgG2b, LTF-2 and rat IgG2a, 2A3; Bio X Cell). Abs were administered
again on day 13. Depletion/blocking Abs were given 1 to 2 days before
immunotherapy. Perpendicular tumor diameters were measured blindly
two to three times weekly using digital calipers (VWR, Radnor, PA).
Volume was calculated using the formula L x W x W x 0.5, where L
is the longest dimension and W is the perpendicular dimension.

Flow cytometry

For flow cytometry analysis of in vivo experiments, blood, spleen,
thymus, lymph node, and tumor were harvested on indicated days
after treatment. Single-cell suspensions were prepared, and red blood
cells were lysed using ACK lysis buffer (Thermo Fisher Scientific).
Live/dead cell discrimination was performed using Live/Dead Fixable
Blue Dead Cell Staining Kit (Thermo Fisher Scientific). Ag-specific
CD8" T cells were detected with H-2K°/OVA SIINFEKL-Pentamer
(Prolmmune) for MC38-OVA model and H-2LY/MuLV gp70-
SPSYVYHQF tetramer (MBL International) for RENCA model. For
intracellular cytokine staining, cells were stimulated with or without
SIINFEKL peptide for 36 hours and with a protein transport inhibitor
(BD Biosciences) for the last 4 hours. After stimulation, cells were
stained as described above for surface and intracellular proteins.

64 www.SCIENCEIMMUNOLOGY .org

To quantify cell numbers in tissue, a fixed number of CountBright
absolute counting beads (Thermo Fisher Scientific) were added to
each sample before acquiring. Samples were acquired on LSRFortessa
X-20, LSRII, or Symphony (BD Biosciences) and analyzed using
FlowJo (TreeStar) and Cytobank. Further details are in Supplemen-
tary Materials and Methods.

Single-cell sorting RNA-seq

FACS-sorted tumor and spleen CD8" T cells were mixed with C1 cell
suspension reagent (Fluidigm) before loading onto a 5- to 10-pm
C1 integrated fluidic circuit (Fluidigm). Cell lysing, reverse transcrip-
tion, and cDNA amplification were performed on the C1 Single-Cell
Auto Prep Integrated Fluidic Circuit, as specified by the manu-
facturer (protocol 100-7168 E1). The SMARTer Ultra Low RNA
Kit (Clontech) was used for cDNA synthesis from the single cells.
Ilumina next-generation sequencing libraries were constructed using
the Nextera XT DNA Sample Prep Kit (Illumina). Cells were se-
quenced on Illumina NextSeq (Illumina) by multiplexed single-read
run with 75 cycles. Raw sequence data (BCL files) were converted to
FASTQ format via Illumina Casava 1.8.2. Reads were decoded on
the basis of their barcodes. Read quality was evaluated using FastQC
(www.bioinformatics.babraham.ac.uk/projects/fastqc/). Further de-
tails are in Supplementary Materials and Methods.

LUV reconstitution and phosphotyrosine Western blot

LUVs reconstituted different components (ICOS, CD28, and CD226)
involved in T cell signaling on the liposomes, together with LCK,
ZAP70, SLP76, and PI3K as previously described (45-47). Proteins of
interest were premixed at desired ratios in 1x reaction buffer contain-
ing bovine serum albumin (0.5 mg/ml) and then mixed with LUVs
(1 mM total lipids) as described previously (32). Fifty micrograms
of protein for each sample was used for the Western blot. Further
details are in Supplementary Materials and Methods.

Statistical analysis

Sample sizes were chosen empirically to ensure adequate statistical
power and were in the line with field standards for the techniques
used in the study. Statistical significance was determined with anal-
ysis of variance (ANOVA) or unpaired two-tailed Student’s ¢ test,
assuming unequal variance at P < 0.05 level of significance (or indi-
cated in figure legends).

SUPPLEMENTARY MATERIALS
immunology.sciencemag.org/cgi/content/full/3/29/eaat7061/DC1

Fig. S1.T cell depletion with Abs.

Fig. S2. Bioinformatic pipeline rpsTCR.

Fig. S3. Combination therapy expands intratumoral high-frequency tumor-reactive CD8" T cell
clones.

Fig. S4. Combination treatment expands tumor antigen—specific CD8" T cells with effector
function.

Fig. S5. Mean fluorescence intensity of markers for dysfunctional cell clusters identified in
Fig.2.

Fig. S6. Mean fluorescence intensity of markers for effector/memory cell clusters identified in
Fig.3.

Fig. S7. TIGIT expression at single-cell RNA level and FACS analysis of TIGIT/CD226 expression
level on different T cell subsets.

Fig. S8. GITR and PD-1 combination treatment significantly reduced highly activated Treq
subsets.

Fig. S9. GITR and PD-1 combination treatment induced intratumoral CD8" T cell subsets
distinct from CD25 and PD-1 combination therapy.

Fig. $10. CD226™"~ mice show normal T cell development and homeostatic function.
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Fig. S11. Effectiveness of combination treatment does not rely on CD28, 0X40, and 4-1BB
pathway.

Fig. S12. Expression level of CD155.

Table S1. Negative controls for rpsTCR.

Table S2. Comparison of TCR detection rate.

Table S3. Selected genes differentially regulated by each treatment.

Table S4. Abs for flow cytometry.

Table S5. Primers for TCRa/p repertoire sequencing.

Table S6. Raw data.
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Melanin is capable of transforming 99.9% of the absorbed sunlight energy into heat, reducing the risk of skin
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cancer. We here develop a melanin-mediated cancer immunotherapy strategy through a transdermal microneedle
patch. B16F10 whole tumor lysate containing melanin is loaded into polymeric microneedles that allow sustained
release of the lysate upon insertion into the skin. In combination with the near-infrared light irradiation, melanin
in the patch mediates the generation of heat, which further promotes tumor-antigen uptake by dendritic cells,
and leads to enhanced antitumor vaccination. We found that the spatiotemporal photoresponsive immunother-
apy increases infiltration of polarized T cells and local cytokine release. These immunological effects increase the
survival of mice after tumor challenge and elicited antitumor effects toward established primary tumor and dis-
tant tumor. Collectively, melanin generates local heat, boosts T cell activities by transdermal vaccines, and pro-

motes antitumor immune responses.

INTRODUCTION

Emerging technologies associated with immunotherapy hold tremen-
dous promise in cancer therapy (I). Micro- or nanoformulations or
engineered immune cells can be used to deliver a variety of immuno-
modulators (2, 3). Scaffolds, such as hydrogel, have also been devel-
oped to generate an immunogenic microenvironment that recruits
and activates immune cells in situ (4-7). Moreover, T cell engineer-
ing that incorporates antibodies or therapeutics facilitates immune
targeting and treatment (8-11). Also, dendritic cell (DC)-based vacci-
nation can effectively capture antigens to improve the effectiveness
of the immune response and is a powerful tool for cancer therapy
(12-16). However, engineering of DCs often involves complex and
expensive ex vivo manipulation (4, 17). In addition, the limited lymph
node-homing capability of ex vivo manipulated DCs is, at least in part,
responsible for the limited anticancer efficacy (18). Vaccination with
whole tumor antigens provides a broad source of tumor-associated
antigens that elicit substantially enhanced immune responses com-
pared with narrowly defined tumor antigens (19). Moreover, present-
ing a broad spectrum of immunogenic epitopes not only augments
the immunity mediated by the DC antigen uptake and processing but
also improves the direct activation of CD4" T helper and CD8" cy-
totoxic T lymphocytes (7, 20).

Here, we describe a BI6F10 melanoma vaccine patch that targets
antigen-presenting cells (APCs) directly via transdermal delivery of
tumor lysates combined with melanin (Fig. 1A). This vaccine in-
volves the encapsulation of inactive whole tumor lysate that is grad-
ually released by an intradermal microneedle (MN) patch inserted
into the skin. MNs facilitate the uptake and presentation of antigens
by DCs and, in turn, promote immune activation through the ex-
tensive network of lymphatic vessels in the dermis (21-23). At the
same time, the presence of melanin, the existing natural biological
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pigment in the whole tumor lysate, allows the local release of heat
via remotely controllable near-infrared (NIR) light emission. Local
heat causes the release of inflammatory cytokines that attract immune
cells, generation of immunogenic substrates such as extracellular
heat shock proteins (HSPs), reactive oxygen species (ROS), antigen
adjuvants, and some other danger signals that activate the immune
system (24, 25). The mild increase in the local temperature of the
interstitial tissues also contributes to the increased blood and lym-
phatic flow that facilitates the migration of APCs and T cells (24) and
finally initiates B16F10-specific immune responses (23, 26). The in-
creased blood flow may also allow the recruitment of other cell sub-
sets such as natural killer (NK) cells (7, 27, 28). We found that the
administration of the vaccine MN patch generated robust innate
and adaptive immune responses and induced tumor regression in
the B16F10 melanoma model. Moreover, the NIR-enhanced trans-
dermal vaccination delayed the growth of distant tumor and improved
long-term survival, paving a strong rationale for pursuing this strategy
in clinical studies.

RESULTS

Preparation and characterization of the cancer
immunotherapy patch

We first investigated whether the tumor lysate can be loaded and
released from transdermal MN patches in a sustained manner. We
fabricated the MN patch within a micromold to form hyaluronic
acid-based MNs that encapsulate the whole tumor lysate (with
melanin) and adjuvants, such as granulocyte-macrophage colony-
stimulating factor (GM-CSF) (29, 30). Patches with and without
tumor lysate were illustrated from the axial and transverse perspec-
tives, respectively (Fig. 1B). An array of 15 x 15 MNs was assembled
on a9 mm by 9 mm patch with a center-to-center interval of 600 um.
The detailed dimensions of the MNs were visualized by the scanning
electron microscopy (Fig. 1C). Each MN had a conical construction
with a diameter of 300 pm at the base, a height of 800 pum, and a sharp
tip tapering to a 5-pum radius of curvature. Upon loading with the
tumor lysate, MN's appeared notably darker than the blank hyaluron-
ic acid-based MNs because of the presence of melanin in the patch
(31, 32). The amount of melanin was around 50 ug per patch, which
is within the safe dosage range of a single administration (33). A
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Fig. 1. Schematic of melanin-mediated cancerimmunotherapy through a transdermal MN-based vaccine patch. (A) Schematic illustration of MN-based transdermal
vaccination. Ty cell, T helper cell; Tc cell, cytotoxic T cell. (B) Photograph of representative MN patches without (W/0) melanin and with (W/) melanin (scale bar, 4 mm).
(€) Scanning electron microscopy image of the MN patch (scale bar, 400 um). (D) Fluorescence cross-sectional images of a representative MN. Actin filaments in cells were
visualized by Alexa Fluor 488 phalloidin (green), cell DNA fragments were stained with Hoechst (blue), and hyaluronic acid polymer matrix was labeled with rhodamine B
(red) (scale bar, 200 um). (E) Fluorescence imaging of a representative MN patch that contained the Alexa Fluor 488 phalloidin-labeled tumor lysate and rhodamine

B-labeled hyaluronic acid (scale bar, 400 um).

representative MN was constructed with rhodamine B-labeled hyal-
uronic acid encapsulating tumor lysate with actin filaments and
DNA stained with phalloidin and Hoechst, respectively (Fig. 1D). A
fluorescent view of the array further showed the uniform loading of
tumor lysate and alignment of the MNs (Fig. 1E). The MN under-
went failure at 0.39 N in strain testing while being compressed to a
quarter of its height (fig. S1), demonstrating sufficient strength for
potential skin insertion without buckling (34).

Next, we evaluated the effects of the NIR laser irradiation on
melanin-induced heat generation. The temperature variations of the
MNs were recorded in real time using an infrared thermal camera
(Fig. 2A). Compared with the transparent hyaluronic acid-based
MN:s, the surface temperature of the MNs loaded with tumor lysate in-
creased dramatically within 1 min because of the melanin-induced
light-to-heat transduction (Fig. 2B). NIR irradiation at 808 nm could
be absorbed by the melanin contained in the tumor lysate as demon-
strated by the melanin’s absorption spectrum (fig. S2A). The ab-

68 www.SCIENCEIMMUNOLOGY.org

sorption coefficient of the melanin content in the tumor lysate was
also comparable with that of the synthetic melanin (fig. S2A and
table S1). Despite the temperature increase, the morphology of the
MNs remained unchanged, and the photothermal property of mela-
nin was stable during the treatment (fig. S2B) (35). The heating be-
havior of the MN patch was also maintained when repeated NIR
light exposures were performed (fig. S3). Furthermore, the steady
state of the patch’s surface temperature was lysate concentration-
and NIR light intensity-dependent, whereas the thickness of the MN
backing had a minimum effect (fig. S4 and Fig. 2C). The surface
temperature of the patch could be controlled under hyperthermia
(42°C) to minimize the potential thermal-induced denaturation of
the tumor antigen and other biomolecules.

In vitro activation of DCs in response to vaccine MN

GM-CSF that serves as a potent cytokine for DC recruitment and ac-
tivation was physically encapsulated into MN tips by cross-linking
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Fig. 2. Characterization of the light-responsive transdermal MNs. (A) Surface temperature changes of the MNs with or without tumor lysate in real time with continuous
808-nm NIR irradiation at 1.0 W/cmz, characterized by an infrared thermal camera (scale bars, 1 mm). (B) Quantitative surface temperature changes of representative
MNs with continuous NIR irradiation at 1.0 W/cm? (n = 3). (C) Quantitative temperature changes of representative MN patch with increasing laser power flux (n = 3). (D) In
vitro collective release of tumor lysate proteins from the MN patch (n = 3). (E) In vitro activation of DCs in response to MNs loaded with tumor lysate and GM-CSF or LPS
and exposed to NIR irradiation for different time (n = 3). (F) LIVE/DEAD assay of DCs after treatments with (i) blank MN, (ii) 10 min of NIR, (iii) MN, and (iv) MN and 10 min
of NIR. Live cell (green), dead cell (red). (G) Quantification of DC viability after treatments. Data points represent mean + SD (n = 3). Error bars indicate SD. Statistical signif-

icance was calculated by Student’s t test [not significant (NS), P > 0.05; *P < 0.05].

methacrylated hyaluronic acid upon ultraviolet irradiation. We
found that 60% of the bioactive GM-CSF was released from MN
within 48 hours (fig. S5, A and B), whereas sustained release of the
tumor lysate protein was observed over 5 days (Fig. 2D). Incorpora-
tion of the NIR treatment did not alter the release profiles of GM-CSF
and tumor lysate (fig. S5, C and D). Scanning electron microscopy
images of vaccine MNs showed a gradual dissociation of tips over
time (fig. S6).

To evaluate whether GM-CSF in MNs provided signaling cues
that could efficiently promote DC maturation, we exposed bone
marrow-derived DCs to the dissolved MN suspension. The percent-
age of matured DCs (CD80" and CD86") substantially increased from
36.7 + 2.3% to 48.9 % 3.1% after treatment with tumor lysate- and
GM-CSF-loaded MNss with 10 min of NIR laser irradiation (Fig. 2E)
(36). The effect of varying NIR laser irradiation time on the activation

www.SCIENCEIMMUNOLOGY .org

of DCs was also measured. Ten minutes of NIR irradiation allowed
optimal DC activation as compared with samples treated with 5 or
15 min (Fig. 2E). Only 20 min of NIR exposure slightly impaired DC
viability and functionality (fig. S7). DCs in all other experimental
conditions of either MN suspension or 10 min of NIR irradiation
exhibited high viability (Fig. 2, F and G, and fig. S8).

In vivo efficacy of MN-mediated immunization upon NIR

To characterize the in vivo efficacy of MN-based immunization, we
transdermally treated C57BL/6] mice with vaccine MN patch loaded
with B16F10 whole tumor lysate containing 1.5 mg of extracted pro-
tein. We measured the magnitude and duration of the immune re-
sponse after NIR irradiation and subsequent tumor challenge (Fig. 3A).
MN patches were applied on the mice skin of the caudal-dorsal area
for about 10 min and further affixed using the Skin Affix surgical
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adhesive. Staining with trypan blue and hematoxylin and eosin
(H&E) indicated successful penetration of MNs in the excised skin
(fig. S9). The transdermal patch remained in the skin for at least
5 days (Fig. 3B). We then performed localized NIR irradiation on
the MN region for 10 min daily for 5 days (MN + NIR). Control mice
were treated with either vaccine MN patch without NIR irradiation
(MN), MN patch loaded only with melanin (melanin), or MNs con-
taining only hyaluronic acid with NIR irradiation (blank).
Temperature changes in the regional skin surface after vaccine
MN insertion were recorded in real time using an infrared thermal
camera. Light-to-heat transduction upon NIR irradiation caused a
local heating effect observed in mice treated with vaccine MNs
(Fig. 3C). The melanin in the vaccine patch mediated the transder-
mal heating at temperatures between 38° and 42°C within 30 s. Mild
hyperthermia at the local treated site was similarly observed in mice
treated with synthetic melanin-loaded MNss (fig. SI0A). In contrast,
mice treated with blank MNs and NIR and mice implanted with
loaded MNs but without NIR showed limited variations in skin sur-
face temperature within the normal range of 33° to 36°C (Fig. 3C).
In a prophylactic mouse model, mice were implanted with BI6F10
melanoma cells 10 days after vaccination (Fig. 3D). All mice treated
with the blank MNs had appreciable tumor growth within 15 days
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after tumor cell inoculation and required euthanasia by day 25. MN's
loaded with melanin and treated with NIR irradiation slightly im-
proved the survival of the mice because some mice survived to day
25 (fig. S10, B and C). Similarly, MNs loaded with tumor lysate and
melanin but without NIR irradiation caused tumor protection in
13% of the mice until day 30 (Fig. 3, E and F). In sharp contrast,
mice receiving the combined vaccination (MNs loaded with tumor
lysate and GM-CSF and NIR irradiation) showed long-term survival
with complete tumor rejection in 87% of the treated mice (Fig. 3, E
andF,and fig. S11). Bioluminescence imaging of the B16F10 melanoma-—
bearing mice confirmed significant inhibition of tumor growth (Fig. 3G
and fig. S12). This was further evidenced by the measurement of
tumor weight (fig. S13) and histologic analysis (fig. S14A).

We next assessed the requirement of immune cells for the anti-
tumor effects observed by combined vaccination-based treatments.
Depletion of CD11c" DCs in diphtheria toxin receptor (DTR) mice
was sufficient to abrogate the antitumor effect of the vaccine MN
(Fig. 3, E and F). A study in Ragl”’~ mice deficient in T cells and B
cells showed a significant loss of tumor growth suppression during
treatment with combined vaccination (fig. S11). Selective depletions
of CD8" and CD4" T cells before combined MN vaccination were
also studied. Eliminating CD8" T lymphocytes showed no significant
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tumor regression compared with blank control (fig. S15). When anti-
CD4 antibody was given to the mice, there was a decrease (P < 0.01)
in tumor size in contrast to the control, suggesting the benefit of
CD4 T cells to a lesser extent than CD8 T cells for the antitumor
response (fig. S15). The depletion of B cells and NK cells also had
deleterious impact on the immune response while not diminishing
the vaccination effect toward tumor challenge (fig. S15). Together, these
results showed that the MN vaccination was associated with CD11c*
DCs and other immune cells such as T cells, B cells, and NK cells.
Loading of GM-CSF in the MNs played an important role in the
local recruitment of DCs [CD11c", paired immunoglobulin (Ig)-like
receptors (PIRs) of activating-A/B*] (Fig. 4, A and C). Three days
after combined vaccination, a 5.9-fold increase in accumulated DCs
was observed in the skin section compared with mice treated with
blank MN. NIR further augmented the effect of GM-CSF-loaded
MNs on recruiting DCs (Fig. 4C). Increased localization of NK cells
was also observed (Fig. 4, B and D). In addition, the elevated local
microcirculatory blood perfusion observed after NIR and MN treat-
ment could contribute in enhancing the migration of immune cells
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(table S2 and fig. S16). Tumor infiltration by T cells upon treatment
was analyzed by flow cytometry on day 15 after tumor inoculation.
About 9.8-fold increase in CD8" T cells was observed in mice re-
ceiving the combined vaccination compared with control mice,
whereas MN-only group showed a 5.8-fold increase (Fig. 5A). Fur-
thermore, stammg with H-2D" gp100 tetramers identified BI6F10-
specific CD8" T cells in tumors of treated mice (37). The percentage
of tetramer-positive CD8" T cells was found to be greater in the
MN-treated mice compared with control mice lacking immuniza-
tion (fig. S17). Mice with combined treatment or MN-only treatment
exhibited 1.5- and 1.3-fold increases in activated DCs (CD80" and
CD86"), respectively, in regional skin as compared with control mice
(Fig. 5B). Immunofluorescence staining and in situ cell apoptosis
confirmed the results obtained with flow cytometry (Fig. 5C and fig.
S14B). Local immune activation was associated with systemic immune
responses. We measured an eightfold increase in IgG titers in the
serum of immunized mice as compared with mice treated with blank
control (Fig. 5D). NIR treatment promoted further increase in IgG
titers by day 15 and prolonged immune responses compared with
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Fig. 4. Inmune cell recruitment after the NIR-boosted and MN-mediated cancer immunotherapy. (A) Representative quantitative analysis of DCs (CD11c* and
PIR-A/BY) infiltrated in the skin 3 days after treatments as assessed by flow cytometry. The indicated samples were treated with blank MN (blank), vaccine MN (MN), MN
loaded with tumor lysate without GM-CSF and treated with NIR (NIR), and vaccine MN and treated with NIR (MN + NIR). a.u., arbitrary units. (B) Representative quantitative
analysis of NK cells (CD49b™) in the skin upon transdermal cancer immunotherapy as assessed by flow cytometry. (C and D) Immunofluorescence staining and quantitative
analysis of (C) CD11c¢* DCs (scale bar, 100 um) and (D) CD49b™ NK cells (scale bar, 100 um). Statistical significance was calculated by Student’s t test (*P < 0.05; **P < 0.01).
Asterisks indicate significant differences between the MN + NIR group and all other treatment groups. Data points represent mean + SD (n = 3). Error bars indicate SD.

www.SCIENCEIMMUNOLOGY .org

10 November 2017 Vol 2 Issue 17 aan5692 7



RESEARCH ARTICLE

Science Immunology

A Blank MN MN + NIR D 000
40 *x *%
+ *k :E‘ *
@ £, 15001
5§ %01 2
+ (V] il
t 20 B 1000
o £
342y | = 107 5 5001
eos ol Blank MN MN+NIR O glank  MN MN+NIR
: an
B Blank MN MN + NIR . E .80
* ‘h *%
2854 37.2% 4300 | % 2 *
A 3 %0
g A S =B
8) ) | s 540
[m] T
Q -l
= 5 201
2
CD86 0 0-
C Blank MN MN + NIR Blank  MN MN+NIR Blank MN MN+NIR
G

HSP70 Nucleus Actin

CD4* CDs*

60+ I Blank

*%

- VN
50 B MN +NIR
404
30 *

20+

In vivo cytokines concentrations (pg/ml)

A
N ¥

Fig. 5. Immunologic responses after the MN-mediated cancer immunotherapy. (A) Representative quantitative analysis of T cells (gated on CD3" T cells) in
treated tumors analyzed by flow cytometry. (B) Representative quantitative analysis of activated DCs (CD86" and CD80*) in the draining lymph nodes analyzed by
flow cytometry. Data points represent mean + SD (n = 8). (C) Immunofluorescence staining of the tumors showing CD4* T cell and CD8* T cell infiltration (scale bars,
100 um). (D) Quantification of IgG1 subtypes in serum collected at day 10. Data points represent mean + SD (n = 8). (E) Cytotoxic responses of splenocytes against
B16F10 cells in vitro. Data points represent mean + SD (n = 6). (F) Immunofluorescence staining of HSP70 (green) in the regional skin with actin filaments visualized
by Alexa Fluor 660 phalloidin (red) and cell nuclei stained with Hoechst (blue) (scale bars, 100 um). (G) In vivo local detection of cytokines from extracted patches at
day 3. Statistical significance was calculated by Student’s t test (*P < 0.05; **P < 0.01). Data points represent mean + SD (n = 8). Error bars indicate SD. CTL, cytotoxic

T lypmphocyte.

control groups (fig. S18). The in vitro analysis of splenocytes re-
vealed 10-fold higher frequency of T cells responding to B16F10
tumor lysate in mice receiving the combined vaccination (Fig. 5E).
To examine that the light-to-heat transduction induced the produc-
tion of danger signals and proinflammatory cytokines, we first mea-
sured local levels of ROS in the MN-treated surrounding tissue by
flow cytometry. Samples from mice receiving the combined treatment
showed about fourfold increase in ROS levels compared with the un-
treated group, whereas 1.5-fold increase was observed compared with
the MN control without the NIR irradiation (fig. S19). In line with the
elicitation of danger signals, combined vaccination caused the expres-
sion of HSP70 and HSP90 (Fig. 5F and fig. S20) (38). Danger signals
from the local tissue and the antigenic molecules promote proinflam-
matory cytokine production (39). Consistent with this effect, we found
local increases of interferon-y (IFN-y), tumor necrosis factor-o
(TNF-a), and interleukin-6 (IL-6) in mice treated with the combined
vaccination compared with MN controls (Fig. 5G and fig. S21).

72

www.SCIENCEIMMUNOLOGY.org

Efficacy of MN patch in distant tumors

We further analyzed whether the local vaccination confers protection
toward secondary tumors distant from the NIR- and MN-treated site
(Fig. 6A). Local NIR irradiation and MN treatment were performed
only on the left-side tumor in B16F10 mice bearing bilateral tumors.
Right-side tumor was not injected and was shielded from light
(Fig. 6B). We observed that the tumor sizes and bioluminescence
signals decreased significantly on both sides of the mice that had the
combined vaccination (Fig. 6, C to G). Meanwhile, substantial in-
crease of activated DCs in the regional lymph node (Fig. 5B) and
enhanced cytotoxic responses to B16F10 cells of the splenocytes
in vitro (Fig. 5E) indicated that systemic antitumor effect could
be achieved by the transdermal immunotherapy. This effect was
parallel by fivefold increases in CD8" T cell infiltration compared
with control, which was consistent with the role of immune cells for
antitumor efficacy (Fig. 6D). Distant metastases were not observed
in the lungs of the mice with combinational treatment (fig. S22).
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(NS, P> 0.05; *P < 0.05; **P < 0.01; ***P < 0.001).

Body weight measurements indicated that the treated mice gained
weight within the normal ranges (Fig. 6H). When the mice were
vaccinated with tumor lysate of a different melanoma cell type
[BRAF"*"EpTEN ~/~ Duke-clone 6 cell line (BPD6 or BP), syngene-
ic with C57BL/6J] (40, 41), minimal changes in the B16F10 tumor
growth were observed (Fig. 6I), indicating the specificity of the im-
munological memory. Similarly, when vaccinated mice were rechal-
lenged with B16F10 cells or BP cells, tumor protection was observed
only in mice challenged with B16F10 (Fig. 6, ] and K, and fig. S23).

Efficacy of MN patch in other tumor models

To demonstrate that the potency of proposed vaccination is not lim-
ited to the B16 melanoma model in which there is an up-regulation
of the melanogenesis, we used a BRAF"*"”6_mutated BP melanoma
in C57BL/6] mice and a triple-negative breast cancer 4T1 carcinoma
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tumor in BALB/cJ mice. Studies of MN loaded with synthetic melanin
(with the same amount of pigment as quantified by spectrophotom-
etry; table S1) and tumor lysate showed similar hyperthermic effect
and enhanced immune responses with combined vaccination (fig.
$24). Tumor regression and long-term survival were also achieved.
Vaccination with the combined approach rendered 75 and 87% of
mice resistant to BP and 4T1 engraftment, respectively (Fig. 7, A and
B, and fig. $25). In the tumor-bearing mice, MN and NIR treatments
induced complete remissions in 87 and 37% of mice engrafted with
BP and 4T1 cells, respectively (Fig. 7, C and D, and fig. S25). Analysis
of the local HSP70 expression showed a 2.5-fold increase in BP and
a 4-fold increase in 4T1 models upon combined vaccination com-
pared with the MN alone (fig. S26). Production of proinflammatory
cytokines was also induced with the combined treatment, resulting in
enhanced DC activation (figs. S27 and S28). Treatments were well
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Fig. 7. Antitumor effect of local cancer immunotherapy treatment in various tumor models. (A) Average tumor growth and Kaplan-Meier survival rate of vaccinated
C57BL/6J mice after BP tumor cell challenge. Mice were pretreated with blank MN (blank), MN loaded with BP tumor lysate and melanin (MN), or loaded MN combined
with NIR irradiation (MN + NIR). (B) Average tumor growth and Kaplan-Meier survival rate of vaccinated BALB/cJ mice after 4T1 tumor cell challenge. Mice were pretreat-
ed with blank MN, MN loaded with 4T1 tumor lysate and melanin, or loaded MN combined with NIR irradiation. (C) Average tumor growth and Kaplan-Meier survival rate
of C57BL/6J mice bearing established BP tumors. Mice were treated with blank MN, MN loaded with BP tumor lysate and melanin, or loaded MN combined with NIR irra-
diation. (D) Average tumor growth and Kaplan-Meier survival rate of BALB/cJ mice bearing established 4T1 tumors. Mice were treated with blank MN, MN loaded with 4T1
tumor lysate and melanin, or loaded MN combined with NIR irradiation. Data points represent mean + SD (n = 8). Error bars indicate SD. Statistical significance was calcu-

lated by Student’s t test and log-rank test (*P < 0.05; **P < 0.01; ***P < 0.001).

tolerated and did not cause weight loss or clinical signs of distant
metastasis (figs. S29 and S30).

DISCUSSION
In the current study, we have integrated the B16F10 whole tumor
lysate and GM-CSF into a transdermal MN patch to sustain the de-
livery of the cancer vaccine and target immune cell populations in the
epidermis. By incorporating the melanin, we have demonstrated that
the combined vaccine facilitated local immune activation upon NIR
irradiation through the recruitment of DCs and other immune cells.
Compared with other photosensitizing agents (42, 43), melanin is a nat-
ural pigment with high biocompatibility and broad absorption spec-
trum. The efficient light-to-heat transduction mediated by melanin
contributed to the rapid increase in skin temperature toward 42°C.
The combined treatment caused long-term survival with tumor
rejection in 87% of vaccinated C57BL/6] mice. Complete tumor pro-
tection was further observed in mice rechallenged with BI6F10 tumor
cells. After NIR treatment, the elevated local microcirculatory blood
perfusion was associated with the migration of local DCs and NK
cells. Depletion of B cells, NK cells, and T cells attenuated the treatment
efficacy in vaccinated mice, highlighting the relevance of the immune
control in the tumor development. In accordance, the production of dan-
ger signals and proinflammatory cytokines triggered the immune activa-
tion. We have identified the elevated HSP70 and HSP90 expression and
ROS levels in the surrounding tissues. This effect was also associated with
local enrichment of IFN-y, TNF-0, and IL-6. Characterization of other rel-
evant danger signals and antigen adjuvants needs to be further examined.
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In summary, the whole tumor lysate with melanin in a light-
irradiated MN patch generates a hyperthermic-mimicking micro-
environment that effectively recruits and activates immune cells at
the vaccination site. As a result, the melanin-mediated patch prevents
tumor engraftment in prophylactic models and causes sustained
tumor regression in tumor-bearing mice. In addition, the natural
melanin used in this treatment can also be extended to other bio-
logical pigments, such as carotenoid, xanthophylls, and bilirubin, for
photomediated therapy. This method is also adaptable to deep-
tissue photoacoustic imaging, biological labeling, and targeting a
variety of diseases in a photo-/thermoresponsive manner (44-46).
Nevertheless, the parameters associated with this immune activa-
tion need further optimization, for instance, the duration of NIR
irradiation and the selection of light wavelength, as well as the treat-
ment site. For the future study of the proposed approach, personal
neoantigens and checkpoint inhibitors could be incorporated into
the MNs to further enhance treatment specificity and efficacy (47).
For the potential translation of the vaccine patch, it relies profoundly
on a prolonged safety evaluation of the local and systemic toxicity,
as well as other potential side effects.

MATERIALS AND METHODS

Study design

The objective of this study was to assess the effect of a melanin-mediated
transdermal patch on cancer vaccine-based immunotherapy. The
B16F10 whole tumor lysate containing melanin was integrated into
an MN patch that allows controlled release of the cancer vaccine.
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Upon NIR light irradiation on the patch, the local heating effect on
boosting immune responses was evaluated. Mice subjects were pur-
chased from the Jackson Laboratory, weighed, and randomly divided
into different experimental groups. The numbers of sampling and
experimental replicates were included in each figure legend.

Preparation and characterization of MNs

All MNs were prepared using silicone molds with arrays of conical
holes machined by laser ablation (Blueacre Technology Ltd.). Each MN
had a 300 um by 300 pm round base tapering to a height of 800 um with
a tip radius of around 5 pm. MNs were arranged in a 15 x 15 array with
a600-pm center-to-center spacing. GM-CSF solution (0.1 mg/ml, 10-ul
final volume) was directly deposited by pipetting onto each silicone
micromold surface, followed by vacuum (600 mmHg) condition for
5 min to allow the solution to flow into the cavities. After that, 0.2 ml of
4.0 weight % (wt %) methacrylated hyaluronic acid solution mixed with
N,N'-methylenebisacrylamide (2.0 wt %) and photoinitiator (Irgacure
2959; 0.05 wt %) were directly deposited by pipetting onto each silicone
micromold surface, followed by vacuum (600 mmHg) condition for
5 min and centrifugation at 2000 rpm for 5 min (Hettich Universal 32R
centrifuge). GM-CSF layer was cross-linked via ultraviolet irradiation
(wavelength, 365 nm) for 10 s, and a piece of 4 cm by 9 cm silver adhe-
sive tape was applied around the 2 cm by 2 cm micromold baseplate.
Three milliliters of homogenized B16F10 tumor lysate (containing 1.5 mg
of extracted tumor lysate proteins) in 4.0 wt % mixed methacrylated
hyaluronic acid solution was added to the prepared micromold reser-
voir. We also used hyaluronic acid solution with different concentrations
of tumor protein from 0.25 to 0.5 to 1.0 mg/ml. Protein concentration
was quantified by measuring extracted protein content in the tumor
lysate supernatant using T-PER (tissue protein extraction reagent) and
Bradford assay before the MN fabrication. For the BP or 4T1 tumor
lysate-loaded MNs, 50-ug melanin was dissolved in 4.0 wt % mixed
methacrylated hyaluronic acid solution with tumor lysate (containing
1.5 mg of extract tumor lysate proteins, 3.0-ml final volume) to fabri-
cate the MN matrix. For the blank MNs without tumor lysate, mixed
methacrylated hyaluronic acid solution was used without the tumor
lysate. For the melanin-loaded MNs, 50-ug melanin was dissolved in
4.0 wt % mixed methacrylated hyaluronic acid solution to fabricate the
MN matrix. The stock melanin solution (100 mg/ml) was prepared by
dissolving melanin in 1.0 M sodium hydroxide and heating to 99°C for
10 min. Final formulation was dried at 25°C in a vacuum desiccator
overnight. After desiccation was completed, needle arrays were careful-
ly separated from the silicone molds and cross-linked via ultraviolet
irradiation. The needle base was tailored into a square shape. Fluores-
cent MNs were fabricated with phalloidin-labeled tumor lysate and
rhodamine B- or Cy5.5-labeled hyaluronic acid. The preparation and
storage of MNs were under sterilized condition. Morphology of MNs
was characterized on a FEI Verios 460L field-emission scanning elec-
tron microscope operating at 20 kV after sputter coating with gold/
palladium at the Analytical Instrumentation Facility. Cross sections of
MNs were obtained by cutting 5-um slides using Thermo Fisher Scien-
tific HM525 NX Cryostat and stained with Alexa Fluor 488 phalloidin
and Hoechst. Fluorescence images of MNs were taken by the Olympus
IX70 multiparameter fluorescence microscope.

NIR-responsive property of MN

To evaluate the property of the MN patch in response to NIR light irra-
diation, we irradiated samples with 808-nm NIR laser light. The diode
infrared laser module (Opto Engine LLC, MDL-N-808) was approved
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by alaser safety officer of the North Carolina State University (NC State)
Environmental Health and Safety Center. The MN patches were placed
on a piece of white paper with the needle tips facing down. The laser
wire was fixed in place using a plate stand with a support rod and a
clamp. The distance between the patch and spotlight was fixed at 10 cm,
and the spot size was ~1 cm”. The output energy of the diode infrared
laser module was adjusted within 1.0 W and led to the intensity per unit
area (E = I/d®) of 1.0 W/cm? (at 808 nm). The NIR light was irradiated
continuously or intermittently as needed. Surface temperature changes
of the MN patch backing were recorded, and the highest temperature
was controlled below 42°C in real time using a thermal imager (FLIR E4)
and a noncontact infrared thermometer gun (Leegoal). For intermittent
irradiation, the MN's were repeatedly exposed to the laser (1.0 W/cm?),
and the local temperature reached about 42°C for 1 min. Subsequently,
the laser was turned off for 1 min. This cycle was repeated four times
to assess the responsive behavior of MN patch under repeated NIR
irradiation. For the continuous irradiation, samples with different
parameters were tested. The effect of melanin content on the light-
responsive behavior was tested on MNs loaded with tumor lysate of
different protein concentration or blank MN with hyaluronic acid.
Quantitative surface temperature changes of the representative MNs
were recorded under continuous NIR irradiation at 1.0 W/cm®. In a
separate experiment, the laser power flux was controlled. During con-
tinuous NIR exposure for 2 min, the maximal temperature of the MN
surface was recorded and plotted. The effect of MN backing thickness
on the light-responsive behavior was tested on MNs with continuous
NIR irradiation at 1.0 W/cm®. The thickness of the MN patch was mea-
sured with an average value of 181 um and an SD of 12.5 um using a
digimatic indicator (Mitutoyo Corp. ID-C112E Series 543). MN patch
samples with different backing thicknesses (169, 175, 179, 181, and
202 um) were used.

In vitro DC activation

Bone marrow was collected by flushing the femur and tibia with
complete RPMI 1640 containing 10% fetal bovine growth serum. Af-
ter lysis of red blood cells (lysate solution, Cwbiotech), 1 x 10° bone
marrow cells were seeded in six-well culture dishes with 3.0 ml of
the culture medium containing GM-CSF (20 ng/ml) and 50 uM
B-mercaptoethanol (Bio-Rad, Hercules, CA, USA). On day 3, an ad-
ditional 4.0 ml of the same medium with GM-CSF was added into
the plates. On day 6, half of the culture supernatant was collected and
centrifuged. Cells were resuspended in RPMI 1640 and added back into
the original plates. On day 7, nonadherent cells were collected and
used as bone marrow-derived DCs for further research use. Another
murine DC line JAWS II cells were cultured in minimum essential
medium Eagle alpha modification (Sigma-Aldrich) supplemented with
GM-CSF (5 ng/ml). DCs were left unstimulated or stimulated for
12 hours with blank MN (100 pg/ml) or tumor lysate-loaded MN
release medium or lipopolysaccharide (LPS; 100 ng/ml). After the
stimulation, the cells were exposed to NIR irradiation (1.0 W/ cm?)
at a distance of 10 cm for 0, 5, 10, 15, and 20 min, respectively. After cell
incubation for 4 hours, the supernatants were collected and measured
by IL-12 p70 mouse ELISA kit (Thermo Fisher Scientific, MC0121). The
cells were washed and stained with LIVE/DEAD assay (Thermo Fisher
Scientific, L3224) and CD80", and CD86" maturation marker-specific
antibodies and subsequently analyzed by the confocal microscopy
and flow cytometer. Both bone marrow-derived DCs and JAWS 1I
cell line were used for characterization of DC activation. The LIVE/
DEAD assay imaging data were obtained from the JAWS II cell line.
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Mice and in vivo tumor models

Female C57BL/6] mice, BALB/c] mice, CD11c-DTR transgenic mice
[B6.FVB-Tg(Itgax-DTR/EGFP)57Lan/]J; stock no. 004509], and
Ragl ~/~ knockout mice (B6.129S7-Rag1""1M0m/]; stock no. 002216)
were purchased from the Jackson Laboratory. Mice were weighed and
randomly divided into different groups. On day 0, healthy mice were
treated with MNs loaded with tumor lysates and GM-CSF, blank MNs
loaded with synthetic melanin without tumor lysates, or blank MNs
containing hyaluronic acid only (blank). MN patches were applied into
the skin of the caudal-dorsal area for about 10 min and further fixed
using Skin Affix surgical adhesive (Medline Industries Inc.). After in-
jection of the MNs, NIR irradiation was performed on the localized
MN region for 10 min each day for five successive days after immuni-
zation (MN + NIR). The diode infrared laser module at 808 nm (Opto
Engine LLC, MDL-N-808) was approved by a laser safety officer of the
NC State University Environmental Health and Safety Center. Mice in
the control groups were treated with either vaccine MNs without NIR
irradiation (MN), blank MNs loaded with synthetic melanin without
tumor lysate with NIR irradiation (melanin), or blank MNs containing
hyaluronic acid only with NIR irradiation (blank). Surface temperature
changes of the regional skin were recorded and controlled below 42°C
in real time using a thermal imager (FLIR E4) and a noncontact infra-
red thermometer gun (Leegoal). On day 10, 1 x 10° B16F10 tumor cell
lines in 25 pl of phosphate-buffered saline (PBS) were subcutaneously
transplanted into the flank of the C57BL/6] mice, CD11c-DTR trans-
genic mice, and Ragl~’~ knockout mice. Tumor-free mice were rechal-
lenged with 1 x 10° BI6F10 tumor cells in 25 pl of PBS 80 days after the
first tumor inoculation. For the depletion antibody study, we depleted
specific T cell, B cell, and NK cell populations in mouse models. Mice
were intraperitoneally given 200 ug of antibody purified from mouse
thymus or spleen dissolved in 200 ul of PBS. Antibodies against CD4
(BioLegend, LEAF 100435), CD8 (BioLegend, LEAF 100735), CD19
(BioLegend, LEAF 152402), and NK-1.1 (BioLegend, LEAF 108712)
were administered twice weekly for 3 weeks, starting 1 week before the
tumor inoculation. Depletions were confirmed by flow cytometry of
splenic suspension. For another melanoma model, 1 x 10° BP tumor
cells in 25 pl of PBS were subcutaneously transplanted into the flank of
the C57BL/6] mice. For the carcinoma tumor model, 1 x 10° 4T1 tu-
mor cells in 25 pl of PBS were subcutaneously transplanted into the
flank of the BALB/cJ mice. For experimental metastasis model, 1 x 10°
tumor cells were intravenously infused into mice via the tail vein. In
another set of experiments, tumor cells were subcutaneously trans-
planted into the flank of the mice on day 0. The tumor-bearing mice
were weighed and randomly divided into four groups when the tumor
volume reached around 50 mm? on day 3. After that, the mice were
peritumorally administrated with sterile MN loaded with tumor lysate
and GM-CSF (MN) or blank MN containing hyaluronic acid only
(blank). After that, NIR light was irradiated on the MN patch for 10 min
during the following 5 days from days 3 to 7. Tumor growth was mea-
sured by a digital caliper or monitored by bioluminescence signals of
luciferase-tagged cells. The tumor volume (cubic millimeter) was cal-
culated as 1/2 x long diameter x (short diameter)>.

To assess potential toxicity, we monitored mice daily for weight loss.
H&E staining was performed on the organs collected from the mice
following the standard procedure (Histology Laboratory at NC State
College of Veterinary Medicine). Lungs were excised, and macroscopi-
cally visible metastases were counted. The resected primary tumors
were stored at —20°C for immunofluorescence staining or fixed in 4%
paraformaldehyde for subsequent analysis.
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Identification of DC subsets, T cells, and cytokines

Antibodies used were purchased from Thermo Fisher Scientific and
BioLegend Inc. Staining antibodies, including CD3 (Thermo Fisher
Scientific, A18644), CD4 (Thermo Fisher Scientific, A18667), CD8
(Thermo Fisher Scientific, A18609), CD11c (BioLegend, 117309), CD49b
(BioLegend, 108909), CD80 (BioLegend, 104707), CD86 (BioLegend,
105007), PIR-A/B (gp91, BioLegend, 144103), tetramer (MBL Interna-
tional, H-2D" gp100, EGSRNQDWL-P), and fluorogenic CellROX
Deep Red reagent (BioLegend, C10422) were used for fluorescence-
activated cell sorting (FACS) and were analyzed following the manu-
facturers’ instructions. Organs (skin, tumor, lymph node, and spleen)
were harvested and minced into 2- to 4-mm pieces using scissors or
scalpel blade. A single-cell suspension was prepared in the cell staining
buffer (BioLegend, 420201). CellROX reagents at predetermined opti-
mum concentrations were added to the cells and incubated on ice for
20 to 30 min in the dark for ROS detection. The relevant tetramer phy-
coerythrin (PE) was stained at room temperature for 30 min in the dark
before additional staining with appropriately conjugated fluorescent
antibodies. Stained cells were analyzed on a FACSCalibur instrument (BD)
and using Flow]o software. To determine the concentration of different
cytokines at the vaccine MN site, patch and adjacent tissues were ex-
cised and digested with T-PER (Pierce). Cytokine concentrations in the
extracted patch were analyzed with a BioLegend’s LEGENDplex bead-
based immunoassays, according to the manufacturer’s instructions.

Statistical analysis

Statistical analysis was evaluated using GraphPad Prism (6.0). Statisti-
cal analysis was performed with paired Student’s ¢ test and analysis of
variance (ANOVA). P values for Kaplan-Meier curves were calculated
with log-rank test. P values of 0.05 or less were considered significant.

Study approval

All mouse studies were performed following animal protocols ap-
proved by the Institutional Animal Care and Use Committee at the NC
State University and the University of North Carolina at Chapel Hill
(UNC-CH).

SUPPLEMENTARY MATERIALS
immunology.sciencemag.org/cgi/content/full/2/17/eaan5692/DC1

Materials and Methods

Fig. S1. Mechanical property of the MN.

Fig. S2. Characteristics of tumor lysate solution and synthetic melanin.

Fig. S3. Heating behavior of MN patches by repetitive NIR irradiation.

Fig. S4. Surface temperature of MN patches with various loadings of tumor lysates upon NIR
irradiation.

Fig. S5. In vitro release profiles of GM-CSF and tumor lysate proteins.

Fig. S6. Scanning electron microscopy images of MN patch after insertion into the mouse skin
over time.

Fig. S7. DC function evaluation after in vitro activation.

Fig. 8. Cytotoxicity study of the blank MNs.

Fig. S9. Characterization of the skin after MN insertion.

Fig. $10. Melanin-loaded MNs confer protective immunity in vivo.

Fig. S11. Tumor growth in control and treated mice.

Fig. S12. Quantified B16F10 bioluminescent tumor signals in control and treated mice.

Fig. S13. Tumor weights in control and treated mice.

Fig. S14. Histology and apoptosis analysis of the tumor sections.

Fig. S15. Tumor growth of mice receiving the transdermal cancer immunotherapy.

Fig. S16. Measurement of local microcirculatory blood perfusion of mice.

Fig. S17. Immunologic responses after the transdermal cancer immunotherapy.

Fig. $18. Quantification of IgG1 subtypes in serum after treatment with blank, MN, or MN + NIR.
Fig. S19. ROS detection by flow cytometry in tumor sections.

Fig. $20. HSP90 expression after the transdermal cancer immunotherapy.

Fig. S21. Cytokine kinetics after the transdermal cancer immunotherapy.
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Fig. S22. Histology analysis after the transdermal cancer immunotherapy.

Fig. S23. Antitumor effect of the transdermal cancer immunotherapy toward different tumor
models.

Fig. S24. Surface temperature changes of the melanin-loaded MNs.

Fig. S25. Antitumor effect of the transdermal cancer immunotherapy.

Fig. S26. HSP70 expression after the transdermal cancer immunotherapy.

Fig. S27. Representative quantitative analysis of the DC activation.

Fig. $28. Cytokine kinetics after the transdermal cancer immunotherapy.

Fig. S29. Average weights of mice after the transdermal cancer immunotherapy in control and
treated mice.

Fig. S30. H&E staining of organs collected after the transdermal cancer immunotherapy.
Table S1. Melanin content of tumors excised from tumor-bearing mice.

Table S2. Measurement of total local microcirculatory blood perfusion of mice receiving
different treatments using the laser Doppler flowmetry.

Excel file 1.

Excel file 2.
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Developmental phosphoproteomics identifies the
kinase CK2 as a driver of Hedgehog signaling and a
therapeutic target in medulloblastoma
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A major limitation of targeted cancer therapy is the rapid emergence of drug resistance, which often arises through
mutations at or downstream of the drug target or through intrinsic resistance of subpopulations of tumor cells.
Medulloblastoma (MB), the most common pediatric brain tumor, is no exception, and MBs that are driven by sonic
hedgehog (SHH) signaling are particularly aggressive and drug-resistant. To find new drug targets and therapeutics
for MB that may be less susceptible to common resistance mechanisms, we used a developmental phosphopro-
teomics approach in murine granule neuron precursors (GNPs), the developmental cell of origin of MB. The pro-
tein kinase CK2 emerged as a driver of hundreds of phosphorylation events during the proliferative, MB-like stage
of GNP growth, including the phosphorylation of three of the eight proteins commonly amplified in MB. CK2 was
critical to the stabilization and activity of the transcription factor GLI2, a late downstream effector in SHH signaling.
CK2 inhibitors decreased the viability of primary SHH-type MB patient cells in culture and blocked the growth of
murine MB tumors that were resistant to currently available Hh inhibitors, thereby extending the survival of tumor-
bearing mice. Because of structural interactions, one CK2 inhibitor (CX-4945) inhibited both wild-type and mutant
CK2, indicating that this drug may avoid at least one common mode of acquired resistance. These findings sug-
gest that CK2 inhibitors may be effective for treating patients with MB and show how phosphoproteomics may be
used to gain insight into developmental biology and pathology.

INTRODUCTION GNPs have stopped dividing and have begun differentiating (5) into

A key challenge in developing cancer therapeutics is the identification
of a target protein that is essential to the growth, survival, or metastasis
of a tumor. One path to such proteins is to test developmental regu-
lators that operate in normal cells from which the tumor is derived.
A prime example is medulloblastoma (MB), the most common malig-
nant pediatric brain tumor. Developmental, genetic, and transcriptional
analyses have established a clear parallel between sonic hedgehog
(SHH)-subtype MB and granule neuron precursors (GNPs) (I-3).
During normal cerebellar development, GNPs proliferate extensively
in response to hedgehog (Hh) signaling (2) before differentiating
into granule neurons, the most abundant type of neuron in the brain
(Fig. 1A) (4). In mice, this period begins at postnatal day 1 (P1),
peaks at P7, and is largely complete by P14, at which point remaining

granule neurons (2, 6). Sustained Hh target gene activity in GNPs,
due to reduced function of pathway components that negatively regu-
late Hh signal transduction, such as Patched (PTCH1) (1), or to height-
ened function of activating Hh signal transducers or effectors, such
as GLI2 (3), results in continued proliferation of GNPs beyond P14
and eventual rise of SHH-type MB.

To date, drugs for SHH-type MB inhibit Smoothened (SMO), a
transmembrane protein that acts early in the Hh signal transduction
pathway. Patients treated with SMO inhibitors initially have dramatic
tumor regression but eventually develop resistance due to mutations
in SMO or in genes encoding downstream components of the Hh
pathway (7). Worse, at the time of diagnosis, 49% of infants and 59%
of children have mutations downstream of SMO; hence, these tumors
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Fig. 1. Quantitative mapping of the phosphoproteome during GNP develop-
ment. (A) Schematic of early postnatal proliferation and differentiation of GNPs.
Pink, Atoh1-positive proliferative GNPs; red, postmitotic GNPs. oEGL/iEGL, outer/
inner external granule layer; IGL, internal granule layer. (B) Experimental scheme
for the phosphoproteomic assays. (C) Heat map representing relative phospho-
peptide abundance and undirected clustering among three biological replicates
and sample types (P1, P7, and P14 GNPs and Ptch*/~ MB). Color axis = R2. *Cluster
branch of P7 GNPs versus MB sample. (D) Distribution of relative phosphopeptide
abundance at developmental transitions. Dashed lines = 1.5 SDs. Mass spectrometry
(MS) was performed in n = 3 biological replicates per experimental time point (14 to
40 mice per replicate at each time point).

are resistant to SMO inhibitors from the start (8). Despite the great
potential of Hh pathway inhibitors, children with MBs continue to
receive multiple nontargeted therapies and, consequently, sustain
long-term neurological and cognitive problems. There is a pressing
need to identify novel drug targets that affect Hh signal transduc-
tion downstream of SMO, preferably at late steps in the pathway.
Ideally, inhibition of this target using a specific drug would be re-
fractory to single mutations of Hh pathway components.
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To identify important candidate drug targets for MBs, and to ex-
plore regulation of Hh transduction, we performed a proteome-wide
analysis of in vivo phosphorylation events occurring in murine GNPs
during the initiation, peak, and completion of Hh-driven prolifera-
tion. Unlike genome-wide transcription assays, phosphoproteomics
provided measurement of the modified state of proteins at each de-
velopmental stage and thereby inferred which kinases have stage-
specific changes in activity. Kinases that are specifically active during
the MB-like P7 stage of GNP development may also be required for
MB growth. Kinases are critical regulators of Hh signaling (9, 10) and
are attractive drug targets, susceptible to inhibition by competitive
inhibitors, small molecules that interfere with the binding of adenosine
5’-triphosphate (ATP) (11-13). If a kinase has multiple substrates
that are important for Hh transduction and/or survival of MB cells, then
the drug will have multiple restraining influences on tumor growth, and
mutation of any single substrate is unlikely to cause drug resistance.

RESULTS

Proliferating and postmitotic GNPs

have distinct phosphoproteomes

Using a protocol summarized schematically in Fig. 1B, we identified
9311 unique phosphorylation events in GNPs purified from P1, P7,
and P14 mouse cerebellum. The false discovery rate (FDR) was <1%
(table S1). All samples were prepared in biological triplicate, and the
results were strongly reproducible (R* = 0.76; Fig. 1C and fig. S1). A
single MB sample generated from Ptchl *~ mice (1, 14) was included
for comparison (Fig. 1C and table S1). In keeping with previous liter-
ature (5), P1 and P7 Atohl-positive cells were highly proliferative,
whereas P14 GNPs were almost universally postmitotic (fig. S2). Many
changes in phosphorylation distinguished proliferating (P1 and P7)
from early postmitotic (P14) GNPs (Fig. 1, C and D). Only 4.9% of
the phosphorylated peptides changed in relative phosphorylation level
more than twofold from P1 to P7 (3.6% increased, 1.3% decreased);
in contrast, 21.4% of phosphorylated peptides changed more than two-
fold between P7 and P14 (18.2% decreased, 3.2% increased; Fig. 1D).
Strikingly, the pattern of protein abundance and phosphorylation
in P7 GNP samples was more similar to that of MB cells than to that
of either P1 or P14 GNPs, demonstrating strong similarity between
peak proliferating GNPs and MB even at the minute-to-minute ki-
netics of phosphorylation (Fig. 1C, asterisk). Peptides more highly
phosphorylated in P1, P7, and MB relative to P14 included known
pro-proliferative phosphorylation sites of the cell cycle regulator
retinoblastoma 1 (RB1) (fig. S2) and the proteins encoded by three
of eight genes that commonly undergo copy number aberrations in
human MBs (Gabl, Irs2, and Yap-1) (15).

CK2 substrates are more highly phosphorylated

in GNPs isolated at P7

Motif analysis of phosphorylation events in GNPs that changed in
frequency (>1.5 SD) over time suggested candidate kinases whose
activity might be different during proliferation versus differentiation.
Sixteen phosphorylation consensus motifs were prominent among
1522 protein sequences that had phosphorylation changes (Fig. 2A).
Four observed motifs [for cyclin-dependent kinases (CDKs), protein
kinase A (PKA), and PKC] were consistent with past studies (4, 10, 16).
Of the remaining motifs, 7 of 12 matched those targeted by the pro-
tein kinase CK2 (casein kinase 2)—the target motifs of which have
acidic residues C-terminal to a phosphorylated serine or threonine
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Fig. 2. Phosphoproteomic data indicate increased phosphorylation at CK2 motifs at P7. (A and B) The
16 motifs enriched in the fractions of altered phosphopeptide abundance (>1.5 SDs) in the phosphopro-
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(Fig. 2, A to C, and table S2) (17). Notably, of 278 phosphorylated
peptides with possible CK2 target motifs, 83.8% were more highly
phosphorylated in P7 compared to P1 or P14. CK2 itself was not more
highly expressed at P7 compared to P1 or P14 in terms of either protein
or transcript abundance (18), which is likely why CK2 has not been
previously identified in large-scale transcriptional assays of cerebellar
development and MB (18, 19). In keeping with this, many CK2 sub-
strates did not change in phosphorylation abundance (table S1). Our
findings therefore likely reflect regulated and localized change spe-
cifically in CK2 activity, which could have resulted from changes in
kinase localization and/or trafficking of its subunits, co-regulator
binding, phosphatase abundance, or accessibility of substrate motifs
or docking sites (20). This highlights the importance of investigating
kinase activity at its terminal readout: proteome-wide assessment of
phosphorylation.

CK2 inhibition results in decreased GNP proliferation

Many peptides with CK2 consensus sites were more highly phos-
phorylated at the peak proliferative period (P7), suggesting that CK2
activity is important for GNP proliferation. We tested the role of
CK2 in cerebellar development by injecting mice with the CK2 in-
hibitor 4,5,6,7-tetrabromobenzotriazole (TBB) (Fig. 3A) (21). Al-
though several CK2 inhibitors exist, TBB was used because it is fairly
selective (22), is cell-permeable (23), lacks short-term cytotoxicity
in vivo (24), and is effective at preventing seizure activity in mice (24).
Its potency suggests blood-brain barrier (BBB) permeability. Mice
were treated twice a day, from P3 to P7, with TBB [30 mg/kg, intra-
peritoneally (ip)] (25) or vehicle control [dimethyl sulfoxide (DMSO)].
Four hours after the final injection, mice were sacrificed and their
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tion of CK2 during the critical postnatal period.

CK2 facilitates Hh signal transduction
Because GNP proliferation in neonatal mice is
driven by Hh signaling, we investigated whether
CK2 affects the response to SHH. Hh signal trans-
duction is initiated when SHH ligand binds and
inhibits the cell surface receptor PTCH1 (Fig. 4A)
(1, 27). SHH inhibition of PTCH1 unleashes the
G protein (heterotrimeric GTP-binding protein)-coupled receptor
SMO (28, 29), which then inhibits a protein called suppressor of
fused (SUFU), in turn an inhibitor of the transcription factor GLI2
(30). Inhibition of SUFU thus allows transcription of GLI2 target
genes, such as GLI1. Note that CK2 is an acronym derived from the
misnomer “casein kinase-2” and is unrelated in both structure and
function to the known GLI2 regulator CK1.

Genetic and small-molecule inhibitor studies in NTH3T3 cells (spon-
taneously immortalized murine embryonic fibroblasts) confirmed a
role for CK2 in Hh signal transduction. NIH 3T3 cells are routinely
used to assay the Hh pathway because they contain all canonical com-
ponents of the Hh transduction pathway and have a robust transcrip-
tional response to SHH ligand in culture. In contrast, GNPs in culture
exit the cell cycle and rapidly differentiate into non-SHH-responsive
granule neurons. A change in Glil transcript expression in GNPs
can result from perturbation of the Hh pathway or from non-
Hh-dependent perturbations, such as cell cycle inhibitors or changes
in ion homeostasis, so NIH3T3 cells are used instead.

CK2 is a heterotetrameric holoenzyme made up of four subunits:
two catalytic a subunits (either two CSNK2A1 subunits or one CSNK2A1
subunit and one CSNK2A2 subunit) and two regulatory B subunits
(CSNK2B). Genetic loss in mice of either CSNK2A1 or CSNK2B
results in early embryonic death (31, 32). CSNK2A2 can generally
be replaced by CSNK2A1, and knockout of Csnk2a2 in mice results
in infertility in males but otherwise has no apparent phenotypic
consequence (31).

Small interfering RNA (siRNA)-mediated knockdown of the es-
sential catalytic a subunit, CSNK2A1, in NIH3T3 cells strongly re-
duced the induction of GliI expression by SHH (Fig. 4B). As expected,
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the effect of knockdown of only the nonessential o prime subunit,
CSNK2A2, on Glil transcription was not significant. Knockdown of
CSNK2B resulted in a significant but modest decrease in Glil induction,
consistent with previous evidence (32) that even low CSNK2B protein
abundance, as in Csnk2b knockdown cells (fig. S4), is sufficient to
make substantial amounts of CK2 holoenzyme. Each of the mRNA
knockdowns was subunit-specific and did not reduce expression of
the non-Hh target Smo (fig. S4).

Two structurally unrelated CK2 inhibitors, CX-4945 and TBB (21, 33),
each significantly reduced the expression of the SHH-induced GLI2
targets (Glil, Gli2, and Ptchl) in NIH3T3 cells as early as 4 hours
after drug administration (Fig. 4C). CK2 inhibition did not decrease the
transcript abundance of the non-Hh target gene Smo (fig. S5). The
rapid influence of CK2 inhibitors on Hh pathway target gene expres-
sion suggests that the slower (72-hour) effects of CSNK2A1 knockdown
in NIH3T3 cells were due to direct action on Hh signal transduction
rather than indirect effects from prolonged CK2 inhibition.

CK2 facilitates Hh signal transduction at late steps

in the pathway

When NIH3T3 cells were stimulated with an SMO agonist “SAG”
(100 nM) (34), the CK2 inhibitor TBB blocked the increase in Glil
transcript that normally occurs in response to SAG, working as well as
the SMO antagonist GDC-0449 (100 nM; also known as vismodegib)
(Fig. 4D) (35). Therefore, CK2 regulates Hh signal transduction at or
downstream of SMO. Treatment of Sufu '~ mouse embryonic fibro-
blasts (MEFs) (36) with TBB also strongly blocked transcription of
Glil (Fig. 4E), indicating that CK2 is needed at late steps of the Hh
signal transduction pathway, at or downstream of SUFU. Treatment
with the SMO antagonist GDC-0449 (100 nM) did not block tran-
scription of Glil in Sufu™ cells, as expected, because SMO is up-
stream of SUFU in the pathway.
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Our experiments demonstrating action of CK2 at a late step of
the Hh pathway are consistent with previous work showing that the
CK2 inhibitor TBB affects GLI2 protein stability, likely through regu-
lation of GLI2 ubiquitination (37, 38). In keeping with this, TBB re-
duced the amount of endogenous full-length GLI2 expressed in NIH3T3
cells (Fig. 4F), as previously shown (37). TBB did not affect the abun-
dance of an N-terminal-deleted form of Gli2 (HA-GIi2AN, hereafter
simply Gli2AN; Fig. 4F), stably transfected into NIH3T3 cells (39).
Gli2AN lacks sites required for ubiquitin-dependent degradation (40),
remains constitutively nuclear, and normally causes constitutive in-
duction of the GLI2 target gene Glil. However, treatment with TBB
still substantially lowered Glil mRNA expression in Gli2AN-transfected
cells (Fig. 4G). Together, the results suggest that CK2 regulates two
steps in the Hh pathway: to stabilize GLI2 itself and to enhance the
ability of GLI2 to activate its transcriptional targets. Our phos-
phoproteomic data point to several potential candidate substrates
that might mediate effects of CK2 on GLI2-mediated transcription.
For example, phosphorylated CK2 sites were found within enhancer-
looping proteins [such as RING finger protein 1 (RING1), nipped-B-
like protein (NIPBL), and mediator complex subunit 1 (MED1)] and
epigenetic readers and writers [such as Polycomb repressive complex
1 (PRC1), PRC2, and histone deactylase (HDAC) components]. In
two cases, the CK2 sites are well-established activating phosphorylation
sites (in HDAC1 Ser***?! and HDAC2 Ser®*”*??), CK2 may regu-
late accessibility of GLI2 target gene promoters or their interactions
with enhancers.

CK2 inhibitors restrict the growth of mouse and human SHH
MB cells in culture

SHH MBs occur because of sustained Hh target gene activity and
require persistent action of the Hh signal transduction pathway for
survival. Therefore, we reasoned that CK2 inhibitors may be effective
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at restricting the growth of this MB subtype. Unfortunately, most SHH
MB cell lines suppress Hh pathway activity when propagated in vitro
and are therefore not useful models of MB. Several previously estab-
lished SHH MB cell lines that we tested had suppressed SHH path-
way activity as indicated by low expression of the Hh target Glil
(fig. S6). After careful screening, we chose to use the cell lines MB21,
MB53, and MB55 (41) in further tests. These murine MB lines retain
key characteristics of primary MB tumors that arise in Ptch™’~ mice,
including sustained, high amounts of Glil transcription that is in-
hibited by SMO inhibitors both in our hands (fig. S6) and in published
accounts (41, 42). Hh signaling activity and expression of Hh path-
way components in these cell lines are in keeping with primary mouse
SHH MB tumors, and when cells are implanted into the flank or
cerebellum of mice, they grow into tumors with SHH-subtype his-
tology (41). Gene expression patterns also strongly correlate with
both primary mouse SHH MB cells and human SHH MBs, but not
human non-SHH subgroup MBs (WNT, group 3, or group 4) (41).

Treatment of MB21, MB53, and MB55 Ptch*’~ mouse MB cell
lines in culture with the CK2 inhibitor CX-4945 reduced GIil ex-
pression after 6 hours (fig. S6), suggesting inhibition of Hh pathway
activity. The cells underwent dose-dependent cell death after 3 days
of treatment [median inhibitory concentration (ICso) = 2.5 to 5.3 pM,
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relative, normalized to control (DMSO)-treated cells] (Fig. 5A). Three
human SHH MB patient-derived xenograft (PDX) lines passaged only
in mouse cerebellum were assayed in vitro and similarly demonstrated
dose-dependent cell death after 3 days of treatment (Fig. 5B). A human
SHH MB tumor cell line with the same activating mutation as the
mouse MB cells (RCMB32, Ptch*'") had even greater sensitivity to
CX-4945 (ICso = 0.76 uM) than MB21, MB53, or MB55. Two other
human SHH MB cell lines have TP53 mutations and SHH pathway-
activating mutations downstream of SMO, so they are resistant to
SMO inhibitors [ICb-984, IC5y = 3.3 uM (GLI2;MYCN-amplified;
P53 chromothripsis); BT084, ICsp = 1.8 uM (GLIZMYCN;TERT-
amplified; TP537; chromothripsis)] (43, 44). These cell lines repre-
sent some of the most aggressive forms of human SHH MB. Primary
human SHH MB cells (ST01), obtained directly from the operating
room and confirmed by pathology to be of the SHH subgroup, also
had a dose-dependent decrease in cell viability when treated with
CX-4945 for 3 days (ICso = 1.4 uM; Fig. 5, B and C). As expected,
treatment with the SMO inhibitor vismodegib also reduced cell via-
bility and at lower concentrations than CX-4945 (100 nM versus 10 uM),
reflecting the favorable ligand abundance, binding accessibility, and/or
drug-substrate interactions compared to CX-4945. Notably, cells in
G, which are commonly resistant to chemotherapy and are a cause
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of SHH MB recurrence (45), were the most sensitive cell population
to treatment with CX-4945 (11.1% relative decrease in G cells) but
the least sensitive population to treatment with vismodegib (5.3%
relative increase in Gy cells; Fig. 5D). Control cell lines derived from
diffuse intrinsic pontine glioma (DIPG), another aggressive pediatric
brain tumor that is not Hh pathway-dependent, did not die in re-
sponse to CX-4945 (Fig. 5E).

CK2 inhibitors are effective against SHH MB models in vivo

Ptch*';Tpr537";SmoD477G mouse MB cells, which have a mutation
in SMO that causes resistance to the U.S. Food and Drug Adminis-
tration (FDA)-approved Hh (Smo) inhibitor vismodegib (GDC-0449),
were injected into the flanks of mice, and the resulting tumors were
allowed to grow to 250 to 300 mm” (Fig. 6A). A parallel experiment
was done using implants of Ptch*'~;Tpr53™'~ MB cells, which lack the
activating SMO mutation and are therefore susceptible to vismodegib.
Preclinical work for the two FDA-approved Hh inhibitors (GDC-0449
and LDE225) relied on mouse flank allografts using the same cell lines
as those used here (40, 46, 47). These mouse cells reportedly closely re-
semble human MB cells with respect to gene expression (41), response
to treatment (40, 47-49), and even the spontaneous occurrence of
treatment-induced, drug-resistant mutations (35, 46). Treatment of
mice harboring flank allografts with the CK2 inhibitor TBB [30 mg/kg,
ip twice daily (BID)] significantly inhibited MB growth as early as
2 days after initiating treatment and, in vismodegib-resistant tu-
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MB. Kaplan-Meier survival analysis has
revealed that patients with SHH-MB who
had low expression of mRNA encoding the main CK2 catalytic subunit o
(CSNK2A1) in their tumors had a mean 82% 5-year survival, whereas
patients with high expression of CSNK2A1I had a mean 61% 5-year
survival (Fig. 6F). No correlation between CSNK2A1 expression and
patient survival was observed in other MB subgroups (group 3, group
4, and WNT; fig. S8), which have been previously shown to not re-
quire Hh pathway activity for tumor growth (3).

Single mutation in CK2 causes resistance to TBB

but not CX-4945

To test the potential for rapid emergence of resistance to CK2 in-
hibitors, four Ptch*’~ mouse MB cell lines (MB21, MB53, MB55, and
MB56) were serially passaged for 1 month in the presence of TBB
(50 uM), CX-4945 (10 M), or a DMSO control. During this period, one
line (MB55) evolved resistance to TBB, although it maintained sensi-
tivity to CX-4945 (Fig. 7A). Sequencing of Csnk2al from the TBB-
resistant MB55 cell line revealed five missense mutations (fig. S9A),
leading to amino acid substitutions [D175N (fig. S9B), R47M, H183R,
G199P, and S217N] that were not present in any of the other cell
lines, including the parental TBB-sensitive MB55 line.

Molecular dynamic (MD) simulations and molecular docking ex-
periments were performed and revealed that, of these five mutations,
D175N was the most likely candidate for the reduced efficacy of TBB.
In the crystal structure of CSNK2A1 (52), alone and with the inhibitor
CX-4945 (33) or TBB (53), Asp175 islocated in the well-known and highly
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Fig. 6. Efficacy of CK2 inhibitors against MB in vivo. (A) Experimental scheme for flank and cerebellar tumor trials. Blue triangle, treatment. (B and C) Relative tumor
growth of Ptch”‘;Tpr53'/ ~ (B) and Ptch*” ';Tpr53'/‘;5moD477G (C) MB flank allografts. Data are means + SD; P values by a two-tailed t test. (D) Representative picture of
mice treated with TBB versus GDC-0449. Dashed line demarcates the tumor. (E) Kaplan-Meier survival analysis of mice with Ptch*'~;Tpr53™~;SmoD477G MB cerebellar al-
lografts treated with CX-4945 or vehicle control. n = 7 mice in each treatment group. (F) Kaplan-Meier analysis of CK2 gene expression and overall survival in human pa-
tients (n = 179) with SHH-subtype MB. P values in (E) and (F) were determined by a log-rank Mantel-Cox test.

conserved DFG motif (DWG in CK2) located in the catalytic binding
cleft of CK20.. Together with Glu®', Asp'” is important for the correct
orientation of the catalytic residue Lys*® through salt bridges. Our MD
simulations revealed that an asparagine in the 175 position was unable
to form a salt bridge with catalytic residue Lys®®. Consequently, Lys®®
strengthened the remaining salt bridge, and Asn'”> moved toward Glu®'
to protect itself from the hydrophobicity of the surrounding residues
(especially Tle'”*). The resulting displacement of Lys® and Asn'”” in-
creased the ATP-binding cavity volume by about 137 A. In wild-type
CK2, the binding of TBB requires interaction with both the hinge
region and Lys®® (53). Our substrate-specific docking experiments
revealed that, when TBB was inside the enlarged cavity of the D175H
mutant protein, TBB was too small to efficiently interact with both
the hinge region and Lys®® (Fig. 7B). In contrast, CX4945 spanned
the entire catalytic site and maintained the same crystallographic bind-
ing pattern as in the wild-type protein (Fig. 7C), anchoring both the
hinge region at 2.94 A and to Lys® at 2.80 A through hydrophilic
interactions. These data indicate that the efficacy of CX-4945 in block-
ing growth of the MB cell lines—with wild-type and mutant CK2 alike—
may be through direct binding-mediated inhibition of CK2.

DISCUSSION

By screening the phosphoproteome during developmental periods
when GNPs switch from proliferation to differentiation, we identi-
fied CK2 as having increased activity on multiple substrates, specifi-
cally in the proliferative, MB-like, P7 stage. The work presented here
has already directly led to a phase 1/2 study investigating the use of
the CK2 inhibitor CX-4945 in patients with SHH MB. The rapid
translation from a phosphoproteomic screen to a clinical trial re-
flects favorable aspects of the approach to cancer drug target identi-
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fication. Traditional approaches to discovering novel drug targets
often rely on identification of mutations that appear within tumors.
However, tumor cells carrying any mutation that is advantageous to
cell growth and survival will come to predominate, even if that ad-
vantage is small. A great challenge is to determine the biological func-
tion of each mutated protein in the context of any one tumor and
then distinguishing proteins with activity only slightly advantageous
to tumor growth from those that are essential to survival of the tumor.
Drugs that target the former have only incremental benefit to patient
survival, whereas the latter would be potentially clinically transform-
ative. In contrast, a better understanding of proteins that regulate
proliferation versus differentiation in the developmental lineage from
which the tumor arose, as provided by our developmental phosphopro-
teomic approach, can identify important tumor drivers and their likely
biological function in proliferation. The critical role of CK2 in GNP
development may be the reason why CK2 inhibition resulted in robust
tumor stasis and long-term regression of SHH MB but had less ro-
bust, often transient, benefit in many other cancer types (54, 55).

Another reason for the rapid path to clinic was the identification of
a drug target that is readily conducive to small-molecule inhibition.
Kinases, as would be identified through our phosphoproteomic ap-
proach, are often readily inhibited by small molecules that compete
with ATP binding in the activation cleft. CK2 had many commercially
available small-molecule inhibitors and a human-ready compound.
This allowed us to bypass lengthy and costly drug development work
as would be required for many other protein classes that have unde-
sirable features of a drug target (presence of metal ions, lack of hy-
drogen bond donors and acceptors, need for adaptive changes in
conformation, lipophilicity, and featureless binding sites) (56).

The many potential roles of CK2 in MB, and its influence on two
late steps in SHH signal transduction, make it unlikely that a mutation
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Fig. 7. TBB resistance results from mutation in Csnk2af1. (A) Gli1 transcript abun-
dance in parental, TBB-sensitive MB55 cells and serial passage/drug-induced,
TBB-resistant MB55 cells treated with CX-4945 or TBB relative to that in control
(DMSO-treated) cells. Data are means + SD from n = 3 experiments. ns = P > 0.05,
*P < 0.05, ****P < 0.0001, two-tailed t test. (B and C) MD simulation and docking
analysis of TBB (B) and CX-4945 (C) with wild-type (WT) CK2 and mutant (D175N)
CK2 in MB55 cells.

in any one substrate will result in drug resistance, which is another
common limitation of many targeted therapies. As we demonstrated,
mutations within CK2 itself can still cause resistance. Yet, unlike off-
target resistance resulting from mutation of any one of many proteins,
predictable resistance due to a mutation in CK2 itself can be tackled
through combinations of CK2 inhibitors and/or rational drug design.
The quantitative developmental phosphoproteomics approach that we
used enabled identification of a previously unknown regulatory mecha-
nism of the Hh signaling pathway and a potential new treatment for
this devastating pediatric cancer. Similar approaches may work for
other cancers where the developmental cell of origin can be found.

MATERIALS AND METHODS

Animal experiments: Statistics, blinding, and randomization
Given that CK2 promotes Hh signal transduction, we estimated sam-
ple size on the basis of previous work performed with Hh inhibitors.

86 www.SCIENCESIGNALING.org

Given the dramatic SHH MB tumor regression previously demon-
strated with the Hh inhibitor vismodegib (57), we conservatively pre-
dicted that CK2 inhibitors would have an effect size of at least 2.2.
Therefore, if o error = 0.05 and power = 0.85, then five animals are
required per condition. To allow for potential exclusion of one to
two animals per condition because of poor tumor engraftment, we
used seven to eight animals per condition. Ultimately, we had 100%
engraftment [and which met the inclusion criteria (tumor = 250 to
300 mm?)]; thus, all animals were included in the analyses of the
tumor growth experiments. Mice were randomized into control or
treatment groups daily. Daily randomization ensured that quicker
growing tumors were equally represented in both groups. For cere-
bellar tumor studies, mice were randomized by a blinded collaborator
72 hours after implantation. A blinded collaborator treated and re-
corded weight, morbidity, and survival. Prism statistical analysis
software was used (GraphPad Software) to calculate significance as
determined by two-tailed ¢ tests for each paired data point (Fig. 6, B
and C) or log-rank Mantel-Cox test (Fig. 6E) for survival studies. All
studies were performed in compliance with institutional regulations.

A previous study investigating the effect of Hh inhibition in the
developing cerebellum showed that mice with inactive Hh signaling
have about 50% reduction in the EGL size, with an effect size of about
5.7 (control: about 80, SD = 7; treatment: 40, SD = 7) (6). Therefore,
we conservatively predicted that CK2 inhibitors would be at least
25% as potent as Hh inhibitors, giving an effect size of 1.4. There-
fore, with o error = 0.05 and power = 0.85, we expected that we would
need and therefore used 10 animals per condition for the develop-
mental experiments. Mice were randomized to treatment or control
group at P3, with each litter being equally divided between the two
groups. Images were randomized, and all measurements (length,
width, Atoh-1, Tagl, and TUNEL staining) were performed by a blinded
collaborator. Cerebellar folia length was compared between matched
sections of control and treated mice by measuring the maximal length
from the mid-base to the tip of the culmen (lobule IV/V). Culmen
width was measured 600 um from the base of the folia between lobules
V and VI. Prism statistical analysis software was used (GraphPad
Software) to calculate significance as determined by two-tailed ¢ tests.
For the Hh epistasis assays specifically, all measurements were taken
in biological triplicate, and Prism statistical analysis software was used
(GraphPad Software) to calculate significance as determined by two-
tailed ¢ tests.

Human Kaplan-Meier curves

Kaplan-Meier survival curves on the human MB data sets were gen-
erated using GraphPad Prism, and significance was measured by
log-rank Mantel-Cox test.

GNP isolation

Wild-type CD1-Elite mice (strain 482, Charles River) were sacrificed
at P1, P7, and P14. Thirty-five to 40 mice were used per P1 and P14
biological replicate, and 14 to 17 mice were used per P7 biological
replicate. Cerebella were dissected, and GNPs were isolated and pu-
rified using a Percoll gradient, as previously described (58, 59). This
approach results in a population that is 95 to 99% GNPs (58). Briefly,
cerebella were minced and then placed in a digestion buffer consisting
of 1x Hanks’ balanced salt solution (HBSS) (14185, Thermo Fisher
Scientific), papain (10 U/ml; LSOO3126, Worthington Biochemical),
and deoxyribonuclease (DNase) (250 U/ml; D4627, Sigma). Papain solu-
tion was aspirated and replaced with 1x HBSS containing ovomucoid
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(8 mg/ml; LK003182, Worthington Biochemical), bovine serum al-
bumin (BSA) (8 mg/ml; Sigma), and DNase (250 U/ml) and was then
triturated using a Pasteur pipette to obtain a single-cell suspension.
Cells were passed through a 70-um nylon cell strainer (21008-952,
VWR International) and purified using a step gradient of 35 and 65%
Percoll (P4937, Sigma). Pellets were flash-frozen in liquid nitrogen
and kept at —80°C until all samples were collected for MS.

Sample preparation for quantitative MS analysis

GNP samples were prepared as previously described (60), with the
following modifications. All solutions are reported as final concen-
trations. Lysis buffer [8 M urea, 1% SDS, 50 mM tris (pH 8.5), pro-
tease and phosphatase inhibitors from Roche] was added to the cell
pellets to achieve a cell lysate with a protein concentration between
2 and 8 mg/ml. A micro-BCA (bicinchoninic acid) assay (Pierce) was
used to determine the final protein concentration in the cell lysate.
Proteins were reduced and alkylated as previously described. Pro-
teins were precipitated using methanol/chloroform. In brief, four
volumes of methanol were added to the cell lysate, followed by one
volume of chloroform, and finally three volumes of water. The mix-
ture was vortexed and centrifuged to separate the chloroform phase
from the aqueous phase. The precipitated protein was washed with
one volume of ice-cold methanol. The washed precipitated protein
was allowed to air dry. Precipitated protein was resuspended in 4 M
urea, 50 mM tris (pH 8.5). Proteins were first digested with LysC (1:50;
enzyme/protein) for 12 hours at 25°C. The LysC digestion was di-
luted down to 1 M urea, 50 mM tris (pH 8.5) and then digested with
trypsin (1:100; enzyme/protein) for another 8 hours at 25°C. Pep-
tides were desalted using a C;g solid-phase extraction cartridges, as
previously described. Dried peptides were resuspended in 200 mM
EPPS [4-(2-hydroxyethyl)piperazine-1-propanesulfonic acid] (pH 8.0).
Peptide quantification was performed using the micro-BCA assay
(Pierce). The same amount of peptide from each condition was la-
beled with tandem mass tag (TMT) reagent (1:4; peptide/TMT la-
bel) (Pierce). The 6- and 10-plex labeling reactions were performed
for 2 hours at 25°C. Modification of tyrosine residue with TMT was
reversed by the addition of 5% hydroxyl amine for 15 min at 25°C. The
reaction was quenched with 0.5% trifluoroacetic acid, and samples
were combined at a 1:1 ratio. Combined samples were desalted and
offline-fractionated into 24 fractions, as previously described.

Liquid chromatography-MS3 spectrometry

Twelve fractions (every other one) of the 24-peptide fraction from
the basic reverse-phase step were analyzed with a liquid chromatog-
raphy (LC)-MS3 data collection strategy on an Orbitrap Fusion mass
spectrometer (Thermo Fisher Scientific) equipped with a Proxeon
EASY-nLC 1000 for online sample handling and peptide separations.
About 5 pg of peptide resuspended in 5% formic acid + 5% acetoni-
trile (ACN) was loaded onto a 100-um-inner diameter fused-silica
microcapillary with a needle tip pulled to an internal diameter less
than 5 um. The column was packed in-house to a length of 35 cm
with a Cjg reverse-phase resin (GP118 resin 1.8 um, 120 A; Sepax
Technologies). The peptides were separated using a 120-min linear
gradient from 3 to 25% buffer B (100% ACN + 0.125% formic acid)
equilibrated with buffer A (3% ACN + 0.125% formic acid) at a flow
rate of 600 nl/min across the column. The scan sequence for the
Orbitrap Fusion began with an MS1 spectrum [Orbitrap analysis,
resolution 120,000 (400 to 1400 m/z scan range); AGC target, 2 x
10% maximum injection time, 100 ms (dynamic exclusion of 75 s)].
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“Top speed” (1 s) was selected for MS2 analysis, which consisted of
collision-induced dissociation [quadrupole isolation set at 0.5 Da and
ion trap analysis; AGC, 4 x 10%; normalized collision energy (NCE),
35; maximum injection time, 150 ms]. The top 10 precursors from
each MS2 scan were selected for MS3 analysis (synchronous precur-
sor selection), in which precursors were fragmented by high-energy
collisional dissociation before Orbitrap analysis [NCE, 55; maximum
AGC, 5 x 10% maximum injection time, 150 ms; isolation window,
2.5 Da; resolution, 60,000 (10-plex experiments) or 15,000 (6-plex
experiments)].

LC-MS3 data analysis

A suite of in-house software tools was used for . RAW file processing
and controlling peptide and protein-level FDRs, assembling proteins
from peptides, and protein quantification from peptides, as previ-
ously described. MS/MS spectra were searched against a UniProt hu-
man database (accessed February 2014), with both the forward and
reverse sequences. Database search criteria are as follows: tryptic with
two missed cleavages, a precursor mass tolerance of 50 parts per
million (ppm), fragment ion mass tolerance of 1.0 Da, static alkyla-
tion of cysteine (57.02146 Da), static TMT labeling of lysine residues
and N termini of peptides (229.162932 Da), and variable oxidation of
methionine (15.99491 Da). TMT reporter ion intensities were mea-
sured using a 0.03-Da window (6-plex) or 0.003-Da window (10-plex)
around the theoretical mass/charge ratio (m/z) for each reporter ion in
the MS3 scan. Peptide spectral matches with poor-quality MS3 spec-
tra were excluded from quantitation (<100 summed signal-to-noise
ratio across 6 channels and <0.5 precursor isolation specificity for
6-plexes or <200 summed signal-to-noise ratio across 10 channels
and <0.5 precursor isolation specificity for 10-plexes).

LC-MS3 sample comparison

Only peptides identified with full confidence were included in the
analysis (binomial probability threshold of P < 107, occurrence thresh-
old = 20). Each biological replicate was median-adjusted to 10 to
account for differences in sample loading, resulting in the following
changes: proteomic data set: P1A, -0.0362; P1B, —0.0879; P1C, +0.20476;
P7A, +0.03374; P7B, —-0.2761; P7C, —0.2865; P14A, +0.78605; P14B,
+0.65244; P14C, +0.71771; MB, +0.04692; phosphoproteomic data
set: P1A, —0.040163003; P1B, —0.124877212; P1C, —0.009654128; P7A,
—0.170361415; P7B,—0.341821765; P7C,—0.117111143; P14A, +1.114888992;
P14B, +1.060676918; P14C, +0.955615374; MB, +0.43299154. Log,-
transformed P1:P7 and P7:P14 ratios were determined, and phospho-
peptide changes were normalized to protein changes. Values outside
of 1.5 SD were considered “significant changers.” Motif analysis of sig-
nificantly changing phosphopeptides was performed using Motif-X,
as previously described (61, 62). Briefly, Motif-X is an iterative sta-
tistical approach to identifying protein phosphorylation motifs in
large-scale phosphoproteomic data sets built on a greedy recursive
search of the sequence space to identify highly correlated residue/
position pairs with the lowest P values. Here, a binomial probability
threshold of P < 107 and occurrence threshold of 20 were used.

GNP proliferation

To determine relative proliferation of Atoh1(+) GNPs at P1, P7, and
P14, cerebella were dissected from Atohl/nGFP transgenic mice (63)
1 hour after EAU injection [50 mg/kg using a stock (5 mg/ml) diluted
in phosphate-buffered saline (PBS)]. Brains were dissected and fixed
in 4% paraformaldehyde (PFA) overnight and then transferred into
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20% sucrose for 24 hours. Fixed whole cerebella were mounted in
optimal cutting temperature (OCT) embedding medium, sectioned
at 20 um, and then air-dried for 20 min before storing at —20°C for
up to 2 months. Sections were blocked in 0.2% Triton X-100 and
2% goat serum diluted in sterile PBS for 1 hour at room tempera-
ture. EAU staining was performed as per the manufacturer’s instruc-
tions (Click-iT Plus EAU Alexa Fluor 647 Imaging Kit, catalog no.
C10640, Life Technologies) and counterstained with Hoechst 33258
(final concentration, 1 ul/mlin PBS) at room temperature for 10 min.
Images were taken on a Leica TCS SP8 confocal microscope. Total
EdU signal within Atoh1(+) regions was quantified using Image]J (six
cerebella per time point, four to seven folia per cerebellar section)
after background subtraction via rolling ball radius (50 pixels). Prism
statistical analysis software was used (GraphPad Software) to calcu-
late significance as determined by two-tailed ¢ tests.

GNP culture

GNPs from CD1-Elite mice (strain 482, Charles River) were cultured
in Neurobasal-A with B27, sodium pyruvate, penicillin/streptomycin,
Glutamax, glucose (0.6 mg/ml), and KCI (25 mM). Recombinant SHH
(SHH 461-54/CF, R&D Systems) was added to media at 3 ug/ml to
promote cell division.

Single-cell immunofluorescence imaging (GNP and MB)
Before cell culture, 96-well glass imaging plates (Cellvis P96-1.5H-N)
were incubated with poly-p-lysine (A-003-E, Millipore) at 100 ng/ml
for 2 hours followed by laminin (CC095, Millipore) at 10 pg/ml over-
night at 37°C. GNPs or MB cells were plated at 1 x 10° cells per well
and grown at 37°C. After treatment, the cells were fixed with 4%
PFA for 10 min at room temperature. The cells were then blocked
using 5% donkey serum, 1% BSA, and 0.2% Triton X-100 for 1 hour
at room temperature. Primary antibodies (Abs) were incubated over-
night at 4°C. The primary Abs used are as follows: anti-NeuN mouse
monoclonal at 1:200 (MAB377, Millipore) and phospho-Rb (Ser®07/811y
rabbit monoclonal at 1:1000 (clone D20B12, 8516, Cell Signaling
Technology). Cells were costained with rhodamine phalloidin (R415,
Molecular Probes). Donkey anti-immunoglobulin G (IgG) secondary
Abs against mouse and rabbit conjugated to Alexa Fluor 488 and
Alexa Fluor 647 at 1:500 (Jackson ImmunoResearch) were used. All
cell imaging was performed using the ImageXpress Micro XLS Widefield
High Content Screening System (Molecular Devices) using 20x (0.45
or 0.75 numerical aperture) Nikon objectives. The intensity of fluores-
cence in each cell was automatically calculated using custom MATLAB
scripts: Nuclei were segmented using 4',6-diamidino-2-phenylindole,
as previously described (64); downstream analysis was performed in
R; cell cycle classification was performed using Gaussian finite mixture
modeling with the mclust package (65); and cell cycle clustering analy-
sis in GNPs used the log)-transformed median intensity of each cell,
measuring Math1-GFP, phosphorylated Rb, and NeuN, as well as the
area of the cell. All studies were done with six individual cultures.

CK2 inhibition in the developing mouse

Math1/nGFP transgenic mice (63) were treated with DMSO or TBB
(30 mg/kg, ip BID) (218697, EMD Millipore) from P4 to P7 and then
sacrificed 6 hours after their final treatment. Brains were dissected
and immediately homogenized in lysis buffer (sc-24948, Santa Cruz
Biotechnology) supplemented with protease and phosphatase inhibi-
tors (no. 1861218, Thermo Fisher Scientific) or fixed in 4% PFA over-
night and then transferred into 20% sucrose for 24 hours. Lysates
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were separated on a 12.5% SDS-polyacrylamide gel electrophoresis
(PAGE) gel and immunoblotted with pAKT:S129 (no. 13461, Cell
Signaling Technology) and AKT (no. 4685, Cell Signaling Technology).
Fixed whole cerebella were mounted in OCT, sectioned at 20 um, and
then air-dried for 20 min before storing at —20°C for up to 2 months.
Sections were blocked in 0.2% Triton X-100 and 2% goat serum di-
luted in sterile PBS for 1 hour at room temperature. The primary Abs
used were anti-NeuN Ab (1:200, COT: 2459079, EMD Millipore),
anti-Tagl Ab (1:100, Ab derived in the Scott laboratory), TUNEL
staining as per the manufacturer’s instructions (In Situ Cell Death
Detection Kit, catalog no. 1 684 809, Roche), and EdU staining as
per the manufacturer’s instructions (Click-iT Plus EQU Alexa Fluor
647 Imaging Kit, catalog no. C10640, Life Technologies). All sections
were incubated in primary Ab overnight at 4°C and counterstained
with Hoechst 33258 (final concentration, 1 ul/ml in PBS) at room
temperature for 10 min. Images were taken on a Leica TCS SP8 con-
focal microscope. Images were randomized, and all measurements
(length, width, Atoh-1, Tagl, and TUNEL staining) were performed by
a blinded collaborator. For each group, two images were taken and
measured for each of 10 cerebella. Cerebellar folia length was com-
pared between matched sections of control and treated mice by mea-
suring the maximal length from the mid-base to the tip of the culmen
(Iobule IV/V). Culmen width was measured (600 um) from the base
of the folia between lobules V and VI. One section was measured
from each of 11 cerebella analyzed. Prism statistical analysis soft-
ware (GraphPad Software) was used to calculate significance as de-
termined by two-tailed t tests.

siRNA studies

Pooled custom Dharmacon ON-TARGETplus specificity enhanced
siRNA was created against Csnk2al, Csnk2a2, and Csnk2b. siRNA
sequences were provided by D. Seldin (Boston University School of
Medicine) and are listed in table S3. Scramble siRNA was purchased
from Dharmacon (D-001810-01-05). NIH3T3 cells or Sufuilf MEFs
were plated in six-well plates at 400,000 cells per well in 10% fetal
bovine serum (FBS) media constituted of Dulbecco’s modified Eagle’s
medium (DMEM) (11960-069, Invitrogen) supplemented with 10%
FBS (SH30070.02, Hyclone Laboratories), penicillin/streptomycin
(15140-122, Life Technologies), sodium pyruvate (11360-070, Invitro-
gen), and Glutamax (35050-061, Invitrogen). Cells were then starved
in 0.5% FBS for 24 hours before treatment with 25% SHH-N condi-
tioned media in 0.5% FBS. SHH-N conditioned medium was made
using a human embryonic kidney (HEK) 293 cell line that stably
secretes Shh-N, as previously described (34).

Hh pathway epistasis studies

Suﬁ[/ ~ MEFs [conditional deletion of exons 4 to 8 (36)] were pro-
vided by P.-T. Chang [University of California, San Francisco (UCSF)].
As in siRNA experiments, NIH3T3 cells or Sufu~'~ MEFs were plated
in six-well plates at 400,000 cells per well in 10% FBS media (DMEM
supplemented with 10% FBS, penicillin/streptomycin, sodium pyr-
uvate, and Glutamax). Cells were then starved in 0.5% FBS for
24 hours before treatment with 25% SHH-N conditioned media in
0.5% FBS + drug treatment or SAG (100 nM; S7779, Selleckchem).
Gli2AN cells were treated 48 hours after transfection. Myc-GLI2-
DN (17649, pCS2-MT-GLI2-deltaN) plasmid was purchased from
Addgene. Plasmid transfection was performed using TurboFect trans-
fection reagent (no. R0531, Thermo Scientific) according to the manu-
facturer’s instructions, starting by plating NTH3T3 cells in a six-well
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dish at 400,000 cells per well. Unless otherwise stated, all treatments
were applied for 6 hours. Cell lysis and RNA extraction were performed
using QIAshredder homogenizers (79654, Qiagen) and RNeasy Mini
kits (74104, Qiagen) according to the manufacturer’s instructions.
RNA was quantified on a NanoDrop spectrophotometer (ND-2000C,
NanoDrop Technologies). Transcript quantification was performed
using the TagMan RNA-to-Ct 1-Step Kit (4392656, Life Technologies)
and the Applied Biosystems 7500 RT-PCR system, as per the manu-
facturer’s instructions. All primers were commercially available TagMan
Gene Expression Assay probes purchased from Life Technologies
(csnk2al, Mm00786779_s1; csnk2a2, Mm01243455_m1; csnk2b,
Mm00487216_m1; Glil, Mm00494654_m1; Gli2, Mm.273292; Ccndl,
Mm.273049; and Ptch, Mm00436047_m1). All studies were done in
biological triplicate (cultures).

Western blotting

Gli2AN cells were lysed with radioimmunoprecipitation assay buf-
fer (sc-24948, Santa Cruz Biotechnology) supplemented with Halt
Protease and Phosphatase Inhibitor (no. 1861218, Thermo Fisher
Scientific) for 30 min on ice, and lysates were cleared by centrifuga-
tion at 13,000 rpm for 15 min at 4°C. Supernatants were incubated
with 6x Laemmli sample buffer (10570021-1, BioWorld) at 95°C for
5 min. The samples were then separated with a 7% SDS-PAGE gel
and immunoblotted with anti-Gli2 (AF3635-SP, R&D Systems) and
anti-B-tubulin (ab6046, Abcam).

Cell viability

Ptch*'~ MB cell lines MB55 and MB21 were gifts from R. Segal [Dana-
Farber Cancer Institute (DFCI), Harvard Medical School], and
Ptch*~;p537'~ MB53 cells were gifts from C. Rudin [Memorial Sloan
Kettering Cancer Center]. All cell lines were validated for high Gli
activity via QRT-PCR and cultured at low density as neurospheres in
DMEM/F12 supplemented with B27 and 1% penicillin/streptomycin.
Cell viability was assessed using CellTiter-Glo (G7573, Promega) ac-
cording to the manufacturer’s instructions. Cells were plated at 10,000 cells
per well in 96-well plates and treated with drugs as indicated, and
data were collected on a TECAN Infinite 200 plate reader. All measure-
ments were done in biological triplicate (cultures). Prism statistical
analysis software (GraphPad Software) was used to determine relative
ICs0s, normalized to control (DMSO)-treated cells [nonlinear regres-
sion, log(inhibitor) versus response (variable slope) curve].

Human MB cell lines

The RCMB32 and ICb-984 cell lines were generated in the laborato-
ries of R.J.W.-R. and X.-N.L,, respectively. The BT084 cell line was
provided by T. Milde (Heidelberg University Hospital). The primary
tumor sample (STO1) (Fig. 5, B to D) obtained from the operating
room was minced and then placed in a digestion buffer consisting
of 1x HBSS (14185, Thermo Fisher Scientific), papain (10 U/ml;
LSO03126, Worthington Biochemical), and DNase (250 U/ml; D4627,
Sigma). Papain solution was aspirated and replaced with 1x HBSS con-
taining ovomucoid (8 mg/ml; LK003182, Worthington Biochemical),
BSA (8 mg/ml; Sigma), and DNase (250 U/ml) and then triturated
using a Pasteur pipette to obtain a single-cell suspension. Cells were
pelleted and resuspended in 0.02% HBSS-BSA. Cells were passed
through a 70-um nylon cell strainer (21008-952, VWR International).
Of 20 tumors implanted, 5 grew to a sufficient size to resect. Cell
viability and cell cycle stage were assayed by high-throughput single-
cell immunofluorescence imaging, as described above; 12 individual
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cultures were assessed at each dose. Glil transcript expression was
assessed by qRT-PCR, as described above, and three cultures were
assessed at each dose. Final pathological report is provided in table S4.

Acquired resistance

MB53, MB55, and MB21 cells were cultured in Neurobasal (10888-
022, Life Technologies) + B27 supplement (17504044, Invitrogen) +
DMSO (0.1%), CX-4945 (10 uM), or TBB (50 pM). Surviving cells
were passaged for 1 month, after which only control (DMSO)-treated
and MB55 TBB-treated (50 pM) cells remained. Complementary
DNA (cDNA) from the three control lines and MB55 TBB-resistant
lines was synthesized using the ABI High-Capacity cDNA Reverse
Transcription Kit (4368814, Thermo Fisher Scientific) and amplified
using the Q5 High-Fidelity DNA Polymerase (M0491, New England
Biolabs) as per the manufacturer’s protocol. Primer sequences are
provided in table S3.

In silico analysis of mutant versus wild-type binding

of TBB and CX-4945

All the crystal structures of CK2 were retrieved from the Protein
Data Bank (PDB). To perform docking and MD simulations, the
crystal structure of human CK2 in complex with CX4945 was used
(PDB code: 3PE1). However, to compare the binding motif of TBB
and to evaluate its position in the structure 3PE1, the crystallographic
complex TBB/CK2 was also considered (PDB code: 1J91). The crystal
structures were processed to remove unwanted ligands and water
molecules. Hydrogen atoms were added to the protein structure using
standard geometries (66). To minimize contacts between hydrogens,
the structures were subjected to AMBER99 force-field minimization
until the root mean square of conjugate gradient was <0.1 kcal mol ™
A7 (1 A =0.1 nm), keeping the heavy atoms fixed at their crystallo-
graphic positions (66). A similar protocol was used also to minimize
the structures subjected to in silico mutagenesis. To strictly calibrate
the high-throughput docking protocol, a small database of known
CK2 inhibitors was built and a set of docking runs was performed.
After the calibration phase, TBB and CX-4945 were docked directly
into the ATP-binding site of selected CK2 crystal structures, by using
AutoDock software (66). MD simulations of the considered struc-
tures (parameterized with AMBER99) were performed with NAMD
2.8 (67) to verify their stability over time; in particular, a 100-ns
NPT (isothermal-isobaric) ensemble (1 atm, 300 K) MD simulation
was performed after an equilibration phase of 1 ns (positional re-
straints were applied on carbon atoms to equilibrate the solvent
around the protein) (68, 69).

Flank allograft studies

In vivo assays of CK2 inhibitor efficacy were performed in accordance
with protocols approved by the Institutional Animal Care and Use
Committee at Stanford University. SmoWT-MB and SmoD477G-MB
cells isolated from either parental SmoW'T or SmoD477G mouse
Ptch*~;p537™'~ MB hind-flank allografts were provided by C. Rudin
(Memorial Sloan Kettering Cancer Center). Ptch”*;Tpr537/7 or
Ptch*~;Tpr537";:8moD477G MB cells were mixed 1:1 with Matrigel,
and 107 cells were injected into both flanks of a 6- to 7-week-old
Nu/Nu mouse (strain 088, Charles River). Once tumors reached 250
to 300 mm?®, mice were randomized to treatment versus control groups.
Treatment groups received TBB (30 mg/kg, ip BID; reconstituted in
DMSO at 50 pg/ul) or GDC-0449 (37.5 mg/kg, ip BID; reconstituted
in DMSO at 62.5 pug/ul) (51082, Selleckchem). Control mice were
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treated with an equivalent volume of DMSO. Corn oil was used in
all groups to a total volume of 180 pl per injection, and all doses were
given with a 28-gauge insulin syringe. Tumors were measured, and
mice were weighed daily. Once tumors reached 1.5 cm” or met in-
stitutional euthanasia criteria, mice were sacrificed and tumors were
harvested. Growth curves were generated using GraphPad Prism, and
significance was measured by two-way analysis of variance (ANOVA).

Cerebellar allografts

Cells from Ptch*~;Tpr537';8moD477G mice were suspended in sterile
PBS to an adjusted final concentration of 80,000 cells per 2-ul injection.
NOD.Cg-PrkchCid 12rg™ WiliSz] (NSG) mice (6 to 7 weeks old; The
Jackson Laboratory) were anesthetized and fixed to a stereotactic
frame, and the head was sterilized. A small sagittal incision was made
in the mouse’s scalp to expose the area surrounding lambda. The
skull was sterilized, and a 0.7-mm drill bit was used to create a mid-
line hole located 2 mm down from lambda. A Hamilton syringe with
affixed 26-gauge needle was lowered to a depth of ~3 mm and then
withdrawn to 2.75 mm before injecting 2-ul (80,000) cells at 0.5 ul/min.
The drill hole was closed with a thin slip of bone wax, and the wound
was closed. Mice were randomized, and a blinded collaborator began
treatment at 72 hours with either CX-4945 (37.5 mg/kg, orally BID;
reconstituted in DMSO) or DMSO (equivalent volume to treatment
group, dosed ip BID). Corn oil was used as vehicle for both CX-4945
and DMSO. Weight, morbidity, and survival were measured by a
blinded collaborator.

Mouse strains

All animal experiments were performed in accordance with proto-
cols approved by the Institutional Animal Care and Use Committee
at Stanford University. Male and female wild-type CD1-Elite mice
(strain 482, Charles River) were sacrificed at P1, P7, and P14 for initial
phosphoproteomic study. Female and male Atoh1/nGFP transgenic
mice (63) were used for cerebellar development studies. Female Nu/
Nu mice (6 to 7 weeks old; strain 088, Charles River) were used for
flank studies, and female NOD.Cg-Prkdcscid I12rgtm1Wjl/Sz] (NSG)
mice (6 to 7 weeks old; strain 005557, The Jackson Laboratory) were
used for cerebellar tumor studies.

SUPPLEMENTARY MATERIALS
www.sciencesignaling.org/cgi/content/full/11/547/eaau5147/DC1

Fig. S1. Relative phosphopeptide abundance between P14 biological replicates.

Fig. S2. Relative proliferation in the P1, P7, and P14 cerebellum.

Fig. S3. GNP proliferation after CX-4945 treatment in culture.

Fig. S4. Knockdown specificity of pooled siRNA constructs targeting Csnk2a1, Csnk2a2, Csnk2b,
and Smo.

Fig. S5. Gli1 and Hh-associated transcript expression in NIH3T3 cells after CK2 inhibition.
Fig. S6. Gli1 transcript expression in cultured SHH MB cell lines.

Fig. S7. Weight of control or CX-4945-treated mice with cerebellar SHH MB.

Fig. S8. CSNK2A1 expression and 5-year survival of patients with SHH MB.

Fig. S9. Sequence conservation of Csnk2al mutations in TBB-resistant SHH MB cells.
Table S1. Phosphoproteome of GNPs isolated at P1, P7, and P14.

Table S2. Phosphopeptides of enriched kinase motifs.

Table S3. Primer and siRNA sequences.

Table S4. Pathological report for the primary human MB sample (STO1).
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The HDAC3-SMARCA4-miR-27a axis promotes
expression of the PAX3:FOXOT1 fusion oncogene
in rhabdomyosarcoma

Narendra Bharathy1, Noah E. Berlow’, Eric Wangz, Jinu Abraham3, Teagan P. Settelmeyer’,

Jody E. Hooper4, Matthew N. Svalina', Yoshihiro Ishikawa®, Keith Zientek®, Zia Bajwa1'6,

Martin W. Goros’, Brian S. Hernandez’, Johannes E. Wolffs, Michelle A. Rudek9'1°'", Linping Xu9'1°,
Nicole M. Andersg'"’, Ranadip Palu, Alexandria P. Harrold’, Angela M. Davies“, Arya Ashok’ 3,
Darnell Bushby13, Maria Mancini"’, Christopher Noakes“, Neal C. Goodwin”, Peter Ordentlich,
James Keck'?, Douglas S. Hawkins16, Erin R. Rudzinski"’, Bishwanath Chatterjee",

Hans Peter Béichingers'"’, Frederic G. Barr'’, Jennifer Liddle19, Benjamin A. Garcia’g,

Atiya Mansoor6, Theodore J. Perkin52°'21, ChristopherR. Vakocz, Joel E. Michalek’, Charles Keller'*

Rhabdomyosarcoma (RMS) is the most common soft tissue sarcoma of childhood with an unmet clinical need for
decades. A single oncogenic fusion gene is associated with treatment resistance and a 40 to 45% decrease in overall
survival. We previously showed that expression of this PAX3:FOXO1 fusion oncogene in alveolar RMS (aRMS) me-
diates tolerance to chemotherapy and radiotherapy and that the class I-specific histone deacetylase (HDAC)
inhibitor entinostat reduces PAX3:FOXO1 protein abundance. Here, we established the antitumor efficacy of
entinostat with chemotherapy in various preclinical cell and mouse models and found that HDAC3 inhibition was
the primary mechanism of entinostat-induced suppression of PAX3:FOXO1 abundance. HDAC3 inhibition by
entinostat decreased the activity of the chromatin remodeling enzyme SMARCA4, which, in turn, derepressed the
microRNA miR-27a. This reexpression of miR-27a led to PAX3:FOXO1 mRNA destabilization and chemotherapy
sensitization in aRMS cells in culture and in vivo. Furthermore, a phase 1 clinical trial (ADVL1513) has shown that
entinostat is tolerable in children with relapsed or refractory solid tumors and is planned for phase 1B cohort
expansion or phase 2 clinical trials. Together, these results implicate an HDAC3-SMARCA4-miR-27a-PAX3:FOXO1
circuit as a driver of chemoresistant aRMS and suggest that targeting this pathway with entinostat may be thera-
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peutically effective in patients.

INTRODUCTION

Soft tissue sarcomas are among the most common and deadliest
childhood cancers (1, 2). Despite improved survival for other child-
hood cancers, progress for particularly metastatic sarcoma has been
minimal, and therapeutic options remain limited (2, 3). Rhabdo-
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myosarcoma (RMS) is the most common soft tissue sarcoma in
children (2). Patients with diagnosed metastatic RMS have dismal
prognoses for survival that have not improved in years, if not sever-
al decades (4-6). Although ~85% of local lesions can be excised by
surgery, undetectable circulating tumor cells and recurrence at the
primary site from occult microscopic residual disease are presumed
to act as a gateway to relapse and subsequent regional and distal
metastasis (7).

Alveolar RMS (aRMS) is the more aggressive RMS subtype and
is generally not survivable long term once metastatic (<8%) (4, 6, 8).
This disease does respond to chemotherapy in most cases, but the
clinical challenge is preventing or overcoming recurrence after chemo-
therapy and/or radiation (9). Unique to aRMS is the expression of a
fusion protein called PAX3:FOXO1, which results from a chromo-
somal translocation and comprises the transcription factors PAX3
(paired box 3) and FOXO1 (forkhead box 1). PAX3:FOXOL1 is seen
in some patients with aRMS. We have previously reported that
native, non-constitutive, G; cell cycle phase-enriched expression of
the PAX3:FOXO1 oncogene in aRMS facilitates checkpoint adap-
tation (meaning a high tolerance of DNA breaks or mitotic ca-
tastrophe) [(10) and reviewed in (11)]. In terms of clinical impact,
this PAX3:FOXO1-mediated treatment resistance causes a notable
40 to 45% difference (drop) in survival over 10 years compared to
PAX3:FOXO1-negative cases (9). In experimental studies, genetic
knockdown of PAX3:FOXO1 abundance improves chemotherapy
and radiation sensitivity and reduces tumor reestablishment (10),
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but drugging transcription factors such as PAX3:FOXO1 in pa-
tients is a daunting task. However, in this study, we found that
PAX3:FOXO1 can be pharmacologically silenced at both the mRNA
and protein levels by entinostat (ENT), a class I histone deacetylase
(HDAC) inhibitor (HDACI) (with weak HDAC10/HDACI11 inhi-
bition) that was granted a U.S. Food and Drug Administration
breakthrough designation for certain breast cancers in adults.

In combination with the chemotherapy vincristine (VCR), ENT
had strong antitumor activity in a genetically engineered mouse
model (GEMM) of aRMS and in both orthotopic allograft and
patient-derived xenograft (PDX) mouse models of aRMS. Pre-
treatment with ENT also improved radiation sensitivity. We further
established the comparative efficacy of ENT to other HDACis at
reducing the expression of PAX3:FOXO1 and that of another, related
fusion protein also found in aRMS, PAX7:FOXO1. Mechanistically,
we determined that, in aRMS cells, HDAC3 inhibition by ENT
decreases SMARCA4, which, in turn, derepresses miR-27a, which
then silences PAX3:FOXO1; by blocking HDAC3, ENT suppressed
the abundance and activity of PAX3:FOXOI1 and the growth of
fusion-positive aRMS tumors in mice. Together, these preclinical
and mechanistic studies have led to the Children’s Oncology Group
pediatric phase 1 clinical trial, ADVL1513, and a planned phase 1B
cohort expansion for patients with RMS for this same trial.

RESULTS

ENT in combination with VCR slows aRMS tumor

growth in vivo

In preclinical studies using RNA interference, depletion of
PAX3:FOXO1 abundance in aRMS cells is shown to be critical to
overcome checkpoint adaptation, a process whereby tumor cells
survive chemotherapy and radiation in late phases of the cell cycle
(summarized in Fig. 1A) (10). To affirm genetically that silencing
PAX3:FOXOI increases chemosensitivity of aRMS to VCR in vitro,
we first revalidated two derivative cell lines from the aBRMS GEMM-
derived primary tumor culture U23674 that did or did not have stable
knockdown of PAX3:FOXO1 (shYFP or shCtrl, respectively) (10).
PAX3:FOXOI1 was then also restored by retroviral-mediated trans-
duction into the shYFP-U23674 line. Immunoblot analysis confirmed
stable knockdown of PAX3:FOXO1 and/or restored expression of
PAX3:FOXOLI, respectively (Fig. 1B). When treated with VCR for
24 hours, shYFP (PAX3:FOXO1 knockdown) cells alone had an
absolute half maximal inhibitory concentration (ICs) of 33 nM.
However, control cells did not reach an absolute ICsq (Fig. 1C).
Restoring expression of PAX3:FOXOL1 in the stable knockdown cells
(shYFP + PAX3:FOXO1) rescued the cells from the cytotoxic
effects of VCR, in that no absolute IC5¢ was reached (Fig. 1C).
Although PAX3:FOXOI1 was tumor protective against chemotherapy,
PAX3:FOXO1 knockdown was only cytostatic, which is consistent
with previous reports of murine and human aRMS (10, 12).

Our previous studies examined whether cell of origin influenced
PAX3:FOXO1 expression and whether expression could be pharma-
cologically altered by HDACis or other epigenetic agents (13). To
test whether the narrow-spectrum class l HDACi ENT could sensi-
tize PAX3:FOXO1-positive aRMS to the chemotherapies most often
used in high-risk or relapsed disease, we first tested the efficacy of
ENT and VCR as single agents and in combination in orthotopic
allograft mouse models of aBRMS. This aRMS model was generated by
injecting murine aRMS primary cell cultures into the cardiotoxin-

preinjured gastrocnemius muscle of severe combined immuno-
deficient hairless outbred (SHO) mice. The tumor-bearing mice
were treated with ENT at a daily dose of 5 mg/kg administered
intraperitoneally or with VCR at 1 mg/kg administered intra-
peritoneally once a week, or in combination. Unlike monotherapy
of either agent, the combination of ENT and VCR was effective in
delaying tumor growth in the aRMS mice (Fig. 1, D and E). Histo-
logically, no cytodifferentiation was seen (table S1).

To determine whether pretreatment with ENT potentiates the
effect of radiation on RMS cells, we pretreated a murine primary
tumor cell culture (U23674) with ENT or dimethyl sulfoxide (DMSO)
for 24 hours followed by irradiation [10 Gy (gray)] (fig. S1A). After
irradiation, 500,000 viable cells were injected into the cardiotoxin-
preinjured gastrocnemius muscle of SHO mice. Tumor cells treated
with DMSO alone or ENT alone were used as controls. After injec-
tion of tumor cells, mice were monitored for tumor development.
Mice that received tumor cells pretreated with ENT before irradia-
tion showed increased latency of tumor development compared to
mice that received cells pretreated with DMSO only (fig. S1B), sug-
gesting that ENT treatment sensitizes RMS cells to radiation. With
respect to chemotherapy, we also confirmed that the biochemical
effect of PAX3:FOXOL1 silencing occurs—and with synergy—at clini-
cally achievable concentrations of ENT and VCR in human RMS
cultures (fig. S2, A to C).

To further assess the clinical feasibility of ENT in a clinical set-
ting, we investigated whether ENT had a dose-dependent effect
and/or whether ENT was unique among HDACis for its suppressive
effect on PAX3:FOXOL1. First, we observed a dose-dependent effect
of ENT on PAX3:FOXOI expression in Rh30 cells in response to
doses from 0.1 to 2 uM, when examining the mRNA abundance at
24 hours (fig. S3A) and the protein abundance at 72 hours (fig. S3B).
A PDX-derived explant aRMS culture, CF-001, also exhibited a dose-
dependent response (fig. S3C), as did the murine aRMS culture,
U23674 (fig. S3D).

To examine the relative efficacy of other HDACis at reducing
PAX3:FOXO1 when compared to ENT (an HDAC1-3 inhibitor), we
tested SAHA (suberoylanilide hydroxamic acid, a class I and class II
HDAC:), panobinostat (PAN), CUDC-907, and CUDC-101 in human
and murine aRMS using the highest reported maximum drug serum
concentration (Cpay) in humans. Where C,,,, was unknown, we treated
the cell cultures at the measured drug ICys (25% inhibiting concentra-
tion). ENT at its highest achievable Cy,x (1000 nM) (14) significantly
reduced PAX3:FOXOI expression in human aRMS (Rh30 and Rh41)
cells (fig. S4A), which was reflected by near-complete reduction at the
protein level in the human aRMS cells and in murine aRMS (U23674)
cells (fig. S4B). In comparison, PAN (a broad-spectrum HDACiI that
targets HDAC1-11) at its Cp,y (45 nM) (15) did not consistently di-
minish PAX3:FOXOL at either the mRNA or protein level (fig. 4, C
and D), and SAHA (an HDAC1/2/3/6/8 inhibitor) was only somewhat
effective at reducing PAX3:FOXO1 abundance at its Cpax (1000 nM)
(fig. $4, E and F) (16) but to a lesser degree than ENT. Near-complete
cytotoxicity was observed in Rh41 cells with SAHA at the end of
72 hours of treatment, preventing inclusion of Rh41 in these biochemical
studies. In addition to PAN and SAHA, CUDC-907 [a dual phosphati-
dylinositol 3-kinase (PI3K) and HDAC1/2/3/10 inhibitor] and CUDC-101
(a class I and class I HDACI) were tested but were found to be less
efficient at reducing PAX3:FOXO1 compared to ENT at their ICy5
(fig. S4, G and H). To examine whether these HDACis can have
an effect on the related fusion protein, PAX7:FOXO1, the human
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Fig. 1. ENT treatment of aRMS in vivo. (A) Diagrammatic representation of checkpoint adaptation, a process
whereby tumor cells survive chemotherapy and radiation in late phases of the cell cycle. XRT, x-ray telescope radio-
therapy; PLK1, polo-like kinase 1; AURKB, aurora kinase B; GSG2, genomic structure of haspin; CDC25B, cell division
cycle 25b; CCNB1/2, cyclin B1/2; dsDNA, double-stranded DNA. (B) Basal PAX3:FOXO1 protein expression in murine
U23674 aRMS cells transfected with control shRNA (shCtrl), PAX3:FOXO1-targeted shRNA (shYFP), or targeted shRNA
plus a lentivirus expressing PAX3:FOXO1 (shYFP + PAX3:FOXO1). Blots are representative of n = 3 biological replicates.
(C) Viability of the U23674 cells described in (B) exposed to VCR at 4 nM for 24 hours. Graph plotted using GraphPad
Prism. Data are means * SD of n = 3 independent experiments. (D) Box-and-whisker plot showing the tumoristatic
efficacy of ENT or VCR, alone and in combination, in aRMS mice at day 13 (DMSO versus ENT + VCR). Treatment with
ENT at a daily dose of 5 mg/kg by intraperitoneal injection or with VCR at a dose of 1 mg/kg weekly by intraperitoneal
injection, or a combination of both. Data are means + SEM (n = 5 mice per cohort). ***P < 0.001 by log-rank test.
(E) Kaplan-Meier plot of the proportion of mice with tumors smaller than 1.2 cc after treatment with ENT at a daily
dose of 5 mg/kg by intraperitoneal injection or with VCR at a dose of 1 mg/kg weekly by intraperitoneal injection, or
a combination of both. Treatment was stopped after day 13 because body weight loss approached 10 to 15%. Data
are means + SEM (n = 5 mice per cohort). *P < 0.05 by log-rank test. In this experiment, treatment was stopped for all
mice after day 13 because body weight loss approached 10 to 15%.

aRMS cell line CW9019 harboring the
t(1;13) translocation was treated with
HDACIis at their respective Cpax Or
I1C,5 concentration. ENT and all other
HDAC:s tested were effective at reduc-
ing PAX7:FOXO1 protein abundance to
an almost undetectable level (fig. S4I).

ENT plus VCR has efficacy in

aRMS PDXs

We next investigated the antitumor ef-
ficacy of ENT and VCR as single agents
or in combination for various biologi-
cally independent PDX models of aRMS.
The dosing details are given in table S2,
and PDX model characteristics are given
in tables S3 and S4. Seven of the eight
models were from recurrent and/or
metastatic tumors taken from biopsy or
autopsy. All these contemporary models
were established after 2010. Seven of eight
models carried the PAX3:FOXO1 onco-
gene, whereas one model (J99873/CF-2)
was established from an autopsy tumor
harboring PAX7:FOXOLI. In each case,
tumor growth inhibition by combined
ENT plus VCR was superior to either
drug alone (Fig. 2, A to G) except for
one model (CTG-1008), in which tumor
growth inhibition by ENT alone was bet-
ter than combined treatment (Fig. 2H).
Waterfall plots summarizing the tumor
growth inhibition (%) for the eight mod-
els (Fig. 21 and fig. S5, A to C) showed
that, in five of eight cases, ENT had single-
agent activity relative to the control. No dif-
ference was seen between different treat-
ment groups in terms of rhabdomyoblast
differentiation (fig. S5, D and E, and table
S5). Biochemical analysis of tumor ly-
sates from J77636 PDXs treated with
ENT showed pharmacodynamic down-
regulation of PAX3:FOXO1 protein abun-
dance, which was consistent with results
seen in two-dimensional cultures of hu-
man and murine aRMS cell lines (Fig.
2]). Statistical summaries of the eight
aRMS PDX models are provided in ta-
bles S6 to S13.

Mechanisms underlying ENT
treatment converge on known
downstream genes

ENT targets class I HDACs (HDACI,
HDAC?2, and HDACS3) but that at higher
concentrations also inhibits the class IT
member HDAC10. To determine fur-
ther the mechanism by which ENT
silences PAX3:FOXOI expression, we
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reduced the endogenous expression
of HDAC1, HDAC2, and/or HDAC3
in Rh30 cells using small interfering
RNA (siRNA) (siHDAC1/2/3) alongside
a scrambled siRNA control (Fig. 3A).
PAX3:FOXO1 abundance was decreased
to some extent by each individual HDAC
siRNA, but depletion of HDAC2 or
HDAC3 was the most potent (Fig. 3A).
Depleting Rh30 cells of HDACI0, albeit
somewhat less efficient than HDAC1/2/3
depletion, had no detectable impact on
the protein abundance of PAX3:FOXO1
(Fig. 3B). These results indicated the
importance of class | HDACs, specifically
HDAC2 and HDAC3, for PAX3:FOXO1
expression and suggest that inhibition
of specifically these HDACs is the mech-
anism through which ENT represses the
fusion protein.

Our RNA sequencing (RNA-seq)
and chromatin immunoprecipitation—
exonuclease (ChIP-exo) data identified
four classes of cell-autonomous gene
expression changes related to ENT
treatment: These subclasses were PAX3:
FOXO1 binding with or without HDAC
binding (Fig. 3C); HDACI1, HDAC2,
HDAC3, or HDACI11 binding only
(Fig. 3D); indirect targets of PAX3:
FOXO1 (Fig. 3E); and otherwise-regulated
genes (Fig. 3F) (13). Although HDAC-
related and HDAC-unrelated changes in
expression of the known PAX3:FOXO1
direct and indirect targets were expected,
neither these nor those of the otherwise-
regulated genes could explain altered
transcription of PAX3:FOXOI with re-
spect to PAX3 regulatory elements.

To understand the mechanisms of
action for ENT and PAN, we also ana-
lyzed the expression of wild-type PAX3
and FOXOL1 in U23674 and Rh30 aRMS
cells, as well as C2C12 mouse myo-
blasts, human skeletal muscle myoblasts
(HSMMs), and CureFast-1 (CF-1) PDX
explant cell culture each treated sepa-
rately with ENT and PAN. Consistent with
previous results (13), PAX3:FOXO1 was
significantly reduced by ENT but not by
PAN in U23674 cells (Fig. 4, A and B).
These cells do not express detectably
sufficient wild-type PAX3 for analysis
(Fig. 4A); however, in C2C12 cells, which
do so, ENT significantly reduced wild-
type PAX3 but not wild-type FOXO1
abundance (Fig. 4, A and C), and in
both cell lines, neither ENT nor PAN
altered FOXO1 (Fig. 4, A, D, and E).
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Fig. 3. siRNA-mediated knockdown of HDAC and gene expression and PAX3:FOXO1 binding data for key aRMS gene targets. (A and B) PAX3:FOXO1 expression
in Rh30 cells transfected with siRNA at 100 nM for 72 hours, targeting HDAC1, HDAC2, and/or HDAC3 (A), as well as HDAC10 (B). Blots are representative of n = 3 in-
dependent experiments. (C to F) Three aRMS samples [U23674 in two replicates (U23674A and U23674B), Rh30, and Rh41] were sequenced after treatment with ENT
at 2 uM for 72 hours or DMSO. Featured genes were decreased (log, ratio of ENT-induced expression divided by control expression > 1) in all samples. Additional expres-
sion data for these key targets were curated from previous publications (70, 33), and PAX3:FOXO1 binding data were curated from the literature as indicated (31, 32)
or were generated through chromatin immunoprecipitation sequencing (ChlP-seq) experiments. Four subclasses of ENT-induced gene expression were identified
as (C) PAX3:FOXOT1 binding with or without HDAC binding; (D) HDAC1, HDAC2, HDAC3, or HDAC11 binding only; (E) indirect targets of PAX3:FOXO1; and (F) otherwise-
regulated genes.
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grammatic representation attributing the effect of ENT on PAX3:FOXO1 expression to PAX3 cis-regulatory elements.

Similar results were observed in Rh30, CF-1, and HSMM cells
(Fig. 4, F to I). These results suggest that, for PAX3:FOXOI in aRMS
tumor cells, the PAX3 cis-regulatory elements are affected differently
by ENT treatment versus PAN treatment, perhaps attributable to

secondary effects on PAX3 cis-elements
or PAX3 mRNA stability factors (Fig. 4]).

Loss of SMARCA4 expression or
activity increases, or derepresses,
the expression of the microRNA
miR-27a
To further understand how ENT silences
the PAX3:FOXOI1 gene, whereas PAN
does not, RNA-seq analysis of ENT-
treated versus PAN-treated human and
murine aRMS cells was carried out with
an emphasis on assessing the expression
of transcription factors and chromatin
remodeling complexes. Differential
expression across samples after ENT
treatment versus after PAN treatment
identified key up-regulated and down-
regulated genes in the ENT-specific ef-
fects (Fig. 5A). Many epigenetic targets,
including chromatin-modifying enzymes
and remodeling complexes, were indeed
decreased by ENT treatment and in-
creased by PAN treatment in Rh30
and U23674 cells (Fig. 5A). Specifically,
ENT treatment had a strong effect on
the expression of many of the SWI/SNF
(switch/sucrose non-fermentable) com-
plexes, which included that of SMARCA4/
BRG1, which was markedly reduced by
ENT but not by PAN treatment (Fig. 5A).
At the protein level, only ENT reduced
SMARCA4 protein abundance in both
cells, notably to an undetected level
(Fig. 5B). Consistent with ENT-mediated
pharmacological inhibition of class I
HDAC:s, siRNA-mediated knockdown
of HDAC3 decreased SMARCA4 pro-
tein abundance to an almost undetect-
able level; knockdown of HDAC2
had markedly less of an effect (Fig. 5C).
This finding concurs with a previous
report indicating a noncanonical role of
HDACS3 as a transcriptional activator
(17). Furthermore, the abundance of the
PAX3:FOXOL1 fusion protein was de-
creased in Rh30 cells upon reduction of
SMARCA4 by siRNA (siSMARCA4)
(Fig. 5D), altogether suggesting an
HDAC3-SMARCA4 circuit in promot-
ing PAX3:FOXOL1 fusion protein abun-
dance in aRMS cells.

Upon searching the miR search en-
gine miRBase for microRNA (miRNA)
that bound the PAX3 promoter or cis-

elements, we observed that miR-27a was unique in that, in both
mouse and human cells, it bound PAX3 upstream (5') of the PAX3:
FOXOI breakpoint (in intron 4). miR-27a-5p reportedly targets
PAX3, as well as PAX7, in developing and adult muscle cells (18).
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For comparison, we chose miR-485-5p as a conserved miRNA
binding the PAX3 3’ untranslated region (3'UTR). Referencing the
University of California, Santa Cruz (UCSC) genome browser visu-
alization of ChIP-seq data from the Encyclopedia of DNA Elements
(ENCODE) predicted that SMARCA4 binds to the 3'UTR of miR-
27a. We then measured miR-27a expression upon pharmacological
inhibition of SMARCA4 bromodomain activity using the small-
molecule inhibitor PFI-3 at a concentration of 10 uM. PFI-3 inhibits
95% of the SMARCA4 bromodomain activity at this concentration
according to analysis by time-resolved fluorescence energy transfer
(TR-FRET; fig. $6). Inhibition of SMARCA4 bromodomain activity
increased miR-27a expression (Fig. 5E) but not that of miR-485
(Fig. 5F). We then carried out siRNA-mediated knockdown of
SMARCA4 in Rh30 cells and CF-1 cells, which showed an increase
in miR-27a compared to scrambled siRNA control, consistent with
the effect seen on miR-27a upon pharmacological inhibition of
SMARCA4 (Fig. 5, G and H). Together, these results suggested that
a SMARCA4-miR-27a regulatory circuitry controls the expression
of PAX3:FOXO1 (Fig. 5I).

ENT-induced reexpression of miR-27a silences PAX3:FOXO1
To understand whether ENT silences PAX3:FOXOI transcript via
miR-27a-mediated transcription interference, we reexpressed
miR-27a in Rh30 and CF-1 cells by transient transfection of miR-27a
mimics and examined PAX3:FOXO1 protein expression. Compared
to a control oligonucleotide (a “negative mimic”), miR-27a reexpres-
sion decreased PAX3:FOXO1 abundance in both Rh30 and CF-1
cells (Fig. 6, A and B), which also exhibited altered cell morphology
(Fig. 6, C and D). qPCR analysis then showed a more potent increase
in the expression of miR-27a in ENT-treated than in PAN-treated
Rh30 and CF-1 cells (Fig. 6, E and F). However, PAN increased
miR-485 expression more potently than did ENT (Fig. 6, G and H).
Because our earlier studies showed that ENT reduced PAX3:FOXO1
expression by inhibiting HDAC2/3 (Fig. 3A), we silenced HDAC2/3
by siRNA in Rh30 and CF-1 cells, which resulted in increased miR-27a
expression relative to that in scrambled siRNA control cells (Fig. 6,
Iand]). These results altogether suggest that, by inhibiting HDAC3
and maybe in part HDAC2, ENT blocks epigenetic suppression of
an miRNA, thereby enabling its restriction of PAX3:FOXO1 expres-
sion and reducing the growth of aRMS tumors (Fig. 6K).

DISCUSSION

Our previous studies uncovered that cell of origin conveys an epi-
genetic memory to tumor cells, leading to differences in histological
phenotype and drug sensitivity, and that cell of origin also epige-
netically influences the transcription of the PAX3:FOXOI oncogene
in tumor cells (13). Apropos to those findings, mechanistic studies
that we performed here suggest that HDAC2/HDACS3 inhibition is
the primary mechanism of ENT-mediated repression of PAX3:
FOXOL1 in aRMS. We also found that ENT and PAN, despite both
being HDAC:is, are very different drugs with different global actions
and specifically different activity with respect to SMARCAA4, the in-
hibition of which we have now shown is critical to miR-27a expres-
sion and PAX3:FOXO1 mRNA destabilization.

Deregulated expression and function of miRNAs has been re-
ported in many cancers, including RMS. HDACis and ENT specifi-
cally have been previously reported to alter miRNA expression
(19, 20). In this study, we found an miRNA that inhibited PAX3:

FOXOI1 mRNA translation and/or its stability. Our focus was on
miRNAs that could bind either the PAX3 promoter and exons 1 to
8 or the FOXOI exons 1 to 3 and its 3'UTR, as well as those that
were conserved across humans and mice, given that ENT reduced
both human and mouse PAX3:FOXO1. miR-27a-5p targets both
PAX3and PAX7 (18); miR-272a’s own promoter is regulated in muscle
by the myogenic transcription factors MYF6, MYOD, and MEF2C
(which aligns with RMS features) (21); and SMARCAA4 is predicted
by ENCODE to bind the 3'UTR of miR-27a. Knockdown of SMAR-
CAA4 or pharmacological inhibition of its bromodomain activity
increased the expression of miR-27a. Although SMARCAA4 is typi-
cally characterized as a transcriptional activator, reports suggest
that SMARCAA4 can also act as a repressor (22, 23). How precisely
SMARCA4 represses miR-27a requires further investigation and
may reveal insight into its function in other contexts.

From a clinical point of view, ENT in combination with the chemo-
therapy agent VCR showed strong antitumor activity in aRMS
orthotopic mouse models at clinically achievable adult drug con-
centrations. For the purposes of clinical trial planning, we have also
established the comparative efficacy of ENT to other HDACis at
reducing PAX3:FOXO1 and PAX7:FOXO1 expression. ENT not
only reduced PAX3:FOXO1 abundance across species in both mu-
rine and human aRMS cell lines/cultures and PDX explant cell cul-
tures but also inhibited PAX3:FOXO1 levels more effectively than
the other HDACis tested. We note that, in the time since our studies
were performed, Malempati et al. (24) have reported the phase 1
clinical trial results for ENT in pediatric patients, showing higher
drug exposures and decreased clearance without any additional
toxicity for children versus adults (Cpayx of 140.8 nM at a dose of
4 mg/m” and a half-life of 45 hours in children). Thus, our preclinical
studies may be overly stringent with respect to clinical modeling.

In summary, our preclinical data with strong mechanical evidence
suggest that targeting HDAC3-SMARCA4-miR-27a-PAX3:FOXO1
regulatory circuitry in aRMS may provide real therapeutic benefits
for patients with aRMS. The preclinical efficacy in vivo and overall
biochemical performance at PAX3:FOXO1 suppression make ENT
a promising drug candidate for combining with chemotherapy and/
or radiation in clinical trials for aRMS. Our findings directly sup-
port the pediatric phase 1B clinical trial ADVL1513 concept under
review for the use of ENT as a single agent in RMS and possible
phase 2 chemotherapy-ENT trials to follow.

MATERIALS AND METHODS

Cell culture

Murine primary tumor cell cultures (U23674) were generated as
described previously (25). Human aRMS cell lines Rh30 and Rh41
were cultured in growth medium (GM) RPMI 1640 (Thermo Fisher
Scientific, catalog no. 11875-093) supplemented with 10% fetal bo-
vine serum (FBS) (Thermo Fisher Scientific, catalog no. 26140079)
and 1% penicillin/streptomycin (Thermo Fisher Scientific, catalog
no. 15140-122). CW9019 was cultured in Dulbecco’s modified
Eagle’s medium (DMEM) (Sigma, catalog no. 11965-084) supple-
mented with 10% FBS and 1% penicillin/streptomycin. The mouse
myoblast cell line C2C12 was obtained from the American Type
Culture Collection (ATCC) and was cultured in DMEM supple-
mented with 20% FBS and 1% penicillin/streptomycin. Primary
HSMMs (Lonza Inc., catalog no. CC-2580) were cultured in GM
(Cell Applications, catalog no. 151-500). Phoenix-Amphotropic cells
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(a second-generation retrovirus producer cell line) (ATCC, catalog
no. CRL-3213) were cultured in DMEM supplemented with 10% FBS
and 1% antibiotics. PDX explant cell culture CF-1 was cultivated in
RPMI 1640 supplemented with 10% FBS and 1% antibiotics. All
cells were incubated at 37°C and 5% CO,. Rh30 and Rh41 were ob-
tained from the Children’s Oncology Group (www.COGcell.org)
and were authenticated by Short Tandem Repeat validation assay
through Biosynthesis. The murine cell culture U23674 was authen-
ticated by PCR validation by Transnetyx. CF-001 was authenticated
by analyzing the expression of PAX3:FOXO1.

VCR chemotherapy, HDAC inhibition,

and SMARCA4 inhibition

The chemotherapy agent VCR sulfate, used here in the treatment
of Rh30 and U23674 cells, was obtained from Sigma (product no.
V8879). HDACis used in this study were purchased from Selleckchem:
ENT (also known as MS-275, a class | HDAC;; catalog no. S1053),
PAN (a broad-spectrum HDAC:i; catalog no. S1030), SAHA (cata-
log no. $1047), CUDC-907 (a PI3K inhibitor and a class I and
class II HDAC;; catalog no. S2759), and CUDC-101 (a class I and
class II HDACIi and an inhibitor of epidermal growth factor
receptor family members EGFR and HER2; catalog no. S1194).
aRMS cell lines and primary tumor cell cultures were treated with
these drugs at their clinically relevant Cp,y (maximum plasma
concentrations) or, where Cp,y is not yet reported, their deter-
mined IC;s.

TR-FRET assay of the treatment of cells with the

SMARCAA4 inhibitor

The SMARCA4 bromodomain activity inhibitor, PFI-3 (S7315), was
purchased from Selleckchem. Rh30 cells were treated with PFI-3 at
a concentration of 10 uM. PFI-3 inhibits 95% of the SMARCA4
bromodomain activity at 10 uM based on the TR-FRET assay car-
ried out by a commercial vendor, BPS Bioscience. Briefly, the assay
was performed by TR-FRET technology using recombinant bromo-
domain and BET ligand. The TR-FRET signal from the assay is cor-
related with the amount of ligand binding to the bromodomain.
Binding experiments were performed in duplicate at each concen-
tration. The TR-FRET data were analyzed using the computer soft-
ware GraphPad Prism (GraphPad Software Inc.). In the absence of
the compound in wells containing BET ligand, the TR-FRET signal
(Ft) in each dataset was defined as 100% activity. Select wells where
control inhibitors were more than 100-fold the IC5, were used to
define the TR-FRET signal (Fb) as 0% activity. The percent activity
in the presence of each compound was calculated according to the
following equation: % activity = [(F — Fb)/(Ft — Fb)] x 100, where
F = the TR-FRET signal in the presence of the compound. The per-
cent inhibition was calculated according to the following equation: %
inhibition = 100 — % activity.

RNA-extraction and RT-PCR

Rh30 (human aRMS) cell line and murine aRMS primary tumor cell
cultures (U23674) were treated with 0.1, 0.2, 0.4, 0.8, 1, and 2 uM
ENT for 24 hours. DMSO treatment was used as a control. After
treatment with ENT, total RNA was extracted and complementary
DNA (cDNA) was synthesized as previously described (13). Expres-
sion of PAX3:FOXOI was determined by real-time PCR (RT-PCR)
using custom Tagman primers and probe (catalog nos. 4304970 and
4316034) on a StepOnePlus RT-PCR machine (Applied Biosystems).
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Rh30 and Rh41 cell lines were treated with 1 uM ENT, 45 nM PAN,
and 1 uM SAHA for 24 hours. DMSO-treated cells were used as
control. Total RNA was extracted from cells using TRIzol reagent
(Invitrogen) according to the manufacturer’s protocol. cDNA was
prepared from RNA using a high-capacity cDNA reverse transcrip-
tion kit (Applied Biosystems) with a ribonuclease inhibitor. gPCR
was performed using TagMan Universal Master Mix, no AmpErase
Uracil-N glycosylase on the ABI 7900HT Fast Real-Time PCR System
(Applied Biosystems). Primers used were Gapdh-Hs02758991_g1 and
PAX3:FOXO1-Hs03024825_ft. Gene expression was quantified using
the 272" method.

Immunoblotting

Human Rh30 and Rh41 cell lines and murine aRMS primary tumor
cell cultures (U23674) were treated with 1 uM ENT, 45 nM PAN,
1 uM SAHA, 150 nM CUDC907, or 150 nM CUDC-101 for 72 hours.
DMSO (vehicle)-treated cells were used as control. After 72 hours,
lysates were collected using radioimmunoprecipitation assay lysis
buffer with Halt Protease and Phosphatase Inhibitor Cocktail
(Thermo Fisher Scientific, catalog no. 78440) and analyzed for PAX3:
FOXO1 expression using an anti-PAX3 antibody (1:400; R&D
Systems, catalog no. MAB2457), PAX7:FOXO1 expression using an
anti-FKHR antibody (H-128, 1:300; Santa Cruz Biotechnology), and
SMARCA4 expression using an anti-SMARCA4 antibody (G-7,
1:300; Santa Cruz Biotechnology) and matched for protein expres-
sion using an anti-B-actin antibody (1:10,000; Abcam, catalog no.
ab8227). All blots were visualized using a FluorChem Q system
(ProteinSimple). To analyze endogenous wild-type FOXOI1 expres-
sion, recombinant FOXO1 (NM_002015) (Origene) was used.
FOXO3 (NM_001455) was used as negative control to choose the
appropriate antibody (fig. S7). Anti-FOXO1 antibody (1:500;
Millipore, clone 2H8.2) detects recombinant FOXO1 without back-
ground compared to other antibodies and subsequently used for all
immunoblots (fig. S7).

Orthotopic allograft studies

All animal studies were conducted with Institutional Animal Care
and Use Committee (IACUC) approval at the Oregon Health &
Science University. An orthotopic allograft mouse model of aRMS
(U23674, genotype Myf6Cre, PAX3:FOXOI, p53) was generated as
previously described (13). Mice were treated with ENT at a daily
dose of 5 mg/kg by intraperitoneal injection or with VCR sulfate at
a dose of 1 mg/kg weekly by intraperitoneal injection, or a combina-
tion of both. Treatment was started once the tumors reached 0.25 cc
and ended when the tumors reached 1.5 cc. During treatment, mice
that experienced body weight loss (10 to 15%) were euthanized early.
For the radiation studies, murine aRMS primary tumor cell cultures
(U23674) were pretreated with either DMSO or 2 uM ENT and then
subjected to 10 Gy radiation before injecting 500,000 viable cells into
each mouse. Failure was defined as an event for tumor size greater
than or equal to 1.2 cc.

PDX models at Champions Oncology

The Champions Personalized Tumorgraft chemosensitivity tests were
conducted using a TumorGraft model established from two indepen-
dent RMS biopsy specimens. The explants were received and immedi-
ately implanted into immunodeficient mice. The antitumor activity
of ENT and VCR was tested in a low-passage immune-compromised
female mice (Harlan; nu/nu) between 5 and 8 weeks of age housed
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on irradiated papertwist-enriched /g-inch corncob bedding (Shepherd)
in individual HEPA (high-efficiency particulate air) ventilated cages
(Innocage IVC, Innovive, USA) on a 12-hour light/12-hour dark
cycle at 68° to 74°F (20° to 23°C) and 30 to 70% humidity. Animals
were fed water ad libitum (reverse osmosis, 2 parts per million
Cl2) and an irradiated test rodent diet (Teklad 2919) consisting of
19% protein, 9% fat, and 4% fiber. All compounds were formulated
according to the manufacturer’s specifications. Beginning day 0,
tumor dimensions were measured twice weekly by a digital caliper,
and data including individual and mean estimated tumor volumes
(mean TV + SEM) were recorded for each group; tumor volume was
calculated using the following formula (1): TV = width® x length x
0.52. All studies were done with the approval of Champions Oncology
IACUC.

PDX models at The Jackson Laboratory

To establish each PDX model, NSG (NOD.Cg-Prkdcscid IL2rgtm1 Wjl/
SzJ) mice were obtained by The Jackson Laboratory. Tumor ex-
plants were obtained from the patients and immediately implanted
into the rear flanks of recipient female NSG (JAX, stock no. 005557)
mice using a trochar. Once tumors reached about 2000 mm?®, they
were collected and passaged for serial transplantation in NSG mice
to create low-passage fragments or cohort for future studies. The
tumor volume range for enrollment was 150 to 250 mm?®. All studies
were done with the approval of The Jackson Laboratory IACUC.
Mice were treated with vehicle or ENT/VCR as a single agent or a
combination at doses and routes of administration provided in table
$2 until tumors reached 2000 mm” or reached study day 28. The
antitumor activity of ENT and VCR was tested. All compounds were
formulated according to the manufacturer’s specifications. Beginning
day 0, tumor dimensions were measured twice weekly by a digital cali-
per, and data including individual and mean estimated tumor volumes
(mean TV + SEM) were recorded for each group; tumor volume was
calculated using the following formula: TV = width® x length/2.

siRNA-mediated silencing of class | and class Il HDACs

For silencing of class ] HDACs (1-3), Rh30 cells were transfected with
100 nM HDAC1 (L-003493-00-0005, 5 nmol), HDAC2 (L-003495-
02-0005, 5 nmol), HDAC3 (L-003496-00-0005, 5 nmol), or HDAC10
(L-004072-00-0005, 5 nmol) SMARTpool siRNA reagent (a pool of
four siRNA duplexes all designed to target distinct sites within the
specific gene of interest) (Dharmacon) versus scrambled siRNA
(Dharmacon) using Lipofectamine RNAimax (Invitrogen, catalog
no. 13778030). siRNA cell lysates were subjected to Western blot-
ting using anti-HDACI (H-51, 1:400; Santa Cruz Biotechnology),
anti-HDAC?2 (C-8, 1:400; Santa Cruz Biotechnology), anti-HDAC3
(B-12, 1:400; Santa Cruz Biotechnology), and anti-HDACI10 (E-2,
1:400; Santa Cruz Biotechnology) antibodies and PAX3:FOXO1 ex-
pression using anti-PAX3 antibody (R&D Systems).

Retroviral infection

To restore expression of PAX3:FOXO1 in U23674 with stable
knockdown of PAX3:FOXO1 (U23674 shYFP), retroviral vector
pk1-PAX3:FOXO1 was transfected into Phoenix-AMPHO pack-
aging cells using Lipofecatmine Plus reagent (Invitrogen, catalog
no. 15338100). Medium was harvested after 24, 48, and 72 hours
and filtered with a 0.45-um syringe filter. Retroviral supernatant
with polybrene was used for transduction of U23674 shYFP
culture.

www.SCIENCESIGNALING.org 20 November 2018 Vol 11 Issue 557 aau7632

siRNA-mediated silencing of SMARCA4

For silencing of SMARCA4, Rh30 cells were transfected with 100 nM
SMARCA4 (L-010431-00-0005, 5 nmol) SMARTpool siRNA reagent
(Dharmacon) versus scrambled siRNA (Dharmacon) using Lipo-
fectamine RNAimax (Invitrogen). Cell lysates were subjected to
Western blotting using anti-SMARCA4 (G-7, 1:300; Santa Cruz
Biotechnology).

miRNA overexpression

For overexpression of miR-27a-5p, Rh30 and CF-1 cells were trans-
fected with 10 uM miR-27-a-5p mimics (assay name, hsa-miR-27a-5p;
accession no., MI0000085) or miR-27a-5p negative control (5 nmol;
Thermo Fisher Scientific, catalog no. 4464058) using Lipofectamine
RNAimax (Invitrogen). Cell lysates were collected at the end of
72 hours and subjected to Western blotting for analysis of PAX3:
FOXO1 expression using an antibody against PAX3 (R&D Systems).

miRNA isolation and RT-PCR

miRNA isolation was performed as per the manufacturer’s protocol
(Invitrogen, catalog no. K157001). Briefly, Rh30 and CF-1 cells were
seeded at a density of 0.3 million cells and, the next day, were treated
with ENT (1 uM) or DMSO (vehicle). At the end of 24 hours of
treatment, miRNA was isolated as per the manufacturer’s standard
protocol. The recovery tube with RNA was then quantified using a
BioTek microvolume plate. Complementary DNA was prepared from
5 ng of miRNA using a TagMan miRNA reverse transcriptase kit
(Thermo Fisher Scientific, catalog no. 4366596). qPCR was per-
formed using TagMan Universal Master Mix, no AmpErase UNG
(Thermo Fisher Scientific, catalog no. 4440040) on the Bio-Rad
Thermocycler Real-Time PCR System. Primers used were hsa-miR-27a
and hsa-miR-485 (TagMan miRNA assays). U6snRNA (TagMan
miRNA assays) was used as loading control. miRNA expression was
quantified using the 27" method.

RNA sequencing

For the identification of transcriptional changes (Fig. 3, C to F) in
aRMS cells after ENT treatment, each of the three aRMS cultures
(human cell lines Rh30 and Rh41 and mouse cell culture U23674)
was treated with ENT alongside a paired untreated sample for a
fixed time period. All samples were treated with ENT for 72 hours,
except for Rh41, which was treated for 24 hours because of higher
sensitivity to ENT. All cells were cultured on 10-cm dishes, and
treatment began when plates were 60% confluent. Passages lower
than 7 were used for all mouse cultures. RNA isolation and sequenc-
ing were performed by the commercial service provider, Beijing
Genomics Institute (BGI). Differential expression for a single sample
was defined as post-ENT treatment expression divided by vehicle-
treated expression. These criteria identified 348 overexpressed and
358 underexpressed genes in aRMS. Differential expression of genes
associated with chromatin modification and remodeling after ENT
and PAN treatment (72 hours) (Fig. 5A) was analyzed by one more set
of RNA-seq with RNA isolation and sequencing performed by BGI.
Log, scaled ratios of ENT-treated versus vehicle-treated RH30 and
U23674 and PAN-treated versus vehicle-treated RH30 and U23674
were organized by change in regulation.

Bioinformatic analysis of RNA-seq

The paired-end raw reads for all RNA-seq data samples were aligned
using TopHat version 2.0.9. Up to two mismatches in the alignment
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were permitted before a read alignment was discarded. The reads for
human samples were aligned to the UCSC hg36 human reference
genome. The reads for mouse samples were aligned to the UCSC
mm19 mouse reference genome. The aligned reads were assembled
into transcripts using Cufflinks version 2.2.1. Differential compari-
sons were performed by the Cuffdiff function of Cufflinks version
2.2.1. Differential comparisons were made between samples treated
with ENT and untreated control samples. For the differential analysis
of treated versus untreated samples, the standard Cuffdiff parameters
were used. Reported in all figures are log, scaled differential values.
Genes for which treated samples had nonzero expression and un-
treated samples had zero expression fixed were set to the minimum
of the treated expression and 1024, before log, scaling, to prevent
divide-by-zero errors during downstream analysis. Only genes with
quantified expression across all samples (total of 14,575 genes)
were considered. Log, scaled mean differential expression across all
samples of a common subtype was used to identify overexpression
and underexpression.

Chromatin immunoprecipitation-exonuclease

For identification of ENT-related gene expression changes for the
known targets of PAX3:FOXO1, ChIP-exo studies were performed
by Peconic Genomics using anti-PAX3 antibody (R&D Systems,
catalog no. MAB2457) with the murine U23674 aRMS culture as
previously described (26). Paired-end, 40-base pair (bp) reads were
generated. Putative binding sites (peaks) were identified using the
Model-based Analysis of ChIP-seq (MACS) program version
2.1.0.20140616, with default parameters without a control sample
(in which case MACS uses regional read levels for background) (27).
Overall data quality and peak quality were verified by a combination
of methods, including cross-correlation of positive- and negative-
strand reads (which showed a peak expected from punctate binding
at a plausible offset of about 15 bp) (26) and the R package ChIPQC
(which showed good numbers of reads in peaks) (28). ChIP-seq
data for additional ENT targets HDAC1, HDAC2, HDAC3, and
HDACI1 were taken from published sources (29, 30). HDAC11 was
used as a surrogate for HDAC10, because HDACI10 data were not
available. Additional data were gathered from published sources for
PAX3:FOXO1 binding identified by cyclic amplification and selec-
tion of targets (CASTing) (31) and by previously published PAX3:
FOXO1 ChIP-seq data (32). Published expression data (33) and cell
cycle-dependent expression data (10) were also integrated to infer
indirect targets of PAX3:FOXOI. Differential expression across
samples after ENT treatment was used to identify key up-regulated
and down-regulated genes in aRMS. Bioinformatic analysis of
PAX3:FOXO1 and HDACs binding sites was then cross-referenced
for RNA-seq data for ENT-treated cells.

Statistical analysis

Bioinformatics and computational methods are described above.
Continuously distributed outcomes were summarized with the
mean + 1 SD. Treatment groups were contrasted on the mean with
analysis of variance in log units. Time-to-event distributions were
summarized with Kaplan-Meier curves, and significance of varia-
tion with treatment group was assessed with log-rank tests. Correc-
tions for multiple comparisons were made with the Dunnett method
for analysis of variance (ANOVA) and the Bonferroni method for
log-rank testing. Statistical testing on means and time to event was
two sided with a nominal significance level of 5% and was carried
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out with R. For PDX mouse models, the significance of variation in
tumor volume with treatment was assessed with a repeated-measures
linear model with an autoregressive order 1 autocorrelation matrix
and a Tukey correction for multiple comparisons in terms of treat-
ment, day, and the treatment x day interaction. All analyses were
carried out in log;o units, and all statistical testing was two sided
with a 5% experiment-wise significance level. SAS version 9.4 for
Windows (SAS Institute) was used throughout. GraphPad Prism was
used for statistical analysis of cell viability assay and TR-FRET
assay. For densitometric analysis (% change), significance was
determined by a two-tailed Student’s ¢ test, and P values of <0.05 were
considered to be statistically significant. Statistical significance was
set at *P < 0.05, **P < 0.01, and ***P < 0.001. Error bars indicate
mean * SD or SEM.

SUPPLEMENTARY MATERIALS
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Fig. S1. ENT treatment of aRMS in vivo.

Fig. S2. ENT reduces PAX3:FOXO1 abundance at a clinically relevant dose and time of exposure
and reduces cell viability synergistically with VCR.

Fig. S3. PAX3:FOXO1 mRNA expression is reduced by ENT in aRMS cell lines.

Fig. S4. Better than other HDACis, ENT reduces PAX3:FOXO1 abundance in murine and human
aRMS cells.

Fig. S5. Representative histology of PDX mouse aRMS tissue.

Fig. S6. PFI-3-mediated inhibition of SMARCA4 bromodomain activity.

Fig. S7. Validation of commercially available antibodies for detecting endogenous FOXO1
abundance in aRMS cell lines.

Table S1. Histological markers of differentiation in aRMS orthotopic allograft PDX mice.
Table S2. Treatment schedules for the CF-4/PCB-513 PDX mice.

Table S3. Patient history of the Champions Oncology PDX aRMS models.

Table S4. Patient history of The Jackson Laboratory PDX aRMS models.

Table S5. Histological scoring of markers of differentiation in PDX aRMS mice.

Table S6. Statistical analysis of CTG-1604/POS-14175 data.

Table S7. Statistical analysis of J101220/CF-4 data.

Table S8. Statistical analysis of J77636/PCB-481 data.

Table S9. Statistical analysis of J0103366/CF-13A data.

Table S10. Statistical analysis of J099761/CF-1 data.

Table S11. Statistical analysis of CTG-1409/POS 14107 data.

Table S12. Statistical analysis of J099873/CF-2 data.

Table S13. Statistical analysis of CTG-1008 data.
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Noncoding regions are the main source of targetable
tumor-specific antigens
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Tumor-specific antigens (TSAs) represent ideal targets for cancer immunotherapy, but few have been identified
thus far. We therefore developed a proteogenomic approach to enable the high-throughput discovery of TSAs
coded by potentially all genomic regions. In two murine cancer cell lines and seven human primary tumors, we
identified a total of 40 TSAs, about 90% of which derived from allegedly noncoding regions and would have
been missed by standard exome-based approaches. Moreover, most of these TSAs derived from nonmutated
yet aberrantly expressed transcripts (such as endogenous retroelements) that could be shared by multiple tumor
types. Last, we demonstrated that, in mice, the strength of antitumor responses after TSA vaccination was influenced
by two parameters that can be estimated in humans and could serve for TSA prioritization in clinical studies: TSA
expression and the frequency of TSA-responsive T cells in the preimmune repertoire. In conclusion, the strategy
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reported herein could considerably facilitate the identification and prioritization of actionable human TSAs.

INTRODUCTION
CD8" T cells are the main mediators of naturally occurring and ther-
apeutically induced immune responses to cancer. Accordingly, the
abundance of CD8" tumor-infiltrating lymphocytes (TILs) positively
correlates with response to immune checkpoint inhibitors and favor-
able prognosis (1-3). Because CD8" T cells recognize major histo-
compatibility complex class I (MHC I)-associated peptides, the most
important unanswered question is the nature of the specific peptides
recognized by CD8" TILs (4). Knowing that the abundance of CD8"
TILs correlates with the mutation load of tumors, the dominant
paradigm holds that CD8" TILs recognize mutated tumor-specific
antigens (mTSAs), commonly referred to as neoantigens (2, 5, 6).
The superior immunogenicity of mTSAs is ascribed to their selective
expression on tumors, which minimizes the risk of immune tolerance
(7). Nonetheless, some TILs have been shown to recognize cancer-
restricted nonmutated MHC peptides (8) that we will refer to as ab-
errantly expressed TSAs (aeTSAs). ae€TSAs can derive from a variety
of cis- or trans-acting genetic and epigenetic changes that lead to the
transcription and translation of genomic sequences normally not
expressed in cells, such as endogenous retroelements (EREs) (9-11).
Considerable efforts are being devoted to discovering actionable
TSAs that can be used in therapeutic cancer vaccines. The most com-
mon strategy hinges on reverse immunology, in which exome se-
quencing is performed on tumor cells to identify mutations, and
MHC-binding prediction software tools are used to identify which
mutated peptides might be gopod MHC binders (12, 13). Although
reverse immunology can enrich for TSA candidates, 90% of these
candidates are false positives (6, 14) because available computational
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methods may predict MHC binding, but they cannot predict other
steps involved in MHC peptide processing (15, 16). To overcome this
limitation, a few studies have included mass spectrometry (MS)
analyses in their TSA discovery pipeline (17), thereby providing a
rigorous molecular definition of several TSAs (18, 19). However,
the yield of these approaches has been meager: In melanoma, one of
the most mutated tumor types, an average of two TSAs per individual
tumors has been validated by MS (20), whereas only a handful of TSAs
has been found for other cancer types (15). The paucity of TSAs is
puzzling because injection of TILs or immune checkpoint inhibitors
would not cause tumor regression if tumors did not express immu-
nogenic antigens (21). We surmised that approaches based on exonic
mutations have failed to identify TSAs because they did not take into
account two crucial elements. First, these approaches focus only on
mTSAs and neglect aeTSAs, essentially because there is currently no
method for high-throughput identification of aeTSAs. This repre-
sents a major shortcoming because, whereas mTSAs are private anti-
gens (that is, unique to a given tumor), aeTSAs would be preferred
targets for vaccine development because they can be shared by multiple
tumors (8, 10). Second, focusing on the exome as the only source of
TSAs is very restrictive. Of particular relevance to TSA discovery, 99%
of cancer mutations are located in noncoding regions (22). Moreover,
the exome (all protein-coding sequences) is only 2% of the human
genome, whereas up to 75% of the genome can be transcribed and
potentially translated (23). Hence, many allegedly noncoding re-
gions are protein coding, and translation of noncoding regions has
been shown to generate numerous MHC peptides (24, 25), some of
which were retrospectively identified as targets of TILs and autoreactive
T cells (26, 27).

With these considerations in mind, we developed a proteogenomic
strategy designed to discover mTSAs and aeTSAs coded by all genomic
regions. We used this approach to study two well-characterized murine
cancer cell lines, CT26 and EL4, as well as seven primary human samples
comprising four B-lineage acute lymphoblastic leukemias (B-ALLs)
and three lung cancers. Our main objectives were to determine whether
noncoding regions contribute to the TSA landscape and which param-
eters may influence TSA immunogenicity.
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RESULTS

Rationale and design of a proteogenomic method for

TSA discovery

Attempts to computationally predict TSAs using various algorithms
are fraught with exceedingly high false discovery rates (28). Hence, a
system-level molecular definition of the MHC peptide repertoire
may only be achievable by high-throughput MS studies (4). Current
approaches use tandem MS (MS/MS) software tools, such as Peaks
(29), which rely on a user-defined protein database to match each
acquired MS/MS spectrum to a peptide sequence. Because the reference
proteome does not contain TSAs, MS-based TSA discovery workflows
must use proteogenomic strategies to build customized databases
derived from tumor RNA sequencing (RNA-seq) data (30) that should
ideally contain all proteins, even unannotated ones, expressed in the
considered tumor sample. Because current MS/MS software tools can-
not deal with the large search space created by translating all RNA-seq
reads in all reading frames (31, 32), we devised a proteogenomic strategy
enriching for cancer-specific sequences to comprehensively characterize
the landscape of TSAs coded by all genomic regions. The resulting
database, termed a global cancer database, is composed of two custom-
izable parts. The first part, the canonical cancer proteome (Fig. 1A),
was obtained by in silico translation of expressed protein-coding
transcripts in their canonical frame; it therefore contains proteins
coded by exonic sequences that are normal or contain single-base
mutations. The second part, the cancer-specific proteome (Fig. 1B),
was generated using an alignment-free RNA-seq workflow called
k-mer profiling because current mappers and variant callers poorly
identify structural variants. This second dataset enabled the detec-
tion of peptides encoded by any reading frame of any genomic origin
(including structural variants), as long as they were cancer specific
(that is, absent from normal cells). Here, we elected to use MHC II™
medullary thymic epithelial cells (mTEC™) cells as a “normal control”
because they express most known genes and orchestrate T cell selec-
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il RNA-seq
Map reads to reads -
reference genome k-mer n
and call mutations generation =
quality > 20 k=33nts "=
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. . assembly
Single-base el o5/ | onon’s 34 nis
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protein-coding transcripts Length > 8 aa Frame 3:

‘

tion to induce central tolerance to MHC peptides coded by their vast
transcriptome (fig. S1A) (33). Thus, to identify RNA sequences that were
cancer specific, we chopped cancer RNA-seq reads into 33-nucleotide-
long sequences, called k-mers (34), from which we removed k-mers
present in syngeneic mTEC™ cells (fig. S2, A and B). Redundancy inherent
to the k-mer space was removed by assembling overlapping cancer-specific
k-mers into longer sequences, called contigs, which were 3-frame trans-
lated in silico (Fig. 1B and fig. S2, C and D). We then concatenated
the canonical and cancer-specific proteomes to create a global cancer
database, one for each analyzed sample (table S1A). Using these op-
timized databases, we identified MHC peptides eluted from two
well-characterized mouse tumor cell lines that we sequenced by
MS, namely CT26, a colorectal carcinoma from a Balb/c mouse, and
EL4, a T-lymphoblastic lymphoma from a C57BL/6 mouse (Fig. 1C
and table S2A) (35, 36).

Noncoding regions as a major source of TSAs

We identified 1875 MHC peptides on CT26 cells and 783 on EL4 cells
(tables S3 and S4). Among these, peptides absent from the mTEC™ pro-
teome were considered TSA candidates (i) if their 33-nucleotide-long
peptide-coding sequence derived from a full cancer-restricted 33-
nucleotide-long k-mer and was absent from the mTEC™ transcriptome
or (ii) if their 24- to 30-nucleotide-long peptide-coding sequence,
derived from a truncated version of a cancer-restricted 33-nucleotide-
long k-mer, was overexpressed by at least 10-fold in the transcriptome
of cancer cells versus mTEC™ cells (fig. S3A). Because no error estima-
tion was used in our study, we manually validated the MS spectra of our
TSA candidates. Before assigning peptides a genomic location, we
also removed any indistinguishable isoleucine/leucine variants (figs.
S3, B and C, and S4) and ended up with a total of 6 mTSAs and 15
aeTSA candidates: 14 presented by CT26 cells and 7 by EL4 cells (Fig. 2,
A and B). MHC peptides that were both mutated and aberrantly
expressed were included in the mTSA category. All of these peptides

Cc
N |
orma Cancer Normal
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. 4B-AlLs  2TECs [ 4
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' N
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+
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Fig. 1. Proteogenomic workflow for the identification of TSAs. (A and B) Schematic detailing how the canonical cancer proteome (A) and cancer-specific proteome
(B) were built for each analyzed sample. In (A), “quality” refers to the Phred score; a score of >20 means that the accuracy of the nucleobase call is at least 99%. (C) The
combination of the above two proteomes, termed the global cancer database, was then used to identify MHC peptides, and more specifically TSAs, sequenced by liquid
chromatography-MS/MS (LC-MS/MS). We analyzed two well-characterized murine cell lines, CT26 and EL4, and seven human primary samples, namely, four B-ALLs and
three lung tumor biopsies (n = 2 to 4 per sample). Statistics regarding each part of the global cancer database can be found in table S1, and implementation details of
building the cancer-specific proteome by k-mer profiling are presented in fig. S2. aa, amino acids; nts, nucleotides; th, sample-specific threshold for k-mer occurrence;

tpm, transcripts per million.
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were absent from the Immune Epitope
Database (37), except for one: the AH1
peptide (SPSYVYHQEF), the sole aeTSA
previously identified on CT26 cells
using reverse immunology (10, 38).

To assess the stringency of our
database-building strategy based on the
removal of mTEC™ k-mers from cancer
k-mers, we evaluated the peripheral ex-
pression of RNAs coding for a€TSAs across
a panel of 22 tissues (table S5) (39, 40).
Four of the 15 aeTSA candidates had an
expression profile similar to that of previ-
ously reported “overexpressed” tumor-
associated antigens (41, 42), as their
peptide-coding sequences were expressed
in most or all tissues (Fig. 2C). These four
peptides were therefore excluded from
the TSA list. In contrast, 11 peptides were
considered genuine aeTSAs because their
source transcripts were either totally ab-
sent or present at trace amounts in a few
tissues (Fig. 2C). We note that detection
of low transcript amounts is less relevant
because MHC peptides preferentially de-
rive from highly abundant transcripts
(43, 44). This concept is illustrated by
the AH1 TSA, which elicits strong anti-
tumor responses devoid of adverse effects
(10, 38), despite the weak expression of its
peptide-coding sequence in the liver, thy-
mus, and urinary bladder (Fig. 2C). These
results demonstrate that subtracting
mRNA sequences found in mTECM
strongly enriches for cancer-restricted
peptide-coding sequences. When we
consider our entire murine TSA dataset
(6 mTSAs and 11 aeTSAs), we find that
most of them derive from atypical
translation events: the out-of-frame
translation of a coding exon or the
translation of noncoding regions (Fig.
2D). We also noticed that any type of
noncoding region can generate TSAs
(table S6): intergenic and intronic se-
quences, noncoding exons, untranslated
region (UTR)/exon junctions, and EREs,
which appear to be a particularly rich
source of TSAs (eight aeTSAs and one
mTSA). Last, our approach efficiently
captured at least one structural variant
as we identified an antigen, VTPVYQHL,
derived from a very large intergenic dele-
tion (~7500 bp) in EL4 cells (table S6B).
Together, these observations confirm
that noncoding regions are the main
source of TSAs and that they have the
potential to considerably expand the
TSA landscape of tumors.
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is reported within bars. The proportion of TSAs derived from atypical translation events is shown above bars. Features of
CT26 and EL4 TSAs can be found in table S6 (A and B, respectively).
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Differential protection against EL4 cells after immunization
against individual TSAs

We then performed detailed studies on some of the TSAs that seemed
most therapeutically promising: those presented by EL4 cells and whose
peptide-coding sequence was not expressed by any normal tissue (Fig.
2C and tables S6B and S7). To assess immunogenicity, C57BL/6 mice
were immunized twice with either unpulsed (control group) or TSA-
pulsed dendritic cells (DCs) before being challenged with live EL4
cells. Priming against IILEFHSL or TVPLNHNTL prolonged survival
for 10% of mice, with only one TVPLNHNTL-immunized mouse
surviving up to day 150 (Fig. 3A). In contrast, the other three TSAs showed
superior efficacy, with day 150 survival rates of 20% (VNYIHRNV),
30% (VITPVYQHL), and 100% (VNYLHRNYV) (Fig. 3, B and C). To
evaluate the long-term efficacy of TSA vaccination, surviving mice were
rechallenged with live EL4 cells at day 150 and monitored for signs of
disease. The two VNYIHRNV-immunized survivors died of leukemia
within 50 days, whereas all others (immunized against TVPLNHNTL,
VTPVYQHL, or VNYLHRNV) survived the rechallenge (Fig. 3). We
conclude that immunization against individual TSAs confers different
degrees of protection against EL4 cells (0 to 100%) and that, in most
cases, this protection is long-lasting.

Frequency of TSA-responsive T cells in naive and
immunized mice
In various models, the strength of in vivo immune responses is regu-
lated by the number of antigen-reactive T cells (45, 46). We therefore
assessed the frequency of TSA-responsive T cells in naive and immu-
nized mice using a tetramer-based enrichment protocol (47, 48), for
which the gating strategy and one representative experiment can be
found in fig. S5 (A to C). As positive controls, we used tetramers to
detect CD8" T cells specific for three immunodominant viral epitopes
(gp-33, M45, and B8R). We confirmed that these T cells had a high
abundance and that their frequency was similar to that observed in
previous studies (Fig. 4A) (46). In naive mice, CD8" T cells specific
for TVPLNHNTL, VTPVYQHL, and IILEFHSL were rare (less than
one tetramer” cell per 10° CD8" T cells), whereas CD8" T cells spe-
cific for the ERE TSAs (VNYIHRNV and VNYLHRNYV) displayed
frequencies similar to those of our viral controls (Fig. 4A and fig. S6A).
Accordingly, in mice immunized with TSA-pulsed DCs, we found that
the T cell frequencies against the two ERE TSAs, as assessed by tetramer
staining or interferon-y (IFN-y) enzyme-linked immunospot (ELISpot)
assays (figs. S1B, S5, C and D, and S6A), were higher than that of
TVPLNHNTL, VIPVYQHL, and IILEFHSL (Fig. 4, B and C). More-
over, in both naive and immunized mice, results obtained with tetramer
staining and IFN-y ELISpot correlated with each other (fig. S7). Last, we
estimated that the functional avidity of T cells specific for VNYIHRNV
and VNYLHRNYV was similar to that of T cells specific for two highly
immunogenic nonself antigens: the minor histocompatibility antigens
H7" and H13" (Fig. 4D). Hence, these TSAs, derived from allegedly
noncoding regions, were recognized by highly abundant T cells with
a high functional avidity. This is particularly noteworthy for the
VNYLHRNYV aeTSA because it has an unmutated germline sequence.
Together, our results show that the frequency of TSA-responsive
T cells was a crucial parameter for TSA immunogenicity. However,
VTPVYQHL was an outsider: It afforded the second-best protection
against EL4 challenge although its cognate T cells were present at a
very low frequency (Figs. 3 and 4, A to C). To better evaluate the
importance of T cell expansion in leukemia protection, we estimated
the frequency of tetramer” CD8" T cells in long-term survivors after
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Fig. 3. Immunization against individual TSAs confers different degrees of pro-
tection against EL4 cells. C57BL/6 mice were immunized twice with DCs pulsed with
individual TSAs: (A) two aeTSAs, (B) two ERE TSAs (one aeTSA or one mTSA), or (C) one
mTSA. Mice were injected intravenously with 5 x 10° live EL4 cells (arrowheads) on
day 0, and all surviving mice were rechallenged on day 150. Control groups were
immunized with unpulsed DCs (solid black line). X represents the median survival.
Statistical significance of immunized group versus control group was calculated
using a log-rank test, where ns stands for not significant (P > 0.05). n = 10 mice per group
for peptide-specific immunization, n = 19 mice for control group.

rechallenge with EL4 cells on day 150 (Fig. 3). These analyses were
performed on day 210 or at the time of sacrifice (in the case of
VNYIHRNV-primed mice). Two points can be made from these analyses
(fig. S6, B and C). First, all long-term survivors, including VIPVYQHL-
immunized mice, showed a discernable population of TSA-responsive
(tetramer™) CD8" T cells. Second, although VNYIHRNV was recog-
nized by a particularly large population of tetramer ™ cells, it was the only
TSA that did not protect mice upon rechallenge. Together, our results
suggest that expansion of TSA-responsive T cells was necessary for pro-
tection against EL4 cells but was insufficient in the case of VNYIHRNV.

The importance of antigen expression for protection against
EL4 cells

Next, we evaluated the impact of antigen expression on immunogenic-
ity by assessing the abundance of TSAs at the RNA level in the EL4 cell

109



RESEARCH ARTICLE

Science Translational Medicine

Fig. 4. Frequency of and IFN-y secretion by TSA-responsive T cells in naive and
immunized mice. (A) Number of tetramer* CD8" T cells per 10° CD8" T cells in naive
mice. Circles, one mouse (n =5 to 9 mice per group); dotted line, frequency of 1 tetramer*
T cell per 10° CD8™ T cells. (B) Fold enrichment of tetramer* CD8" T cells after immunization
with relevant (white bars) or irrelevant (gray bars) peptides (Mea” freQUeNGY irmunid / Mean frequendyme ).
(€) The number of spot-forming cells (SFCs), measured by an IFN-y ELISpot assay, aver-
aged across technical replicates (circles) after being converted to SFCs per 10°CD8*
T cells: [(FComnnma =SFCoane) /e satea] % 10% (D) The functional avidity of T cells
recognizing specific TSAs and two previously reported positive controls [H7? and H13?
(42)] was estimated by calculating a half maximal effective concentration (ECsp),
corresponding to the peptide concentration where half of plated antigen-specific T cells
secreted IFN-y. (B to D) Three independent experiments. On relevant panels, full horizon-
tal lines and numbers above each condition represent mean values. Viral peptides used
as control are highlighted in gray. *P < 0.05 and **P < 0.01 (two-sided Wilcoxon rank sum
test with the Benjamini-Hochberg correction).

population that was injected on day 0 (Fig. 3). The sequence encoding
the TSA conferring the best protection against EL4 cells (VNYLHRNV)
was expressed more than the other TSA-coding sequences (Fig. 5A).
This suggests that VNYLHRNYV is likely “clonal” (expressed by all
EL4 cells) and highly expressed, whereas the other TSAs are subclonal
and/or expressed at low amounts. Next, using parallel reaction
monitoring (PRM) MS, we analyzed the TSA copy number per cell
in the EL4 cell population used for rechallenge (day 150; Fig. 5B). As
expected (41), there was no linear relationship between TSA abundance
at the RNA and peptide levels (Fig. 5, A and B). The most protective TSA,
VNYLHRNYV, was one of the two most abundant TSAs (>500 copies per
cell), whereas VNYIHRNYV, which offered no protection upon rechal-
lenge (Fig. 3B), was no longer detected on EL4 cells. This observation
suggests that VNYIHRNV was a subclonal TSA and that antigen loss
most likely explained the lack of protection upon rechallenge. Last, we
noted that TSAs were immunogenic when presented by DCs but not
when presented by EL4 cells: Injection of live EL4 cells without prior
immunization did not induce an expansion of TSA-responsive T cells
(Fig. 5C and fig. S6D), and immunization with irradiated EL4 cells did
not confer any protection against live EL4 cells (Fig. 5D). This suggests
that, in the absence of immunization, highly immunogenic TSAs (such
as VNYLHRNYV) were ignored likely because they were not efficiently
cross-presented by DCs, highlighting the importance of efficient T cell
priming in cancer immunotherapy.

Impact of noncoding regions on the TSA landscape of
human primary tumors

Having established that noncoding regions are a major source of TSAs
in two murine cell lines, we applied our proteogenomic approach to
seven human primary tumor samples: four B-ALLs and three lung
cancers (fig. S8 and tables S8 to S15). Rather than using RNA-seq data
from murine syngeneic mTEC™, we sequenced the transcriptome of
total TECs (n = 2) and purified mTECs (n = 4) from six unrelated
donors undergoing corrective cardiovascular surgery (table S2B).
We found minimal interindividual differences and demonstrated
that this cohort size was sufficient to cover almost the full breadth
of the mTEC transcriptomic landscape, as computing the cumulative
number of detected transcripts showed that minimal gains would be
achieved by adding more samples (fig. S9). Using these RNA-seq
data as the repertoire of normal k-mers to generate global cancer data-
bases (table S1B), as described in Fig. 1, we identified 2 mTSAs and
27 aeTSA candidates (Fig. 6A). After validating their assignment to a
single genomic location and the quality of their MS spectra, we also
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ensured that mTSAs did not intersect with known germline poly-
morphisms (figs. S3, 10, and 11). To further validate the status of aeTSA
candidates, as we did for murine aeTSAs (Fig. 2C), we analyzed the
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Fig. 5. High expression of EL4 TSAs is necessary but not sufficient to induce
antileukemic responses. (A and B) Analysis of TSA expression at the RNA and
peptide levels was performed on EL4 cells injected into mice at day 0 or day 150, re-
spectively. (A) The number of RNA-seq reads fully overlapping the RNA sequences
encoding each TSA. (B) TSA copy number per cell was estimated by PRM MS using
3C-synthetic peptide analogs of the TSAs (three replicates). Black lines represent
the mean TSA copy number per cell (also indicated on the left-hand side of the
graph). N.D., not detected. (C) Fold enrichment for tetramer™ CD8" T cells after injection
with live EL4 cells without prior immunization (Ve feauentye iecea / - frequencys., )
Fold enrichment for T cells recognizing viral peptides is shown as negative controls
and is highlighted in gray. Three independent experiments were performed. (D) Over-
all survival of C57BL/6 female mice immunized twice with irradiated (10,000 cGy)
EL4 cells (blue line, n = 10 mice) or unpulsed DCs (black line, n = 19 mice) and then
injected intravenously with 5 x 10° live EL4 cells. X represents the median survival.
Statistical significance of immunized group versus control group was calculated
using a log-rank test.

expression of aeTSA-coding sequences in RNA-seq data from 28 tis-
sues (6 to 50 individuals per tissue; Fig. 6B and table S16). On the basis
of these data, we excluded six aeTSA candidates: three that were widely
expressed, like most previously reported overexpressed tumor-associated
antigens (49), and three that were expressed at substantial amounts in a

single organ, the liver (Fig. 6B). We therefore ended up with a total
of two mTSAs and 20 nonredundant aeTSAs (Fig. 6C and tables
S17 and $18). Of note, the SLTALVFHYV aeTSA was shared by our
two HLA-A*02:01-positive B-ALLs (table S17). This aeTSA derives
from the 3'UTR of TCLIA, a gene implicated in lymphoid malignancies.
Together, our results show that our proteogenomic approach can
characterize the repertoire of mTSAs and aeTSAs on individual tumors
in about 2 weeks.

DISCUSSION

To explore the global landscape of TSAs, we developed a proteogenomic
approach that incorporates two features in the construction of databases
for MS analyses: alignment-free k-mer profiling of RNA-seq data and
subtraction of mTEC k-mers. In a context where TSA discovery is a
critical unmet medical need, our approach led us to discover that the
TSA landscape is much larger than previously anticipated. Thirty-five
of the 39 nonredundant TSAs reported here derived from atypical
translation events: 2 from the out-of-frame translation of coding exons
and 33 from allegedly noncoding regions. Hence, ~90% of our TSAs
would have been missed by standard approaches focusing on exonic
mutations. In addition to MHC peptides derived from RNAs
containing single-base mutations, our approach efficiently captured
peptides generated by complex structural variants, as exemplified by
VTPVYQHL, which derived from a large intergenic deletion (~7500 bp)
in EL4 cells. Subtraction of mTEC k-mers was critical for the high-
throughput identification of immunogenic aeTSAs including unmutated
peptides that are not constitutively presented by mTEC™ to thymocytes
during the establishment of central tolerance. This is well-illustrated by
VNYLHRNV, an unmutated TSA absent from mTEC™ and other
peripheral tissues, although strongly expressed in EL4 cells, that is,
recognized by highly abundant CD8" T cells with a high functional
avidity. Nonetheless, a few peptide-coding transcripts undetectable
in mTEC™ were detected in peripheral tissues, suggesting that k-mers
from both mTECs and peripheral tissues should be used to identify gen-
uine TSAs. In the present study, we chose to use peripheral expression
as an a posteriori validation step. An alternative approach would be to
remove all k-mers expressed in peripheral tissues when building the
database for MS.

TSAs derived from noncoding regions present a number of peculiar
and highly relevant features. First, it is evident that EREs are a rich
source of TSAs; they generated 9 of the 17 TSAs found in murine cell
lines and 4 of the 23 TSAs in human tumors. The difference in the
proportion of ERE TSAs that we identified in mouse cell lines versus
primary human tumors might be ascribed to the fact that in vitro
culture conditions do not recapitulate the immune pressure exerted
on developing tumors, that ERE expression greatly varies across tumor
types (50), or that human EREs are more degenerated and therefore less
likely to be translated than murine EREs (9). Nonetheless, ERE TSAs
remain particularly relevant to the development of cancer vaccines be-
cause both oncogenic viruses and viral-like sequences in the human ge-
nome appear to be particularly immunogenic (51, 52). Second, most
TSAs derived from noncoding regions do not overlap mutations and
are therefore, by definition, aeTSAs. Such aeTSAs, which include EREs,
present a major advantage over mTSAs (of both coding or noncoding
origin): Whereas mTSAs are private antigens, aeTSAs can be shared by
multiple tumors (8). We were able to identify such shared aeTSA
(SLTALVFHYV) in humans, whereas Probst et al. (10) showed that mice
immunized against the AH1 aeTSA (SPSYVYHQF), which we identified
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Fig. 6. Most TSAs de-
tected in human primary
tumors derive from the
translation of noncoding
regions. (A) Barplot show-
ing the number of aeTSAs
candidates (ae) and mTSAs
(m) in each primary sam-
ple analyzed. (B) Heatmap
showing the average ex-
pression of peptide-coding
sequences, in rphm, for
aeTSAs and overexpressed
tumor-associated antigens
obtained from the Cancer
Immunity Peptide database
(49) across a panel of 28
tissues (see table S16).
For each peptide-coding
sequence, the expression
fold change (tumor/TEC
and mTEC) and the number
of positive tissues (rphm >
15, bold squares) are shown
on the left-hand side of the
heatmap. For fold changes,
N/A, and—indicate that
the corresponding peptide-
coding sequence was not
detected in TEC/mTEC
samples or not computed,
respectively. Adip. s.c.,
adipose subcutaneous.
(C) Barplots depicting the
number of TSAs derived
from the translation of
noncoding regions (non-
coding) or from coding
exons translated in-frame
(coding-in) or out-of-
frame (coding-out). The
number of aeTSAs/mTSAs
is shown within bars.
Features of human TSAs
identified in each sample
can be found in tables S17
and S18.
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by MS on CT26 cells, survived the challenge with three different cancer

cell lines: the WEHI-164 fibrosarcoma and the C51 and CT26 colorec-

tal cancers.

112

Together, our MS-based discovery of TSAs in primary human

B-ALL and lung cancer demonstrates that the impetus to develop

TSA vaccines should not be limited to cancers with a high mutational
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load. Because B-ALLs harbor very few exonic mutations, it was pre-
sumed that they might not express any TSA (5). Our data show that
TSAs can be found in B-ALL provided that the search strategy encom-
passes aeTSAs. Moreover, two elements argue that TSAs derived from
atypical translation events represent promising targets for T cell-based
cancer immunotherapy: (i) They outnumber TSAs derived from coding
regions and (ii) they are mostly unmutated, which increases their
potential to be shared between patients.

We acknowledge that our study presents several limitations for
which solutions can be envisioned. First, because our approach is not
compatible with the computation of classical false discovery rates, TSAs
must undergo meticulous validation by manual inspection of MS
spectra and, ideally, confirmation using synthetic peptide analogs. Sec-
ond, our approach relies on shotgun MS, which suffers from a limited
dynamic range. Consequently, we only detected the most abundant
TSAs and are likely underestimating the extent of aeTSA sharing
between patients. Because shared aeTSAs may represent promising
actionable targets for cancer immunotherapy (8), aeTSA frequency
across patients and/or tumor types could be further evaluated by tar-
geted MS analyses that have a more limited scope but are 10 times more
sensitive than shotgun MS and can provide quantitative data such as the
number of TSA copies per cell (53). Third, because TSA immunogenic-
ity cannot be predicted (54), it has to be tested experimentally for each
TSA. This issue is being addressed by several research groups that are
currently developing artificial platforms requiring less material than the
conventional IFN-y ELISpot assays used for such testing (8, 55, 56).

In practice, how could we prioritize TSAs for clinical trials? In our
EL4 tumor model, the efficacy of TSA immunization was largely
determined by two criteria: TSA abundance and the frequency of
TSA-responsive T cells. TSA abundance can be assessed by targeted
MS analyses, and the frequency of TSA-responsive T cells in peripheral
blood mononuclear cells of a cohort of subjects could be estimated using
MHC peptide multimers or functional assays. Widely shared, highly
abundant TSAs recognized by high-frequency T cells could then be
selected for clinical trials. These optimal ae€TSAs could then potentially
be combined in a single vaccine using already available synthesis and
delivery platforms (13, 57).

MATERIALS AND METHODS

Study design

The purpose of this study was to develop a proteogenomic approach
that would enable the identification of TSAs derived from any region
of the genome and to identify features that influenced TSA immuno-
genicity. To do so, we first characterized the TSA landscape of two
murine cell lines, the EL4 T-lymphoblastic lymphoma cell line and
the CT26 colorectal cancer cell line that were both obtained from the
American Type Culture Collection. As a normal control, we used
thymi isolated from 5- to 8-week-old C57BL/6 or Balb/c mice ob-
tained from the Jackson Laboratory. Mice were housed under specific
pathogen-free conditions, and all experimental protocols were ap-
proved by the Comité de Déontologie de 'Expérimentation sur des
Animaux of Université de Montréal. We also applied our approach
to seven human primary cancer samples from treatment-naive patients.
These included three lung tumor biopsies (Ic2, Ic4, and 1c6) purchased
from Tissue Solutions and four primary leukemic samples (B-ALL spec-
imens 07H103, 10H080, 10H118, and 12H018) that were collected and
cryopreserved at the Banque de Cellules Leucémiques du Québec at
Hopital Maisonneuve-Rosemont. The project was approved by the
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Comité d’éthique de la recherche de 'Hopital Maisonneuve-Rosemont
(CER 12100). NOD Cg—PrkchddHngtmlel/Sz] (NSG) mice were used
to expand our B-ALL specimens. These mice were purchased and
housed as described for C57BL/6 and Balb/c mice. As a normal control,
we used thymi obtained from 3-month-old to 7-year-old patients
undergoing corrective cardiovascular surgery (CHU Sainte-Justine
Research Ethic Board, protocol and biobank no. 2126). No statistical
method was used to predetermine sample size. One replicate was se-
quenced for all RN A-seq experiments. For MS, at least two replicates
were analyzed. To assess the immunogenicity of EL4-derived TSAs,
we measured the frequency and antigen avidity of T cells recognizing
TSAs. In addition, we estimated the survival of 8- to 12-week-old C57BL/
6 female mice that were immunized or not with individual TSAs. In-
vestigators were not blinded during sample preparation or during
data collection and analysis. For all in vitro and in vivo experiments
described in this manuscript, at least three replicates were analyzed
and found to be concordant with each other. No data were excluded
from the analyses, and values are reported in table S7. The number of
mice used, numbers of replicates, and statistical values (where applica-
ble) are provided in the figure legends. For information regarding orig-
inal RNA-seq and MS data, see the Data and materials availability
section in Acknowledgements and table S2.

Statistical analysis

Procedures to evaluate statistical significance are described in the rele-
vant figure legends. Overall, a log-rank test was used for survival curves,
a Wilcoxon rank sum test with the Benjamini-Hochberg correction for
multiple testing was used to compare T cell frequencies as estimated by
tetramer and ELISpot, and a one-sided Wilcoxon rank sum test was
used to compare T cell frequencies between immunized and rechal-
lenged mice. P < 0.05 was considered significant.
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Existing methods to improve detection of circulating tumor DNA (ctDNA) have focused on genomic alterations
but have rarely considered the biological properties of plasma cell-free DNA (cfDNA). We hypothesized that differ-
ences in fragment lengths of circulating DNA could be exploited to enhance sensitivity for detecting the presence
of ctDNA and for noninvasive genomic analysis of cancer. We surveyed ctDNA fragment sizes in 344 plasma samples
from 200 patients with cancer using low-pass whole-genome sequencing (0.4x). To establish the size distribution
of mutant ctDNA, tumor-guided personalized deep sequencing was performed in 19 patients. We detected
enrichment of ctDNA in fragment sizes between 90 and 150 bp and developed methods for in vitro and in silico
size selection of these fragments. Selecting fragments between 90 and 150 bp improved detection of tumor DNA,
with more than twofold median enrichment in >95% of cases and more than fourfold enrichment in >10% of cases.
Analysis of size-selected cfDNA identified clinically actionable mutations and copy number alterations that were
otherwise not detected. Identification of plasma samples from patients with advanced cancer was improved by
predictive models integrating fragment length and copy number analysis of cfDNA, with area under the curve
(AUC) >0.99 compared to AUC <0.80 without fragmentation features. Increased identification of cfDNA from pa-
tients with glioma, renal, and pancreatic cancer was achieved with AUC > 0.91 compared to AUC < 0.5 without
fragmentation features. Fragment size analysis and selective sequencing of specific fragment sizes can boost ctDNA
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INTRODUCTION
Blood plasma of patients with cancer contains circulating tumor
DNA (ctDNA), but this valuable source of information is diluted by
much larger quantities of DNA of noncancerous origins, such that
ctDNA usually represents only a small fraction of the total cell-free
DNA (cfDNA) (1, 2). High-depth targeted sequencing of selected
genomic regions can be used to detect low amounts of ctDNA, but
broader analysis with methods such as whole-exome sequencing
(WES) and shallow whole-genome sequencing (sWGS) is only gen-
erally informative when ctDNA content is ~10% or greater (3-5).
The concentration of ctDNA can exceed 10% of the total cfDNA in
patients with advanced-stage cancers (6-8), but is much lower in
patients with low tumor burden (9-12) and in patients with some
cancer types such as gliomas and renal cancers (6). Current strategies
to improve ctDNA detection rely on increasing depth of sequencing
coupled with various error correction methods (2, 13, 14). However,
approaches that focus only on genomic alterations do not take ad-
vantage of the potential differences in chromatin organization or
fragment sizes of ctDNA (15-17). Results of ever-deeper sequencing
are also confounded by the likelihood of false-positive results from
detection of mutations from noncancerous cells, clonal expansions
in normal epithelia, or clonal hematopoiesis of indeterminate po-
tential (CHIP) (13, 18, 19).

The cell of origin and the mechanism of cfDNA release into blood
can mark cfDNA with specific fragmentation signatures, potentially
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providing precise information about cell type, gene expression, cell
physiology or pathology, or action of treatment (15, 16, 20). cfDNA
fragments commonly show a prominent mode at 167 bp, suggesting
release from apoptotic caspase-dependent cleavage (Fig. 1A) (21-24).
Circulating fetal DNA has been shown to be shorter than maternal
DNA in plasma, and these size differences have been used to im-
prove sensitivity of noninvasive prenatal diagnosis (22, 25-27). The
size distribution of tumor-derived cfDNA has only been investigated
in a few studies, encompassing a small number of cancer types and
patients, and showed conflicting results (28-33). A limitation of pre-
vious studies is that determining the specific sizes of tumor-derived
DNA fragments requires detailed characterization of matched tumor-
derived alterations (30, 33), and the broader understanding and im-
plications of potential biological differences have not previously been
explored.

We hypothesized that we could improve the sensitivity for non-
invasive cancer genomics by selective sequencing of ctDNA frag-
ments and by leveraging differences in the biology that determine
DNA fragmentation. To test this, we established a pan-cancer catalog
of cfDNA fragmentation features in plasma samples from patients
with different cancer types and healthy individuals to identify bio-
logical features enriched in tumor-derived DNA. We developed
methods for selecting specific sizes of cfDNA fragments before
sequencing and investigated the impact of combining cfDNA size
selection with genome-wide sequencing to improve the detection
of ctDNA and the identification of clinically actionable genomic
alterations.

RESULTS

Surveying the fragmentation features of tumor c¢fDNA

We generated a catalog of cfDNA fragmentation features (Fig. 1A)
in 344 plasma samples from 200 patients with 18 different cancer
types and additional 65 plasma samples from healthy controls (Fig. 1B,
fig. S1, and tables S1 and S2). The size distribution of cfDNA frag-
ments in patients with cancer differed in the size ranges of 90 to
150 bp, 180 to 220 bp, and 250 to 320 bp compared to healthy indi-
viduals (Fig. 1B and fig. S2). cfDNA fragment sizes in plasma of
healthy individuals and in plasma of patients with late-stage glioma,
renal, pancreatic, and bladder cancers were significantly longer than
in other late-stage cancer types including breast, ovarian, lung, mel-
anoma, colorectal, and cholangiocarcinoma (Kruskal-Wallis, P < 0.001;
Fig. 1C). Sorting the 18 cancer types according to the proportion of
cfDNA fragments in the size range of 20 to 150 bp resulted in an
order very similar to that obtained by Bettegowda et al. (6) based on
the concentrations of ctDNA measured by individual mutation
assays (Fig. 1D). In contrast to previous reports (6, 34), this sorting
was performed without any analysis or prior knowledge of the pres-
ence of mutations or somatic copy number alterations (SCNAs) yet al-
lowed the investigation of ctDNA content in different cancers.

Sizing up mutant ctDNA

We determined the size profile of mutant ctDNA in plasma using
two high-specificity approaches. First, we inferred the specific size
profile of ctDNA and nontumor ¢cfDNA with sWGS from the plasma
of mice bearing human ovarian cancer xenografts (Fig. 2A). We ob-
served a shift in ctDNA fragment sizes to less than 167 bp (Fig. 2B).
Second, the size profile of mutant ctDNA was determined in plasma
from 19 patients with cancer, using deep sequencing with patient-
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specific hybrid-capture panels developed from whole-exome pro-
filing of matched tumor samples (Fig. 2C). By sequencing hundreds
of mutations at a depth of >300x in cfDNA, we obtained allele-
specific reads from mutant and normal DNA. Enrichment of DNA
fragments carrying tumor-mutated alleles was observed in frag-
ments between ~20 and 40 bp shorter than nucleosomal DNA sizes
(multiples of 167 bp; Fig. 2D). We determined that mutant ctDNA
is generally more fragmented than nonmutant cfDNA, with a
maximum enrichment of ctDNA in fragments between 90 and
150 bp (fig. S3), as well as enrichment in the size range of 250 to
320 bp. These data also indicated that mutant DNA in plasma of
patients with advanced cancer (before treatment) is consistently shorter
than predicted mononuclesomal and dinucleosomal DNA frag-
ment lengths (Fig. 2D).

Selecting tumor-derived DNA fragments

We evaluated whether the shorter cfDNA fragments in plasma can
be harnessed to improve ctDNA detection. We determined the fea-
sibility of selective sequencing of shorter fragments using in vitro size
selection with a bench-top microfluidic device followed by sWGS in
48 plasma samples from 35 patients with high-grade serous ovarian
cancer (HGSOG; Fig. 3A and figs. S4 and S5). We assessed the ac-
curacy and quality of the size selection with the plasma from 20
healthy individuals (Fig. 3B and fig. S6). We also explored the utility
of in silico size selection of fragmented DNA using read-pair posi-
tioning from unprocessed sWGS data (Fig. 3A). In silico size selec-
tion was performed once reads were aligned to the genome reference,
by selecting the paired-end reads that corresponded to the fragment
lengths in a 90- to 150-bp size range. Figure 3 (C to E) shows the
effect of in vitro size selection for one HGSOC case (see all five sam-
ples in figs. S7 and S8). First, we identified SCNAs in plasma cfDNA
before treatment, when the concentration of ctDNA was high (Fig. 3C).
Only a small number of focal SCNAs were observed in the subse-
quent plasma sample collected 3 weeks after initiation of chemo-
therapy (without size selection; Fig. 3D). In vitro size selection of
the same posttreatment plasma sample showed a median increase
of 6.4x in the amplitude of detectable SCNAs without size selec-
tion. Selective sequencing of shorter fragments in this sample resulted
in the detection of multiple other SCNAs that were not observed
without size selection (Fig. 3E) and a genome-wide copy number
profile that was similar to that obtained before treatment when ctDNA
concentrations were four times higher, with additional copy number
alterations identified in this sample despite the lower initial concentra-
tion of ctDNA (Fig. 3C). In silico size selection also enriched ctDNA
but to a lower extent than using in vitro size selection (fig. S7). We
concluded that selecting short DNA fragments in plasma can enrich
tumor content on a genome-wide scale.

Quantifying the impact of size selection

To quantitatively assess the enrichment after size selection on a
genome-wide scale, we developed a metric from sWGS data (<0.4x
coverage) called t-MAD (trimmed median absolute deviation from
copy number neutrality; see Fig. 4A). All sWGS data were down
sampled to 10 million sequencing reads for comparison. To define
the detection threshold, we measured the t-MAD score for sWGS
data from 65 plasma samples from 46 healthy individuals and took
the maximal value (median, 0.01; range, 0.004 to 0.015). We com-
pared t-MAD to the mutant allele fraction (MAF) in high ctDNA
cancer types as assessed by digital polymerase chain reaction (dPCR)
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Fig. 1. Survey of plasma DNA fragmentation with genome-wide sequencing on a pan-cancer scale. (A) The size profile of cfDNA can be determined by paired-end
sequencing of plasma samples and reflects its organization around the nucleosome. cfDNA is released into the blood circulation by various means, each of which leaves a
signature on the DNA fragment sizes. We inferred the size profile of cfDNA by analyzing with SWGS (n = 344 plasma samples from 65 healthy controls and 200 patients with
cancer) and the size profile of mutant ctDNA by personalized capture sequencing (n = 19 plasma samples). (B) Fragment size distributions of 344 plasma samples from 200
patients with cancer. Samples are split into two groups based on the previous literature (6), with orange representing samples from patients with cancer types previously
observed to have low amounts of ctDNA (renal, bladder, pancreatic, and glioma) and blue representing samples from patients with cancer types previously observed to have
higher amounts of ctDNA (breast, melanoma, ovarian, lung, colorectal, cholangiocarcinoma, and others; see table S1). (C) Proportion of cfDNA fragments below 150 bp in
those samples, grouped into cancer types as defined in (B). The Kruskal-Wallis (KW) test for difference in size distributions indicated a significant difference between the group
of samples from cancer types releasing high amounts of ctDNA and the group of samples from cancer types releasing low amounts, as well as the group of samples from
healthy individuals). (D) Proportion of cfDNA fragments below 150 bp by cancer type (all samples). Cancer types represented by fewer than four individuals are grouped in
the “other” category. Red lines indicate the median proportion for each cancer type. ChC, cholangiocarcinoma. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

or WES in 97 samples. We observed a high correlation (Pearson  with MAF > 0.025. Figure S9 shows that the slope of t-MAD versus
correlation, r = 0.80) between t-MAD and MAF (Fig. 4B) for sam-  MAF fit lines differed between cancer types (range, 0.17 to 1.12), likely
ples with t-MAD greater than the detection threshold (0.015) or  reflecting differences in the extent of SCNAs. We estimated the
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Fig. 2. Determining the size profile of mutant ctDNA with animal models and
personalized capture sequencing. (A) A mouse model with xenografted human
tumor cells enabled the discrimination of DNA fragments released by cancer cells
(reads aligning to the human genome) from the DNA released by healthy cells (reads
aligning to the mouse genome), with the use of SWGS. (B) Fragment size distribution
from the plasma extracted from a mouse xenografted with a human ovarian tumor,
showing ctDNA originating from tumor cells (red) and cfDNA from noncancerous
cells (blue). Two vertical dashed lines indicate 145 and 167 bp. The fraction of reads
shorter than 150 bp is indicated. (C) Design of personalized hybrid-capture sequencing
panels developed to specifically determine the size profiles of mutant DNA and non-
mutant DNA in plasma from 19 patients with late-stage cancers. Capture panels
included somatic mutations identified in tumor tissue by WES. A mean of 165 muta-
tions per patient was then analyzed from matched plasma samples. Reads were
aligned and separated into fragments carrying either the reference or the mutant
sequence. Fragment sizes for paired-end reads were calculated. (D) Size profiles
of mutant DNA and nonmutant DNA in plasma from 19 patients with late-stage
cancers were determined by tumor-guided capture sequencing. The fraction of reads
shorter than 150 bp is indicated.

sensitivity of t-MAD for detecting low amounts of ctDNA using a
spike-in dilution of DNA from a patient with a TP53 mutation into
DNA from a pool of seven healthy individuals (fig. S10), which con-
firmed that the t-MAD score was linear with ctDNA fraction down
to MAF of ~0.01. In addition, t-MAD scores greater than the detec-
tion threshold (0.015) for samples were present even in samples
with MAF as low as 0.004. t-MAD was also strongly correlated with
tumor volume determined by RECIST1.1 (Pearson correlation, = 0.6;
P <0.0001; n = 35; fig. S11).

Using t-MAD, we detected ctDNA from 69% (130 of 189) of the
samples from cancer types where ctDNA concentrations were shown
to be high (Fig. 4C). From cancer types for which ctDNA concentra-
tions are suspected to be low (glioma, renal, bladder, and pancreatic), we
detected ctDNA in 17% (10 of 57) of the cases (Fig. 4C). We used in
silico size selection of the DNA fragments between 90 and 150 bp
from the high ctDNA cancers (n = 189) and healthy controls (n = 65)
to improve the sensitivity for detecting t-MAD (Fig. 4D). Receiver
operating characteristic (ROC) analysis comparing the t-MAD
score for the samples revealed an area under the curve (AUC) of
0.90 after in silico size selection, against an AUC of 0.69 without size
selection (Fig. 4D).

We explored whether size-selected sequencing could improve
the detection of response or disease progression. We used sWGS of
longitudinal plasma samples from six patients with cancer (Fig. 4, E
and F) and in silico size selection of the cfDNA fragments between
90 and 150 bp. In two patients, size-selected samples indicated tumor
progression 60 and 87 days before detection by imaging or unselected
t-MAD analysis (Fig. 4, E and F). Other longitudinal samples ex-
hibited improvements in the detection of ctDNA with t-MAD and
size selection (Fig. 4F).

Identifying more clinically relevant genomic alterations with
size selection

We next tested whether size selection could increase the sensitivity
for detecting cancer genomic alterations in cfDNA. To test effects
on copy number aberrations, we studied 35 patients with HGSOC
as the archetypal copy number-driven cancer (35). t-MAD was used
to quantify the enrichment of ctDNA with in vitro size selection in
48 plasma samples, including samples collected before and after ini-
tiation of chemotherapy treatment. In vitro size selection resulted
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in an increase in the calculated t-MAD score from the sSWGS data
for 47 of 48 of the plasma samples (98%; ¢ test, P = 0.06) with a mean
of 2.5 and median of 2.1-fold increase (Fig. 5A and table S3). We
compared the t-MAD scores against those obtained by sWGS for
the plasma samples from healthy individuals. Thirty-nine of the
48 size-selected HGSOC plasma samples (82%) had a t-MAD score
greater than the highest t-MAD value determined in the in vitro
size-selected healthy plasma samples (Fig. 5A and figs. S6 and S12),
compared to 24 of 48 without size selection (50%). ROC analysis
comparing the t-MAD score for the samples from patients with
cancer (pre- and posttreatment initiation, n = 48) and healthy con-
trols (n = 46) revealed an AUC of 0.97 after in vitro size selection,
with maximal sensitivity and specificity of 90 and 98%, respectively.
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Fig. 3. Enhancing the tumor fraction from plasma sequencing with size selection. (A) Plasma samples collected from patients with ovarian cancer were analyzed in
parallel without size selection or using either in silico or in vitro size selection. (B) Accuracy of the in vitro and in silico size selection determined on a cohort of 20 healthy
controls. The size distribution before size selection is shown in green, after in silico size selection (with sharp cutoff at 90 and 150 bp) in blue and after in vitro size selection
in orange. Vertical lines indicate 90 and 150 bp. (C) SCNA analysis with SWGS from plasma DNA of a patient with ovarian cancer collected before initiation of treatment,
when ctDNA MAF was 0.271 for a TP53 mutation as determined by tagged-amplicon deep sequencing (TAm-Seq). Inferred amplifications are shown in blue and deletions
in orange. Copy number neutral regions are shown in gray. (D) SCNA analysis of a plasma sample from the same patient as in (C), collected 3 weeks after treatment start.
The MAF for the TP53 mutation at this time point was 0.068, and sWGS revealed only limited evidence of copy number alterations (before size selection). (E) Analysis of
the same plasma sample as in (D) after in vitro size selection of fragments between 90 and 150 bp in length. The MAF for the TP53 mutation increased to 0.402 after in
vitro size selection, and SCNAs were apparent by sSWGS. More SCNAs were detected in comparison to (C) and (D) (for example, in chr2, chr9, and chr10). SCNAs were also

detected in this sample after in silico size selection (fig. S7).

This was superior to detection by sWGS without size selection
(AUC, 0.64; Fig. 5B).

We then determined whether this improved sensitivity resulted
in the detection of SCNAs with potential clinical value. Across the
genome, t-MAD scores evaluating SCNAs were higher after size
selection in 33 of 35 (94%) patients with HGSOC, and the mag-
nitude of copy number (log; ratio) values significantly increased after
in vitro size selection (¢ test for the means, P = 0.003; Fig. 5C). We
compared the relative copy number values for 15 genes frequently
altered in HGSOC (table S4). Analysis of plasma cfDNA after size
selection revealed a large number of SCNAs that were not observed
in the same samples without size selection (Fig. 5D), including
amplifications in key genes such as NF1, TERT, and MYC (fig. S13).

We also tested whether similar enrichment was seen for substitu-
tions to exclude the possibility that size selection might only increase
the sensitivity for sWGS analysis. We performed WES of plasma
cfDNA from 23 patients with seven cancer types (fig. S1). We used
the WES data to compare the size distributions of fragments carrying

mutant or nonmutant alleles (Fig. 6A) and to test whether size
selection could identify additional mutations. We first selected six
patients with HGSOC and performed WES of plasma DNA with
and without in vitro size selection in the range of 90 to 150 bp, ana-
lyzing time points before and after initiation of treatment (36). In
addition, in silico size selection for the same range of fragment sizes
was performed (Fig. 6A). Analysis of the MAF of SNVs revealed
statistically significant enrichment of the tumor fraction with both
in vitro size selection (mean, 4.19-fold; median, 4.27-fold increase;
t test, P < 0.001) and in silico size selection (mean, 2.20-fold; medi-
an, 2.25-fold increase; f test, P < 0.001; Fig. 6A and fig. S14). Three
weeks after initiation of treatment, ctDNA fractions are often lower
(36), and therefore, we further analyzed posttreatment plasma sam-
ples using TAm-Seq (37). We observed enrichment of MAFs by
in vitro size selection between 0.9 and 11 times (mean, 2.1 times;
median, 1.5 times), with one outlier sample exhibiting a relative
enrichment of 118 times compared to the same samples without size
selection (fig. S15).
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Fig. 4. Quantifying the ctDNA enrichment by sWGS with in silico size selection and t-MAD. (A) Workflow to quantify
tumor fraction from SCNA as a genome-wide score named t-MAD. (B) Correlation between the MAF of single-nucleotide
variants (SNVs) determined by dPCR or hybrid-capture sequencing and t-MAD score determined by sWGS. Data included
97 samples from patients with multiple cancer types with matched MAF measurements and t-MAD scores. Pearson cor-
relation (coefficient r) between MAF and t-MAD scores was calculated for all cases with MAF > 0.025 and t-MAD > 0.015.
Linear regression indicated a fit with a slope of 0.44 (purple solid line). (C) Comparison of t-MAD scores determined from
sSWGS between healthy samples and samples collected from patients with cancer types that exhibit low amounts of ctDNA
and from patients with cancer types that exhibit high amounts of ctDNA (as in Fig. 1). All samples for which t-MAD could
be calculated have been included. (D) ROC analysis comparing the classification of these plasma samples from high ctDNA
cancer samples (n = 189) and plasma samples from healthy controls (n = 65) using t-MAD had an AUC of 0.69 without size
selection (black solid curve). After applying in silico size selection to the samples from patients with cancer, we observed
an AUC of 0.90 (black dashed curve). (E) Determination of t-MAD from longitudinal plasma samples of a patient with col-
orectal cancer. t-MAD was analyzed before and after in silico size selection of the DNA fragments between 90 and 150 bp
and then compared to the RECIST status for this patient. PR, partial response; SD, stable disease; PD, progressive disease.
(F) Application of in silico size selection to six patients with long-term follow-up. t-MAD score was determined before and
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Size selection with both in vitro and
in silico methods increased the number
of mutations detected by WES by an
average of 53% compared to no size se-
lection (Fig. 6B). We identified a total of
1023 mutations in the samples without size
selection. An additional 260 mutations
were detected by in vitro size selection,
and an additional 310 mutations were
called after in silico size selection (Fig. 6B
and table S5). To exclude the possibility
that the improved sensitivity for muta-
tion detection was a result of sequenc-
ing artifacts, we validated whether new
mutations were also detectable in tumor
specimens. We used in silico size selec-
tion in an independent cohort of 16 pa-
tients for whom matched tumor tissue
DNA was available (table S6). In silico
size selection enriched the MAF for nearly
all mutations (2061 of 2133, 97%), with
an average increase of MAF of 1.7x
(Fig. 6C). For 13 of 16 patients (81%),
we identified additional mutations in
plasma after in silico size selection. Of
these 82 additional mutations, 23 (28%)
were confirmed to be present in the
matched tumor tissue DNA (Fig. 6D).
This included mutations in key cancer
genes including BRAF, ARIDIA, and
NFI (fig. S16).

Detecting cancer by supervised
machine learning combining cfDNA
fragmentation and somatic
alteration analysis

Although in vitro and in silico size se-
lection increase the sensitivity of detec-
tion, they also result in a loss of cfDNA
for analysis. In analysis of ctDNA based
on genomic signals, potentially informa-
tive data are lost because regions of the
cancer genome that are not mutated or
altered do not contribute to detection
(fig. S17). We hypothesized that lever-
aging other biological properties of the
cfDNA fragmentation profile could en-
hance the detection of ctDNA.

We defined other cfDNA fragmenta-
tion features from sWGS data including
(i) the proportion of fragments in mul-
tiple size ranges, (ii) the ratios of pro-
portions of fragments in different sizes,
and (iii) the amplitude of oscillations in
fragment size density with 10-bp peri-
odicity (see Materials and Methods and
Fig. 7A). These fragmentation features
were compared between patients with
cancer and healthy individuals (fig. S18),
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Fig. 5. Quantifying the ctDNA enrichment by sWGS with in vitro size selection. (A) The effect of in vitro size selec-
tion on the t-MAD score. For each of 48 plasma samples collected from 35 patients, the t-MAD score was determined
from the sWGS after in vitro size selection (y axis) and without size selection (x axis). In vitro size selection increased
the t-MAD score for nearly all samples, with a median increase of 2.1-fold (range from 1.1- to 6.4-fold). t-MAD scores
determined from sWGS for 46 samples from healthy individuals were all <0.015 both before and after in vitro size
selection. (B) ROC analysis comparing the classification of plasma samples from patients with cancer (n = 48) and
plasma samples from healthy controls (n = 46) using t-MAD had an AUC of 0.64 without size selection (green curve).
After applying in silico size selection to the samples from the patients and controls, we observed an AUC of 0.78 (blue
curve), and after in vitro size selection, an AUC of 0.97 (orange curve). (C) Comparison of t-MAD scores determined
from sWGS between matched ovarian cancer samples with and without in vitro size selection. The t test for the dif-
ference in means indicates a significant increase in tumor fraction (measured by t-MAD) with in vitro size selection
(****P < 0.0001). (D) Detection of SCNAs across 15 genes frequently mutated in recurrent ovarian cancer, measured in
plasma samples collected during treatment for 35 patients. Patients were ranked from left to right by increasing tumor
fraction as quantified by t-MAD (before in vitro size selection). SCNAs were labeled as detected for a gene if the mean
log, ratio in that region was greater than 0.05. Empty squares represent copy number neutral regions, bottom left
triangles in light blue indicate that SCNAs were detected without size selection, and top right triangles in dark blue
represent SCNAs detected after in vitro size selection.

and P(250 to 320); three features based
on ratios of those proportions: P(20 to
150)/P(160 to 180), P(100 to 150)/P(163
to 169), and P(20 to 150)/P(180 to 220);
and a further feature based on the amp-
litude of the oscillations having 10-bp
periodicity observed below 150 bp.
Variable selection and the classification
of samples as “healthy” or “cancer” were
performed using logistic regression (LR)
and random forest (RF) models trained
on 153 samples and validated on two
datasets of 94 and 83 independent sam-
ples (Fig. 7C). The best feature set for
the LR model included t-MAD, 10-bp
amplitude, P(160 to 180), P(180 to 220),
and P(250 to 320). The same five vari-
ables were independently identified
using the RF model (with some dif-
ferences in their ranking). Figure S20
shows performance metrics for the dif-
ferent algorithms on training set data
using cross-validation. Using t-MAD
alone in the validation pan-cancer data-
set (Fig. 7D and fig. S19), we could dis-
tinguish cancer samples from healthy
individuals with an AUC of 0.764. Us-
ing the LR model improved the classifi-
cation of the samples to an AUC of
0.908. The RF model (trained on the
153-sample training set) could distinguish
cancer from healthy individuals even
more accurately in the validation data-
set (n = 94) with an AUC of 0.994. On
the second validation dataset contain-
ing low-ctDNA cancer samples (n = 83;
Fig. 7E), t-MAD alone or the LR per-
formed less well, with AUC values of
0.421 and 0.532, respectively. However,
the RF model was still able to distin-
guish low-ctDNA cancer samples from
healthy controls with an AUC of 0.914.
At a specificity of 95%, the RF model
correctly classified as cancer in 64 of 68
(94%) of the samples from high-ctDNA

and the feature representing the proportion (P) of fragments between
20 and 150 bp exhibited the highest AUC (0.819). Principal compo-
nents analysis (PCA) of the samples represented by t-MAD and frag-
mentation features showed a separation between healthy samples
and samples from patients with cancer and identified fragment fea-
tures that were aligned (in PCA) with t-MAD scores (Fig. 7B).

We next explored the potential of fragmentation features to en-
hance the detection of tumor DNA in plasma samples. A predictive
analysis was performed using the t-MAD score and nine fragmen-
tation features across 304 samples (239 from patients with cancer
and 65 from healthy controls; Fig. 7C, fig. 519, and table S2). The
nine fragmentation features determined from sWGS included five
features based on the proportion (P) of fragments in defined size
ranges: P(20 to 150), P(100 to 150), P(160 to 180), P(180 to 220),
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cancers (colorectal, cholangiocarcinoma, ovarian, breast, and mel-
anoma) and 37 of 57 (65%) of the samples from low-ctDNA cancers
(pancreatic, renal, and glioma; Fig. 7F). In a second iteration of
model training, we omitted t-MAD using only the four fragmenta-
tion features (fig. S21). The RF model could still distinguish cancer
from healthy controls, albeit with slightly reduced AUCs (0.989
for cancer types with high amounts of ctDNA and 0.891 for cancer
types with low amounts of ctDNA), suggesting that the cfDNA frag-
mentation pattern is the most important predictive component.

DISCUSSION
Our results indicate that exploiting fundamental properties of cfDNA
with fragment-specific analyses can allow more sensitive evaluation
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assess the number of mutations detected in plasma samples from six patients with HGSOC. For each patient, the first
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of mutations called after the addition of those identified with in silico size selection, and the third bar in dark blue
shows the number of mutations called after addition of mutations called after in vitro size selection. (C) Patients (n = 16)
were retrospectively selected from a cohort with different cancer types (colorectal, cholangiocarcinoma, pancreatic,
and prostate) enrolled in early-phase clinical trials. Matched tumor tissue DNA was available for each plasma sample,
and two patients also had a biopsy collected at relapse. WES was performed on tumor tissue DNA and plasma DNA
samples, and in silico size selection was applied to the data. A total of 97% (2061 of 2133) of the shared mutations de-
tected by WES showed higher MAF after in silico size selection. (D) Mutations detected only after in silico selection of
WES data from 16 patients [as in (C)] compared to mutations called by WES of the matched tumor tissue. Three of 16
patients had no additional mutations identified after in silico size selection. Of the 82 mutations detected in plasma
after in silico size selection, 23 (28%) had low signal in tumor WES data and were not identified in those samples
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release into circulation, or sample pro-
cessing methods could exhibit varying
fragment size signatures and could offer
additional exploitable biological patterns
for selective sequencing.

Previous work has reported the size
distributions of mutant ctDNA but only
considered limited genomic loci, cancer
types, or cases (30, 32, 33). We identi-
fied the size differences between mutant
and nonmutant DNA on a genome-wide
and pan-cancer scale. We developed a
method to size mutant ctDNA without
using high-depth WGS. By sequencing
>150 mutations per patient at high depth,
we obtained large numbers of reads that
could be unequivocally identified as
tumor derived and thus determined the
size distribution of mutant ctDNA and
nonmutant cfDNA in patients with can-
cer. A potential limitation of our ap-
proach is that capture-based sequencing
is biased by probe capture efficiency and,
therefore, our data may not accurately
reflect ctDNA fragments of <100 or
>300 bp.

Our work provides strong evidence
that the modal size of ctDNA for many
cancer types is less than 167 bp, which
is the length of DNA wrapped around
the chromatosome. In addition, our work
also shows that there is enrichment of
mutant DNA fragments at sizes greater
than 167 bp, notably in the range of 250
to 320 bp. These longer fragments may
explain previous observations that lon-
ger ctDNA can be detected in the plas-
ma of patients with cancer (29, 32). The
origin of these long fragments is still
unknown, and their observation could
be linked to technical factors. However,
it is likely that mechanisms of compac-
tion and release of cfDNA into circula-
tion, which may differ depending on its
origin, will be reflected by different frag-
ment sizes (38). Improving the charac-

of ctDNA. We based the fragment size selection criteria on a biological
observation that ctDNA fragment size distribution is shifted from
noncancerous cfDNA. Our work builds on a comprehensive survey
of plasma cfDNA fragmentation patterns across 200 patients with
multiple cancer types and 65 healthy individuals. We identified fea-
tures that could determine the presence and amount of ctDNA in
plasma samples, without a priori knowledge of somatic aberrations.
We caution that this catalog is limited to double-stranded DNA from
plasma samples and is subject to potential biases incurred by the
DNA extraction and sequencing methods we used. Additional bio-
logical effects could contribute to further selective analysis of
cfDNA. Other bodily fluids (urine, cerebrospinal fluid, and saliva),
different nucleic acids and structures, altered mechanisms of
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terization of these fragments will be important, especially for future
work combining analysis of ctDNA with that of other entities in
blood such as microvesicles and tumor-educated platelets (39, 40).
Fragment-specific analyses not only increase the sensitivity for de-
tection of rare mutations but could also be used to track modifica-
tions in the size distribution of ctDNA. Future work should address
whether this approach could be used to elucidate mechanistic ef-
fects of treatment on tumor cells, for example, by distinguishing
between necrosis and apoptosis based on fragment size (41).
Genome-wide and exome sequencing of plasma DNA at multiple
time points during cancer treatment have been proposed as noninvasive
means to study cancer evolution and for the identification of possible
mechanisms of resistance to treatment (3). However, WGS and WES
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Fig. 7. Enhancing the potential for ctDNA detection by combining SCNAs and fragment size features. (A) Schematic illustrating the selection of different size ranges and
features in the distribution of fragment sizes. For each sample, fragmentation features included the proportion (P) of fragments in specific size ranges, the ratio between
certain ranges, and a quantification of the amplitude of the 10-bp oscillations in the 90- to 145-bp size range calculated from the periodic “peaks” and “valleys.” (B) PCA
comparing cancer and healthy samples using data from t-MAD scores and the fragmentation features. Red arrows indicate features that were selected as informative by
the predictive analysis. (C) Workflow for the predictive analysis combining SCNAs and fragment size features. SWGS data from 182 plasma samples from patients with
cancer types with high amounts of ctDNA (colorectal, cholangiocarcinoma, lung, ovarian, and breast) were split into a training set (60% of samples) and a validation set
(validation data 1, together with the healthy individual validation set). A further dataset of SWGS from 57 samples of cancer types exhibiting low amounts of ctDNA (glioma,
renal, and pancreatic) was used as validation data 2, together with the healthy individual validation set. Plasma DNA sWGS data from healthy controls were split into a
training set (60% of samples) and a validation set (used in both validation data 1 and validation data 2). (D) ROC curves for validation data 1 (samples from patients with
cancer with high ctDNA amounts, 68; healthy, 26) for three predictive models built on the pan-cancer training cohort (cancer, 114; healthy, 39). The beige curve represents
the ROC curve for classification with t-MAD only, the long-dashed green line represents the LR model combining the top five features based on recursive feature elimination
[t-MAD score, 10-bp amplitude, P(160 to 180), P(180 to 220), and P(250 to 320)], and the red dashed line shows the result for a RF classifier trained on the combination of the
same five features, independently chosen for the best RF predictive model. FF, fragment size features. (E) ROC curves for validation data 2 (samples from patients with cancer
with low ctDNA amounts, 57; healthy, 26) for the same three classifiers as in (D). The beige curve represents the model using t-MAD only, the long-dashed green curve rep-
resents the LR model combining the top five features [t-MAD score, 10-bp amplitude, P(160 to 180), P(180 to 220), and P(250 to 320)], and the red dashed curve shows the
result for a RF classifier trained on the combination of same five predictive features. (F) Plot representing the probability of classification as cancer with the RF model for all
samples in both validation datasets. Samples are separated by cancer type and sorted within each by the RF probability of classification as cancer. The horizontal dashed
line indicates 50% probability (achieving specificity of 24 of 26, 92.3%), and the long-dashed line indicates 33% probability (achieving specificity of 22 of 26, 84.6%).
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approaches are costly and have thus far been applicable only in
samples for which the tumor DNA fraction was >5 to 10% (3-5, 42).
We demonstrated that we could exploit the differences in fragment
lengths using in vitro and in silico size selection to enrich for tumor
content in plasma samples, which improved mutation and SCNA de-
tection in sSWGS and WES data. We demonstrated that size selection
improved the detection of mutations that are present in plasma at
low allelic fractions while maintaining low sequencing depth by sWGS
and WES. Size selection can be achieved with simple means and at
low cost and is compatible with a wide range of downstream genome-
wide and targeted genomic analyses, greatly increasing the potential
value and utility of liquid biopsies as well as the cost-effectiveness of
cfDNA sequencing.

Size selection can be applied in silico, which incurs no added costs,
or in vitro, which adds a simple and low-cost intermediate step that
can be applied to either the extracted DNA or the libraries created
from it. This approach, applied prospectively to new studies, could
boost the clinical utility of ctDNA detection and analysis and cre-
ates an opportunity for reanalysis of large volumes of existing data
(4, 34, 43). The limitation of this technique is a potential loss of
material and information, because some of the informative frag-
ments may be found in size ranges that are filtered out or deprioritized
in the analysis. This may be particularly problematic if only a few
copies of the fragments of interest are present in the plasma. Despite
potential loss of material, we demonstrated that classification algo-
rithms can learn from cfDNA fragmentation features and SCNA
analysis and improve the detection of ctDNA with a cheap sequenc-
ing approach. Moreover, the cfDNA fragmentation features alone
can be leveraged to classify cancer and healthy samples with a high
accuracy [AUC, 0.989 (high ctDNA cancers) and 0.891 (low ctDNA
cancers)].

Analysis of fragment sizes could provide improvements in other
applications. Introducing fragment size information on each read
could enhance mutation-calling algorithms from high-depth sequenc-
ing to distinguish tumor-derived mutations from other sources
such as somatic variants or background sequencing noise. In addi-
tion, cfDNA from patients analyzed with CHIP is likely to be struc-
turally different from ctDNA released during tumor cell proliferation
(18, 19). Thus, fragmentation analysis or selective sequencing strategies
could be applied to distinguish clinically relevant tumor mutations
from those present in clonal expansions of normal cells. This will be
critical for the development of cfDNA-based methods for identifica-
tion of patients with early-stage cancer.

Size selection could also have an impact on the detection of other
types of DNA in body fluids or enrichment of signals from circulat-
ing bacterial or pathogen DNA and mitochondrial DNA. These DNA
fragments are not associated with nucleosomes and are often highly
fragmented below 100 bp. Filtering or selection of such fragments
may prove to be important in light of the recently established link
between the microbiome and treatment efficiency (17, 44). Moreover,
recent work highlights a stronger correlation of ctDNA detection
with cellular proliferation than with cell death (45). We hypothesize
that the mode of the distribution of ctDNA fragment sizes at 145 bp
could reflect cfDNA released during cell proliferation, and the frag-
ments at 167 bp may reflect fDNA released by apoptosis or maturation/
turnover of blood cells. The effect of other cancer hallmarks (46) on
ctDNA biology, structure, concentration, and release is yet unknown.

In summary, ctDNA fragment size analysis, via size selection and
machine learning approaches, boosts noninvasive genomic analysis

126

of tumor DNA. Size selection of shorter plasma DNA fragments en-
riches ctDNA and assists in the identification of a greater number of
genomic alterations with both targeted and untargeted sequencing
at minimal additional cost. Combining cfDNA fragment size analysis
and the detection of SCNAs with a nonlinear classification algorithm
improved the discrimination between samples from patients with
cancer and those from healthy individuals. Because the analysis of
fragment sizes is based on the structural properties of ctDNA, size
selection could be used with any downstream sequencing applica-
tions. Our work could help overcome current limitations of sen-
sitivity for liquid biopsy, supporting expanded clinical and research
applications. Our results indicate that exploiting the endogenous
biological properties of cfDNA provides an alternative paradigm to
deeper sequencing of ctDNA.

MATERIALS AND METHODS

Study design

Three hundred forty-four plasma samples from 200 patients with mul-
tiple cancer types were collected along with plasma from 65 healthy con-
trols. Among the patients, 172 individuals, and notably the OV04 samples,
were recruited through prospective clinical studies at Addenbrooke’s
Hospital, Cambridge, UK, approved by the local research ethics com-
mittee (REC reference number: 07/Q0106/63; and National Research
Ethics Service Committee East of England—Cambridge Central 03/018).
Written informed consent was obtained from all patients, and blood
samples were collected before and after initiation of treatment with
surgery or chemotherapeutic agents. DNA was extracted from 2 ml of
plasma using the QIAamp Circulating Nucleic Acid Kit (QIAGEN) or
QIAsymphony (QIAGEN) according to the manufacturer’s instruc-
tions. In addition, 28 patients were recruited as part of the Copenhagen
Prospective Personalized Oncology (CoPPO) program (PMID refer-
ence number: 25046202) at Rigshospitalet, Copenhagen, Denmark,
approved by the local research ethics committee. Baseline tumor tissue
biopsies were available from all 28 patients, together with rebiopsies col-
lected at relapse from two patients, and matched plasma samples. Brain
tumor patients were recruited at Addenbrooke’s Hospital, Cambridge,
UK as part of the BLING (bopsies of liquids in new gliomas) study
(REC reference number: 15/EE/0094). Patients with bladder cancer
were recruited at the Netherlands Cancer Institute, Amsterdam, The
Netherlands, and approval according to national guidelines was ob-
tained (N13KCM/CFMPB250) (47). Sixty-five plasma samples were
obtained from healthy control individuals using a similar collection
protocol (Seralab). Plasma samples have not been freeze thawed more
than two times to reduce artifactual fragmentation of cfDNA. A flow-
chart of the study is presented in fig. S1.

SUPPLEMENTARY MATERIALS
www.sciencetranslationalmedicine.org/cgi/content/full/10/466/eaat4921/DC1

Materials and Methods

Fig. S1. Flowchart summarizing the experiments performed in this study and the sample
numbers used at each step.

Fig. S2. Size distribution of cfDNA determined by sWGS for different cancer types.

Fig. S3. Insert size distribution of mutant cfDNA determined with hybrid-capture sequencing
for 19 patients.

Fig. S4. DNA fragment size distribution for plasma samples from patients with ovarian cancer.
Fig. S5. Quality control assessed for in vitro size selection.

Fig. S6. Quality control assessed for in vitro and in silico size selection on healthy control
samples.

Fig. S7. SCNA analysis of the segmental log, ratio determined after SWGS (<0.4x coverage) for
the patient OV04-83.
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Fig. S8. SCNA analysis of the segmental log; ratio determined after sSWGS (<0.4x coverage) for
plasma samples from patients with ovarian cancer (from the OV04 study).

Fig. S9. MAF and t-MAD score compared for different cancer types.

Fig. $10. t-MAD score measured on a plasma DNA dilution series.

Fig. S11.t-MAD scores and fragmentation features compared to tumor volume.

Fig. S12. Changes to t-MAD after in vitro size selection.

Fig. S13. SCNA analysis in cfDNA from plasma samples collected at baseline and after
treatment for 13 patients with HGSOC.

Fig. S14. MAF for SNVs called by WES with and without size selection.

Fig. S15. TAm-Seq before and after in vitro size selection.

Fig. S16. Mutations in clinically relevant genes detected by WES with and without in silico size
selection.

Fig. S17. Size distribution of nonmutant DNA and ctDNA concentration.

Fig. $18. ROC curve for individual fragmentation features in high ctDNA cancers versus
controls.

Fig. S19. t-MAD score compared with seven fragmentation features.

Fig. S20. Performance metrics for the two algorithms, LR and RF.

Fig. S21. LR and RF models using the fragmentation features without t-MAD.

Table S1. Summary table of the patients and samples included in this study.

Table S2. Values for nine fragmentation features determined from sWGS data for the samples
included in the study.

Table S3. t-MAD score for the 48 plasma samples of the OV04 cohort before and after in vitro
size selection.

Table S4. Log; of the signal ratio observed by sWGS of the plasma samples from the OV04
cohort.

Table S5. Mutations called by WES of six patients selected from the OV04 cohort.

Table S6. Mutations called by WES data of the plasma samples from 16 patients from the
CoPPO cohort.
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