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Abstract Colorectal cancer is a leading cause of cancer deaths. Most colorectal cancer pa-
tients eventually develop chemoresistance to the current standard-of-care therapies. Here,
we used patient-derived colorectal cancer organoids to demonstrate that resistant tumor cells
undergo significant chromatin changes in response to oxaliplatin treatment. Integrated tran-
scriptomic and chromatin accessibility analyses using ATAC-Seq and RNA-Seq identified a group
of genes associated with significantly increased chromatin accessibility and upregulated gene
expression. CRISPR/Cas9 silencing of fibroblast growth factor receptor 1 (FGFR1) and oxytocin
receptor (OXTR) helped overcome oxaliplatin resistance. Similarly, treatment with oxaliplatin
in combination with an FGFR1 inhibitor (PD166866) or an antagonist of OXTR (L-368,899) sup-
pressed chemoresistant organoids. However, oxaliplatin treatment did not activate either
FGFR1 or OXTR expression in another resistant organoid, suggesting that chromatin accessi-
bility changes are patient-specific. The use of patient-derived cancer organoids in combination
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Table 1 Clinical characteristics

ID Gender Histology

CRC344 M Adenocarcinoma
CRC240 F Adenocarcinoma
CRC159 F Adenocarcinoma
CRC119 F Adenocarcinoma
with transcriptomic and chromatin profiling may lead to precision treatments to overcome
chemoresistance in colorectal cancer.
Copyright ª 2019, Chongqing Medical University. Production and hosting by Elsevier B.V. This is
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/
by-nc-nd/4.0/).
Introduction

Colorectal cancer (CRC) is the third most common cancer
type in both men and women in the United States. It is
estimated that more than 145,600 new cases of CRC were
diagnosed and approximately 51,020 deaths occurred in
2019.1,2 In the US, 140,250 people were diagnosed with
CRC, and 50,630 patients died from CRC in 2018.2 The 5-
year survival rate of CRC patients drops from 90% in the
early stage to less than 15% in the late stages.3 Although
surgical resection for curative intent has improved over the
past decade, the 5-year survival rate has not significantly
increased in part due to the fact that most patients are
diagnosed with late-stage disease.4,5 Additionally, many
CRC patients will develop metastases or chemotherapy
resistance in advanced CRC.5e7 The median overall survival
of CRC patients treated with oxaliplatin, one of the stan-
dard drugs for the treatment of advanced CRC cases, is less
than 1 year mainly due to drug resistance7e9 Therefore, it is
pivotal to discover effective therapeutic treatments to
circumvent drug resistance for CRC patients.

Patient-derived cell lines and patient-derived xenograft
(PDX) models have been used for drug screening, although
each has its limitations. Long-passaged cell lines often lose
some of their original properties while PDX models are
expensive and time-consuming to develop.10 Recently,
patient-derived organoids (PDOs) have emerged as models
for diseases and personalized drug testing.11e15 PDOs
recapitulate many properties of the primary tumor,
including the patient’s unique genetic background and
intrinsic tumor heterogeneity, and exhibit drug responses
that correlate well with patient outcomes.16e19

Epigenetic alterations, including histone modifications
and DNA methylation, have been shown to contribute to
CRC chemoresistance.20 For instance, the expression of
thymidylate synthetase can be epigenetically elevated to
promote CRC resistance to 5-FU, and silencing the
epigenetically-mediated upregulation of thymidylate syn-
thetase with a HDAC inhibitor reverses the resistance.21e25

Additionally, UGT1A1 silencing by DNA methylation (which
occurs in 82% of primary CRCs) and ABC transporter gene
silencing by histone deacetylation affect the
of the four colorectal cancer p

Grade Mic

poorly differentiated MSS
poorly differentiated MSS
moderately differentiated MSI
moderately differentiated MSS
pharmacokinetic profile of irinotecan, a first-line treatment
for colorectal cancer.26e28 Further, hyper-methylation has
been shown to contribute to cisplatin resistance.29

In this study, we developed metastatic patient-derived
CRC organoids for personalized drug testing. These PDOs
were found to have different sensitivities to frontline CRC
drugs. Integrated chromatin accessibility and tran-
scriptomic profiling using ATAC-Seq and RNA-Seq identified
genes associated with treatment-induced chromatin al-
terations, particularly in more resistant organoids.
Notably, we identified fibroblast growth factor 1 (FGFR1)30

and oxytocin receptor (OXTR)31 as potential therapeutic
targets. Silencing of FGFR1 or OXTR by CRISPR/Cas9 or
small molecule inhibitors synergized with oxaliplatin to
overcome resistance to oxaliplatin. However, FGFR1 or
OXTR upregulation was not consistent among patient
organoids, suggesting that drug-resistant pathways may be
personalized.
Materials and methods

Patient-derived organoid culture

Tumor samples from metastatic CRC patients were
collected under a Duke IRB approved protocol
(Pro00002435) at Duke University Hospital. All participants
provided written informed consent to participate in the
study. Tumor samples were chopped into 5 mm pieces and
washed with PBS several times. The tumor fragments were
incubated in digestion buffer (Dulbecco’s modified Eagle
medium with 2.5% fetal bovine serum, penicillin/strepto-
mycin [Invitrogen], 75 U/mL collagenase type IX [Sigma],
125 mg/mL dispase type II [Invitrogen]) for 60 min at 37 �C.
The supernatant was collected in a 50 mL Falcon tube,
centrifuged at 1000RPM for 5 min, and then washed with
PBS repeatedly. Isolated cancer cells were counted using a
hemocytometer. Single cells were embedded in ice cold
Matrigel (Corning Life Sciences) and seeded in 24-well
plates. Matrigel was polymerized for 10 min at 37 �C.
Basal culture medium was supplemented with a combina-
tion of growth factors as previously described.13
atients.

rosatellite Status KRAS BRAF Primary Metastatic Site

mutated WT colon omentum
WT WT colon liver
WT mutated colon liver
mutated WT colon liver
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Table 2 List of primers used in RT-qPCR.

FGFR1-F AACCTGACCACAGAATTGGAGGCT
FGFR1-R ATGCTGCCGTACTCATTCTCCACA
FGFR2-F TGATGGACTTCCTTATGTCCGCGT
FGFR2-R AGCGTCCTCTTCTGTGACATTGGT
FGFR3-F ACCAATGTGTCTTTCGAGGATGCG
FGFR3-R AGAGCACGCAGCTTGTCACATAGA
FGFR4-F ATGGAACTGGTGTGCTCAAGAAGC
FGFR4-R TTCACATGTCCTCCGACCAACACA
OXTR-F CCTTCATCGTGTGCTGGACG
OXTR-R CTAGGAGCAGAGCACTTATG
GAPDH-F TCGACAGTCAGCCGCATCTTCTTT
GAPDH-R GCCCAATACGACCAAATCCGTTGA

A

B

Figure 1 Chemo-sensitivity of CRC 240, CRC344, and CRC159 PDO
left to right: CRC240, CRC159, and CRC344. Scale barZ 400 mm. (B)
in CRC240, CRC159, and CRC344 organoids. Organoids were exposed
CellTiter-Glo 3D cell viability assay. The IC50 values were calculate
represents the standard error of the mean.
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Drug sensitivity assays

CRC240, CRC159, CRC344, and CRC119 organoids were
enzymatically dissociated using Accumax (Sigma), passed
through a 40 mm cell strainer (Falcon), and seeded into 96-
well plates pre-coated with Matrigel (Corning Life Science)
at densities between 500 and 1000 organoids/well with
conditioned media. Three replicates were used for each
drug concentration. After 24 h of incubation at 37 �C,
organoids were treated for 6 days at different drug con-
centrations to determine the IC50 values. Drug responses
were determined by measuring ATP levels using CellTiter-
Glo 3D Luminescent Cell Viability Assay (Promega, USA) on
day 7, and IC50 values were calculated for each cell line
s. (A) Bright-field images of colorectal cancer organoids. From
Drug sensitivities to oxaliplatin, 5-FU, and SN-38 were assessed
to chemotherapy for 6 days, and cell viability was assessed by

d by a nonlinear regression model in GraphPad Prism. Error bars
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B

Figure 2 Transcriptomic and chromatin accessibility profiling of oxaliplatin-treated organoids. (A) Integration of ATAC-Seq and
RNA-Seq. The differential analyses of ATAC-Seq and RNA-Seq were performed by using DESeq2 and DiffBind respectively. The
differential genes and peaks were filtered by P-values (p-value < 0.05). Red color represents increase changes (logFC >1) for
expression (square) or chromatin accessibility (triangle). Blue color represents decreased changes (logFC < �1) for expression
(square) or chromatin accessibility (triangle). The filled triangles represent both ATAC-Seq peaks and RNA-Seq expression signifi-
cantly altered (P < 0.05). (B) Top ranked genes that display both increased chromatin accessibility nearby and increased gene
expression in oxaliplatin-resistant CRC240.
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Figure 3 Confirmation of drug-associated genes FGFR1 and OXTR in CRC organoids. (A) Gene set enrichment analysis of top genes
identified by integrated analysis in Fig. 2B. Cancer modules curated by the Broad institute were applied for the enrichment analysis. Blue
color inmodule-genematrix indicates the significantly enriched cancermodules and the associate gene hits from the top gene list. (B) Bar
diagramofdrug-gene interactions.Theknowndrugs targeting the identifiedcancerassociatedgenesareclassified into groupsannotatedby
DGIdb based on the targeting mechanisms. Among these drugs, 33 drugs are inhibitors targeting FGFR1, 18 drugs are antagonists targeting
OXTR,andoneantagonist targetsRARB. (C)Left:RT-qPCRshowedmRNAexpressionofFGFR1 inCRC240control (DMSO)organoidscompared
to oxaliplatin treatment. Right: RT-qPCR showed mRNA expression of OXTR in CRC240 control (DMSO) organoids compared to oxaliplatin
treatment. Organoids were exposed to the IC50 concentration of oxaliplatin, and RNAwas isolated after incubation. Expression levels are
given relative to the housekeeping gene GAPDH. Data were mean� SEM (nZ 3) and the statistical significance was assessed by unpaired
two-tailed student’s t-test. *P< 0.05, **P< 0.01. (D) Protein expressionwas assessed byWestern blot using antibodies to FGFR1, phospho-
FGFR1, FGFR2, FGFR3, FGFR4, OXTR, and beta-tubulin in CRC240, CRC159, and CRC344 organoids with DMSO or oxaliplatin treatment.
Immunoblots between90KD to120KDaredifferent isoformsandglycosylatedfibroblast growth factor receptors. (E)RT-qPCRshowedmRNA
expression of FGFR1, FGFR2, FGFR3, and FGFR4 in CRC240 control (DMSO) organoids compared to oxaliplatin treatment. Organoids were
exposed to the IC50 concentration of oxaliplatin, and RNA was isolated after incubation. Expression levels are given relative to the
housekeeping geneGAPDH. Dataweremean� SEM (nZ 3) and the statistical significancewas assessed by unpaired two-tailed student’s t-
test. *P< 0.05; **P < 0.01; ***P < 0.01; n.s., not significant.
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Figure 4 Inhibition of fibroblast growth factor 1 (FGFR1) and oxytocin receptor (OXTR) reduce tumor growth. (A) RT-qPCR
measurement validated the efficiency of FGFR1 and OXTR knockout by CRISPR-Cas9 editing in CRC240 organoids. Left: RT-qPCR
measurement of FGFR1 mRNA levels in either wild-type or FGFR1 knockout CRC240 organoids. Right: RT-qPCR measurement of
OXTR mRNA levels in either wild-type or OXTR knockout CRC240 organoids. Expression was normalized to GAPDH. Data represent
mean � SEM (n Z 3), and the statistical significance was assessed by unpaired two-tailed student’s t-test. **P < 0.01, ***P < 0.001.
(B) Western blot analysis of knockout efficiency of either FGFR1 or OXTR in CRC240 organoids. Beta-tubulin was used as an internal
control. (C) Cell viability of either FGFR1 (top) or OXTR (bottom) knockout organoids after oxaliplatin treatment. FGFR1 knockout
or OXTR knockout CRC240 organoids were treated with IC50 of oxaliplatin, and wild-type CRC240 organoids were treated with same
IC50 for comparison. Cell viability of wild-type CRC240 organoids without oxaliplatin treatment were measured as control. Data
represent mean � SEM (n Z 3). One-way ANOVA with Tukey’s post hoc test was performed. ***P < 0.001, ****P < 0.0001. (D) Dose-
response curves of CRC240 organoids treated with monotherapy or a combination therapy. Top: Combination treatment with
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using a nonlinear regression model in GraphPad Prism
software (La Jolla, CA, USA).
CRISPR/Cas9 genomic editing

All-in-one CRISPR/Cas9-gRNA plasmids (pLentiCRISPR-v2)
were purchased from GenScript. Plasmids were extracted
using Qiagen Plasmid Maxi Kit. HEK293T cells were trans-
fected with the plasmids to package lentiviruses using
TransIT�- LT1 Transfection Reagent (Mirus Bio) according to
the manufacturer’s instructions. The collected lentiviruses
were used to infect organoid cultures to silence genes of
interest. Puromycin (2 mg/mL, Thermo Fisher Scientific)
was added to the cell culture medium for selection.
Quantitative RT-PCR

Total RNA was extracted using the RNeasy Kit (Qiagen) ac-
cording to the manual. cDNA was synthesized using the Quan-
tiTect Reverse Transcription Kit (Qiagen). PCR reactions were
prepared using the QuantiFast SYBR Green PCR Kit (Qiagen).
RT-qPCR was performed using the Applied Biosystems
StepOnePlus� Real-Time PCR System in a two-step cycling
protocol, with a denaturation step at 95 �C and a combined
annealing/extension step at 60 �C. RT-qPCR measurements
represent the average of three independent experiments
normalized to GAPDH expression. The primers listed in Table 2
were purchased from Integrated DNA Technologies.
Western blotting

Cells were lysed in Radioimmunoprecipitation assay buffer
(Thermo Fisher Scientific) with protease and phosphatase
inhibitor cocktail (Roche). Cell lysate was subjected to a
standard Bio-Rad western blotting workflow using Mini-
PROTEAN� TGX Stain-Free� Precast Gels and Trans-Blot�
Turbo� Transfer System. The following primary antibodies
and dilutions were used: FGFR1 (#9740), FGFR2 (#11835),
pFGFR (#3471), b-Tubulin (#2128) antibodies (Cell Signaling
Technology), OXTR (Abcam) and FGFR3 (sc-390423), FGFR4
(sc-136988) (Santa Cruz Biotechnology). All antibodies were
used at the 1:1000 ratio. Protein bands were processed using
Pierce ECL Western Blotting Substrate (Thermo Fisher Sci-
entific) or Amersham ECL Prime Western Blotting Detection
Reagent (GE Healthcare Life Science) followed by visualiza-
tion in aChemiDoc�Touch Imaging System (Bio-Rad). Images
were edited in Image Lab� Software (Bio-Rad).
oxaliplatin (OXA) and PD166866 (PD). Bottom: Combination treatme
treated with a series of six different drug doses of oxaliplatin (OXA)
agents for 6 days. Then, cell viability was measured via CellTiter-G
orange (OXA) line, and black (PD/OXA or L368/OXA combination the
index of combination treatments. Top: Combination treatment o
treatment with oxaliplatin (OXA) and L-368,899 (L368). Left: 5 � 5
dose effect. CRC240 organoids were treated with increasing concen
days in conditional medium. Combination index (CI) was calculate
between 0.9 and 1.1. CI � 1.1 indicates antagonism; <0.9 indic
antagonism in CI matrix. Dose effect represents fraction of cells k
light blue indicates 0% killing.
RNA-Seq and ATAC-Seq analysis

Organoids were dissociated into single cells using Accumax
(Sigma). 50,000 viable cells were collected for ATAC-Seq
preparation as described previously.32 RNA-Seq was per-
formed on dissociated organoids samples. RNA-Seq libraries
were generated using the Kapa Stranded RNA-Seq kit. Tripli-
cates of samples were collected for sequencing, and
sequencing experiments were performed at the Duke Center
for Genomic and Computational Biology sequencing core fa-
cility. Sequence files of RNA-Seq were aligned to human
genome hg19 using Hisat2.33 Sequence files of ATAC-Seq were
aligned tohumangenomehg19usingbowtie2,34 andMACS2was
utilized to call open chromatin peaks.35 DESeq236 and DiffBind
(https://doi.org/10.18129/B9.bioc.DiffBind)37 were used for
differential analysis of RNA-Seq and ATAC-Seq, respectively.
The open chromatin peaks and differential peaks from ATAC-
Seq were annotated to nearby genes using Homer.38 Tripli-
cates of samples were merged for plotting heatmaps of chro-
matin accessibility and reads coverage on identified peak
regions by Deeptools.39

Integrative analysis of ATAC-Seq and RNA-Seq were
performed in R. Gene Set Enrichment Analysis (GSEA) was
performed using the GSEA tool (http://software.
broadinstitute.org/gsea/index.jsp) developed by Broad
Institute.40 The cancer modules curated by Sagel et al41

were applied to the discovery of cancer-associated genes.
The Drug Gene Interaction Database (DGIdb) was used to
identify druggable gene targets.42
Predictions of transcriptional factor binding site

Putative binding transcriptional factors (TFs) were predicted
using PROMO (http://alggen.lsi.upc.es/cgi-bin/promo_v3/
promo/promoinit.cgi?dirDBZTF_8.3)43 on human genome,
and only TFs with dissimilarity lower than 1% were reported.
The associated binding motifs of TFs were collected from
MotifMap (http://motifmap.ics.uci.edu)44 using human
genome hg19.
Statistical analysis

The displayed data are presented as mean � SEM. Statis-
tical comparisons were made using unpaired two-tailed
Student’s t-test and one-way ANOVA with Tukey’s post hoc
test in GraphPad Prism to calculate significance. Differ-
ences were considered significant at P < 0.05.
nt with oxaliplatin (OXA) and L-368,899 (L368). Organoids were
, PD166866 (PD), and L-368,899 (L368) or a combination of both
lo 3D cell viability assay (Promega). Purple (PD or L368) line,
rapy) line represent the dose-response curves. (E) Combination
f oxaliplatin (OXA) and PD166866 (PD). Bottom: Combination
dose matrix of combination index. Right: 5 � 5 dose matrix of
trations of oxaliplatin, and PD166866, or L-368,899 or co for 6
d using CompuSyn software. Additive area was selected by CI
ates synergism. Red and green color indicate synergism and
illed by drug treatment. Dark red indicates 100% killing, while
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Table 3 Predicted Transcriptional Factor Binding Sites on ATAC-Seq peaks of FGFR1 and OXTR.

Gene Peak Coordinate Factor
name

Start
position

End
position

Dissimilarity String RE equally RE query

FGFR1 chr8_38299794_38300181 TCF-4E [T02878] 16 22 0 AGCAAAG 0.02368 0.02196
FGFR1 chr8_38299794_38300181 C/EBPbeta [T00581] 17 20 0 GCAA 3.03125 2.83287
FGFR1 chr8_38299794_38300181 C/EBPbeta [T00581] 76 79 0 TTGT 3.03125 2.83287
FGFR1 chr8_38299794_38300181 C/EBPbeta [T00581] 286 289 0 GCAA 3.03125 2.83287
FGFR1 chr8_38299794_38300181 AP-2alphaA [T00035] 174 179 0.226186 CCAGGC 0.18945 0.23994
FGFR1 chr8_38299794_38300181 YY1 [T00915] 187 190 0 CCAT 1.51562 1.50405
FGFR1 chr8_38299794_38300181 YY1 [T00915] 239 242 0 ATGG 1.51562 1.50405
FGFR1 chr8_38299794_38300181 c-Ets-1 [T00112] 218 224 0 CTTCCTG 0.04736 0.04972
FGFR1 chr8_38299794_38300181 GR-beta [T01920] 238 242 0.840383 AATGG 1.51562 1.25141
FGFR1 chr8_38299794_38300181 GR-beta [T01920] 248 252 0.840383 TCATT 1.51562 1.25141
FGFR1 chr8_38299794_38300181 GR-beta [T01920] 363 367 0 AATGT 0.75781 0.587
FGFR1 chr8_38299794_38300181 GR-alpha [T00337] 38 42 0 CCTGT 1.51562 1.50405
FGFR1 chr8_38299794_38300181 GR-alpha [T00337] 207 211 0 CCTGT 1.51562 1.50405
FGFR1 chr8_38299794_38300181 GR-alpha [T00337] 290 294 0.207689 AGAGG 1.51562 1.50405
FGFR1 chr8_38299794_38300181 GR-alpha [T00337] 383 387 0.207689 CCTCT 1.51562 1.50405
FGFR1 chr8_38299794_38300181 ER-alpha [T00261] 327 331 0 TGACC 0.37891 0.39927
FGFR1 chr8_38299794_38300181 ER-alpha [T00261] 341 345 0 GGTCA 0.37891 0.39927
FGFR1 chr8_38299794_38300181 TFII-I [T00824] 241 246 0 GGAAAG 0.28418 0.29328
FGFR1 chr8_38299794_38300181 HNF-1A [T00368] 78 85 0.287765 GTTAAAGT 0.04736 0.03641
FGFR1 chr8_38299794_38300181 FOXP3 [T04280] 75 80 0 GTTGTT 0.28418 0.27002
FGFR1 chr8_38299794_38300181 XBP-1 [T00902] 30 35 0 CGTCAT 0.18945 0.17638
OXTR chr3_8887435_8887795 TFII-I [T00824] 0 5 0 CTTTCC 0.2644 0.24722
OXTR chr3_8887435_8887795 TFII-I [T00824] 37 42 0 CTTTCC 0.2644 0.24722
OXTR chr3_8887435_8887795 TFII-I [T00824] 259 264 0 CTGTCC 0.2644 0.24722
OXTR chr3_8887435_8887795 YY1 [T00915] 41 44 0 CCAT 1.41016 1.37888
OXTR chr3_8887435_8887795 YY1 [T00915] 159 162 0 CCAT 1.41016 1.37888
OXTR chr3_8887435_8887795 YY1 [T00915] 182 185 0 ATGG 1.41016 1.37888
OXTR chr3_8887435_8887795 YY1 [T00915] 193 196 0 ATGG 1.41016 1.37888
OXTR chr3_8887435_8887795 AP-1 [T00029] 54 62 0.436196 TCTGAGTCA 0.01653 0.01807
OXTR chr3_8887435_8887795 AP-1 [T00029] 104 112 0.401835 TGACTCACT 0.01653 0.01807
OXTR chr3_8887435_8887795 c-Jun [T00133] 56 62 0 TGAGTCA 0.02203 0.02329
OXTR chr3_8887435_8887795 c-Jun [T00133] 104 110 0 TGACTCA 0.02203 0.02329
OXTR chr3_8887435_8887795 C/EBPbeta [T00581] 66 69 0 TTGT 2.82031 3.08444
OXTR chr3_8887435_8887795 C/EBPbeta [T00581] 96 99 0 TTGT 2.82031 3.08444
OXTR chr3_8887435_8887795 C/EBPbeta [T00581] 117 120 0 ACAA 2.82031 3.08444
OXTR chr3_8887435_8887795 C/EBPbeta [T00581] 133 136 0 GCAA 2.82031 3.08444
OXTR chr3_8887435_8887795 C/EBPbeta [T00581] 152 155 0 TTGT 2.82031 3.08444
OXTR chr3_8887435_8887795 C/EBPbeta [T00581] 178 181 0 ACAA 2.82031 3.08444
OXTR chr3_8887435_8887795 C/EBPbeta [T00581] 238 241 0 TTGC 2.82031 3.08444
OXTR chr3_8887435_8887795 C/EBPbeta [T00581] 345 348 0 ACAA 2.82031 3.08444
OXTR chr3_8887435_8887795 GR-beta [T01920] 74 78 0.840383 TCATT 1.41016 1.91809
OXTR chr3_8887435_8887795 GR-beta [T01920] 82 86 0.840383 AATGA 1.41016 1.91809
OXTR chr3_8887435_8887795 GR-beta [T01920] 174 178 0.840383 AATGA 1.41016 1.91809
OXTR chr3_8887435_8887795 GR-beta [T01920] 181 185 0.840383 AATGG 1.41016 1.91809
OXTR chr3_8887435_8887795 GR-beta [T01920] 187 191 0 ACATT 0.70508 1.05515
OXTR chr3_8887435_8887795 FOXP3 [T04280] 116 121 0 GACAAC 0.2644 0.27362
OXTR chr3_8887435_8887795 ER-alpha [T00261] 143 147 0 TGACC 0.35254 0.30462
OXTR chr3_8887435_8887795 LEF-1 [T02905] 150 157 0.641865 CTTTGTTC 0.01102 0.01241
OXTR chr3_8887435_8887795 IRF-2 [T01491] 108 113 0 TCACTT 0.08813 0.10791
OXTR chr3_8887435_8887795 IRF-2 [T01491] 232 237 0 TCACTT 0.08813 0.10791
OXTR chr3_8887435_8887795 IRF-2 [T01491] 304 309 0 AAGTGA 0.08813 0.10791
OXTR chr3_8887435_8887795 GR-alpha [T00337] 30 34 0 CCTGT 1.41016 1.41143
OXTR chr3_8887435_8887795 GR-alpha [T00337] 163 167 0.207689 CCTTT 1.41016 1.41143
OXTR chr3_8887435_8887795 GR-alpha [T00337] 323 327 0 ATAGG 1.41016 1.41143
OXTR chr3_8887435_8887795 GR-alpha [T00337] 348 352 0 ATAGG 1.41016 1.41143
OXTR chr3_8887435_8887795 TFIID [T00820] 313 319 0 TTTTCTA 0.1983 0.35789
OXTR chr3_8887435_8887795 c-Ets-1 [T00112] 264 270 0 CAGGAAG 0.04407 0.0403
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Table 3 (continued )

Gene Peak Coordinate Factor
name

Start
position

End
position

Dissimilarity String RE equally RE query

OXTR chr3_8887435_8887795 SRY [T00997] 150 158 0 CTTTGTTCC 0.00551 0.00768
OXTR chr3_8887435_8887795 PR B [T00696] 90 96 0 GACTGTT 0.0661 0.07627
OXTR chr3_8887435_8887795 PR A [T01661] 90 96 0 GACTGTT 0.0661 0.07627
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Results

Drug responses in patient-derived CRC organoids

To generate PDOs of CRC, CRC samples were obtained from
patients undergoing resection of their metastatic CRC at Duke
University under an IRB-approved protocol. CRC119, CRC159,
and CRC240 were derived from CRC metastasizing to the liver,
and CRC344 was derived from CRC metastasizing to the
omentum. Patient demographics are described in Table 1.
Tissues were dissociated and subsequently cultured as tumor
organoids according to an established protocol.13 The CRC
organoids derived from three different patients (CRC240,
CRC159, CRC344) varied inmorphology under the same culture
conditions (Fig. 1A). Organoids were enzymatically dissociated
and seeded into 96-well plates at a density of 500e1000 orga-
noids per well. After 24 h, organoids were treated with three
standard chemotherapy drugs: 5-fluorouracil (5-FU), oxalipla-
tin, and SN-38 (the active metabolite of irinotecan). The drugs
were applied over a logarithmic range of concentrations to
measure the IC50 values, which are shown in Fig. 1B. The IC50
values of oxaliplatin were 127.6 mM, 7.01 mM, and 21.69 mM in
CRC240, CRC159, and CRC344, respectively, suggesting that
CRC240 organoids are particularly resistant to oxaliplatin (Fig.
S1A). In comparison, the IC50 values of 5-FU were 4.98 mM,
2.91 mM, and 0.62 mM, and the IC50 values of SN38 were
149.7 nM, 20.98 nM, and 32.98 nM in respective organoids.
Chromatin and transcriptional profiling

We next used ATAC-Seq and RNA-Seq to profile the chro-
matin accessibility and transcriptome of CRC organoids
comparing 10-day oxaliplatin vs. DMSO (control) treatment
(Fig. S2A). In CRC 240 organoids, which were the most
resistant to oxaliplatin, 1493 genes were differentially
expressed after 10 days of oxaliplatin treatment according
to RNA-Seq (Fig. S2B). According to ATAC-Seq (Fig. S2C),
893 chromatin accessibility peaks were significantly altered
compared to the DMSO control (Fig. S2D). In comparison,
fewer genes and ATAC-Seq peaks were altered by oxali-
platin treatment in CRC159 and CRC344 organoids
(Fig. S2B-D).

As CRC240 organoids were most resistant to oxaliplatin
and displayed more alterations in chromatin accessibility
and gene expression than the other organoids, we further
integrated the differential analyses of ATAC-Seq and RNA-
Seq to identify genes associated with both chromatin
accessibility and gene expression changes in CRC240
(Fig. 2A, filled triangles). Twenty-eight genes experienced
consistent changes in chromatin opening and upregulation
of expression in response to oxaliplatin treatment (Fig. 2A,
filled up-pointing red triangles, and Fig. 2B). Hence, the
chromatin accessibility changes for these genes may play a
role in CRC240 resistance to oxaliplatin.
Upregulation of drug targetable genes FGFR1 and
OXTR

To identify potential therapeutic targets to overcome
oxaliplatin resistance from the list of 28 genes, we first
performed Gene Set Enrichment Analysis (GSEA) based on
cancer modules curated by the Broad institute (Fig. 3A).
FGFR1, ROR1, RARB, OXTR, and CXCL6 are the top five
genes enriched in the cancer modules, and only FGFR1,
RARB, and OXTR are known targets of FDA-approved drugs
(Fig. 3B). While RARB has been extensively discussed in
terms of its epigenetic roles in CRCs,45e48 FGFR1 and OXTR
are relatively new to CRC treatment.

We analyzed mRNA levels by RT-qPCR and protein
expression by Western blot to validate FGFR1 and OXTR
expression in PDOs. Consistent with RNA-Seq, RT-qPCR
showed that oxaliplatin treatments increase FGFR1 and
OXTR mRNA expression in CRC240 organoids but not in
CRC159 and CRC344 (Fig. 3C and Fig. S3A). According to
Western blot, among the three patient-derived organoids,
only CRC240 showed elevated FGFR1 and OXTR protein
levels after oxaliplatin treatment. In contrast, CRC344
displayed a decrease in OXTR protein expression level after
oxaliplatin treatment (Fig. 3D). Among the four FGFR family
members (FGFR1-4), FGFR1 is the only receptor that
showed elevated mRNA and protein levels in CRC240 in
response to oxaliplatin treatment (Fig. 3D and E). Phos-
phorylation of FGFR1 also increased in CRC240, indicating
more active FGFR1 signaling in response to oxaliplatin
treatment (Fig. 3D). Combing the validation results from
RT-qPCR and western blots, these also confirm the alter-
nations of FGFR1 and OXTR in response to oxaliplatin from
the integrative analysis of RNA-Seq and ATAC-Seq (Fig. 2B,
Fig. S3B and C).

In order to validate these findings, a patient-derived CRC
organoid CRC119 was derived from another oxaliplatin-
resistant patient (Fig. S3D) to investigate whether
oxaliplatin-induced FGFR1 and OXTR upregulation is spe-
cific to CRC240. The IC50 of oxaliplatin in CRC119 was
104 mM (Fig. S3E), similar to that in CRC240 (127.6 mM) and
higher than the IC50s of CRC159 and CRC344 (Fig. 1B).
However, levels of FGFR1-4 and phosphor-FGFR1 in CRC119
did not change significantly in response to oxaliplatin
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treatment, while the expression of OXTR slightly decreased
(Fig. S3F). The differences between CRC240 and CRC119
suggest that the response and resistance to oxaliplatin may
occur through patient-specific mechanisms.

Inhibition of FGFR1/OXTR enhances the effect of
oxaliplatin

We examined whether targeting FGFR1/OXTR could sensi-
tize CRC240 to oxaliplatin. We first used CRISPR-Cas9 to
silence FGFR1 and OXTR separately in PDOs. Single orga-
noids with either FGFR1 or OXTR knockout were clonally
expanded after Puromycin selection. mRNA and protein
levels of FGFR1 and OXTR were reduced significantly in
these knockout organoids (Fig. 4A and B). With oxaliplatin
treatment, FGFR1 or OXTR knockout organoids exhibited
significantly reduced proliferation rates compared with
wild-type CRC240 organoids (Fig. 4C). Therefore, genetic
silencing of FGFR1 or OXTR seemed to synergize with oxa-
liplatin in resistant CRC240 organoids.

We subsequently targeted FGFR1 and OXTR pharmaco-
logically. We first measured the IC50s of the FGFR1-specific
inhibitor PD166866 (PD) and non-peptide oxytocin receptor
antagonist L368,899 (L368) (Fig. S4A). We then treated
organoids with oxaliplatin in combination with PD or L368.
Dose-response curves indicated that CRC240 organoids
were more sensitive to combination therapy than mono-
therapy (Fig. 4D), which was not observed in CRC159,
CRC344, or CRC119 organoids (Fig. S4B). A 5 � 5 combina-
tion dose-response screen of PD and L368 with oxaliplatin
was performed to characterize the effects of combination
treatments. Combination index heat maps demonstrated
synergism between PD/L368 and oxaliplatin that at the
majority of doses tested in CRC240 organoids (Fig. 4E, Fig.
S4C).

Discussion

Emerging evidence suggests that human cancer organoids
provide a versatile pre-clinical platform by maintaining
patient-specific molecular and histopathologic
phenotypes.16e19,49e52 In this study, patient-derived CRC
organoids were used to test sensitivity to frontline CRC
chemotherapy drugs. Integrated chromatin and tran-
scriptomic profiling of CRC organoids identified altered
chromatin regions and gene expression associated with the
response to chemotherapy in resistant tumor cells. Among
them, FGFR1 and OXTR were computationally predicted as
druggable targets associated with the oxaliplatin-resistant
CRC240 organoids. Pharmacological inhibition and genetic
silencing of FGFR1 or OXTR synergized with oxaliplatin
treatment in these organoids. Interestingly, neither FGFR1
nor OXTR was upregulated in CRC119 organoids from
another oxaliplatin-resistant patient, suggesting that che-
moresistance pathways may be highly personalized.

Cancer drug resistance is typically associated with ge-
netic mutations and clonal evolution. However, this study
suggests that, in resistant clones, chromatin accessibility
changes may play a role in protecting these cells in
response to treatment. Among the many genes that have
altered expression levels, genes associated with altered
chromatin accessibility regions may play a more lasting
role. By focusing on those genes, we were able to narrow
down the list to identify top gene candidates. However, the
fact that FGFR1 and OXTR were not upregulated in another
patient-derived resistant organoid suggests that there is not
a uniform target for overcoming oxaliplatin resistance, thus
combination regimens may have to be personalized.

FGFR1 amplification was reported to promote breast
cancer resistance to 4-hydroxytamoxifen53 and is a poten-
tial therapeutic target in squamous cell lung carci-
noma.54,55 Lower expression of OXTR was reported to
promote breast cancer,56 and OXTR is associated with
prostate cancer metastasis by mediating cancer cell
migration.57 Despite those reports, the mechanism of
FGFR1 and OXTR in CRC chemotherapy resistance remains
to be elucidated. Potential upstream factors could be
predicted based on sequences of open-chromatin regions
and binding motifs of transcriptional factors (TFs) (Fig. S5
and 6, Table 3). Our analysis suggests that the genomic
regions of FGFR1 and OXTR share some common putative TF
binding sites as well as other TF sites unique to each peak
(Fig. S5, Table 3), which could be investigated to under-
stand the resistance mechanisms. Large-scale integrated
epigenetic/transcriptomic profiling might reveal additional
potential targets to treat chemotherapy resistance.
Continued profiling of drug responses from patient-derived
organoids may identify new biomarkers and targets for
future precision medicine to treat drug-resistant cancer.
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