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In brief

Ren et al. establish patient-derived BTC
organoids with characteristics of
originated tumors that could be applied
for personalized drug screening of BTC
patients. Moreover, they identify gene
expression signatures of BTC organoids
with different drug responses and
establish gene expression panels to
predict chemotherapy response in BTC
patients.
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SUMMARY

Patients with biliary tract cancer (BTC) show different responses to chemotherapy, and there is no effective
way to predict chemotherapeutic response. We have generated 61 BTC patient-derived organoids (PDOs)
from 82 tumors (74.4%) that show similar histological and genetic characteristics to the corresponding pri-
mary BTC tissues. BTC tumor tissues with enhanced stemness- and proliferation-related gene expression
by RNA sequencing can more easily form organoids. As expected, BTC PDOs show different responses to
the chemotherapies of gemcitabine, cisplatin, 5-fluoruracil, oxaliplatin, etc. The drug screening results in
PDOs are further validated in PDO-based xenografts and confirmed in 92.3% (12/13) of BTC patients with
actual clinical response. Moreover, we have identified gene expression signatures of BTC PDOs with different
drug responses and established gene expression panels to predict chemotherapy response in BTC patients.

In conclusion, BTC PDO is a promising precision medicine tool for anti-cancer therapy in BTC patients.

INTRODUCTION

Biliary tract cancer (BTC) ranks among the most lethal human
malignancies, and it refers to a spectrum of invasive adenocarci-
nomas, including intrahepatic cholangiocarcinoma (ICC), extra-
hepatic cholangiocarcinoma (ECC), and gallbladder carcinoma
(GBC)." The incidence and mortality of BTC, especially ICC,
are increasing rapidly. Surgical resection combined with post-
operative chemotherapy is the only potentially curative therapy
for BTC patients with 65% relapse rate in 5 years.® ™ The majority
of BTC patients are diagnosed at an unresectable stage, and the
median overall survival is reported to be 7.4-13.8 months,® for
whom only systemic therapies are available.” Although immune
checkpoint inhibitors and targeted therapies, such as anti-PD-
L1 antibody, mutant-IDH1 inhibitor, and FGFR inhibitor, were
reported to modestly improve patients’ outcome recently, sys-
temic chemotherapy represents the backbone of palliative treat-
ment.®~'" The most common chemotherapeutic drugs for BTC

include gemcitabine, cisplatin, 5-fluoruracil (5-FU), oxaliplatin,
irinotecan, mitomycin C, and paclitaxel. However, the efficacy
of chemotherapy is highly varied in patients with BTC.

The development of effective treatments for BTC has been
hindered by the shortage of effective ways to predict chemother-
apeutic response. Patient-derived organoid (PDO), which is a
culture system of a three-dimensional (3D) structure isolated
and cultured from cancer cells, was reported to accurately reca-
pitulate tissue architecture in solid tumors such as colon,
pancreas, and liver cancers. Some researchers have reported
the establishment of PDOs derived from BTC patients.'?"*
However, the sample sizes of previous studies of drug screening
on BTC PDOs were relatively small, and gene expression signa-
tures related to chemosensitivity based on PDOs’ drug sensi-
tivity remain largely unknown. Therefore, personalized drug
screening based on a large biobank of BTC organoids with ana-
lyses about gene signatures is needed to identify marker genes
related to chemosensitivity.
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Figure 1. PDOs established from BTC patients

(A) Experimental design. Fresh BTC samples were obtained from patients (patient information is detailed in Table S1) and processed as described in STAR Methods.
(B) Pie charts comparing the stratification of all tumors with that of all derived organoids based on histological type (top) and tumor-node-metastasis (TNM) stage

(bottom).

(C) Representative H&E and bright-field microscopy images of patient-derived BTC organoids and matched primary tumors from three main histological sub-

types. Scale bars, 50 pm.

(D) IHC analysis for the BTC markers (CK19 and CK?7) on parental tumors and organoids. Scale bars, 50 um.

In this study, we established a living BTC organoid library
including 61 human BTC organoid cultures that represented
each patient’s tumor characteristics. We analyzed the molecular
characteristics of BTC tissues with successful or failed organoid
cultures. Personalized drug screening was performed on PDOs
being treated with clinically used drugs. The responses to drugs
in PDOs were consistent with the treatment effects in PDO-based
xenografts (PDOXs) in mice and in actual treatment response in
individual BTC patients. Finally, we identified gene expression
features of BTC tissues with different drug sensitivities in PDOs
and established gene expression-based panels to provide novel
clinical decision-making support tools for BTC patients.

RESULTS
Establishment of a living BTC organoid biobank

To establish a living BTC organoid biobank, we obtained 82 pri-
mary tumor and malignant ascite samples from 72 patients with
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BTC (Figure 1A), including 57 ICCs, 15 ECCs, and 10 GBCs (Fig-
ure 1B). The detailed clinicopathological information is shown in
Table S1. We established 61 organoids from dissociated BTC tis-
sues with a success rate of 74.4% (61/82) (Table S1), including
44 ICCs, 13 ECCs, and 4 GBCs (Figure 1B). BTC organoid was
defined as the multicellular in vitro structures derived from fresh
BTC tissues that resemble features of their original tissues and
that have the ability to self-organize and self-renew. Each PDO
was established with the irregularly shaped cyst-like structure
via primary culturing in Matrigel and then passaged one time to
confirm viability (Figure 1C).">~'" Among the successfully estab-
lished organoids, 77% (47/61) exhibited long-term growth and
were used to perform a drug sensitivity test with seven drugs
(Table S3), while 23% (14/61) exhibited short-term growth and
were tested by one to two drugs (Table S3). This organoid bio-
bank encompassed different anatomical subtypes of BTC, as
well as different clinical tumor stages (Figure 1B), indicating that
organoids can be established from different subtypes of BTCs.
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To evaluate the histological features of BTC organoids, hema-
toxylin and eosin (H&E) staining (Figure 1C) and immunohisto-
chemistry (IHC) (Figure 1D) were performed. BTC organoids ex-
hibited irregularly shaped cyst-like structures and glandular
shapes, similar to the H&E staining results of tumor tissues
from which the organoids were originally derived (Figure 1C).
The protein expression pattern of cytokeratin 19 (CK19) and cy-
tokeratin 7 (CK7) was matched with PDOs and tissues (Fig-
ure 1D), even for those derived from biopsies or ascites (Fig-
ure S1A) of BTC patients. Furthermore, the organoids and their
corresponding parental tumors shared similar mutational profiles
with a concordance rate greater than 51% (51%-81%) (Fig-
ure S1B) as determined by whole-exome sequencing. This is
consistent with previous reports.'®'® Importantly, both the
recurrent mutations (Figure S1C) and copy number alterations
(Figure S1D) of the organoids recapitulated the genomic alter-
ations in human BTC. We further established an orthotopic
model and subcutaneous model, respectively. The xenografted
organoids grew robustly in vivo (Figure S1E). H&E staining and
IHC of CK19 staining showed that tumors from xenografted or-
ganoids recapitulated the histopathological features of the pri-
mary tumors obtained from BTC patients (Figure S1F). Taken
together, we established a living BTC organoid biobank in which
these BTC organoids recapitulated and retained the histological
and genetic characteristics of their original tumor tissues.

Clinical and molecular characterizations of BTCs that
could establish PDOs

To characterize signatures of tumor tissues with successful or-
ganoid cultures, we compared their clinical features and expres-
sion profiles to the tumor tissues that failed to establish organoid
cultures. All advanced BTC tissues (TNM stage V) could suc-
cessfully culture organoids (Figure 2A; Tables S1 and S2). The tu-
mor content of the original tissues evaluated by H&E staining
was also positively associated with PDO derivation (Figures 2A
and S2A). In addition, it was easier for ICCs and more difficult
for GBCs to establish PDOs (Figure 2A; Table S2). Except for
TNM stage, tumor content, and pathological diagnosis, other
clinicopathologic characteristics did not show significant corre-
lation with the success of BTC organoid generation (Figure 2A;
Table S2).

RNA sequencing was conducted to compare the expression
profiles between BTC tissues with successful or failed organoid
cultures. Typical stemness and proliferation genes including
GRAMD1B, DLGAP1, PIGR, and GNMT were highly expressed
in tumor tissues with successful organoid cultures, whereas tu-
mor suppressor genes and anti-proliferation genes such as
CRYM-AS1, KCNQ10T1, PLAT, and DHRS9 were upregulated
in tumor tissues with failed organoid cultures (Figure S2B). We
found that stem cell-related genes ANPEP, PIGR, and APOD
and proliferation genes CHRDL1, FXYD2, THBS4, LEFTY1, and
NATSL were highly expressed, whereas genes that inhibit tumor
growth such as FAT2, GJB2, BNIPL, GRHL3, and KRT15 were
significantly downregulated in the successful group (Figures 2B
and S2C). Consistently, gene set enrichment analysis (GSEA)
of differentially expressed genes (DEGs) confirmed that prolifer-
ation- and stemness-related pathways were significantly en-
riched in tumor tissues with successful organoid cultures (Fig-
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ure 2C). The protein expression levels of stem cell-related
genes PIGR and APOD as well as proliferation-related genes
NATS8L and THBS4 were significantly higher in successful orga-
noid cultures (Figure 2D) as determined by IHC. These results
indicated that BTCs with the features of TNM stage IV, high
tumor purity, and enhanced gene expression of stemness and
proliferation were more likely to generate organoid successfully.

Drug screening of conventional chemotherapeutics in
established BTC PDOs

To explore the responses of BTC patient-derived tumor organo-
ids to different chemotherapeutics, seven commonly used
chemotherapeutic drugs including gemcitabine, cisplatin, cape-
citabine or 5-fluorouracil (5-FU), SN-38 (active metabolite of
irinotecan), oxaliplatin, mitomycin C, and paclitaxel were treated
in 47 BTC organoids. Each drug was screened at five different
concentrations. Specifically, two different passages of organoid
lines were treated with the above drugs in different concentra-
tions to evaluate their responses. The number of viable cells
was quantified and analyzed at the end of treatment in each
experiment by dose-response curves and area under the curve
(AUC). We tested the AUC values of two organoid passages
from the same organoid line, and the AUC values of early-pas-
sage and late-passage organoids were highly consistent (Pear-
son correlation R? = 0.927) (Figure S3A). AUC values of the
same organoid line tested by different operators also showed
high consistency (Pearson correlation R? = 0.98) (Figure S3B).
In addition, we tested AUC values of the same organoid line
before freezing and after thawing, and the results were highly
consistent (Pearson correlation R? = 0.9293) (Figure S3C). These
results indicated that our culture system is stable and almost un-
affected by organoid passages, different operators, freezing,
and thawing.

We observed that the responses to chemotherapeutic drugs
varied among organoids generated from different BTC patients
(Figure 3A). For each chemotherapeutic agent, the BTC PDOs
were divided into three subgroups: resistant (top 33% AUC),
sensitive (lowest 33% AUC), and intermediate response (middle
34% AUC). The detailed AUC values and sensitivities are shown
in Table S3. Drug sensitivities of BTC PDOs showed substantial
interpatient variability in response to single chemotherapy
agents as evaluated using dose-response curves and the corre-
sponding AUC, including gemcitabine, cisplatin, 5-FU, oxalipla-
tin (Figure 3B), SN-38, mitomycin C, and paclitaxel (Figure S3B).
Some PDOs were resistant and some partially sensitive or sensi-
tive to gemcitabine, cisplatin, 5-FU, oxaliplatin (Figure 3C),
SN-38, mitomycin C, and paclitaxel (Figure S3C). For instance,
5-FU, as a guideline recommend adjuvant agent following cura-
tive resection of BTC, showed heterogeneous responses in or-
ganoid drug testing (Figure 3C). Thus, BTC PDOs are potentially
effective tools for drug screening with varied responses to
different conventional chemotherapeutics.

Drug response status observed in BTC PDOs were
validated in PDOX mice and in corresponding follow-up
patients

To validate the drug screening results in BTC PDOs, we estab-
lished a PDOX mice model. Either lines of BTC organoids

Cell Reports Medicine 4, 101277, November 21, 2023 3
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Figure 2. Features of the successful organoid culture tissues

(A) Clinical features of successful organoid culture tissues. Clinical features are indicated with a color code. *p < 0.05.

(B) Volcano plots showing differentially expressed genes of successful organoid culture tissues and failed organoid culture tissues. Wilcoxon rank-sum test.
Benjamini-Hochberg (BH) adjusted p value < 0.05.

(C) Pathways enriched in successful and failed organoid culture tissues. Permutation test. BH adjusted p value < 0.05. NES, normalized enrichment scores.
(D) Representative IHC images of formalin-fixed paraffin-embedded BTC samples belonging to the two groups and stained with the indicated specific antibodies.
Quantification of staining intensities for the indicated markers was performed in 80 BTC tissue samples. Scale bar, 50 pm.
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ICC47T-PDO, ICC46T-PDO, or ICC62T-PDO were transplanted
subcutaneously into NOD-Prkdc®m26¢952)|2,gem26Cd22/N;y (NCG)
mice. Once tumors reached 50-100 mm?, the mice were injected
intraperitoneally with either chemotherapeutic drugs or the
vehicle twice a week (Figure 4A). According to the drug-testing
results of ICC47T-PDO (Figure 4B), ICC46T-PDO (Figure S4A),
and ICC62T-PDO (Figure S4E) in vitro, we chose gemcitabine
as the sensitive drug and oxaliplatin as the resistant drug. Similar
conclusions of ICC46T-PDO and ICC62T-PDO were reached by
drug screening (Figure S4A and Figure S4E). As expected, we
observed significant inhibition of tumor growth in the gemcita-
bine treatment group, while the mice showed no response in
the oxaliplatin treatment group in ICC47T-PDOXs (Figure 4C),
ICC46T-PDOXs (Figure S4B), and ICC62T-PDOXs (Figure S4F).
The tumor burdens, as indicated by tumor weight and tumor vol-
ume, were significantly decreased in the gemcitabine group
compared with the oxaliplatin group and the control group
(Figures 4D and 4E). Both H&E staining and positive staining of
CK19 confirmed the pathological diagnosis of ICC (Figure 4F).
Similar results were observed in ICC46T-PDOXs (Figures S4C
and S4D) and ICC62T-PDOXs (Figures S4G and S4H). In keeping
with this, cell proliferation was significantly decreased (p < 0.001)
(Figure 4G), while cell apoptosis was significantly increased
(p < 0.001) (Figure 4H) in tumor tissues from PDOXs treated
with gemcitabine, compared with untreated PDOXs, whereas
no difference was observed in the oxaliplatin treatment
PDOXs. Taken together, these results demonstrated the drug
screening results identified in BTC PDOs were verified in
PDOX mice.

We further validated the drug screening results from PDOs in
BTC patients with actual clinical treatment and outcomes (Fig-
ure 5A; Table S4). In terms of drug screening results from
PDOs, we defined the chemotherapy regimen as resistant
when it contained a resistant chemotherapeutic agent.”° In addi-
tion to single chemotherapy agents, we tested the response of
PDOs to combined treatments of different drugs, the same as
the corresponding BTC patients’ regimen (Figure 5B). Consis-
tently, the combined therapy showed heterogeneous responses
in organoid drug testing as the response observed in BTC pa-
tients (Figure 5C).

Thirteen BTC patients who underwent chemotherapy and had
the drug screening in their derived organoids were followed up for
4 to 26 months (Table S4). According to the BILCAP trial,” a pa-
tient who had recurrence within 17.5 months after surgery was
defined as a clinically poor responder to adjuvant treatment.
Seven patients underwent adjuvant treatment after surgery.
Among these patients, cases ECC1T, ICC65T, and ECC27T
were clinically sensitive responders, which was consistent with
the drug responses in their derived PDOs (Figure 5A; Table S4).
Patient ECC21T remained disease-free for 22 months after sur-

Cell Reports Medicine

gery and thus was a clinically sensitive responder to 5-FU, whose
PDOs showed an intermediate response to 5-FU. The remaining
three patients were resistant to adjuvant chemotherapy, two of
whom (ECCS8T and ICC49T) were consistent with drug responses
in their PDOs (Figure 5A; Table S4). Moreover, six advanced BTC
patients received palliative chemotherapy. Based on Response
Evaluation Criteria in Solid Tumors (version 1.1),° four patients
(ECC20T, ICCE9T, ICC71T, and ECC17T) showed partial
response or stable disease. For example, the metastasis nodules
in liver or retroperitoneal lymph nodes in patient ECC20T shrunk
significantly. Accordingly, PDO drug screening showed sensitive
chemotherapy (Figure 5D). On the other hand, patient ICC50T
progressed rapidly under treatment with gemcitabine plus
cisplatin (Figure S5A), whose PDO was markedly resistant to
cisplatin. Patient ICC73T, with a large tumor (52 x 36 mm) in
liver and many metastatic nodules in abdomen, was clinically
resistant to combination therapy, whose PDOs showed
intermediate response to cisplatin-gemcitabine-nab-paclitaxel.
All six patients who received palliative chemotherapy were
consistent with the matched PDOs’ drug sensitivity testing (Fig-
ure 5A). In total, 12/13 (92.3%) BTC patients showed consistent
results of drug response as observed in their derived PDOs
(Table S4). These results indicated that PDOs are useful tools
for drug screening and prediction of drug response in BTC
patients.

Transcriptional characteristics of BTC PDOs are

associated with the responses to chemotherapy

To investigate whether PDOs’ transcriptional characteristics
could predict treatment responses of BTC patients to chemo-
therapy, 19 BTC organoids were used for transcriptome
sequencing and divided into three subgroups based on their re-
sponses to each drug: resistant (top-tier AUC), sensitive (low-tier
AUC), and intermediate (middle-tier AUC). We further explored
the gene expression characteristics of PDOs from each drug
group. 5-FU is the active metabolite of capecitabine, which is
the first-line adjuvant treatment for BTC after surgery. We
identified 1,174 DEGs between the 5-FU-sensitive group and
5-FU-intermediate group (Figures 6A and 6B). Significantly upre-
gulated genes related to tumor apoptosis and sensitivity to
chemotherapy were identified in the 5-FU-sensitive group
compared to 5-FU-intermediate organoids, including PSMC3IP,
FANCA, MCM2, CDT1, and CDKN2C (Figure 6A). Meanwhile,
some drug resistance-related genes, such as IGFBPI,
FAM129A, TFF2, and DHRS9, were significantly upregulated in
the 5-FU-intermediate group (Figure 6A). Specifically, PDOs
from the 5-FU-sensitive group showed high expression of
apoptosis regulation factor TP73°' and CDT1?,%? pro-chemo-
therapy sensitive factor MCM2,%® and antitumor factor AIF1L>?
(Figure 6B). The protein expression of these genes was

Figure 3. Clinically relevant responses to chemotherapy in BTC organoids ex vivo
(A) The heatmap consists of 47 BTC organoids’ chemosensitivity responses, which included gemcitabine, cisplatin, 5-FU, SN-38, oxaliplatin, mitomycin C, and
paclitaxel (n = 3). Chemosensitivity responses were awarded by AUC Z scores. Colors range from blue (low scores, meaning resistant) to red (high sores, meaning

sensitive).

(B) Summary of chemosensitivity responses for 47 BTC organoids ex vivo to gemcitabine, cisplatin, 5-FU, and oxaliplatin, and results are displayed in the form of
dose-response curves (n = 3). AUC was calculated from the raw dose-response data and is displayed as a violin plot.
(C) Effects on the viability of chemotherapy drug using an organoid-formation assay. Red square, resistant; no square, no viable cells. Scale bars, 100 um.
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Figure 4. Clinically relevant responses to chemotherapy in BTC organoids in vivo

(A) Experimental design. BTC organoids were transplanted subcutaneously in immunocompromised NCG mice and treated with either chemotherapeutic drugs
or the vehicle twice a week when tumor sizes grow to 50-100 mm?®.

(B) PDO sensitivity profiles. Dose-response curves of BTC organoids treated with the chemotherapeutic drugs, as measured using the Cell Titer-Glo cell viability

assay (n = 3).

(C) Growth curves of PDO subcutaneous xenografts in NCG mice. Mice were treated with oxaliplatin, gemcitabine, or vehicle twice a week for 14 days (n = 8).
Results are shown as the tumor volume (mean + SD).
(D) A representative image of tumor xenografts harvested 14 days after treatment with oxaliplatin, gemcitabine, or vehicle (n = 8).

(legend continued on next page)
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confirmed immunohistochemically in derived organoids (Fig-
ure S6A) and tumor specimens (Figure SEB) by IHC.

On the other hand, protein expression of pro-resistance fac-
tors CST1°* and ABCB11°° and pro-stemness factors IGFBP1°°
and TFF2°" was significantly upregulated in PDOs from the
5-FU-intermediate group (Figure 6B). The protein expression
features of these drug resistance-related genes were verified in
organoids (Figure 6C) and BTC patients (Figure 6D) by IHC. We
next performed GSEA to identify potential regulated pathways.
Fanconi anemia pathway, which could regulate the tumors’ hy-
persensitive to chemotherapy, was upregulated in the 5-FU-
sensitive group (Figure 6E). ATR pathway was also activated in
response to stalled DNA replication forks to promote antitumor
activity in the 5-FU-sensitive group (Figure 6E).

Administration of gemcitabine plus cisplatin (GemCis) is the
current standard therapy for advanced BTC. We further
compared different PDOs’ transcriptional characteristics in
response to cisplatin. We identified feature genes from the
cisplatin-sensitive group, cisplatin-intermediate group, and
cisplatin-resistant group (Figure S7A). Dozens of genes were
affected in cisplatin-resistant PDOs, such as DNAJC12, HTR?,
IFRD1, and DLL4 (Figure S7A). The protein expression of drug
resistance-related genes was verified in PDOs (Figure S7B)
and tumor tissues (Figure S7C) by IHC. Sensitive biomarkers
for cancer chemotherapy response such as CEACAMS5 and
ZC3H12D were upregulated in the cisplatin-sensitive group (Fig-
ure S7A). Besides, the protein expression levels of cisplatin-sen-
sitive-related genes were consistent with RNA expression
through IHC staining in organoids (Figure S7D) and BTC patients
(Figure S7E). Moreover, programmed cell death and TP53 regu-
lation pathways were enriched in the cisplatin-sensitive group
(Figure S7F). Overall, these results indicated that the PDOs’ tran-
scriptional characteristics helped to explain a potential mecha-
nism leading to diverse responses of BTC PDOs to
chemotherapy.

Prediction model of drug response based on drug
sensitivity of BTC organoids

5-FU is a guideline recommend adjuvant agent following curative
resection of BTC, and GemCis is the standard first-line treatment
of advanced BTC. We thus explored gene expression bio-
markers of tumor tissues to discriminate sensitive PDOs from
non-sensitive (including intermediate and resistant) PDOs to
5-FU (Figure 7A) and cisplatin (Figure 7B), respectively.

A panel containing 13 genes was identified in 5-FU-sensitive
PDOs compared to 5-FU-non-sensitive PDOs (Figure 7A). These
13 genes were utilized to construct support vector machine
(SVM) and naive Bayes (NB) models. Receiver operating charac-
teristic (ROC) curves and AUC were calculated to evaluate model

Cell Reports Medicine

quality. This gene expression biomarker panel could discrimi-
nate 5-FU-sensitive patients and non-sensitive patients at
AUCs of 93.9% (95% confidence interval (Cl): 83.9%-99.9%)
for SVM model (Figure 7C) and 93.9% (95% CI: 86.7%-99.9%)
for NB model (Figure 7D). A similar analysis was performed to
identify the gene expression biomarkers to discriminate sensitive
PDOs from non-sensitive PDOs to cisplatin treatment (Figure 7B).
The expression biomarker panel of 17 genes could discriminate
cisplatin-sensitive patients and non-sensitive patients at AUCs
of 99.4% (95% CI: 98.0%-99.9%) for SVM model (Figure 7C)
and 92.2% (95% ClI: 82.4%-99.9%) for NB model (Figure 7D).
These findings suggested that gene expression biomarker
panels from BTC organoids could distinguish sensitive patients
from non-sensitive patients to chemotherapies of 5-FU and
cisplatin.

DISCUSSION

In this study, we successfully generated a BTC PDO library and
demonstrated that PDOs can predict chemotherapy response
for patients with BTC. Our BTC organoid library included 61 hu-
man BTC organoid cultures that represented each patient’s tu-
mor characteristics, with a success rate of 74.4% for organoid
cultures. We assessed the phenotypic and genetic characteris-
tics of BTC PDOs and confirmed the consistency between orga-
noids and their corresponding tumors tissues. In particular, our
results showed that BTC PDOs exhibited similar histological fea-
tures and protein expression as the subtypes of their corre-
sponding primary tumors. Hence, BTC organoids were suitable
for cancer research and drug response assessment in vitro.

To identify the gene expression features associated with the
establishment of organoid culture, we compared the transcrip-
tome differences between the tumor tissues that successfully es-
tablished organoid and those failed to form organoids. Stem-
ness- and proliferation-related pathways were found to be
significantly activated in the successful organoid culture tissues,
which is supported by a recent study from Nuciforo et al.,’® and a
report showed a positive correlation between the derivation suc-
cess rate and the proliferation index of the original tumor.'? Thus,
BTC tissues with stronger stemness and proliferative capacity
are more likely to succeed in establishing organoids.

We established a robust PDO drug screening system and
found substantial interpatient heterogeneity of responses to
different chemotherapeutic agents through drug sensitivity as-
says using PDOs. Our results demonstrated that the responses
to chemotherapeutic agents varied among organoids generated
from different BTC patients. For each drug, the BTC PDOs also
present diverse responses. The response to compounds in
PDO cultures was consistent with the subcutaneous xenograft

(E) The tumor weight and volume of the drugs/vehicle mice at the experimental endpoint.
(F) Histological analysis of the origin on mice’s xenografts was assessed by H&E and CK19. Representative H&E (left) and CK19 IHC (right). Scale bars from left to

right magnification are as follows: 100 um, 20 pm (H&E), 20 um (CK19).

(G) Histological analysis of the tumor proliferation on PDO xenografts was assessed after the chemotherapy treatment. Representative Ki-67 IHC for oxaliplatin,
gemcitabine, and vehicle group and quantification of the relative intensity for Ki-67-positive nuclear immunostaining in xenografts (n = 8). No difference was
observed between vehicle- and oxaliplatin-treated groups. Scale bar, 20 um (Ki-67).

(H) Histological analysis of the antitumor efficacy on PDO xenografts was assessed after the chemotherapy treatment. Representative TUNEL staining for each
quantification of the relative intensity for TUNEL-positive in xenografts (n = 8). Scale bar, 50 um (TUNEL).
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Figure 5. Comparison of drug response be-
tween patients on drug treatment and their
corresponding cancer organoids

(A) The heatmap summarizes the results for the 13
PDOs and corresponding patient drug responses.
(B) Ex vivo chemosensitivity of 13 BTC organoids to
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tumors in mice. In particular, we testified to the drug screening
results of PDOs in BTC patients. Eight BTC patients retained
no evidence of disease status or stable disease, and their orga-
noids showed sensitivity to chemotherapy in vitro, while four
BTC patients whose organoids showed resistance to chemo-
therapy in vitro had recurrence or metastasis after chemotherapy
in our cohort. These patients’ clinical outcomes further sup-
ported that BTC organoids are effective tools and can predict
response to chemotherapy.

We further explored the potential mechanisms of sensitivity
to chemotherapy in BTC organoids through RNA sequencing,
which were verified in derived organoids and tumor tissues.
In organoids sensitive to chemotherapeutics, multiple well-
acknowledged genes that sensitized tumor cells to cytotoxic
drugs and to apoptosis were upregulated including RUNX3%®
and CDT1,® which were previously reported to inhibit tumor
cells and to facilitate drug transport. In organoids resistant to
chemotherapeutics, several drug resistance-related genes

enhance aerobic glycolysis and drug
resistance to chemotherapy through regu-
lating B-catenin expression.”® We re-
vealed that Fanconi anemia pathway,
activation of ATR in response to replica-
tion stress pathway, and TP53 regulation
pathways were significantly activated in
the 5-FU and cisplatin chemotherapy-
sensitive group. On the other hand,
signaling by epidermal growth factor re-
ceptor (EGFR) in the cancer pathway
and MET-related pathway was enriched in the 5-FU chemo-
therapy-resistance group. Alteration of the above pathways
are classic mechanisms of drug response.>’*! With the PDO
model, not only patients can benefit from precision medicine
based on individual drug screening results; we can also explore
the potential causes of drug resistance, which might help over-
come drug resistance in future studies.

Based on individual drug sensitivities in organoids and DEGs
found in PDOs’ transcriptional characteristics, we derived the
transcriptional signatures from corresponding tumor tissues
and established prediction models of drug response to 5-FU
and cisplatin, with AUC of 0.92-0.99. Since approximately
30% of BTC patients failed to establish PDOs, organoid culture
system has not been widely established, and because some pa-
tients could not afford the high cost of a drug test using organo-
ids, it is hard to use PDOs to test drug sensitivities for every
patient. Thus, prediction models could help identify responders
to chemotherapy agents and enable stratification of BTC

Cell Reports Medicine 4, 101277, November 21, 2023 9




¢? CellP’ress Cell Reports Medicine

OPEN ACCESS

A 5-FU B 5-FU Sensitive vs Intermediate
" ® Down-regulated gene | |
PSMC3IP I Sensitive ® Up-regulated gene : :
l FANCA Intermediate Non-significant | |
.
l MCMm2 Norm exp 10 { :
4 | |
CDT1 g »
| 2 2 { I TP73
CDKN2C 0 2 | |
vewr |l 2 5 } b CYp2E1
TACC3 "5 ABY B1F
]
l KIF11 coL17a1 1-‘|
CHTF18
l ANFL T~ MEZTC T
IGFBPA 0 [ {
FAM129A 5 0 5
CHAC1 log= fold change
ITGB2 C CST1 ABCB11 IGFBP1 TFF2
TFF2 o 2 -~
= i)
DHRS9 5 \
c
SYTLS B >
CST1 — = — —
CHST2 % 25 4
DNER B ‘
BOROR0B880808588090 1% ‘
WA S5 YO LKL SISO AN N 2 ” s 4
&%@ o 0\(,“‘09;900{1' \QVQ%OQ&ng;"Qﬁ@(PQW@Q O‘{/b T |— - s i R
cP‘Q) ORGSR O Q/CJ\C)O\Q
O o107 P=0.0010 ooy P=0.0004 291 peo 000t groq PL0.0001
e —8s . — 86 - Se
%6l . 026, e &2 Do
n2 og s e
o2 = BE 4 T o | - F24
D B £ E M 9%+ - %]
gl= w1y &l  EIE
® & & N &
= & @ & @ & @ & &
= F & F & F & F &
2 & N &
o)
2 E 5-FU-Pathway enrichment (Sensitive vs Intermediate)
kS
3 GO and Early G1 d
£
g Fanconi Anemia Pathway L4 -log10(P value)
~ - . ® 15
% Cell Cycle, Mitotic ® 13
2 Activation of ATR Py : 21
& in response to replication stress 4 i;‘
20,0002 <0.0001 DNA strand elongation °
°1P20.0001 o] ~ P=00002 g0 P=00055 18 P<0.0001 NES
§a =8, ]P<0.0001™ by 8 8{P<0.0001 §o P<0.0001 MET promotes cell motility ° - 1
5 0% 2o @ z b y o5 °
N>ad = o3 - w>,1 o s s . . . 0
o;%z s D= = 054 2 l—:% ol = Signaling by EGFR in Cancer (]
g1z Bl g% g R
@ @ & W@ @ & @ @ @ & i
§ &,&\(},&9 \é\@@&&\éf A § &0\\(},‘;\\ GAB1 signalosome{ e
&S PN ot
T& € & < PR -1.8-17-1.6 1.6 1.7 1.8 1.9 2.0
AN

Normalized Enrichment Score

Figure 6. Transcriptional characteristics of 5-FU-sensitive group

(A) Heatmap of the expression levels of differentially expressed genes between 5-FU-sensitive group and 5-FU-intermediate group.

(B) Volcano plots showing differentially expressed genes of 5-FU-sensitive group and 5-FU-intermediate group. Wilcoxon rank-sum test. BH adjusted
p value < 0.05.

(C) IHC staining of 5-FU-resistant markers in the derived organoids. Quantification of staining intensities for the indicated markers was performed in 19 organoid
samples. Scale bars, 20 pm.

(D) IHC staining of 5-FU-resistant markers in tumor specimens of the whole cohort. Quantification of staining intensities for the indicated markers was performed
in 45 BTC tissue samples. Scale bars, 50 um.

(E) Pathways enriched in the 5-FU-sensitive group and 5-FU-intermediate group. Permutation test. BH adjusted p value < 0.05. NES, normalized enrichment
scores.

patients so that treatments could be tailored for each individual BTC organoids are promising to be used to help clinical deci-
patient. However, these models need to be refined and prospec-  sion-making and to optimize patient outcome. Tumor organoids
tively evaluated on larger cohorts of BTC patients. also have great potential in preclinical research such as disease
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Figure 7. Prediction model based on drug sensitivity of BTC organoids
(A and B) Heatmap shows drug response signatures were selected from DEGs between sensitive group and non-sensitive group for 5-FU (A) and cisplatin (B).

(C) ROC curve of SVM model based on drug sensitivity of 5-FU and cisplatin.

(D) ROC curve of NB prediction model based on drug sensitivity of 5-FU and cisplatin.

modeling, drug discovery, and genetic engineering. The current
culture system of tumor organoids did not contain the tumor
microenvironment such as fibroblasts or immune cells. In the
future, it is essential to establish the co-culture system of orga-
noid with autologous fibroblasts or immune cells so as to predict
the treatment response to immunotherapy. In addition, the pa-
tients’ sample size is still limited.

In conclusion, we successfully established a patient-derived
BTC organoid library. The PDOs represented the original tumor
histological characteristics of original BTC tissues from patients.
The established PDOs were effective tools for personalized
chemotherapeutic drug screening. A chemotherapy response
prediction gene panel was established based on the drug sensi-
tivities of BTC organoids for helping in the selection of effective
drugs for individual BTC patients.

LIMITATIONS OF THE STUDY

Among the limitations of the study, our current culture system of tu-
mor organoids did not contain the tumor microenvironment such
as vascular structures, fibroblasts, or immune cells. This remains
an obstacle in predicting the treatment response to immuno-
therapy and target therapy. In addition, the prospective study of
BTC organoids with a large cohort is needed before implementa-

tion in clinical cancer care can be considered. Lastly, the clinical
implications and translational potentials of our findings require
further mechanistic studies and validation in larger patient cohorts.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-Cytokeratin 7 Abcam Cat#ab68459; RRID: AB_1139824
Anti-Cytokeratin 19 Abcam Cat#ab76539; RRID: AB_1523469
Anti-Ki67 Abcam Cat#ab15580; RRID: AB_443209
Anti-PIGR Abcam Cat#ab275020; RRID: N/A
Anti-NAT8L Abcam Cat#ab76842; RRID: AB_1523625
Anti-APOD Abcam Cat#ab256496; RRID: N/A
Anti-THBS4 Abcam Cat#ab263898; RRID: AB_2922811
Anti-IGFBP1 CST Cat#31025S; RRID: AB_2798998
Anti-CST1 Proteintech Cat#16025-1-AP; RRID: AB_10916385
Anti-TFF2 Abcam Cat#ab267474; RRID: N/A
Anti-ABCB11 Proteintech Cat#18990-1-AP; RRID: AB_2878571
Anti-TP73 Abcam Cat#ab189896; RRID: AB_2941918
Anti-MCM2 Abcam Cat#ab108935; RRID: AB_10859977
Anti-CDT1 Proteintech Cat#14382-1-AP; RRID: AB_2076871
Anti-AIF1L Abcam Cat#ab204493; RRID: N/A
Anti-DNAJC12 Proteintech Cat#12338-1-AP; RRID: AB_2246188
Anti-HTR7 Proteintech Cat#13830-1-AP; RRID: AB_2122706
Anti-IFRD1 Santa cruz Cat#sc-515012; RRID: N/A
Anti-DLL4 Proteintech Cat#21584-1-AP; RRID: AB_2878888

Anti-CEACAMS
Anti-ZC3H12D
Anti-CLDN18
Anti-ARID3A

Origene

Proteintech
Proteintech
Proteintech

Cat#TA803413; RRID: AB_2626814
Cat#24991-1-AP; RRID: AB_2879834
Cat#21126-1-AP; RRID: AB_10733638
Cat#14068-1-AP; RRID: AB_2060390

Biological samples

Human biliary tract tumor sample First Affiliated Hospital of Sun Yat-sen N/A

University
Human biliary tract tumor sample Shunde Hospital of Southern Medical N/A

University
Chemicals, peptides, and recombinant proteins
Cisplatin Selleck Cat#S1166
Oxaliplatin Selleck Cat#S1224
Gemcitabine Selleck Cat#S1714
5-Fluorouracil Selleck Cat#S1209
SN-38 Selleck Cat#S4908
Paclitaxel Selleck Cat#S1150
Mitomycin C Selleck Cat#S8146
B-27™ Supplement, serum free Thermo Fisher Scientific Cat#17504044
N-2 Supplement Thermo Fisher Scientific Cat#17502048
Nicotinamide Sigma Cat#N0636
GlutaMAX Gibco Cat#35050061
HEPES Gibco Cat#15630080
N-acetyl-L-cysteine Sigma Cat#A9165-5G
Gastrin-1, human Genscript Cat#PR12740
Recombinant Human EGF Peprotech Cat#AF-100-15
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REAGENT or RESOURCE SOURCE IDENTIFIER
Human HGF Novoprotein Cat#CJ72-50
Recombinant Human FGF-10 Peprotech Cat#100-26

A 83-01 TOCRIS Cat#2939
Y-27632 Selleck Cat#S1049
Recombinant Human Noggin Peprotech Cat#120-10C
Matrigel Corning Cat#356231
Advanced DMEM/F-12 Gibco Cat#12634028
Forskolin Sigma Cat#F6886-10MG
Pen/Strep Gibco Cat#15140122
Collagenase type IV Sigma Cat#C5138
dispase type Il Invitrogen Cat#17101015
Critical commercial assays

DeadEnd™ Fluorometric TUNEL System Promega Cat#G3250
REAL™ EnVision™ Detection System Dako Cat#K500711-2
CellTiter-Glo assay Promega Cat#G7570
PureLink™ RNA Thermo Fisher Cat#12183020

Deposited data

Raw and analyzed data

This paper

GSA: HRA005081

Experimental models: Organisms/strains

NCG (NOD-Prkdc®m26Cd2)|o,qem26Cd22/Nj ) mice GemPharmatech, Nanjing, China Cat#T001475
Software and algorithms
GraphPad 9.0 GraphPad Software N/A

ImagedJ

NIH

https://imagej.nih.gov/ij/

RESOURCE AVAILABILITY

Lead contact

Further information and inquiries regarding resources and reagents should be directed to the lead contact, Prof. Xu (xulixia@mail.

sysu.edu.cn), who will fulfill these requests.

Materials availability

This study did not generate new unique reagents.

Data and code availability

The sequencing data reported in this paper are deposited in Genome Sequence Archive (GSA) with project number HRA005081 and
publicly available as of the date of publication. The software and algorithms for data analyses used in this study are published and
referenced throughout the STAR Methods section. No original code is featured in this paper. Any additional information required to
reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Human specimens

Human biliary tract tumor specimen (1-4 cm®) were obtained through liver resection performed at the department of hepatobiliary
surgery in the First Affiliated Hospital of Sun Yat-sen University and Shunde Hospital of Southern Medical University. Samples
were confirmed to be biliary tract tumor on the basis of histopathological assessment. The diagnosis of each case was confirmed
on routine combining H&E-stained slides and IHC-stained slides by two independent histopathologists. For each tumor specimen,
samples were split into three parts and processed for histology, RNA isolation, or dissociated and processed for organoid culture.
For three tumor specimens, samples were also processed for DNA isolation. This study was centrally approved by the Ethical
committee of the First Affiliated Hospital of Sun Yat-sen University (No. [2020]052) and complied with all relevant ethical
regulations.
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PDOX models and chemotherapy in NCG mice

All mouse experiments have been regulated under the Animals (Scientific Procedures) Act 1986 Amendment Regulations 2012
following ethical review by Sun Yat-sen University Animal Welfare and Ethical Review Body and have been performed in accordance
with the license. For orthotopic grafts, 1,000,000 organoids in 20 uL Matrigel were injected under the hepatic capsule of 4-6-week-old
male NCG (NOD-Prkdc®m26C952)|2rg®m26C422/Njj) mice (GemPharmatech, Nanjing, China). For subcutaneous grafts, 1,000,000 orga-
noids and 100 uL Matrigel were mixed and injected into right axilla of 4-6-week-old male NCG. Visible tumors developed in 2-4 weeks
approximately. Mice were sacrificed and tumors were culled when tumor size reached 2000mm?®. We cut the tumors into 10 mm?®
pieces and transplanted them into right axilla of NCG mice. After 2 weeks observation, mice with established subcutaneous tumors
in approximate size were randomly divided into three groups (n = 8), which consists of drug-resistant group (oxaliplatin), drug-sen-
sitive group (gemcitabine) and negative control group (physiological saline). Mice were injected with oxaliplatin (10 mg/kg) or gem-
citabine (50 mg/kg) twice a week, and the tumors were measured three times a week using a caliper. Volumes were calculated by
applying the formulav = 0.5 x L x w?invivoand v=0.5 X L X w X hin vitro, where v is volume, L is length, w is width and h is height.
Investigators performing tumor measurements were blinded to treatment groups. Mice were sacrificed after taking two weeks drug
treatment. Tumor tissues were collected by applying to RNA and histological analyses.

METHOD DETAILS

Isolation and culture of tumoral organoids

Tumor-derived organoids were isolated by adapting this method as follows. Briefly, the patient-derived specimen was
confirmed to be obtain from tissue less than 30 min and the sample was reserved in tissue storage solution (Miltenyi Biotec,
Bergisch Gladbach, Germany) at 4°C. Then, specimen was minced and incubated at 37°C for 150 rpm with the digestion
solution. The digestion medium involves advanced DMEM/F12 (Gibco, California, USA), Pen/Strep (Gibco), 100 U mI~" collage-
nase type IV (Sigma Aldrich, Madison, USA), and 125 ng/mL dispase type Il (Invitrogen, California, USA). Tissue digestion lasted
for 1.5-2 h according to the content of fibrous tissue, which was evaluated on the resistance of the tissue to be minced. If a
significant part of the original tissue was still underdigested, using 5mL trypsin-EDTA in the digestion solution at 37°C for
5 min could get a good yield of tumoral cells. After specimen digestion, the mixture was then filtered through a 70-pm nylon
cell strainer and spun for 5 min at 2000 rpm. Then cell pellet was disposed by 1x RBC lysis buffer for 5 min at 4°C in order
to remove the red blood cells and then spun for 5 min at 2000rpm. Isolated cells were embedded in Matrigel (Corning, NY,
USA) and then seeded in a 48-multiwell plate with 35ul per well. After Matrigel had solidified, each well obtained 200ul orga-
noid-specific isolation medium. The organoid medium contained: Advanced DMEM/F12 supplemented with 1% Pen/Strep,
1% glutamax (Gibco), 10-mM HEPES (Gibco), 1:50 B27 supplement without vitamin A (Thermo Fisher Scientific, Massachusetts,
USA), 1:100 N2 supplement (Thermo Fisher Scientific), 1.25-mM N-acetyl-L-cysteine (Sigma), 10-mM nicotinamide(Sigma),
10-nM recombinant human (Leu15)-gastrin | (Genscript, Nanjing, China), 50 ng/mL recombinant human EGF (Gibco),
100 ng/mL recombinant human FGF10 (Novoprotein, Suzhou, China), 25 ng/mL recombinant human HGF (Novoprotein),
10 uM forskolin (Sigma), 5 uM A83-01 (TOCRIS, Bristol, England) and 10 uM Y27632(Selleck, Houston, USA). BTC organoids
were passaged after incubation in TrypLE (GIBCO) for 15 min.

Histological evaluation of tissues and organoids under H&E and IHC staining

H&E and IHC were carried out using 5um paraffin embedded tumor tissues or organoids. All of slides were dewaxed and hy-
drated. For H&E, the slides were stained with hematoxylin and eosin. For IHC, the slides were subjected to antigen retrieval
using Ethylene Diamine Tetraacetic Acid (EDTA) sodium and blocked in 20% goat serum for 30 min to reduce background.
The primary antibody, including anti-CK7 antibody (1:1000, Abcam, London, England), anti-CK19 antibody (1:2000, Abcam),
anti-Ki67 antibody (1:500, Abcam), Anti-PIGR (1:200, Abcam), Anti-APOD (1:1000, Abcam), Anti-NAT8L (1:500, Abcam), Anti-
THBS4 (1:300, Abcam), Anti-IGFBP1 (1:200, CST), Anti-CST1 (1:1000, Proteintech), Anti-TFF2 (1:500, Abcam), Anti-ABCB11
(1:2000, Proteintech), Anti-TP73 (1:1000, Abcam), Anti-MCM2 (1:500, Abcam), Anti-CDT1 (1:1000, Proteintech), Anti-AlF1L
(1:200, Abcam), Anti-DNAJC12 (1:200, Proteintech), Anti-HTR7 (1:500, Proteintech), Anti-IFRD1 (1:400, Santa cruz), Anti-
DLL4 (1:400, Proteintech), Anti-CEACAMS5 (1:1000, Origene), Anti-ZC3H12D (1:400, Proteintech), Anti-CLDN18 (1:400, Protein-
tech) and Anti-ARID3A (1:500, Proteintech) was used for overnight at 4°C. After inoculating with HRP conjugated secondary
antibody (Dako REAL EnVision Detection System, Peroxidase/DAB+, Rabbit/Mouse, Danmark) for 30 min, the slides were
disposed of 3,3'-diaminobenzidine (DAB) for chromogenic detection. Pictures were grasped by a microscope (Leica, Weztlar,
Germany) and camera. To quantify staining, five random areas per section were captured under a bright field microscope with
5x magnification, and the positive score or density of positively-stained cells was determined by two independent experienced
pathologists.

Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) staining

For TUNEL assay, DeadEnd Fluorometric TUNEL System (Promega, Madison,USA) was used in the instructions’ guidance. Paraffin
embedded tissue sections were deparaffinized and rehydrated. After fixing the sections with 4% methanol-free formaldehyde solu-
tion, the tissue sections were covered with 20 png/mL Proteinase K to permeabilize tissues easily for 10 min. Slides then were
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incubated with rTdT incubation buffer and stained by propidium iodide solution. To quantify staining, five random areas per section
were captured under a fluorescence microscope with 5x magnification, and the percentage of positively-stained cells was deter-
mined by two independent experienced pathologists.

Drug screening and cell viability assay

Organoids were resuspended in Matrigel and embedded in suspension in a 96 well plate (500 cells per 10uL Matrigel per well). The
cells were allowed to culture for 1 day. Medium was replaced with fresh culture medium with varying concentrations of the drugs for
another 5 days. For chemotherapy drugs treatments, organoids were cultured with drugs at 10-fold gradient dilution. Assay was done
in triplicate wells, and each experiment was repeated two times at least. The chemotherapy drugs include 5-FU (Selleck), cisplatin
(Selleck), gemcitabine (Selleck), oxaliplatin (Selleck), paclitaxel (Selleck), SN-38 (Selleck) and mitomycin C (Selleck). At the end of
treatment in each experiment, the number of viable cells was determined by CellTiter-Glo assay (Promega) according to the kit pro-
tocol. Dose-response curves were fit to the data using the three-parameter logistic regression with variable slope and constraints at
100% and 0% viability using GraphPad Prism 9.0. AUC was calculated using the raw experimental data and normalized uniformly by
dividing the AUC by the total maximum area a curve could occupy from 0 to 100% viability over the range of drug concentrations
analyzed.

DNA isolation and DNA data generation

Genomic DNA was extracted from tumor and normal snap-liver frozen tissues using QIAGEN DNeasy Blood & Tissue Kit (Qiagen, Hilden,
Germany). To generate whole exome sequencing (WES) libraries for exome capture, the qualified DNA of tissue and organoid samples
were sheared into 200-300 bp by Covaris technology. Ligation-mediated PCR (LM-PCR) was used to amplify extracted DNA and then
hybridized to the Agilent human exome array. After washing out the non-hybridized fragments, the post-hybridization amplification prod-
ucts were obtained with 2 x 150-bp paired-end reads. The HiSeq X TEN platform (lllumina, San Diego, California, USA) was used to
sequence those products. The data has been deposited in Genome Sequence Archive (GSA) with project number HRA005081.

Exome sequencing alignment and quality control

Two matched tumor/normal pairs tissue and their paired organoids were included in our dataset. Fastq files were filtered adapter
sequence and low-quality reads with fastp® and then gapped aligned to the hg38 using BWA-mem?®® with default parameters. Before
mutation calling, an addition step was applied for marking duplicates reads in the resulting BAM files using sambamba.®*

Mutation calling

Toidentify all the variants in the samples, we used mutect2 in GATK Toolkit™ for single nucleotide variants (SNVs) and indels. Somatic
mutation calls were annotated with ANNOVAR®® based on comparison to other variant databases, including gnomAD, Exome Ag-
gregation Consortium (ExAC) and Catalog Of Somatic Mutations In Cancer (COSMIC).

t35

Copy-number analyses

For WES data, FACETS (v0.5.0) was applied for calling copy number alterations.®” The paired tumor and normal tissue sorted bam
files containing SNP locations, were used to calculate the counts of the reference nucleotide, alternative nucleotide, errors, and de-
letions of each SNP. Then the result files were used in facets as input to estimate cellular fraction and copy numbers.

RNA isolation and RNA-seq data generation

Organoids were released from Matrigel by using RNA cracking liquid. Tissues and organoids’ RNA were extracted using PureLink
RNA Microextraction Kit (Thermo Fisher) according to the manufacturer’s procedure. Total isolated mRNA was cut into short frag-
ments from fresh frozen tissue and tumoroids. For cDNA synthesis, buffer, random hexamer-primer, RNase H, dNTPs and DNA
polymerase | was used respectively. The cDNA was purified with QIAQuick PCR extraction kit (Qiagen, Hilden, Germany) and
resolved with EB buffer for end-repair, A-base addition and ligation of the sequencing adapters. Suitable fragments were then
selected as templates for PCR amplification. Finally, paired-end libraries were sequenced with a sequence coverage of 150bp
paired-end reads using HiSeq X TEN platform. The data have been deposited in Genome Sequence Archive (GSA) with project
number HRA005081.

RNA-seq data processing

Following filtering out bad reads and cutting adapters with the fastp tools, fastq files of 79 samples (60 from tumor tissues, 19 from
cultured organoids) were mapped to a human reference genome hg19).% The hisat2-RNASeQC?2 pipeline®®*° was used to obtain the
Fragments Per Kilobase of exon model per Million mapped fragments (FPKM) values and counts value.

Differential expression analysis and gene set enrichment analysis

To identify differentially expressed genes between two groups, we performed differential expression analysis using DESeq2*' (v 1.28.1)
R package with count data from RNA-seq data processing. Significance was set at p < 0.05 and | log2 fold change | > 1. Gene Set
Enrichment Analysis were performed using the Hallmark gene sets, Kyoto Encyclopedia of Genes and Genomes (KEGG) and Reactome
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gene sets in Molecular Signatures Database’ (MSigDB) with GSEA*>** (v 4.1.0) local software. ComplexHeatmap™® (v 2.4.3), ggplot2
(v 2.0.0) and EnhancedVolcano (v 1.9.5, hitps://github.com/kevinblighe/EnhancedVolcano) were used to visualize the result.

Ki67 staining

Each slide was manually scanned with film scanner, then got a score for the area of greatest Ki67 positivity randomly selected 5 view
a slide at 10X objective by two independent experienced pathologists. Ki67-positive cells were counted using Imaged ‘cell counter’
plug-in. According to counting the percentage of Ki67-positive cells for each slide, we estimated whether it is existing a difference
between different groups by using GraphPad Prism 9.0.

Drug screening prediction model

We divided 38 patient tissue bulk RNA-seq samples into sensitive group (lowest 33% AUC) and non-sensitive group (top 67% AUC,
combining the intermediate and resistant groups) and were used as train dataset. The gene expression panels were established using
the RNA-seq data from both PDOs and patients. In organoid bulk RNA-seq samples, the differentially expression genes (DEGs) be-
tween the sensitive group and the non-sensitive group (including resistant and intermediate response groups) were used as input for
constructing prediction models of drug sensitivity. We used the Support Vector Machine (SVM)“© and the Naive Bayes (NB)*’ algo-
rithm as classifiers in this study. The RFE method*® was then performed to select the optimal gene panel that can achieve the best
prediction performance in both SVM and NB model. The gene panels were validated in two different machine learning models and
demonstrated good performance. For prediction of unseen data, a score can be calculated by the constructed SVM or NB model
using the expression values of our selected gene panels. Codes for computing such score have been uploaded in GitHub, and
can be publicly accessed via https://github.com/huangmingle314/refactored-octo-system/. Finally, the prediction performance of
two models was visualized with receiver operating characteristic (ROC) curve. All programs were executed with default parameters.

QUANTIFICATION AND STATISTICAL ANALYSIS

All summary data are presented as means + S.D. or representative images of at least two independent experiments. All statistical
analyses were performed in R (v 4.0.2), python (v 3.9.7) and GraphPad Prism software (GraphPad 9.0). Sample size (n) values
used for statistical analyses are provided in the relevant figures and supplementary figures. Individual data point is graphed or
can be found in Source Data. Tests for differences between two groups were performed using Mann-Whitney’s two-tailed test, Stu-
dent’s two-tailed unpaired t-test or log-rank test, as specified in the figure legends. When using t-test we assumed normality and
equal distribution of variance between the different groups. No data points were excluded from the statistical analyses. Significance
was set at p < 0.05.
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