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Graphical Abstract

We successfully established organoid lines derived from human GBC that
recapitulated the histopathology, genetic and transcriptional features of the
primary tissues. In drug screening experiment, we found that the dual
PI3K/HDAC inhibitor CUDC-907 significantly restrained the growth of various
GBC organoids with minimal toxicity to normal gallbladder organoids.
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Abstract
Background:Gallbladder carcinoma (GBC) is a relatively rare but highly aggres-
sive cancer with late clinical detection and a poor prognosis. However, the lack of
models with features consistent with human gallbladder tumours has hindered
progress in pathogenic mechanisms and therapies.
Methods: We established organoid lines derived from human GBC as well
as normal gallbladder and benign gallbladder adenoma (GBA) tissues. The
histopathology signatures of organoid cultures were identified by H&E staining,
immunohistochemistry and immunofluorescence. The genetic and transcrip-
tional features of organoids were analysed bywhole-exome sequencing and RNA
sequencing. A set of compounds targeting themost active signalling pathways in
GBCswere screened for their ability to suppress GBC organoids. The antitumour
effects of candidate compounds, CUDC-101 and CUDC-907, were evaluated in
vitro and in vivo.
Results: The established organoids were cultured stably for more than 6months
and closely recapitulated the histopathology, genetic and transcriptional fea-
tures, and intratumour heterogeneity of the primary tissues at the single-cell
level. Notably, expression profiling analysis of the organoids revealed a set of
genes that varied across the three subtypes and thusmay participate in themalig-
nant progression of gallbladder diseases. More importantly, we found that the
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dual PI3K/HDAC inhibitor CUDC-907 significantly restrained the growth of var-
ious GBC organoids with minimal toxicity to normal gallbladder organoids.
Conclusions: Patient-derived organoids are potentially a useful platform to
explore molecular pathogenesis of gallbladder tumours and discover personal-
ized drugs.
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1 BACKGROUND

Gallbladder carcinoma (GBC) is the most common type
of the biliary tract cancers and ranking as the sixth most
common gastrointestinal malignancy.1,2 The incidence of
GBC shows regional variations worldwide and is infre-
quent in developed countries but common in some specific
geographical regions of developing countries. The overall
prognosis of GBC is very poor. Surgical resection is the
only method that can cure patients with localized GBC,
but the recurrence rate can be as high as 65%.3 Adjuvant
therapy strategies, including chemotherapy, radiotherapy
or combination treatment, are used to improve the out-
comes of patients with advanced GBC. However, in many
patients with this highly heterogeneous tumour, the thera-
peutic response is not satisfactory. There is an urgent need
to develop more personalized and targeted therapies.4–6
One of themajor barriers to the development of novel treat-
ments is the lack of appropriate models that can accurately
recapitulate the histological complexity and genetic het-
erogeneity of human cancers.
Organoids, recently developed three-dimensional (3D)

culture technologies, faithfully recapitulate the architec-
ture and function of primary tissues.7 Patient-derived
organoids (PDOs) derived from individual tumour patients
can indefinitely expand and accurately recapitulate the
morphological and molecular features of the original
tumour. To date, tumour organoids have been established
for a wide range of cancer types, such as colon, pan-
creatic, liver and prostate tumours.8–11 These PDOs were
subsequently employed for drug screening and tailored
treatment in cancer therapy. Increasing evidences demon-
strated that PDOs can accurately predict patient response
to anticancer treatment.12–15 Here, by using organoid cul-
ture technology, we established organoids derived from
human normal gallbladder, benign gallbladder adenoma
(GBA) and GBC tissues. The morphology, genetic char-
acteristics, transcriptional profiles and intratumour het-
erogeneity of the organoids were analysed. Finally, we
screened a series of compounds to identify drugs that could
effectively suppress growth of GBC organoids.

2 MATERIALS ANDMETHODS

2.1 Human specimens

We obtained human tissues through surgeries performed
at the Eastern Hepatobiliary Surgery Hospital, Shanghai,
China. The tumour samples were processed for histology,
RNA and DNA isolation, or dissociated for organoid cul-
ture. Normal gallbladder tissues were collected through
gallstone surgery. GBC samples were obtained from
patients who underwent radical resection in Eastern Hep-
atobiliary Surgery Hospital from Jan 2016 to Nov 2019.
All patients’ diagnoses were histologically confirmed. We
excluded cases with recurrent GBC or those receiving
neoadjuvant treatment. This cohort was followed up until
Jul 2020, with a follow-up from 7.2 to 54.4 months. The
age was 39–84 years (median 64 years). The detailed clin-
icopathologic features of 100 GBC patients were shown
in Table S3. The variables we collected included gender,
age, anti-HBc status, gallstone, gallbladder polyps, CEA
level, CA 19-9 level, location, type of surgery, surgical mar-
gin, invasion (liver, vascular, bile duct), metastasis (lymph
node, distance), TNM stage, tumour differentiation and
histology type. This study was approved by the Ethical
Committee of the SecondMilitary Medical University, and
informed consent was signed by each participant.

2.2 Establishment of organoids

Patient-derived specimen was minced and incubated in
digestion solution (2.5 mg/ml Collagenase IV, Roche)
for 30–60 min at 37◦C. After stopping digestion by dul-
becco’s modified eagle medium (DMEM) with 10% fetal
bovine serum (FBS), the suspension was filtered through
a cell strainer (100 μm) and centrifuged at 1000 rpm
for 5 min. The pellet was washed using cold Advanced
DMEM/F12 (GIBCO, USA), and then mixed with matrigel
(BD Transduction Laboratories, USA). After counting,
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cells were seeded and cultured in six-multiwell suspen-
sion plate (10,000–20,000 cells per well). The organoid
culture medium for normal and GBA samples con-
sisted of Advanced DMEM/F12 medium, 1:50 B27 supple-
ment, 1:100 N2 supplement, 1.25 mM N-acetyl-l-cysteine,
250 ng/ml Rspo-1, 100 ng/ml Wnt3a, 100 ng/ml Noggin,
50 ng/ml EGF, 100 ng/ml FGF10, 100 ng/ml IGF, 25 ng/ml
recombinant human HGF, 10 nM gastrin, 10 mM Y27632,
10mMnicotinamide, 5 μMA8301, 10 μMforskolin, 5 μg/ml
Prostaglandin E2, 3 nM dexamethasone, 1:500 Primocin,
1% penicillin/streptomycin, 1% Glutamax and 1% hydrox-
yethyl piperazineethanesulfonic acid (HEPES). GBC sam-
ples were cultured in the above media without Wnt3a,
Rspo1 and Prostaglandin E2.

2.3 Histology and staining

Tissues and organoids were fixed with 10% neutral-
buffered formalin (Sigma–Aldrich) at room temperature
for 24 h or 0.5 h, respectively. The paraffin embedding
was performed as follows: samples went through a graded-
ethanol series, xyleneand then paraffin. The embedded
samples were cut into 5 μm and prepared for H&E and
immunohistological (IHC) staining according to a stan-
dard protocol. For IHC, primary antibodies against CK7
(NBP2-44814, Novus Biologicals, 1:50), histone deacetylase
(HDAC1) (sc-81598, Santa Cruz, 1:50), HDAC2 (ab32117,
Abcam, 1:100), HDAC3 (ab32117, Abcam, 1:100), HDAC4
(sc-46672, Santa Cruz, 1:50), HDAC5 (sc-133225, Santa
Cruz, 1:50), HDAC6 (ab133493, Abcam, 1:100), cleaved-
Caspase3 (CST-9579, Cell Signaling Technology, 1:100), Ki-
67 (CST-12202, Cell Signaling Technology, 1:100), acetyl-
Histone H3 (Lys18) (CST-131998, Cell Signaling Technol-
ogy, 1:100) and p-AKT (CST-4060, Cell Signaling Technol-
ogy, 1:100) were used.

2.4 Whole-exome sequencing analysis

Genomic DNA was isolated using DNeasy Blood & Tissue
Kit (Qiagen, Germany) following the manufacturer’s
protocol. The SureSelect Human All Exon V6 (Agilent
Technologies) was used to capture exome according to
the manufacturer’s guide. Qubit R© 2.0 Fluoromete was
used to assess the quantity of libraries. The quality and
size measurement were performed by 2100 Bioanalyzer
High Sensitivity DNA Assay. The paired-end sequenc-
ing (2×150 bp) of qualified libraries were performed
on Illumina HiSeq X-ten platform. Human reference
genome (hg19/GRCh37) were used to align the FASTQ
files through BWA V0.7.13. The aligned files (sam/bam
format) were sorted and indexed with SAMTools (version

1.3), then duplicates were flagged with Picard (version
2.2.4). Reads were locally realigned and their base qualities
were recalibrated by using GATK (version 3.5). Finally,
mapping statistics including depth and coverage were
generated from recalibrated files by BEDTools (version
2.16.1) and in-house perl/python scripts. Tumour muta-
tion burden (TMB) was defined as the total somatic
alterations in coding regions, and quantified as mutation
numbers per megabase (Mb). Copy number variation
was identified by XHMM (eXome Hidden Markov
Model) v1.0.

2.5 RNA sequencing analysis

Total RNA isolation was performed using RNeasy mini kit
(Qiagen, Germany). The TruSeq Stranded Total RNA Sam-
ple Preparation kit (Illumina, USA) was applied to con-
struction strand-specific libraries. In short, after enrich-
ment and purification, the mRNA was cleaved into small
pieces and then reversely transcribed into cDNA.After end
repair, purification and enrichment, the cDNA library was
quantified and validated with Qubit 2.0 Fluorometer (Life
Technologies, USA) and Agilent 2100 Bioanalyzer (Agilent
Technologies, USA). The libraries were diluted to 10 pM to
generate cluster by cBot and then applied to sequencing on
the Illumina HiSeq X ten. The construction and sequenc-
ing of RNA libraries were performed at Shanghai Biotech-
nology Corporation, China.

2.6 Single-cell RNA sequencing

The libraries were sequenced on NovaSeq6000 (Illumina)
using 2× 150 chemistry. Cell Ranger 3.0.1 pipelinewas used
to process single-cell RNA sequencing data following the
manufacturer’s instructions. By counting unique molecu-
lar identifiers (UMIs) and filtering non-cell associated bar-
codes, gene–barcode matrices with the barcoded cells and
gene expression counts were generated for each individ-
ual sample. The quality control and downstream analysis
were performed by Seurat (v3.0.2). We excluded cells with
detected genes less than 200 and features expressed in less
than three cells. Then, cells with percentage of mitochon-
drial expression less than 20% and with detected genes
less than 6000 or more than 200 were reserved for anal-
ysis. All functions were then run with default parameters,
unless specified otherwise. The percentage of mitochon-
drial counts was used to regress out in “ScaleData” func-
tion. The “npcs” was set as 60 in “RunPCA” function. The
top 22 principal components (PCs) were used for uniform
manifold approximation and projection (UMAP) dimen-
sional reduction. The same PCs and resolution at 0.6 were
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used to cluster cells. Cell types were defined by canoni-
cal cell markers, that is, epithelial cell adhesion molecule
(EPCAM) for epithelial cells, COL1A1 and PDGFRB for
mesenchymal cells, PECAM1 and CD34 for endothelial
cells, CD79A and MZB1 for B cells, CD14 and CD163 for
myeloid cells, TPSAB1 and KIT for Mast cells.
For sub-clustering epithelial cells, the same proce-

dure of normalisation, scaling, dimensionality reduction,
and clustering were employed. The differential expressed
genes were detected by “FindMarkers” function with
logfc.threshold as 0.25, min.pct as 0.1, and Wilcoxon rank
sum test. Top 50 genes of each sample and top 20 genes of
each epithelial subcluster were showed by heatmap plot-
ted with ComplexHeatmap (version 2.8.0), respectively.
Gene with adjusted p-value < 0.05 of normal or malignant
samples were used to perform Gene Ontology enrichment
with clusterProfiler(version 4.0.0). To infer the copy num-
ber variations (CNV) of epithelial cells, we used inferCNV
packages with default parameters and additional sample
information.

2.7 Drug treatment

Cells from each organoid were plated (5×103/well) and
compounds of indicated concentrationwere added into the
culturemedium 24 h after cell seeding. Cell viabilities were
assessed by CellTiter-Glo Luminescent assay 4 days after
the treatment. Dimethyl sulfoxide (DMSO, 0.5%)were used
as blank control. The relative ratio of drug treated cell via-
bility under 0.5 was considered to be significant.

2.8 Assessment of staining of tissue
slides

Given that HDAC inhibitors exhibited the outstand-
ing anti-cancer effect, among others, HDAC protein
levels in human normal gallbladder and GBC tissues
were evaluated. HDAC 1, 2 and 6 staining in GBC tis-
sue was scored (C.L. L and X.W) by using the semi-
quantitative immunoreactivity scoring (IRS) system as
described previously.16 The immunostaining intensity (cat-
egory A) was as 0 (negative), 1 (weak), 2 (moderate
immunostaining), and 3 (strong immunostaining). The
percentage of immunoreactive cells (category B) was as
1 (< 10%), 2 (10–33%), 3 (33–66%), and 4 (> 66%). Mul-
tiplication of category A and B produced a result as IRS
from 0 to 12 for each tissue. Patients with IRS 0–6 were
classified to low-expression groups, and patients with
IRS 7–12 were categorized as classified to high-expression
groups.

2.9 Organoid-derived tumour xenograft

All experiments involving organoid transplantations into
mice were approved by the Ethical Committee and con-
ducted following the Animal Care Facility guidelines
of Second Military Medical University. GBC-1 organoids
with 2×106 cells were dissociated from Matrigel, and
injected subcutaneously into immunodeficient NOD.Cg-
Prkdcscid Il2rgtm1Wjl/SzJ (NSG) mice (The Jackson Labora-
tory) at young age (n = 18). When the xenografts reached
average volume 200mm3, themice were divided randomly
into three groups of six mice in each: control (vehicle),
Vorinostat and CUDC-907 group. Drugs were dissolved
in vehicle (5% DMSO and 95% corn oil), and injected
intraperitoneal at a dose of 40 mg/kg every 3 days for
2 weeks. Tumour diameter was measured using a caliper,
and tumour volume was calculated following: (width)2 ×
length/2. Two weeks after drug administration, the mice
were sacrificed and xenografts were excised for further
analysis.

2.10 Statistical analysis

Statistical analyses were performed with SPSS version 18.0
(SPSS Inc., Chicago, IL, USA) and R version 4.0.3 (R foun-
dation for Statistical Computing). The association between
HDAC expression and clinicopathological data was evalu-
ated by the Chi-square test or Fisher’s exact test. Kaplan–
Meier survival analysis (log-rank test) were applied to
detect the relationship between HDAC levels and overall
survival (OS). We used univariate and multivariate Cox
proportional hazard regressionmodels to determinewhich
variables affected OS. Hazard ratios (HRs) and 95% confi-
dence intervals (CIs) were estimated. The reported P val-
ues were two-sided; the statistical difference was consid-
ered significant if P < 0.05.

3 RESULTS

3.1 Establishment of organoids derived
from human normal gallbladder, benign
GBA and GBC tissues

Due to the limited material available from surgical spec-
imens, gallbladder tumour models are often difficult
to generate. To comprehensively model the full clinical
spectrum of gallbladder tumours, we collected surgically
resected tumour tissues from 41 untreated GBC patients
and 5 untreated GBA patients. A 3D culture protocol
for gallbladder tumours was developed (Figure 1A), and
five GBC organoid lines and two GBA organoids were
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F IGURE 1 Establishment of organoids derived from human normal gallbladder, benign gallbladder adenoma (GBA) and gallbladder
carcinoma (GBC) tissues (A) Experimental design. Normal gallbladder, benign GBA tissues, and GBC tissues were obtained from patients
undergoing surgery (patient information detailed in Table S1) and were processed as described in the Methods. (B) Representative brightfield
microscopy images of organoid lines derived from these normal gallbladder, benign GBA tissues, and GBC tissues. (C) Representative H&E
staining of organoid lines and original tissues. (D) Expression of the biliary marker CK7 was detected by immunohistochemistry and
immunofluorescence in the primary tissue and corresponding organoids. Scale bars: 200 μm

successfully established (Table S1). These organoids were
expanded for at least 10 passages and cultured stably for
more than 3 months (Figure S1). We defined organoids
maintained continuously for more than 3 months as
successfully established. The generation efficiencies were
12.2% forGBC and 40% forGBA.Among the 36 failed cases,
19 samples failed to form organoids owing to inadequate
cell number to grow into organoids; 7 cases contaminated
by overgrown non-tumourous organoids; 5 cases grew into

organoids but ceased growing after several weeks; 4 cases
were contaminated by bacteria or fungi; 1 organoid line
failed to recover after cryopreservation. In parallel, one
human normal gallbladder organoid was established from
ahealthy normal gallbladder, which exhibited amonolayer
epithelial cystic architecture (Figure 1B). The organoids
derived fromGBAs and GBCs exhibited irregularly shaped
cystic cribriform structures (Figure 1B). At the histological
level, healthy gallbladder-derived organoid cultures form
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cyst-like hollow structures, similar to normal gallbladder
tissues. In contrast, the GBA and GBC-derived organoids
displayed distinct histological and cellular architectures,
with glandular domains and tumour cells growing in
cribriform structures, consistent with the corresponding
primary tissues (Figure 1C). IHC and immunofluorescence
(IF) analysis demonstrated that all the organoids and their
parental tissues retained the expression of the biliary
epithelia marker CK7 (Figure 1D). These results suggest
that long-term cultured gallbladder tumouroids closely
recapitulated their original tumour tissues in histological
characteristic and marker expression.

3.2 Normal gallbladder, GBA and GBC
organoids retain the genomic alterations of
their original tissues

To determine whether organoids retain the mutational
profile of their parental tissues, organoid cultures and
corresponding primary tissues were subjected to whole-
exome sequencing (WES) analysis. By comparing the
global genomic alterations, we found highly concordance
mutational profile in organoid cultures and their original
tissues, evidenced by the fact that 80%–90% of the vari-
ants in each primary tissue were retained in their paired
organoid cultures (Figure 2A). The distribution of single-
base substitutions in exon for both tissues and organoids
revealed overrepresentation of the G > A/C > T and
T > C/A > G transversions (Figure 2B). Additionally,
organoid cultures well retained the proportion of exonic
variations observed in primary tissues (Figure 2C).
Among the top 27 mutated genes in organoids and the

corresponding tissues (Figure 2D), we identified varia-
tions in cancer-associated genes, including TP53, MUC4,
MUC16, CTNNA2, TTN, RYR2, MGAT5B, USP29 and
AKAP6 in GBC organoids andCTNNA2,CTNNB1,KCNIP3
andDSCAML1 inGBAorganoids.Most of these genemuta-
tions were also found in the corresponding primary tis-
sues. Some of the mutations in GBC organoids, such as
TP53 and MUC4, are frequently reported genes in biliary
tract cancers (BTCs).17,18 MUC4 is an intramembrane lig-
and for ERBB2, one of the major drivers in BTC carcino-
genesis. Our analysis shows that missense mutations of
MUC4 appeared in GBC-1 and GBC-4 tissues and in GBC-1
organoids but not in normal gallbladder and GBA tissues
or organoids. In addition, we identified mutations in the
tumour suppressor TP53 in 4 of 5 GBC organoids and cor-
responding tumour tissues. Meanwhile, several tumour-
related genes have not been reported before in BTC. For
example, the TTN gene was suggested to be a potential
oncogene in lung cancer19,20; MGAT5B was reported to be
differentially expressed or epigenetically dysregulated in a

variety of cancers21,22; andAKAP6mutations were demon-
strated to be correlated with the susceptibility and prog-
nosis of several cancers, including glioma, epithelial ovar-
ian and gastric cancer.23–25 Notably, the results showed that
GBAs already have some tumour-related gene mutations,
such as CTNNA2, CTNNB1, and KChIP3, which regulate
the cell cycle and apoptosis. In particular, GBA-2 contained
a number of tumour-related mutations, suggesting that
someGBAs havemalignant characteristics.We queried the
cBioPortal database (http://www.cbioportal.org/), which
provides information of large-scale cancer genomics, and
found thatmost of the above-mentionedmutations present
in the mutation gene list of combined GBC samples of
two previous studies, for instance, TP53 (50%), MUC16
(18.8%),TTN (15.6%),MUC4 (6.3%),CTNNB1 (4.9%),USP29
(3.1%), AKAP6 (3.1%) and DSCAML1 (3.1%).26,27 These
results suggested that organoids generated fromGBAs and
GBCs recapitulated themutational landscape and tumour-
specificmutations observed in human gallbladder tumour.
To characterize the overall mutation rate in organoids

and corresponding tissues, TMB was calculated. Intrigu-
ingly, GBC organoids and corresponding tissues from dif-
ferent patients exhibited distinctly varied TMB degrees,
from 1.09 to 5.84 mutations/Mb, demonstrating high het-
erogeneity and low mutational rate of GBCs. Moreover,
GBC organoids showed higher TMB thanmatched tissues,
especially in GBC4 and GBC5, possibly because of non-
cancerous components and dilute tumour purity in GBC
tissues (Figure 2E).28 Copy-number analyses of the pri-
mary GBC tissues and corresponding organoids showed
varied concordance (Figure 2F). Similar to TMB, the GBC
organoids showed more copy number alterations (CNAs)
than original tumour tissues. This situation have also been
reported in other studies, such as breast cancer and pan-
creatic cancer organoids,29,30 indicating different tumour
cell purities between tissues and organoids in a variety
of tumours. As most primary tumour specimens, which
usually contain stromal cells such as fibroblasts, immune
cells and blood vessels, have insufficient purity to reveal
mutation signals, whereas organoid cultures mainly com-
prised of epithelium tumour cells. High purity of tumour
cells in organoids may also lead to increased resolution
and signal amplification. Besides, we cannot rule out the
possibility that some additionalmutations of environment-
sensitive genes acquired during the long-term culture. Fur-
ther investigations are needed to address this issue.

3.3 Transcriptomic analysis of organoid
cultures and their original tissues

To further characterize our organoid cultures, the gene
expression profiles of organoids were compared to those

http://www.cbioportal.org/
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F IGURE 2 Organoids retain genetic characteristics of original tissues. (A) Correlation heat map between the variants identified in
primary tissues (_T) and corresponding organoids (_O). (B) Overall distribution of base substitutions detected in all of the samples, including
both organoids and the corresponding tissues. (C) Proportion of exonic variations detected in each organoid line and the corresponding
tissues. (D) Overview of the mutations detected in organoid lines (O) and the corresponding tissues. (E) Tumour mutation burden (TMB) was
estimated for patients with gallbladder adenoma (GBA) and gallbladder carcinoma (GBC) by counting somatic mutations, including coding
single nucleotide variants (SNVs) and indels per megabase. (F) Copy number alterations (can) in representative matched primary tumour
specimens and corresponding organoids. Two representative cases are shown

of the primary tissues using RNA sequencing (RNA-seq)
analysis. Healthy gallbladder-derived organoid and origi-
nal tissuewere used as controls. The correlation analysis of
gene expression profiles indicated that individual organoid
lines correlated to their original tissues and tumour types
(Figure 3A). To compare the variations in gene expression

across normal gallbladder, GBA and GBC organoids, the
expression data of organoidswere subjected toKyoto Ency-
clopaedia of Genes and Genomes (KEGG) cluster analy-
sis. As shown in Figure 3B, we identified a set of pathways
that were gradually upregulated from normal gallbladder
organoids to GBA and GBC organoids, such as cell cycle-
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F IGURE 3 Transcriptomic analysis of organoid lines and their original tissues (A) Correlation heat map between primary tissue (_T)
and paired organoid line (_O) expression profiles after at least 2 months of expansion in culture (column z-scored). (B) Kyoto Encyclopaedia
of Genes and Genomes (KEGG) cluster analysis of gene sets that varied across normal gallbladder, gallbladder adenoma (GBA) and
gallbladder carcinoma (GBC) organoid lines. (C) Heat-map analysis of variations between each subtype of primary tissue and organoid line (B
vs. N, GBA vs. normal; M vs. B, GBC vs. GBA; M vs. N, GBC vs. normal). (D) Heat map analysis of representative genes in the indicated
signaling pathways

and DNA replication-related pathways. Other pathways,
such as p53 signalling and extracellular matrix (ECM)-
receptor interaction pathways, were gradually downregu-
lated from normal gallbladder organoids to GBA and GBC
organoids. These gradually upregulated or downregulated
pathways are closely related to the capabilities of tumour
cells obtained during the tumour development, for exam-
ple, unlimited replicative potential and invasion and ability
for metastasis.31 In comparison with GBC organoids, there
were also pathways that were upregulated more obviously
from the normal gallbladder to GBA organoids, such as
Wnt signalling, suggesting that these pathways are much
more important in tumourigenesis.

Next, the differentially expressed genes (DEGs) between
each group were subjected to gene set enrichment anal-
ysis (GSEA). Notably, we identified a number of sig-
nalling pathways, including the JAK-STAT, mTOR, oxida-
tive phosphorylation and p53 signalling pathways, that can
well draw distinctions across the normal gallbladder, GBA
and GBC tissues, with similar profiles between tissues and
matched organoids (Figure 3C). To further confirm the
expression status of specific genes in organoid lines and
their corresponding parental tissues, a set of genes in sig-
nalling pathways were subjected to hierarchical cluster-
ing analysis. Consistent with previous data, abnormal and
gradual activation of genes in mitogen-activated protein
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kinase (MAPK) signalling (RPS6KB1, PIK3R3, MAP3K1,
MAP3K2, MAP3K7 and CCNE2), PI3K-AKT-mTOR sig-
nalling (TAB2, PKN2, CREB1), oxidative phosphorylation
pathway (COX6B2, ATP6V1C2), Ras signalling (PDGFC,
ELK1 and KITLG) and HDAC1, HDAC2, HDAC6 were
observed in GBA and GBC organoids, with closely resem-
bled expression patterns of original tissues (Figure 3D).
Interestingly, two ormore of these cancer-promoting path-
ways were coactivated in each individual GBC organoid
(Figure S2). In addition, the tumour inhibitor CDKN1A
(P21) was decreased in GBA and GBC, which is down-
stream of TP53 and acts as a determinant of cell cycle reg-
ulation (Figure 3D). These data showed that PDOs reca-
pitulated the transcriptomic features of primary gallblad-
der tumours, and abnormally expressed genes might be
responsible for tumour malignancy and tractable as thera-
peutic targets.

3.4 Single-cell RNA sequencing of
organoid cultures and their original tissues

To verify the reproducibility within the intratumour het-
erogeneity of organoid cultures, we generated droplet-
based single-cell RNA sequencing (sc-RNA seq) profiles
by using three samples: GBA-2 tissue (GBA-2_T), GBC-
4 tissue (GBC-4_T) and matched GBC-4 organoid (GBC-
4_O). After quality control and doublet removal, we
obtained a total of 7124 single cells. Following gene expres-
sion normalisation, we employed the UMAP method
to reduce the dimensionality. These cells were assigned
to seven major distinct cell-type clusters (Figure 4A),
which were annotated by canonical marker genes: epithe-
lial cells (EPCAM+); mesenchymal cells (COL1A1+ and
PDGFRB+); endothelial cells (PECAM1+ and CD34+); T
cells (CD3E+); B cells (CD79A+ andMZB1+); myeloid cells
(CD14+ and CD163+); and mast cells (TPSAB1+ and KIT+)
(Figure 4B). GBA-2_T and GBC-4_T consisted of distinct
cell-type clusters, while matched GBC-4_O was composed
predominately of epithelial cells (Figure 4C,D). We further
examined the heterogeneity of epithelial cell populations
within and across samples. In total, epithelial cells com-
prised six major subsets, and remarkably, these epithelial
cells reclustered by their patient of origin (Figure 4E). Sub-
clusters 1 and 2 were almost entirely comprised of epithe-
lial cells from the benign GBA-2 tissue. Subclusters 0, 3, 4
and 5 were tumour specific and evenly shared by cancer-
ous GBC-4 tissue and its paired organoid (Figure 4F,G).
Analyses of the DEGs showed that epithelial cells from
benign and malignant lesions had distinct expression pat-
terns, while a high degree of consistency was observed
between GBC-4_T and matched GBC-4_O (Figure S3).
We further conducted DEG analyses to characterize the

six epithelial subsets (Figure 4H). Labelled by benign
signatures, subclusters 1 and 2 similarly overexpressed
metabolism-related genes and tumour suppressors (KLF6,
EGR1, GC, FAM46A, ZFP36, BTG2, etc.). Of note, GBC-4
tissue and its corresponding organoid shared similar DEGs
across subclusters 0, 3 and 4. Subcluster 0 overexpressed
adhesion- and migration-related genes (CEACAM5, CEA-
CAM6, CXCL5, GPRC5A, LAMB3, etc.). Subcluster 3
overexpressed proliferation-related genes (MKI67, STMN1,
PCNA, UBE2C and CENPF). Subcluster 4 overexpressed
epithelial–mesenchymal transition (EMT)-related genes
(LCN2, S100A4, S100A10, S100P and TAGLN2). Subclus-
ter 5, distinctly derived from the tumour tissue, overex-
pressed mucus secretion-related genes (CXCL17, TFF3,
MUC5AC, SPINK4 and MSMB, etc.). By inferring large-
scale chromosomal CNVs, a diverse spectrum of chromo-
somal aberrations was present across epithelial cells and
those from benign GBA-2 with much lower inferred CNVs
(Figure 4I). However, the inferred CNVs were highly con-
sistent between epithelial cells from GBC-4 tissue and
matched organoids. Together, these data indicated that
GBC-derived organoids could recapitulate the transcrip-
tional features and heterogeneity of their derived tissue at
single-cell resolution.

3.5 GBC organoids for in vitro
patient-specific drug trials

To develop more effective drugs against GBCs, we selected
29 compounds (approved for clinical use by the food-and-
drug-administration (FDA)) targeting signalling pathways
commonly activated in tumours and assessed their viabil-
ity to suppress the viability of GBC organoids, for exam-
ple, MAPK, Janus Kinase-signal transducer and activa-
tor of transcription (JAK-STAT), receptor tyrosine kinase
and HDAC inhibitors (Figure 5A, Table S2). The toxicity
of these inhibitors on normal gallbladder organoids was
first investigated. As shown in Figure 5B, nine compounds
(e.g., delanzomib, trametinib and pracinostat) showed
significant suppressive effects against normal organoids,
which were excluded from the following test. We fur-
ther applied the remaining 20 compounds to examine the
drug response of GBC organoids. It should be noted that
different GBC organoids exhibit varied drug responses,
and all of these GBC organoids were broadly resistant
to various inhibitors targeting JAK, PI3K, MAPK, RAF,
PARP, AMPK and Hedgehog. Amuvatinib, a multitar-
geted kinase inhibitor against c-KIT, PDGFRα and Flt3,
only exhibited a suppressive effect in GBC-3 organoids
(Figure 5C,D), and the GBC organoids showed a loss of
3D structure and viability after 4 days of treatment at
a dose of 10 μM (Figure 5E). However, vorinostat and
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F IGURE 4 Single-cell RNA sequencing of organoid cultures and their original tissues. (A) Uniform manifold approximation and
projection (UMAP) plots showing cell types for 7124 cells. (B) Violin plots showing the smoothed expression distribution of marker genes in
seven cell types. (C) UMAP plots of 7124 cells showing their origins. (D) Proportion of indicated cell-type clusters in each sample. (E) UMAP
plots showing epithelial cells, color-coded according to different clusters. (F) UMAP plots of epithelial cells showing sample origin. (G)
Proportion of subcluster cell types in each sample. (H) Heatmap of the top 20 differentially expressed genes for each epithelial cell cluster. (I)
The landscape of inferred large-scale copy number variations (CNVs) for all of the epithelial cells. The annotation tracks on the left indicate
the inferred CNV clusters and corresponding sample origin. Chromosome numbers are labelled at the bottom. Red indicates copy number
gain, and blue indicates copy number loss

curcumin, HDAC inhibitors, effectively restrained the
growth of GBC organoids (Figure 5C). Furthermore, vari-
ous doses of vorinostat treatment in organoid lines demon-
strated the suppressive effects on GBC organoids in a dose-
dependent manner, with IC50 (half maximal inhibitory
concentration) from 1.11 to 18.05 μM (Figure 5F), suggest-
ing that HDAC inhibitors are potential drugs against GBC
organoids.

3.6 Overexpression of HDAC1, -2, and -6
in GBC tissues predicts a poor prognosis

HDACs have been reported to play significant roles
in human malignant tumour development and
progression,32,33 and HDAC inhibitors are currently
being investigated as anticancer agents in clinical tri-
als. The single-cell regulatory network inference and
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F IGURE 5 Gallbladder carcinoma (GBC) organoids for in vitro drug screening. (A) Drug screening design. From a library of 29
compounds that targeted the most active signalling pathways in GBC, we identified two compounds that were able to significantly suppress
GBC organoids. (B) Effects of 29 compounds on the growth of normal gallbladder organoids. (C) Effects of 20 compounds on the growth of
GBC organoids, which had no or low toxicity on normal gallbladder organoids. (D) Heatmap of the viability of GBC organoids after 4 days of
treatment with vorinostat and curcumin. (E) Representative brightfield microscopy images of normal and GBC organoids after 4 days of
treatment with vorinostat and curcumin at 10 μM. Scale bars: 200 μm. (F) Cell viability of normal and GBC organoids after 4 days’ treatment
with vorinostat at different concentrations
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clustering (SCENIC) analysis identified HDAC2 as one
of the underlying transcription factors in epithelial cells
from malignant GBC-4 tissue and matched organoid
(Figure S4). To explore the clinical significance of HDACs
expression in GBC, we performed IHC staining in human
GBC (100 samples) and normal gallbladder (10 samples)
tissues. The expression levels of HDAC1, -2 and -6 were
obviously upregulated in GBC tissues in comparison
with normal gallbladder tissues (Figure 6A,B). Based
on the IHC results of HDAC1, -2 and -6 expression in
tumour tissues, all 100 GBC samples were categorized
into low-expression and high-expression groups (Fig-
ure 6C). Statistical analysis showed that the high-HDAC1
expression group had worse nodal status (P = 0.003) and
advanced tumor node metastasis (TNM) stage (P = 0.01);
the high-HDAC2 expression group had more patients
with liver invasion (P = 0.03, Table S3). Kaplan–Meier
analyses indicated that patients with high HDAC 1, 2
and 6 levels had substantially shorter OS (P = 0.013,
0.033 and 0.029, respectively; Figure 6D–F). Multivariate
analysis further revealed that HDAC1 overexpression
was an independent prognostic predictor (Table S4). For
other clinicopathological features, only distant metastasis
(M1) and poor differentiation had significant prognostic
influences. These findings demonstrated HDAC1, -2 and
-6 as predictors for a poor prognosis of GBC, which further
indicated the therapeutic value of HDAC inhibitors.

3.7 Coinhibition of HDAC and other
tumour-promoting signalling pathways
synergically suppresses GBC organoid
growth

In view of the common coactivation of HDACs and other
cancer-promoting pathways in GBC, such as PI3K-AKT
and Ras signaling, we aimed to determine whether com-
bined inhibition of these pathways with HDACs has syner-
gistic antitumour effects against GBC patients. The novel
dual epidermal growth factor receptor (EGFR) and HDAC
inhibitor CUDC-901 and dual PI3K and HDAC inhibitor
CUDC-907 were employed to treat GBC organoids. Both
CUDC-101 andCUDC-907 exhibited remarkable inhibition
of organoid growth in vitro (Figure 7A). According to cell
survival curves, the IC50 of CUDC-907 on GBC organoids
is from 12.76 to 116.9 nM (Figure 7B), indicating a spe-
cific activity for GBC growth-inhibition. Consistently, the
protein expression of phosphorylated AKT were downreg-
ulated and acetylated histone H3 (substrate of HDACs)
were increased after CUDC-907 administration in GBC
organoids (Figure 7C).
Moreover, treatment with vorinostat or CUDC-907 con-

sistently resulted in tumour growth inhibition in GBC

organoid-derived xenograft models, and as expected, the
PI3K-HDAC dual inhibitor CUDC-907 displayed stronger
antitumour activity than vorinostat (Figure 7D,E). In addi-
tion to decreased tumour size, CUDC-907 administration
induced higher expressions of cleaved Caspase 3 and lower
expressions ofKi67, indicating promoted cell apoptosis and
suppressed cell proliferation (Figure 7F). Meanwhile, IHC
staining indicated that CUDC-907 treatment significantly
restrainedAKT andHDAC activities evidenced by reduced
phosphor-AKT and increased histone H3 acetylation (Fig-
ure 7F). These results demonstrated that coinhibition of
cancer-promoting pathways and HDACs may be a viable
therapeutic strategy for GBC patients.

4 DISCUSSION

GBC is a malignancy arising on the basis of chronic gall-
bladder diseases and is often diagnosed late with a poor
prognosis. A better understanding of GBC progression
could provide potential therapies and prolong survival.
Studies on GBC have thus far been restricted due to a lack
of in vitromodels. Here, we described amethod for the suc-
cessful generation of organoids that generally recapitulates
the characteristics of original normal gallbladder, benign
GBA and malignant GBC tissues.
Recently, several groups have generated organoids from

normal gallbladder and gallbladder cancer specimens.34–36
Saito et al. tried to establish organoids using five
GBC specimens. However, only one GBC organoid was
established.35 To date, organoids derived from benign GBA
have not been reported. Additionally, our present study
analysed the differences in culture condition, morphol-
ogy, genetic mutation and gene expression across normal
gallbladder, benign GBA and malignant GBC organoids,
which will help us understand the malignant progression
of human GBC.
Insulin-like growth factor (IGF) is a peptide hor-

mone critical for growth, development and oncogenic
transformation.37 IGF signalling plays important roles in
cancer formation, progression and metastasis in a number
of malignant tumours, including gallbladder cancer.38,39
Recently, Fujii et al. reported that IGF-1 togetherwith other
growth factors, such as EGF, HGF or FGF, profoundly pro-
motes organoid growth.40 In the present study, to increase
the success rate for the establishment of our organoids,
we supplemented IGF on the basis of previously reported
mediums for human liver organoids and nontumoural
gallbladder organoids. Moreover, proteins linked to Wnt
signalling, including Wnt3a, R-spondin and prostaglandin
E2, were added to the medium of normal gallbladder and
benign GBA organoids but not to the medium of GBC
organoids. Prostaglandin E2 has been reported to prevent
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F IGURE 6 Upregulation of histone deacetylase (HDAC1), -2, and -6 in gallbladder carcinoma (GBC) is correlated with a poor prognosis.
(A) Expression of HDACs in normal gallbladder and GBC tissues was tested by immunohistochemical staining. Representative IHC staining
of HDACs in there GBC tissues and one normal gallbladder. Scale bars: 100 μm. (B) The HDACs expression in 10 normal gallbladder and 100
GBC specimens was quantified with ImageJ software. Data are presented as the mean ± SD (** P < 0.01). (C) Representative micrographs
showing low-level and high-level expression of HDAC1, HDAC2 and HDAC6 in GBC tissues. Scale bars: 100 μm. (D–F) Survival plots for
groups with high and low expression of HDAC1 (D), HDAC2 (E) and HDAC6 (F) in GBC specimens

detachment-induced cell death and activate the canoni-
cal Wnt signalling cascade,41,42 and prostaglandin E2 has
been used to support the growth of colonic and intestinal
organoids.43,44
By using the modified mediums, success rates for the

establishment of normal gallbladder, benign GBA and
malignant GBC organoids were 50% (1/2), 40% (2/5) and

12.2% (5/41), respectively. In fact, the success rate for GBC
organoids establishment in our study is far from satis-
factory. As most GBCs originate from chronic inflamma-
tion, there are large amounts of fibrous connective tissue
in tumour tissues. This usually makes the tumour tissues
very difficult to digest. After digestion, only a small num-
ber of epithelial cells were obtained and the cell vitality is
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F IGURE 7 Dual histone deacetylase (HDAC) and tumour-promoting pathway inhibitors suppress gallbladder carcinoma (GBC)
organoid growth. (A) Representative brightfield microscopy images of GBC organoids after 4 days of treatment with CUDC101 and CUDC907
at 5 μM and 10 μM, respectively. Scale bars: 200 μm. (B) Cell viability of normal and GBC organoids after 4 days’ treatment with CUDC907 at
different concentrations. (C) The expression levels of phosphor-AKT, AKT and acetylated histone H3 were determined by western blot, and
β-actin was used as a loading control. (D) The GBC organoids were inoculated subcutaneously into nude mice. Representative images of the
xenograft tumours. (E) The tumour volumes were measured, and the results are expressed as the mean ± standard deviation (SD). * P < 0.05,
** P < 0.01. (F) Immunohistological (IHC) staining of cleaved Caspase 9, Ki67, phospho-AKT and acetylated histone H3 in the tumour tissues
from each group. Scale bars: 100 μm
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quite low. The contamination of non-tumourous organoids
is also an important reason for the low generation rate.
In future, the generation protocol and culture conditions
need to be optimized to increase generation efficiency, for
example, the approach reported by Tuveson’s group for
generation of pancreatic cancer organoids.45
In our study, the similarities in morphology and genetic

and transcriptional characteristics between organoids and
parental tissues demonstrated that established organoids
faithfully recapitulate the histological complexity and
molecular features of human tissues. More importantly,
GBC organoid cultures maintained intratumoural cellu-
lar heterogeneity of their derived tissue at the single-cell
level, thus representing an ideal preclinical model for
pathological mechanism research and personalized drug
screening.
In the present study, we identified multiple gene muta-

tions in gallbladder tumour organoids, some of which
have been reported in biliary tract tumours (e.g., TP53 and
MUC4), while the others have not (e.g., TTN, MGAT5B
and AKAP6). It is of interest to note that GBA organoids
already have mutations in some cancer-related genes (e.g.,
CTNNA2 and CTNNB1), suggesting the malignancy poten-
tial of some GBA cells. By comparing the gene expression
profiles of organoids, we showed that a series of signaling
pathways varied across normal gallbladder, GBA and GBC
organoids, for example, JAK-STAT, PI3K-AKT, oxidative
phosphorylation and TP53 pathways, which are implicated
in cell proliferation ability and tumoural malignancy. The
abnormal expression profiling of genes associated with
these pathways inGBAandGBCorganoidswas also identi-
fied, such as MAP3K1, MAP3K2 (MAPK signaling), TAB2,
PKN2 (PI3K-AKT signaling), COX6B2, ATP6V1C2 (oxida-
tive phosphorylation pathway), and HDACs. Although the
exact role of these genes and pathways in the progres-
sion from chronic gallbladder disease to malignant car-
cinomas needs further exploration, our findings provide
information on the genotypic and phenotypic changes at
the organoid level, which may helpful in understanding
the complexmechanisms and defining drug targets of gall-
bladder tumours.
Most GBC patients are diagnosed at a late, unre-

sectable stage; therefore, systemic chemotherapy is
an important therapeutic strategy for advanced GBC
patients. Gemcitabine, fluoropyrimidines and platinum
compounds are the most frequently used chemothera-
peutics to treat GBC, similar to chemotherapy options
for cholangiocarcinoma.46 However, these nontargeted
anticancer agents usually have limited effectiveness,
with an OS time of < 1 year, and cause severe adverse
effects.47 While clinical trials for targeted therapeutics in
GBCs using EGFR, Vascular Endothelial Growth Factor
Receptor (VEGFR), MEK and PI3K inhibitors have been

completed, these randomized trials failed to disclose the
superiority of any targeted drugs with chemotherapy.48–50
In line with the clinical results, our established GBC
organoids were largely heterogeneous and highly resistant
to multiple targeted drugs approved by the FDA for
tumour therapy, such as JAK-STAT, protein kinase B,
PKB (PI3K-AKT) and PARP inhibitors. Interestingly,
gene expression profiling analysis revealed that the
MAPK, PI3K-AKT, and Ras pathways and HDACs were
always activated simultaneously in GBC organoids, which
may provide an explanation for the resistance to agents
targeting one molecule or pathway.
In view of HDACs being implicated in a variety of can-

cers, including cholangiocarcinoma and GBC, different
kinds of HDAC inhibitors are being investigated in pre-
clinical or clinical studies as anticancer agents. Promising
antitumour activity has been noted with HDAC inhibitors
in several human tumours, such as hepatocellular car-
cinoma, breast cancer and head and neck squamous
cell carcinoma.51,52 Here, our study showed upregulated
expression and prognostic value of HDAC1, -2 and -6
in GBC tissues. Consistently, HDAC inhibitors (vorino-
stat and curcumin), especially dual HDAC and cancer-
promoting pathway inhibitors (CUDC-901 and CUDC-
907), exhibited growth-inhibitory effects across different
GBC organoids with low toxicity to normal gallbladder
organoids, suggesting a safe and effective treatment reg-
imen in GBC. Further studies, especially random clini-
cal trials, will be needed to examine the potential clinical
application of these drugs for GBC therapy.
In summary, we herein established organoids that gen-

erally recapitulate the morphology, genetic and transcrip-
tional characteristics, and intratumour heterogeneity of
normal gallbladder, benign GBA and malignant GBC tis-
sues. Moreover, our study provides important insights into
the genetic and molecular changes linked to carcinogene-
sis and the progression of gallbladder tumours. However,
there are several aspects that are needed to be improved
in future studies to better employ organoids technology in
GBC research. Most importantly, more normal specimens
and larger GBC sample sizes are warranted. In addition,
establish protocols and culture conditions of organoids are
required to be optimized to increase efficiencies. The histo-
logical, transcript and genomic changes of organoid during
long-term culture should be better monitored.
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