
ARTICLE OPEN

The heterogeneity of signaling pathways and drug responses in
intrahepatic cholangiocarcinoma with distinct genetic
mutations
Yangyang Feng1,2,3,6, Ming Zhao1,3,4,6, Lijian Wang1,3, Ling Li1,3, Josh Haipeng Lei1,3, Jingbo Zhou 1,3, Jinghong Chen1,3,
Yumeng Wu1,3, Kai Miao1,3,5 and Chu-Xia Deng 1,2,3,5✉

© The Author(s) 2024

Intrahepatic cholangiocarcinoma (ICC) is the second most common malignancy among primary liver cancers, with an increasing
overall incidence and poor prognosis. The intertumoral and intratumoral heterogeneity of ICC makes it difficult to find efficient drug
therapies. Therefore, it is essential to identify tumor suppressor genes and oncogenes that induce ICC formation and progression.
Here, we performed CRISPR/Cas9-mediated genome-wide screening in a liver-specific Smad4/Pten knockout mouse model
(Smad4co/co;Ptenco/co;Alb-Cre, abbreviated as SPC), which normally generates ICC after 6 months, and detected that mutations in
Trp53, Fbxw7, Inppl1, Tgfbr2, or Cul3 markedly accelerated ICC formation. To illustrate the potential mechanisms, we conducted
transcriptome sequencing and found that multiple receptor tyrosine kinases were activated, which mainly upregulated the PI3K
pathway to induce cell proliferation. Remarkably, the Cul3 mutation stimulated cancer progression mainly by altering the immune
microenvironment, whereas other mutations promoted the cell cycle. Moreover, Fbxw7, Inppl1, Tgfbr2, and Trp53 also affect
inflammatory responses, apelin signaling, mitotic spindles, ribosome biogenesis, and nucleocytoplasmic transport pathways,
respectively. We further examined FDA-approved drugs for the treatment of liver cancer and performed high-throughput drug
screening of the gene-mutant organoids. Different drug responses and promising drug therapies, including chemotherapy and
targeted drugs, have been discovered for ICC.
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INTRODUCTION
Cholangiocarcinoma (CC) accounts for 10–15% of all primary liver
cancers, except for hepatocellular carcinoma (HCC), and its overall
incidence and mortality rates have increased in recent years [1].
CC is a biliary epithelial tumor divided into three subtypes
according to its anatomical site: intrahepatic CC (ICC), perihilar CC
(PCC), or distal CC (DCC) [2]. ICC is localized in the periphery of the
second-order bile ducts inside the liver, whereas both PCC and
DCC are located outside the liver. Mixed HCC-ICC tumors share
features of HCC and ICC and present aggressive tumor growth and
poor prognosis [3]. ICCs are malignant tumors and most patients
are diagnosed at an advanced stage [4]. The intertumoral
heterogeneity of ICC at the genomic and epigenetic levels makes
it difficult to find efficient therapies. Identifying the complex
mechanisms of ICC formation and progression is crucial for the
development of new therapeutic strategies.
Numerous studies have revealed genetic and epigenetic

changes in ICC using integrative analytical tools. Key regulators
have been shown to be mutated in CC and are related to different
signaling pathways [3]. However, among patients with genomic

alterations, most of the identified genes had a low frequency
(<5%), suggesting that many of them might be passenger rather
than driver mutations during ICC formation and progression [5].
However, in genomic profiling of 200 human CC specimens, the
majority (61.5%) did not show any known mutations, suggesting
that many cancer driver mutations remain unidentified [5].
Smad4 is a tumor suppressor gene with frequent mutations in

ICC [6]. Loss of Smad4 is lethal to embryonic development in
mice; thus, a Smad4 conditional knockout mouse model was
generated to examine its role in postnatal development [6]. Pten
is another multifunctional tumor suppressor gene that is
commonly lost in a wide range of cancers; it is a dual-specificity
protein phosphatase that antagonizes PI3K activation and AKT
phosphorylation [7]. A previous study demonstrated that condi-
tional knockout of either Smad4 or Pten in hepatocytes failed to
develop tumors in the liver within 10 months, but visible tumor
foci could be observed in Smad4co/coPtenco/coAlb-Cre (SPC) mice
at approximately 4 months [8]. Most SPC mice presented ICC with
foci sizes larger than 0.2 cm after 6 months and most likely
generated ICC at 8-10 months [8].
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To identify additional drivers that accelerate ICC formation, we
previously performed CRISPR/Cas9-mediated genome-wide
screening targeting 20,611 genes in SPC mice and identified
Cul3 as a tumor suppressor, whose disruption accelerated ICC
formation by inducing inflammation in the liver [9]. In addition to
Cul3, our analysis also detected sgRNAs for many other genes that
appeared with high frequency in association with ICC formation.
In this study, we further analyzed our top candidates and found
that a deficiency in Trp53, Fbxw7, Inppl1, or Tgfbr2 could
significantly enhance ICC formation in SPC mice, and these genes
were associated with several distinct signaling pathways. We also
conducted high-throughput drug screening of organoids derived
from ICCs associated with these mutations, providing potential
therapeutic strategies for their treatment.

METHODS
Cells
The ICC cell line, 273cc, was isolated from SPC mice. For in vitro cell culture,
cells were grown in complete F-medium as previously described [10]. Cell
proliferation was measured using the Alamar Blue assay, according to the
manufacturer’s protocol. Briefly, cells were incubated in 10% v/v Alamar
Blue (Sigma, R7017) at 37 °C for 2 h in 96-well plates. At the end of the
incubation period, fluorescence was monitored at 590 nm using an
excitation wavelength of 530–560 nm. Human CC cell line QBC939 was
obtained from Prof. Chundong Yu (Xiamen University, China), and
HCCC9810 was purchased from Procell Life Science and Technology.

Animal experiments
All the mouse experiments were approved by the Animal Care and Use
Committee of the University of Macau (Approval no. UMARE-015-2019). All
surgical procedures strictly followed the requirements of the Animal Care
and Use Committee of the Faculty of Health Sciences at the University of
Macau. For in vivo gene knockout, the pX330 vector (30 µg) containing a
single sgRNA was dissolved in 1.8 ml of sterile PBS and injected into mice
at a constant rate within 5–8 seconds. For subcutaneous injection, CRISPR
vector-transfected 273cc cells were implanted into 8-week-old athymic
nude mice at a concentration of 1 × 107 cells/ml; each mouse was injected
with 100 µL of cells. Tumor volume was measured 2–4 times per week and
compared between the different groups of mice (N= 6–9 tumors per
group). The tumor volume was calculated using the formula V= ab2/2,
where a is the tumor length and b is the tumor width. All the mice were
sacrificed after the experiments.

Vectors
The pX330 (Addgene plasmid #42230) and lentiCRISPR v2 (Addgene
plasmid #52961) vectors were digested and ligated with sgRNAs that
target candidate genes according to the standard protocol [11, 12]. A
mouse genome-scale CRISPR knockout library (#1000000052) was used for
screening. The sgRNAs for single gene knockout were selected from the
library: MGLibA_56035 (sgRNA1) and MGLibA_56033 (sgRNA2) for Trp53;
MGLibA_18108 (sgRNA1) and MGLibA_18107 (sgRNA2) for Fbxw7;
MGLibA_26092 (sgRNA1) and MGLibA_26094 (sgRNA2) for Inppl1;
MGLibA_53622 (sgRNA1) and MGLibA_53623 (sgRNA2) for Tgfbr2; and
MGLibA_12475 (sgRNA1) and MGLibA_12477 (sgRNA2) for Cul3.

Lentivirus production and cell infection
The lentivirus was produced by transfecting the lentiCRISPR v2 vector
(4 µg), viral packing plasmid delta 8.2 (3.5 µg), and pMD2.G encoding VSV-
G (2 µg) into HEK293FT cells in a 10-cm dish using polyethylenimine (PEI)
(Polyscience, 24765). The supernatants containing viral particles were
harvested at 60 h, filtered through 0.45 μm polyethersulfone (PES) filters,
and pooled. The viruses were divided into aliquots and stored at –80 °C for
less than 1 month. To generate the CRISPR knockout cell line, the collected
viruses were added to 273cc of cells and diluted with F-medium at a 1:1
ratio. After 48 h, the medium containing viruses was washed out and
replaced with F-medium containing 1.5 µg/ml puromycin for selection.
After 5 days, live cells were collected, and genomic DNA was extracted for
gene mutation analysis. sgRNA-targeted fragments were amplified using
Q5 High-Fidelity DNA Polymerase. Genetic mutations were confirmed
using the Surveyor® Mutation Detection Kit (Integrated DNA Technologies,

706020) and Sanger sequencing. Targeted sequences were amplified using
different primers (Supplementary Table S5). The indel frequencies were
determined as previously described [13].

Histology and immunohistochemistry staining
Livers or tumors were harvested, fixed in 10% (v/v) formalin overnight, and
embedded in paraffin. Paraffin sections (4 µm) were prepared for staining.
The following antibodies were used: AE1 (1:200, Signet Laboratories, 462-
01), Hep Par1 (1:100, Dako, M7158), PCNA (1:1000, Abcam, ab18197), Cyclin
D1 (1:200, Cell Signaling Technology, 2978), phospho-Stat1 (Tyr701) (1:500,
Cell Signaling Technology, 9167), CD45 (1:200, Cell Signaling Technology,
70257), CD3 (1:200, Dako, A0452), F4/80 (1:200, Cell Signaling Technology,
70076), CXCL9 (1:500, Invitrogen, PA5-79115), S100A9 (1:300, Cell Signaling
Technology, 73425), and PD-L1 (1:300, Cell Signaling Technology, 13684).

Western blot analysis
Total protein lysates from tumors were extracted by RIPA lysis buffer
supplemented with proteinase and phosphatase inhibitors (Roche
Diagnostics, 4693159001). The samples were separated on a 10% SDS‒
PAGE gel, transferred to a nitrocellulose membrane (Millipore), and probed
with the following antibodies: Fgfr2 (1:1000, Merck, sc-6930), phospho-Fgfr
(1:1000, Cell Signaling Technology, 3476), Vegfr2 (1:1000, Cell Signaling
Technology, 12599), phospho-Src (Tyr416) (1:1000, Cell Signaling Technol-
ogy, 2101), β-actin (1:1000, Cell Signaling Technology, 3700), phospho-AKT
(Ser473) (1:1000, Cell Signaling Technology, 9271), phospho-AKT (Thr308)
(1:1000, Cell Signaling Technology, 13038), and EGFR (1:1000, Cell Signaling
Technology, 8339). Full and uncropped western blots are presented in the
Supplemental File.

Tumor organoid culture
Tumors grown in nude or SPC mice were collected, finely minced, and
digested in complete DMEM containing 2 mg/mL collagenase IV and
1.5 mg/mL collagenase II for 30 min at 37 °C. Single cells were separated
using a 40 µm cell strainer, centrifuged, and resuspended in 50% (v/v)
Matrigel (Corning, 354234) diluted in cold advanced DMEM/F12. Matrigel-
containing cells were placed in 6-well plates in 25 µL drops and
polymerized at 37 °C for 20min. Two milliliters of F-medium were added
to each well after solidification [10].

Slice culture
Three-dimensional tumor slice cultures (3D-TSCs) were prepared as
previously described, with modest modifications [14]. In brief, 300 μm
slices were prepared using a Leica VT1200 S vibratome (Leica Biosystems
Nussloch GmbH, Germany), embedded in a collagen I-based matrix, and
placed in a transwell insert. After solidification, 300 μL complete F-medium
was added to the outer dish. In some cases, 10 μg/mL of anti-PD-L1
(BioLegend) was added to the culture medium.

Drug screening with the organoids
When organoids grew to a sufficient size, the culture medium was
removed and replaced with 0.25% trypsin-EDTA. The cells were dissociated
from Matrigel at 37 °C by gently pipetting up and down for 5 min.
Organoids were passaged 2–3 times until the cell number was sufficient for
screening. For high-throughput drug screening, digested single cells were
resuspended in a growth medium at a density of 45,000–50,000 cells/mL.
Cells were plated onto a solidified collagen layer. Briefly, 10 μL of 1.3 mg/
mL collagen I was dispensed into each well of a 384-well microplate. Ten
minutes after polymerization at 37 °C, 30 µL of medium containing the cells
was dispensed into each well. After 24 h, the drug compounds were added
to a concentration series and cell viability was determined after 96 h of
incubation using a Celltiter cell viability assay (Beyotime, C0068). The
maximum concentration of each compound was 20 µM, and the
experimental concentration range was calculated using a 6-point threefold
serial dilution of the maximum concentration.

RNA sequencing and data analysis
Mouse cell line RNA was extracted using the TRIzol reagent. The
quantification, integrity, and purity of the RNA samples were examined
using Agilent 2100. The integrity values of all the samples were greater
than 7. The amount of total RNA in each sample was greater than 400 ng.
Messenger RNA was purified using poly T oligo-attached magnetic beads,
followed by fragmentation, reverse transcription, second-strand cDNA
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synthesis, end repair, A-tailing, adapter ligation, size selection, PCR
amplification, and purification. The RNA-seq libraries were then ready for
sequencing on Illumina platforms, and 150 bp paired-end reads were
generated. Raw reads were filtered and cleaned by removing reads
containing adapters (N > 10%) and low-quality reads, and a quality check
was carried out using MultiQC [15]. RNA reads were aligned to the mouse
reference genome, GRCm38, using HISAT2 [16] and counted using
featureCounts [17]. Differentially expressed genes (DEGs) were identified
using DESeq2 [18], and the cut-off criteria were a fold change of no less
than 2 and an adjusted p value of no more than 0.05. Pathway enrichment
analysis was performed using R package clusterProfiler [19].

Statistics
For group comparisons, two-way ANOVA was used. All values are
expressed as the mean ± SEM.

RESULTS
Identification of potential ICC tumor suppressor genes in
SPC mice
In human ICC, mutations in numerous genes have been identified
[5] (Supplementary Table S1); however, the nature of these
mutations regarding tumorigenesis is largely unknown due to the
lack of functional validation. We previously injected a lentiviral
CRISPR knockout library into SPC mice and identified several
candidate genes via sgRNA enrichment [9]. To identify additional
cancer drivers of ICC formation, we conducted functional
validation using pX330 vectors containing sgRNA for the 15 top
candidate genes through hydrodynamic tail vein (HTV) injection
into 4-week-old SPC mice. These genes included Cul3 [9] and
Trp53 [20], which were previously validated as ICC suppressors,
and 13 other genes, whose roles in ICC are currently unknown. At
the age of 3–4 months, the mice were sacrificed, and the liver
tumors were collected and counted. Mutations in Trp53, Cul3, and
three other genes, including Fbxw7, Inppl1, and Tgfbr2, induced
more ICC tumors compared with the control (Fig. 1A, Supple-
mentary Fig. S1A). Next, we analyzed the TCGA human database
and found that liver cancer patients with low expression of these
genes had significantly shorter survival (Fig. 1B, C; Supplementary
Fig. S1B). According to the COSMIC database, the mutation rates
of these genes among ICC patients are also high, and most
mutations were loss-of-function mutations (Fig. 1D).
To understand the role of these genes, we conducted a

comparative analysis of their impact on ICC. Similar to tumors
induced by Trp53 and Cul3 loss [9], histological analysis
indicated that Fbxw7-, Inppl1-, and Tgfbr2-mutant tumors are
ICCs as well, which were located in the periphery of the second-
order bile ducts with the phenotype of cuboidal cholangiocytes
and were AE1 positive but Hep par1 negative (Fig. 1E). Together,
these data provide solid evidence that, similar to Trp53 and
Cul3, Fbxw7, Inppl1, and Tgfbr2 also act as tumor suppressors of
ICC formation.

CRISPR targeting genes accelerate ICC proliferation in vitro
and in vivo
To validate the functions of these genes in promoting ICC
proliferation, we introduced gene mutations into a 273cc cell line
isolated from an ICC tumor in SPC mice. Gene mutation sites
induced by CRISPR/Cas9 were confirmed using Surveyor assay and
Sanger sequencing (Supplementary Fig. S2A, B). Transfection with
CRISPR targeting these genes clearly accelerated cell proliferation,
except for Cul3, which reduced cell proliferation (Fig. 2A;
Supplementary Fig. S2C). Implantation of cells carrying sgRNAs
for these genes into nude mice also enhanced tumor formation to
varying extents, with sgFbxw7 producing tumors at a much higher
rate than those of sgTrp53, sgInppl1, and sgTgfbr2, whereas there
was no difference in tumor formation in sgCul3 cells compared to
that in the control (Fig. 2B). These data suggest that different

mechanisms underlying tumor progression are affected by these
genes, particularly Cul3. Our previous study indicated that Cul3
loss-enhanced ICC formation in SPC mice was accompanied by
inflammation in the liver [9]. It is conceivable that nude mice do
not provide a favorable environment for enhancing sgCul3-
induced tumor growth. Indeed, we observed that Cul3 mutation
no longer triggered a robust immune response in nude mice
(Supplementary Fig. S2D, E), indicating that the immune micro-
environment enhanced ICC formation in the absence of Cul3.
Similar results were also found by using human cell line QBC939
and HCCC9810 cells (Supplementary Fig. S2G, H, I).
Further analysis of all these allograft tumors revealed that they

exhibited ductal structure and expressed AE1, but not Hep par1,
indicating that all allograft models maintained the ICC phenotype
(Fig. 2C, D). The cell proliferation-related molecules cyclin D and
Ki67 and the immune response-related molecule phospho-Stat1
were highly expressed in all mutant tumors (Supplementary Fig.
S2F). Together, these results demonstrate that mutations in Trp53,
Fbxw7, Inppl1, Tgfbr2, and Cul3 accelerate tumor growth in SPC
mice, whereas mutations in Cul3 do not enhance ICC growth in
nude mice, suggesting a distinct mechanism associated with Cul3-
mediated tumor progression.

The tumor microenvironment varies in ICC tumors with
different gene mutations
Thus far, our data imply that immunological changes play a critical
role in ICC driven by Cul3 deficiency, whereas their effect on ICC
driven by other genes is unclear. To investigate this, we examined
the immune microenvironments in ICC tumors with different gene
mutations. Similar to previous results, the Cul3 knockout recruited
more immune cells, including CD3+ T cells and F4/80+ macro-
phages, to the tumor. Trp53 and Tgfbr2 mutations also recruited
significantly more immune cells (Fig. 3A–C; Supplementary Fig.
S3A). The CD3+ T cell-attracting chemokine Cxcl9 was more highly
expressed in Tgfbr2-mutant tumors, whereas the immune
inhibitory marker PD-L1 was elevated in Fbxw7- and Cul3-mutant
tumors. S100a9, a marker of myeloid-derived suppressor cells
(MDSCs), was highly expressed in Tgfbr2-mutant tumors. All gene-
mutant tumors exhibited upregulated expression of phosphor-
Stat1, indicating strong immune responses (Fig. 3D, E; Supple-
mentary Fig. S3B, C). These results suggest that although genetic
mutations can induce ICC, alterations in the immune microenvir-
onment are distinct.

Trp53, Fbxw7, Inppl1, Tgfbr2 and Cul3 gene mutations
upregulate receptor tyrosine kinase (RTK) and PI3K signaling
pathways in ICC cells
Because we had shown that genetic mutations in Trp53, Fbxw7,
Inppl1, Tgfbr2, and Cul3 enhanced ICC growth, we then evaluated
the corresponding signaling changes in ICC cells by analyzing
different levels of gene expression in these gene-mutant cells. To
date, the most important signaling pathways identified in ICC are
the receptor tyrosine kinase and growth factor-mediated angio-
genic signaling pathways, which induce the activation of down-
stream pathways to modulate cell proliferation, division, or
migration [3]. By analyzing gene expression in 273cc cells with
different gene mutations, we found that Fgfr2 and phospho-Fgfr
were upregulated in Fbxw7-, Inppl1-, Tgfbr2-, and Cul3-mutant
cells; Vegfr2 was upregulated in Tgfbr2- and Cul3-mutant cells, and
phospho-Src (Tyr416) was strongly elevated in Inppl1-mutant cells
but weakly upregulated in other cell types (Fig. 4A). Other genes
related to FGFR signaling (Fgfr1), VEGF signaling (Vegfd, Flt1
(Vegfr1), and Nrp2), and the insulin growth factor (IGF) pathway
(Igfbp2, Igfbp3, Igfbp5, Irs1, and Irs2) were upregulated in cells
with different gene mutations (Fig. 4B–D). We also detected
FGFR2, VEGFR2 and phospho-SRC (Tyr416) upregulation in mutant
human cells (Supplementary Fig. S4C).
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Next, we addressed the downstream pathways activated by RTK
signaling. We examined the RAS–MAPK and PI3K-AKT–mTOR
pathways, which are mainly triggered by RTK signaling, and found
that the PI3K-AKT signaling pathway was highly enriched in
commonly upregulated genes after gene mutation, whereas
RAS–MAPK may be upregulated only in Trp53- and Fbxw7-mutant
cells (Fig. 4E; Supplementary Fig. S4A, B). The pathway-related
genes, Pik3r5 and Prr5l, were also upregulated in cells with
different mutations. (Fig. 4F). Western blot analysis showed
increased phosphorylation of AKT at Ser473 and Thr308 in
Fbxw7-, Cul3-, Inppl1-, Tgfbr2- and Trp53-mutant cells (Fig. 4G,
Supplementary Fig. S4C). These results suggest that these gene
mutations mainly activate RTKs, such as Fgfr or Vegfr, thus
upregulating the downstream PI3K-AKT pathway.
Development-related pathways such as the Notch and Wnt/

β-catenin signaling pathways are more active in ICC than in HCC
[21]. These pathways are essential for biliary tract development.

We next examined genes related to these pathways in transfected
273cc cells and found that both pathways were affected in cells
with different gene mutations (Supplementary Fig. S5A, B).
Moreover, epigenetic dysregulation, noncoding RNAs (ncRNAs),
chronic inflammation, cell cycle, and cell proliferation are
regulated in most gene-mutant cells (Supplementary Fig. S6,
S5C–G; Supplementary Table S2).

Trp53, Fbxw7, Inppl1, Tgfbr2 and Cul3 gene mutations regulate
distinct pathways in ICC cells
Next, we addressed the distinct pathways induced by different
gene mutations.
In Cul3-mutant cells, upregulated genes were enriched in cell

metabolism. Notably, polo-like kinase (PLK)- and Aurora kinase-
related pathways, which play important roles in the cell cycle and
mitotic process associated with centrosome and spindle micro-
tubes, were enriched, and the key molecules of these pathways,

Fig. 1 Lentiviral delivery of the CRISPR knockout library identified genes that markedly accelerate ICC formation in SPC mice. A Summary
of tumor number collected from each mouse. Livers developed tumors at 3–4 months after injection with pX330 containing the
corresponding sgRNA. sgSmad4 was included as a negative control. B, C Kaplan‒Meier survival plots show survival probability with different
gene expression. D Mutation rates of the TP53, FBXW7, INPPL1, TGFBR2, and CUL3 genes among CC patients based on the COSMIC database.
E Livers injected with pX330 containing sgInppl1, sgTgfbr2 or sgFbxw7 developed ICC tumors. H&E staining and immunohistochemistry (IHC)
staining for AE1 and Hep par1. Scale bar= 20 μm.
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Plk1, Plk3, Aurka (Aurora Kinase A), and Aurkb (Aurora Kinase B),
were upregulated (Fig. 5A, B). Cul3 is well-known regulates the
ubiquitination of antioxidants by binding to Keap1 [22]. Indeed,
pathways related to reactive oxygen species and cytochrome
P450, which are crucial for maintaining redox homeostasis, were
significantly enriched based on KEGG enrichment analysis
(Supplementary Fig. S6B).
In Fbxw7-mutant cells, the most significantly enriched KEGG

pathway was cytokine–‒cytokine receptor interaction. Other
immune-related pathways, including the JAK-STAT, chemokine,
and IL-17 signaling pathways, were also significantly enriched,
indicating that downregulation of Fbxw7 in ICC affects immune
responses by mediating cytokine signaling pathways (Fig. 5C, D).
Inppl1 is an inositol polyphosphate phosphatase that specifi-

cally suppresses the PI3K pathway [23]. Using KEGG analysis, we
detected a significantly enriched apelin signaling pathway and
upregulation of the key molecules, Apln and Apela, which encode
the endogenous ligand for the apelin receptor, thus stimulating
downstream signaling, including the PI3K pathway (Fig. 5E, F).
In Tgfbr2-mutant cells, we found that the mitotic spindle pathway

was enriched based on GSEA hallmark analysis, and tube formation
and microtubule cytoskeleton organization were also enriched
based on GO. Molecules of the mitotic checkpoint complex were
upregulated, which may lead to the inactivation of the spindle
assembly checkpoint, which is associated with aneuploidy that can
induce cancer (Fig. 5G, H). In Trp53-mutant cells, ribosome
biogenesis in the eukaryotic pathway and nucleocytoplasmic
transport pathway were ranked higher in KEGG analysis (Fig. 5J).

Normal ribosome biogenesis releases E3 ubiquitin-protein ligase
Mdm2 to ubiquitinate and degrade p53, and impaired ribosome
biogenesis mediates p53 stabilization [24]. Here, we showed that
loss of Trp53 regulated ribosome biogenesis via upregulation of
small nucleolar ribonucleoproteins, such as Nop56 and Nop58
(Fig. 5I), which are critical for the modification and methylation of
ribosomal RNAs. p53 is a shuttling protein and ribosome
maturation requires the transport of ribosomal subunits from
the nucleus to the cytoplasm. Disruption of the nuclear localiza-
tion signal inhibits Mdm2 degradation of p53, although it still
induces ubiquitination, indicating that p53 is regulated by
nucleocytoplasmic transport. However, it remains unclear whether
p53 regulates the nucleocytoplasmic transport pathway. Here, we
found that in Trp53-mutant cells, proteins of the nuclear pore
complex and nuclear transport complex were upregulated,
demonstrating that loss of Trp53 affects the nucleocytoplasmic
transport pathway.
In summary, transcriptome analysis demonstrated that although

all these gene mutations promoted ICC, the mechanisms of tumor
formation and progression were diverse (Supplementary Table S3).

FDA-approved liver cancer drugs exhibit different sensitivities
to gene-mutant ICC tumors
Clinical drugs for ICC treatment include chemotherapy, targeted
therapy, and immunotherapy. Chemotherapeutic drugs that are
often used include fluorouracil (5-FU), gemcitabine, platinum
agents, and docetaxel. The targeted drugs approved by the FDA
are the FGFR inhibitors pemigatinib (Pemazyre), infigratinib

Fig. 2 The identified gene mutation promotes cancer progression in vitro and in vivo. A Cell proliferation assay in transfected cells. Cell
viability was examined with Alamar Blue; the fluorescence intensity was normalized to the values on Day 0. B Tumor volume measured at
different time points in nude mice bearing 273cc cells transplanted with different sgRNAs. (n= 6–9 in each group). C, D H&E staining and IHC
staining for AE1, Hep par1 and PCNA in 273cc cell transplanted tumors with different mutations. Scale bar= 20 μm, inset scale bar= 10 μm.
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Fig. 3 The tumor microenvironment varies in ICC with different gene mutations. A, B IHC staining of immune cells in ICC tumors developed
in SPC mice. CD45 indicates total immune cells, CD3 indicates T cells, and F4/80 indicates macrophages. C Statistical analysis of immune
markers in tumors, each dot indicates one mouse. sgSmad4 was included as a negative control. D, E IHC staining and statistical analysis of
immune-related molecules in ICC tumors developed in SPC mice. ns: not significant, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Scale
bar= 25 μm.
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(Truseltiq), and futibatinib (Lytgobi); the IDH1 inhibitor ivosidenib
(Tibsovo); and the HER2-targeted drug zanidatamab (ZW25). The
immunotherapy drug used is durvalumab (a PD-L1 inhibitor)
[25–28].
We first examined the drug effects using ICC organoids. The

FDA has approved sorafenib, regorafenib, and lenvatinib for HCC
treatment, and pemigatinib and infigratinib for ICC treatment. We
found the organoids responded to sorafenib, pemigatinib, and
infigratinib in a dose-dependent manner (Fig. 6A; Supplementary

Fig. S7A). Among the different gene mutations, Tgfbr2- and Cul3-
mutant cells responded to pemigatinib better than the other
mutations, and most cells were sensitive to infigratinib and
sorafenib, whereas Trp53-mutant cells exhibited greater resistance
to infigratinib and sensitivity to sorafenib, which may be due to
their lower expression of Fgfr2 (Fig. 4A). Drug effects were also
examined using 3D organoid culture (Fig. 6B). As monotherapy
typically has severe side effects, combined treatment with lower
drug doses has been applied. We examined the synergistic effects

Fig. 4 CRISPR/Cas9-targeted gene mutation induced RTK upregulation and PI3K signaling activation. Western blot (A) and RNA-seq
analysis (B–D) revealed activation of VEGF, FGFR, and IGFR signaling of each gene-mutant cell (n= 3). KEGG enrichment (E), RNA-seq analysis
(F) and western blot (G) indicated PI3K pathway activation. The expression levels were normalized to control group. (n= 3 for each group).
*p < 0.05, **p < 0.01, ***p < 0.001.

Y. Feng et al.

7

Cell Death and Disease           (2024) 15:34 



Fig. 5 Different pathways regulated by CRISPR/Cas9-induced gene mutation in ICC cells. RNA-seq analysis revealed that sgCul3 (A, B),
sgFbxw7 (C, D), sgInpppl1 (E, F), sgTgfbr2 (G, H), and sgTrp53 (I, J) induce different pathway changes in CCA cells. ***p < 0.001. The expression
levels were normalized to control group. (n= 3 for each group).
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of different drug combinations and found that lenvatinib, when
combined with other targeted drugs, including pemigatinib and
infigratinib, had improved drug effects with lower drug concen-
trations in most gene-mutant cells (Fig. 6C; Supplementary Fig.
S7B). These single drug and drug combinations also worked
efficiently in human cells (Supplementary Fig. S7E, F).
Because immunotherapy drugs are increasingly used for

treating ICC, we examined the effect of anti-PD-L1 using
3-dimensional tumor slice culture (3D-TLC), which maintains intact

tumor microenvironments compared with 3D organoid culture
[14]. A previous study demonstrated that anti-PD-L1 treatment
combined with sorafenib efficiently inhibits tumor progression in
Cul3-deficient tumors [9]. Here, we found that anti-PD-L1
treatment decreased cell viability in Fbxw7-mutant tumors, but
not in Trp53-, Inppl1-, and Tgfbr2-mutant tumors (Fig. 6D, E;
Supplementary Fig. S7C). This indicates that the Fbxw7 mutation
enhances T cell-involved immune responses, which is consistent
with a previous transcription analysis.

Fig. 6 Mutant ICC tumors exhibit different responses to FDA-approved liver cancer drugs. A Drug response curves of different drugs in
gene-mutant 273cc cells. B Morphological differences in different gene-mutant 3D organoids after drug treatment. Scale bar= 50 μm. C Drug
combination treatment of CRISPR-targeted 273cc cells (n= 3). Drug concentrations for pemigatinib range from 50 µM to 0.78 µM (2-fold
dilution). Lenvatinib (5 µM) was used for drug combinations. A two-way ANOVA was used for statistical analysis. Independent combination
curves were calculated using the Bliss model. D, E MTT staining of gene-mutant 3D-TSCs after anti-PD-L1 treatment (n= 3 for sgTrp53 and
sgInppl1 groups, n= 4 for sgFbxw7 and sgTgfbr2 groups). *p < 0.05, **p < 0.01, ***p < 0.001.
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Drug screening demonstrates potential therapeutic strategies
for ICC
FDA-approved drugs work only for a subset of tumor types. High-
throughput drug screening was performed to explore novel drug
treatment strategies. We utilized a drug library containing 144
compounds (Supplementary Table S4) for the preliminary screen-
ing of endogenous ICC tumors induced by HTV injection (Fig. 1A).
ICC tumors were cultured as 3D organoids, and the third passage
was used for drug testing. The half-maximal inhibitory concentra-
tion (IC50) was used to evaluate the drug sensitivity. Most drugs
had little effect on all ICC organoids, and some showed distinct
sensitivities among the different gene mutations (Supplementary
Fig. S7D).
Next, we used mutant 273cc transplanted tumors to validate

the effect of the sensitive drugs selected by preliminary screening.
We examined different tyrosine kinase inhibitors (TKIs) except
FDA-approved drugs for liver cancer, including EGFR inhibitors
(erlorinib, neratinib, dacomitinib, and gefitinib), FGFR or VEGFR
inhibitors (dovitinib, vandetanib, danusertib, sunitinib, and vata-
lanib), Src inhibitors (bosutinib, saracatinib, and dasatinib), and
other multiple TKIs (masitinib and crizotinib). Most of the mutant
organoids were sensitive to the aforementioned drugs, except for
EGFR inhibitors (Fig. 7A). As Egfr expression was elevated in
Fbxw7-, Inppl1-, Tgfbr2-, and Cul3-mutant cells, Trp53-mutant
organoids were resistant to all Egfr inhibitors (Fig. 7B, C). Similar
effects were observed in human cells (Supplementary Fig. S7G).
The PI3K/AKT/mTOR pathway was activated in all mutant cells;
thus, all mutant organoids were completely or partially sensitive to
mTOR inhibitors (everolimus and temsirolimus) and a PI3K
inhibitor (buparlisib) (Fig. 7D).
We also evaluated commonly used chemotherapy drugs and

found that most worked efficiently, but some still had gene-
specific responses. For example, we found that all organoids were
sensitive to anthracyclines, including doxorubicin, epirubicin, and
the antimetabolite drug gemcitabine. The taxane drugs paclitaxel
and docetaxel had better efficiency in control, Fbxw7-, Tgfbr2- and
Cul3-mutant organoids but not in Trp53- and Inppl1-mutant
organoids. The histone deacetylase inhibitor vorinostat responded
better to Fbxw7-mutant organoids. One type I topoisomerase
inhibitor, topotecan, was most sensitive to Fbxw7- and Cul3-
mutant organoids (Fig. 7E, F). Other drugs that are not typically
used for treating liver cancer, but are approved for other types of
tumors, also showed excellent responses to gene-mutant orga-
noids (Fig. 7E). These drugs exhibit similar drug effects in human
cells as well (Supplementary Fig. S7H, I, J).
Taken together, our results demonstrate distinct drug sensitiv-

ities among different gene-mutant tumors, and provide sugges-
tions for novel drug therapies for ICC.

DISCUSSION
Our data provided a model of ICC in SPC mice. By introducing the
CRISPR library into the mouse liver via HTV, we screened for genes
that accelerated ICC formation within 4 months. We analyzed the
signaling changes regulated by different gene mutations and
provided potential drug therapy strategies for patients with ICC.
Our study identified different signaling pathways that are

regulated in ICC tumors with different gene mutations. A previous
study of genomic analysis in clinical samples identified the
inflammation and proliferation classes in ICC [29, 30]. Our results
showed that Trp53, Fbxw7, Inppl1, and Tgfbr2 mutations enhanced
ICC cell proliferation. The Cul3 mutation appears to induce
immune environment changes that contribute to tumor formation
[9]. The proliferation class typically shows enrichment of classic
oncogenic pathways, including RTK, VEGF, PDGF, RAS–MAPK, PI3K-
AKT-mTOR, and WNT–β-catenin signaling pathways. Our study
determined that the FGFR and VEGF pathways were upregulated.
For the downstream pathways, because our mouse model

contains a Pten mutation background, further gene mutations
enhanced the PI3K signaling pathway, which may be due to the
elevated signaling of Fgfr, Vegfr, or Igfr. These results indicate that
PI3K is the predominant signaling pathway activated in ICC. The
inflammation class exhibits enhanced immune response-related
pathways. In Fbxw7-mutant tumors, many cytokines and chemo-
kines were upregulated, and the key cytokine transducer, the Stat
family, was also overexpressed. Moreover, Fbxw7-mutant tumors
responded well to immune checkpoint inhibitors, indicating that
Fbxw7 deficiency is likely to induce a severe immune response
responsible for accelerating tumor formation and growth.
Our results demonstrate that targeting Trp53, Fbxw7, Inppl1,

Tgfbr2, and Cul3 in hepatocytes using CRISPR/Cas9 generated ICC
tumors in SPC mice, indicating five novel tumor suppressor genes
for ICC. Trp53 is a well-known tumor suppressor gene in many
tumor types and has a high mutation rate in ICC. p53 inhibits cell
division by binding to DNA and stimulating p21 expression. Fbxw7
is also a critical tumor suppressor in many cancers and functions
as a substrate recognition component of the SCF E3 ubiquitin-
protein ligase complex. Fbxw7 recognizes and binds to phos-
phorylated sites of oncoproteins, such as cyclin E, Myc, and Jun,
and brings them to the SCF complex for ubiquitination and
proteasomal degradation. Low expression of Fbxw7 was found in
both HCC and ICC, and was associated with poor prognosis,
advanced tumor stages, and metastasis [31, 32]. Inppl1, which
encodes SH2-containing 5′-inositol phosphatase (SHIP2), is a
member of the inositol 5-phosphatase family. Suppression of
SHIP2 promotes tumorigenesis in gastric cancer cells, squamous
cell carcinoma and thyroid carcinoma [23, 33, 34]. Here, we found
that the downregulation of Inppl1 promoted PI3K signaling and
enhanced cell proliferation, and that Inppl1 represents a new
tumor suppressor gene in ICC. Tgfbr2 is one of the ligands of Tgf-
β, and its binding induces phosphorylation of Tgfbr1, thus
stimulating Smad signaling by phosphorylation of Smad2 and
Smad3 and translocation to the nucleus along with Smad4
[35, 36]. Deletion or downregulation of Tgfbr2 is related to the
progression of various types of tumors, including liver cancer.
Here, we provide a new mouse model and evidence that Tgfbr2
downregulation promotes ICC formation, indicating that Tgfbr2 is
a potent tumor suppressor of ICC. We also found that Cul3, a
member of the largest E3 ubiquitin ligase family, facilitated ICC
progression. However, unlike the other four genes, the Cul3
mutation did not accelerate ICC cell proliferation but instead
interfered with the tumor immune microenvironment. Cul3
deficiency promotes Areg secretion and induces chronic inflam-
mation in the liver and CD8 T cell exhaustion by elevating PD1
expression [9]. Moreover, ICC tumors with low Cul3 expression are
more sensitive to chemotherapy and targeted drugs, providing
new therapeutic strategies for ICC tumors.
ICC lacks effective targeted therapies owing to intertumoral and

intratumoral heterogeneities. The FDA has approved FGFR
inhibitors and IDH inhibitors only for treating patients with FGFR2
fusion or IDH mutations, respectively [25–27]. The pan-FGFR
inhibitor infigratinib worked effectively in most mutant ICC cells
compared to the control and was more efficient than another
FGFR inhibitor, pemigatinib, which exhibited better sensitivity only
in Tgfbr2- and Cul3-mutant cells. Because most cells displayed
elevated expression of Fgfr, Vegfr, and Igfr, multiple TKIs such as
sorafenib, regorafenib, and lenvatinib, which are approved for
treating HCC, could also be used for ICC therapy. Moreover,
although lenvatinib showed a moderate response, it showed a
synergistic effect when combined with pemigatinib and infigra-
tinib. PI3K signaling was activated in all cells, and we found that
the pan-PI3K inhibitor buparlisib efficiently affected ICC organoid
growth, indicating that PI3K is a potential target for treating ICC
tumors. We also found that most organoids were sensitive to the
Src inhibitor bosutinib, which typically treats chronic myelogenous
leukemia by inhibiting Bcr-Abl tyrosine kinase. Although bosutinib
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Fig. 7 Drug screening reveals potential drug therapies in CRISPR-targeted gene-mutant ICC organoids. A Drug library screening of TKI
inhibitors in 273cc organoids, which are derived from transplanted nude mice. B Drug response curves of EGFR inhibitors in mutant 273cc
cell-developed organoids. C Western blot reveals Egfr expression in different gene-mutant 273cc cells. D Drug library screening of PI3K/mTOR
inhibitors in 273cc organoids. E Drug library screening of chemotherapy drugs in 273cc organoids. F Drug response curves of representative
chemotherapy drugs in mutant 273cc cell-developed organoids.
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is a TKI, it also efficiently inhibits the PI3K-AKT-mTOR pathway [37],
suggesting a novel therapy for ICC tumors.
Taken together, using an SPC mouse model, our results verified

that Trp53, Fbxw7, Inppl1, Tgfbr2, and Cul3 are tumor suppressor
genes of ICC. However, the detailed mechanisms by which these
genes initiate ICC formation and induce immune microenviron-
ment changes need to be further elucidated. Here, we analyzed
multiple signaling pathways regulated by these gene mutations
and examined multiple drug responses, providing suggestions for
novel therapeutic strategies for ICC tumors.

Reporting summary
Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

DATA AVAILABILITY
All raw RNA-seq data and processed read counts have been deposited in NCBI’s Gene
Expression Omnibus (PRJNA955525). The data generated in this study are provided in
the main article and Supplementary Data files.

REFERENCES
1. Sung H, Ferlay J, Siegel RL, Laversanne M, Soerjomataram I, Jemal A, et al. Global

Cancer Statistics 2020: GLOBOCAN estimates of incidence and mortality world-
wide for 36 cancers in 185 countries. CA Cancer J Clin. 2021;71:209–49.

2. Lendvai G, Szekerczes T, Illyes I, Dora R, Kontsek E, Gogl A, et al. Cholangio-
carcinoma: classification, histopathology and molecular carcinogenesis. Pathol
Oncol Res. 2020;26:3–15.

3. Banales JM, Marin JJG, Lamarca A, Rodrigues PM, Khan SA, Roberts LR, et al.
Cholangiocarcinoma 2020: the next horizon in mechanisms and management.
Nat Rev Gastroenterol Hepatol. 2020;17:557–88.

4. Rizvi S, Khan SA, Hallemeier CL, Kelley RK, Gores GJ. Cholangiocarcinoma -
evolving concepts and therapeutic strategies. Nat Rev Clin Oncol.
2018;15:95–111.

5. Zhu AX, Borger DR, Kim Y, Cosgrove D, Ejaz A, Alexandrescu S, et al. Genomic
profiling of intrahepatic cholangiocarcinoma: refining prognosis and identifying
therapeutic targets. Ann Surg Oncol. 2014;21:3827–34.

6. Zhao M, Mishra L, Deng CX. The role of TGF-beta/SMAD4 signaling in cancer. Int J
Biol Sci. 2018;14:111–23.

7. Lee YR, Chen M, Pandolfi PP. The functions and regulation of the PTEN tumour
suppressor: new modes and prospects. Nat Rev Mol Cell Biol. 2018;19:547–62.

8. Xu X, Kobayashi S, Qiao W, Li C, Xiao C, Radaeva S, et al. Induction of intrahepatic
cholangiocellular carcinoma by liver-specific disruption of Smad4 and Pten in
mice. J Clin Invest. 2006;116:1843–52.

9. Zhao M, Quan Y, Zeng J, Lyu X, Wang H, Lei JH, et al. Cullin3 deficiency shapes
tumor microenvironment and promotes cholangiocarcinoma in liver-specific
Smad4/Pten mutant mice. Int J Biol Sci. 2021;17:4176–91.

10. Liu X, Krawczyk E, Suprynowicz FA, Palechor-Ceron N, Yuan H, Dakic A, et al.
Conditional reprogramming and long-term expansion of normal and tumor cells
from human biospecimens. Nat Protoc. 2017;12:439–51.

11. Cong L, Ran FA, Cox D, Lin S, Barretto R, Habib N, et al. Multiplex genome
engineering using CRISPR/Cas systems. Science. 2013;339:819–23.

12. Sanjana NE, Shalem O, Zhang F. Improved vectors and genome-wide libraries for
CRISPR screening. Nat Methods. 2014;11:783–4.

13. Ran FA, Hsu PD, Wright J, Agarwala V, Scott DA, Zhang F. Genome engineering
using the CRISPR-Cas9 system. Nat Protoc. 2013;8:2281–308.

14. Xing F, Liu YC, Huang S, Lyu X, Su SM, Chan UI, et al. Accelerating precision anti-
cancer therapy by time-lapse and label-free 3D tumor slice culture platform.
Theranostics. 2021;11:9415–30.

15. Ewels P, Magnusson M, Lundin S, Kaller M. MultiQC: summarize analysis results
for multiple tools and samples in a single report. Bioinformatics. 2016;32:3047–8.

16. Kim D, Langmead B, Salzberg SL. HISAT: a fast spliced aligner with low memory
requirements. Nat Methods. 2015;12:357–60.

17. Liao Y, Smyth GK, Shi W. featureCounts: an efficient general purpose program for
assigning sequence reads to genomic features. Bioinformatics. 2014;30:923–30.

18. Love MI, Huber W, Anders S. Moderated estimation of fold change and dispersion
for RNA-seq data with DESeq2. Genome Biol. 2014;15:550.

19. Wu T, Hu E, Xu S, Chen M, Guo P, Dai Z, et al. clusterProfiler 4.0: a universal
enrichment tool for interpreting omics data. Innov (Camb). 2021;2:100141.

20. Katz SF, Lechel A, Obenauf AC, Begus-Nahrmann Y, Kraus JM, Hoffmann EM, et al.
Disruption of Trp53 in livers of mice induces formation of carcinomas with bili-
neal differentiation. Gastroenterology. 2012;142:1229–39.e3.

21. Xue TC, Zhang BH, Ye SL, Ren ZG. Differentially expressed gene profiles of
intrahepatic cholangiocarcinoma, hepatocellular carcinoma, and combined
hepatocellular-cholangiocarcinoma by integrated microarray analysis. Tumour
Biol. 2015;36:5891–9.

22. Adamson RJ, Payne NC, Bartual SG, Mazitschek R, Bullock AN. Structural and
biochemical characterization establishes a detailed understanding of KEAP1-
CUL3 complex assembly. Free Radic Biol Med. 2023;204:215–25.

23. Ijuin T. Phosphoinositide phosphatases in cancer cell dynamics-beyond PI3K and
PTEN. Semin Cancer Biol. 2019;59:50–65.

24. Pelletier J, Thomas G, Volarevic S. Ribosome biogenesis in cancer: new players
and therapeutic avenues. Nat Rev Cancer. 2018;18:51–63.

25. Vogel A, Sahai V, Hollebecque A, Vaccaro G, Melisi D, Al-Rajabi R, et al. FIGHT-202:
a phase II study of pemigatinib in patients (pts) with previously treated locally
advanced or metastatic cholangiocarcinoma (CCA). Ann Oncol. 2019;30:876.

26. Javle MM, Roychowdhury S, Kelley RK, Sadeghi S, Macarulla T, Waldschmidt DT, et al.
Final results from a phase II study of infigratinib (BGJ398), an FGFR-selective tyrosine
kinase inhibitor, in patients with previously treated advanced cholangiocarcinoma
harboring an FGFR2 gene fusion or rearrangement. J Clin Oncol. 2021;39:265.

27. Abou-Alfa GK, Macarulla T, Javle MM, Kelley RK, Lubner SJ, Adeva J, et al. Ivosi-
denib in IDH1-mutant, chemotherapy-refractory cholangiocarcinoma (ClarIDHy):
a multicentre, randomised, double-blind, placebo-controlled, phase 3 study.
Lancet Oncol. 2020;21:796–807.

28. Zhu AX, Macarulla T, Javle MM, Kelley RK, Lubner SJ, Adeva J, et al. Final overall
survival efficacy results of ivosidenib for patients with advanced cholangio-
carcinoma with IDH1 mutation: the phase 3 randomized clinical ClarIDHy trial.
JAMA Oncol. 2021;7:1669–77.

29. Sia D, Hoshida Y, Villanueva A, Roayaie S, Ferrer J, Tabak B, et al. Integrative
molecular analysis of intrahepatic cholangiocarcinoma reveals 2 classes that have
different outcomes. Gastroenterology. 2013;144:829–40.

30. Chung T, Park YN. Up-to-date pathologic classification and molecular character-
istics of intrahepatic cholangiocarcinoma. Front Med (Lausanne). 2022;9:857140.

31. Wang J, Wang H, Peters M, Ding N, Ribback S, Utpatel K, et al. Loss of
Fbxw7 synergizes with activated Akt signaling to promote c-Myc dependent
cholangiocarcinogenesis. J Hepatol. 2019;71:742–52.

32. Yeh CH, Bellon M, Nicot C. FBXW7: a critical tumor suppressor of human cancers.
Mol Cancer. 2018;17:115.

33. Ye Y, Ge YM, Xiao MM, Guo LM, Li Q, Hao JQ, et al. Suppression of SHIP2
contributes to tumorigenesis and proliferation of gastric cancer cells via activa-
tion of Akt. J Gastroenterol. 2016;51:230–40.

34. Zhou YL, Zheng C, Chen YT, Chen XM. Underexpression of INPPL1 is associated
with aggressive clinicopathologic characteristics in papillary thyroid carcinoma.
Onco Targets Ther. 2018;11:7725–31.

35. Tretbar S, Krausbeck P, Muller A, Friedrich M, Vaxevanis C, Bukur J, et al. TGF-beta
inducible epithelial-to-mesenchymal transition in renal cell carcinoma. Onco-
target. 2019;10:1507–24.

36. Derynck R, Budi EH. Specificity, versatility, and control of TGF-beta family sig-
naling. Sci Signal. 2019;12:eaav5183.

37. Bieerkehazhi S, Chen Z, Zhao Y, Yu Y, Zhang H, Vasudevan SA, et al. Novel Src/Abl
tyrosine kinase inhibitor bosutinib suppresses neuroblastoma growth via inhi-
biting Src/Abl signaling. Oncotarget. 2017;8:1469–80.

ACKNOWLEDGEMENTS
The authors thank the members of the CX. Deng Laboratory for their helpful advice and
discussion. We are grateful for the support of core facilities at the Faculty of Health
Sciences. This work was supported by the Chair Professor Grant (CPG) 2021-00021-FHS,
and a multi-year research grant (MYRG) 2020-00076-FHS from the University of Macau,
Macau SAR, China; Macao Science and Technology Development Fund (FDCT) grant
FDCT-0004-2021-AKP, FDCT-0092/2020/AMJ, 0112/2019/A2 and 0034/2019/AGJ, and
Natural Science Foundation of China (NSFC) 82030094 granted to CD.

AUTHOR CONTRIBUTIONS
YF, MZ: conceptualization, data curation, formal analysis, validation, investigation,
and writing—review & editing. LW: data curation and formal analysis. LL, JHL, JC, YW:
investigation. JZ: formal analysis. KM: supervision. CD: conceptualization, resources,
supervision, funding acquisition, writing—review and editing.

ETHICS STATEMENT
All the mouse experiments were approved by the Animal Care and Use Committee of
the University of Macau (Approval no. UMARE-015-2019). All surgical procedures
strictly followed the requirements of the Animal Care and Use Committee of the
Faculty of Health Sciences at the University of Macau.

Y. Feng et al.

12

Cell Death and Disease           (2024) 15:34 



CONFLICT OF INTEREST
The authors declare no competing interests.

ADDITIONAL INFORMATION
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41419-023-06406-7.

Correspondence and requests for materials should be addressed to Chu-Xia Deng.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in anymedium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this license, visit http://
creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024

Y. Feng et al.

13

Cell Death and Disease           (2024) 15:34 

https://doi.org/10.1038/s41419-023-06406-7
http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	The heterogeneity of signaling pathways and drug responses in intrahepatic cholangiocarcinoma with distinct genetic mutations
	Introduction
	Methods
	Cells
	Animal experiments
	Vectors
	Lentivirus production and cell infection
	Histology and immunohistochemistry staining
	Western blot analysis
	Tumor organoid culture
	Slice culture
	Drug screening with the organoids
	RNA sequencing and data analysis
	Statistics

	Results
	Identification of potential ICC tumor suppressor genes in SPC�mice
	CRISPR targeting genes accelerate ICC proliferation in vitro and in�vivo
	The tumor microenvironment varies in ICC tumors with different gene mutations
	Trp53, Fbxw7, Inppl1, Tgfbr2 and Cul3 gene mutations upregulate receptor tyrosine kinase (RTK) and PI3K signaling pathways in ICC�cells
	Trp53, Fbxw7, Inppl1, Tgfbr2 and Cul3 gene mutations regulate distinct pathways in ICC�cells
	FDA-approved liver cancer drugs exhibit different sensitivities to gene-mutant ICC�tumors
	Drug screening demonstrates potential therapeutic strategies for�ICC

	Discussion
	Reporting summary

	References
	Acknowledgements
	Author contributions
	Ethics statement
	ACKNOWLEDGMENTS
	Conflict of interest
	ADDITIONAL INFORMATION




