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Abstract

Background Cholangiocarcinoma (CCA) is a highly heterogeneous malignancy, primarily comprising intrahepatic
(iCCA) and extrahepatic (eCCA) subtypes. Reconciling the variability between iCCAs and eCCAs in clinical trials
remains a challenge, largely due to the inadequate understanding of their shared and subtype-specific cellular
heterogeneity. We aim to address this issue using single-cell and spatially resolved transcriptomic approaches.

Methods We performed comprehensive single-cell RNA sequencing (scRNA-seq) by profiling 109,071 single cells
from 28 samples, including chronic biliary inflammatory conditions (n=7) and CCAs from different anatomical sites
(n=21). Findings were validated using external multi-omics datasets, tissue microarray cohort, spatial RNA in situ
sequencing, CCA patient-derived organoids (PDOs), and mouse models.

Results iCCAs and eCCAs exhibited distinct tumor ecosystems, with notable differences in cellular composition,
diversity, and abundance across various cell types. Non-malignant epithelial cells displayed divergent precancer
hallmarks from different biliary sites, with inflammatory extrahepatic bile ducts exhibiting early hijacking of the
gastrointestinal metaplastic process. We identified seven meta-programs within cancer cells, mapped into four major
subtypes. This subtyping was validated using external CCA cohorts and PDO models, distinguishing patients based on
clinical outcomes and drug vulnerabilities. Specifically, iCCAs were associated with a senescent program, while eCCAs
were enriched in an IFN-responsive program linked to adverse clinical outcomes and increased drug resistance. We
identified a basal-like LY6D™ cancer cell subpopulation specific to eCCAs, which displayed significant stemness, drug
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resistance, and IFN-responsive features. This subpopulation was closely associated with an interferon-stimulated
gene 15 (ISG15)-enriched mesenchymal and immune microenvironment. Functional assays demonstrated that ISG15
stimulation significantly boosted stemness, basal-like features, and drug resistance in eCCA cells, highlighting its

pivotal role in sustaining the LY6D* progenitor niches.

Conclusion We present a comprehensive single-cell landscape of CCAs, uncovering the molecular heterogeneity
between iCCA and eCCA subtypes. Transcriptomic subtyping of CCA cancer cells offers implications for clinical
stratification and functional precision oncology. We identify basal-like epithelial progenitors and characterize their
associated ISG15-enriched microenvironment in eCCAs. These findings hold significant promise for the development
of novel prognostic biomarkers, therapeutic targets, and treatment strategies for CCAs.
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Introduction

Cholangiocarcinoma (CCA) represents a heterogenous
spectrum of malignancies, comprising intrahepatic CCA
(iCCA, 10-20%) and extrahepatic CCA (eCCA, 80-90%).
The eCCA category is further subdivided into perihilar
CCA (eCCA-P), and distal CCA (eCCA-D) [1]. CCA is
relatively rare among gastrointestinal tract neoplasms
(~3%) [2], and related clinical trials often fail to focus on
specific subtypes. Recently, there is a growing recogni-
tion of the clinical, genetic, and transcriptomic dispari-
ties between CCA subtypes [1, 3]. However, the limited
availability of tissues within confined anatomical regions
poses the particular challenge for studying eCCAs at
multi-omics levels.

Embryologically, intrahepatic small and extrahepatic
bile ducts (EBTs) originate from distinct sources: the for-
mer from hepatoblasts and the latter from the caudal part
of ventral foregut endoderm [4]. These bile ducts utilize
canals of Hering and peribiliary gland as stem cell reser-
voirs, respectively [5]. Consequently, we hypothesize that
different progenitor/stem cell subsets may contribute to
the heterogeneity underlying CCA subtypes. Identifying
these cell populations could enhance our understanding
of subtype-specific cell states, tumor microenvironment
(TME), and treatment response. Therefore, we endeavor
to construct a single-cell atlas encompassing various
CCA subtypes to decode these enigmas. We also incor-
porate inflammatory biliary samples to further elucidate
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biliary-specific precancer hallmarks [6]. Our findings are
systematically validated through External multi-omics
datasets, tissue microarray cohort, spatial RNA in situ
sequencing, CCA patient-derived organoid (PDO) lines,
and mouse models.

Materials and methods

Benign and malignant human bile duct tissues

The present study received ethical approval from the
Research Ethics Committees of both the Naval Medical
University and the Eastern Hepatobiliary Surgery Hos-
pital (EHBH). Informed consent was obtained from each
participant. The acquisition of fresh patient samples for
single-cell RNA sequencing (scRNA-seq) and PDO cul-
ture were carried out at EHBH. Detail information of
patients was shown in Table S1.

scRNA-seq and data analysis

Library preparation and sequencing were expertly han-
dled by Shanghai Biotechnology Corporation in China
using single-cell 3’ v3 kits according to manufacturer’s
instructions (10x Genomics). Sequence reads were
mapped to human reference genome GRCh38 and quan-
tified by Cell Ranger. The Seurat and sctransform pack-
ages were used for data processing. Data were integrated
by Harmony. Cells were initially annotated by classi-
cal marker genes. Gene expressing meta-programs and
subtyping were analyzed by non-negative matrix fac-
torization (NMF) method and hierarchical clustering,
respectively.

Patient-derived organoids culture and drug screening

Ten iCCAs, five eCCA-Ps, and one eCCA-Ds were col-
lected for PDO lines establishment. A library containing
175 anti-cancer compounds was used to perform drug
screening to predict therapeutic responses (Fig. 1A; Table
S2). We provided more detailed description of methods
in the supplementary files.

Results

Landscape of cellular heterogeneity between CCA
subtypes

We constructed a single-cell atlas using fresh speci-
mens from a cohort of 28 treatment-naive patients,
which spanned diverse anatomical and pathological
contexts, including seven inflammatory EBTs (iBT1-
7, mainly associated with choledolithiasis or chole-
dochal cysts), eight iCCAs (iCCA1-8), nine eCCA-Ps
(eCCA-P1-9), and four samples of eCCA-Ds (eCCA-
D1-4) (Fig. 1A; Table S1). We profiled 109,071 cells
encompassing various cell types: epithelial cells (EPCs,
EPCAM*KRT19"), endothelial cells (PECAMI1*VWF?"),
mesenchymal cells (LUM'COLI1AI"), Schwann cells
(S100B*GAP43*), myeloid cells (CD163*CD68"), B cells
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(CD79A*MS4A1"), plasma cells (CD79A*MZBI*), T/
NK cells (CD3D*NKG7"), and mast cells (KIT*CPA3")
(Figs. 1B-D, and Fig. S1). These major subsets consis-
tently appeared across multiple samples but with uneven
distribution (Figs. 1E-F). Schwann and mast cells were
notably enriched in extrahepatic lesions. Tumor sam-
ples showed a pronounced infiltration of lymphocytes.
Myeloid cell enrichment in iCCAs likely implied a unique
Kupffer cell-associated immune niche. The desmoplastic
nature of eCCA-Ps was reflected by the disproportionate
distribution of epithelial and mesenchymal cells [7].

Discriminating malignant from non-malignant EPCs and
characterizing precancer cell States

We stratified EPCs (n=20,052) into malignant and non-
malignant cells using the inferCNV algorithm, identify-
ing 20 subclones. Subclones 3, 5, and 6, predominantly
from benign inflammatory bile ducts, were designated
non-malignant based on low CNV scores (Figs. S2A-C).
Cells with chromosomal alterations in other subclones,
primarily from CCA samples, were classified as malig-
nant EPCs, exhibiting distinct CNV profiles and salient
patient occupancy (Fig. S2D).

Chronic inflammation is the hallmark of BTC onco-
genesis [8], yet the precancerous epithelial states of
BTCs remain poorly understood. By including samples
primarily from patients with choledolithiasis or chole-
dochal cyst, our data provides a unique opportunity to
delineate the precancerous states of bile ducts, with par-
ticular relevance to BTC etiologies in East Asia [9]. We
categorized non-malignant EPCs (nEPCs) into eight sub-
types: gastric-like (PGC, MUCS), intestinal-like (TFFI,
SPINK4), basal-like (KRT13, LY6D), mesenchymal-like
(FNI, VCAN), inflammatory (CST1, CXCL1/8), immune-
regulating (SREPINGI, HLA-A), proliferative (CCNB2,
MKI67), and developmental (FOLRI, FGFR2) (Figs.
S3A, B). Pathway enrichment analysis confirmed these
functional distinctions (Fig. S3C; Table S3). Gastric-like,
intestinal-like, and inflammatory nEPC subtypes were
more prevalent in benign inflammatory lesions, imply-
ing early hijacking of normal regenerative pathways
[6]. By contrast, CNVY nEPCs within tumors were
dominated by mesenchymal-like, developmental, and
immune-regulating cell states, which were preferentially
enriched in iCCAs, eCCA-Ps, and eCCA-Ds, respectively
(Fig. S3D). These findings implied that carcinogenesis
across different CCA subtypes is likely driven by differ-
ential processes such as epithelial-mesenchymal plastic-
ity (EMP), onco-fetal reprogramming, and dysregulated
immunosurveillance. By depicting the heterogeneity of
precancerous epithelial states during the inflammation-
carcinogenesis cascade and across the biliary tree, our
data offers insights into the biliary-specific precancer
hallmarks [6].
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Fig. 1 The single-cell landscape of included patients. (A) Experimental design and workflow of our study. (B) UMAP visualization of all cells from included
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Decoding shared and distinct malignant meta-programs
across CCA subtypes

Next, we focused on cancer cells to explore whether dif-
ferent CCA subtypes exhibit shared or subtype-specific

on the right side represent cell types

cell states. Using the NMF method, we identified seven
robust meta-programs (MPs) (Figs. 2 A and S4A;
Table S4). The co-existence of mosaic MPs within indi-
vidual samples highlighted significant intra-tumoral
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heterogeneity. These MPs were defined by specific gene
modules and enriched pathways (Figs. 2B, C). MP_01
corresponded to a generic mitotic program (G2/M),
marked by MKI67 and TOP2A. MP_02, associated
with the G1/S transition, featured active DNA repli-
cation (CCNEI*PCNA*). MP_03 was linked to stress
response and cellular senescence signatures, including
DNA-damage-related genes (DDIT3, FOS) and cell cycle
arrest genes (CDKNIA, CDKN2A), and was enriched
with chemokine genes (CXCL2/3/8), indicative of the
senescence-associated secretory (SASP) phenotype [10].
MP_04 exhibited heightened metabolic activities with
enzyme-coding genes like ENOI and LDHA. MP_05 was
associated with activated antigen-presentation pathways
(HLA-B*HLA-C*). MP_06 was enriched in glandular
and mucosal defense genes (e.g., TFF1/2/3, CEACAMS).
Lastly, MP_07 presented a distinct interferon (IFN)
response program, featuring IFN-stimulated genes (ISGs)
such as [FIT1/3, IFITM1/2, and ISG20.

We further explored the distribution of these cell states
across CCA subtypes by quantitively assigning MP scores
to individual cells. The senescence state (MP_03) was
predominant in iCCAs, while the gland (MP_06) and
IFN response (MP_07) states were more prevalent in
eCCAs (Figs. 2D and S4B-C). We classified each sample
into MP-defined subtypes by averaging the expression
of corresponding MP signatures. Hierarchical clustering
identified four subtypes: proliferative (G1/S and G2/M
signatures), glandular (mucosal defense and metabolism
signatures), IFN-responsive (glandular and IFN-related
signatures), and senescent subtype (Fig. 2E). The IFN-
responsive subtype, primarily comprising eCCAs, was
associated with advanced stages, lymph node metasta-
sis, and microvascular invasion (Figs. 2E and S4D). We
further explored the prognostic significance of molecu-
lar subtypes in an independent CCA cohort based on
tissue microarray (TMA) data (n=133; Fig. 2F-M), by
using subtype-specific markers (proliferative: MKI67;
senescent: ATF3; IFN-responsive: IFITM1; glandular:
TFF1). High expression of MKI67 and IFITM1 were
both associated with worse prognosis, whereas increased
ATEF3 expression correlated with better survival (Fig. 2J,
L). Validation using the International Cancer Genome
Consortium (ICGC) microarray dataset revealed similar
patterns of subtype distribution (Fig. S4E-G), with the
IFN-responsive subtype enriched in eCCAs and associ-
ated with advanced stages and poor prognosis (Figs. S4H,
I). Collectively, these findings systematically character-
ize the transcriptomic heterogeneity between iCCAs and
eCCAs, providing insights into CCA molecular subtypes
and their clinical relevance.

Page 6 of 19

Expanding the application of molecular subtyping in
functional precision oncology with PDOs

We then sought to determine whether molecular sub-
typing could offer therapeutic insights for precision
medicine in CCAs. Given the established value of PDO
models in functional precision oncology and their effi-
ciency in large-scale drug screening [11], we leveraged
our pre-established CCA PDO library to validate the
molecular subtypes. We successfully established sixteen
stable, treatment-naive CCA PDOs (ten iCCAs, five
eCCA-Ps, and one eCCA-D). Morphologically, these
PDOs displayed thickened walls invaginating into the bil-
iary lumens with tumor-like pleomorphic architectures.
Hematoxylin-Eosin (H&E) staining validated that PDOs
displayed nuclear atypia, abundant mitotic figures, and
pleomorphic nuclei, faithfully preserving the malignant
features of corresponding tissues (Fig. 3A). Deconvo-
lution of the PDO bulk RNA-seq data with MP signa-
tures revealed the predominant molecular subtype for
each PDO line. Notably, the IFN-response program was
enriched in eCCA PDOs, in line with our NMF-based
findings (Fig. 3B).

We subsequently explored whether different subtypes
could predict responses to anti-cancer therapeutics by
using a library of 175 compounds, which were system-
atically grouped at pathway levels (Fig. S5). A proof-of-
principle single concentration drug-discovery screening
approach (10 pmol/L) was utilized for each compound.
Compounds resulting in less than 50% cell viability in
PDOs after treatment were considered effective [12].
High-throughput PDO drug screening revealed substan-
tial heterogeneity of drug vulnerabilities in a personalized
manner (Fig. S5). We then integrated drug screening pro-
files of PDOs at the subtype level (Fig. 3C), and selected
the top 30 agents with the highest inhibition rate for each
PDO subtype (Figs. 3D-G). These agents predominantly
targeted pathways related to DNA damage response,
protein tyrosine kinases, epigenetic reprogramming,
and cytoskeletal signaling, which are among the most
extensively studied in BTC treatment [8]. Narrowing our
focus on these pathways (Fig. 3C), both in the context of
the full drug panel and when analyzing the top 30 com-
pounds, the IFN-responsive subtype consistently dis-
played significantly greater drug resistance. In contrast,
the senescent and glandular subtypes generally exhibited
increased drug vulnerability (Figs. 3D-G).

Collectively, PDO models recapitulated and validated
the core biological traits and molecular subtyping of
CCAs. Pharmacotyping of PDOs further advanced our
understanding of phenotypic drug discovery in CCAs
[13], and highlighted the potential of molecular subtyp-
ing to inform precision therapy.
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Identifying eCCA-specific basal-like progenitor
subpopulations

Beyond the functional partitioned NMF-based programs,
we next asked whether distinct cancer cell subpopula-
tions were unique for CCA subtypes. We identified 17
clusters of malignant EPCs (mEPCs), totaling 12,858
cells (cluster 0-16) (Fig. 4A; Table S5). iCCAs displayed
greater inter-tumoral heterogeneity than eCCAs, but no
significant difference was revealed between eCCA-Ps and
eCCA-Ds (Figs. S6A-B). Several clusters were occupied
by individual samples; however, a small cluster (c7) was
predominantly composed by eCCAs (Figs. 4B and S6C-
D). Differential gene expression (DGE) analysis revealed
that ¢7 highly expressed basal-squamous cell mark-
ers (e.g., KRT5, KRT6A, LY6D, KLK7, CDH3; annotated
using the Human Protein Atlas), which were also linked
to development and stemness [14-16] (Figs. 4C-F). Cyto-
TRACE analysis showed the stem-cell-like nature of this
cluster (Fig. 4G). Monocle analysis demonstrated that c7
cluster initiated the trajectory and subsequently bifur-
cated into two branches encompassing other cancer cell
lineages presumably accounting for different eCCA sub-
types (Fig. 4H-I). Consistently, the expression of LY6D,
KLK7, CDH3, CD44, SOX9, and EPCAM decreased along
the pseudotime trajectory (Fig. 4]). Pathway analyses
indicated enrichment of epidermis development/differ-
entiation and IFN response-associated pathways in the c7
subcluster (Fig. 4K). In agreement, we observed a notably
elevated score for the NMF-based IFN-response MP (Fig.
S6E), further underscoring the critical role of IFN signal-
ing in this subpopulation. To validate these findings, We
leveraged three independent single-cell cohorts compris-
ing 13 eCCAs and 5 adjacent normal tissues (ANTs) (Fig.
S7A), including two scRNA-seq datasets [17, 18], and one
snRNA-seq dataset [19]. Following data integration and
cell annotations (Figs. S7B-E), we identified a basal-like
epithelial cluster (Epi_05) characterized by the expression
of LY6D and KLK7, which was preferentially enriched in
tumor samples (Figs. S7F-I). Meanwhile, Epi 05 highly
expressed multiple ISGs particularly ISGI5 (Fig. S7G).
Using gene signatures based on our IFN-response MP,
Epi_05 exhibited the highest IFN-response score com-
pared to other clusters (Fig. S7J).

We confirmed LY6D*panCK* cancer cells in eCCA
samples via multicolor immunohistochemical (mIHC)
staining (Fig. 5A). Employing canonical markers in
scRNA-seq dataset to define major cell types (e.g.,
EPCAM and KRTI9 for EPCs), we used RNA in situ
sequencing (ISS) to validate the existence of LY6D* can-
cer cells (Figs. 5B and S8A-C; Table S6), revealing higher
levels of basal-like markers (KLK7, KRTS, KRT10), stem
cell markers (CD44, SOX9, EPCAM), and proliferative
markers (MKI67, PCNA) in LY6D" versus LY6D™ cancer
cells (Fig. 5C). Leveraging in vitro models, we confirmed
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LY6D expression in the eCCA-P cell line QBC-939. FACS
sorting identified LY6D™ cells at a proportion of 6.68%
(Fig. 5D). LY6D" cells exhibited greater spheroid forma-
tion capacity, with upregulated stem cell genes (CD44,
CD133, EPCAM) and basal cell genes (KLK7, CDH3)
(Figs. 5E, F). LY6D™ cells also displayed enhanced resis-
tance to gemcitabine, cisplatin and 5-fluorouracil (5-FU)
(Figs. 5G), in line with the greater drug resistance of the
IFN-responsive PDO subtype. Subcutaneous engraft-
ment mice models further confirmed that LY6D* cells
significantly generated larger outgrowth of tumors than
LY6D™ cells (Figs. 5H-I), with upregulated expression
of CD44, CD133 and EpCAM in LY6D" cells-generated
tumors (Figs. 5]). Collectively, these results demonstrated
that LY6D™" cells behaved as eCCA-specific basal-like
progenitors associated with cancer stemness and chemo-
therapy resistance.

Unique mesenchymal microenvironment between
different CCA subtypes

Another critical question in CCAs, archetypal desmo-
plastic cancers, is how cancer-associated fibroblasts
(CAFs) act as key orchestrater of the TME and contribute
to the stromal heterogeneity across CCA subtypes [20].
We identified 18,555 mesenchymal cells, clustering into
five fibroblast subsets (c1-c5; LUM*COLIAI") and three
pericyte subsets (c6-c8; RGSS5"en) (Figs. 6A and S9A-B;
Table S7) [21]. Two fibroblast clusters, benign fibroblasts
(benign Fib, c1) and inflammatory fibroblasts (iFib, c2),
were preferentially enriched in iBTs. The benign Fib
highly expressed genes involved in extracellular matrix
(ECM) development and remodeling, including MFAP5
and IGFBP6 [22, 23]. The iFib cluster exhibited elevated
expression of inflammatory markers such as C3, C7, and
CCL2, alongside activation of pathways associated with
leukocyte chemotaxis and immune responses (Figs. 6B-
E). The remaining three fibroblast subsets, enriched
in CCAs, were classified as CAFs (Figs. 6A-C). Matrix
CAFs (c3) expressed MMP11 and CST1 which facilitated
tumor invasiveness and metastasis [24]. Stem-like CAFs
(c4) were marked by stem cell markers such as GPC3
and SOX9. Senescent CAFs (senCAFs, c5), chiefly resid-
ing in iCCA specimens, expressed senescence mark-
ers (CDKN2A, SERPINEI) (Figs. 6A-D) [25]. SenCAFs
uniquely expressed MCT4 and PKM?2, both participat-
ing in glycolytic reprogramming during hepatic stellate
cells (HSCs) activation and transdifferentiation towards
a myofibroblast phenotype [26]. Pathway analyses vali-
dated the functional specialization of these clusters
(Figs. 6E and S9C). Evidenced by the CytoTRACE tran-
scriptional entropy, stem-like CAFs were at a less dif-
ferentiated state, whereas senCAFs were oppositely at a
more differentiated state (Figs. S9D, E).
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Fig. 6 scRNA-seq analysis of CCA mesenchymal microenvironment. (A) UMAP showing the mesenchymal cells colored by cell subtypes. iFib, inflamma-
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mEPC subclusters and Per_ISG15

Uniquely expressing pro-inflammatory  markers
(CCL19, CCL21, IL6), c6 was defined as inflamma-
tory pericytes (iPer). Myopericytes (myoPer, c7) highly
expressed MYH11 and ACTA2, associated with smooth
muscle contraction. Both iPer and myoPer clusters were
enriched in eCCA-Ps. We also identified a subset of peri-
cytes (c8; Per_ ISG15 highly expressing interferon-stim-
ulated genes (ISGs) such as ISGI15, IFI27, and IFITM1/3,
predominantly enriched in eCCA-Ps and eCCA-Ds
(Figs. 6B-F). ISGs like ISG15 operate both intracellularly
and extracellularly, acting as central players in IFN-asso-
ciated pathways and vividly modulating the host dam-
age and repair response [27]. Cell-cell communication

analyses revealed robust interaction between Per_ ISG15
and c7 mEPC cluster, primarily mediated by EDN1 and
EDNRA/B ligand-receptor interaction (Fig. 6G).

Immune landscape of CCAs revealing eCCA-specific
I1SG15"9" subsets

Immune cell profiles (e.g., macrophages, T cells) sur-
rounding bile ducts likely establish site-specific immune
compartmentalization that dictate localized immune sur-
veillance, yet remain largely uncharted [28]. We firstly
identified two monocyte clusters (SI00A8"SI00A9Y),
seven macrophage clusters (CD68*CD163*), and four
dendritic cell clusters (FCERIA*HLA-DQAI") (Figs. 7A,
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B and S10A; Table S8) with differential distributions and
functional phenotypes (Figs. 7C-E). Akin to our findings
in gallbladder cancer [29], we observed an enrichment of
myeloid-derived suppressor cell (MDSC)-like monocytes
in iBTs. M2-like macrophages and tumor-associated
macrophages (TAMs) were more prevalent in CCAs.
The Macro_ISG15 cluster highly expressed ISGs (e.g.,
ISG15, IFI27) and was preferentially enriched in eCCA-
Ds (Figs. 7C and F). Deconvolution of the ICGC micro-
array dataset using Macro_ISG15 signatures showed that
higher expression correlated with shortened survival
in eCCAs but not in iCCAs (Figs. 7G and S10C). Cell-
cell communication analysis revealed active interaction
between the ¢7 mEPC cluster and Macro_ISG15 via the
GAS6-AXL signaling pathway (Fig. S10B).

We further characterized three CD4" T cell clus-
ters, five CD8" T cell clusters, two NKT clusters, and
one NK cluster (Figs. 7H and S10D). We annotated the
CD4T_IL7R cluster as cytotoxic effector CD4" T cells,
the CD4T_CXCL13 cluster as exhausted T cells, and
the CD4T_FOXP3 cluster as regulatory T cells (Fig. 7K).
Similarly, we characterized naive T cells (CD8T_IL7R),
cytotoxic T cells (CD8T_GZMK), exhausted T cells
(CD8T_LAGS3), and tissue-resident memory T cells
(CD8T_ZNF683) (Fig. 7L). Notably, we identified a sub-
cluster of CD8" cells (CD8T_ISG15) highly expressing
ISG15, IFIT3 and [FI44L (Fig. 71), enriched in eCCAs
(Figs. 7] and M), and showed enrichment of IEN response
pathways (Fig. 7L). Deconvolution of the ICGC dataset
revealed that elevated expression of CD8T _ISG15 signa-
tures portended worse prognosis for eCCAs but not for
iCCAs (Figs. 7N and S10E).

Validation of specific mesenchymal and immune niches for
basal-like progenitors

The data presented above revealed a convergence of spe-
cific epithelial, mesenchymal, and immune cell subpopu-
lations (Clusters of mEPC_c7, Per_ISG15, Macro_ISG15,
and CD8T_ISG15) surrounding eCCAs (Fig. 8A), which
prompted a deeper exploration of their interconnected
associations. All of these clusters consistently exhibited
elevated expression of multiple ISGs, particularly ISG15
(Fig. 8B), in line with the notion that ISG15 is one of the
most rapidly and strongly induced ISGs [27]. Analysis of
the public ICGC dataset confirmed higher expression of
ISG15 in eCCAs compared to iCCAs (Fig. 8C). In eCCA
patients, ISG15 expression correlated strongly with
LY6D" mEPC signatures (e.g., LY6D, KLK7, KRT5, CDH3)
and was associated with worse prognosis (Figs. 8D-E). By
examining the aforementioned external single-cell data-
sets of eCCAs, we validated the presence of ISG15"¢"
cell clusters across pericytes, myeloid cells, and T/NK
cells (Figs. S11A-I). Leveraging annotated markers of
major cell types from scRNA-seq, we identified spatial
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co-location patterns between LY6D* EPCs and ISG15Me"
pericytes, ISG15M&" CD8* T cells, and ISG15"&" mac-
rophages in RNA ISS experiments (Figs. 8F and S12A).
Among the three ISG1 5high TME subsets, Per_ISG15 cells
were found to reside in significantly closer proximity to
LY6D* EPCs, suggesting a preferential spatial relationship
(Fig. S12B).

Given the progenitor-like property of LY6D*KLK7*
mEPCs, we hypothesized that ISG15 might play a role in
sustaining this feature. Using the tumor spheroid assay
with the eCCA-P cell line QBC-939, we confirmed that
ISG15 stimulation significantly increased the spheroid
formation capacity of cancer cells (Figs. 8G, H). Quanti-
tative real-time PCR and western blotting (WB) validated
the upregulation of basal cell markers (LY6D, KLK7) and
stem cell markers (CD44, CD133, EPCAM) (Figs. 8I,
). To further elucidate the role of ISG15 in functional
precision oncology, we introduced ISG15 into eCCA
PDO and cell line models, and evaluated the vulnerabil-
ity of cisplatin, gemcitabine, and 5-FU. ISG15 markedly
enhanced resistance of cisplatin and gemcitabine in the
PDO line, and to cisplatin and 5-FU in the cell line (Fig.
S13A). Moreover, using an IFN-responsive PDO line, we
proved that the addition of ISG15 could substantially
increase resistance to most tested compounds, includ-
ing those targeting DNA damage, epigenetic reprogram-
ming, or cytoskeletal signaling (Fig. S13B), reminiscent
of the drug-resistant features of IFN-responsive PDOs
(Fig. 3C).

Collectively, we identified a subpopulation of LY6D*
basal-like progenitors uniquely localized within eCCAs,
likely sustained by ISG15"¢" mesenchymal and immune
niches. ISG15 is crucial for maintaining cancer cell stem-
ness and augmenting resistance to various anti-cancer
agents.

Discussion

Despite the rapid expansion of single-cell studies, data
on CCAs, particularly eCCAs, remains scarce, impeding
our understanding of therapeutic or prognostic discrep-
ancies between CCA subgroups in clinical trials [30]. We
endeavored to address this gap by presenting a single-cell
atlas of different CCA subtypes and predisposing inflam-
matory conditions. Consistent with our prior findings in
chronic cholecystitis [29], we identified gastrointestinal
metaplastic cell states in cholangiocytes within inflam-
matory EBTs, suggesting a conservative mechanism of
hijacking reparative programs in response to muco-
sal injury or inflammation across the extrahepatic bili-
ary system. In contrast, benign EPCs (CNV™®Y) within
tumors exhibited more pronounced activation of onco-
fetal, EMP, and immune-regulating programs, which
were preferentially enriched within iCCAs, eCCA-Ps,
and eCCA-Ds, respectively. These findings enhanced our
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understanding of biliary-associated and site-specific pre-
cancer hallmarks [6].

Moreover, iCCAs and eCCAs displayed substan-
tial differences in terms of cellular composition, diver-
sity, and abundance of various cell types, which likely
reflected their distinct embryonic origins, histological
structures, and patterns of cellular crosstalk [31]. Unlike
eCCAs, iCCAs exhibit a broader range of cell lineages
and genetic alterations [32]. For instance, iCCAs share
genetic overlap with eCCAs on one end (78%) and with
hepatocellular carcinomas (HCCs) on the other (23%)
[33]. Specific genomic alterations, such as FGFR2 and
IDH1, are uniquely found in iCCAs (~20%) but absent
in eCCAs (0%) [34]. Accordingly, we showed that iCCAs
displayed greater inter-tumoral heterogeneity compared
to eCCAs.

To gain a deeper understanding of the CCA heteroge-
neity, we identified both convergent and divergent tran-
scriptomic signatures within cancer cells from iCCAs
and eCCAs, which were mapped to four molecular
subtypes: proliferative, senescent, glandular, and IFN-
responsive. Importantly, the molecular subtyping was
recapitulated in PDO models and validated across mul-
tiple independent multi-omics datasets, offering valu-
able tools for pharmacotyping and prognostic prediction.
iCCAs exhibited a uniquely activated senescent programs
with associated SASP, evident in both cholangiocytes
and surrounding fibroblasts. Cholangiocyte senescence
is closely linked to hepatic ductular reaction, commonly
observed in response to inflammation or fibrosis around
the canals of Hering [35]. Senescent fibroblasts were fea-
tured by active glycolytic metabolic and senescent repro-
gramming, reminiscent of a subpopulation of senescent
HSCs [26]. These cells were always marked by heightened
DNA repair and reactive oxygen species (ROS) activities
secondary to senescence-induced DNA damage [36]. The
SASP milieu likely contributed to a “tissue inflammaging”
immunosuppressive TME, thus driving tumor initiation,
progression, and therapeutic resistance [10, 37].

Intriguingly, we uncovered a cluster of LY6D" basal-like
malignant cells predominantly enriched in eCCA sam-
ples. The basal-like program is a hallmark of tumors aris-
ing from stratified squamous epithelium [38]. However,
this program has also been observed in tumors arising
from glandular columnar epithelia across lung, breast,
prostate, or pancreas [39-43]. Our basal-like subpopu-
lation exhibited greater stemness and drug resistance,
typically behaving as progenitor cells and drug-tolerant
persister cells [44]. Similarly, basaloid features in other
cancer subtypes are associated with poor differentiation,
heightened drug resistance, and unfavorable prognosis
[41-43]. Notably, the initial default specification of the
entire gut tube is the anterior foregut endoderm during
development, mostly typified by the esophageal basal cell
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features [45]. The hepatobiliary system shares the foregut
developmental path with the esophagus, and thus chol-
angiocytes may assume a basal-like state by traversing
the developmental map through early foregut progenitor
states [15, 46].

The exceedingly rarity of squamous tumors across the
biliary tree also implied a multipotent plasticity rather
than squamous-committed fate of LY6D" progenitor cells
[47]. Classical non-melanoma skin cancers are dichoto-
mized into basal and squamous subtypes, with the for-
mer displaying increased stemness. In esophagus, deeper
basal cells (KRT5'KRT14*CDH3") display increased
stemness capacity compared to the above suprobasal
cells (KRT4*KRT13") [48]. Notably, our basal-like chol-
angiocyte cluster (KRT5*KRT14*CDH3") was more like
deeper progenitor basal cells in skin or esophagus [15].
Upon revisiting several literature claiming adeno-squa-
mous transformation under therapeutic pressure [49, 50],
we found that the claimed “squamous” cells aligned more
closely with basal progenitors rather than differentiated
squamous cells.

The eCCA-specific LY6D" basal-like progenitors exhib-
ited significantly elevated IFN response scores and acti-
vation of IFN signaling pathways. Several ISG15"8" TME
components, including pericytes, macrophages, and
CD8" T cells, were consistently enriched within eCCAs
and spatially located in proximity to LY6D* mEPCs,
which engaged in vivid cellular crosstalk with these pro-
genitor cells and sustained their stemness. For example,
Macro_ISG15 likely interacted with ¢7 mEPC cluster
via the GAS/TAM signaling axis, which promoted the
emergence of ISGI5M#" macrophage by activating the
downstream JAK/STAT3/ISG15 signaling cascade [51].
Similarly, mEPCs presumbly induced chemotaxis of Per_
ISG15 via the EDN1-EDNRA/B signaling pathway, which
fostered a specialized perivascular niche [52], reminis-
cent of previous evidence that pericytes help maintain
a stem cell niche in bone marrow and fetal liver [53].
Prior studies have suggested the existence of non-fetal
stem cell niches in adult tissues, such as hepatocytes and
cholangiocytes within the canals of Hering, as well as
hepatocytes, cholangiocytes, and insulin-secreting cells
from the peribiliary glands [54]. Our findings offer novel
evidence for the presence of basal-like progenitor cell
niches within the extrahepatic biliary tree and expand the
understanding of stem cell plasticity in bile ducts.

Integrated TME analyses narrowed our focus on the
role of ISG15 and associated type I IFN pathways in
maintaining the LY6D" basal-like progenitors [27]. Exter-
nal multi-omics datasets and experimental validation
confirmed that ISG15 signaling is critical for sustaining
the basal-like stemness of mEPCs. The intrinsic expres-
sion of ISGs is a conserved feature across mammalian
stem cells [55]. For instance, The IFN signaling protects
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intestinal crypt base cells from differentiation, thereby
preserving their stemness [56]. Similarly, type I IEN has
been shown to enhance breast cancer cell stemness and
promote drug resistance [57]. Importantly, consider-
ing the central role of chronic activation of type I IFN
signaling in driving “trained immunity” and facilitat-
ing immune evasion in cancers [58], ISG15 presumably
serves as a ‘master coach;, training cancer cells the art of
survival.

Moreover, ISG15 signaling appeared to be more
actively engaged in eCCAs compared to iCCAs. Under
physiological conditions, low-level type I IFN signaling
helps maintain liver homeostasis and sustains immune
tolerance [59, 60]. However, hyperactivated type I IFN
signaling in the liver could lead to autoimmune liver
diseases [61]. In comparison to liver-resident small
cholangiocytes, large cholangiocytes exhibit stronger
regenerative, proliferative, and apoptotic responses to
injury or toxic insults [62-64]. These cellular activi-
ties likely drive the accumulation of extrachromosomal
DNAs, which may elicit robust cGAS-STING signaling
and amplify type I IFN signaling in EBTs [65, 66]. More-
over, microbiota dysbiosis caused by malignant biliary
obstruction [67], as well as direct contact with bile flow
and bile acids [68, 69], may further heighten the activa-
tion of ISG15-associated type I IEN signaling within
eCCAs [70].

Several limitations of this study warrant consider-
ation. First, our cohort may not capture the full diversity
of CCAs, particularly the primary sclerosing cholangitis
(PSC)-associated cases prevalent in Western populations
[71]. Second, we mainly annotated cell types based on
established marker genes, which may limit the detection
of previously uncharacterized or rare cell populations or
states. While we identified key ISG15M8" cell types within
the TME, further investigation is required to explore
other immune subsets, such as B cells, NK cells, and mast
cells. Moreover, considering the pivotal role of the PD-1/
CTLA-4 axis in BTCs [72], integrating ISG15-associated
pathways into the current immunotherapy framework
remains an unexplored area. Although PDOs are valu-
able for personalized drug testing, they do not fully reca-
pitulate the complexity of TME. The absence of immune
and stromal components in PDOs may limit the inter-
pretation of our drug resistance data. More sophisticated
co-culture PDO systems hold promise for more accu-
rately assessing drug efficacy and understanding how the
ISG15"&" TME influences cancer cell behavior in vivo.
We also recognized the growing evidence regarding the
dual roles of IEN response pathways in cancer [65]. To
elucidate the multifaceted functions of ISG15 in BTCs,
particularly its involvement in DNA damage repair,
type I IFN-mediated immune evasion, and intracellular
ISGylation processes [27, 73, 74], additional functional
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experiments, including genetic knockout mouse models,
will be needed. Lastly, the clinical applicability of bio-
markers such as LY6D and ISG15 remains to be fully vali-
dated by larger clinical cohort and multi-omics dataset.
Further clinical research will be essential to translation
our findings into clinic.

Conclusions

Our study presents a comprehensive single-cell atlas
that delineates the transcriptomic diversity, heterogene-
ity, and phenotypic subtyping of CCAs, broadening our
understanding of the biliary ecosystem [75]. We uncover
a spectrum of cancer cell states associated with CCA
subtyping, drug vulnerability, and prognosis. Notably,
iCCAs and eCCAs are distinguished by senescent and
IFN-responsive programs, respectively, which are sus-
tained by unique senescent or IFN-activated TMEs. For
the first time, we identified a LY6D" basal-like progenitor
subpopulation unique for eCCAs, which is nurtured by
1SG15-enriched TME niches. ISG15 signaling within the
TME facilitates the emergence and maintenance of these
progenitor cells, and contribute to drug resistance. The
identification of basal-like progenitor cells and associated
ISG15-enriched TME in eCCAs potentially opens new
avenues for the development of prognostic biomarkers
and precision oncology regimens targeting the progeni-
tor cell niches.
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