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In brief

Intrahepatic cholangiocarcinoma (ICC) is
an extraordinarily stiff liver tumor due to
abundant scar-forming cancer-
associated fibroblasts (CAF). Here, Affo
et al. determine the origin and functions of
CAF, and uncover distinct CAF subsets,
promoting ICC growth via different
therapeutically targetable mediators.
Thus, CAF and their mediators may serve
as therapeutic targets for ICC.
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SUMMARY

Cancer-associated fibroblasts (CAF) are a poorly characterized cell population in the context of liver cancer.
Our study investigates CAF functions in intrahepatic cholangiocarcinoma (ICC), a highly desmoplastic liver
tumor. Genetic tracing, single-cell RNA sequencing, and ligand-receptor analyses uncovered hepatic stellate
cells (HSC) as the main source of CAF and HSC-derived CAF as the dominant population interacting with tu-
mor cells. In mice, CAF promotes ICC progression, as revealed by HSC-selective CAF depletion. In patients, a
high panCAF signature is associated with decreased survival and increased recurrence. Single-cell RNA
sequencing segregates CAF into inflammatory and growth factor-enriched (iCAF) and myofibroblastic
(myCAF) subpopulations, displaying distinct ligand-receptor interactions. myCAF-expressed hyaluronan
synthase 2, but not type | collagen, promotes ICC. iCAF-expressed hepatocyte growth factor enhances
ICC growth via tumor-expressed MET, thus directly linking CAF to tumor cells. In summary, our data demon-
strate promotion of desmoplastic ICC growth by therapeutically targetable CAF subtype-specific mediators,
but not by type | collagen.
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INTRODUCTION

Cancer-associated fibroblasts (CAF) are an abundant but insuf-
ficiently characterized cell type in the tumor microenvironment
(TME) that may promote or restrain tumor growth in a context-
and organ-specific manner (Biffi and Tuveson, 2020; Erez
et al., 2010; Kalluri, 2016; Ozdemir et al., 2014; Rhim et al.,
2014; Sahaiet al., 2020; Su et al., 2018). The mechanisms under-
lying CAF-mediated tumor promotion or restriction remain
incompletely understood. Recent studies have revealed CAF di-
versity by transcriptomics (Biffi and Tuveson, 2020; Chen and
Song, 2019; Costa et al., 2018; Elyada et al., 2019; Ohlund
et al., 2017; Su et al., 2018; Zhang et al., 2020). As an additional
contributor to diversity, CAF may arise from different cellular
sources including resident fibroblasts, pericytes, mesenchymal
stem cells, bone marrow, and adipocytes (Biffi and Tuveson,
2020; Chen and Song, 2019; Sahai et al., 2020). However, the
in vivo role of CAF subpopulations and associated mediators
remain largely elusive. Moreover, many insights into CAF are
derived from genetically engineered mouse models of pancre-
atic ductal adenocarcinoma (PDAC) and breast cancer, with
only a few studies of other organs including the liver.
Cholangiocarcinoma (CCA), the second most common pri-
mary malignancy of the liver, is a desmoplastic tumor with
abundant CAF, few therapeutic options, and dismal prognosis
(Banales et al., 2020; Rizvi et al., 2018b). The increased inci-
dence of CCA is largely due to a rise in intrahepatic CCA (ICC)
(Banales et al., 2020), possibly attributable to increased non-
alcoholic fatty liver disease (Banales et al., 2020; Clements
etal., 2020). ICC shares anatomic, embryologic, and genetic fea-
tures with PDAC. However, while the contribution of CAF to tu-
mor growth has been the subject of numerous in vivo studies
in PDAC, the functions of CAF in CCA have not been studied
thoroughly in vivo. In PDAC, tumor restriction by a-smooth
muscle actin-positive (x<SMA*) CAF in vivo contrasts the tumor-
promoting effects of CAF observed in vitro, emphasizing the
importance of careful in vivo studies. Moreover, there is
increased evidence for diverse functions of CAF subtypes,
notably myofibroblastic CAF (myCAF) and inflammatory CAF
(iICAF) (Biffi and Tuveson, 2020), but in vivo functions of these
CAF subpopulations and their mediators, in particular CAF-
secreted extracellular matrix (ECM), remain largely elusive. While
it is widely assumed that crosslinked type | collagen promotes
tumors via increased stiffness and mechanosensitive signaling
(Barbazan and Matic Vignjevic, 2019; Levental et al., 2009;
Northey et al., 2017), ECM can also provide a mechanical barrier
restricting tumor spread (Egeblad et al., 2010; Liotta, 1986).
Insights on CAF functions in ICC are derived from in vitro
studies (Affo et al., 2017; Sirica, 2011) and a single in vivo study
using an orthotopic implantation model and BCL2 inhibitor navi-
toclax, which depletes CAF but may also affect tumor and
hematopoietic cells (Mertens et al., 2013). In contrast to other or-
gans, fibroblast ontogeny is well defined in the liver, with hepatic
stellate cells (HSC) contributing 85%-95% of fibroblasts (Meder-
acke et al., 2013). Here, we took advantage of Lrat-Cre-trans-
genic mice (Mederacke et al., 2013) as a powerful tool to trace
and functionally manipulate this well-defined fibroblast precur-
sor population, providing insights into CAF biology in ICC and
the role of CAF-derived mediators in endogenously arising ICC
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models. Our study reveals HSC-derived CAF as the population
that most intensely interacts with tumor cells, promoting ICC
growth via CAF subtype-specific mediators but not type |
collagen. Our data expand insights into pathways that drive
the growth of this deadly tumor and challenge paradigms on
collagen as the central tumor-promoting mediator.

RESULTS

Hepatic stellate cell-derived CAF are the main tumor-
interacting population in ICC

Hepatic overexpression of oncogenic driver KRA! in combi-
nation with p19 CRISPR (KRAS/p19), or myr-AKT in combination
with either YAPS'2”A (YAP/AKT), NICD1 (NICD/AKT), or
FBXW7Af (FBXW7Af/AKT) via the Sleeping Beauty system,
delivered by hydrodynamic tail vein injection (Fan et al., 2012;
Seehawer et al., 2018; Wang et al., 2019), resulted in the devel-
opment of histopathologically confirmed cytokeratin 7- and 19-
positive ICC. All tumors were desmoplastic, displaying high
Acta2 and Col1al mRNA (Figures 1A and 1B) and abundant
Col1a1-GFP and aSMA-positive CAF (Figures 1B, S1A, and
S1B). Using Lrat-Cre-driven lox-stop-lox-TdTomato (TdTom)
as a faithful strategy to label HSC (Mederacke et al., 2013), we
observed that 85%-95% of Col1a7-GFP* CAF and 85%-93%
of aSMA* CAF in these four desmoplastic ICC models were
marked by Lrat-Cre-driven TdTom, suggesting HSC origin (Fig-
ures 1B, S1A, and S1B). All subsequent studies, including sin-
gle-cell RNA sequencing (scRNA-seq), CAF depletion, and
HSC-selective knockouts were performed in two ICC models:
YAP/AKT-induced ICC as most widely used AKT-driven ICC
model, and KRAS/p19-induced ICC incorporating KRASG'2P
as a common mutation in ICC (Table S1). Lrat-Cre tracing was
confirmed by scRNA-seq in four murine ICC samples (n = 3
YAP/AKT, n = 1 KRAS/p19). 91.9% + 2.8% of panCAF, defined
by an scRNA-seq signature (Table S2), expressed an HSC signa-
ture, including Lrat, Desmin, Colec11, and Rgs5, whereas only
6.3% =+ 2.3% expressed Msin, Upk3b, Gpm6a, and Upk1b as
markers of portal fibroblasts (PF), a second fibrogenic popula-
tion in the liver with mesothelial characteristics (Figures 1C and
S1C-S1J; Table S2). Comparison of HSC-CAF with fibrosis-
associated HSC from biliary fibrosis, induced by either ligation
of the common bile duct or 3-week diet containing 0.1% 3,5-di-
ethoxycarbonyl-1,4-dihydrocollidine (DDC), revealed most
genes and pathways as shared but uncovered higher activation
in HSC-CAF (Figure 1D and Table S3), suggesting differentiation
of HSC into highly activated HSC-CAF in the TME. To determine
mechanisms through which HSC-CAF affect ICC, we analyzed
ligand-receptor interactions by CellPhoneDB (Vento-Tormo
et al., 2018). In murine scRNA-seq samples (n = 4), CAF were
the predominant cell population interacting with tumor cells,
and among these, HSC-CAF represented the subpopulation
with the most ligand-receptor interactions with tumor cells (Fig-
ures 1E, 1F, and S1K-S1N). scRNA-seq analysis of human ICC
(n = 6) and hilar CCA (n = 1) samples confirmed the predomi-
nance of HSC-CAF (90.7% =+ 6.4% of all CAF in ICC, 100% in
CCA), expressing RGS5, LUM, and COLEC11, and low abun-
dance PF-CAF (9.3% = 6.4% of all CAF in ICC, not detected
in CCA), expressing MSLN and UPK1B (Figures 1G, 1H,
S1H, and S1J; Table S1). Similar to mice, we found strong
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Figure 1. The majority of CAF are HSC derived and closely interact with tumor cells in ICC

(A) Acta2 and Col1a1’ mRNA expression in murine ICC. Data shown as mean + SEM. Significance for each model was calculated by two-sided unpaired t test or
Mann-Whitney test versus its own control, *p < 0.05, **p < 0.01, ***p < 0.001.

(B) Representative photographs, CK19 and CK7 IHC confocal microscopy and quantifications, showing colocalization of Lrat-Cre induced TdTom with CAF
markers Col71a1-GFP and «SMA in four murine ICC models (n = 3/model) in Lrat-Cre*TdTom*Col1a1-GFP* mice. Data shown as mean + SEM. Scale bars, 50 um.
(C) Representative UMAPs of scRNA-seq HSC and PF signature scores HSC markers Colec11, Lum, Des, and Lrat, and PF marker MsIn in KRAS/p19 (n = 1) and
YAP/AKT-induced ICC (n = 3), with the percentage of CAF populations on the right.

(legend continued on next page)
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ligand-receptor interactions between panCAF and tumor cells,
and between HSC-CAF and tumor cells, in human ICC (n = 5)
and human CCA (n = 1) (Figures 1G, 1H, S1M, and S1N). Impor-
tantly, a high panCAF signature, developed from our scRNA-seq
data, as well as high ACTA2 mRNA expression, were associated
with decreased survival and increased recurrence risk in ICC pa-
tients in the Sia cohort (Sia et al., 2013) (Figures 1l and S10; Ta-
ble 1) as was high aSMA protein in tissue microarrays (TMA) from
the Riener cohort (Riener et al., 2010) (Figure S1P). Moreover, a
high panCAF signature was significantly enriched in the ICC pro-
liferation subclass versus the inflammation subclass (Sia et al.,
2013) and was associated with moderate to poor cell differenti-
ation and intraneural invasion (Table 1). Together, these findings
support our hypothesis that HSC-CAF modulate ICC biology and
outcomes and suggest that this may be mediated through direct
interactions with tumor cells.

To extend our findings beyond the liver, we analyzed scRNA-
seq CAF data from KPC-induced PDAC and identified pancre-
atic stellate cells (PSC)-CAF and mesothelial CAF as main CAF
populations (Figures 2A). PSC-CAF only weakly expressed
HSC markers Lrat, Des, or Rgs5 (Figure 2B), but they shared
most stellate cells (SC) genes in a global SC signature with
HSC-CAF (Figures 2C and S2A-S2E). Similar to PF-CAF in
ICC, mesothelial CAF in PDAC highly expressed Msin, Upk1b,
Upk3b, and Gpme6a (Figure 2D). These data suggest similar
CAF ontogeny in pancreas and liver, consistent with the finding
that both organs contain SC (Ohlund et al., 2017; Senoo
et al., 2017).

HSC-derived CAF promote ICC growth

To elucidate CAF functions in ICC, we depleted HSC-CAF by
crossing Lrat-Cre transgenic mice with lox-stop-lox-Hbegf
(Cre-inducible diphtheria toxin receptor = iDTR transgenic
mice); or depleted aSMA* CAF, representing the more myofibro-
blastic subpopulation of CAF (Biffi and Tuveson, 2020), as shown
by colocalization of xSMA with Col7a71-GFP* or co-expression of
Acta2 with Col1a1l mRNA in the HSC-CAF population (Figures
S3A and S3B), via aSMA-driven thymidine kinase. Depletion by
either strategy during the last 2 weeks of our tumor models
reduced CAF by up to 85% with concomitantly reduced fibrosis
(Figures 3A-3C, S3C, and S3D). Depleting CAF by either
approach suppressed ICC development, evidenced by signifi-
cant reductions of the liver/body weight ratio and CK19* tumor
area (Figures 3A-3C). In contrast, when CAF were depleted
early, which led to a transient decrease but almost full recovery
2 weeks later, tumor growth was not affected (Figures S3E and
S3F). As a complementary approach, we deleted Pdgrfb via
Lrat-Cre, which decreased aSMA and fibrosis and also reduced
ICC formation (Figures S3G and S3H). Next, we sought to under-

Cancer Cell

stand how CAF promote ICC development. CAF-depleted mice
displayed significantly reduced tumor cell proliferation, whereas
apoptosis was unaltered or even reduced in tumors of CAF-
depleted mice (Figures 3D, 3E, and S3I). Consistent with the
low immunogenicity of oncogene-driven tumors, we observed
only few infiltrating CD3* T cells and no significant differences
of lymphocyte and myeloid subsets between CAF-depleted
and non-depleted mice (Figures 3F and S3J-S3M), with the
exception of CD4"FOXP3* regulatory T cells (Treg). The
observed minor reduction of CD4*FOXP3* Treg after CAF deple-
tion (Figure 3F) is consistent with the ability of CAF to promote
differentiation of T lymphocytes into Treg (Costa et al., 2018).
Moreover, HSC promoted ICC growth when co-injected with
tumor cells into Rag2 knockout mice (Figure S3N), suggesting tu-
mor promotion by direct HSC-CAF in the absence of adaptive
immunity, in this subcutaneous model. As nuclear factor kB
(NF-kB) regulates CAF-mediated inflammation and tumor
growth in the skin (Erez et al., 2010), we studied its role in ICC.
Deletion of NF-kB subunit RelA via Lrat-Cre was efficient but
did not reduce ICC growth (Figures S30 and S3P). In summary,
our studies suggest that direct CAF-tumor interactions trigger tu-
mor cell proliferation and represent a major mechanism through
which CAF may promote ICC growth, whereas modulation of cell
death, adaptive immunity, or inflammation appear to only play
minor roles in the investigated models.

CAF promote tumor growth independently of type |
collagen

Next, we sought to uncover mediators through which HSC-
derived CAF promote ICC growth. To test the hypothesis that
CAF in ICC may be functionally diverse with distinct pathways
and ligand-receptor interactomes, we analyzed murine and hu-
man CAF by scRNA-seq. By this approach, we uncovered sub-
populations of inflammatory and growth factor-enriched CAF
(iCAF) and myCAF, as well as CAF-expressing PF/mesothelial
markers, termed mesothelial CAF (mesCAF) (Figures 4A and
S4A-S4D). Some CAF, fitting multiple categories, were denoted
as “multi-CAF,” and few CAF, not fitting above categories, as
“other CAF.” iCAF were part of the HSC cluster, expressing
high levels of quiescence markers Lrat, Reln, and Rgs5, and
low activation markers Col71al, Acta2, Col8atl, Col15al, Crif1,
and Fbn2 (Figures 4A, S4A, and S4B), and were enriched for in-
flammatory, growth factor, and antigen-presentation genes as
well as receptor-ligand, growth factor, and cytokine activity
pathways (Figures 4A, S4A, and S4B; Table S4). myCAF were
also part of the HSC-CAF cluster, but expressing lower
HSC quiescence and higher activation markers than iCAF
(Figures 4A and S4A-S4D) and enriched for ECM pathways
(Table S5). Using Rgs5 as marker for the iCAF population and

(D) Heatmap of genes from bulk RNA-seq with >2log fold change and p < 0.01 in quiescent HSC (n = 4), HSC from bile duct ligation (n = 4), HSC from 0.1% DDC
diet (n = 4), HSC-CAF from YAP/AKT (n = 4), and KRAS/p19 (n = 3) when compared with quiescent HSC (n = 4).
(E and F) CellPhoneDB analysis showing the number of ligand-receptor interactions between (E) all cell populations and (F) HSC-CAF and PF-CAF with tumor cells

in KRAS/p19-and YAP/AKT-induced ICC.

(G and H) Representative UMAPs and heatmaps of scRNA-seq showing (G) cell populations and the number of ligand-receptor interactions between all cells, (H)
HSC and PF signature scores and percentage (n = 6), and number of ligand-receptor interactions (n = 5) in human ICC. Data shown as mean + SEM. Significance

calculated by Mann-Whitney test.

(I) Overall survival in 119 ICC patients with low (n = 59) and high (n = 60) panCAF signature.

See also Figure S1 and Tables S1-S3.
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Table 1. Correlation between human panCAF and myCAF signatures with clinicopathological parameters in a human cohortof 119I1CC
patients

panCAF low  panCAF high  Total pvalue myCAFlow myCAF high  Total p value

n (%) 59 60 119 59 60 119
Molecular class

Proliferation class 18 (31) 54 (90) 72 (60) 0.0001 20 (34) 52 (87) 72 (60) 0.0001

Inflammation class 41 (69 6 (10) 47 (40) 39 (66) 8 (13) 47 (40)
Demographics
Sex, n (%)

Male 28 (47) 37 (62) 65 (55) 0.142 29 (49) 36 (60) 65 (55) 0.272
Age, years

Median (IQR) 62 (54-70) 64 (55-70) 64 (54-70) 0.91 62 (53-71) 64 (56-69) 64 (54-70)  0.901
Race, n (%)

Caucasian 56 (96) 52 (86) 108 (92) 0.178 56 (97) 52 (87) 108 (92) 0.018

African American 12 1) 2(2) 2(3) 0 (0) 2(2)

Asian 0 (0) 3(5) 3@ 0(0) 3(5) 3(2)

Other 1@ 4(7) 5(3) 0(0) 5(8) 5(4)
Viral hepatitis, n (%)

Hepatitis C 11 0of 57 (19) 8 of 60 (13) 19 (16) 0.267 12 (21) 7(12) 19 (16) 0.219

Hepatitis B 5(9) 6 (10) 11(9) 1 7(12) 4(7) 11(9) 0.362
Cirrhosis, n (%) 8 (15) 12 (23) 20 (19) 0.331 8 (15) 12 (20) 20 (19) 0.458
Total bilirubin, n (%)

>1 mg/dL 14 (25) 10 (18) 24 (21) 0.492 13 (24) 11 (19) 24 (21) 0.648
Serum ALT, n (%)

>40 1U/L 12 (21) 19 (33) 31 (27) 0.206 12 (21) 19 (33) 31 (27) 0.209
Tumor features (pathologic)
Tumor diameter, cm

Median (IQR) 6 (4-9) 7 (5-9) 6 (4-9) 0.096 6 (4-8) 7 (5-11) 6 (4-9) 0.095
Tumor number, n (%)

Single 47 (80) 52 (87) 99 (83) 0.337 48 (81) 51 (85) 99 (83) 0.632

Multiple 12 (20) 8 (13) 20 (17) 11 (19) 9 (15) 20 (17)
Cell differentiation, n (%)

Well 14 (30) 4(8) 18 (19) 0.009 11 (24) 7 (14) 18 (19) 0.298

Moderate-poor 33 (70) 44 (92) 77 (81) 35 (76) 42 (86) 77 (81)
Stage®, n (%)

I+ 36 (62) 34 (57) 58 (49) 0.579 38 (64) 32 (54) 70 (59) 0.349

I+ v 22 (38) 26 (43) 21 (36) 27 (46) 48 (41)
Macrovascular invasion, n (%) 4 (7) 12 (20) 16 (13) 0.058 4 (3) 12 (20) 24 (20) 0.058
Invasion of peritoneum, n (%) 0(0) 4(7) 4 (3) 0.119 0(0) 4(7) 4 (3) 0.119
Infiltration of resection 22 (37) 32 (53) 54 (45) 0.1 21 (36) 33 (55) 54 (45) 0.09
margins, n (%)
Invasion of bile duct, n (%) 12 5(8) 6 (5) 0.207 1) 5(83) 6 (5) 0.207
Intraneural invasion, n (%) 4(7) 16 (27) 20 (17) 0.006 4(7) 16 (27) 20 (17) 0.006
Satellites, n (%) 14 (24) 15 (25) 29 (24) 0.837 15 (25) 17 (28) 32 (27) 0.837

Variables included here have less than 10% of missing values except for cell differentiation (n = 24, 20% missing). IQR, interquartile range. p values in
boldface are significant.
#Data according to the AJCC TNM stage, 7th edition.

Col1al-GFP and SERPINF1 as markers for myCAF, we TdTom*Rgs5°“Col1al-GFP"" HSC-CAF, reminiscent of
confirmed these in situ as separate populations of TdTom* myCAF, in both murine ICC models (Figure 4B); and high
Rgs5"9"Col1a1-GFP'®" HSC-CAF, reminiscent of iCAF, and RGS5 and low SERPINF1 (resembling iCAF) and low RGS5
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Figure 2. Comparison of CAF from ICC and PDAC

(A) UMAPs showing cell populations detected by scRNA-seq in KPC-induced mouse PDAC from Hosein et al. (2019).
(B) UMAPs showing the normalized expression levels of panCAF and HSC markers in PDAC-KPC.
(C and D) Violin plots showing the (C) global SC signature and (D) PF signature scores and UMAPs for each gene of these signatures. The width of each violin plot

indicates the kernel density of the expression values.
See also Figure S2.

and high SERPINF1 (resembling myCAF) CAF in human ICC
(Figure 4C). However, there appeared to be no specific spatial
distribution of iCAF and myCAF in murine or human ICC. myCAF
and iCAF strongly interacted with tumor cells in CellPhoneDB
ligand-receptor analysis in murine ICC (Figures 4D and S4E)
and in human ICC and CCA (Figures 4D and S4F). myCAF repre-
sented 32.5% + 4.6% of CAF in murine ICC, 26.2% = 3.9% of
CAF in human ICC (Figure 4A), and 66.8% in human CCA.
Notably, high expression of the scRNA-seg-derived myCAF
signature was associated with decreased survival (Figure 5A)
and showed a trend toward higher recurrence in the Sia cohort
(Sia et al., 2013) (Figure S4G). The myCAF signature was en-
riched in the ICC proliferation subclass versus the inflammation
subclass and was associated with intraneural invasion (Table
1). There were also differences in the myCAF signature in regard
to racial background, but subgroups were too small for meaning-
ful subgroup analysis. As desmoplasia, collagen content and
stiffness are closely intertwined and thought to impact on tumor
growth via mechanosensitive signals (Barbazan and Matic Vi-
gnjevic, 2019; Levental et al., 2009; Northey et al., 2017), we first

6 Cancer Cell 39, 1-17, June 14, 2021

focus on type | collagen as tumor-modulating myCAF candidate
mediator in ICC. Col71a1 was strongly upregulated in murine and
human ICC and increased in CAF versus quiescent HSC (Figures
1A and 5B). ScRNA-seq and CellPhoneDB analysis revealed that
Col1a1 was enriched in myCAF while a cognate receptor, DDR1,
was expressed in tumor cells (Figures 5C and 5D), suggesting
COL1A1-DDR1 as a link between myCAF and tumor cells be-
sides pure collagen-mediated mechanosensitive signals. Dele-
tion of Col1a1l from HSC via Lrat-Cre was highly efficient in
KRAS/p19- and YAP/AKT-induced ICC (Figure 5E) and was
accompanied by decreased tumor stiffness and decreased
expression of YAP, a mechanosensitive transcriptional co-acti-
vator with key roles in CCA (Marti et al., 2015) (Figures 5F and
S5A). Along this line, culturing ICC cells on stiff surfaces
increased proliferation of human ICC line HuCCT-1 (Figure S5B).
However, despite reduced stiffness and decreased mechano-
sensitive signals, Col1al deletion in HSC-CAF did not inhibit
tumor growth in either ICC model (Figures 5G and 5H). As an
additional approach, we deleted type | collagen in all liver cells
via Mx1-Cre. Deletion of Col1al via Mx1-Cre at different time
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Figure 3. HSC-derived CAF promote ICC development and tumor cell proliferation

(A and B) HSC-derived CAF were depleted in mice with (A) KRAS/p19-induced and (B) YAP/AKT-induced ICC by injecting Lrat-Cre*TdTom*iDTR* or Lrat-
Cre*TdTom*iDTR™ littermates with diphtheria toxin. HSC depletion was quantified by the TdTom™* and «SMA™ area (n = 4-5 mice/group). Scale bars, 100 pm.
Representative images of IHC and livers, liver/body weight ratio (LBR), and CK19* quantifications from (A) KRAS/p19-induced ICC (n = 13-15 mice/group) and (B)
YAP/AKT-induced ICC (n = 11-16 mice/group) show reduced ICC in HSC-CAF-depleted mice. Scale bars, 1 cm.

(C) CAF were depleted by injecting ganciclovir in aSMA-TK mice with KRAS/p19-induced ICC. CAF depletion was quantified by aSMA IHC (n = 5-7 mice/group)
and Sirius red (n = 15 mice/group). Scale bars, 100 um. Representative images of CK19 IHC, livers, LBR, and quantifications from KRAS/p19 ICC in aSMA-TK
mice (n = 15 mice/group). Scale bars, 1 cm.

(D and E) Representative pictures and quantifications of Ki67 and cl-caspase3 IHC and confocal imaging and quantifications of Ki67*CK19* cells in (D) KRAS/p19
and (E) YAP/AKT ICC in CAF-depleted iDTR* and control iDTR™ mice. Scale bars, 100 pm.

(F) Flow cytometry of indicated immune cells in tumors from KRAS/p19 ICC in iDTR™ (n = 4) and iDTR* (n = 6) mice.

Data shown as mean + SEM. Significance determined by two-sided unpaired t test (groups of two) (A, B, D, F), by one-way ANOVA and Sidak’s post hoc test (C, E:
Ki67 panel), or by Kruskal-Wallis test with Dunn’s post hoc test (A, B, D, E: CI-Casp3 panel) (groups of three). See also Figure S3.
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Figure 4. CAF subpopulations and their ligand-receptor interactome in ICC

(A) Representative UMAPs of indicated genes, CAF subpopulations, and their percentages in KRAS/p19 (n = 1), YAP/AKT-induced (n = 3), and human ICC (n = 6).
Data shown as mean + SEM. Significance determined by one-way ANOVA followed by Sidak’s post hoc test (mouse) or Kruskal-Wallis test with Dunn’s post hoc
test (human).

(legend continued on next page)
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points was also highly efficient but again did not reduce tumor
growth while reducing stiffness (Figures S5C-S5G). Conditional
deletion of the above-discussed collagen receptor Ddr1 (Fig-
ure S5H), which was highly increased in human and mouse
ICC (Figures 51 and S5I), from the hepatocyte/tumor cell
compartment by AAV8-TBG-Cre led to inconclusive results,
with increased liver/body weight ratio and CK19* tumor area in
KRAS/p19 ICC, but slightly reduced liver/body weight ratio and
unaltered CK19* area in YAP/AKT ICC (Figures 5J and 5K). In
sum, our data show that neither COL1A1 nor DDR1 are essential
for ICC growth.

Myofibroblastic CAF promote tumor growth via
hyaluronan synthase 2

We next investigated additional COL1A1-independent pathways
through which myCAF, which strongly interacted with tumor
cells (Figure 6A), could promote ICC growth. Focusing on differ-
entially expressed matrisome genes in myCAF (Figure 6B), we
identified hyaluronan synthase 2 (Has2) as one the most upregu-
lated genes in myCAF and also in bulk RNA-seq of isolated HSC-
CAF (Figure 6B and Table S6). Of note, hyaluronan (HA) has been
linked to tumor promotion, therapy resistance, and poor out-
comes in various tumors including PDAC (McCarthy et al.,
2018; Provenzano et al., 2012; Toole, 2004). CellPhoneDB anal-
ysis revealed multiple HA receptors including Cd44, Hmmr, and
Lyve1 on various cell types, reflecting the complex HA biology
(Figures 6C and 6D). In addition to binding various receptors,
HA bioactivity is also determined by receptor-independent
biomechanical properties and its molecular size/degradation,
with high-molecular-weight HA being considered anti-tumori-
genic and low-molecular-weight HA being pro-inflammatory
and tumor-promoting (Cyphert et al., 2015; Tian et al., 2013).
For this reason, our primary focus was to investigate HAS2/HA
as potential myCAF effector rather than defining its diverse
cellular and receptor targets and mechanisms of action in ICC.
Paralleling the high induction of Has2 mRNA in CAF, HA was
abundant in both ICC models (Figure 6E), co-localizing with
CAF but not with tumor cells (Figures S6A and S6B) and
decreasing strongly after depleting HSC-CAF (Figures S6C and
S6D). The predominant expression of HA in myCAF was shown
by higher HA in Col1a71-GFP"9" than in Col1a7-GFP"" TdTom*
HSC-CAF in murine ICC (Figure S6E). To determine the role of
HAS2, we crossed Has2"" mice with Lrat-Cre mice (Has2*HC),
resulting in >98.5% reduction of Has2 mRNA in HSC and
reduced HA in ICC (Figure S6F). Tumors were significantly
decreased in Has2“™"SC mice in both ICC models, with
decreased liver/body weight ratio and CK19" tumor area (Fig-
ures 6F and 6G). Different from Col1a12"S¢ mice, tumors from
Has22HSC mice did not show differences in stiffness (Figure 6H)
or YAP/TAZ expression (Figure 6l). Consistent with our findings
in CAF-depleted mice, Has2*"SC tumors showed a significant

¢ CellP’ress

reduction of tumor cell proliferation (Figure 6J). The deletion of
Cd44, widely considered the main receptor for HA, from the he-
patocyte/tumor cell compartment was efficient but did not
reduce ICC development (Figures 6K, S6G, and S6H). Moreover,
different molecular weight and types of HA failed to induce tumor
cell proliferation in CCA cell lines (Figure S6l). Likewise, the
modest increase of proliferation by conditioned medium from
Has2-transgenic HSC (Yang et al., 2019) was not blocked by hy-
aluronidase treatment or CD44 antibody (Figures S6J and S6K).
Together with our CellPhoneDB analysis, these findings suggest
that HAS2 mediates its tumor-promoting effects through interac-
tions with non-tumor cells or receptors other than CD44. HA was
also significantly increased in human ICC and co-localized with
CAF but not with tumor cells (Figures 6L, S6B, S6L, and S6M).
Importantly, tissue microarray analysis revealed a strong trend
toward worsened survival in CCA patients with higher HA
expression (Figures 6M and S6L). Similar to our findings in
mice, HAS2 was expressed in HSC-CAF, and within those in
the myCAF subpopulation in human ICC and CCA (Figures 6N
and S6M). Similar to mice, CellPhoneDB showed significant in-
teractions between myCAF and tumor cells in human ICC, but
also revealed interactions of HAS2-expressing CAF with multiple
HA receptors, including CD44, HMMR, and LYVE1, and multiple
cell types (Figures 4D, S6N, and S60).

Inflammatory CAF promote ICC via HGF-MET

iCAF represented 48.5% + 2.3% of CAF in murine ICC, 53.1% =
6.2% of CAF in human ICC (Figure 4A), and 14% in human CCA.
iCAF interacted strongly with tumor cells in CellPhoneDB (Fig-
ures 4D and 7A). To identify a candidate through which iCAF
may modulate ICC growth, we analyzed scRNA-seq data for
ligand-receptor interactions, focusing on differentially expressed
cytokines and growth factors (Figure 7B). Among these, we
uncovered hepatocyte growth factor (HGF)-MET as a well-
established growth-promoting ligand-receptor pair, with high
relevance for liver regeneration (Michalopoulos and DeFrances,
1997) and the TME (Hanahan and Coussens, 2012). Notably,
HGF is abundantly expressed in HSC and CAF (Friedman,
2008; Kalluri, 2016). Complementary to the strong expression
of Hgf in iCAF, its receptor Met was highly expressed in tumor
cells (Figures 7C and 7D), thus representing a candidate
ligand-receptor pair directly linkihg CAF to tumor cells. The
higher expression of HGF in iCAF than in myCAF was validated
by ELISA (Figure S7A). Using RNAScope and immunohisto-
chemistry (IHC), we confirmed that Hgf and Has2 mRNA as
well as HA and RGS5 were localized in distinct HSC-CAF sub-
sets in mouse and human ICC, respectively (Figures S7B and
S7C). Next, we deleted Hgf in HSC-derived CAF via Lrat-Cre
(Hgf*"S%), which was highly efficient (Figure S7D). Hgf*HSC
mice displayed reduced ICC development, with decreased
liver/body weight ratio and CK19* tumor area in our two ICC

(B) Representative confocal microscopy and quantifications show high RGS5 in Col7a7-GFP®" iCAF and low RGS5 in Col1a1-GFP"" myCAF in Lrat-Cre*
TdTom*Col1a1-GFP* mice (n = 3 tumors/model). Data shown as mean + SEM. Significance determined by two-sided unpaired t test. Scale bars, 50 um.

(C) Representative confocal microscopy and quantifications show high expression of iCAF marker RGS5 in cells with low expression of myCAF marker SERPINF1
and vice versa (n = 3 tumors). Data shown as mean + SEM. Significance determined by two-sided unpaired t test. Scale bars, 50 pm.

(D) Representative heatmaps of CellPhoneDB analysis showing the number of ligand-receptor interactions between iCAF, myCAF, and mesCAF and all other

cells in KRAS/p19 (n = 1) and YAP/AKT ICC (n = 3), and in human ICC (n = 5).

See also Figure S4; Tables S4 and S5.

Cancer Cell 39, 1-17, June 14, 2021 9




Please cite this article in press as: Affo et al., Promotion of cholangiocarcinoma growth by diverse cancer-associated fibroblast subpopulations, Cancer
Cell (2021), https://doi.org/10.1016/j.ccell.2021.03.012

- ¢ CellPress Cancer Cell

YAP/AKT Human
A — myCAF ow B @ gHSC @ HumanNT c KRAS/p19 "_ICC1 _1C6C1
Y AR high @ YAP/AKT CAF ||@ Human ICC Col1a1-Dar2[- ° - o COLTA1-DDR2{eee - ®
my @ KRAS/p19 CAF Col1a1-Ddr1] - e e COL1A1-DDR1{- e @ ®®
> p Col1al-ltgh1/ltga2|® ® - - e - o COL1A1-ITGB1/ITGA2|- e @@ @®
=1 — p<0.0001 ) Col1al-ligh1/ltgat|® ® ® ® ®| |® - @ COL1A1-ITGB1/TGAT|eeeee
R07 3 p<0.0001 S p<0.0001 Colfat-light/iigatt] = = + - e - - COLIAI-ITGBI/TGA11|- - - - -
§o.75 L40 < 80,72 Coltat-tgbiiigatol  + + « - * & COLIAT-ITGBI/TGAIOlee - @@
=05\ PO0T 230 Zeo| $8238 58 o
I o Fod puae| 82295 T2 38 a2E
[ £ _ " coEl> cES> Eod pvale| ®c 0o €2
% 25 520 - 40 5: Wiz .?a LLJIj§E QEE mig -0 &LUIEE
< S Qe oS L= Y e48| TLL=
o 21 Soof o B 8| 335553 343 §ii 2:5| 55358
0 40 80120160 & o O olew? 2999F 297 b e | 99935
Follow up (months) © EEEE E EEEE
D
KRAS/p19 YAP/AKT ICC1 Human ICC1
Tumor : } ’ sg | Tumor * | * |~z |Tunmor g,
§ 1R il TP ® o Q‘a 3
| iz | el R 2 ; .
myCAF Coltat | Darg I myCAF COHZ?“ - DdrT, W[ |mycAF
E F
KRAS/p19 YAP/AKT NT G ;';Um Colt l;AHSC
_— —_—_—— ol1a ol1a
ol e S |20 S VAP -
| ol1a = olla [ -+ Normal ctrl bl L R
®ICC Colalsc| g 15 @ICC Colfa1™C| +1CC Coltat TAZ - -
210 = = o
© © = |7 ICC Col1a14HSC N
r 5 i g il 1 TSTEp———
7] o 2107 -
0 -
— = O] = —
81500 s i 2 1.5) P20 51072057
< < -§ 6 “; £ 8
21000 z g4 1.0 T 6
€ S o 9 o o 4
= 500 5 8 0 R 6 0.5 8 9
- ; 47 = [} o
3 he o S & -30-20 10010 20 Z0.0 0
SEER sirus Bed . © Axial strain (%) N E
G H I
@ Normal @ICC Col1a1™ @ICC Col1a1AHSC @ Normal @ICC Col1a1 @ICC Col1a12HsC
@H NT
uman
[Nl 4o = @ Human ICC
i i 3093 |
v 20T 5
‘0_7 § 9 10l 2 e 360 p<0.0001
2 CK19 < ob— <
%) = 40
Coj1a1A SC/ o — 804 E
é ;;3 &% § 0\\0/604 p=0.58 <
X & ~ @0 o =20
et R ‘?:uz X gé CQE
*?%x G20 2 Qo
——m % ~ CK19 ola®?
J K
|@ Normal @ ICC Ddr1" @ ICC Ddr12Her] |@ Normal @ ICC Ddr1" @ ICC Ddr12Her|
Dar1" D"
2 C
3 <
: omn &
; >
X R ‘?
b .
CK19 Lot —

Figure 5. Col1a1 affects tumor stiffness but not tumor growth in ICC

(A) Overall survival in 119 ICC patients with low (n = 59) and high (n = 60) myCAF signature.

(B) Col1lal mRNA in quiescent HSC (n = 4) and HSC-derived CAF from KRAS/p19-induced (n = 3) and YAP/AKT-induced (n = 4) ICC and COLTAT mRNA
expression in non-tumor (NT) and tumor (T) tissues (n = 11) from ICC patients.

(legend continued on next page)
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models (Figures 7E and S7E). Conversely, the deletion of HGF
receptor Met in the hepatocyte/tumor compartment significantly
reduced ICC growth (Figure 7F). HGF promoted proliferation in
human and murine CCA tumor cells, including the newly estab-
lished KRAS/p19-derived CGKP19 line (Figures 7G, S7F, and
S7G), confirming direct effects of HGF on tumor cells. Moreover,
Ki67-positive tumor cells were significantly reduced in the
Hgf*HSC and Met*HeP ICC models (Figures 7H and S7H). Phos-
phokinase screening and immunoblotting revealed strong phos-
phorylation of ERK and AKT in HGF-treated human and mouse
tumor cells, and HGF-induced proliferation was blunted after
pharmacologic ERK inhibition (Figures 71, 7J, and S71-S7K). As
in vivo correlate, we observed a strong reduction of phospho-
ERK in ICC in Hgf*"S® mice (Figure 7K). scRNA-seq validated
the high expression of HGF in HSC-derived iCAF in human ICC
and CCA, while MET was expressed in tumor cells (Figures 7L
and S7L). CellPhoneDB in ICC and CCA patients confirmed
strong interactions between iCAF and tumor cells (Figure 4D)
including interactions via iCAF-expressed HGF and tumor-ex-
pressed MET (Figures 7M and S7M). Together, these findings
suggest the HGF-MET axis as a key tumor-promoting ligand-
receptor pair, directly linking iCAF to tumor cells in mice and
patients via ERK-mediated tumor cell proliferation.

DISCUSSION

Our study, combining depletion, inhibition, and conditional
knockout strategies in mice with survival analysis in two patient
cohorts, firmly establishes a tumor-promoting role of CAF in ICC,
contrasting their largely tumor-repressive role in PDAC (Ozdemir
et al., 2014; Rhim et al., 2014). Moreover, our scRNA-seq, Cell-
PhoneDB, and co-injection studies suggest that tumor-promot-
ing effects of CAF are mediated through direct HSC-CAF-tumor
interactions, but do not exclude the presence of additional tu-
mor-promoting mechanisms, including immunomodulation. (1)
We found similar CAF ontogeny with SC-derived and mesothe-
lial/PF-derived CAF as the main populations in PDAC; (2) we
employed KRAS as tumor driver and the same CAF depletion
strategy as previous studies in PDAC (Ozdemir et al., 2014).
However, while SC-CAF are abundant in early-stage PDAC,
mesothelial CAF appear to be more abundant in advanced
PDAC (Hosein et al., 2019). Thus, differences in CAF subtype
or differences in tumor biology more likely contribute to different
roles of CAF in ICC and PDAC rather than different technical or
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depletion approaches. Even though PF/mesCAF were rare in
ICC, we cannot exclude that they contribute to ICC growth.

Recent studies in various cancers have revealed CAF diversity
(Biffi and Tuveson, 2020; Chen and Song, 2019; Costa et al.,
2018; Elyada et al., 2019; Ohlund et al., 2017; Su et al., 2018;
Zhang et al., 2020), but the functions of specific CAF subtype
mediators remain poorly understood. Here, we assign specific
in vivo functions to iCAF and myCAF mediators via CAF-selective
knockout to prove causation, thus complementing previous
in vitro studies on CAF subtypes in breast cancer (Costa et al.,
2018; Friedman et al., 2020) and PDAC (Elyada et al., 2019; Oh-
lund et al., 2017). iCAF represent growth factor- and cytokine-
enriched HSC-CAF in a lower activation status expressing high
levels of HGF, while myCAF are strongly activated HSC-CAF, en-
riched in COL1A1 and HAS2/HA. Our in vivo data suggest that
HGF and HAS2 represent distinct iCAF and myCAF mediators
and that their pro-tumorigenic effects converge at the level of tu-
mor cell proliferation. With fibrosis-associated HSC and HSC-
CAF sharing most genes and pathways and iCAF and myCAF
subpopulations displaying different degrees of fibroblastic acti-
vation, we propose that HSC first differentiate into iCAF, which
subsequently give rise to myCAF. It is likely that the iCAF and my-
CAF states are transient and that CAF can shuttle between these
states. CellPhoneDB analysis, in vitro studies, and conditional
knockout studies suggested different mechanisms through
which iCAF and myCAF mediators affect tumor cells, with
iCAF-associated HGF acting directly on tumor cells and my-
CAF-associated HA possibly acting indirectly. Hence, these
CAF subtype mediators represent potential therapeutic targets.
While clinical targeting of HA has proved to be difficult, possibly
because of inflammation mediated by degradation products (Cy-
phert et al., 2015; Ramanathan et al., 2019), targeting the HGF-
MET pathway is clinically established with several Food and
Drug Administration-approved drugs (Comoglio et al., 2018).
Further studies are needed to identify the target cell(s) and the
underlying receptor-dependent or receptor-independent mech-
anisms through which myCAF-expressed HAS2/HA operate.
However, the finding that depletion of myCAF via aSMA-driven
thymidine kinase reduces tumor growth in ICC while increasing
tumor growth in PDAC may point toward a stronger rationale
for targeting HA in ICC than in PDAC.

Surprisingly, abolishing CAF-derived type | collagen in this
highly desmoplastic tumor did not reduce growth despite
reduced stiffness, thus challenging a long-standing paradigm
that links collagen-mediated stiffness to desmoplastic tumor

C) Ligand-receptor interactions between COL1A7-expressing myCAF and other cells in mouse and human ICC.
D) Representative UMAPs of indicated genes in KRAS/p19 ICC, YAP/AKT ICC, and human ICC.

(
(
(E) Representative images and quantification of Sirius red staining and Col7a7 gPCR in Col1a1”" and Col1a12HSC KRAS/p19 ICC (n = 9 each) and YAP/AKT ICC
(n =12 each). Scale bars, 100 um.

(F) Storage modulus G’ (a measure of elasticity) in Co/7a1™ (n = 3) and Col1a712HSC (n = 4) mice in a KRAS/p19 ICC and in control liver (n = 2) by shear rheometry.
Curves are mean + SEM. Using two-way ANOVA, *p < 0.05, **p < 0.01, ***p < 0.0001, ¥0.05 < p < 0.10 versus control (black) or versus Col7a1*"SC (red). YAP
and TAZ western blot and quantifications normalized to GAPDH in Col7a1”f and Col7a72"SC (NT n = 1 each, T n = 5 each).

(G and H) Representative images of CK19 IHC, livers, LBR, and quantifications from (G) KRAS/p19 ICC (n = 9 mice/group) and (H) YAP/AKT ICC
(n = 12-13 mice/group) in Col1a1"* and Col1a12"SC, Scale bars, 1 cm.

() DDR1 mRNA expression in NT and T (n = 11 each) from ICC patients.

(J and K) Representative images and quantifications of CK19 IHC, livers, and LBR from (J) KRAS/p19 ICC (n = 10-12 mice/group) and (K) YAP/AKT-induced ICC
(n = 12-14 mice/group) in Ddr1”* and Ddr1*"eP mice. Scale bars, 1 cm.

Data shown as mean + SEM. Significance determined by two-sided unpaired t test (E, F, G, H, |, K) or Mann-Whitney test (B human, F, J) (groups of two); and by
one-way ANOVA followed by Sidak’s post hoc test (B mouse, F) (groups of three). See also Figure S5.
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Figure 6. myCAF-derived HAS2 mediates tumor promotion

(A) Representative CellPhoneDB showing the number of interactions between myCAF and other cells in murine ICC.
(B) Heatmap of genes differentially expressed in myCAF versus iCAF and mesCAF in KRAS/p19 and YAP/AKT ICC.
(C) Representative CellPhoneDB ligand-receptor pairs linking myCAF to other cells.

(legend continued on next page)
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growth (Barbazan and Matic Vignjevic, 2019; Levental et al.,
2009; Northey et al., 2017). Our in vitro data, showing increased
tumor cell proliferation on stiff plates, in conjunction with our
in vivo data, revealing decreased stiffness and decreased YAP
expression in tumors from Col1a7-deleted mice, suggest that
type | collagen may activate tumor-promoting mechanosensitive
and additional tumor-suppressive pathways in parallel, and that
the balance of these two determines the net effect, which was
unaltered tumor growth in Col7a72HSC ICC. It is possible that
type | collagen-mediated tumor suppression in ICC is due to its
function as mechanical barrier (Egeblad et al., 2010; Liotta,
1986) and that the tumor-restrictive functions of xSMA* myCAF
in PDAC, observed in depletion experiments (Ozdemir et al.,
2014; Rhim et al., 2014), are due to their ability to establish a me-
chanical barrier via type | collagen.

Future studies need to determine whether iCAF and myCAF
populations promote tumor growth through similar pathways in
other desmoplastic tumors including extrahepatic cholangiocar-
cinoma, and whether myCAF- and iCAF-secreted HGF and HA
represent therapeutic targets for ICC. As our analyses focused
on European and North American cohorts and as racial back-
ground may affect CAF signature enrichment (Table 1), it would
also be important to extend our studies to ICC from other regions
such as Asia, where the underlying pathophysiology and genetic
drivers differ because of the high prevalence of fluke infections.
While clinical studies targeting CAF in PDAC have been disap-
pointing (Catenacci et al., 2015; Ramanathan et al., 2019), the
potent tumor-promoting role of CAF and CAF mediators in
ICC, contrasting tumor-suppressive effects of «SMA*" CAF in
PDAC, may provide a stronger rationale for targeting CAF or their
mediators in ICC.
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(D) Representative UMAPs of indicated genes in KRAS/p19 and YAP/AKT ICC.

(E) Representative micrographs and quantifications of HA IHC and Has2 mRNA in livers of KRAS/p19 ICC (n = 9-15), YAP/AKT ICC (n = 16), and control mice (n =

3-4). Scale bars, 1 cm.

(F and G) Representative images of CK19 IHC, livers, LBR, and CK19* area from KRAS/p19 ICC (n = 16-20 mice/group) and YAP/AKT ICC (n = 13-19 mice/group)

2f/f 2AHSC

and Has.

in Has. mice. Scale bars, 1 cm.

(H) Storage modulus G’ (a measure of elasticity) and loss modulus G” (a measure of viscosity) in tumors from Has2" and Has22"SC mice (n = 4 each) in KRAS/p19
ICC and control liver (n = 2) by shear rheometry. Curves are mean + SEM. Using two-way ANOVA, *p < 0.05, *p < 0.01, ***p < 0.0001, #0.05 < p < 0.10 versus

control (black) or versus Has22MSC (red).

() YAP and TAZ western blot and quantifications normalized to GAPDH in Has2"" and Has22"SC mice (NT n = 1, T n = 3 each).
(J) Representative Ki67 IHC from KRAS/p19 (n = 16-20 mice/group) and YAP/AKT ICC (n = 13-19 mice/group), and Ki67-CK19 co-staining, confocal microscopy,

and quantification (n = 5/group) in Has2”" and Has2"S¢

mice. Scale bars, 100 pm.

(K) Representative images of CK19 IHC, livers, LBR, and CK19* area from Cd44” (n = 9) and Cd44*"P (n = 9) in KRAS/p19-induced ICC. Scale bars, 1 cm.
(L) Representative pictures and quantifications of HA IHC and HAS2 mRNA in human ICC (n = 5) and matching non-tumor (n = 5). Scale bars, 100 um.

(M) Survival of CCA patients with low (n = 50) or high (n = 16) HA expression.
(N) Representative UMAPs of HAS2 and CD44 in human ICC.

Data shown as mean + SEM (E-L). Significance determined by two-sided unpaired t test (J and K) or Mann-Whitney test (F and G) (groups of two); and by one-way
ANOVA followed by Sidak’s post hoc test (E, G, and J) or Kruskal-Wallis with Dunn’s post hoc test (F and G) (groups of three). See also Figure S6 and Table S6.
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Figure 7. iCAF-derived HGF promotes ICC development and proliferation
(A) Number of ligand-receptor interactions between iCAF and other cells in ICC.

(B) Heatmap of genes differentially expressed in iCAF versus myCAF and mesCAF in KRAS/p19 and YAP/AKT ICC.
(C) Ligand-receptor pairs linking iCAF to other cells shown as log, mean.
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(D) Representative UMAPs of Hgf and Met in KRAS/p19 and YAP/AKT ICC.

(E and F) Representative images of CK19 IHC, livers, LBR, and CK19" area from (E) Hgf " and Hgf 25 liver (n = 10-11) and (F) c-Met"" and c-Met*"®® liver (n = 5

each) in KRAS/p19 ICC. Scale bars, 1 cm.

(G) Cell counts of ICC cells lines after HGF or vehicle treatment (n = 5 each) for 48 h.

(H) Representative Ki67 IHC in Hgf"" and Hgf*"S® (n = 10-11) and c-Met"" and c-Met*"" livers (n = 5 each) mice and Ki67-CK19 co-staining, confocal micro-
scopy, and quantification (n = 5/group) in KRAS/p19-induced ICC. Scale bars, 100 um.

(I) Phosphokinase array and western blot for phospho and total ERK1/2 and AKT in HGF-treated HUCCT-1 cells.

(J) Number of HUCCT-1 cells treated with HGF or vehicle for 48 h in the presence of MEK1/2 inhibitor U0126 or vehicle.

(K) Phospho-ERK1/2 IHC and quantifications in KRAS/p19 ICC from Hgf ¥ and Hgf 2HSC mice (n = 10-11).

(L) Representative UMAPs of HGF and MET in human ICC.

(M) HGF-MET interactions linking iCAF to other populations in CellPhoneDB in one representative human ICC sample.
Data shown as mean + SEM (E-H, J, K). Significance determined by two-sided unpaired t test (E, F, G: CGKP19, K), Mann-Whitney test (G: HUCCT1) (groups of
two), or ANOVA test followed by Sidak’s post hoc test (E, F, H, J) (groups of three). See also Figure S7.
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Antibodies

Rabbit Monoclonal anti-Phospho-p44/42 MAPK Cell Signaling Cat# 4370; RRID: AB_2315112
(Erk1/2) (Thr202/Tyr204) XP®

Rabbit Monoclonal anti-p44/42 MAPK (Erk1/2) (137F5) Cell Signaling Cat# 4695; RRID: AB_390779
Rabbit Monoclonal anti-Phospho-Akt (Ser473) (D9E) XP® Cell Signaling Cat# 4060; RRID: AB_2315049
Rabbit polyclonal anti-Akt Cell Signaling Cat# 9272; RRID: AB_329827
Rabbit Monoclonal anti-YAP/TAZ (D24E4) Cell Signaling Cati# 8418; RRID: AB_10950494
Rabbit Monoclonal anti-DDR1 (D1G6) XP® Cell Signaling Cat# 5583; RRID: AB_10694842
Goat anti-rabbit IgG-HRP Santa Cruz Cat# sc-2004; RRID: AB_631746
Mouse Monoclonal anti-GAPDH-Peroxidase Sigma Cat# G9295; RRID: AB_1078992
Rabbit monoclonal anti-Cytokeratin 19 Abcam Cat# ab133496;

Rabbit Polyclonal anti-Cytokeratin 7

Rabbit Monoclonal Recombinant Anti-Ki67 antibody [SP6]

Rat Monoclonal anti-Ki-67 (SolA15), eBioscience™

Rabbit Polyclonal anti-Cleaved Caspase-3 (Asp175)

Rabbit monoclonal anti-CD3 [SP7]

Mouse Monoclonal Anti-Actin, «-Smooth Muscle - FITC
Mouse Monoclonal Anti-Smooth muscle actin (clone BS66)
Rabbit Polyclonal anti-RGS5

Goat Polyclonal anti-SerpinF1/PEDF
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Donkey Polyclonal anti-mouse Alexa Fluor 488
Streptavidin, Alexa Fluor 594

Streptavidin, Alexa Fluor 647

Rat Monoclonal BUV395 Rat Anti-Mouse CD45
Clone 30-F11

Rat Monoclonal BUV496 Anti-Mouse CD45R/B220
(clone RA3-6B2)

Armenian Hamster Monoclonal BUV737 Anti-Mouse
CD11c (clone HL3)

Rat Monoclonal Brilliant Violet 510™ anti-mouse/human
CD11b Antibody (clone M1/70)

Armenian Hamster Monoclonal Brilliant Violet 711™
anti-mouse CD103 (clone 2B8)

Rat Monoclonal PerCP-Cyanine5.5 Anti-Mouse
CD19 (clone 1D3)

Rat Monoclonal violetFluor™ 450 Anti-Mouse MHC
Class Il (I-A/I-E) (clone M5/114.15.2)

Mouse Monoclonal PE/Cyanine7 anti-mouse CD64
(FcyRI) (clone X54-5/7.1)
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Thermo Fisher Scientific

Abcam

Thermo Fisher Scientific

Cell Signaling
Abcam
Sigma
Nordic Biosite

Abcam
R&D

Life Technologies
Life Technologies
Life Technologies
Life Technologies
BD Biosciences

BD Biosciences

BD Biosciences

BioLegend

BioLegend

Tonbo biosciences

Tonbo biosciences

BioLegend

RRID: AB_11155282

Cat# 15539-1-AP;
RRID: AB_2249769

Cat#ab16667;
RRID: AB_302459

Cat#14569880;
RRID: AB_10853185

Cat# 9661;
RRID: AB_2341188

Cat# ab16669;
RRID: AB_443425

Cat# F3777; RRID: AB_476977
Cat: # BSH-7459
Cat# ab196799

Cat# AF1177;
RRID:AB_2187173

Cat# A21206; RRID: AB_2535792
Cat# A21202; RRID: AB_141607
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Cat# S21374; RRID: AB_2336066
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AB_2722578
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AB_2739034
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Cat# 121435; RRID:
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Cat# 139314; RRID: AB_2563904

(Continued on next page)



Please cite this article in press as: Affo et al., Promotion of cholangiocarcinoma growth by diverse cancer-associated fibroblast subpopulations, Cancer
Cell (2021), https://doi.org/10.1016/j.ccell.2021.03.012

Cancer Cell

¢? CellPress

Continued

REAGENT or RESOURCE

SOURCE

IDENTIFIER

Rat Monoclonal APC Anti-Mouse F4/80 Antigen
(clone BM8.1)

Ghost Dye™ Red 780

Mouse Monoclonal BUV395 Anti-Mouse NK-1.1
Clone PK136

Mouse Monoclonal BUV496 Anti-Human CD3
Clone UCHT1

Rat Monoclonal BUV737 Anti-Mouse CD4,
clone RM4-5

Rat Monoclonal anti-FOXP3 (FJK-16s),
eFluor 450, eBioscience™

Mouse Monoclonal Brilliant Violet 510™
anti-human CD45, clone HI30

Armenian Hamster Monoclonal BV711
Anti-Mouse TCR B Chain, clone H57-597

Armenian Hamster Monoclonal BV786
Anti-Mouse CD69, clone H1.2F3

Rat Monoclonal PerCP-Cyanine5.5
anti-Mouse CD19, clone 1D3

Rat Monoclonal APC anti-Mouse CD8a
(53-6.7), clone 53-6.7

Rat Monoclonal anti-Mouse CD44, Alexa
Fluor®488, clone KM81

Rat IgG2a Isotype Control

Tonbo biosciences

Tonbo biosciences
BD Biosciences

BD Biosciences

BD Biosciences

ThermoFisher Scientific

BioLegend

BD Biosciences
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ThermoFisher Scientific
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Cat# 13-0865
Cat# 564144; RRID: AB_2738618
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Cat# 564933; RRID: AB_2732918

Cat# 48-5773-80; RRID: AB_1518813

Cat# 304036; RRID: AB_2561940

Cat# 563135; RRID: AB_2738023

Cat# 564683; RRID: AB_2738890

Cat# 65-0193; RRID: AB_2621887

Cat# 20-0081; RRID: AB_2621550

Cat# CL8944AF4

Cat# 02-9688; RRID: AB_2532970

Bacterial and virus strains

AAV.TBG.PI.Cre.rBG (AAVS)
PAAV.TBG.PI.Null.bGH (AAVS)

Addgene
Addgene

Cat: Addgene# 107787-AAV8
Cat: Addgene# 105536-AAV8

Biological samples

Human hilar cholangiocarcinoma Columbia University, IRB- AAAN7562
New York, NY
Human intrahepatic cholangiocarcinoma Columbia University, IRB- AAAN2452-M01Y06
tissue for RNA and IHC New York, NY
Human tissue microarrays University Hospital Ethic committee: PB_2018_00252
Zurich, CH
Chemicals, peptides, and recombinant proteins
Recombinant Mouse HGF Protein R&D Cat# 2207-HG
Recombinant Human HGF Protein R&D Cat# 294-HG
Recombinant Human Aggrecan aa20-675/His, biotin R&D CUSTOM-Protein
U-0126 ERK-inhibitor Cayman Chemical Cat# 70970
Hyaluronidase from bovine testes Type IV-S Millipore Sigma Cat# H4272
Hyaluronan (High MW) R&D Cat# GLR002
Hyaluronan (Medium MW) R&D Cat# GLR004
Hyaluronan (Low MW) R&D Cat# GLR001
Hyaluronic acid sodium salt from rooster comb Millipore Sigma Cat# H5388

HEALON® PRO OVD

Hyaluronic acid potassium salt - from Cockscomb
DMEM - Dulbecco’s Modified Eagle Medium
DMEM, high glucose, HEPES, no phenol red
Foundation Fetal Bovine Serum

Trypsin-EDTA (0.25%), phenol red

Gentamicin

Johnson and Johnson vision

Carbosynth
ThermoFisher Scientific
ThermoFisher Scientific
GeminiBio
ThermoFisher Scientific
ThermoFisher Scientific

Cat# 31799-91-4
Cat# 11965118
Cat# 21063029
Cat# 900-108
Cat# 25200056
Cat# 15710072
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Penicillin-Streptomycin-Glutamine ThermoFisher Scientific Cat# 10378016
Protease from Streptomyces griseus Type XIV Millipore Sigma Cat# P5147-5G
Collagenase D from Clostridium histolyticum Millipore Sigma Cat# 11088882001
DNase | grade Il, from bovine pancreas Millipore Sigma Cat: #10104159001
Gey’s Balanced Salt Solution Millipore Sigma Cat# G9779
Percoll pH 8.5-9.5 Millipore Sigma Cat# P4937
Collagenase A from Clostridium histolyticum Millipore Sigma Cat# 10103578001
RPMI 1640 ThermoFisher Scientific Cat# 11835030
Nycodenz Cosmobio Cat# 1002424
PhosSTOP Millipore Sigma Cat# 4906845001
cOmplete™, Mini Protease Inhibitor Cocktail Millipore Sigma Cat# 11836153001
Amersham™ Protran® Western blotting Millipore Sigma Cat# GE10600006
membranes, nitrocellulose

Restore™ Western Blot Stripping Buffer ThermoFisher Scientific Cat# 21059

RIPA buffer Fisher Scientific Cat# R3792
QuantaBIlu™ Fluorogenic Peroxidase Substrate Kit ThermoFisher Scientific Cat# 15169

TRIzol™ Reagent

Ganciclovir

Diphtheria Toxin from Corynebacterium diphtheriae
Poly (I:C)

SoftSubstrates plates, rigidity 2kPa, 16kPa, 64kPa

High binding BINDING 96 WELL PLATES, STERILE

ThermoFisher Scientific
Invivogen

Millipore Sigma

GE Healthcare
SoftSubstrates, MuWells

Greiner BIO-ONE

Cat# 15596018
Cat# sud-gcv
Cat# D0564
Cat# 27473201

Cat# 2kPa-6W; # 16kPa-6W;
# 64kPa-6W

Cat# 655077

Opal 520 Reagent Perkin Elmer Cat# FP1487001KT
Opal 690 Reagent Perkin Elmer Cat# FP1488001KT
Critical commercial assays

Proteome Profiler Human Phospho-Kinase Array Kit R&D Cat# ARY003B
RNeasy Micro Kit Qiagen Cat# 74004
Hyaluronan ELISA Duo set R&D Cat# DY3614
Mouse HGF DuoSet ELISA R&D Cat# DY2207

SuperSignal™ West Femto Maximum
Sensitivity Substrate

Vectastatin Elite ABC-HRP kit

DAB Peroxidase (HRP) Substrate Kit

(with Nickel), 3,3’-diaminobenzidine

BrdU Cell Proliferation Kit

Quant-iT PicoGreen dsDNA Assay Kit

Multi Tissue Dissociation Kit 1

Chromium Single Cell 3’ Reagent Kits v2
Chromium Single Cell 3' Reagent Kits v3
RNAscope® Multiplex Fluorescent Reagent Kit v2

ThermoFisher Scientific

Vector Laboratories

Vector Laboratories

Millipore Sigma
ThermoFisher Scientific
Miltenyi Biotec

10x Genomics

10x Genomics

Advanced Cell Diagnostic

Cat# 32106

Cat# PK-6100;
RRID: AB_2336819

Cat# SK-4100;
RRID: AB_2336382

Cat# 2752

Cat# P11496
Cat# 130-110-201
Cat# PN-120237
Cat# PN-1000268
Cat# 323100

Deposited data

Bulk RNA-seq data

scRNA-seq data

Mendeley data

Human intrahepatic cholangiocarcinoma

Human intrahepatic cholangiocarcinoma
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This paper

This paper

This paper

Zhang et al., 2020
PMID: 32505533

Ma et al., 2019.
PMID: 31588021

GEO: GSE154170
GEO: GSE154170
https://doi.org/10.17632/3982j75df7.1
GEO: GSE142784

GEO: GSE125449
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Human intrahepatic cholangiocarcinoma Sia et al., 2013. GEO: GSE32225

microarray

Mouse model of pancreatic ductal
adenocarcinoma

PMID: 23295441

Hosein et al., 2019.
PMID: 31335328

GEO: GSE125588

Experimental models: cell lines

Human: HuCCT-1
Human: MzChA-1
Mouse: SB1

Mouse: CGKP19

From Dr. Gregory Gores
From Dr. Gregory Gores
From Dr. Gregory Gores

This paper

RRID: CVCL_0324
RRID: CVCL_6932

Rizvi et al., 2018a.
PMID: 29464042

N/A

Experimental models: organisms/strains

Mouse: C57BL/6J, TdTomato Ai14 reporter
Mouse: Rosa26-iDTR (iDTR)

Mouse: Mx1-Cre

Mouse: Rag2 KO

Mouse: Ddr1'™2
Mouse: Col1a1-GFP reporter
Mouse: Lrat-Cre

Mouse: aSMA-TK

Mouse: Col1a1 I

Mouse: Hgf "/

Mouse: Lrat-Cre Has2 V1

Mouse: aSMA-HAS2Tg

Mouse: Met V!

Mouse: Cd44
Mouse: RelA 1

Jackson Laboratory
Jackson Laboratory
Jackson Laboratory
Jackson Laboratory

Infrafrontier/EMMA
From Dr. David Brenner

Mederacke et al., 2013.
PMID: 24264436

From Dr. Raghu Kalluri

From Dr. Matthias Mack;
Buchtler et al., 2018. PMID:
29777019

From Dr. GK. Michalopoulos;
Phaneuf et al., 2004. PMID:
15383179

From Dr. Ekihiro Seki,
Yang et al., 2019. PMID:
31189722

From Dr. Ekihiro Seki,
Yang et al., 2019. PMID:
31189722

From Dr. GK. Michalopoulos;
Huh et al., 2004. PMID:
15070743

From Dr. Ellen Puré

From Dr. Roland M. Schmid;

Algul et al., 2007.PMID:
17525802

Cat# JAX:007914; RRID: IMSR_JAX:007914
Cat# JAX:007900; RRID: IMSR_JAX:007900
Cat# JAX:003556; RRID: IMSR_JAX:003556

Cat# JAX:008449; RRID: IMSR_JAX:008449
Cat# EM:09692; RRID: IMSR_EM:09692
MGI: 4458034

N/A

Cat# JAX:031155; RRID: IMSR_JAX:031155
N/A

N/A

N/A

N/A

N/A

N/A
N/A
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PMID: 30429548

The R Project for Statistical
Computing

Python Software Foundation
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GraphPad Software

Image J

N/A
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Northern Ireland

Leica

https://support.10xgenomics.com/
single-cell-gene-expression/software/
downloads/latest

https://scanpy.readthedocs.io/
en/stable
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Other

gentleMACS Octo Dissociator

NovaSeq 6000 Sequencing System
Nano-Zoomer Digital Pathology scanner
Slide scanner

Bioanalyzer 2100

Miltenyi Biotec
lllumina
Hamamatsu, Japan
Leica

Agilent Technologies
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Cat# SCN400
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents used in this study should be directed to the lead contact and corre-

sponding author, Robert F. Schwabe (rfs2102@cumc.columbia.edu).

Materials availability

The materials used in this study are listed in the Key resources table. Materials generated in our laboratory are available upon request.

Data and code availability

The RNA-seq and sc-RNA-seq data reported in this study have been deposited in the Gene Expression Omnibus database (GEO)
under the accession number GEO: GSE154170. Original data have been deposited to Mendeley Data: https://doi.org/10.17632/
3982j75df7.1. A previously published cohort of clinically annotated intrahepatic cholangiocarcinoma (Sia et al., 2013) of 119 patients
(GEO: GSE32225) was used to determine the association between panCAF and myCAF gene expression signatures and survival and
other clinical parameters. The human ICC sc-RNA-seq data analysis were based on the Zhang et al., 2020, GEO: GSE142784 and the
Maetal., 2019, GEO: GSE125449. To identify the ontogeny of CAF in PDAC, we analyzed scRNA-seq data from KPC-induced mouse
PDAC, using the Hosein et al., 2019, GEO: GSE125588.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Human specimens

Fresh surgical tissue for single cell RNA-sequencing was obtained from a hilar, mainly extrahepatic cholangiocarcinoma with invasion
of liver, gallbladder and periductal tissue cholangiocarcinoma patient (n=1) undergoing surgical resection at Columbia University
Irving Medical Center. Written informed consent was obtained from the patient at study entry and the study was approved by
Columbia University Medical Center Institutional Review Board (IRB) (protocol number: IRB- AAAN7562). Frozen tissues and paraffin
slides from paired tumor and non-tumor intrahepatic cholangiocarcinoma cases were used to extract RNA and perform IHC, respec-
tively. Written informed consent was obtained from each patient at the time of recruitment and samples were collected under the
supervision of the Columbia University Medical Center Institutional Review Board (Protocol Number: IRB- AAAN2452-M01Y06).
Patient records were anonymized and de-identified. Studies were conducted in accordance with National Institutes of Health and
institutional guidelines for human subject research. Two tissue microarrays (TMA) were constructed from formalin-fixed and
paraffin-embedded tumor tissues of 19 intrahepatic cholangiocarcinoma (ICC), 59 extrahepatic cholangiocarcinoma (ECC), 39
gallbladder carcinoma (GBC) and 20 normal liver tissues at Department of Pathology and Molecular Pathology, University Hospital
Zurich as previously described (Kononen et al., 1998; Riener et al., 2010). GBC samples were not analyzed in the current study.
Clinicopathological features have been previously described (Riener et al., 2010) and the study was approved by the local ethics
committee (PB_2018_00252).

Mice

All animal care and experimental procedures were performed in accordance with the “Guide for the Care and Use of Laboratory
Animals” of the National Institutes of Health and were approved by Columbia University Institutional Animal Care and Use Commit-
tee. Male mice, aged 6-8 weeks old (unless otherwise specified) were used for the experiments. All mice were housed in a specific
pathogen-free facility, in microisolators in ventilated racks, and fed a regular chow diet. C57BL/6J, TdTomato Ai14 reporter (lox-stop-
lox) (TdTom), Rosa26-iDTR (lox-stop-lox-Hbegf Cre-inducible diphtheria toxin receptor) transgenic mice (iDTR), Rag2 KO and Mx1-
Cre mice were obtained from the Jackson Laboratory. Ddr1™'@ mice were obtained from Infrafrontier. Col1a7-GFP reporter mice
(Krempen et al., 1999) and Lrat-Cre mice (Mederacke et al., 2013) were previously described and at least five time backcrossed
to C57BI/6. For HSC-selective deletion of Col1a1, Hgf, Has2 and RelA, Lrat-Cre mice were crossed with mice carrying floxed alleles
of Col1a1 (Buchtler et al., 2018), Hgf (Phaneuf et al., 2004), Has2 (Matsumoto et al., 2009) and RelA (Algul et al., 2007). For genetic
HSC depletion, Lrat-Cre* iDTR* TdTom or LratCre* iDTR™ TdTom controls were injected with diphtheria toxin (Sigma, i.p. 0.5 ug/kg)
as indicated. For depletion of a-SMA* CAF, mice expressing aSMA-driven thymidine kinase (:SMA-TK) (Ozdemir et al., 2014), kindly
provided by Raghu Kalluri and at least five time backcrossed to C57BI/6, were injected with ganciclovir (InvivoGen,10 mg/kg) as indi-
cated. For HAS2 overexpression in a-SMA* HSC, aSMA-HAS2Tg mice (Yang et al., 2019) were used. Mx7-Cre activation for the dele-
tion of Col1a1 was induced by 3 i.p. injections of poly(l:C) (10mg/kg; GE Healthcare), given every other day before or after tumor in-
duction, as specified in the figure legend. To generate mice with Ddr7 conditional potential, Ddr1™'? mice were bred with mice
expressing Ella-driven flippase. For deletion of Ddr1, Met (Huh et al., 2004), and Cd44 (kindly provided by Puré E.), four week old
mice were infected with an AAV8-TBG-Cre (1x10"" genome copies i.v.) as described (Mu et al., 2016).

Cell lines

Human intrahepatic cholangiocarcinoma cell line HuCCT-1, cholangiocarcinoma cell line MzChA-1, and mouse SB1 intrahepatic
cholangiocarcinoma cell line (Rizvi et al., 2018a) were a kind gift from Dr. Gregory Gores. Cells, including the CGKP19 cell line
that we generated and described in method details , were cultured in DMEM with 10% FBS and antibiotics.

METHOD DETAILS

Liver fibrosis mouse models

Biliary liver fibrosis was induced in eight-weeks-old mice subjected to ligation of the common bile duct (BDL) as previously described
(Pradere et al., 2013). Mice were euthanized 14 days after the surgery. As a second model of well-established cholestatic liver
fibrosis, mice were treated with diet containing 0.1% 3,5-diethoxycarbonyl-1,4-dihydrocollidine (DDC) for three weeks (Caviglia
et al., 2018).

Plasmids and cholangiocarcinoma mouse models

Sleeping beauty transposase SB13, pCaggs-KRAS®'2P (human) transposon plasmid and CRISPR/Cas9 sg-p19 (pX330-sg-p19)
were provided by L. Zender, University of Tubingen, Germany. pT3-EF1a-HA-myr-Akt (mouse), pT3-EF1a-YAPS127A (human),
pT3-EF1a-HA-FBXW7AF (human), pT3-EF1«-NICD1 (mouse) were previously described (Fan et al., 2012; Wang et al., 2018,
2019). A tumor-selective GFP reporter plasmid was constructed using the CK19 promoter to drive GFP expression (pT3-CK19-
GFP). The NICD1/AKT, YAP/AKT and FBXW7AF/AKT ICC models have been previously described (Wang et al., 2018, 2019). For in-
duction of ICC, plasmids were injected into six to seven weeks old mice by hydrodynamic tail vein injection (HDTV) at 20 ng:5 pg ratio
of transposon to transposase-encoding plasmid (YAP/AKT, NICD/AKT and FBXW7AF/AKT models) or 25 ng:5 pg ratio of transposon
to transposase-encoding plasmid and 10ug CRISPR/Cas9 sgRNA-p19 plasmid (KRAS/p19 model).

Cancer Cell 39, 1-17.e1-e11, June 14, 2021 €6




Please cite this article in press as: Affo et al., Promotion of cholangiocarcinoma growth by diverse cancer-associated fibroblast subpopulations, Cancer
Cell (2021), https://doi.org/10.1016/j.ccell.2021.03.012

¢ CellPress Cancer Cell

Generation of a cholangiocarcinoma cell line

Mice were injected by hydrodynamic tail vein injection with KRAS®72P and CRISPR/Cas9 sg-p19 together with 40 pg of pT3-CK19-
GFP plasmid. For tumor cell isolation, mouse livers were perfused six weeks later through the inferior vena cava as described (Me-
deracke et al., 2015), using increased concentrations of collagenase. Tumors were separated, mechanically dissociated and further
digested with trypsin-EDTA (Gibco) and DNase (Roche) and sorted for GFP by flow cytometry using a BD Aria Il Cell Sorter. Cells were
named CGKP19 and were grown in DMEM supplemented with antibiotics and 10%FBS. Their ability to give rise to CCA in vivo was
confirmed by injecting 1x10° cells subcutaneously in the left flank or in the spleen of C57BL/6J mice. CK19 expression was
confirmed by Western blot and IHC.

Cell culture

To determine cell proliferation, 5 x 10* cells were plated in 12 well plates in growth media for 24 hr and after overnight starvation, were
treated with recombinant human or recombinant mouse HGF 25 ng/mL (R&D) or vehicle in presence or absence of U-0126 ERK-in-
hibitor (Cayman Chemical) (5 pM) as specified in each figure legend. After 48 hr treatment, cells were fixed with 4% PFA and stained
with HOECHST (ThermoFischer Scientific) 1:10,000 in PBS, visualized with Olympus IX71S1F-3 microscope and counted using Fiji
Software. Proteome Profiler Human Phospho-Kinase Array Kit (R&D) was used to determine the phosphorylation of multiple kinases
in human HUCCT-1 and in mouse CGKP19 cell lines after 10 min incubation with HGF at 25 ng/mL, accordingly to manufacturer’s
instructions. Quant-iT PicoGreen dsDNA Assay Kit (ThermoFisher Scientific) was used to measure proliferation assessed as the
amount of double-stranded DNA (dsDNA) accordingly to the manufacturer’s instructions, in HUCCT-1 plated on 2kPa, 16 kPa and
64 kPa plates (SoftSubstrates, MuWells) for 72 hr. BrdU cell proliferation assay was assessed as previously described with some
modifications (Yang et al., 2019). Briefly, primary HSCs isolated from wild type or aSMA-HAS2Tg mice were cultured for 7 days
and then supernatants were collected. Tumor cells, starved overnight in 0.1% FBS medium, were treated with the HSC conditioned
medium (HSC-CM) for 20 to 36 hr. The BrdU was added to culture medium and incubated for additional 5 to 24 hr. BrdU incorporation
was assessed according to manufacturer’s instruction (Millipore Sigma). For the hyaluronidase treatment, supernatants from HSC
culture were incubated with hyaluronidase (Sigma) with a final concentration 100 U/mL for 1hr at 37°C. Hyaluronic acid concentration
was measured by using Hyaluronan ELISA Duo set according to manufacturer’s instruction (R&D systems). For CD44 blocking ex-
periments, tumor cells were treated with anti-mouse CD44 antibody (Cedarlane, clone:KM-81) with a final concentration 0.2 ng/mL
for 1 hr, and then treated with HSC-CM. Rat IgG2a (ThermoFischer Scientific) was used as control. For HA treatment, tumor cells
were cultured with DMEM supplemented with 10%FBS and antibiotics for 24 hr. After starvation, cells were treated with hyaluronan
low molecular weight (R&D), hyaluronan medium molecular weight (R&D), hyaluronan high molecular weight (R&D), HA Potasium salt
from cockscomb (Carbosynth), HEALON PRO OVD (Johnson and Johnson Vision) and hyaluronic acid sodium salt from rooster comb
100 pg/mL (Millipore Sigma) all at 100 ng/mL. After 36hr, the BrdU was added to culture medium and the cells were incubated for
additional 3 hr. BrdU incorporation was assessed according to manufacturer’s instruction (Millipore Sigma).

HSC and CAF isolation

Mouse HSC were isolated by in situ liver perfusion as described (Mederacke et al., 2015; Pradere et al., 2013), the cells were further
purified by FACS using endogenous retinoid fluorescence (Mederacke et al., 2015) or by Lrat-Cre-induced TdTomato fluorescence.
CAFs from Lrat-Cre* TdTom Col1a7-GFP* mice were isolated following above tumor cell isolation protocol with some modifications.
Before FACS sorting, cells were subjected to a separation gradient using Nycodenz 34%. CAF were sorted for GFP; HSC-derived
CAFs were sorted by GFP and TdTomato double-positive signal, on a BD Aria Il Cell Sorter, followed by RNA sequencing or scRNA
sequencing.

Immune cell isolation and flow cytometry

Myeloid and lymphoid subsets were isolated from the tumors and quantitatively analyzed as previously described (Chowdhury et al.,
2019) with some modifications. Briefly, after mechanical homogenization, the tumors were digested with collagenase A (1 mg mL—1;
Roche) and DNase | (0.5 png mL—1; Roche) in isolation buffer (RPMI 1640 supplemented with 5% FBS, 1% L-glutamine, 1%
penicillin—streptomycin and 10 mM HEPES) for 45 min shaking (150 rpm) at 37°C. Cells were filtered through 100 um cell strainers,
washed in isolation buffer and stained. Myeloid cells were stained immediately, and lymphoid subset underwent a separation
gradient using Percoll (67 %, 40%), followed by staining. Dead cells were excluded by staining with Ghost Dye cell viability reagent.
Extracellular antibodies included: anti-B220 (BD) (1:200), anti-CD19 (Tonbo) (1:200), anti-CD45 (BD and Biolegend) (1:400), anti-CD4
(BD) (1:400), anti-CD8 (Tonbo) (1:400), anti-NK1.1 (BD) (1:300), anti-CD11b (BD) (1:500), anti-CD11c¢ (BD) (1:200), anti-F4/80 (Tonbo)
(1:500), and anti-MHC class Il (Tonbo) (1:400) antibodies. Intracellular antibodies included: anti-CD3e (BD) (1:400), anti-TCRp (BD)
(1:300) and anti-FOXP3 (Thermo) (1:300). Cells were fixed using the FOXP3/transcription factor staining buffer set (Tonbo) according
to the manufacturer’s protocol. Samples were analyzed using a BD LSRFortessa cell analyzer.

Rheometry

Tumor samples were cut from livers using a stainless-steel punch when >8mm, and cylindrical samples were cut manually
when <8mm and the diameter was determined from optical images. Parallel plate shear rheometry was carried out using a Kinexus
rheometer (Malvern Panalytical, Westborough, MA). Samples were attached to the top and bottom plates with fibrin glue made by
mixing 10 pL of 5 mg/mL salmon fibrinogen and 10 pL of 150 U/ml salmon thrombin (Sea Run Holdings, Freeport, ME) for each side of
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the sample. The upper plate (8 mm diameter) was lowered until contact was made as determined by the application of 400 Pa normal
stress, and the sample was allowed to sit for 5 min to ensure attachment to the metal plates. Shear storage modulus G/, loss modulus
G”, and normal force were measured by applying a low oscillatory shear strain of 2% at a frequency of 1 rad/s at room temperature.
Simultaneously, samples were subjected to small stepwise axial strains in tension (0, 10, and 20%) followed by compression
(—10, —15, —20, and —25%), between which the samples were allowed to relax for 2 min. Samples were kept hydrated during ex-
periments with PBS. The equilibrium G’ and G” after 2 min of relaxation were plotted against axial strain.

Immunoblotting

Whole-cell and tissue extracts were prepared using RIPA buffer containing PhosSTOP phosphatase inhibitor (Roche) and cOmplete
protease inhibitor (Roche). Proteins were subjected to 10% SDS-PAGE and blotted on a nitrocellulose membrane (Sigma) with a
semi-dry blot system (BioRad). Membranes were incubated with the following primary antibodies: p-ERK1/2 (1:2000, Cell Signaling,
#4370), ERK1/2 (1:1000, Cell Signaling, #4695), p-AKT (1:2000, Cell Signaling, #4060), AKT (1:1000 Cell Signaling, #9272), YAP/TAZ
(1:1000, Cell Signaling, #8418), DDR1 (1:1000, Cell Signaling, #5583) followed by incubation with horseradish peroxidase-conjugated
secondary antibody against rabbit IgG (1:5000, Santa Cruz, #sc-2004). GAPDH (1:15,000, Sigma, #G9295) was used as loading con-
trol. Blots were visualized using SuperSignal West Femto Maximum Sensitivity Substrate (ThermoFisher Scientific) and bands were
quantified with ImagedJ software. If necessary, stripping was performed with Restore Western Blot Stripping Buffer (ThermoFisher
Scientific).

Enzyme-linked immunosorbant assay

CAFs from Lrat-Cre* LSL-TdTom Col1a1-GFP* mice were isolated following the above CAF isolation protocol from YAP/AKT and
KRAS/p19-induced ICC models. iCAF were sorted by GFP'°" and TdTomato double-positive signal, and myCAF were sorted by
GFP"9" and TdTomato double-positive signal on a BD Aria Il Cell Sorter and were quickly plated in a high binding 96-well plate
(Greiner Bio-one) in white DMEM supplemented with 10% FBS and antibiotics. 24 hours later the supernatants were collected
and used to perform the Mouse HGF DuoSet ELISA (R&D) following the manual’s instructions. To increase the sensitivity, we
used the QuantaBlu Fluorogenic Peroxidase Substrate Kit (ThermoFisher Scientific) to detect the signal. The SpectraMax iD3
(Molecular Devices) microplate reader was used to detect the signal and read the results.

Immunohistochemistry and immunofluorescence

Paraffin-embedded or frozen liver sections 5-um thickness, were incubated with the following primary antibodies: CK19 (1:500,
Abcam), CK7 (1:2000, ThermoFisher), Ki67 (1:100, Abcam and 1:100 e-Biosciences), cleaved caspase-3 (1:200, Cell Signaling),
CD83 (1:200, Abcam), p-ERK1/2 (1:300, Cell Signaling), «-SMA (1:250, Sigma), SERPINF1 (1:200, NovusBio), RGS5 (1:50 Abcam).
For detection of hyaluronic acid in liver sections and TMAs, HABP recombinant protein (rhAggrecan aa20-675/His, biotinylated,
R&D Systems) was used at a concentration of 4 ug/mL, as previously described (Yang et al., 2019). Detection was performed using
either the Vectastatin Elite ABC-HRP kit (Vector Laboratories) with DAB Peroxidase Substrate kit (Vector Laboratories) or a fluores-
cent secondary antibody with various fluorescent conjugates (donkey anti-rabbit Alexa Fluor 488, 1:500, Life Technologies; donkey
anti-mouse Alexa Fluor 488, 1:500, Life Technologies) with streptavidin signal amplification (Alexa Fluor 594/647, 1:500, Life Tech-
nologies), followed by counterstaining with either hematoxylin or DAPI (Thermo Fisher Scientific). IHC for smooth muscle actin (1:350,
Nordic Biosite) in the TMAs, was performed using the conventional Ventana BenchMark platform (Roche) and OptiView DAB kit for
secondary antibody and color development (760-700, Roche). Non-fluorescence image acquisition was performed with a Leica
SCNA400 slide scanner or Olympus IX71S1F-3 microscope coupled to a Qlmaging Retiga camera. Quantification of DAB positive
area was performed using the LEICA Digital Image Hub 4.0 image server. Fluorescence images were captured at 10x, 20x or 40x
magnification using Olympus |x71S1F-3 microscope or Nikon A1 confocal laser microscope (Nikon Instruments). Images were
analyzed using Fiji ImageJ and Adobe Photoshop. Col71a7-GFP and RGS5, HA and RGS5, SERPINF1 and RGS5 costainings were
quantified by measuring the stained area for each antibody in a specific cell; counting was evaluated in n =20 + 5 cells for each tumor
(n = 3) and the cells were categorized into high and low using the median as cut-off and the ratio was determined.

RNAscope

Frozen liver sections 10-um thickness from two different cholangiocarcinoma mouse models (YAP/AKT and KRAS/p19) were ob-
tained from Lrat-Cre LSL-TdTomato mice and were imaged with RNAscope. The RNAscope Multiplex Fluorescent Reagent Kit v2
including RNAscope Multiplex Fluorescent Detection Kit (PN 323110), RNAscope H202 and Protease Reagents (PN 322381) and
RNAscope Target Retrieval reagents (322000), RNAscope Wash Buffer (PN 310091), the pretreatment TSA buffer (322809), and
detection reagents for manual amplification from Advanced Cell Diagnostic were used to spatially detect via in situ hybridization
Hgf and Has2 using the RNAscope Probe-Mm-Hgf-C3 (ACD; Cat No. 315631-C3) and the RNAscope Probe-Mm-Has2-C2 (ACD;
Cat No. 465171-C2) specific probes respectively, following the RNAscope Multiplex Fluorescent v2 Assay Protocol, optimized for
fixed-frozen samples. Chromogenic detection was performed using a horseradish peroxidase (HPR) construct specific to each
gene-dedicated imaging channel and a fluorescent Opal reagent. Has2 was stained with Opal 520 Reagent (PerkinElmer,
FP1487001KT), and Hgf was stained with Opal 690 Reagent (PerkinElmer, FP1488001KT). Each Opal reagent dye was diluted
1:1500 in RNAscope Multiplex TSA Buffer. Nuclei were stained with DAPI (4',6-diamidino-2-phenylindole) and coverslips were
mounted over slides in Fluoro-Gel (EMS; 17,985-10) and imaged by a Nikon A1 confocal laser microscope (Nikon Instruments).
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Images were analyzed using Fiji Imaged. For each model (YAP/AKT and KRAS/p19) 5 tumors were evaluated. The Hgf and Has2
stained area in a specific cell was evaluated in n = 20 + 8 cells for each tumor and the cells were categorized into high and low
gene expression using the median ratio as cut-off.

Fibrosis quantification

Hepatic fibrosis was determined by picrosirius red staining as previously described (Pradere et al., 2013). Pictures for quantification
of picrosirius red staining were taken in a minimum 5 low-power fields/mouse using a polarized light filter and quantified by Adobe
Photoshop software.

RNA isolation and qPCR

Total RNA was isolated from cells and liver tissue by column purification and on column DNAse treatment (Roche Diagnostics).
Following reverse transcription using High Capacity cDNA Reverse Transcription Kits (Applied Biosystems), mRNA levels were deter-
mined by quantitative real-time PCR on Applied Biosystems QuantStudio 5 Real-Time PCR System, using PerfeCTa gPCR FastMix
(Quanta) and ABI Tagman primer-probes. All gPCRs were quantified using relative standard curves and normalized to expression
of 18s.

Bulk RNA sequencing

RNA was extracted using the RNeasy Micro or Mini Kit (Qiagen) with on-column DNAse digestion accordingly to manufacturer in-
structions. RNA (RNA integrity number [RIN] >8, as determined by Bioanalyzer 2100, Agilent Technologies) was used to construct
libraries using lllumina TruSeq RNA Preparation Kit according to the manufacturer’s instructions. 20M paired-end 100bp sequencing
was performed using the lllumina NovaSeq 6000 at Columbia Genome Center. RTA (lllumina) was used for base calling and
bcl2fastg2 (version 2.19) for converting BCL to fastq format, coupled with adaptor trimming. A pseudoalignment to a kallisto index
was created from transcriptomes (Human: GRCh38; Mouse: GRCm38) using kallisto (0.44.0). Differentially expressed genes were
tested using DESeq2. Normalization was done internally using DESeq2’s specialized algorithm and normalization to compare across
samples, was performed using the TPM (transcripts per million) method. All heatmaps were generated using the ComplexHeatmap
R/bioconductor package v2.4.2 (Gu, Z. (2016). Complex heatmaps reveal patterns and correlations in multidimensional genomic
data. The functional enrichment analysis was performed using g:Profiler (version e99_eg46_p14_f929183) with g_SCS multiple
testing correction method applying significance threshold of 0.05 (Raudvere et al., 2019; Reimand et al., 2019).

Single cell RNA-sequencing

CAF-enriched but diverse cell populations from KRAS/p19-and YAP/AKT-induced ICC tumor specimens were obtained following
isolation protocol described above for CAF from Lrat-Cre* LSL-TdTomato Col1a1-GFP* mice. For n = 2 YAP/AKT ICC samples
(YAP/AKT ICC1 and YAP/AKT ICC3), cells were sorted for Col1a1-driven GFP. To obtain CAF-enriched samples containing multiple
cell populations for a more detailed CellPhoneDB analysis, we combined Col7a7-GFP* cells (70%) from n = 1 YAP/AKT (YAP/AKT
ICC2) and n = 1 KRAS/p19 ICC sample with the respective unpurified cell suspension (30%) after sorting on a BD Aria Il Cell Sorter.
Tumor specimen from above described CCA patient was freshly dissociated, minced to 2-4 mm sized pieces and subsequently
digested to single cell suspension using Multi Tissue Human Tumor Dissociation Kit 1 (Miltenyi Biotec) and a gentleMACS
OctoDissociator (Miltenyi Biotec) according to the manufacturer’s instructions. The dissociated sample was processed for scRNA
sequencing and this sample is referred as “human CCA” in the manuscript. Previously published scRNA sequencing datasets of
human ICC samples (Ma et al., 2019; Zhang et al., 2020) were included. These datasets included as analysis are in total 6 human
ICC samples, but one sample (GSE142784/GSM4240156_ICC32S = Human ICC4) contained an insufficient number of tumor cells
for CellPhoneDB analysis. Specifically, sample ICC4 (GSM4240156_ICC32S - humanlCC_S2D2) yielded 5661 cells in the raw counts
data and 4892 cells after QC filtering with mitochondrial gene cut-off of 50% and UMI count threshold of 40,000, which was one
magnitude higher than the 498 cells reported to be analyzed by Zhang et. Al, who used a very stringent mitochondrial gene cut-
off. The slightly lower quality of this sample may have contributed to some minor discrepancies with other samples from our analysis.
Samples and the associated downstream analyses are summarized in Table S1. Among these GSE142784/GSM4240155_ICC24S
(Human ICC1) and GSE142784/GSM4240156_ICC32S (Human ICC4), were CAF-enriched samples, all others were non-enriched
samples. From Zhang et al. (GSE138709 = Human ICC2), 5 tumors (GSM4116580, GSM4116581, GSM4116583, GSM4116584,
GSM4116585) from 4 different patients were merged using “MergeSeurat” function in Seurat v2.4 (Stuart et al., 2019) and the
raw counts were used for further analysis described in the methods. From these, only GSM4116585 (Human ICC2-1),
GSM4116584 (Human ICC2-2) and GSM4116583 (Human ICC2-3) were included to investigate HSC-CAF/PF-CAF, iCAF/myCAF/
mesCAF percentages and analyze ligand-receptor interactions by CellphoneDB as other samples did not have enough CAF for these
analyses. From Ma et al. (GSE125449 Set1 = Human ICC3), we extracted raw counts of 6 ICC patients: S11_P06_LCP29,
S09_P04_LCP25, S08_P03_LCP26, S12_P07_LCP30, S20_P12_LCP35, S19_P11_LCP39. Only human S11_P06_LCP29 (Human
ICC3-1) was included to investigate HSC-CAF/PF-CAF, iCAF/myCAF/mesCAF percentages and analyze ligand-receptor interac-
tions by CellphoneDB as other samples did not have enough CAF for these analyses.
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Single cell RNA-sequencing analysis

Mouse and human tumor specimens were processed as previously described and freshly isolated cells were counted on Countess ||
automated cell counter (ThermoFisher) and were loaded on a 10x Chromium instrument (10x Genomics). Single-cell RNA-seq
libraries were prepared using the Chromium Single Cell 3’ v2 or v3 Reagent Kit (10x Genomics) according to manufacturer’s instruc-
tions. 12 cycles of cDNA amplification and 12 cycles of library amplification were performed, and samples were sequenced on an
lllumina NovaSeq 6000 Sequencing System at the JP Sulzberger Columbia Genome Center. 10x Genomics Cellranger pipeline
was used to process the data (YAP/AKT v2.1.1(ICC1), v4.0.0 (ICC2 and ICC3); KRAS/p19 and human ICCs and hilar CCA v3.1.0).
BCL files were demultiplexed with 10x Cell Ranger’s mkfastqg command and analysis and alignment were performed using Cell Rang-
er’'s count command with Cell Ranger’s reference mm10. Single-cell count matrices were loaded into scanpy AnnData objects
(scanpy v1.4.6) and ribosomal protein genes were removed. We analyzed QC metrics (total number of counts, number of genes de-
tected, percentage of mitochondrial RNA) to identify and remove outliers in the distribution of cells (llicic et al., 2016). Each cell was
normalized using pool-derived size factors (Lun et al., 2016) and each normalized matrix was then log-transformed. Principal compo-
nent analysis was performed on the resulting matrices (scanpy v1.4.6). To identify significant principal components, we exploited
Random Matrix Theory methodologies through the randomly algorithm (Aparicio et al., 2020). We applied UMAP (Mclnnes and Healy,
2018) to visualize the distribution of cells in the projection of the significant principal components. UMAPs were used to show the
normalized expression levels of indicated signatures and genes. To identify cell sub-populations, we chose the Louvain algorithm
for community detection (Blondel et al., 2008) with different values for the resolution parameter, comparing the average Silhouette
score across all cells for each clustering (Rousseeuw, 1987). Differentially expressed genes were computed using the Wilcoxon
Rank-Sum test (as implemented in scanpy), and we labeled the different populations using the genes differentially up-regulated in
each population. Cell populations including CAF, hepatocytes, T and B lymphocytes, dendritic cells, endothelial cells, myeloid cells,
monocytes and neutrophils, were identified using specific markers genes (Table S2) and confirmed by PanglaoDB (Franzen et al.,
2019). Mouse scores for panCAF and CAF subpopulation signatures were computed as previously defined (Elyada et al., 2019). Clus-
ters having at least 49% of cells with positive pan-CAF score were considered further for analysis of CAF subtypes (mouse ICC pan-
CAF signature: Col1a1, Col1a2, Col3a1, C1s1, Acta2, C1ra, Serpinf1, Pdgfrb, Col12a1). HSC-CAF and PF-CAF scores were calcu-
lated using the HSC and PF signatures in Table S2 and HSC-CAF, PF-CAF and other-CAF percentages of total pan-CAF were
calculated for each sample. Some murine and human cells with the HSC-CAF cluster also expressed Myh11 and Actg2, vascular
smooth muscle cell markers (Figure STH), but they were positive for the HSC signature and were considered HSC (Table S2) since
they did not cluster distinctly from HSC, suggesting that these cells represent an HSC-CAF subtype rather than an own entity.
Another population sharing endothelial and HSC markers (emHSC) was found in mice from YAP/AKT-induced ICC, and was analyzed
as a distinct cell population (Table S2); this population was negative for the panCAF score. Within panCAF, CAF subpopulation score
distributions were analyzed, and a CAF subpopulation label was assigned to each cell if the corresponding score was higher than
0.125 (higher than 0 to reduce the number of cells with multiple labels). Afterward, we sorted all cells into three sets: i) single-CAF
(cells with a single label), i) multi-CAF (cells with more than one label), iii) other-CAF (cells with no label). A new signature for different
CAF subpopulations was computed on single-CAF for each sample by selecting differentially expressed genes between the different
subpopulations (g < 0.05, log-FC > 1). Only single-CAF within each sample were considered in the previous step and 3 different pop-
ulations were identified and named as iCAF, myCAF and mesCAF accordingly to their DGE and pathways enrichment (described in
Results and Tables S4 and S5). To produce a single-CAF consensus signature for each different CAF subpopulation, the genes differ-
entially expressed for each population were refined by keeping only i) genes present in both YAP/AKT ICC1 and KRAS/p19 samples
signatures, and ii) genes that after step (i) were mutually exclusive between CAF subpopulations (iCAF, myCAF and mesCAF mouse
signatures are displayed in Table S2). The inter-sample set of CAF subpopulations signatures (consensus signature) was then reap-
plied to panCAF of both samples, and the refined number of cells (and percentage) of the different labeled subpopulations was
computed. In human ICC dataset, PDAC-defined CAF signatures (Elyada et al., 2019) and the mouse ICC CAF signatures were
used to define the cell clusters corresponding to panCAF and CAF subpopulations iCAF, myCAF and mesCAF. The panCAF human
signature was computed by obtaining the differentially expressed genes (q < 0.05, log-FC > 1) in panCAF cluster compared to all
other cell types and manually selecting genes with panCAF specific expression (human panCAF signature: COL1A1, COL1A2,
COL3A1, C1S, ACTA2, C1R, SERPINF1, PDGFRB). HSC-CAF and PF-CAF clusters were determined from the HSC and PF signa-
turesin Table S2 as described previously in mouse. The CAF subpopulations iCAF, myCAF and mesCAF clusters obtained were inde-
pendently validated by their differential gene expression and GO enrichment analysis. iCAF, myCAF and mesCAF signatures were
computed by obtaining the differentially expressed genes (g < 0.05 and log-FC > 1 or top 20 genes) in the respective CAF subpop-
ulation cluster compared to the rest of panCAF (human signature in Table S2). These panCAF and CAF subpopulation signatures
were then reapplied to all human ICCs and CCA samples to obtain and quantify CAF populations as mentioned previously in mouse.
The CAF subpopulation score threshold was selected to minimize the number of cells with multiple labels. The violins showing the
signature scores were computed for each cells the difference between average expression of gene signature with average expres-
sion of a set of randomly selected genes. The width of each violin plot indicates the kernel density of the expression values.

Global stellate cell and PF signatures

To identify the ontogeny of CAF in PDAC, we analyzed scRNA-seq data from KPC-induced mouse PDAC, using the ‘early KIC’
sample from GEO: GSE125588 (Hosein et al., 2019). To determine a gene signature that could identify both HSC PSC-derived
CAF, we determined the top 100 differentially expressed genes between HSC-CAF and PF-CAF in KRAS/p19-induced ICC and
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YAP/AKT-induced ICC1, as well as between the fibroblast populations identified as “1* and “2” (strongly marked by HSC marker
Cygb and weakly marked by HSC markers Des, Lrat and Rgs5, hence candidate PSC-CAF) and as “3” in the original paper (Hosein
et al., 2019) (marked by multiple mesothelial markers, hence candidate mesothelial CAF). Among these differentially expressed
genes, 11 genes (see Table S2 and Figure S2) were identified as common to all three models and clearly differentiated HSC and
PSC-derived CAF from PF-CAF in ICC or mesothelial CAF in PDAC. Thus, they form a global stellate cell signature. The global PF
signature was based on the hepatic PF signature of Msin, Gom6a, Upk1b and Upk3b, and included Krt19, in addition (Table S2).

CellPhoneDB analysis

CellPhoneDB (Vento-Tormo et al., 2018), a curated repository of ligands, receptors, their subunit architectures and interactions with
an integrated statistical framework to infer cell-cell communication networks between cell types in single-cell transcriptomics data,
was used to identify ligand-receptor interactions in n = 4 mouse samples of ICC, n =5 human ICC and n = 1 human hilar CCA. After
identifying different cell types in our scRNA-seq datasets as described above, we followed recommended procedures for preparation
of input files using CellPhoneDB v.2.0.0 (Vento-Tormo et al., 2018). We updated the original CellPhoneDB repository with novel in-
teractions and complexes curated from literature using ‘cellphonedb database generate’ command. All CellPhoneDB statistical anal-
ysis were performed with this updated database and percentage cell expression threshold of 1%. Cell-cell interactions heatmaps
showing number of interactions, Log2 mean (Molecule 1, Molecule 2) and log10(p value), were generated using pheatmap R package
and ligand-receptor interactions were visualized using ggplot2 R.

Clinical parameter analysis in human ICC

The association between panCAF and myCAF gene expression signatures and overall survival as well as other clinical parameters
shown in Table 1, was tested in a previously published cohort of clinically annotated intrahepatic cholangiocarcinoma (Sia et al.,
2013). Survival data were available for 119 patients along with matched whole-genome gene expression data (GSE32225). For
the testing of human ICC ACTA2, panCAF signature: COL1A1, COL1A2, COL3A1, C1S, ACTA2, C1R, SERPINF1, PDGFRB and
myCAF signature (see Table S2), an enrichment score was calculated for each patient using the single-sample Gene Set Enrichment
Analysis (ssGSEA) methodology (Barbie et al., 2009) implemented in Gene Pattern (Reich et al., 2006). Patients were then categorized
into high and low enrichment score or high and low gene expression using the median as cut-off. Kaplan-Meier method and log rank
test were performed to analyze the association of gene signatures and gene expression with overall survival using IBM SPSS version
24 (http://www.ibm.com/). Overall Survival was defined as the time between surgical resection and death of any cause or loss to
follow-up. All reported p values are 2-sided and p < 0.05 was considered significant.

The association between HA expression and overall survival was tested in the above-described TMAs from the Riener (Riener et al.,
2010) cohort by quantifying the percentage of the HA-positive stained area in ICC and ECC patients using Fiji ImagedJ. Survival data
were available for 16 ICC and 50 ECC patients. Patients were categorized into high and low HA expression using the third quartile as
cut-off (cut-off = 65.41). 16 patients (5 ICC and 11 ECC) had a score >65.41 and 50 patients (11 ICC and 39 ECC) had expression
<65.41. The association between «SMA expression and overall survival was tested in the above-described TMAs by digitization us-
ing a Nano-Zoomer Digital Pathology scanner (Hamamatsu, Japan) at the maximum in-built magnification of 400X. Image analysis
was processed in QuPath v.0.1.3 (Queen’s University, Belfast, Northern Ireland). TMA slides were dearrayed and preprocessed as
previously described (Bankhead et al., 2017). After dearraying, TMAs were manually curated. Cell-detection was conducted using
QuPath’s built-in “Positive cell detection” (Bankhead et al., 2017). For each core, the total number of positive cells, irrespective of
localization, was assessed. Survival data were available for 17 ICC and 60 ECC patients. Patients were categorized into high and
low aSMA expression using the median as cut-off (cut-off = 34.71). 40 patients (11 ICC and 29 ECC) had a score >34.71 and 37 pa-
tients (6 ICC and 31 ECC) had expression <34.71. Kaplan-Meier method and log rank test were performed to analyze the association
of gene signatures and gene expression with overall survival using GraphPad Prism v.8.0.

QUANTIFICATION AND STATISTICAL ANALYSIS

GraphPad Prism v.8.0 was used for statistical analyses. D’Agostino-Pearson omnibus normality test, Anderson-Darling test and
Shapiro-Wilk normality test were performed to assess data distribution. For statistical analysis of parametric data, the two-tailed
unpaired Student’s t test was used for groups of two; one-way ANOVA followed by Sidak multiple comparison posthoc tests for
comparison of more than two groups. For non-parametric data, the Mann-Whitney U test was used for groups of two; Kruskal-Wallis
test followed by Dunn multiple comparison posthoc test was used for comparison of more than two groups.
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