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Abstract

Background Intrahepatic cholangiocarcinoma (ICC) is characterized by fibrous stroma and clinical behavior more aggres-
sive than that of hepatocellular carcinoma (HCC). Scirrhous HCC is a subtype of HCC with fibrous stroma, frequently has
partial cholangiocytic differentiation, and is more likely to have an aggressive behavior. This study explored the interaction
of liver cancer cells with the extracellular matrix.

Methods and results Liver cancer cells grown on collagen 1-coated plates showed upregulation of cholangiocytic marker
expression but downregulation of hepatocytic marker expression. Three-dimensional sphere culture and Boyden chamber
assay showed enhanced invasion and migration ability in collagen 1-conditioned liver cancer cells. Interaction with collagen
1 reduced liver cancer cell proliferation. RNA sequencing showed that in the liver cancer cells, collagen 1 upregulated cell
cycle inhibitor expression and cell-matrix interaction, tumor migration, and angiogenesis pathways, but downregulated liver
metabolic function pathways. Cholangiocytic differentiation and invasiveness induced by collagen 1 was mediated by the
mitogen-activated protein kinase (MAPK) pathway, which was regulated by cell-matrix interaction-induced Src activation.
Analysis of the Cancer Genome Atlas cohort showed that collagen 1 induced and suppressed genes were highly enriched
in ICC and HCC, respectively. In HCC samples, collagen 1-regulated genes were strongly coexpressed and correlated with
COL1A1 expression.

Conclusions Liver cancer cell-matrix interaction induces cholangiocytic differentiation and switches liver cancer cells from
a proliferative to an invasive phenotype through the Src/MAPK pathway, which may partly explain the differences in the
behaviors of HCC and ICC.
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Hepatocellular carcinoma (HCC) and intrahepatic cholan-
giocarcinoma (ICC) are the two most common types of pri-
mary liver cancer. HCC typically occurs as a consequence
of viral hepatitis, fatty liver disease, exposure to aflatoxin
B1, and liver cirrhosis [1]. By contrast, the major risk fac-
tors for ICC are liver fluke infestation, hepatolithiasis, and
biliary tract malformation. Accumulating evidence suggests
that viral hepatitis and non-biliary cirrhosis are also risk
factors for ICC, suggesting HCC and ICC may share some
pathogeneses [2]. Approximately 2-5% primary liver tumors
show both hepatocytic and cholangiocytic differentiations
(i.e., combined hepatocellular—cholangiocarcinoma) [3].
The existence of such biphenotypic tumors indicates the
plasticity of neoplastic cells toward differentiation into two
cell lineages—similar to hepatic stem cells. Compared with
HCC, ICC is a more aggressive, leading to more frequent
extrahepatic metastasis and poorer outcome [4].

A vast majority of HCC tumors comprise polygonal cells
with hepatocytic differentiation arranged in thickened tra-
beculae surrounded by vascular spaces. By contrast, I[CC
tumors are composed of cuboidal or columnar tumor cells
arranged in a glandular pattern within a fibrous stroma.
Fibrous stroma of variable proportion is also seen in HCC. If
fibrous stroma occupies > 50% of the tumor area, the tumor
is subtyped as scirrthous HCC [5]. Scirrhous HCCs are more
likely to have portal vein invasion and early tumor recur-
rence, but their long-term survival outcomes are similar to
those of non-scirrhous HCC [6, 7].

HCC with fibrous stroma tends to express the cholan-
giocytic marker keratin 19 (KRT19) and has a cholangi-
ocarcinoma-like gene expression trait [8]. These KRT19-
expressing tumors are associated with more aggressive
tumor behavior, portal vein invasion, and poor prognosis
[9, 10]. In a previous study, we found that the expression
of the cholangiocytic transcription factor HNF-1p and the
cholangiocyte-specific chromatin modification marker
H3K36Me3 was strongly correlated with KRT19 expression
and associated with early tumor recurrence and poorer long-
term survival [11, 12]. Taken together, a group of HCCs has
abundant fibrous stroma, demonstrate partial cholangiocytic
differentiation, and is more likely to be aggressive.

Despite these clinical observations, the mechanisms
underlying the association of HCC tumors with the fibrous

stroma, cholangiocytic differentiation, and tumor invasive-
ness remain unknown. In this study, we found that contact
with collagen 1 induced cholangiocytic marker expression
but suppressed hepatocytic marker expression in liver cancer
cells. Moreover, this interaction with collagen 1 reduced the
proliferation of liver cancer cells but promoted their aggres-
sive behavior. This phenotypic change occurred through
Src/mitogen-activated protein kinase (MAPK)-mediated
transcriptional activation of target genes. Our results may
provide a mechanistic insight into the association of fibrous
stroma, cholangiocytic differentiation, and tumor inva-
siveness in liver cancer and highlight the importance of
tumor—matrix interaction in determining cancer cell pheno-
types and behaviors.

Materials and methods
Cell culture and reagents

Liver cancer cell lines were purchased from Bioresource
Collection and Research Center (Hsinchu, Taiwan). These
cells were maintained in Dulbecco’s modified Eagle’s
medium (DMEM; Gibco, Waltham, MA) supplemented
with 10% fetal bovine serum (Gibco), 100 U/mL penicil-
lin, 100 pg/mL streptomycin, nonessential amino acids, and
1 mM sodium pyruvate. All cells were incubated at 37 °C in
a water-saturated atmosphere of 5% CO,/95% air.

For the preparation of matrix-coated plates, rat tail colla-
gen 1 (5 pg/cm?; Corning, Corning, NA) dissolved in 0.02 M
acetic acid and fibronectin (1 pg/cm?; Gibco) dissolved in
phosphate buffered saline (PBS) was coated onto cell culture
plates and air-dried. PD98059 and dasatinib were purchased
from Sellckchem (Houston, TX).

Western blotting

Protein samples (20-50 pg each) were separated using 10%
sodium dodecyl sulfate polyacrylamide gel electrophoresis
and then electrotransferred onto nitrocellulose membranes
(Amersham, Buckinghamshire, UK). The membranes were
then incubated with appropriate primary and secondary anti-
bodies at the optimum dilutions. Finally, the immunoreac-
tive signals were detected using an Immobilon Crescendo
Western HRP substrate (Millipore, Burlington, MA). The
antibodies and dilutions used are listed in Supplementary
Table 1.

Real-time reverse transcription polymerase chain
reaction

Total RNA was isolated from cells using Trizol reagent (Life
Technologies, Invitrogen, Carlsbad, CA), according to the
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manufacturer’s instructions. The SYBR green-based real-
time reverse transcription (RT) polymerase chain reaction
(PCR) was performed to determine the mRNA levels on an
ABI PRISM 7900HT Sequence Detection System (Applied
Biosystems, Foster City, CA). Glyceraldehyde-3-phosphate
dehydrogenase, a housekeeping gene, was used as the con-
trol for RNA quantification. All the PCR primers are listed
in Supplementary Table 2.

For 20-pL PCR reaction volume, we mixed 1 pL of com-
plementary DNA template with 10 uL of 2 x Power SYBR
PCR master mix (Applied Biosystems), 200 nM paired
primers, and distilled water. The PCR amplification protocol
included initial incubation at 50 °C for 2 min, followed by
denaturing at 95 °C for 10 min and then 40 cycles of dena-
turing at 95 °C for 15 s and annealing at 60 °C for 1 min.
The obtained melting curves were analyzed after each run
to verify PCR reaction specificity.

Cell proliferation assay

3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium-
bromide (MTT) (Sigma, St. Louis, MO) colorimetric assay
was used to measure the cell proliferation rate. We seeded
2000 cells into each well of a 96-well plate and incubated the
plate at 37 °C in a humidified atmosphere with 5% CO,. At
the appropriate interval, 2 mg/mL MTT in PBS was added,
followed by incubation for 4 h. The resulting colored reac-
tion product, MTT formazan, was extracted using dimethyl
sulfoxide and the absorbance at 570 nm was measured.

Boyden chamber assay

Modified Boyden chambers with filter inserts (pore
size=8 um) in 24-well plates (Nucleopore, Pleasanton,
CA) were used for a transwell migration assay. Here, 5x 10*
Huh?7 cells or 1x 10° HepG2 cells in 100 uL of serum-free
DMEM were placed in the upper chamber, and 0.5 mL
of DMEM was placed in the lower chamber. After 24 h
of incubation, the cells were fixed in 3.7% formaldehyde
for 10 min and then stained with 0.05% crystal violet and
4'-6-diamidino-2-phenylindole in PBS for 15 min. The cells
on the upper side of the filters were then removed using
cotton-tipped swabs, and the filters were washed with PBS.
The cells on the underside of the filters were viewed and
counted under a fluorescent microscope. Each group was
plated in triplicate in each experiment, and each experiment
was repeated at least three times.

Three-dimensional spheroid culture
For three-dimensional (3D) spheroid culture, 2000 single

cells were plated in 8-well chamber slides onto a basal layer
of 5 mg/mL Matrigel (Corning). To study the effects of type
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I collagen on tumor invasion, collagen 1 was added, at a final
concentration of 1.65 mg/mL, to the basal layer when indi-
cated. The basal layer was overlaid with 2% Matrigel-growth
medium mixture. All cultures were grown for 68 days and
observed under a phase microscope.

RNA sequencing

Total RNA was extracted from cell lines and sequenced on
a Hi-Seq system. RNA quality and quantity were assessed
using an Agilent 2100 Bioanalyzer (Agilent, Santa Clara,
CA) and a Qubit 2.0 Fluorometer (Life Technologies, Carls-
bad, CA), respectively. Thereafter, the RNA was ligated to
adapters for further amplification using a TruSeq Stranded
mRNA Library Prep kit (Illumina, San Diego, CA). The
obtained library was sequenced on an Illumina NovaSeq
sequencer. After finishing the sequencing, we performed
quality control for the raw RNA sequencing (RNA-seq) data
using FastQC, and adapters were trimmed using BBDuk. All
reads were mapped to GRCh37 reference using STAR. Next,
we quantified gene expression through RSEM.

Differentially expressed genes were identified using the
DESeq2 R package. Differential expression was defined
as > twofold change and false discovery rate <0.05. Over-
Representative Analysis (ORA) on WEB-based GEneSeT
AnaLysis Toolkit (http://www.webgestalt.org/) was used to
decipher differentially enrichment pathways. The RNA-seq
data were deposited in NCBI Genome Expression Omnibus
(GEO:; https://www.ncbi.nlm.nih.gov/geo/) under the acces-
sion number: GSE176270.

Assay of transposase-accessible chromatin using
sequencing

An assay of transposase-accessible chromatin using sequenc-
ing (ATAC-seq) was performed as described previously
[13]. In brief, nuclei isolated from 50,000 cells were used
for transposition reaction with transposase using a Nextera
DNA Library Prep Kit (Illumina). Column-purified DNA
was amplified in 50-pL reactions with NEBNext High-Fidel-
ity 2x PCR Master Mix (New England Biolabs, Ipswich,
MA) using primers with unique barcodes (Genomics, New
Taipei City, Taiwan) to setup library. The library was then
sequenced on an Illumina NovaSeq sequencer to obtain 150-
bp paired-end reads.

ATAC-Seq data analysis

All sequencing reads from ATAC-seq were trimmed using
cutadapt (v. 3.0) to improve mapping efficiency and reduce
misalignment risk. Trimmed reads were aligned to the
human genome (Genome Reference Consortium GRCh38)
using BWA-mem (v. 0.7.17). Reads on autosomes excluding
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the ENCODE human blacklisted regions [14] and PCR-
duplicated reads identified by GATK-Picard (v 4.1.9.0) were
kept for downstream analysis. Aligned reads were shifted+4
and — 5 bp for positive and negative strands using alignment-
Sieve of deepTools (v. 3.5.0). The genomic distribution of
aligned reads to transcription start sites (TSSs) were ana-
lyzed using deepTools. Peaks were identified using MACS2
(v. 2.2.7.1) with the parameters -f BAMPE, -keep-dup all,
and -q 0.05. Identified peaks from the same cell line were
merged using bedtools (v. 2.29.2) and ATAC peaks associ-
ated genes or nearby genes were identified using the ChIP-
seeker R package. Footprint and transcription factor binding
analysis was performed by TOBIAS with transcription fac-
tor motifs of JASPAR (8th release). The read count of each
ATAC peaks was calculated using bedtools and converted
into count per million for further analysis. The NOISeq R
package was utilized to identify the differential ATAC peaks.

Human tissue, immunohistochemistry,
and Picrosirius red staining

Resection specimens from 17 patients diagnosed as having
both conventional and scirrhous part of HCC from 2003 to
2020 in National Taiwan University Hospital were used in
this study. These sections were reviewed by a hepatopatholo-
gist (Jeng, Y.-M.) to identify the conventional and scirrhous
parts. This study was approved under the regulations of the
Research Ethics Committee of the National Taiwan Uni-
versity Hospital (approval number: 201911077RINB) and
conducted according to the principles of the Declaration of
Helsinki.

Immunohistochemical staining for KRT19 and Ki-67
was performed in a Ventana BenchMark XT autostainer
(Roche, Basel, Switzerland). After deparaffinization, rehy-
dration, and antigen retrieval using CC1 (pH 8.0) for 20 min
at 100 °C, the slides were incubated with the primary anti-
body for 16 min at 37 °C, followed by visualization using an
OptiView DAB IHC Detection Kit (Roche). The antibodies
used and their dilutions are listed in Supplementary Table 1.
Picrosirius Red staining was conducted using a Picro Sirius
Red Stain Kit (Abcam, Cambridge, UK).

Results

HCC cells grown on collagen 1 HAD enhanced
cholangiocytic marker expression and reduced
hepatocytic marker expression

Studies have demonstrated that HCCs with abundant
fibrous stroma commonly express cholangiocytic cytokera-
tin KRT19 [8, 15]. Immunostaining of HCC tumors with
both conventional and scirrhous components demonstrated

that KRT19 was more likely to be expressed in the scir-
rhous part. The expression of KRT19 tended to be predom-
inant in the periphery of tumor nests, where tumor cells
interact with the extracellular matrix (ECM) (Fig. 1a). The
analysis of the Cancer Genome Atlas (TCGA) hepatocellu-
lar carcinoma cohort (LIHC, n=372) showed that KRT19
expression is strongly correlated with the expression of
COL1A1, which encodes a major component of type I
collagen, in HCC (Fig. 1b).

To study whether interaction with the ECM can induce
liver cancer cell differentiation toward the cholangiocytic
lineage, we first tested a panel of liver cancer cell lines for
the expression of KRT19 and the mesenchymal marker
vimentin (Supplementary Fig. 1). We found that HeplJ5,
HCC36, HA22T, and Mahlava cells expressed vimentin,
indicating that these cells had undergone epithelial-mes-
enchymal transition. HA59T and HCC36 cells demon-
strated high KRT19 expression intrinsically. Hep3B and
PLCS cells expressed neither KRT19 nor vimentin. Huh7
and HepG?2 cells had low but detectable levels of KRT19,
and did not express vimentin. Therefore, these two cell
lines were chosen for subsequent studies.

Huh7 and HepG2 cells were grown on collagen
1-coated plates for 2 days. Compared with cells grown on
non-coated plates, the cells grown on collagen 1-coated
plates had higher KRT19 expression (Fig. 1¢). Fibronec-
tin—another major component of ECM—also induced the
expression of KRT19 in liver cancer cell lines, indicating
that this induction was independent of specific ECM com-
ponents. Because collagen 1 is the most abundant ECM
component in the fibrous tissue and the induction was
more prominent in collagen 1-coated plate, we analyzed
liver cancer cell-collagen 1 interaction in the subsequent
experiments.

To further characterize the effects of collagen 1 on cell
differentiation, we performed real-time RT-PCR for ana-
lyzing the expression of cholangiocytic and hepatocytic
markers and found that Huh7 and HepG2 cells grown on
collagen 1 had enhanced expression of cholangiocytic
markers KRT19, KRT7, JAG1, and HES1 (Fig. 1d-g).
By contrast, the expression of mature hepatocyte mark-
ers albumin (ALB) and transferrin (TF) and the immature
hepatocyte marker a-fetoprotein (AFP) was suppressed
after the interaction with collagen 1 (Fig. 1h—j). These
results indicated that interaction with collagen 1 induces
a phenotypic change toward the cholangiocytic lineage in
liver cancer cells.

To study whether the induction effect is universal, we
analyzed the expression levels of these markers in Hep3B,
PLCS, HCC36, and HAS9T cells and found neither collagen
1 nor fibronectin could induce similar phenotypic switch
in these cell lines (Supplementary Fig. 2), indicating the
observed phenomenon is cell-specific.
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Fig. 1 HCC cell—collagen 1
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Interaction with collagen 1 enhanced tumor
invasion but suppressed cell proliferation

HCCs with KRT19 expression and fibrous stroma had more
frequent microvascular invasion and associated with poor
prognosis [6, 7, 9, 10]. Therefore, we hypothesized that
interaction with collagen 1 induces the invasive phenotype
in liver cancer cells. In 3D spheroid culture, both Huh7 and
HepG2 cells formed solid spheroid nests with a smooth
external contour in Matrigel, which is mainly composed of
basement membrane component laminin, entactin, type IV
collagen, and heparan sulfate proteoglycan [16]. By con-
trast, when grown on Matrigel supplemented with collagen
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1, these tumor nests became invasive, losing their rounded
morphology and becoming stellate and protrusive (Fig. 2a).

A possible explanation for these results is that the contact
with collagen 1 provided signals to direct tumor invasion
into the ECM. Another possibility is that the interaction with
collagen 1 altered the transcriptional program, thus inducing
a more invasion phenotype in liver cancer cells. We cultured
Huh7 and HepG?2 cells on collagen 1 for 2 days and then
seeded these cells on non-coated plates. The KRT19 upregu-
lation persisted for 2 days after the cells were transferred
and grown on non-coated plates, indicating that the cholan-
giocytic transdifferentiation can be maintained in collagen
1-free condition for at least 2 days (Fig. 2b). We cultured
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Fig.2 Interaction with collagen
1 enhances tumor invasion but
suppresses cell proliferation. a
After grown in 3D culture for
6-8 days, Huh7 and HepG2
cells form solid spheroid nests
with a smooth external contour
in Matrigel. The tumor nests
lose their spheroid morphology
and become stellate and protru-
sive when grown in Matrigel
supplemented with collagen

1. b Huh7 and HepG2 cells

are cultured on collagen 1 for

2 days, followed by seeding of

these cells on non-coated plates.

KRT19 upregulation persisting
on non-coated plates for 2 days
after the transfer. ¢, d After
preconditioning with collagen
1 for 2 days, Huh7 and HepG2
cells are seeded into the inner
chamber of the Boyden cham-
ber, where cells conditioned
with collagen 1 have more
migration capacity than those
grown on non-coated plates.

e, f MTT assay shows that
Huh 7 cells grown on collagen
1-coated plates have consider-
ably reduced cell proliferation
rate but that collagen 1 induces
slightly enhanced proliferation
rate in HepG2 cells. g, h Immu-
nostaining for the prolifera-
tion marker Ki-67 in 17 HCC
tumors with both conventional
and scirrhous components. The
result shows that the scirrhous
part (S) tends to have a lower
proliferation rate than the con-
ventional part (C). Picrosirius
Red stain highlights fibrous
stroma. *p <0.05, **p <0.01,
*##%p <0.001, **#*p <0.0001
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ber. As shown in Fig. 2c, d, cells conditioned with collagen
1 had a larger migration capacity than those grown on non-
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The effects of collagen 1 on liver cancer cell proliferation
were also evaluated. Huh 7 cells grown on collagen 1 had
a considerably reduced cell proliferation rate, whereas col-
lagen 1 induced a slight elevation in the proliferation rate of
HepG2 cells (Fig. 2e, f). We observed the morphology and
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found that HepG2 cells formed tight adherent tumor nests on
the non-coated plates but the cells spread out as single dis-
cohesive cells when they were grown on collagen 1 (Supple-
mentary Fig. 3). The nest growth pattern may be the reason
for the limited HepG?2 cell proliferation on the non-coated
plates. To study the effects of liver cancer cell-stroma inter-
action on cellular proliferation in human sample, we stained
the proliferation marker Ki-67 in 17 samples of HCCs with
both conventional and scirrhous components. As shown in
Fig. 2g, h, the scirrhous part tended to have a lower prolif-
eration rate than the conventional part.

Interaction with collagen 1 induced expression
signature of tumor invasion and suppressed
expression of genes associated with hepatocytic
differentiation

To identify gene expression signatures associated with inter-
action with collagen 1, we performed RNA-seq on Huh7 and
HepG2 cells grown on non-coated and collagen 1-coated
plates. Collagen 1 induced upregulation of 418 genes in
Huh7 cells and 331 genes in HepG2 cells (Fig. 3a, Sup-
plementary Table 3 and 4). It also suppressed the expres-
sion of 304 genes in Huh7 cells and 199 genes in HepG2
cells (Fig. 3b). The upregulated and downregulated genes
highly overlapped in the two cell lines. ORA of the com-
monly upregulated genes revealed significant enrichment in
cell—cell and cell-substrate adhesion, cell motility, angio-
genesis, and migration pathways (Fig. 3c). ORA of the
commonly suppressed genes revealed a significant enrich-
ment of lipid, nucleoside, ammonium ion, and organic acid
metabolism pathways and genes responsive to toxic sub-
stance (Fig. 3d). These results supported our hypothesis that
interaction with collagen 1 induces a more invasive pheno-
type and suppressed hepatocytic metabolic function in liver
cancer cells.

We used the genes upregulated and suppressed by col-
lagen 1 to generate two gene expression signatures. We then
used these two signatures to query the publicly available
RNA-seq data of 372 HCC and 36 ICC samples in TCGA
PanCancer Atlas. Gene set enrichment analysis (GSEA)
showed the genes activated and suppressed by liver cancer
cell-collagen 1 interaction were highly enriched in genes
predominantly expressed in ICC and HCC, respectively
(Fig. 3e, f). Taken together, the results suggested that direct
contact with collagen 1 induces tumor invasiveness and
cholangiocytic differentiation and suppresses hepatocytic
differentiation both in the cell culture system and human
cancer tissue.

Real-time RT-PCR was used to confirm the RNA-seq data
of selected genes in independent samples. We confirmed that
the upregulation of 9 genes associated with tumor invasion
(AXL, CTHRCI1, CYR®61, and FOSL1), matrix interaction
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(ITGA3 and ITGAS), and matrix remodeling (LOXL2,
ADAM19, and TIMP2) was induced by collagen 1 in both
Huh7 and HepG?2 cells (Fig. 4a, b). Cell cycle inhibitors
CDKNIA, CDKN2A, and CDKN2B were also upregulated
by collagen 1 (Fig. 4c, d). The overexpression of these cell
cycle inhibitors may be the reason for the slower prolifera-
tion of Huh7 cells grown on collagen 1 and the scirrhous
part of HCC. We also confirmed that the interaction with
collagen 1 downregulated the expression of hepatocyte dif-
ferentiation-associated genes MT1H, APOH, and FABP1

(Fig. de, f).

Interaction with collagen 1 induced activation
of the Src/Mapk pathway in liver cancer cells
to promote cholangiocytic differentiation

and invasion

Studies have demonstrated that the activation of the Notch
and transforming growth factor-p pathway promotes chol-
angiocytic differentiation [17-19] Therefore, we tested
whether these pathways were involved in cholangiocytic
differentiation of liver cancer cells by interaction with col-
lagen 1. Treatment with the y-secretase inhibitor DAPT or
the SMAD?2/3 inhibitor SB4315542 did not abolish colla-
gen 1-induced KRT19 upregulation (Supplementary Fig. 4).
Therefore, the Notch and transforming growth factor-§ path-
ways were not the mechanism underlying collagen 1-induced
phenotypic switching.

To identify the mechanisms underlying gene regulation
by interaction with collagen 1, we used Connectivity Map
[20] (https://www.broadinstitute.org/connectivity-map-
cmap) to analyze the association of gene expression profile
and treatment with bioactive small molecules. The genes
commonly upregulated by the liver cancer cell-collagen 1
interaction in Huh7 and HepG2 cells were positively cor-
related with PKC activator treatment but negatively with
MEK and Src inhibitor treatment—indicating that PKC,
MAPK, and Src pathways are possible mechanisms under-
lying the collagen 1-induced gene upregulation (Fig. 5a).
The analysis of the transcription factor binding data of
chromatin immunoprecipitation databases ENCODE and
ChEA demonstrated that FOSL2 had by far the highest score
(adjusted p value=4.5 x 1077; odds ratio =8.85, combined
score = 164.75; Fig. 5b). FOSL2, a subunit of AP-1 tran-
scription factor, is a major downstream target of the MAPK
pathway. FOSL2 promotes tumor progression and invasion
in HCC and other cancer types [21, 22]. Notably, FOSLI, a
paralog of FOSL2, was one of the most upregulated genes
induced by interaction with collagen 1 (Fig. 4a, b). The
focal adhesion kinase (FAK)/Src pathway—one of the most
important signaling pathways activated by integrin-depend-
ent cell-matrix interaction—is activated in many invasive
cancers [23, 24]. FAK/Src-dependent and P21-activated
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Fig.3 Liver cancer cell—col- a b
lagen 1 interaction induces HepG2 up Huh7 up HepG2 down Huh?7 down
expression signature of tumor P=10.000 P=0.000

invasion and suppresses
expression of genes associated
with hepatocytic differentia-
tion. a Collagen 1 induces the
upregulation of 418 genes in
Huh7 cells, 331 genes in HepG2
cells, and 155 genes in both cell
lines. b Collagen 1 suppresses
the expression of 304 genes c
in Huh7 cells, 199 genes in
HepG2 cells, and 49 genes in
both cell lines. ¢ Over-repre-
sentative analysis (ORA) of the
commonly upregulated genes
reveals a significant enrichment
in cell—cell adhesion, cell-sub-
strate adhesion, cell mortality,
angiogenesis, and migration
pathways. d ORA of the com-
monly suppressed genes reveals
a significant enrichment of lipid,
nucleoside, ammonium ion, d
and organic acid metabolism
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kinase 1(PAK1)-mediated phosphorylation of MEK1 on
S298 contribute to the cell-matrix adhesion dependence of
growth factor signaling to MAPK [24, 25]. Therefore, we
focused on the effects of the Src/MAPK pathway. Seeding
cells on collagen 1-coated plates induces phosphorylation of
ERK, MEK at Ser 298, and Src (Fig. 5¢), indicating the Src
and MAPK pathway was activated by liver cancer cell—col-
lagen 1 interaction. The Src inhibitor dasatinib abolished
Src, MEK, and ERK phosphorylation induced by liver can-
cer cell-collagen 1 interaction, indicating that Src mediates

P=0.000

Higher in HCC

. Eromen s

Higher in ICC Higher in HCC

the activation of MAPK by collagen 1. The treatment of
Huh7 and HepG2 cells with the MEK inhibitor PD98059
abolished the collagen 1-induced invasive phenotype in both
3D spheroid culture and Boyden chamber migration assay
(Fig. 5d, e and Supplementary Fig. 5a). Moreover, the col-
lagen 1-induced upregulation of the cholangiocytic marker
KRT19 and invasiveness genes (Fig. 5f, g and Supplemen-
tary Fig. 5b and 5c¢) was reduced by PD98059 treatment.
By contrast, the hepatocyte marker ALB was restored in
PD98059-treated cells (Fig. 5f and Supplementary Fig. 5b).
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Fig.4 Confirmation of the upregulation of invasiveness genes and
cell cycle inhibitors and downregulation of hepatocytic differenti-
ation-associated genes identified by RNA-seq data in independent
samples. a, b Real-time RT-PCR assay shows nine genes associ-
ated with tumor invasion and matrix interaction are induced by col-

Dasatinib treatment induced similar changes in tumor inva-
siveness and gene expression—similar to the results of
PD98059 treatment (Fig. 5d and Supplementary Fig. 5a
and 6).

Liver cancer cell-collagen 1 interaction induced
chromatin remodeling

To identify the downstream mechanisms for the regulation
of gene expression due to liver cancer cell-collagen 1 inter-
action, we analyzed chromatin accessibility using ATAC-
seq. As expected, ATAC peaks were preferentially observed
in the proximity of TSSs (Supplementary Fig. 7). Liver can-
cer cells grown on non-coated and collagen 1-coated plates
had similar degrees of chromatin accessibility (Fig. 6a). We
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lagen 1 in both Huh7 and HepG2 cells. ¢, d Cell cycle inhibitors
CDKNI1A, CDKN2A, and CDKN2B are upregulated by collagen 1.
e, f Downregulation of hepatocytic differentiation-associated genes
MTI1H, APOH, and FABPI1 by collagen 1. **p <0.01, ***p <0.001,
*axEp <0.0001

assigned each peak to the closest gene based on the anno-
tated TSSs. To investigate whether the gene expression
changes caused by liver cancer cell-collagen 1 interaction
can be linked to a direct effect on chromatin accessibility, we
performed comparison analyses of transcriptomic and ATAC
peaks and obtained a scatter plot showing good correspond-
ence (Fig. 6b), which is exemplified by the high accessibility
of the KRT19 gene in liver cancer cells grown on collagen
1 (Fig. 6¢).

We used motif analysis to study enriched transcription
factor binding sites in the loci with differential chroma-
tin accessibility. DNA sequences bound by FOSL1/JUN
and FOSL1/JUND—the downstream transcription fac-
tor complexes of the MAPK pathway [26]—were among
the most commonly enriched motifs in liver cancer cells
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Fig.5 Activation of the Src/MAPK pathway by collagen 1 in liver
cancer cells promotes cholangiocytic differentiation and invasion. a
Using the Connectivity Map, genes commonly upregulated by inter-
action with collagen 1 in Huh7 and HepG2 cells are correlated with
PKC activator treatment positively but with MEK and Src inhibitor
treatment negatively. b Analysis of the transcription factor binding
data from the chromatin immunoprecipitation databases of ENCODE
and ChEA identifies the most enriched transcription factor bind-
ing sites in the promoters of genes commonly upregulated by the
live cancer cell-collagen 1 interaction in Huh7 and HepG2. ¢ Huh7
and HepG2 cells grown on collagen have elevated levels of phos-
phorylated ERK, MEK at Ser 298, and Src, which can be reduced

grown on collagen 1 (Fig. 6d, e). The two other motifs
most commonly enriched in liver cancer cells grown on
collagen 1 were the binding sites of BACH1 and NFE2L1,
which were reported to promote tumor invasion [27, 28].
The three motifs most commonly enriched in liver can-
cer were binding sites of KLF15, NRF1, and TCFLS. Of

by treatment with the Src inhibitor dasatinib. d 3D spheroid culture
assay shows Huh7 cells have an invasive morphology when grown
in Matrigel supplemented with collagen 1. Treatment with the MEK
inhibitor PD98059 (50 pM for Huh7 and 20 pM for HepG2) or the
Src inhibitor dasatinib (100 nM) reverts the tumor morphology to
a noninvasive spheroid. e Boyden chamber migration assay shows
Huh7 cells preconditioned with collagen 1 have enhanced migration
ability, which is abolished by PD98059 treatment. f, g Huh 7 cells
grown on collagen 1 have elevated expression of the cholangiocytic
marker KRT19 (f) and invasiveness genes (g) but decreased expres-
sion of the hepatocytic marker ALB (F). PD98059 treatment abol-
ishes the changes of gene expression. **p <0.01, ***p <0.001

these, KLF15 induces the development of mature hepato-
cyte from hepatoblasts and stimulates liver function gene
expression [29]. NRF1 is a liver cancer repressor and regu-
lator of fat metabolism and response to oxidative stress
[30].
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Fig.6 Liver cancer cell-colla-
gen | interaction induces chro-
matin remodeling. a ATAC-seq
results show that liver cancer
cells grown on non-coated and
collagen 1-coated plates have
similar degrees of chromatin
accessibility. b Comparison of
RNA-seq and ATAC-seq data
shows a positive correlation
between gene expression and
chromatin accessibility. ¢ High
accessibility of the KRT19 gene
is noted in Huh7 and HepG2
cells grown on collagen 1. d,

e Motif analysis demonstrates
the enrichment of FOSL1/JUN,
FOSL1/JUND, BACHI and
NFE2L1 binding sites in Huh7
and HepG?2 cells grown on col-
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HCCs with collagen 1-induced signature clustered
into a distinct transcriptomic subgroup of tumors

Hierarchical clustering of a pairwise similarity matrix for in
the RNA-seq data of the TCGA HCC cohort demonstrated
that the vast majority of collagen 1-upregulated and -sup-
pressed genes were positively coexpressed in human HCC
tissues, whereas the expression of collagen 1-upregulated
genes was negatively associated with collagen 1-suppressed
genes (Fig. 7a). The expression of collagen 1-upregulated
genes had a strong positive correlation with COL1A1
expression (p=0.82, p < 107'%) but the expression of col-
lagen 1-suppressed genes did not show a correlation with
COL1A1 expression—indicating that gene upregulation

@ Springer

is the major effector of tumor cell-collagen 1 interaction
in HCC samples (Fig. 7b, c). Tumors with high collagen
1-induced gene signature formed a distinct cluster in hierar-
chical clustering analysis (cluster C1, Fig. 7d). This patient
group tended to have worse survival than other patients, but
the difference was not statistically significant (Fig. 7e, f).

Discussion

Hepatocytes and cholangiocytes are the two major cell
types derived from liver stem cells. Malignant transfor-
mation of liver parenchyma cells results in two major
cancer types: HCC and ICC. These two types of cancers
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Fig.7 HCCs with collagen
1-induced signature cluster into a
a distinct transcriptomic sub-
group of tumors in the TCGA
HCC cohort. a Hierarchical
clustering of the RNA-seq

data of the TCGA HCC cohort
demonstrates the vast majority
of collagen 1-upregulated and
-suppressed genes are positively
coexpressed in human HCC
tissues and that the expression
of collagen 1-upregulated genes
is negatively associated with
that of collagen 1-suppressed
genes. b Expression of collagen
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are considered to be distinct, differing in etiology, genetic
change, morphology, prognosis, and response to therapy.
However, recent studies have indicated that primary liver
carcinoma represents a spectrum of diseases—with con-
ventional HCC composed of cancer cells with hepato-
cytic differentiation and vascular stroma on one end and
large duct-type ICC composed of glandular epithelium in
fibrous stroma, similar to hilar and extrahepatic cholan-
giocarcinoma on the other end [2]. The tumors between
the two ends of the spectrum include small duct-type
ICC, combined HCC-ICC, and scirrhous HCC [2, 3, 5,
6]. ICC is more aggressive than HCC, with a higher fre-
quency of extrahepatic metastasis. Combined HCC-ICC
and scirrhous HCC are also associated with more aggres-
sive behavior than conventional HCC, but the underlying
mechanisms warrant elucidation [3, 6].

Overall survival (Days)

The tumor mass is composed of not only tumor cells but
also a heterogeneous population of inflammatory cells, stro-
mal cells, blood vessels, and the ECM. This complex and
dynamic microenvironment influences tumor cell growth,
invasion, and metastasis. HCC and ICC have considerably
different microenvironments. In general, HCC tumor nests
are surrounded by vascular spaces, whereas ICC tumor
glands are surrounded by dense collagenous fibrous stroma
rich in activated fibroblasts and inflammatory cells. Scir-
rhous HCC has a microenvironment similar to that of ICC,
with similarly aggressive behavior—suggesting that stromal
components that are common between the tumor microen-
vironments of ICC and scirrhous HCC may modulate tumor
behavior.

Seok et al. were the first to demonstrate that scirrhous
HCC has an ICC-like gene expression profile [7]. The
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authors also observed that core epithelial-mesenchymal
transition-related genes were expressed in scirrhous HCC.
Overexpression of transforming growth factor-f} was pro-
posed as the mechanism for the observed phenotypic
changes, but this hypothesis has not been proven by labora-
tory experiments. The same group also identified fibroblast-
derived HGF promotes KRT19 expression via the MET/
ERK1/2/AP1 and SP1 axis [31]. Although their results
demonstrated the KRT19 overexpression mechanism in scir-
rhous HCC, they did not account for the expression of other
cholangiocytic markers and aggressive behaviors. Notably,
based on their and our observations, both fibroblasts and the
ECM use the MAPK pathway to induce KRT19 expression,
indicating the importance of this pathway in the regulation
of KRT19 expression.

In this study, we observed that direct interaction between
liver cancer cells and collagen 1 induced phenotypic changes
in liver cancer cells, resulting in reduced expression of
genes involved in the metabolic and synthetic functions of
hepatocytes but overexpression of genes highly expressed in
cholangiocytes. In addition, the liver cancer cell-collagen
1 interaction induced the expression of genes that promote
ECM adhesion and invasion. In ICC, the genes induced and
inhibited by liver cell-collagen 1 interaction were upregu-
lated and downregulated, respectively. Furthermore, the
genes induced by liver cancer cell-collagen 1 interaction
were strongly correlated with COL1A1 expression in the
TCGA HCC cohort. These observations indicate that the
direct interaction between liver cancer cells and the ECM
is a major mechanism shaping the behavior of liver cancer
cells.

We identified the Stc/MAPK pathway as the mechanism
underlying liver cancer cell-ECM interaction-induced phe-
notypic change. Studies have demonstrated that interaction
with the ECM induces integrin clustering, which leads to
the recruitment and activation of a FAK/Src dual kinase
complex [23]. Src phosphorylates Raf-1 on Tyr 340 and
Tyr 341 to relieve its autoinhibition and activate the MAPK
pathway [32]. FAK and Src signaling also affect PAK1-
dependent phosphorylation of MEK1 on Ser 298 induced
by cell adhesion to fibronectin [24, 25]. This tumor—ECM
interaction—Src/MAPK pathway contributes to tumor pro-
gression by enhancing tumor cell proliferation and invasion
[23]. Although the role of the MAPK pathway on the differ-
entiation of liver cancer cells toward cholangiocytic differen-
tiation has not been well characterized thus far, clinical and
animal studies have provided some suggestions. Mutation
of KRAS, the upstream regulator of the MAPK pathway,
is observed in cholangiocarcinoma frequently but rarely in
HCC [33]. In a mouse model, the induction of mutant KRAS
and loss of TP53 in cholangiocytes resulted in the formation
of cholangiocarcinoma, but targeting these genes exclusively
in adult hepatocytes resulted in rare HCC [34]. Cholestatic
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injury induced by a 3,5-diethoxycarbonyl-1,4-dihydrocolli-
dine diet accelerated hepatocyte-derived tumorigenesis and
promoted phenotypic switching to cholangiocarcinoma—
indicating that tumor cells had the potential to transform into
cholangiocyte-like cells under appropriate signaling [34].
Mouse hepatoblasts underwent hepatocyte differentiation
when transferred from collagen-coated plates to non-coated
plates, suggesting that interaction with collagen 1 may be
crucial for inhibiting hepatocytic differentiation during
embryogenesis [35]. Whether mouse hepatoblasts use the
ECM/Src/MAPK pathway to control differentiation requires
confirmation.

In addition to invasiveness induction, the liver cancer
cell-matrix interaction also inhibits liver cancer cell pro-
liferation. In tumors with both scirrhous and conventional
components, the cell proliferation rate is higher in the con-
ventional component. Phenotypic switching between the
proliferative and invasive state has also been observed in
other cancer types [36, 37]. The current gene expression
analysis suggested that the induction of cell cycle inhibi-
tors CDKN1A/B and CKKN2B may be the mechanism for
slower proliferation in cells grown on collagen 1. Similar to
our discovery, Kamiya et al. found that MEK-ERK activity
induced the accumulation of Cdkn2a in mouse fetal hepato-
blasts to restrict proliferation [38].

Although the liver cancer cell-ECM interaction induced
some ICC features, the tumor cells did not fully recapitulate
ICC. For example, we did not observe induction of cholan-
giocyte-enriched transcription factors SOX9 and HNF-1p
in liver cancer cells grown on collagen 1. No enrichment
of the progenitor cell markers and epithelial-mesenchymal
transition-related genes, which were highly expressed in
scirrhous HCC [8, 10], was observed. Other factors, such
as cell of origin, genetic alteration, and other microenviron-
mental factors, may also affect the differentiation status and
behavior of liver cancer cells.

The phenotypic switch induced by interaction with
ECM was limited to Huh-7 and HepG2 cells. HCC cells
with intrinsically undetectable (Hep3B and PLCS5 cells)
or high (HA59T and HCC36) levels of KRT19 expression
didn’t have the induction effects. This is consistent with the
clinical observation that not all liver cancer cells in con-
tact with ECM transdifferentiated into cholangiocyte-like
cells. In HCCs with KRT19 expression, not all cancer in
contact with ECM express KRT19. HepG?2 is derived from
a hepatoblastoma, which has the potential to differentiate
into cholangiocyte-like cells [39]. Cells possessing features
of bipotential liver precursors can be derived from Huh7 cell
[40]. It is likely that only cancer cells with stem cell features
have the capacity for bilineage differentiation.

In conclusion, we found that a direct interaction between
liver cancer cells and the ECM results in a phenotypic
switching of the cells toward cholangiocytic differentiation,
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promoting tumor invasion. These observations can explain
the association among fibrous stroma, cholangiocytic dif-
ferentiation, and aggressive behavior in ICC and scir-
rhous HCC. Therapeutic interventions targeting the tumor
cell-ECM interaction may be beneficial to patients with ICC
or scirrhous HCC.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s12072-022-10315-w.
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