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Abstract

Background and Aims: Primary liver cancers (LCs), including HCC and in-
trahepatic cholangiocarcinoma (iCCA), are derived from a common develop-
mental lineage, conferring a molecular spectrum between them. To elucidate
the molecular spectrum, we performed an integrative analysis of transcrip-
tome profiles associated with patients’ radiopathologic features.

Approach and Results: We identified four LC subtypes (LC1-LC4) from
RNA-sequencing profiles, revealing intermediate subtypes between HCC
and iCCA. LC1 is a typical HCC characterized by active bile acid metabo-
lism, telomerase reverse transcriptase promoter mutations, and high uptake
of gadoxetic acid in MRI. LC2 is an iCCA-like HCC characterized by expres-
sion of the progenitor cell-like trait, tumor protein p53 mutations, and rim
arterial-phase hyperenhancement in MRI. LC3 is an HCC-like iCCA, mainly
small duct (SD) type, associated with HCC-related etiologic factors. LC4 is
further subclassified into LC4-SD and LC4-large duct iCCAs according to the
pathological features, which exhibited distinct genetic variations (e.g., KRAS,

Abbreviations: AGR2, anterior gradient 2; APOH, apolipoprotein H; BA, bile acid; BMI, body mass index; CD586, cluster of differentiation 56; cHCC-iCCA,
combined HCC and intrahepatic cholangiocarcinoma; CIN, chromosomal instability; CLHCC, cholangiocarcinoma-like HCC; CNA, copy number aberration;
CRP, C-reactive protein; CTNNB1, catenin beta 1; DCNA, DNA copy number-altered gene; DEG, differentially expressed gene; DFS, disease-free survival;

ER, endoplasmic reticulum; ESC, embryonic stem cell; EXP, transcriptome expression; FGFR2, FGF receptor 2; FOXM1, forkhead box M1; GCA, glycocholate;
GDCA, glycodeoxycholate; GRP78, glucose-regulated protein, 78 kDa; HBP, hepatobiliary phase; H&E, hematoxylin-eosin; HNF4A, hepatocyte nuclear factor
4A; HP, haptoglobin; iCCA, intrahepatic cholangiocarcinoma; IDH1/2, isocitrate dehydrogenase 1/2; LC, liver cancer; LD, large duct; LPC, bipotential liver stem
cell; OS, overall survival; rim-APHE, rim arterial-phase hyperenhancement; RNA-seq, RNA sequencing; S100P, S100 calcium binding protein P; SD, small
duct; shRNA, short hairpin RNA; SIR-HBP, HBP signal intensity ratio; SLCO1B1, solute carrier organic ion transporter family member B1; TCA, taurocholate;
TCGA-LIHC, The Cancer Genome Atlas Liver Hepatocellular Carcinoma; TDCA, taurochenodeoxycholate; TERT, telomerase reverse transcriptase; TFF1,
trefoil factor 1; TIGER-LC, Thailand Initiative in Genomics and Expression Research for Liver Cancer; TP53, tumor protein p53; YS, Yonsei University Hospital
(cohort).
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MOLECULAR SPECTRUM BETWEEN HCC AND ICCA
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INTRODUCTION

HCC and intrahepatic cholangiocarcinoma (iCCA) are
the major primary liver cancers (LCs) in adults, derived
from hepatocytes and cholangiocytes, respectively.
Previously, various molecular subtypes of HCCs and
iCCAs have shown distinct clinical and pathological fea-
tures from different patient cohorts,""~® which could be
generally stratified into proliferation and nonproliferation
subtypes. Although HCCs and iCCAs have distinct
morphological features and clinical outcomes, there ex-
ists an intermediate type of combined HCC and iCCA
(cHCC-iCCA).P! with this concern, we have demon-
strated the presence of overlapping features of HCC
and iCCA in cholangiocarcinoma-like HCC (CLHCC),
which it has been suggested is derived from bipotential
liver cancer stem cells (LPCs) capable of differentiating
into either hepatic or biliary progenitor cells.!”! In addi-
tion, the molecular features of HCCs are related to histo-
pathological features. For example, a scirrhous subtype
of HCC is associated with tuberous sclerosis complex
subunit 1/2 mutations and stem cell-like expression
traits.[®! Steatohepatic subtype is associated with fre-
quent IL-6/Janus kinase/signal transducer and activator
of transcription activation, whereas macrotrabecular-
massive subtype is associated with tumor protein p53
(TP53) mutation and FGF19 amplification.””! The radio-
logic features of HCCs are also linked to their molecular
characteristics. We have recently reported that the ra-
diological finding of a rim arterial-phase hyperenhance-
ment (rim-APHE) on gadoxetic acid—enhanced MRI is
often associated with the stemness gene expression
and macrotrabecular pattern in HCC."” iCCAs have
also shown enormous molecular heterogeneity, re-
vealing molecular subtypes.m'm Pathologically, iCCAs
can be classified into the small duct (SD) and the large
duct (LD) types."® SD-iCCA is similar to HCC, show-
ing associations with HCC-related etiologic factors such
as viral hepatitis and metabolic syndrome, whereas
LD-iCCA is similar to extrahepatic bile duct cancers.
Notwithstanding, integrative and systematic analyses of
the molecular spectrum with these radiopathologic and
clinical features of LCs have not been fully elucidated. In
this study, we identified four subtypes representing the
molecular spectrum between HCCs and iCCAs, demon-
strating their genomic and radiopathologic characteris-
tics. From this, we could recapitulate potential molecular
events that drive heterogeneous LC progression.

isocitrate dehydrogenase 1/2 mutation, and FGF receptor 2 fusion), stromal
type, and prognostic outcomes.

Conclusions: Our integrated view of the molecular spectrum of LCs can iden-
tify subtypes associated with transcriptomic, genomic, and radiopathologic
features, providing mechanistic insights into heterogeneous LC progression.

PATIENTS AND METHODS
Patients and tissue specimens

Patients diagnosed with HCC or iCCA who under-
went curative hepatic resection between May 2000
and February 2018 at Severance Hospital, Yonsei
University Medical Center, were enrolled. Tissue
specimens of liver cancers (YS-LC, n = 137), in-
cluding HCCs (n = 78) and iCCAs (n = 59), were ob-
tained. The cases of cHCC-iCCA and intermediate
carcinoma were excluded according to the criteria
of the World Health Organization’s Classification of
Digestive System Tumors (fifth edition).™ None of
the patients had received preoperative treatment,
such as radiation or systemic chemotherapy. The
institutional review board of Severance Hospital ap-
proved the study (no. 4-2017-0548), and the require-
ment for informed consent was waived. The overall
clinicopathological features of the patients are sum-
marized in Table S1.

Pathology and immunohistochemistry

Whole-section hematoxylin—eosin  (H&E)—stained
slides of the representative formalin-fixed, paraffin-
embedded tissue blocks (>6 tumor cells thick) were
analyzed. For iCCAs, pathological types of SD, LD, and
undetermined (UD) iCCAs were assessed by immuno-
histochemical staining of cluster of differentiation 56
(CD56), N-cadherin, and S100 calcium binding protein
P (S100P)."® The fibrous stroma of iCCA was subclas-
sified into mature, intermediate, and immature stroma,
as described.['"® Mature stromais composed of multilay-
ered mature collagen fibers, whereas immature stroma
is composed of myxoid stroma with randomly oriented
short keloid-like collagen bundles. Intermediate stroma
was defined as keloid-like collagens intermingled with
mature stroma.

Radiological analysis

Radiological analysis was performed by an expert
abdominal radiologist (H.R.). The uptake of gadox-
etic acid in HCC was evaluated in the hepatobiliary
phase (HBP) of gadoxetic acid—enhanced MRI. The
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high uptake of gadoxetic acid was defined as HCCs
showing isointensity or hyperintensity at more than
two thirds of the tumor volume. The HBP signal in-
tensity ratio (SIR-HBP) was defined as the ratio of
HBP signal intensities in tumors and adjacent non-
tumor liver."! The rim-APHE was defined as arterial
hyperenhancement most pronounced in the obser-
vation periphery (https://www.acr.org/Clinical-Resou
rces/Reporting-and-Data-Systems/LI-RADS/CT-
MRI-LI-RADS-v2018). The presence of rim-APHE
was evaluated in HCC samples (n = 70) using dy-
namic MRI with gadoxetic acid (n = 40), dynamic
MRI using contrast media other than gadoxetic acid
(n =13), or dynamic CT (n = 17). The associations of
clinicopathological features with the radiologic find-
ings were validated using an independent HCC co-
hort who underwent hepatic resection at the same
institution (n = 56; Table S2).

RNA-sequencing data
processing and analysis

RNA-sequencing (RNA-seq) profiling was performed
using an lllumina Hiseq2500. Chromosomal instabil-
ity (CIN) of each sample was estimated by calculat-
ing the CIN scores using the average expression of
the CIN70 signature.”g] DNA copy number aberra-
tions (CNAs) were estimated by inferring the transcrip-
tome data using inferCNV['® with some modifications.
The variants identified from RNA-seq data were vali-
dated by Sanger sequencing analysis (for details, see
Supporting Methods).

Public data analyses

Public data of LC transcriptome were obtained from The
Cancer Genome Atlas Liver Hepatocellular Carcinoma
(TCGA-LIHC) portal sites and Gene Expression
Omnibus (GEO) databases. Thailand Initiative in
Genomics and Expression Research for Liver Cancer
(TIGER-LC) samples with matched DNA copy num-
ber profiles and gene expression profiles were used
(n= 152).[7] The nontumoral samples and the recurred
tumor samples were excluded from the analyses. The
LC subtypes were characterized by evaluating the ex-
pression of the publicly available molecular classifiers,
including the HCC subtype classifiers (i.e., Lee, Woo,
TCGA-LIHC, and Hoshida), iCCA subtype classifiers
(i.e., Sia, Anderson, and Rhee), and immunotype clas-
sifiers (i.e., active immune and exhausted immune). By
applying the nearest template prediction algorithm, the
subtypes were predicted using the classifiers (false dis-
covery rate [FDR] < 0.05).2% The details of the public
data sets, gene sets, and subtype classifiers are sum-
marized in Table S3.

Molecular experiments

The details for cell culture, reagents, tissue microar-
rays, western blotting, chromatin immunoprecipita-
tion (ChlP), cloning, total bile acid assay, site-directed
mutagenesis, luciferase transcription factor binding,
proliferation, and invasion assays are described in
Supporting Methods. The antibodies and the primers
used in this study are summarized in Tables S4 and
S5, respectively.

Statistical analysis

Statistical analysis was performed using SPSS, ver-
sion 23.0.1 (SPSS Inc., Chicago, IL) or Rstudio.
Clinicopathologic findings between LC subtypes were
evaluated using the Student t test, the Mann-Whitney
U test, the chi-squared test, Fisher’s exact test, or the
Mantel-Cox log-rank test. Kaplan-Meier plot analy-
ses for overall survival (OS) and disease-free survival
(DFS) were performed using a log-rank test.

RESULTS

Molecular spectrum between HCC and
iCCA

Transcriptome profiles of LC, including 78 cases of
HCC and 59 cases of iCCA, were obtained from the
Yonsei University Hospital cohort (YS-LC, n = 137).
To obtain robust results with an extended sample size,
we pooled our data with a previous study, TIGER-LC
(n = 152), which had the same study design compris-
ing HCCs (n = 62) and iCCAs (n = 90). By perform-
ing a consensus cluster analysis,m we identified four
robust subtypes: LC1 (n = 113), LC2 (n = 19), LC3
(n = 25), and LC4 (n = 132) (Figure S1; Figure 1A). LC1
and LC2 were mostly comprised of HCCs (n = 131,
93.6%), whereas LC3 and LC4 were comprised of
iCCAs (n = 148, 99.3%). However, when we evaluated
the expression levels of the cell marker genes for chol-
angiocytes and hepatocytes, we observed that LC2
expressed cholangiocyte-like features, whereas LC3
expressed hepatocyte-like features (Figure 1B, top;
Figure S2 and Table S3). Principal component analy-
sis also revealed that LC2 and LC3 samples were dis-
tributed in the middle between LC1 and LC4, reflecting
their intermediate features (Figure 1C). These results
suggest that LC2 (HCC, n=19;iCCA, n=0) represents
the HCC subtype with iCCA-like feature, whereas LC3
(HCC, n = 3; iCCA, n = 22) represents the iCCA sub-
type with HCC-like features. Congruently, expression
levels of the CLHCC-like trait and embryonic stem cell
(ESC) trait were correlated with the stages of hepatic
to cholangiocyte transition from LC1 to LC4 (p < 0.001;


https://www.acr.org/Clinical-Resources/Reporting-and-Data-Systems/LI-RADS/CT-MRI-LI-RADS-v2018
https://www.acr.org/Clinical-Resources/Reporting-and-Data-Systems/LI-RADS/CT-MRI-LI-RADS-v2018
https://www.acr.org/Clinical-Resources/Reporting-and-Data-Systems/LI-RADS/CT-MRI-LI-RADS-v2018

MOLECULAR SPECTRUM BETWEEN HCC AND ICCA

(A) LCA LC2LC3 LC4 (B) Hepatocyte Cholangiocyte
. c 34 =
‘ K] . .
Consensus § 2 - % o F )] - %
clustering S 1A P B = +— e
K=4 B3 - M Ly
(=4 g E N il - i
= 1 Ir &
T ® Y $ -2+ % 4 e
Study [T R MR CRE W T e nem) YS/TIGER 5] .
Histological type R lm :Il HI [ [ HgC/ S I— -
TIGER-H | IE L HC1/HC2/ - N o - N M %
TIGER-ICCA C1/C2/C3/ 8 8 8 &8 8 8 8 8
- CLHCC ESC
!g é 1.0 T + ¥ - _«
DEGs 2 g 0.5 l 1 0.5+ -~ - 3
LI SNEY |- RN
high 3 %1 2 ool 00d & 1 =
2-osiply $ L
ILC21.C3 2 104 o5 & i~
(c) m -15 ‘AI- T T T -‘I._ T T T
- o © < = N «@ ~
g 1 9 9 8 8 g 8 8 9
° HCC.stem CCA.stem
(S . " "
8 ® o 5 2] : - 1.04 . _.:-_
= e 2 .- § i3 T ol oosd - T T
L) = % 3 - Ml
= o
ssicy 153 % - E ] Y !
81 . . 7 o 7 <9 o - =
= .+ -0.5- A
. . r : . T _q] 9 3 4 %
-40  -20 0 20 40 & _:_ -+ -104 4
T T T T T T T T
e
(D)
2 .
(E) TIGER-HCC TIGER-ICCA
? 100 100.
‘ Bipotential LPC .
\ § 75. 75.
» >
8 O*LC‘_‘ § 50. 50.
£ Cholangiocyte S
5] o
2] o 25. . 25.
L
LC1 <—Q \ O . O y
Hepatocyte LC3 LC1 LC2 LC3 LC4
= B HC1 HC3 H C1 C3
hepatic / cholangiocytic differentiation W HC2 c2 Cc4
FIGURE 1 The molecular spectrum between HCC and iCCA. (A) Consensus clustering analysis of the integrated data (YS-LC and

TIGER-LC) shows the LC subtypes (LC1-LC4, top). Each sample was labeled with the study cohort (YS-LC vs. TIGER-LC), tissue type
(HCC vs. iCCA), and the molecular subtypes of TIGER-LC (middle). A heatmap shows the DEGs for each subtype of LC1 (n = 824), LC2
(n=198), LC3 (n =407), and LC4 (n = 785) (bottom). (B) Boxplots show expression of the cell maker genes across the subtypes, including
the gene sets of hepatocyte, cholangiocyte, ESC, and CLHCC and the stem cell signatures of HCC (HCC.stem) and iCCA (CCA.stem). (C)
Principal component analysis using the variable genes (median absolute deviation >0.7, n = 3,567) shows that LC2 and LC3 samples are
distributed in the middle between LC1 and LC4 samples. (D) A plot shows the putative cell origins of the LC subtypes with expression of the
cell origin—related gene signatures. (E) Boxplots show the frequencies of the TIGER-LC subtypes across our LC subtypes for HCC (left)

and iCCA (right). PC, principal component

Figure 1B, middle). These findings imply that LC2 and
LC3 might be derived from bipotential LPCs. Thus, we
evaluated whether LC2 and LC3 express the stemness-
related genes, which revealed that LC2 and LC4, but
not LC3, harbor LPC-like features. Moreover, we ex-
amined the expression of the unipotent progenitor cell
traits which were committed to either hepatic lineage
cells (i.e., HCC.stem) or biliary lineage cells (i.e., CCA.
stem). LC2 exhibited higher expression of HCC.stem

genes than LC1, implying its LPC origin. However, LC3
exhibited lower expression of iCCA.stem genes than
LC4 (p < 0.001; Figure 1B, bottom), implying its cel-
lular origin from differentiated cells rather than LPCs.
LC4 showed higher expression of both cholangiocyte
and LPC-like features, which might be due to the LPC-
like feature of the cholangiocytes. Hence, we suggest
that LC1 and LC4 are derived from mature hepatocytes
and cholangiocytes, respectively. LC2 is derived from
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LPCs, whereas LC3 is from intermediate and differenti-
ated hepatocytes or cholangiocytes (Figure 1D).

We also demonstrated that several clinicopatho-
logical features were significantly associated with the
HCC subtypes. LC2-HCCs, compared to LC1-HCCs,
showed more aggressive features such as higher alpha-
fetoprotein levels (>400 ng/ml, p = 0.021), larger tumor
size (>5 cm, p < 0.01), and frequent microvascular inva-
sion (p = 0.018) (Figure S3A). Also, LC4-iCCAs, com-
pared to LC3-iCCAs, demonstrated more aggressive
features such as poorer differentiation (p = 0.047), large
tumor size (>5 cm, p = 0.021), and frequent microvascu-
lar invasion (p = 0.016) (Figure S3B). Correspondingly,
Kaplan-Meier survival analysis validated the prognostic
predictability of the subtype classifiers in each of four in-
dependent HCC data sets (i.e., TCGA-LIHC, GSE4024,
GSE113617, and GSE14520) (p < 0.001; Figure S4). In
addition, comparing our subtypes with the previous
subtypes of TIGER-LC, we found that LC2 was similar
to the most aggressive TIGER-LC subtype, HC1 (7/7,
100%), whereas LC3 was similar to the less aggressive
subtype, C2 (13/14, 92.9%; Figure 1E). We also eval-
uated other previous molecular classifications associ-
ated with HCC aggressiveness (i.e., Lee_A, Woo_C1,
TCGA_iCL1, and Hoshida_S1; for details, see Table
S3), which consistently support the aggressive pheno-
type of LC2-HCC compared to LC1-HCC (Figure S5).

Differential DNA copy number
alterations and bile acid metabolism
between the HCC subtypes

Next, we evaluated CIN across the LC subtypes by
calculating CIN scores, as described™® (for details,
see Supporting Methods). Remarkably, LC subtypes
showed distinct CIN scores, indicating that CNAs play
crucial roles in developing LC subtypes. LC2 and LC4
exhibited significantly higher CIN scores than LC1 and
LC3 (Figure 2A). Thus, we sought to identify key fea-
tures associated with the distinct CNAs of the HCC
subtypes (LC1-HCC vs. LC2-HCC). By performing un-
supervised analyses for CNA and transcriptome ex-
pression (EXP) profiles, we identified that the bile acid
(BA) metabolism-related genes were markedly altered
between the HCC subtypes at both the genomic and
transcription levels (Figure 2B). To further verify the
metabolic alteration in HCC subtypes, we examined the
metabolomic profiles of the TIGER-LC data (n = 102).
Unsupervised hierarchical cluster analysis of the me-
tabolome data revealed that LC1-HCC and LC2-HCC
were readily classifiable, indicating distinct metabolic
alterations between the HCC subtypes, particularly BA
metabolism—related metabolites (Figure 2C). We also
found that both primary BA metabolites (cholate, tauro-
cholate [TCA], and glycocholate [GCA]) and secondary
BA metabolites (taurochenodeoxycholate [TDCA] and

glycodeoxycholate [GDCA]) were depleted in LC2-HCC
rather than LC1-HCC (Figure 2D). This result implies
that the HCC subtype differs not only in the synthesis of
primary BA but also in the uptake of secondary BA by
hepatocytes. The altered BA metabolism was validated
by performing microscopic analyses of the YS-HCC
specimens (n = 78). We found frequent bile formation
within the tumor cells of LC1-HCC (20/64) but notin LC2-
HCC (0/12, p = 0.021; Figure 2E). Thus, we suggest that
BA metabolism is a critical feature that distinguishes
LC1-HCC and LC2-HCC in all the multi-omic profiles of
DNA copy numbers, transcription, and metabolites.

In addition, we examined the radiologic features of
HCC subtypes using the HBP uptake of gadoxetic acid—
enhanced MRI. As gadoxetic acid is taken up by the
same transporters for BA in HBP images, the HBP signal
intensity could be considered a marker for BA uptake.[zz]
We could demonstrate that LC1-HCC had significantly
higher SIR-HBP than LC2-HCC (p = 0.027, Mann-
Whitney U test; Figure 2F). On the other hand, LC2-HCC
was more frequently associated with macrotrabecular-
massive type than LC1-HCC (LC1, 8.06%; LC2, 41.67%;
p < 0.01, Fisher’'s exact test; Figure 2G). Previously, the
macrotrabecular-massive pattern has been associated
with expression of LPC-related genes, rim-APHE, and a
worse prognosis.“O] Consistently, we could demonstrate
the higher frequency of rim-APHE in LC2-HCC (83.33%,
10/12) than LC1-HCC (14.29%, 8/56, p < 107°, Fisher’s
exact test; Figure 2H). Furthermore, we recapitulated the
molecular and clinical characteristics of the HCCs with
rim-APHE. HCCs with rim-APHE were more prevalent
with expression of the LPC-like trait of ESCs (p < 107%)
and CLHCC (p < 107%) (Figure 3A) and macrotrabecular-
massive type (p = 0.015; Figure 3B), showing worse
prognostic outcomes (OS, HR, 2.78, p < 0.001; DFS,
HR, 2.78, p < 0.001; Figure 3C). These findings were val-
idated using independent RNA-seq validation HCC data
(n = 56; see Table S3). HCCs with rim-APHE, compared
to HCCs without rim-PAHE, revealed higher expression
of ESCs (p = 0.017) and CLHCC (p = 0.013), frequent
macrotrabecular-massive type (p = 0.036), and worse
prognostic outcomes (extrahepatic metastasis-free sur-
vival, HR, 4.55, p < 0.01; disease-specific survival, HR,
5.00, p=0.011; OS, HR, 3.13, p = 0.069; DFS, HR, 2.08,
p = 0.10) (Figure 3D-F). Collectively, we suggest that
LC1-HCC is a typical HCC characterized by gadoxetic
acid uptake, whereas LC2-HCC is characterized by LPC-
like trait, macrotrabecular-massive type, and rim-APHE.

LC2-HCC expresses anterior gradient 2
by endoplasmic reticulum stress—induced
BA depletion

As the DNA copy number—dependent dysregulation
of transcription plays potential driver roles in cancer
progression, we identified the differentially DNA copy
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test p < 0.001 and fold difference >0.1) and the differ-
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test p < 0.001 and fold difference >1) between the HCC
subtypes. Of these, we identified the CNA-dependent
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DEGs (n = 86), which had significant correlations be-
tween CNAs and their corresponding transcriptional
levels (Figure S6). Notably, anterior gradient 2 (AGR2)
was the most significantly altered gene between the
HCC subtypes (Figure 4A), which was confirmed by
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FIGURE 2 Altered BA metabolism between HCC subtypes. (A) The CIN scores (left) and LC subtypes (right) are shown. Statistical
significance of the subtype difference of LC1 versus LC2 and LC3 versus LC4 are indicated (*p < 107°, Student ¢ test). (B) A bar plot

shows the differentially enriched gene functions between LC1-HCC and LC2-HCC, which are identified by calculating the enrichment
scores of the gene sets (Kyoto Encyclopedia of Genes and Genomes) between LC1-HCC and LC2-HCC from CNA (fold difference >0.1)
and EXP (fold difference >0.4) profiles, respectively. (C) Unsupervised clustering analysis of the metabolomic profiles of HCCs (n = 102,
from TIGER-LC samples) shows the clustered expression of the BA-related metabolites (yellow box). BA metabolites are indicated in the
left-side bar (green). (D) Boxplots show the relative abundance of the primary BA and secondary BA metabolites between LC1-HCC and
LC2-HCC (p < 0.01, Student ¢ test). (E) Bile formation in the H&E-stained specimen is indicated (arrows, left), and their frequencies in the
HCC subtypes are shown (right). (F) Representative cases showing high or low hepatobiliary uptake in gadoxetic acid—enhanced MRI are
shown (left). A boxplot shows the frequency of SIR-HBP (right). (G) Representative H&E-stained images of macrotrabecular-massive type
(left) and their frequencies in HCC subtypes (right) are shown. (H) Representative cases of the HCCs with or without rim-APHE in gadoxetic
acid—enhanced MR (left), and the frequencies of the HCCs with rim-APHE are shown in HCC subtypes (right). ES, enrichment score; pBA,

primary BA; sBA, secondary BA

immunohistochemical staining, revealing frequent ex-
pression of AGR2 in LC2-HCC (7/12, 58.33 %) but not
in LC1-HCC (0/21, p < 107%; Figure 4B).

AGR2 has been reported to promote cancer pro-
gression in various cancer types,[23] which was in-
duced by endoplasmic reticulum (ER) stress.? In
support of these findings, we observed that LC2-HCC,
compared to LC1-HCC, had higher expression of ER
stress—related genes and unfolded protein response—
related genes (Figure 4C). We also verified this find-
ing by performing cell experiments. ER stress inducers
(i.e., thapsigargin or tunicamycin) could induce AGR2
expression in various LC cells at the transcription and
protein levels (Figure 4D; Figure S7A). Moreover, BA is
a chemical chaperone that can reduce intracellular ER
stress?!: thus, we evaluated whether AGR2 expres-
sion is associated with BA depletion. Treatment with BA
metabolites (i.e., GCA, TCA, GDCA, or TDCA) could
suppress ER stress—induced AGR2 expression (Figure
S7B). Furthermore, treatment with a heat shock protein
90 inhibitor (PU-H71), which is known to activate ER
stress,'?®! could enhance AGR2 and glucose-regulated
protein, 78 kDa (GRP78) expression and could be in-
validated by cotreatment with BA metabolites such
as GCA or TCA (Figure 4E). Cellular ER stress was
monitored by examining the phosphorylation levels of
PRKR-like ER kinase and eukaryotic translation initia-
tion factor 2a (Figure 4F).

We also demonstrated the clinical significance of
AGR2 expression, showing the shorter OS in patients
with HCC and higher AGR2 expression from indepen-
dent HCC data sets (TCGA-LIHC and GSE14520;
p < 0.001; Figure S8A). Also, cell culture experiments
successfully demonstrated that AGR2 enhanced the
proliferation and invasion of LC cells (Figure S8B), en-
hancing expression of the stemness-related genes (e.g.,
keratin 19 and epithelial cell adhesion molecule; Figure
S8C). We also evaluated whether mitogen-activated
protein kinase signaling is involved in AGR2-induced
LC cell progression. We found that overexpression of
AGR2 enhanced the phosphorylation of extracellular
signal-regulated kinase (ERK), AKT, and c-Jun N-
terminal kinase (JNK) (Figure S8D). Thus, we suggest
that AGR2 expression contributes to the aggressive

phenotype of LC2-HCC potentially through ERK—-AKT-
JNK activation.

BA metabolism is regulated by hepatocyte
nuclear factor 4A—mediated solute

carrier organic ion transporter family
member B1 expression

Next, we investigated the underlying mechanisms in-
volved in the altered BA metabolism between the
HCC subtypes. Indeed, many BA-related genes were
CNA-dependent DEGs, such as solute carrier or-
ganic ion transporter family member B1 (SLCO1B1),
BA-CoA:amino acid N-acyltransferase (BAAT), solute
carrier family 22 member 1 (SLC22A1), solute car-
rier family 10 member 1 (SLC10A1), and cytochrome
P450 family 8 subfamily B member 1 (CYP8B1).
Among them, SLCO71B1 exhibited the highest DNA
copy number—dependent correlation of transcription
(r=0.57, p < 107", implying its functional significance
(Figure 5A). Indeed, SLCO1B1 is known as a BA trans-
porter that regulates cellular uptake of BA.2" We could
demonstrate that short hairpin RNA (shRNA)-mediated
knockdown of SLCO1B1 suppressed BA uptake in liver
cancer cells (Figure 5B; Figure S9A).

In addition, we identified 24 putative transcription
factors which were predicted to bind the SLCO1B1 pro-
moter (—2000 to +100 bp from the transcription start
site) (Figure 5C). Among them, hepatocyte nuclear
factor 4A (HNF4A) and forkhead box M1 (FOXMT)
were the most differentially expressed transcription
factors in LC2-HCC and LC1-HCC, respectively. We
observed that HNF4A target genes such as “HNF4A
target” (n = 36), “SUMI HNF4A TARGETS” (n = 39),
and “LUCAS_HNF4A TARGET UP” (n = 59) were
significantly expressed in LC1-HCC compared to
LC2-HCC (Figure S10). Moreover, HNF4A expres-
sion was closely correlated with the expression levels
of SLCO1B1 and AGR2 in the six independent HCC
data sets, implying that HNF4A plays a crucial role in
the expression of SLCO1B1 and AGR2 (Figure S11).
Indeed, HNF4A has been shown to regulate BA biosyn-
thesis in the liver.[?®! By performing a luciferase reporter
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FIGURE 3 HCCs with rim-APHE are associated with LPC-like expression traits, macrotrabecular-massive type, and worse prognosis.
(A—C) Gene set enrichment scores of ESC-related and CLHCC-related genes (A), the proportion of the macrotrabecular-massive type (B),
and the prognostic outcomes of OS and DFS (C) between patients with HCC with and without rim-APHE (C) are shown in the YS-HCC
cohort. (D—F) Gene set enrichment scores of ESC-related and CLHCC-related genes (D), the proportion of the macrotrabecular-massive
type (E), and the prognostic outcomes of extrahepatic metastasis-free survival, disease-specific survival, OS, and DFS (F) between
patients with HCC with and without rim-APHE are shown in the validation cohort (n = 56)

assay using the constructs for the putative HNF4 bind-
ing sites of the SLCO1B1 promoter, we demonstrated
that HNF4A binds to the promoter (#2, -39 ~ —30 bp
from the transcription start site) and induces SLCO1B1
transcription (Figure 4D; Figure S12A). ChIP-PCR
analysis of the HNF4 binding sites also confirmed our
findings (Figure S12B). The effect of FOXM1 knock-
down on SLCO1B1 expression was also evaluated, but
no significant effect was observed (Figure S9B). Next,
we assessed whether HNF4A-mediated SLCO1B1
transcription could affect the expression of AGR2
and ER stress. Knockdown of HNF4A could suppress

SLCO1B1 expression and BA uptake but enhance
AGR2 expression in LC cells (Figure 5E; Figure S13).
Furthermore, knockdown of HNF4 has suppressed ga-
doxetic acid uptake.?® Supporting this, we found that
the SIR-HBP scores were significantly correlated with
the expression levels of HNF4 (r = 0.42, p < 107°) and
SLCO1B1 (r = 0.28, p < 0.01; Figure 5F). Taken to-
gether, we suggest that the promoter binding of HNF4A
induces SLCO1B1 expression, which in turn increases
BA uptake and gadoxetic acid uptake, resulting in sup-
pression of ER stress and AGR2 expression (summa-
rized in Figure 5G).
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FIGURE 4 BA depletion—induced ER stress facilitates AGR2 expression. (A) A heatmap shows the expression of CNA-dependent
genes (n = 86, Pearson’s correlation coefficient r> 0.5, p < 0.001) in HCC subtypes. The top-ranked five genes for each subtype are
indicated. (B) Histopathological features (top) and immunohistochemical staining for AGR2 (bottom) in HCC subtypes are shown.
Frequencies of AGR2 expression in HCC subtypes (right; p < 1073, chi-squared test). (C) Gene set enrichment analyses show enriched
expression of the gene sets of “unfolded protein response” and “response to ER stress” in LC2-HCC compared to LC1-HCC. (D) Western

blots show expression of AGR2 and glyceraldehyde 3-phosphate dehydrogenase after treatment with thapsigargin (0.5 pm) or tunicamycin
(1.0 pg/ml). (E) Bar plots show expression levels of AGR2 (top) and GRP78 (bottom) by PU-H71 treatment with the presence or absence of
BAs. (F) Western blots show the expression levels of AGR2, phospho-PERK (S980), PERK, phosphor-elF2a (T51), and elF2a in the Hep3B
and SNU182 cell lines treated with PU-H71, GCA, or TCA, respectively. ADH4/ADH1B, alcohol dehydrogenase 4/1B; CBX6, chromobox

6; CFHR2, complement factor H related 2; CPS1, carbamoyl phosphate synthase 1; Ctrl, control; ES, enrichment score; elF2a, eukaryotic
translation initiation factor 2a; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; IGF2BP3, insulin-like growth factor 2 mRNA binding
protein 3; p-, phosphorylated; PERK, PRKR-like ER kinase; PPM1H, protein phosphatase, Mgz+/Mn2+-dependent 1H; Thap, thapsigargin;
TSPAN13, tetraspanin 13; Tuni, tunicamycin
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Classification of iCCAs with combined
transcriptional and pathologic features

Pathologically, iCCAs are classified as SD and LD,
distinguished by the differential expression of CD56
and N-cadherin in SD-iCCA and musicarmine and
S100P in LD-iCCA (Figure 6A). We found that LC3-
iCCAs were the SD type except for one case (7/8),
whereas LC4-iCCA had both SD type (n = 25) and

Z :
Z, AN

7 3HNFaA Lo AGR21 D
expression

LD type (n = 22, p < 0.05; Figure 6B). Considering
the histologic and transcriptomic heterogeneity of
LC4, we subdivided the LC4-iCCAs into LC4-SD and
LC4-LD (Figure 6C). These iCCA subtypes showed
substantial alteration of the transcriptome. LC3-SD
expressed haptoglobin (HP) and apolipoprotein H
(APOH), LC4-SD expressed C-reactive protein (CRP),
and LC4-LD expressed trefoil factor 1 (TFF1) and
S100P. Notably, LC3-SD showed more prevalent HBV
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FIGURE 5 HNF4A binding to the SLCO1B1 promoter leads to BA up in HCC. (A) A Venn diagram shows the overlapped genes among
the BA-related genes (n = 88), DEGs (n = 212), and DCNAs (n = 252) between LC1-HCCs and LC2-HCCs (left). Correlations between

the expression level and the levels of SLCO1B7 in the HCC subtypes are shown (right). (B) After treatment of the shRNAs for nontarget
control shRNA (shCtrl) or SLCO1B1 (shSLCO1B1) for the indicated times (6, 12, 24, and 48 h), BA levels are measured in the indicated cells
(*p < 0.05, **p < 0.01, and ***p < 0.001, Student t test). (C) Putative SLCO7B71 promoter binding transcription factors (n = 24) were obtained
from GPminer (http://gpminer.mbc.nctu.edu.tw/), and expression fold differences between the HCC subtypes are shown. (D) HNF4A binding
activities against the putative SLCO171B17 promoter binding sites (#1, -1275 to ~-1266 bp from the transcription start site; #2, -39 to ~-30

bp from the transcription start site; #3, +6 to ~+15 bp from the transcription start site) are measured by luciferase activity assays in Huh?,
Hep3B, and HepG2 cell lines. (E) Huh7 and Hep3B cells treated with control shRNA (shCtrl) or shHNF4A for the indicated times (6, 12,

24, and 48 h) and the BA levels are shown (*p < 0.05, **p < 0.01, and ***p < 0.001, Student t test). (F) Plots show the correlated expression
of HNF4A (left) and SLCO1B1 (right) with SIR-HBP values in patients with HCC (n = 86). (G) HNF4A-mediated expression of SLCO1B1,
resulting in enhanced BA uptake and suppression of ER stress and AGR2 expression. CEBPE, CCAAT enhancer binding protein epsilon;
CNV, copy number variation; CRX, cone—rod homeobox; DBP, D-box binding PAR BZIP transcription factor; FOXA1/F1/03/04, forkhead
box A1/F1/03/04; HOXA4, homeobox A4; HSF2, heat shock transcription factor 2; Luc, luciferase; NFATC1/2, nuclear factor of activated

T cells 1/2; NFIL3, nuclear factor IL3 regulated; PAX2, paired box 2; RFX5, regulatory factor X5; STAT3/4/5A/6, signal transducer and
activator of transcription 3/4/5A/6; TEAD1, TEA domain transcription factor 1; TSS, transcription start site; UPR, unfolded protein response

infection (85.7 %), higher body mass index (BMI > 25,
42.9%), and diabetes mellitus (57.1%), which might
be associated with the HCC-like characteristics of
LC3-SD (Figure 6D). In line with this, we observed that
LC3-SD significantly expressed metabolism-related,
inflammation-related, and immune-related genes,
whereas LC4-LD expressed cell proliferation—related
and cell cycle—related genes (Figure 6E; p < 0.05).
LC4-SD showed intermediate phenotypes between
LC3-SD and LC4-LD.

In addition, we evaluated carefully whether
LC3-SD and LC4-SD are different histopathologically.
Previously, fibrous tumor stroma were classified into
mature, intermediate, and immature types according
to their stromal features (see Patients and Methods).
Immature fibrous stroma has been suggested to facil-
itate tumor growth and progression as well as immu-
nosuppression, showing worse prognostic outcomes
of iCCAs.B% In support of this, we observed a signif-
icant difference between the fibrous stroma types of
LC3-SD and LC4-SD (Figure 6F). LC3-SD was com-
prised of mature stroma (3/7) and intermediate stroma
(4/7), while LC4-SD had frequent immature stroma
(20/26) but no mature stroma (p < 107%). LC4-LD
showed more prevalent immature stroma (20/21).
Furthermore, we observed that LC4-SD had higher
CIN scores (p < 0.01; Figure S14A) and more frequent
exhausted immunotype than LC3-SD (p = 0.042, chi-
squared test; Figure S14B). These findings consis-
tently indicate that LC4-SD, compared to LC3-SD, had
more aggressive tumor behaviors, exhibiting prevalent
immature stroma and exhausted immunotype fea-
tures. Indeed, we could demonstrate the distinct prog-
nostic outcomes among the iCCA subtypes, revealing
the worst prognosis of LC4-LD, intermediate progno-
sis of LC4-SD, and the most favorable prognosis of
LC3-SD iCCAs (OS, HR, 24.3, p < 107°; DFS, HR,
19.0, p < 10™%; Figure 6G). We suggest that the iCCA
subtypes based on the combined transcriptomic and
pathological features can represent distinct biological
and clinical features of iCCAs.

LC subtypes show distinct
mutation profiles

Next, we compared the mutation profiles of the LC sub-
types. Overall, tumor mutation burdens differed across
the subtypes, showing more frequent mutations in LC2
(average frequencies for nonsynonymous and synony-
mous variants, 71.1 and 50.3) and LC4 (64.7 and 48.8)
compared to those of LC1 (57.2 and 44.1) and LC3 (59.1
and 42.6) (Figure 7A), which might be related to their
different chromosomal stability across the subtypes.
Interestingly, we found that telomerase reverse tran-
scriptase (TERT) promoter mutations were frequent in
LC1-HCCs (19/62, 30.6%) but not in LC2-HCCs (0/12,
0%), whereas TP53 mutations were more frequent in
LC2-HCCs (6/12, 50%) than LC1-HCCs (8/62, 12.9%)
(Figure 7B,C). On the other hand, the frequencies of
catenin beta 1 (CTNNB1) mutations were not signifi-
cantly different between LC1-HCCs (10/62, 16.12%)
and LC2-HCCs (2/12, 16.7%). The mutations of TP53
(12/14) and CTNNB1 (9/12) were validated by Sanger
sequencing (Figure S15A). In particular, we noticed that
the higher TP53 mutation frequency in LC2 might be re-
lated to the radiologic rim-APHE feature. Therefore, we
further analyzed the TP53 mutations with an extended
data set (n = 137) by adding the 56 validation data and
the nine more HCC cases with rim-APHE, which con-
firmed the more prevalent TP53 mutations in the HCCs
with rim-APHE (14/38, 36.8%) than the HCCs without
rim-APHE (13/99, 13.1%, p < 0.01; Figure 7D). Thus, we
suggest that rim-APHE is associated with TP53 muta-
tions, although further extended studies are required.
In mutation analysis, we observed that isocitrate
dehydrogenase 1/2 (/IDH1/2) mutations were more
prevalent in SD-iCCAs (LC3-SD, 2/7, 28.6%; LC4-SD,
8/25, 32.0 %), whereas KRAS mutations were more
prevalent in LD-iCCAs (3/22, 13.6%), as reported!™!
(see Figure 7C). Interestingly, we found four cases
of FGF receptor 2 (FGFR2) fusion transcripts exclu-
sively in LC4-SD, including the previously known fu-
sions of FGFR2-adenosylhomocysteinase like 1 and
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FIGURE 6 Subclassification of iCCAs with combined pathological and transcriptomic features. (A) Histological images of SD-iCCA and
LD-iCCA (H&E, top). Mucin and S100P expression in LD-iCCA and CD56 and N-cadherin in SD-iCCA are shown (bottom). (B) Frequencies
of LD-iCCA, SD-iCCA, and UD-iCCA in iCCA subtypes are shown (chi-squared test). (C) A heatmap and bars show the clinical etiological
factors (first panel, p < 0.05), DEGs (second panel, n = 988), and the enriched expression scores for the gene sets for the functions (third
panel, i.e., metabolism-related, immune-related, and proliferation-related genes), immune cell types (i.e., B cells, cytotoxic cells, and

T cells), and immunotypes (i.e., active, exhausted, and not determined, fourth panel), and the proliferation-related genes (fifth panel).

FDR = 0.05. (D,E) Bar plots show the frequencies of the etiological factors of HBV, BMI (>25 kg/m?), and diabetes mellitus (D) and the
enriched expression scores for cell metabolism-related, inflammation-related, immune-related, cell proliferation—related, and cell cycle—
related genes across the iCCA subtypes (E) (*p < 0.05, **p < 0.01, and ***p < 0.001, Fisher’s exact test). (F) Pathologic images of mature
and immature stroma in iCCA are shown (left). Frequencies of the stroma types are shown in iCCA subtypes (right, chi-squared test). (G)
Kaplan-Meier plot analyses for OS and DFS are shown in iCCA subtypes. N.D., not determined
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FGFR2-WW domain containing adaptor with coiled-
coil®"! and the new fusions of FGFR2-catalase and
FGFR2-RNA binding Fox 1 homolog 2 (Figure 7E),
which we validated by Sanger sequencing (Figure
S15B). In addition, when we evaluated the pathway
mutations, LC1 and LC2 showed frequent mutations
of the WNT pathway (adenomatous polyposis coli,
CTNNB1, E1A binding protein P300 [EP300], Axin-1,
and transcription factor 7 like 2), and LC2-HCC had fre-
guent mutations of DNA repair-related pathway (TP53,
ataxia telangiectasia and Rad3-related, and partner
and localizer of breast cancer type 2) (Figure 7F). SD-
iCCAs were frequently mutated with the epigenetic
regulators (>20%; cAMP responsive element binding
protein binding protein, IDH1, and IDH2), whereas the
LD-iCCAs (LC4-LD) were frequently mutated with the
KRAS pathway (36.4%; KRAS, phosphatidylinositol-
4,5-bisphosphate 3-kinase calalytic subunit alpha
[PIBKCA], B-raf proto-oncogene, serine/threonine ki-
nase 11 [STK11], NRAS, and MET), implying that the
distinct mutation profiles may contribute to the develop-
ment and progression of LC subtypes.

DISCUSSION

HCCs and iCCAs are derived from diverse differentia-
tion stages of LPCs, hepatocytes, and cholangiocytes,
conferring heterogeneous molecular features and clini-
cal outcomes of the tumors. Thus, the concept of the
continuous molecular spectrum between HCCs and
iCCAs might be beneficial for understanding the mo-
lecular heterogeneity and underlying pathobiological
mechanisms. In this study, we performed integrative
analyses of the LC transcriptome with the perspective
of radiopathologic features, revealing the intermedi-
ate molecular spectrum of LC subtypes (summarized
in Figure 8). LC1 is a typical HCC, whereas LC2 is an
atypical HCC with LPC-like trait and aggressive be-
havior, implying a bipotential LPC origin. Moreover,
LC2 showed frequent TP53 mutation, suggesting that
LC2 originates from dedifferentiated hepatocytes be-
cause the loss of TP53 can facilitate dedifferentiation
of mature hepatocytes into nestin-positive progenitor-
like cells.*? Similarly, cHCC-iCCA has been shown to
express stem cell-like traits and nestin with a higher
frequency of TP53 mutations.””! We could demonstrate
the higher expression of nestin in LC2 than in LC1, im-
plying that LC2 originated from dedifferentiated LPC
cells (p < 0.001; Figure S16).

In-depth analysis of the LC subtypes revealed that
LC1-HCC was characterized by active BA metabolism
and higher uptake of gadoxetic acid, whereas LC2-
HCC was characterized by rim-APHE in MRI and BA
depletion. It has been shown that uptake of gadox-
etic acid through the BA transporter SLCO7B3 leads
to gadoxetic acid enhancement on MRI.B¥ LC1-HCC,

compared to LC2-HCC, had higher DNA copy num-
ber gains and concomitant transcription of SLCO1B1
(p < 0.001) than SLCO1B3 (p < 0.05; Figure S17).
Moreover, we demonstrated that HNF4A binding to the
promoter of SLCO1B1 plays a critical role in the altered
BA metabolism of HCCs (see Figure 4). Consequently,
the depleted BA metabolism could increase ER stress
and enhance AGR2 expression, promoting an aggres-
sive HCC phenotype. However, we also demonstrated
that the CNA gains of AGR2 may contribute to AGR2
expression in the aggressive LC2-HCC.

Notably, the LC1-HCCs were associated with
Hoshida’s S3 subclass (46.4%), which was reported to
have frequent CTNNB1 mutations.”! CTNNB7-mutated
HCCs were also reported to show frequent gadoxetic
acid uptake.[34] Concerning this, we could demonstrate
that the CTNNB1-mutated tumors frequently had higher
SIR-HBP scores (Figure S18); however, LC1-HCCs did
not show frequent CTNNBT mutations, although they
had high SIR-HBP scores. This discrepancy may be
due to ethnic or etiological differences (HBV-related) of
the HCC cohorts among the studies. Indeed, our Korean
patients with HCC had a lower frequency of CTNNB1
mutations than the previous studies (25%—40%).%3¢)

LC3 is an HCC-like iCCA that expressed both he-
patocyte and cholangiocyte expression traits but lower
expression of progenitor-like traits; hence, the interme-
diate feature of LC3 might be derived from differenti-
ated hepatocytes or cholangiocytes. Moreover, previous
experimental studies have demonstrated that iCCAs
might originate from mature hepatocytes, indicating
cholangiocyte-to-hepatocyte transdifferentiation.*”! This
may imply that LC3 is derived from transdifferentiated
cells. In addition, we further classified iCCAs into three
subtypes (i.e., LC3-SD, LC4-SD, and LC4-LD) based on
the combined transcriptomic and pathologic features,
revealing phenotypic transition across the subtypes.
LC3-SD showed HCC-like clinical features, showing
prevalent HCC-etiologic factors such as HBV infection
and metabolic syndrome (see Figure 6). Notably, both
LC3-SD and LC4-SD are pathologically SD type, but
they showed differences in the expression of the immune
metabolism—related genes and chromosomal stability. In
addition, LC3-SD was frequent with the active immuno-
type and the mature stroma, whereas LC4-LD was fre-
quent with the exhausted immunotype and the immature
stroma. This finding implies that the immunotypes were
associated with their stroma types, although further
elucidation might be required. In mutation analysis, we
found FGFR2 fusions exclusively in LC4-SD, whereas
the KRAS pathway mutations were more frequent in
LC4-LD. FGFR2fusion has recently received great atten-
tion because its clinical utility as a therapeutic target has
been suggested.® As the FGFR2 fusions and KRAS
mutations are mutually exclusive,% our results suggest
that the exclusive FGFR2 fusions and KRAS mutations
may be attributable to the pathologic subtypes.
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We classified the LCs using the integrated data analysis to identify the robust results regardless of co-
set, which could be affected by biased batch effects hort composition or data platforms. We also reevalu-
because of the different cohorts and data platforms. ated our classification using the YS-LC data alone to
Thus, we carefully integrated the two data by removing rule out possible batch effects or sample biases by the
the batch effects, taking advantage of the integrative data integration. We could reproduce the four subtypes,
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FIGURE 7 LC subtypes have distinct mutation profiles. (A) Boxplots show the frequencies of nonsynonymous (left) and synonymous
(right) mutations across LC subtypes (B) A heatmap shows the differentially mutated genes across the LC subtypes (middle). Mutation
frequencies in HCCs and iCCAs are indicated (left). Mutation rates in each subtype are shown in a scale-colored heatmap (right). (C) Bar
plots show the different mutation frequencies of the TERT promoter, TP53, IDH1/2, FGFR2 fusion, and KRAS across the LC subtypes. (D)
The TP53 mutation frequency in HCCs with rim-APHE is shown. (E) FGF2R fusions with four different genes are schematically illustrated.
(F) Frequencies of the pathway mutations for WNT, epigenetic regulators, DNA repair, and KRAS are shown in LC subtypes. AHCYLT,
adenosylhomocysteinase like 1; APOB, apolipoprotein B; CAT, catalase; COL6A3, collagen type VI alpha 3 chain; DLAT, dihydrolipoamide
S-acetyltransferase; GNAS, G protein subunit alpha S; KARS1, lysysl—transfer RNA synthetase 1; PRNP, prion protein; PYCR1, pyrroline-
5-carboxylate reductase 1; RBFOX2, RNA binding Fox 1 homolog 2; SNV, single nucleotide variant; SPG11, spastic paraplegia 11; TCN2,
transcobalamin 2; TSG, tumor suppressor gene; TGFBR2, TGF-beta receptor 2; WAC, WW domain containing adaptor with coiled-coil
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FIGURE 8 Summary of genomic and radiopathologic features of the LC subtypes

revealing the distinct subtype-dependent phenotypes
(Figure S19). Therefore, we suggest that our integrative
analyses are not likely to be false or to have biased
observations.

In conclusion, we suggest that the integrated view of
the molecular spectrum between HCCs and iCCAs can
identify molecular subtypes representing distinct genomic
and radiopathologic features, providing pathobiological
insights into the heterogeneous progression of LC.
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