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Abstract
Introduction: Immunotherapy is becoming a promising
approach for unresectable-hepatocellular carcinoma (HCC);
the anti-tumor response is affected by the tumor micro-
environment (TME). Although Wnt/β-catenin mutations are
reported to cause non-inflamed phenotype, their role on
TME remains controversial. We aimed to clarify the het-
erogeneity of immunophenotype in HCC with Wnt/β-cat-
enin mutations. Methods: This study includes 152 resected
HCCs; mutations in the catenin beta-1, adenomatous poly-
posis coli, or AXIN1, or AXIN2 genes were defined as Wnt/β-
catenin mutations. With hierarchical cluster analyses, TME
was classified into inflamed or non-inflamed classes based
on the gene expressions associated with T-cell activation.
Expression profiles of molecules related to cell differentia-
tion and biliary-stem cell markers were compared between
the TME classes to investigate whether differences in tumor

traits were associated with TME. Results: Forty of 152 (26.3%)
HCCs carried theWnt/β-cateninmutations. Of these, 33 were
classified as non-inflamed (33/40, 82.5%) and 7 as inflamed
(7/40, 17.5%). Non-inflamed class was characterized by low
number of CD3+, CD4+, and CD8+ cells on immunostaining,
and high mRNA expressions of AXIN2 and GLUL, which are
involved in the canonical Wnt/β-catenin signaling and he-
patocyte differentiation, respectively. Non-inflamed tumors
showed higher enhancement on the hepatobiliary-phase of
gadolinium-ethoxybenzyl-diethylenetriamine (Gd-EOB-DTPA)-
enhanced magnetic resonance imaging (MRI) compared to
inflamed tumors. HCCs classified as inflamed class are revealed
to have high numbers of CD3+, CD4+, and CD8+ tumor in-
filtrating lymphocytes on immunostaining. This class is asso-
ciated with increased expression of anti-epithelial cell ad-
hesion molecule and FOXM1 accompanied by upregulation
of genes related to interferon-gamma signaling, dendritic cell
migration, regulatory T cells, and myeloid-derived suppressor
cell activation and recognized as low enhancement nodule
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on Gd-EOB-DTPA-enhanced MRI. Conclusion: Heterogeneity
of tumor traits and TME was observed in HCC with Wnt/β-
catenin mutation. The potential was indicated that tumor
traits and TME are determined not only by the activation of
the HNF4A but also by FOXM1, both of which are downstream
transcription factor of the Wnt/β-catenin signaling pathway.

© 2023 The Author(s).

Published by S. Karger AG, Basel

Introduction

Patients with recurrence of hepatocellular carcinoma
(HCC) after curative therapies, such as radiofrequency
ablation and surgical resection [1], eventually progress to
an advanced stage of the disease; appropriate manage-
ment of these patients is critical for long-term survival.
Immune-mediated therapies including treatment with
immune checkpoint inhibitors (ICIs) are a key strategy
for the treatment of unresectable HCC; the antitumor
effect of the agents should be attributed to the immune
conditions in the tumor microenvironment (TME) [2].
Refractory non-inflamed tumors represent a major
challenge to immune-mediated therapies for HCC.
Blockade of infiltration of CD8+ T cells into tumors has
been partly attributed to the emergence of Wnt/β-catenin
activating mutations [3–5], with activation of this
pathway leading to a reduced recruitment of CD103+

dendritic cells (DCs) caused by the downregulation of
chemokine (c-c motif) ligand 5 (CCL5) [5, 6]. HCC with
Wnt/β-catenin mutation has been shown to be refractory
to ICI, both for anti-programmed cell death protein 1
(PD-1)/programmed death-ligand 1 (PD-L1) antibody
monotherapy [7, 8] and immune-combination therapies
such as atezolizumab plus bevacizumab [9].

Hepatocyte nuclear factor (HNF) 4α, which is involved
in organ-specific differentiation and also acts as a tumor
suppressor gene, is one of the target genes of the Wnt/β-
catenin signaling pathway [10, 11]. Therefore, HCCs with
Wnt/β-catenin mutations generally show a differentiated
phenotype with less vascular invasion and extrahepatic
metastasis, increased expression of molecules charac-
teristic for mature hepatocytes including the bile acid
transporter organic anion transporting polypeptide
(OATP)1B3 [12]. This HCC type exhibits higher en-
hancement on the hepatobiliary phase of gadolinium-
ethoxybenzyl-diethylenetriamine (Gd-EOB-DTPA)-en-
hanced magnetic resonance imaging (MRI) [13–15].

However, recently, it has been reported that a subset
of HCCs with Wnt/β-catenin activating mutations
may also show aggressive phenotypes [16]; another

study identified a subgroup that responds to immu-
notherapy [17]. Some reports have suggested a dual
aspect of Wnt/β-catenin mutated HCC in terms of the
tumor behavior and anti-tumor response to ICIs [16,
18]. This indicates that the phenotypic heterogeneity
of Wnt/β-catenin mutated HCC may be mainly at-
tributed to differences among master regulators on the
Wnt/β-catenin signaling that leads to the expression
of immune gene sets characteristic for immunological
TME. In this context, we specifically focused on the
major master regulators for the phenotypic hetero-
geneity for this type of HCC, such as HNF4α and
forkhead box (FOX) M1 because variations in tumor
differentiation and aggressiveness may affect the TME
through the different amount of tumor-related anti-
gens [18]. In this context, we classified the Wnt/β-
catenin mutated HCCs based on the transcriptome
data for an accurate characterization of the immune
microenvironment and compared the phenotypic
differences of HCC in each class.

Materials and Methods

Patients
This is single-institution retrospective cohort study enrolled

152 patients with Child-Pugh class A liver function [19] who
underwent curative surgical resection of HCC at the Kindai
University Hospital between December 2003 and July 2014. The
diagnosis of HCC was made based on radiological findings as
recommended by the guidelines of the American Association for
the Study of Liver Diseases [20]. The inclusion criteria were as
follows: patients with performance status defined by the Eastern
Cooperative Oncology Group [21] of zero or 1; patients who met
the Makuuchi criteria [22, 23] and could tolerate hepatic resection;
patients who met tumor conditions with no extrahepatic spread
including lymph node metastases.

We analyzed the background of these 152 patients and
prognosis, including recurrence-free survival (RFS) and overall
survival (OS). The following blood and biochemical laboratory
values were collected from the medical records within 1 month
prior to liver resection: white blood cell count, lymphocyte count,
neutrophil-to-lymphocyte ratio, red blood cell distribution width,
platelet count, C-reactive protein, hyaluronic acid, prothrombin
time – international normalized ratio, serum albumin, total bili-
rubin, aspartate aminotransferase, alanine aminotransferase,
gamma glutamate transferase, lactate dehydrogenase, corrected
calcium, alpha-fetoprotein, and des-γ-carboxyprothrombin.

This study was conducted in accordance with the Declaration
of Helsinki and was approved by the Institutional Review Board of
the Kindai University Hospital (approval No. #31-145). The re-
quirement for informed consent for the academic use of archived
samples for this noninvasive retrospective study was waived with
an opt-out approach in the event of publication of the research
plan under the Act on the Protection of Personal Information in
Japan.
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DNA and RNA Analysis Using Next-Generation Sequencers
DNA and RNA were extracted from archived fresh frozen

samples. The tumor tissues were frozen immediately after surgical
removal and stored at 80jC until DNA and RNA isolation. AllPrep
DNA/RNA formalin-fixed paraffin-embedded (FFPE) kit (QIA-
GEN; Venlo, the Netherlands) was used to extract DNA and RNA
from samples. The Ion AmpliSeqTM Comprehensive Cancer Panel
(Illumina®; San Diego, CA, USA), which targets somatic mutations
across 409 cancer-related genes was applied to examine the gene
mutations in tumor tissue. The Wnt/β-catenin activating mutations
were defined as mutations of the catenin beta-1 (CTNNB1), ade-
nomatous polyposis coli (APC), AXIN1, or AXIN2 genes in tumor
tissues. After non-synonymous mutations were selected, the low-
quality sequences were excluded. Single nucleotide polymorphisms
listed in the Human Genome Variation Database (HGVD) version
2.3 were also filtered out. However,mutations that were registered in
the reference database as single nucleotide polymorphisms but
showed prominent increase of clonality in tumor tissues compared
to non-tumor tissues were considered as oncogenic alterations.
Allele reads were counted, and tissues contained clonally expanded
mutant cells if the absolute number of corresponding mutant alleles
was ≥20 leads. We also used prediction algorithms to determine the
significance of missense mutations in carcinogenesis: the sorting
intolerant from tolerant and polymorphism phenotyping v2
functional prediction algorithm [24, 25].

For library preparation for transcriptome analysis, Ion AmpliSeq
Transcriptome Human Gene Expression Kit (Thermo Fisher Sci-
entific, Inc.; Waltham, MA, USA) was used for next-generation
sequencing with following the manufacturer’s protocol. Sequencing
was performed using the Ion 550 Kit and the Ion S5TM XL System
(Thermo Fisher Scientific, Inc.). To classify the TME status, we
performed hierarchical clustering analysis and generated heat maps
using the mRNA expression related to tumor-infiltrating CT8+ T
lymphocytes (TILs), immune escape, DC activation, natural killer
cell activation, interferon gamma (IFN-γ) signaling, myeloid-
derived suppressor cells (MDSCs), regulatory T (Treg) cells, and
antigen presentation based on a previous report (shown in online
suppl. Table 1; for all online suppl. material, see https://doi.org/10.
1159/000533818) [26–28]. For the characterization of HCCs be-
longing to each subgroup of TME determined by the clustering
analysis, we compared gene expression levels for CTNNB1, AXIN1,
AXIN2, and APC as a canonical Wnt/β-catenin activating signaling.
We also compared the expression levels of several genes as follows
for the accurate characterization of immune subgroups; glutamate-
ammonia ligase (GLUL), Solute Carrier Organic Anion Transporter
(SLCO) 1B3, and gene card of a bile acid transporter as differen-
tiation markers; SNAI1, SNAI2, SNAI3, EST, TWIST1, and VIM as
epithelial-mesenchymal transition (EMT)-related genes; vascular
endothelial growth factor (VEGF), fibroblast growth factor receptor
(FGFR), Transforming Growth Factor-β1 (TGFB1), IFN-γ, NOTCH,
CC chemokine ligand (CCL), chemokine (C-X-C motif) ligand
(CXCL), and matrix metalloproteinase (MMP) as representatives of
immune-related signaling pathways.

Immunohistochemistry
FFPE samples of HCC tissue obtained from liver resection were

examined to confirm the histology of HCC by pathologists spe-
cializing in hepatology (Y.K. with 10 years, andM.S. with 37 years of
experience in pathological diagnosis of liver tumor). Immunohis-
tochemistry (IHC) was used to determine the nuclear deposition of

β-catenin, expression of glutamine synthetase (GS) as a marker of
canonical Wnt/β-catenin signaling and hepatocyte differentiation;
FOXM1 as a marker of downstream molecule relate to cell pro-
liferation in Wnt/β-catenin signaling; CK19, SALL4, and epithelial
cell adhesionmolecule (EpCAM) asmarkers of the biliary stem cells.
Expression of TILs and expression of PD-1, PD-L1, T-cell im-
munoglobulin mucin (TIM)-3, and lymphocyte-activation gene
(LAG)-3 were also examined with IHC.

Strong diffuse staining of GS was defined as positive, and for β-
catenin evaluation, nuclear staining of ≥5% of tumor cells was de-
fined as positive [29]. To evaluate CK19 expression, we assessed
membranous and/or cytoplasmic expression of tumor cells; positivity
was defined as strong CK19 staining in more than 1–5% of tumor
cells. For SALL4, positivity was defined as the presence of a nuclear-
reactive spreading pattern in more than 1–5% of tumor cells. For
EpCAM, membranous staining in greater than or equal to 1–5% of
tumor cells was defined as positive [29]. PD-1, LAG-3, or TIM-3
expression was determined to be positive when the T-lymphocyte
membrane showed yellow, brown, or dark brown granules [8, 30].
The number of PD-L1 positive cells in the tumor and tumor in-
filtrating cells were summed to calculate the combined positive score
(CPS), which was determined as the number of PD-L1 positive cells
divided by the total number of viable tumor cells × 100 [31]. Details
of the IHC conditions are set out in online supplementary Table 2.

MRI Protocol
Gd-EOB-DTPA-enhanced MRI was performed on a 3T

scanner (Intera Achieva 3T, Philips Healthcare, Best, Netherlands)
or 1.5T scanner (1.5T Signa HDxt, GE Healthcare, Milwaukee, WI,
USA) using a superconducting magnet system with an 8-channel
body phased-array coil. Gadoxetate (Primovist: Bayer Schering
Pharma, Osaka, Japan) was administered intravenously at a rate of
0.025 mmol per kg body weight at 2.0 mL/s, followed by a 20-mL
saline flush. Dynamic images using fat-suppressed T1-weighted
gradient echo images were obtained before (pre-contrast), 14–30 s
(arterial phase), 70 s, 3 min, and 20 min (hepatobiliary phase
images) after the injection of gadoxetic acid.

In the present study, the radiologist (M.T. with 19 years of
experience in abdominal radiology, particularly liver imaging)
calculated the relative enhancement of nodules compared with that
of the liver parenchyma as follows [13, 32]: the relative intensity
ratio (RIR) = SInod/SIpar, where SInod is the SI from the nodule
and SIpar is that from the liver parenchyma; the relative en-
hancement ratio (RER) was calculated as RIRHBP/RIRpre, where
RIRHBP is RIR in the hepatobiliary phase images and RIRpre is
the RIR before the contrast enhancement.

Statistical Analyses
First, principal component analysis was performed in all 152

HCCs by gene expression levels of CD8+ T cells, IFN-γ signal, and
TGFB1 to confirm the distribution of inflammatory and non-
inflammatory classes, as reported by Sia et al. [33]. We next per-
formed hierarchical clustering analysis (Ward method) in HCCs
with and without Wnt/β-catenin activating mutations and classified
these into an inflamed and a non-inflamed class based on the mRNA
expressions associated with CD8+ T cells as shown in online sup-
plementary Table 1, respectively. For the comparison of categorical
variables, Pearson’s χ2 test or Fisher’s exact test was applied. One-way
analysis of variance or the Wilcoxon rank-sum test was used for
comparison of continuous variables. The Kaplan-Meier survival
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curves (log-rank test) were applied for comparison of OS and RFS. A
two-tailed p value <0.05 was considered to indicate a statistically
significant difference in all analyses. We refer to the Cancer Genome
Atlas (TCGA) database for external validation (Liver HCC in TCGA
(TCGA, Firehouse Legacy) annotated mutation and RNA expression
data file from cBioPortal for Cancer Genomics (https://www.
cbioportal.org/) on January 6, 2023, for 379 cases.

Statistical analyses were performed using the IBM Statistical
Package for the Social Sciences Statistics version 28.0 (IBM, Ar-
monk, NY, USA). Heat maps were described using internet
software R v4.3.0 (https://cran.r-project.org/bin/windows/base/)
and Morpheus (https://software.broadinstitute.org/morpheus/) by
selecting only genes with F values >10 and p values <0.001.

Results

Patient Characteristics
Genetic analysis of 152 HCC tissues revealed 5 APC

mutations, 35 CTNNB1 mutations; no mutations were
detected in the AXIN1 and AXIN2 genes in this cohort.
Among the 35 CTNNB1mutations, 21 cases hadmutations
in the D32-S37, 6 cases hadmutations at T41 region of exon
3. Additionally, there were 6 cases with mutations at S45, 1
case with a mutation at N387, and 1 case with a mutation at
T951 (supplementary dataset) [34]. Consequently, 40HCCs
(26.3%) carried mutations in Wnt/β-catenin pathway.

The median follow-up period was 107.3 months (95%
CI: 93.5–121.2). Differences in baseline characteristics
between HCCs without Wnt/β-catenin mutation (n =
112) and those with Wnt/β-catenin mutation (n = 40) are
summarized in Table 1. For HCCs with Wnt/β-catenin
mutations, the median patient age was 72.0 years (range
56–80), 85.5% were male (34/40), 3 patients were hep-
atitis B surface antigen positive, 18 patients were hepatitis
C virus antibody positive, 7 patients were diagnosed with
nonalcoholic steatohepatitis (NASH), 4 patients were
heavy alcohol drinkers, and 8 patients had cryptogenic
HCC. There were no significant differences in the clinical
characteristics between the two groups except for a higher
proportion of male patients in the group of HCC with
Wnt/β-catenin activating mutations (p = 0.047).

Based on the comparison of characteristic for tumor
status, HCC with Wnt/β-catenin mutation had a signifi-
cantly larger tumor diameter (p = 0.024) and significantly
lesser poorly differentiated forms (p = 0.021). CD8 T-cell
infiltration was more prominent in tumors without Wnt/
β-catenin mutation than those with the mutations, al-
though this was not significant (p = 0.724). Comparing the
expression of immune checkpoint molecules on TIL, there
were no significant differences of expression in PD-1 (p =
0.767), CPS of PD-L1 (p = 0.221), and TIM-3 (p = 0.081)
between the two groups. However, expression of LAG-3

was significantly less common in Wnt/β-catenin-mutated
HCCs (Table 1). There were significant differences in gene
expression between the two groups; increased expression
of genes involved in the canonical β-catenin pathway and
hepatocyte differentiation, such as AXIN2, GLUL, and
SLCO1B3 in HCCs with Wnt/β-catenin activating muta-
tions. Conversely, gene expression of biliary stem cell
markers (EpCAM, SALL4, and KRT19), EMT-related
genes (SNAI1, SNAI3, and TWIST), transcription factor
FOXM1 that defines aggressive tumor traits, and other
signaling pathways such as TGF-B1, FGF19, VEGFB,
CCL4, and CCL5, was significantly increased in HCCs
without Wnt/β-catenin mutations (Table 1).

The RFS of the two groups after curative tumor re-
section is shown in online supplementary Figure 1a.
HCCs with Wnt/β-catenin mutation had a better RFS
(median RFS 28.9 vs. 15.9 months, p = 0.181, hazard ratio
0.683) with a 1-year recurrence rate of 22.5% (vs. 42.9%)
and a 2-year recurrence rate of 37.5% (vs. 60.7%) in spite
of the larger baseline tumor diameter. The median OS of
patients with HCCs with Wnt/β-catenin mutation was
117.2 months (95% CI 92.9–141.5) and tended to be
longer than that of HCCs without Wnt/β-catenin mu-
tation (57.9 months, 95% CI 56.5–95.3) although this
difference was not significant (online suppl. Fig. 1b).

Immune Class in HCCs with and without Wnt/
β-Catenin Mutation
Referring to the data of immune-related molecules

published by Sia et al. [33], we performed a principal
component analysis by gene expression levels of CD8+
T cells and IFN-γ signaling (shown in online suppl.
Table 1) in 136 cases with RNA of suitable quality for
sequence among a total of 152 HCCs. A heat map based
on significant mRNA expression levels of these immune-
related molecules showed heterogeneity of the immu-
nological TME in HCC with Wnt/β-catenin mutation
(Fig. 1a). Most HCCs with Wnt/β-catenin mutation were
characterized as non-inflamed and immune-cold TMEs
that expressed few inflamed markers related to TIL, TGF-
β1, and IFN-γ signal. In contrast, a small number of
HCCs with Wnt/β-catenin mutation showed high ex-
pression of genes suggestive of CD8+ cell infiltration and
activation of IFN-γ/TGF-β1 signaling (Fig. 1a).

Hierarchical clustering analysis was performed using
expression of genes involved in CD8+ T cell infiltration in
136 cases with RNA of suitable quality for sequence
among a total of 152 HCCs, and classified into inflamed
class (n = 25) and non-inflamed class (n = 111). Com-
parison of RFS by inflamed or non-inflamed classes
showed a trend toward better RFS in the inflamed class
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Table 1. Patient characteristics based on the presence or absence of Wnt/β-catenin mutation

Absence for Wnt/β-catenin
mutation (n = 112)

Presence for Wnt/β-catenin
mutation (n = 40)

p value

Clinical background
Age, median (range), years 68.0 (35–85) 72.0 (56–80) 0.167
Sex, male 68.8% (77/112) 85.5% (34/40) 0.047
Etiology, HBV/HCV/NASH/alcohol/others 27/46/11/4/25 3/18/7/4/8 0.131
F stage, 0/1/2/3/4 1/6/10/26/66 0/4/5/11/20 0.682
WBC, median (IQR), 103/μL 5.90 (4.2–8.0) 5.90 (4.6–8.2) 0.796
NLR, median (IQR) 2.05 (1.47–3.69) 1.77 (1.2–2.9) 0.128
Platelets, median (IQR), 103/μL 15.9 (12.3–19.7) 19.3 (14.0–23.3) 0.203
RDW, median (IQR) 12.4 (11.8–13.2) 12.5 (11.7–13.3) 0.458
CRP, median (IQR), mg/dL 0.208 (0.068–1.989) 0.249 (0.075–1.05) 0.886
Hyaluronic acid, median (IQR), ng/mL 132.1 (72.2–282.9) 142.1 (59.0–240.8) 0.837
Serum albumin, median (IQR), g/dL 3.8 (3.3–4.1) 3.8 (3.5–4.2) 0.617
Total bilirubin, median (IQR), mg/dL 0.75 (0.50–1.10) 0.70 (0.53–0.98) 0.346
ALT, median (IQR), U/L 42 (24.0–84.0) 57 (32.3–103.3) 0.767
LDH, median (IQR), U/L 225 (185–296) 221 (203–258) 0.449
Corrected calcium, median (IQR), mg/dL 9.4 (9.2–9.7) 9.5 (9.2–9.7) 0.901

Tumor status
Tumor size, median (range), cm 3.5 (1.0–15.0) 4.5 (1.6–15.0) 0.024
Microvascular invasion, yes 29.5% (33/112) 25.0% (10/40) 0.584
HCC differentiation, well/moderate/poor 7/76/28 0/37/3 0.021
AFP level, median (IQR), ng/mL 24.0 (5.50–143.0) 5.50 (4.00–25.8) 0.913
DCP, median (IQR), mAU/mL 59.0 (24.0–707.0) 143.5 (37.5–638.2) 0.246

Immunological TME, IHC
PD-L1, positive 37.7% (31/112) 17.5% (7/40) 0.221
PD-1, positive 19.6% (22/112) 17.5% (7/40) 0.767
LAG-3, positive 25.5% (28/112) 10.0% (4/40) 0.046
TIM-3, positive 25.9% (29/112) 12.5% (5/40) 0.081

Gene expression related to Wnt/β-catenin, immune signaling-related pathways1

AXIN2, median (IQR) 1.8 (0.77–3.7) 22.5 (3.7–38.4) <0.001
GLUL, median (IQR) 319 (226–523) 1,577 (592–4,969) <0.001
EpCAM, median (IQR) 5.5 (0.73–55.1) 0.52 (0.20–2.3) <0.001
SALL4, median (IQR) 2.9 (1.08–7.9) 0.34 (0.65–2.55) 0.017
KRT19, median (IQR) 0.97 (0.08–5.4) 0.10 (0.0–1.4) 0.044
SNAI1, median (IQR) 3.0 (1.4–6.1) 1.4 (0.63–2.8) 0.002
SNAI3, median (IQR) 0.17 (0.07–0.36) 0.0 (0.0–0.08) <0.001
TWIST1, median (IQR) 0.30 (0.08–0.67) 0.13 (0.06–0.38) 0.017
TGFB1, median (IQR) 25.1 (15.2–58.4) 12.7 (7.5–22.6) <0.001
IFNG, median (IQR) 0.40 (0.15–1.03) 0.19 (0.07–0.52) 0.250
FGF19, median (IQR) 1.22 (0.22–14.2) 0.07 (0.0–0.70) <0.001
VEGFB, median (IQR) 28.8 (12.5–47.8) 7.2 (3.4–16.4) <0.001
CCL4, median (IQR) 16.7 (7.8–31.7) 7.8 (3.2–17.9) 0.017
CCL5, median (IQR) 19.6 (9.8–41.0) 12.6 (4.6–23.1) 0.017
HNF4A, median (IQR) 108.3 (73.5–166.2) 111.3 (81.6–148.2) 0.583
FOXM1, median (IQR) 11.2 (4.4–21.5) 5.4 (2.5–13.6) 0.036
SLCO1B3, median (IQR) 2.23 (0.35–13.7) 32.8 (2.0–104.0) <0.001

Outcome
1-year recurrence rate 42.9% (48/112) 22.5% (9/40) 0.020
2-year recurrence rate 60.7% (68/112) 37.5% (15/40) 0.010
Extrahepatic recurrence rate 8.0% (9/112) 7.5% (3/40) 0.903

HCV, hepatitis C virus; HBV, hepatitis B virus; NBNC, negative for hepatitis B surface antigen and hepatitis C antibody; NASH, nonalcoholic stea-
tohepatitis; WBC, white blood cell; NLR, neutrophil-lymphocyte ratio; RDW, red blood cell distribution width; CRP, C-reactive protein; AST, aspartate
aminotransferase; ALT, alanine aminotransferase; LDH, lactate dehydrogenase; AFP, α-fetoprotein; DCP, des-γ-carboxy prothrombin; IQR, interquartile
range; PD-1, programmed cell death protein 1; PD-L1, programmed death-ligand 1; TIM-3, T-cell immunoglobulin mucin-3; LAG-3, lymphocyte-activation
gene-3; GLUL, glutamate-ammonia ligase; EpCAM, anti-epithelial cell adhesion molecule; SALL4, Spalt-like4; KRT19, cytokeratin 19; VEGF, vascular
endothelial growth factor; FGFR, fibroblast growth factor receptors; MMP, matrix metalloproteinase; TGFB, transforming growth factor-β; IFNG, interferon
gamma; CCL, CC chemokine ligand; CXCL, chemokine (C-X-C motif) ligand; HNF, hepatocyte nuclear factor; FOX, forkhead box; SLCO1B3, solute carrier
organic anion transporter 1B3. 1Expressions of mRNA were determined through the mRNA sequencing.
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(online suppl. Fig. 1c), with little difference in OS (online
suppl. Fig. 1d). Additionally, among the 136 HCCs
evaluated by IHC, in the inflamed class of 25 HCCs, 16
HCCs exhibited T cells with exhausted phenotypes ex-
pressing PD-1, LAG-3, or TIM-3. When comparing the
expression levels of the 9-gene signature (LAG3, CD244,
CCL5, CXCL9, CXCL13, MSR1, CSF3R, CYBB, and
KLRK1) as presented by Hsu et al. [35], all nine factors
were significantly upregulated in the inflamed class HCCs
(n = 25) compared to the non-inflamed class HCCs (n =
111) (online suppl. Fig. 2, p < 0.001).

Next, we further focused on the 40 HCCs with Wnt/β-
catenin mutation; HCCs with Wnt/β-catenin mutation
were classified into inflamed and non-inflamed classes
(Fig. 1b). The non-inflamed class (n = 33, 82.5%) and
inflamed class (n = 7, 17.5%) of HCCs with Wnt/β-
catenin mutation were marked in the top panel of
Figure 1a in green and red, respectively. IHC also con-
firmed that intratumor T-cell infiltration stained with
CD3, CD4, and CD8 was significantly more pronounced
in the inflamed class. CD3+ cell (7.49 cells/HPF vs.
91.2 cells/HPF, p < 0.001), CD4 (2.43 cells/HPF vs.
35.1 cells/HPF, p = 0.013), CD8 (5.93 cells/HPF vs.
72.9 cells/HPF, p < 0.001) in non-inflamed and inflamed
classes, respectively (Fig. 1c). Furthermore, among 7
inflamed class HCCs with Wnt/β-catenin mutations, 4
HCCs were classified into the T-cell exhausted phenotype

positive for PD-1, LAG-3, or TIM-3, while 3 HCCs were
classified into the non-exhausted inflamed class. The
comparison with patient baseline characteristics of two
distinct classes with and withoutWnt/β-cateninmutation
is shown in Table 2. There were significant differences in
the etiologies of the two classes with hepatitis B/C virus-
related HCC accounting for 54.5% (18/33) of the non-
inflamed class and alcohol-induced HCC accounting for
42.9% (3/7) of the inflamed class of HCC with Wnt/β-
catenin mutation; however, there were no significant
differences in other factors between the two classes of
HCC with Wnt/β-catenin mutation. Regarding tumor
differentiation, poorly differentiated HCC was more
frequently observed in the inflamed class than in the non-
inflamed class (p = 0.047).

The RFS for each immune class of HCC with and
without Wnt/β-catenin mutation is shown in Figure 2;
online supplementary Figure 1e. In HCC without
Wnt/β-catenin mutations, RFS did not differ de-
pending on whether the patient belonged to the in-
flamed or non-inflamed class (online suppl. Fig. 1e). On
the other hand, in HCCs with Wnt/β-catenin mutations,
there was a significant difference between the two distinct
classes; the median RFS was not achieved in HCC cases
with Wnt/β-catenin mutation in the inflamed class.
Conversely, the HCCs cases with Wnt/β-catenin muta-
tion in the non-inflamed class showed a median RFS of

a
1

(Figure continued on next page.)
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b

c

Fig. 1. a Heatmap based on principal
component analysis using the genes
associated with CD8+ T cell activation.
Principal component analysis was per-
formed on gene expression for TIL ac-
tivation across 152 HCCs, and a heat
map was generated based on the results;
cases with gene mutations such as
CTNNB1 and APC were labeled. b Hi-
erarchical cluster analysis using the
genes associated with CD8+ T-cell ac-
tivation. Based on the gene expression
levels associated with CD8+ T cells
obtained from the transcriptome anal-
ysis (see online suppl. Table 1) in 40
HCC cases with Wnt/β-catenin muta-
tions, a cluster analysis was performed
and generated a heat map with Z values.
The patients were classified into two
groups: those with high gene expression
(inflamed class, 7 cases) and those with
low gene expression (non-inflamed
class, 33 cases). c Immunostaining for
lymphocytes infiltrating in the tumor.
Non-inflamed and inflamed classes of
Wnt/β-Catenin mutated HCCs, which
classified according to RNA expression
levels associated with CD8+ T cells,
were performed to evaluate lymphocyte
infiltration into tumor. The cells stained
by CD3, CD4, and CD8 were counted as
cells/HPF. The inflamed class HCC
showed significantly more T-cell infil-
tration. HCC, hepatocellular carcinoma.
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20.8 months (95% CI: 0.00–43.1) and a significantly
higher risk of postoperative recurrences (hazard ratio
0.200, 95% CI: 0.046–0.867, p = 0.018) (Fig. 2). A similar
trend was observed in OS, and the results of the survival
analysis for each immune class are shown in online
supplementary Figure 1f, g.

We performed external validation using the same hi-
erarchical clustering analysis with HCC cohort withWnt/β-
catenin mutation from the TCGA database (n = 129)
(online suppl. Fig. 3a), indicating that HCCs with Wnt/β-
catenin mutation showed two major immune classes: non-
inflamed and inflamed types. The RFS and OS for each
immune class of HCC with Wnt/β-catenin mutation are
shown in online supplementary Figure 3b. The median RFS
was 36.7 (95% CI: 12.7–60.7) in inflamed class of HCCs
with Wnt/β-catenin mutation and was 19.4 (95% CI:
13.5–25.4) in non-inflamed class of HCCs (p = 0.074). The
median OS was not reached in inflamed class of HCCs with
Wnt/β-catenin mutation and was 33.0 (95% CI: 9.04–57.0)
in non-inflamed class (p = 0.014).

The transcriptome analysis revealed different patterns
in the expression of genes involved in the Wnt/β-catenin
pathway, tumor differentiation, EMT, and chemokine:
AXIN2 (median values: 24.0 vs. 5.1 for non-inflamed vs.
inflamed class, p = 0.032), CTNNB1 (486.2 vs. 370.0, p =
0.080), CLUL (3,179.8 vs. 664.2, p = 0.028), SNAI3 (0.0 vs.
0.23, p = 0.005), VIM (200.1 vs. 359.4, p = 0.009), TGFB1
(11.1 vs. 23.8, p = 0.007), IFN-γ (0.14 vs. 2.28, p < 0.001),
MMP9 (1.30 vs. 14.7. p = 0.054), NOTCH3 (8.99 vs. 11.0,
p = 0.020), CCL4 (5.42 vs. 26.9, p = 0.032), CCL5 (11.2 vs.
84.8, p < 0.001), CXCL10 (32.9 vs. 259.5, p = 0.006),
CXCL11 (3.14 vs. 26.0, p < 0.001) in HCCs with Wnt/β-
catenin mutation (Table 2; Fig. 3a). In the inflamed class
of HCCs without Wnt/β-catenin mutations, TGFB1,
SNAI3, VIM, MMP9, VEGFB, CCL4, and CCL5 were the
most upregulated in the four groups and HNF4A was
most downregulated in the four groups (shown in
Table 2; Fig. 3a). Focusing on HNF4A, its expression
decreases in the inflamed class of HCCs without Wnt/β-
catenin mutation, whereas in HCCs with Wnt/β-catenin
mutation, no significant difference in expression levels
was observed between the inflamed and non-inflamed
classes. The comparison of the frequencies of oncogenic
mutations between the two groups is shown in Table 3.
The gene mutations were classified based on the onco-
genic pathway involved; none of which showed signifi-
cant differences in the two immune classes.

Comparison of expressions ofmolecules related to TME
and tumor differentiation based on IHC showed the fol-
lowing (Table 2; Fig. 1c): intratumor T-cell infiltration
stained with CD8 was more prominent in the inflamed

class of HCCs with Wnt/β-catenin mutation (5.93 cells/
HPF vs. 72.9 cells/HPF for non-inflamed vs. inflamed
class, p < 0.001) and correlated strongly with mRNA
expression levels. The mRNA expression of AXIN2 and
CTNNB1, was significantly higher in the non-inflamed
class of HCC with Wnt/β-catenin mutation, while there
was no difference in nuclear deposition of β-catenin be-
tween the two classes (63.6% vs. 42.9%, p = 0.528). mRNA
expression of GLUL and the intensity of GS expression in
IHC, both known markers of hepatocyte differentiation,
were significantly higher in the non-inflamed class of
HCCs compared to the inflamed class (3,179.8 vs. 664.2,
p = 0.028 forGLULmRNA, and 60.0% vs. 14.3%, p = 0.047
for GS staining, respectively). Transcriptome analysis
showed no significant difference in gene expression of
biliary stem cell markers or FOXM1 between the two
classes, while EpCAM-positive (0% vs. 14.3%, p = 0.028) or
FOXM1-positive (9.1% vs. 42.9, p = 0.011) HCC cells were
significantly more abundant in the inflamed class. The
representative figures of FOXM1 IHC in this study are
shown in online supplementary Figure 4. Typical cases
with Wnt/β-catenin mutated HCC classified into non-
inflamed and inflamed class are shown in Figure 4b–t.

The discriminatory ability to separate into inflamed and
non-inflamed classes was compared by ROC analysis (results
for all HCCs are shown in online suppl. Fig. 5a, results for the
40HCCs withWnt/β-cateninmutations are shown in online
suppl. Fig. 5b, and result of external validation with TCGA
dataset are shown in online suppl. Fig. 5c). When examining
RNA expression levels, most of the markers associated with
CD8+ T cells used in this cluster analysis were found to have
high discriminatory power with anAUROCof 0.90 or higher
(p < 0.001), and HNF4A and FOXM1/HNF4A ratio may be
useful to separate two classes (shown in online suppl.
Fig. 5a–c). Clinical parameters showed that the alpha-
fetoprotein/des-γ-carboxyprothrombin ratio significantly
differentiated the inflamed and non-inflamed classes (p =
0.021), but not in the 40 HCCs with Wnt/β-catenin muta-
tions (shown in online suppl. Fig. 5a, b).

The Heterogeneity of MRI Images in Wnt/β-Catenin
Mutated HCC
As enhancement ofGd-EOB-DTPAonMRIwas known to

be attributed to the expression of OATP1B3, which was a
downstream target of Wnt/β-catenin signal, we examined the
images of Gd-EOB-DTPA-enhanced MRI for HCC with
Wnt/β-catenin mutation. Sixteen of 40 patients with Wnt/β-
cateninmutatedHCCs underwentGd-EOB-DTPA-enhanced
MRI examination within 1month before surgery; comparison
of the hepatobiliary phase revealed that all intrahepatic
nodules in the inflamed class had lower signal intensity than
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the background liver. In contrast, compared to the background
liver, the intrahepatic nodules in the non-inflamed class
showed iso to higher signal intensity on EOB-MRI; the mean
RER was 0.99 (95% CI: 0.85–1.15) for the non-inflamed class
of HCCs (n = 13) and 0.66 (95% CI: 0.38–0.93) for the in-
flamed class ofHCCs (p= 0.065, results shown in Fig. 4a). The
representatives of hematoxylin and eosin staining and IHC of
HCC cells, and the hepatobiliary phase on Gd-EOB-DTPA-
enhanced MRI are presented in Figure 4b.

Comparison of the TME in Two Immune Phenotypes of
HCCs with Wnt/β-Catenin Mutation
Next, we compared the TME in the two phenotypes of

HCCs withWnt/β-catenin mutation. For the classification
of TME based on each immune step and their involved
gene expressions, we refereed to the previous study, which
was reported to better represent the immune status [26].

The seven molecular profiles of TME selected for this
comparison were as follows: innate immunity, priming and
activation, IFN-γ response, inhibitory molecules, Treg cells,
MDSCs, and tumor cell recognition. Using genes associated
with these seven gene ontologies [26–28] (shown in online

suppl. Table 1), cluster analysis was performed using
mRNA expression of the genes involved in the seven
immune steps for 40 HCCs withWnt/β-catenin mutations.
For heat mapping, the data were normalized using the
z-score for the entire 40 cases (shown in online suppl.
Fig. 6). Of the selected molecular profiles, IFN-γ response
was classified into three groups (highly activated, moder-
ately activated, not activated), while the remaining six
parameters were classified into two groups (activated, not
activated), revealing the heterogeneity of the immuno-
logical TME in HCCs with Wnt/β-catenin mutations.

A small proportion (n = 7) of HCCs with Wnt/β-
catenin mutations, classified as inflamed because of the
enhanced expression of the genes involved in activation
of CD8+ T cells, had high to moderate activation of IFN-γ
signaling, consistent with a previous report [33]. In ad-
dition, other immune steps were revealed to be enhanced
in this class, including innate immunity involving natural
killer cells, antigen presentation and priming by DCs,
inhibitory molecules involved in immune escape, and
suppressor system cells (Treg, MDSC) were activated
(Fig. 5).

Fig. 2. Recurrence-free survival by immune class among HCCs
with Wnt/β-catenin mutations. Postoperative recurrence rates
were compared in 40 HCCs with Wnt/β-catenin mutations.
The median RFS for the inflamed class (N = 7) was not
achieved, while the median RFS for the non-inflamed class

(N = 33) was 20.8 months (95% CI: 0.00–43.1). The postop-
erative recurrence rate was significantly lower in the inflamed
class (Kaplan-Meier, Log-rank test, p = 0.018). HCC, hepa-
tocellular carcinoma; RFS, recurrence-free survival; CI, con-
fidence interval.
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Based on these data, HCCs with Wnt/β-catenin mu-
tations were classified into two classes of TME according
tomolecular profile. Although IHC revealed similar ratios
of cases with nuclear deposition of β-catenin in both

classes, significant differences in the GS expression, which
was the downstream target of Wnt/β-catenin signaling
and cell differentiation marker, were observed (Fig. 5;
Table 3).

a4

a5

Fig. 3. a Gene expression levels between two immune classes of
HCC with and without Wnt/β-catenin mutation. Gene ex-
pression levels obtained from transcriptome analysis were
compared between the two immune classes. The non-inflamed
class HCC with Wnt/β-catenin mutation (N = 33) had higher
expression of AXIN2 and CTNNB1, and GLUL. The inflamed
class HCC with Wnt/β-catenin mutation (N = 7) had signifi-
cantly lower expression of GLUL and higher expression of
EMT-related genes such as SNAIL3 and VIM, TGFB1, IFN-γ,

MMP9, and NOTCH3. In addition, the expression levels of
chemokines such as CCL4 and CCL5, which are involved in
dendritic cell migration, were significantly upregulated in the
immune cold class. HCC, hepatocellular carcinoma; EMT,
epithelial to mesenchymal transition; CTNNB1, catenin beta-1;
GLUL, glutamate-ammonia ligase; TGFβ, transforming growth
factor-β; IFN-γ, interferon gamma; MMP, matrix metal-
loproteinase; CCL, CC chemokine ligand; CXCL, chemokine
(C-X-C motif) ligand.
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Discussion

In our cohort, 136 HCCs subjected to RNA sequence,
25 HCCs (18.2%) were classified as belonging to the
inflamed class. Out of these, 7 HCC carried Wnt/β-
catenin mutations, and 18 HCCs did not carry Wnt/β-
catenin mutations. HCCs with Wnt/β-catenin mutation
were conventionally described as having an immune
cold TME, which was, reportedly, attributed to the role
of Wnt/β-catenin activation on the suppression of CCL5
[36]. However, in this study, we found that 17.5% (7/40)
of the tumors with Wnt/β-catenin mutation had a rel-
atively high gene expression related to CD8+ T cell
activation (Fig. 1) and a high expression of other
immune-related molecules (Fig. 5), suggesting a subset
of HCC with Wnt/β-catenin mutation in the inflamed
class. Interestingly, this phenotype also showed in-
creased expression of the genes related to DC activation
including CCL4 and CCL5. This finding is also con-
sistent with a report by Montironi et al. [16], in which
the Wnt-βcatenin inflamed profile was, reportedly,
characterized by upregulation of CCL4-5, CXCL9-11,
genes involved in IFN-γ signature and antigen pre-
sentation. Therefore, in addition to the activation of DC,
several immune steps may act in coordinate and con-
tribute to the establishment of inflamed phenotype in
this subtype of tumor [36].

We assessed whether the presence or absence of Wnt/
β-catenin mutations differentially affected the charac-
teristics of the inflamed class (Table 2): in the HCCs of the
inflamed class withoutWnt/β-catenin mutations, TGFB1,
SNAI3, VIM, MMP9, VEGFB, CCL4, and CCL5 were the
most upregulated in the four groups, and indicating that

they may have the most aggressive tumor traits due to the
microenvironment prone to EMT and angiogenesis. This
group was characterized by the most significant inhibi-
tion of the tumor suppressor gene HNF4A among the
four groups. On the other hand, in inflamed class of
HCCs with Wnt/β-catenin mutation, RNA expression of
HNF4A is not sufficiently suppressed, and IHC often
shows the expression of FOXM1, which determines ag-
gressive tumor traits. These results suggest the possibility
that, under the influence of Wnt/β-catenin signaling
activation, downstream genes with distinct characteristics
are both being activated.

Patients with primary liver tumors withWnt/β-catenin
inflamed profile have significantly longer RFS after liver
resection (Fig. 2); 42.9% (3/7) of these patients, had non-
B, non-C HCC, mainly caused by heavy alcohol con-
sumption. The molecular characteristics were as follows:
β-catenin nuclear deposition was observed in 42.9% (3/7)
of cases, while GS expression was only observed in 14.3%
(1/7). Although the CTNNB1 mutated region was in-
vestigated, it was poorly related to the D32-S37 mutation,
which is associated with diffuse strong staining of GS
[34]. One of 7 cases was positive for biliary stem cell
makers, such as CK19 and EpCAM. No nodules with
higher enhancement were detected in the hepatobiliary
phase of Gd-EOB-DTPA-enhanced MRI. It has been
shown that under the influence of Wnt/β-catenin acti-
vation signaling, HNF4A induces the bile acid transporter
OATP1B3, leading to its recognition as a higher en-
hancement nodule in hepatobiliary phase of Gd-EOB-
DTPA-enhancedMRI [15]. However, in three cases of the
inflamed class that underwent MRI imaging, despite
having high HNF4A expression levels ranging from 83 to

Table 3. Number of genetic mutations by immune class

Altered pathway Altered gene Non-inflamed
class (n = 33)

Inflamed class
(n = 7)

p value
(Fisher)

p53/cell cycle control
pathway

ATM, ATR, CCND1, CCND2, CCNE1, CDK12, CDKN2A,
CREBBP, FBXW7, MDM2, RB1, RPS6KA2, TP53

30.3% (10/33) 14.3% (1/7) 0.412

Chromatin remodeling ARID1A, ARID1B, ARID2, CREBBP, EZH2, SMARCA2, 27.3% (9/33) 14.3% (1/7) 0.653

PI3K-Akt pathway PI3KCA, PI3KC2B, PI3KCB, PTEN, MAP3K7, RPS6CA2,
TSC1, TSC2

9.1% (3/33) 14.3% (1/7) 1.000

Oxidative and endoplasmic
reticulum stress

ATF1, CYP2C19, KEAP1, NFE2L2, ROS1 18.2% (6/33) 14.3% (1/7) 1.000

DNA repair ATM, ERCC2, ERCC5, FANCA, MLH1, MSH2, MSH6, XZCC2 6.1% (2/33) 0% (0/7) 1.000

Epigenetic regulator DNMT3A, IDH1, IDH2, KMT2A, KMT2B, KMT2C, KMT2D,
SETD2, TET1, TET2

21.2% (7/33) 28.6% (2/7) 1.000
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152, they did not exhibit higher enhancement HCC
nodules on hepatobiliary phase of Gd-EOB-DTPA-
enhanced MRI. This discrepancy significantly differs
from previous reports, suggesting other signaling path-
ways may be affecting the expression of OATP1B3.

Previous cohorts have also reported a significantly
lower postoperative recurrence rate and better survival in
the inflamed class of HCC [37], and we observed the same
trend in our cohort of 154 HCCs (online suppl. Fig. 1c).
In 40 HCCs with Wnt/β-catenin mutations, the RFS was

a

b
4

(Figure continued on next page.)
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Fig. 5. Tumor immune microenvironment and immunohisto-
chemistry results for each immune class. In HCC with Wnt/β-
catenin mutations, nuclear deposition of β-catenin could be
confirmed by IHC in some patients, but not in others. In the non-
inflamed class, there were significantly more HCC nodules with
clear GS staining (63.6% vs. 14.3%, p = 0.047), and most cases were
negative for biliary stem cell markers such as EpCAM and CK19.
Conversely, the inflamed class showed a high degree of CD8+
T-cell infiltration and expression of suppressor molecules such as
PD-1, LAG-3, and TIM-3. GS was rarely stained and FOXM1-
positive HCC cells were more frequently observed (see Table 2). As
shown in online supplementary Figure 6, cluster analysis was
performed based on gene expression levels associated with NK

cells, dendritic cells, immune escape, and immunosuppressor cells
(see online suppl. Table 1), and the results of these axes were
described as one panel an immunological TME. In each axis, two
groups were reflected in the activation and non-activation groups
(three groups only for IFN-γ signaling). The non-inflamed class of
Wnt/β-catenin mutated HCCs was also a non-activated group in
the other axes related to tumor immunity. HCC, hepatocellular
carcinoma; IHC, immunohistochemistry; FOX, forkhead box;
EpCAM, anti-epithelial cell adhesion molecule; CK19, cytokeratin
19; PD-1, programmed cell death protein 1; LAG-3, lymphocyte-
activation gene-3; TIM-3, T-cell immunoglobulin mucin-3; GS,
glutamine synthetase; HIF, hypoxia inducible factor; NK, natural
killer; TME, tumor microenvironment; IFN-γ, interferon gamma.

Fig. 4. a Differences in diagnostic imaging by immunological
class – signal intensity on hepatobiliary phase of Gd-EOB-
DTPA-enhanced MRI – among 40 HCC patients with Wnt/
β-catenin mutations, 16 patients who underwent Gd-EOB-
DTPA-enhanced MRI immediately before liver resection
were included in this analysis. The non-inflamed class was
recognized by the presence of higher enhancement intrahepatic
nodules, which were not observed in the inflamed class.
b Typical Gd-EOB-DTPA-enhanced MRI study of non-
inflamed and inflamed class HCCs with Wnt/β-catenin mu-
tation; (upper) image for non-inflamed class HCC. HCC nodule
was recognized as a higher enhancement on hepatobiliary
phase; (lower) image for inflamed class HCC. HCC nodule was
recognized as a lower enhancement on hepatobiliary phase.
c–t Typical pathological evaluations of non-inflamed and in-
flamed class HCC with Wnt/β-catenin mutation. Non-inflamed

class of HCC were as follows: (c) H&E stain, moderately differ-
entiated HCC, (d) β-catenin stain, nuclear deposition positive,
(e) GS stain, positive, (f) CK19 stain, negative, (g) EpCAM stain,
negative, (h) FOXM1 stain, negative, (i) CD3 staining, (j) CD4
staining, (k) CD8 staining. Inflamed class HCC were as follows:
(l) H&E stain, moderately to poorly differentiated HCC, (m) β-
catenin stain, nuclear deposition positive, (n) GS stain, negative,
(o) CK19 stain, 1–5% positive, (p) EpCAM stain, positive,
(q) FOXM1 stain, positive, (r) CD3 staining, (s) CD4 staining,
(t) CD8 staining. The red arrows indicate positive findings.
H&E, hematoxylin and eosin; HCC, hepatocellular carcinoma;
GS, glutamine synthetase; CK19, cytokeratin 19; EpCAM, anti-
epithelial cell adhesion molecule; FOX, forkhead box; Gd-EOB-
DTPA, gadolinium-ethoxybenzyl-diethylenetriamine; MRI, magnetic
resonance imaging; RER, relative enhancement ratio; CI, con-
fidence interval.
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significantly favorable in the inflamed class (Fig. 2), and
similar results were confirmed through external valida-
tion using 129 HCCs with Wnt/β-catenin mutation from
the TCGA database (online suppl. Fig. 3b). On the other
hand, poorly differentiated HCCs with a more prolifer-
ative, stromal phenotype are known to cause vascular
invasion and extrahepatic spread and have a worse
prognosis. There has been no adequate validation to
explain this discrepancy. Our analysis shows that the
presence of Wnt/β-catenin activating mutations in the
inflamed class may lead to attenuated tumor aggres-
siveness. We consider that this may have influenced the
best RFS results in the inflamed class of HCCs with Wnt/
β-catenin mutations. Additionally, there are also reports
indicating better RFS in tertiary lymphoid structures
formed HCCs [38]. Therefore, it is necessary to further
investigate and focus on these aspects in future analyses.

Although patients with tumors with Wnt-βcatenin
inflamed profile showed longer RFS, EMT-related
genes, TGFβ1, and MMP9, as well as IFN-γ were sig-
nificantly upregulated in this class (Fig. 3a). HCC with
activated tumor immunity has a better prognosis after
surgery, even with the expression of EMT-related
markers. Montironi et al. [16] reported that the
immune-like subgroup in the inflamed class sometimes
showed Wnt/β-catenin activation, whereas TGF-β acti-
vation was a characteristic in the exhausted subgroup,
where activation of Wnt/β-catenin is infrequent. Based
on our analyses, the inflamed class of Wnt/β-catenin-
mutated HCC shows increased expression of TGF-β,
which may be related to the EMT. Because of the limited
number of HCC cases with Wnt/β-catenin mutation and,
reportedly, the low frequency of the immune exhausted
subtype in the inflamed class, further studies involving
larger cohorts are required to clarify the role of TGF-β
signaling in the inflamed class of HCC with Wnt/β-
catenin mutation.

Furthermore, we found that the inflamed class was
characterized by abundant T-cell infiltration as well as
expression of activation signals and expression of im-
mune checkpoint molecules. Therefore, it is reasonable to
hypothesize that this type of Wnt/β-catenin mutant HCC
is responsive to ICI. A limitation of this cohort is that we
were unable to assess the actual effectiveness of ICI in
each of the four groups.

Conversely, based on the transcriptome analysis, 33
out of 40 (82.5%) HCCs with Wnt/β-catenin mutation
were found to display an immune cold phenotype be-
longing to the non-inflamed class. Of note, 54.5% (18/33)
of these HCCs were hepatitis B or C virus-induced HCCs
and 90.9% (30/33) were moderately differentiated HCCs.

They were also recognizable as higher enhancement in-
trahepatic nodules in hepatobiliary phase of the Gd-EOB-
DTPA-enhanced MRI. Transcriptome analysis showed
significantly lower expression of chemokines such as
CCL4, CCL5, CXCL10, CXCL11, and MMP9, and high
expression of GS and OATP1B3. IHC confirmed nuclear
deposition of β-catenin in 63.6% (21/33) of the cases and
a marker related to hepatocyte differentiation, GS, was
positive in 60.0% (20/33) of the cases; only 9.1% (3/33) of
the cases were positive for biliary stem cell markers. These
features of the non-inflamed class well reflect the char-
acteristics of common HCC traits with Wnt/β-catenin
mutations: well to moderately differentiated HCCs
(Hoshida classification S3 and Boyault classification G5/
6), microtrabecular and bile plug cholestasis, high GS and
high OATP1B3 expression, and can be recognized as
having higher enhancement nodules in the hepatobiliary
phase of Gd-EOB-DTPA-enhanced MRI. It has been
demonstrated that HNF4A induces the bile acid trans-
porter OATP1B3 in HCCs withWnt/β-catenin activation
mutations [15]. A previous report indicated that Wnt/β-
catenin activating mutations generally induce low ex-
pression of CCL4 and CCL5, which results in decreased
DC activation and inhibits CD8+ T cell infiltration into
the tumor [36]. Based on the findings, HCCs in the non-
inflamed class are likely to be resistant to ICI therapy
because there are insufficient effecter cells for anti-tumor
immune response [4, 7, 8].

On the other hand, collecting enough specimens for
genetic analysis on unresectable HCC just prior to im-
munotherapy would be a difficult task. It will require
thorough validation to determine how accurately the
small amount of specimen collected in liver biopsy re-
flects the TME of the entire tumor, whichmay be multiple
or extrahepatic spread. Our group is currently analyzing
the clinical data on HCC treated with ICI, and we believe
that it will be important to evaluate TME not only by liver
biopsy but also by imaging diagnosis.

Phenotypic differences between HCCs with the same
driver mutations, particularly Wnt/β-catenin mutations,
have been reported to be defined by their profile of ex-
pression of the downstream target genes [18, 39]. Focusing
on the expression of FOXM1 among Wnt/β-catenin mu-
tated HCCs, which cooperates with canonical β-catenin to
induce genes involved in the cell cycle and dedifferentiation
[40], FOXM1 was positive in 9.1% (3/33) of nodules
classified as non-inflamed and 42.9% (3/7) of HCCs be-
longing to the inflamed class. The frequencies of HCC
positive for FOXM1was significantly higher in the inflamed
class than in the non-inflamed class among HCCs with
Wnt/β-catenin mutation (p = 0.011). In other types of
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cancer, it has been reported that stimulation from Wnt/β-
catenin signaling induces nuclear migration of FOXM1;
FOXM1 promotes β-catenin nuclear localization and
controls Wnt target-gene expression. FOXM1 has been
reported to promote the expression of c-myc and cyclin D1
and to be involved in malignant traits of tumors through
dedifferentiation into cancer stem cells, promotion of EMT,
and neovascularization [18]. Although FOXM1 expression
in HCC has been reported to contribute to an aggressive
phenotype with poor cell differentiation [15, 41], its asso-
ciation with Wnt/β-catenin mutations have not yet been
elucidated. Future studies are required to examine the
mechanism underlying the Wnt/β-catenin signaling in-
duced expression of FOXM1 in a subset of HCC with
mutation in this pathway.

One limitation of our study is the small number of
cases, which included only 40 HCCs with Wnt/β-cat-
enin mutations. As a result, we were not able to ex-
amine a matched set of background factors such as
hepatitis viral infection and baseline tumor size.
Therefore, the results comparing RFS and OS should be
interpreted with caution. In addition, additional
transcription factors may be involved in the estab-
lishment of two distinct phenotypes in HCCs with
activated Wnt/β-catenin signaling.

In this study, we found that 17.5% (7/40) of HCC cases
with Wnt/β-catenin mutations showed an immune phe-
notype characteristic for the inflamed class. This type of
HCC is associated with the expression of EMT-related
genes indicating that such HCC might be associated with
resistance to tyrosine kinase inhibitors [42, 43]. ICIs may
be effective chemotherapeutic agents because the inflamed
phenotype may be responsive to ICIs. Further studies are
required to clarify the efficacy of ICIs in HCC withWnt/β-
catenin mutations and T-cell-inflamed phenotype.

Conclusion

HCCs carrying mutation in Wnt/β-catenin pathway
are heterogeneous population and include an inflamed
class of tumors based on the transcriptome analyses and
IHC. The HCC in this class shows a high degree of CD3,
CD4, and CD8 positive-cell infiltration, increased ex-
pression of CCL4, CCL5, and activation of DC cells,
resulting in the establishment of an immune hot TME
with poor GS expression, significantly higher FOXM1
expression, and exhibiting EMT-related gene expression.
Therefore, ICIs may be good chemotherapeutic agents for
this class of HCCs despite the fact that these carry the
activating mutation in Wnt/β-catenin pathway.
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