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Hypomethylation-enhanced CRTC2 expression drives
malignant phenotypes and primary resistance
to immunotherapy in hepatocellular carcinoma

Ruizhi Zhang,"® Jingjing Dai,®* Feifan Yao,'-® Suiging Zhou, "¢ Wei Huang,*® Jiali Xu,*® Kai Yu," Yining Chen,>
Bogiang Fan,%* Liren Zhang,"* Jing Xu,>* and Qing Li"/-7*

SUMMARY

The cyclic AMP-responsive element-binding protein (CREB)-regulated transcription coactivator 2 (CRTC2)
is a crucial regulator of hepatic lipid metabolism and gluconeogenesis and correlates with tumorigenesis.
However, the mechanism through which CRTC2 regulates hepatocellular carcinoma (HCC) progression is
largely unknown. Here, we found that increased CRTC2 expression predicted advanced tumor grade and
stage, as well as worse prognosis in patients with HCC. DNA promoter hypomethylation led to higher
CRTC2 expression in HCC. Functionally, CRTC2 contributed to HCC malignant phenotypes through the
activated Wnt/B-catenin pathway, which could be abrogated by the small-molecular inhibitor XAV-939.
Moreover, Crtc2 facilitated tumor growth while concurrently downregulating the PD-L1/PD-1 axis, result-
ing in primary resistance to immunotherapy. Inimmunocompetent mice models of HCC, targeting Crtc2in
combination with anti-PD-1 therapy prominently suppressed tumor growth by synergistically enhancing
responsiveness to immunotherapy. Collectively, targeting CRTC2 might be a promising therapeutic strat-
egy to sensitize immunotherapy in HCC.

INTRODUCTION

Hepatocellular carcinoma (HCC), one of the most commonly diagnosed forms of primary liver malignancy, has high morbidity and mortality
rates worldwide.' ™ HCC usually originates from cirrhosis induced by chronic inflammatory infections, such as hepatitis virus infection, espe-
cially hepatitis B virus (HBV) in China, and is closely associated with excessive alcohol consumption and steatohepatitis related to obesity and
metabolic syndrome."*> Although HCC treatments have witnessed significant progress in surgery, local ablation, and emerging immuno-
therapy strategies over the last few decades, the prognosis of patients with HCC is still poorly improved, with a minimal 5-year overall survival
(09).57° Surgical interventions, such as hepatectomy and liver transplantation, have been shown to significantly improve the 5-year survival
rate for patients diagnosed with early-stage HCC."' However, when seeking consultation, most patients with HCC are already at advanced
stages owing to atypical early symptoms, distant metastases, and rapid disease development, thus precluding curative surgical resection.
Although treatments for patients with advanced HCC are limited, promising advances have been made in therapies based on molecularly
targeted drugs including immune checkpoint inhibitors (ICls) and multi-kinase inhibitors (TKls). ICls exhibit antitumor effects by blocking
the interaction between checkpoint proteins and their ligands and activating the antitumor effect of tumor-infiltrating T cells.”"*"* TKls
exhibit antitumor and anti-angiogenesis effects by downregulating the kinase activity of Ras/Raf/MEK/ERK signaling pathways and targeting
proteins involved in angiogenesis.'”"” However, the efficacy of these medications is restricted in that they only prolong the lifespan of pa-
tients with HCC by 2-3 months with low response rates or induce drug resistance, which finally leads to treatment failure and tumor recur-
rence.'®?° Therefore, a better understanding of HCC malignancy may lead to more efficient treatment strategies.

With the presence of CREB-regulated transcription coactivators (CRTCs), the transcription factor CREB modulates multiple cellular com-
munications in response to a range of extracellular signals, by interacting with cyclic AMP (CAMP) response elements containing genes.”'*
The CRTC family consists of three members namely CRTC1, CRTC2, and CRTC3. CRTC2 is prevalent in the liver and controls the
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Figure 1. CRTC2 is overexpressed in HCC and correlated with poor prognosis

(A) Dot plot showing the mRNA expression levels of CRTC2 in HCC tissues compared to normal liver tissues from the TCGA database.

(B) Dot plots demonstrating stage-dependent expression of CRTC2 during HCC progression in the GSE6764 dataset.

(C and D) Upregulated CRTC2 mRNA expression was significantly associated with patient tumor grade and stage in HCC. Tumor grade information was not
available for 14 samples and undetermined for 5 samples. Cancer stage information was not available for 31 samples.

(E and F) Kaplan-Meier analysis showing the overall survival and disease-free survival of patients with diverse CRTC2 expression.

(G and H) The levels of CRTC2 mRNA and protein expression in normal liver cell line and HCC cell lines.

(I) CRTC2 mRNA expression was detected in 50 paired HCC tissues and matched adjacent normal tissues.

(J) Protein expression of CRTC2 was detected in 6 paired HCC tissues and matched adjacent normal tissues. GAPDH was used for normalization.

(K and L) Representative images of CRTC2 expression in paired HCC specimens and IHC analysis, n = 50 per group, scale bars, 50 pm.

(M and N) Survival analysis using the Kaplan-Meier method after dividing patients with HCC into the low or high CRTC2 expression groups, n = 25 per group. All
data are presented as the means + SD, **p < 0.01; ***p < 0.001; ns, not significant.

transcriptional activity of hepatic gluconeogenesis-related genes with the assistance of CREB.?*?> CRTC2 hepatic depletion effectively ame-
liorates nonalcoholic steatohepatitis progression by reducing lipid accumulation.”® Recently, numerous studies have explored the potential
role of CRTC2 in malignancies, including lymphoma, lung cancer, prostate cancer, and colorectal cancer.”’~° For example, when phosphor-
ylated at Ser238, CRTC2 promotes colorectal cancer progression.” In prostate cancer, high CRTC2 expression has been identified as a prog-
nostic factor of postoperative biochemical recurrence.”” In lymphoma, CRTC2 confers tumor suppression by promoting the transcriptional
activity of DNA mismatch repair genes to preserve genome integrity.”” However, the mechanism by which CRTC2 regulates HCC progression
remains unknown.

In this study, we found that increased CRTC2 expression predicts poor prognosis in patients with HCC. CRTC2 upregulation is attributed to
DNA promoter hypomethylation. CRTC2 facilitates HCC malignant phenotypes by upregulating the Wnt/B-catenin pathway and drives pri-
mary resistance to immunotherapy by downregulating the PD-L1/PD-1 axis. In immunocompetent mice models of HCC, targeting Crtc2 in
combination with anti-PD-1 therapy prominently suppressed tumor growth by synergistically enhancing responsiveness to immunotherapy.
Collectively, targeting CRTC2 might be a promising therapeutic strategy to sensitize immunotherapy in HCC.

RESULTS
Increased CRTC2 expression indicates poor prognosis in patients with HCC

By analyzing The Cancer Genome Atlas (TCGA) Liver hepatocellular carcinoma (LIHC) cohort, we identified a substantial upregulation of
CRTC2 mRNA expression in HCC tissues as compared to normal liver tissues (Figure 1A). Elevated CRTC2 mRNA expression was also
observed in patients with early and advanced HCC in the GSE6764 database, which confirmed that CRTC2 expression was upregulated
in HCC in a stage-dependent manner (Figure 1B). In the UALCAN database, patients with HCC of grades 1, 2, 3, and 4 showed progres-
sively elevated CRTC2 expression (Figure 1C). CRTC2 expression was also progressively elevated at stages 1, 2, 3, and 4, suggesting that
its expression may be an indicator of HCC progression (Figure 1D). In addition, we conducted survival analysis based on Gene Expres-
sion Profiling Interactive Analysis (GEPIA) database, and our findings indicated that patients with higher CRTC2 mRNA expression dis-
played unfavorable OS and disease-free survival (DFS) in HCC (Figures 1E and 1F). In addition to our findings in clinical samples, the
mRNA and protein levels of CRTC2 were significantly higher in HCC cell lines compared to immortalized liver cell line MIHA. Among
the HCC cell lines, Hep3B and Huh7 cells had the relatively higher and lower mRNA and protein levels of CRTC2, respectively
(Figures 1G and TH). To expand our investigation, we collected 50 pairs of HCC tissues and matched adjacent normal tissues and found
that the mRNA expression of CRTC2 was considerably upregulated in the HCC tissues compared to the matched adjacent normal tis-
sues (Figure 11). We randomly selected six pairs of HCC specimens to examine CRTC2 protein expression in HCC tissues. CRTC2 protein
expression was significantly increased in HCC tissues as compared to the matched adjacent normal tissues (Figure 1J). The results of
immunohistochemistry (IHC) staining showed a significant increase in the IHC staining score of CRTC2 in tumor tissues compared to
the matched adjacent normal tissues (Figures 1K and 1L). Meanwhile, patients with high CRTC2 expression had reduced OS and
DFS (Figures 1M and 1N). Additionally, clinicopathological examination (Tables ST and S2) revealed that increased CRTC2 expression
was significantly correlated with larger tumor size (p = 0.024), presence of microvascular invasion (p = 0.004), incomplete tumor encap-
sulation (p = 0.023), and advanced Edmonson stages (p = 0.009). Collectively, these findings suggested that CRTC2 is overexpressed in
HCC and increased CRTC2 expression predicts poor prognosis in patients with HCC.

CRTC2 upregulation is attributed to DNA promoter hypomethylation

The bioinformatic analysis indicated that CRTC2 promoter region contains a typical CpG island, suggesting that DNA promoter hypo-
methylation may contribute to CRTC2 upregulation in HCC (Figure 2A). Analysis based on the cBioPortal database revealed that CRTC2
mRNA expression was negatively associated with the DNA methylation level (Pearson correlation coefficient: —0.39; p = 2.72e—15; Fig-
ure 2B). We exposed Hep3B cells, which exhibit relatively higher CRTC2 expression, and Huh7 cells, which display relatively lower CRTC2
expression, to 5-aza-2'-deoxycytidine (5-Aza-dC), a widely used DNA methyltransferase inhibitor. Methylation-specific PCR (MSP) results
indicated that 5-Aza-dC significantly inhibited DNA methylation levels of CRTC2 promoter sequence (Figure 2C). In comparison to cells
not treated with 5-Aza-dC, HCC cells exposed to 5-Aza-dC exhibited a notable upregulation in CRTC2 mRNA expression, suggesting a
negative correlation between CRTC2 mRNA expression and DNA methylation levels (Figure 2D). A recent study has shown that DNA

iScience 27, 109821, June 21, 2024 3




¢? CellPress

OPEN ACCESS

A Methprimer

#4] it
fe WA

o111 ff G T
i
e
i
el
i
b
oA
wet—luee
rest—lres
stk

s

et

sets|

Input Sequence

Bisulfite PCR priner 19 priner set
irite Peg Hethylated-specidle B e
urmethiloted-Specific - =

)

66 Tstnd

Hep3B Huh7
5-Aza-dC - + & +

M

u

Hep3B Huh7

5-Aza-dC - + - +
CRTC2| 4l W W% & |700=
WASF2| s S0 S8 S |s0kDa
GAPDH| "D SIS SIS s |35kDa

T

elolelele] I lelelel I I ION IlC)

0000000000008 OO

o] lelel lelelele] 1ol I ION l6)

o] Jo! Jelele] I Jo! JeleleN I J

elole] lelelelel Jol I I I M I

000000000000 00 00

ele] Jol ol I leol I I Jolome] |

000000 :9

( Jol Jel Jelel I J el I IO ] J

Figure 2. CRTC2 upregulation in HCC is attributed to DNA hypomethylation
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A) The online bioinformatic tool was utilized to screen the possible CpG islands in CRTC2 promoter sequence.
B) The cBioPortal database was employed to analyze the association between DNA methylation level and CRTC2 mRNA expression in HCC.
C) DNA methylation level in HCC cells as determined using methylation-specific PCR (MSP); M, methylation; U, unmethylation.
The expression of CRTC2 mRNA was evaluated in Hep3B and Huh7 cells after 5-Aza-dC treatment.

E and F) Detection and quantitation of CRTC2 protein expression in Hep3B and Huh7 cells after 5-Aza-dC treatment.

G) The DNA methylation status of CRTC2 CpG islands in three randomly chosen HCC tissues and matched adjacent normal tissues as determined by bisulfite

iScience

sequencing PCR (BSP). Unmethylated CpG sites were represented by open circles, while methylated CpG sites were indicated by filled circles. n = 3 per group. All
data are presented as the means + SD of three independent experiments, **p < 0.01; ***p < 0.001.

promoter hypomethylation upregulates WASF2 expression in HCC.?" Therefore, we chose WASF2 as a marker to ascertain the effect of
5-Aza-dC treatment (Figure 2E). Following treatment with 5-Aza-dC, we detected and quantified CRTC2 protein expression in HCC cells.
The results demonstrated that HCC cells incubated with 5-Aza-dC exhibited an increase in CRTC2 protein expression level (Figures 2E
and 2F). Moreover, bisulfite sequencing PCR (BSP) results suggested that the CRTC2 DNA promoter sequence was hypomethylated in
tumors compared with adjacent normal tissues (Figure 2G). Taken together, our findings suggested that CRTC2 upregulation in HCC can
be attributed to DNA promoter hypomethylation.
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Figure 3. CRTC2 drives HCC malignant phenotypes in vitro
A) Colony formation assays were carried out to evaluate the impact of CRTC2 knockdown or overexpression on HCC cell proliferation.
B) EdU assays were utilized to determine the impact of CRTC2 knockdown or overexpression on the proliferation of HCC cells (scale bars, 50 pm).

D) The effects of CRTC2 knockdown or overexpression on HCC cell migration as evaluated by wound healing assays (scale bars, 200 um).
E) Transwell assays were used to evaluate the migration and invasion of transfected HCC cells (scale bars, 50 um). All data are presented as the means + SD of
three independent experiments, *p < 0.05; **p < 0.01; ***p < 0.001.

(
(
(C) Flow cytometry assays were used to assess the effect of CRTC2 knockdown or overexpression on cell apoptosis.
(
(

CRTC2 facilitates HCC malignant phenotypes both in vitro and in vivo

To further explore the role of CRTC2 in HCC, Hep3B cells were infected with short hairpin RNA (shRNA)-mediated CRTC2 knockdown (sh1,
sh2, and sh3), and Huh7 cells were infected with lentivirus-mediated CRTC2 overexpression (Lv-CRTC2). Then we validated the transfection
efficiency in each group. Both sh1 and sh2 exhibited apparent inhibition in Hep3B cells and were selected for further functional experiments
(Figures STA and S1B). The results of Cell Counting Kit-8 (CCK-8) assays, colony formation assays, and 5'-ethynyl-2’-deoxyuridine (EDU) assays
affirmed that CRTC2 knockdown impeded cell proliferation, whereas CRTC2 overexpression promoted cell proliferation (Figures S2A, S2B,
3A, and 3B). Moreover, flow cytometry analysis revealed that CRTC2 knockdown increased the ratio of apoptotic cells, while CRTC2 overex-
pression mitigated cell apoptosis (Figure 3C). We conducted wound healing and transwell assays to evaluate the impact of CRTC2 dysregu-
lation on cell migration and invasion. The results demonstrated a substantial inhibition of cell migration and invasion following CRTC2 knock-
down. Contrary to the effect of CRTC2 knockdown, CRTC2 overexpression dramatically promoted the malignant phenotypes of HCC cells
(Figures 3D and 3E). Collectively, our findings confirmed that CRTC2 facilitates HCC malignant phenotypes in vitro.

To assess the influence of CRTC2 on HCC malignant phenotypes in vivo, transfected HCC cells were subcutaneously injected into nude
mice. CRTC2 knockdown suppressed tumor growth and reduced tumor size in comparison with the control group (Figures 4A, 4B, and 4C).
Meanwhile, CRTC2 overexpression promoted tumor growth and increased tumor size as compared to the control group (Figures 4D, 4E, and
4F). As determined by IHC staining, CRTC2 knockdown inhibited the proliferation of HCC cells and increased apoptosis rate, whereas CRTC2
overexpression facilitated the proliferation of HCC cells and decreased apoptosis (Figure 4G). In lung metastatic model, CRTC2 knockdown
group had less tumor metastasis, while CRTC2 overexpression group showed a higher incidence of tumor metastasis, as indicated by biolu-
minescence analysis (Figures 4H and 4l). In addition, survival analysis revealed that CRTC2 knockdown group displayed prolonged OS,
whereas the CRTC2 overexpression group exhibited reduced OS (Figures 4J and 4K). Taken together, our results indicated that CRTC2 fa-
cilitates HCC malignant phenotypes both in vitro and in vivo.

CRTC2 drives HCC malignant phenotypes by activating the Wnt/B-catenin pathway

To illustrate the possible molecular mechanisms by which CRTC2 confers its effects in promoting HCC malignant phenotypes, we conducted
RNA sequencing analysis in Huh7 Lv-con cells and Lv-CRTC2 cells to identify the differently expressed genes (Figure 5A). The genes whose
expression was upregulated over 2.0-fold in CRTC2-overexpressing Huh7 cells were identified to conduct the pathway enrichment analysis.
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis suggested that CRTC2 overexpression affected multiple signaling
pathways that contribute to inflammation, cancer, and metabolism, among which the Wnt/B-catenin pathway had the highest correlation
with CRTC2 (Figure 5B). Substantial research has been conducted to elucidate the oncogenic role of Wnt/B-catenin pathway in HCC.***
Thus, we speculated that CRTC2 may play a critical role in regulating Wnt/p-catenin pathway. The downstream target protein expression
of the Wnt/B-catenin pathway was detected in stably transfected HCC cells. We found that protein levels of B-catenin, cyclinD1, CD44,
c-Met, c-Jun, and TCF-1 were significantly decreased in the CRTC2-knockdown group, but increased in the CRTC2-overexpression group
(Figure 5C). We further conducted dual luciferase reporter assays to validate the transcriptional activity of Wnt/B-catenin pathway in trans-
fected HCC cells. The results suggested that CRTC2 knockdown considerably decreased the transcriptional activity of T cell factor (TCF)/
lymphoid enhancer factor (LEF), while CRTC2 overexpression led to opposite results (Figure 5D). The compound XAV-939, known for its inhib-
itory effect on the Wnt/B-catenin pathway by targeting tankyrase, was utilized to validate whether CRTC2 promotes malignant phenotypes in
HCC through the activated Wnt/B-catenin pathway.** The downstream target protein expression of the Wnt/B-catenin pathway was signif-
icantly increased in the CRTC2-overexpression group as compared to the control group (Figure 6A). Notably, XAV-939 treatment restrained
the downstream target protein expression of the Wnt/B-catenin pathway in Huh7 Lv-CRTC2 cells (Figure 6A). The dual luciferase reporter
assays validated that XAV-939 inhibited the transcriptional activity of TEF/LCF in the CRTC2-overexpression group (Figure 6B). Additionally,
we found that XAV-939 treatment significantly reversed the malignant phenotypes of HCC cells induced by CRTC2 overexpression
(Figures 6C-6F). Taken together, these findings confirmed that CRTC2 overexpression drives HCC malignant phenotypes by activating
the Wnt/B-catenin pathway.

Crtc2 downregulates the PD-L1/PD-1 axis

To comprehensively investigate the impact of CRTC2 on tumor microenvironment, we established the immunocompetent subcutaneous tu-
mor model using H22 Lv-vector and Lv-Crtc2 cells. Tumors from each group were isolated, and overall changes in the immune cells were
analyzed by mass cytometry. All specimens were clustered and annotated under the common immune cell marker CD45". Based on unique
markers for each cell type, we identified 27 cell populations separately (Figures 7A-7C). Crtc2 overexpression significantly reduced the infil-
tration of PD-1" immune cells compared to the control group (Figures 7D and 7E). Thus, we supposed that Crtc2 may downregulate the
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Figure 4. CRTC2 facilitates HCC growth and metastasis in vivo
B and C) The size and weight of subcutaneous tumors, n = 6 per group.
E and F) The size and weight of subcutaneous tumors, n = 6 per group.

(
(
(
(
(

staining score was shown, n = 6 per group.

A) Four weeks after subcutaneous injections of CRTC2-knockdown cells into nude mice, the tumors were isolated for analysis.

D) Four weeks after subcutaneous injections of CRTC2-overexpression cells into nude mice, the tumors were isolated for analysis.

G) Representative CRTC2, Ki-67, and TUNEL immunostaining of subcutaneous tumors (scale bars, 100 um), and the quantitation of immunohistochemical

(H and I) Bioluminescence images of lung metastasis model and the quantitation of the corresponding luciferase activity were shown, n = é per group.
(J and K) Survival analysis of the lung metastasis model in each group, n = 10 per group. All data are presented as the means + SD, *p < 0.05; **p < 0.01;

*xp < 0.001.
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Figure 5. CRTC2 overexpression activates the Wnt/B-catenin pathway in HCC

(A) Heatmap showing changes in gene expression after CRTC2 upregulation.

(B) Top 20 pathways of KEGG enrichment analysis.

(C) Protein levels of B-catenin, cyclinD1, CD44, c-Met, c-Jun, and TCF-1 in HCC cells following CRTC2 knockdown or overexpression.

(D) The dual luciferase reporter assay was conducted to analyze the transcriptional activity of TCF/LEF in transfected HCC cells. All data are presented as the
means + SD of three independent experiments, **p < 0.01.

PD-L1/PD-1 axis. We further detected the PD-L1 protein expression in transfected human HCC cells. The results suggested that CRTC2 knock-
down upregulated PD-L1 protein expression, while CRTC2 overexpression downregulated PD-L1 protein expression (Figure 7F). Similarly,
Crtc2 knockdown also upregulated PD-L1 protein expression in mouse HCC cells (Figure 7G). We further established orthotopic models
to confirm the aforementioned findings in vivo. Crtc2 overexpression led to larger tumor size, increased tumor-infiltrating CD8" T cells,
and downregulated the proportion of exhausted CD8" PD-1" T cells in comparison with the control group (Figures 7H-7M). Collectively,
these findings suggested that Crtc2 facilitates tumor growth, downregulates the PD-L1/PD-1 axis, and increases the infiltration of CD8"
T cells.

Targeting Crtc2 sensitizes anti-PD-1 therapy in HCC

As Crtc2 downregulates the PD-L1/PD-1 axis, we hypothesized that targeting Crtc2 may synergize with anti-PD-1 therapy in HCC progression.
To test this hypothesis, we established subcutaneous and orthotopic models of HCC to explore the therapeutic effect of anti-PD-1 in com-
bination with Crtc2 knockdown. The mice were treated with either anti-PD-1 or immunoglobulin G (IgG) isotype following the schematic
schedule (Figures 8A and 8G). As revealed by gross appearance, Crtc2-knockdown treatment inhibited both subcutaneous and orthotopic
tumor growth compared to the control group (Figures 8B-8E and 8H-8K). Importantly, the combination therapy of Crtc2 knockdown and anti-
PD-1 resulted in significantly restrained tumor growth in comparison with Crtc2-knockdown treatment alone (Figures 8B-8E and 8H-8K). Flow
cytometry analysis confirmed that Crtc2-knockdown treatment decreased the tumor-infiltrating CD8" T cells and upregulated the proportion
of exhausted CD8" PD-1" T cells, whereas the combination therapy significantly increased the tumor-infiltrating CD8" T cells and downregu-
lated the proportion of exhausted CD8" PD-1" T cells in comparison with Crtc2-knockdown treatment alone (Figures 8F and 8L). Further,
lysates of orthotopic tumors were collected and determined by ELISA. Crtc2-knockdown treatment downregulated the levels of immunos-
timulatory cytokines tumor necrosis factor alpha (TNF-a) and interferon (IFN)-y and upregulated those of immunosuppressive cytokines
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Figure 6. Inhibition of the Wnt/B-catenin pathway suppresses CRTC2-induced promotion of HCC malignant phenotypes

(A) Western blot analysis of B-catenin, cyclinD1, CD44, c-Met, c-Jun, and TCF-1 in the transfected Huh7 cells exposed or unexposed to XAV-939.

(B) The dual luciferase reporter assay was conducted to assess the transcriptional activity of TCF/LEF.

(C and D) Cell proliferation was determined using colony formation assays.

(E and F) Transwell assays were used to measure the migration and invasion of transfected Huh7 cells exposed or unexposed to XAV-939 (scale bars, 50 um). All
data are presented as the means + SD of three independent experiments, **p < 0.01; ***p < 0.001.

transforming growth factor B (TGF-B) and interleukin (IL)-10 compared to the control group (Figures S3A-S3D and S3E-S3H). Furthermore, the
combination therapy upregulated the levels of TNF-a and IFN-y and downregulated those of TGF-B and IL-10 as compared to Crtc2-knock-
down treatment alone (Figures S3A-S3D and S3E-S3H). These findings suggested that combination immunotherapy of targeting Crtc2 and
anti-PD-1 may elicit a more effective antitumor response.

DISCUSSION

As the most commonly diagnosed histological type of primary liver malignancy, HCC poses a substantial threat to human health and is
currently the third leading cause of cancer-related deaths worldwide.'~ Most patients with HCC are already at advanced stages when seeking
consultation and are not suitable for currently available treatments. Hence, elucidation of mechanisms underlying the progression of HCC and
identification of therapeutic targets is essential. As the main coactivator of CREB, CRTC2 controls the transcriptional activity of hepatic gluco-
neogenesis-related genes.”?° Recently, numerous studies have explored the potential role of CRTC2 in malignancies.”’ > In this study, we
showed that increased CRTC2 expression predicts poor clinical outcomes in patients with HCC.

DNA promoter methylation is a crucial mechanism in regulating epigenetic modification that controls gene expression during develop-
ment and disease. During carcinogenesis, aberrant DNA promoter methylation contributes to the development of various genetic disor-
ders.*>® Moreover, it was recently reported that hypomethylated DNA promoters play a vital role in the upregulation of certain onco-
genes.®*" We hypothesized that upregulation of CRTC2 in HCC tissues is associated with DNA methylation. Our results showed that
hypomethylation of the CRTC2 promoter drives CRTC2 upregulation in HCC.

We used RNA sequencing analysis and western blotting to clarify the potential mechanism by which CRTC2 promotes HCC progression
and found that the oncogenic effect of CRTC2 was dependent on the Wnt/B-catenin pathway. Once abnormally activated, B-catenin detaches
from the complex of Axin, adenomatous polyposis coli (APC), and GSK3 and translocates to the nucleus. B-catenin then binds coactivators
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Figure 7. Crtc2 downregulates the PD-L1/PD-1 axis

(A) There were 27 cell clusters in total, which were defined in the respective groups.

(B) The t-distributed stochastic neighbor embedding (t-SNE) plot showing the 27 major cell clusters.

(C) Distribution of 27 major cell clusters in each group, as shown by t-SNE plots.

(D) Distribution of PD-1" cell clusters in each group, as shown by t-SNE plots.

(E) Relative expression of PD-1" immune cells in each group.

(F and G) The protein expression of PD-L1 in transfected human HCC cells and mouse HCC cells.

(H) Representative orthotopic tumors collected from H22-bearing C57BL/6 (upper) and BALB/c mice (lower).

(I) Volume statistics of orthotopic tumors for each group, n = 6 per group.

(J and K) Flow cytometry analysis of CD8" in CD3" T cells and PD-17 in CD8" T cells from C57BL/6 orthotopic tumors and their quantitation, n = é per group.
(L and M) Flow cytometry analysis of CD8" in CD3" T cells and PD-1" in CD8" T cells from BALB/c orthotopic tumors and their quantitation, n = é per group. All
data are presented as the mean + SD, **p < 0.01; ***p < 0.001.

LEF and TCF to form a transcriptional complex and increases the transcriptional activities of genes involved in proliferation, migration, and
invasion, thus promoting distant metastasis and rapid progression of HCC.**** Mechanistically, we confirmed that CRTC2 overexpression
upregulated TCF/LEF transcriptional activity, enhancing HCC malignant phenotypes. Besides, inhibition of the Wnt/B-catenin pathway
reversed CRTC2-induced promotion of HCC malignant phenotypes. Therefore, we validated that CRTCZ2 overexpression promotes HCC ma-
lignant phenotypes through the activated Wnt/B-catenin pathway. However, the transcription factor CREB, which is regulated by CRTC2, also
drives HCC malignant progression.”’*® Hence, we could not exclude the possibility that CREB may be involved in CRTC2-mediated HCC
malignant phenotypes.

Immune checkpoints are produced by effector lymphocytes to prevent excessive immunological responses. The phenomenon of tumor
and stromal cells producing corresponding ligands is a biological mechanism employed by malignancies to evade immune surveillance.*”*
For instance, the cytotoxic activity of effector T cells is constrained by tumor cells, which use PD-L1 to interact with the PD-1 receptor, resulting
in the exhaustion or impairment of effector T cells.”*”*" This interaction between checkpoint proteins and their ligands can be blocked by
ICls, thereby reactivating the antitumor effects of effector T cells, and enhancing immune surveillance. ICls such as pembrolizumab have
proven to be effective in patients with advanced HCC.** Despite the remarkable antitumor effects observed with ICls in patients with
advanced HCC, not all patients are sensitive to anti-PD-1 immunotherapy. Tumor-intrinsic properties, including mutational load, presentation
of tumor antigens, or specific oncogenic pathways, can greatly influence antitumor immunity and response to immunotherapies. Hence,
developing strategies to sensitize anti-PD-1 immunotherapy in patients with HCC is of utmost importance. Combination treatment of atezo-
lizumab and bevacizumab effectively improved immunotherapy responsiveness in patients with unresectable HCC.** Considering the down-
regulation of PD-L1/PD-1 axis caused by Crtc2 overexpression, we hypothesized that Crtc2 knockdown may sensitize anti-PD-1 immuno-
therapy in HCC. As demonstrated by mouse subcutaneous and orthotopic HCC models, the combination therapy of Crtc2 knockdown
and anti-PD-1 synergistically restrained tumor growth, increased the tumor-infiltrating CD8" T cells, and notably upregulated the immunos-
timulatory cytokines. Our study provided evidence that targeting Crtc2 enhanced the responsiveness to anti-PD-1 therapy in HCC.

In summary, we demonstrate that CRTC2 drives HCC malignant phenotypes by activating the Wnt/B-catenin pathway. DNA promoter hy-
pomethylation drives CRTC2 upregulation in HCC. Crtc2 facilitates tumor growth and drives primary resistance to immunotherapy by down-
regulating the PD-L1/PD-1 axis. Collectively, targeting CRTC2 might be a promising therapeutic strategy to increase susceptibility to immu-
notherapy in patients with HCC.

Limitations of the study

Our study identified that CRTC2 drives HCC malignant phenotypes by activating the Wnt/B-catenin pathway. However, RNA sequencing and
KEGG analysis showed many signaling pathways correlated with CRTC2, and these pathways may also be involved in the oncogenic effect of
CRTC2 on HCC malignant phenotypes.

STARXMETHODS

Detailed methods are provided in the online version of this paper and include the following:

o KEY RESOURCES TABLE
o RESOURCE AVAILABILITY
O Lead contact
O Materials availability
O Data and code availability
o EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS
O Patients and specimens
O Cell culture
O Mice
o METHOD DETAILS
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Figure 8. Targeting Crtc2 sensitizes anti-PD-1 therapy in HCC

A) Diagram showing the treatment strategy for subcutaneous tumors (upper) and orthotopic tumors (lower) in C57BL/6 mice.

B) Photographs of the subcutaneous tumors (left) and orthotopic tumors (right), n = 6 per group.

C and D) Weight and volume statistics of subcutaneous tumors, n = 6 per group.

E) Volume statistics of orthotopic tumors, n = é per group.

F) Flow cytometry analysis of CD8" in CD3" T cells and PD-1" in CD8" T cells from C57BL/6 orthotopic tumors and their quantitation, n = é per group.
G) Diagram showing the treatment strategy for subcutaneous tumors (upper) and orthotopic tumors (lower) in BALB/c mice.

H) Photographs of the subcutaneous tumors (left) and orthotopic tumors (right), n = 6 per group.

| and J) Weight and volume statistics of subcutaneous tumors, n = é per group.

K) Volume statistics of orthotopic tumors, n = 6 per group.

L) Flow cytometry analysis of CD8" in CD3" T cells and PD-1* in CD8" T cells from BALB/c orthotopic tumors and their quantitation, n = 6 per group. All data are
presented as the mean + SD, **p < 0.01; ***p < 0.001.
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Antibodies

Anti-CRTC2, dil:1/1000
Anti-CRTC2, dil:1/100
Anti-WASF2, dil:1/1000
Anti-CyclinD1, dil:1/40000
Anti-CD44, dil:1/6000
Anti-c-Met, dil:1/5000
Anti-c-Jun, dil:1/1000
Anti-TCF-1, dil: 1:1000
Anti-PD-L1, dil:1/5000
Anti-GAPDH, dil:1/5000

Proteintech

Abcam

Cell Signaling Technology
Proteintech

Proteintech

Proteintech

Cell Signaling Technology
Cell Signaling Technology
Proteintech

Proteintech

Cat# 12497-1-AP; RRID:AB_2260910
Cat# Ab109081; RRID:AB_10859591
Cat# 3659; RRID:AB_2216981

Cat# 60186-1-Ig; RRID:AB_10793718
Cat# 15675-1-AP; RRID:AB_2076198
Cat# 25869-1-AP; RRID:AB_2880276
Cat# 9165; RRID:AB_2130165

Cat# 2203; RRID:AB_2199302

Cat# 66248-1-Ig; RRID:AB_2756526
Cat# 60004-1-Ig; RRID:AB_2107436

BD Fc block, dil:1/150 Biosciences Cat# 553142; RRID:AB_394656
Anti-mouse CD3, dil:1/100 BioLegend Cat# 100220; RRID:AB_1732068
Anti-mouse CD8a, dil:1/100 BioLegend Cat# 162306; RRID:AB_2927947
Anti-mouse PD-1, dil:1/100 BioLegend Cat# 135223; RRID:AB_2563522
Goat anti-mouse IgG (H + L), dil:1/5000 Jackson Cat# 115-035-003; RRID: AB_10015289
Goat anti-rabbit IgG (H + L), dil:1/5000 Jackson Cat# 111-035-003; RRID: AB_2313567
Bacterial and virus strains
Lentivirus CRTC2 overexpression GENECHEM N/A
Lentivirus shCRTC2 GENECHEM N/A
Plasmid TOP-Flash reporter This paper N/A
Plasmid CRTC2 control This paper N/A
Plasmid CRTC2 overexpression This paper N/A
Biological samples
HCC tissues The First Affiliated Hospital of N/A

Nanjing Medical University
HCC tissues microarray The First Affiliated Hospital of N/A

Nanjing Medical University

Chemicals, peptides, and recombinant proteins

RIPA buffer
XAV-939
Triton X-100
Trypsin
DAPI
Penicillin-Streptomycin
FBS
Puromycin
PBS

IgG isotype
Anti-PD-1
D-luciferin

Fixable Viability Stain 620
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Beyotime
Abcam
Sigma-Aldrich
GIBCO
Invitrogen
GIBCO
Bio-One Biotechnology
Sigma-Aldrich
WISENT

Bio X cell

Bio X cell
Beyotime

Biosciences

Cat# PO013B
Cat# Ab120897
Cat# 78787

Cat# 27250-018
Cat# S36939
Cat# 15140-122
Cat# F05-001-B160216
Cat# 58-58-2
Cat# 311-010-CL
Cat# BEO089
Cat# BEO146
Cat# ST196

Cat# 564996
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REAGENT or RESOURCE SOURCE IDENTIFIER

DMEM WISENT Cat# 319-005-CL

5-Aza-dC Sigma-Aldrich Cat# 2353-33-5

Critical commercial assays

BCA protein assay kit

Annexin V-FITC/PI Apoptosis Detection Kit
EdU kit

RNA Rapid Extraction Kit

HiScript Ill RT SuperMix for gPCR
ChamQ SYBR® gPCR Master Mix
Lipofectamine 3000

ECL kit

Dual Luciferase Reporter Gene Assay Kit
Methylation-Gold Kit

TGF-beta ELISA Kit

IFN-gamma ELISA Kit

TNF-alpha ELISA Kit

IL-10 ELISA Kit

TIANamp Genomic DNA Kit

Thermo Fisher
Vazyme
Beyotime
Thermo Fisher
Vazyme
Vazyme
Invitrogen
Beyotime
Beyotime
Zymo Research
R&D systems
R&D systems
R&D systems
R&D systems
TIANGEN Biotech

Cat# 23225
Cat# A211-01/02
Cat# C0078S
Cat# AM9775
Cat# R323-01
Cat# Q341-02
Cat# L3000015
Cat# PO0O18M
Cat# RG027
Cat# D5006
Cat# DB100C
Cat# MIFOO
Cat# MTA00B
Cat# M1000B
Cat# DP304-03

Cell Counting Kit-8 MCE Cat# HY-KO0301
Deposited data

RNA sequencing data This paper HRAO007128
Experimental models: Cell lines

MIHA American Type Culture Collection N/A

Hep3B Cell bank of CAS N/A

Huh7 Cell bank of CAS N/A

HLF Japanese Cancer Research Resources Bank Cat# JCRB0405
MHCC97L Cell bank of CAS N/A
HCCLM3 Cell bank of CAS N/A

H22 China Center for Type Culture Collection N/A
Experimental models: Organisms/strains

BALB/c nude male mouse Vital River Laboratory N/A
BALB/c male mouse Vital River Laboratory N/A
C57BL/6 male mouse Vital River Laboratory N/A
Oligonucleotides

Primers for qRT-PCR, see Table S3 This paper N/A

Target sequences for knockdown CRTC2, see Table S4 This paper N/A
Primers for MSP, see Table S5 This paper N/A
Primers for BSP, see Table S6 This paper N/A
Software and algorithms

Prism 10.0 GraphPad N/A
ImageJ Open source N/A

SPSS statistics 22.0 IBM Corp N/A
Quantification tool for Methylation Analysis Open source N/A
MethPrimer 2.0 Open source N/A
cBioPortal Open source N/A
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RESOURCE AVAILABILITY
Lead contact

Further information and requests for resources and reagents should be directed to the Lead Contact, Qing Li (ligingjsph@njmu.edu.cn).

Materials availability
No novel materials were produced and involved in this study.

Data and code availability
e The raw data reported in this paper have been deposited in the Genome Sequence Archive in National Genomics Data Center, China
National Center for Bioinformation/Beijing Institute of Genomics, Chinese Academy of Sciences (GSA-Human: HRA007128 for RNA-
seq data) that are publicly accessible at https://ngdc.cncb.ac.cn/gsa-human.
e This paper does not report original code.
e Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Patients and specimens

HCC tissues and matched adjacent normal tissues were collected from February 2013 to March 2016 at the First Affiliated Hospital, Nanjing
Medical University. None of these patients had received interventional therapy, chemotherapy, or radiotherapy before partial hepatectomy.
Immediately after removal, tumor tissues and adjacent normal liver tissues were frozen in liquid nitrogen or fixed with 4% paraformaldehyde
(PFA), and two well-experienced pathologists evaluated each sample and scored it based on histological and pathological findings. The clin-
icopathological information of patients with HCC in this study is presented in Tables S1 and S2. This study was approved by the Ethics Com-
mittee of the First Affiliated Hospital of Nanjing Medical University, and written informed consent was signed by all patients.

Cell culture

Immortalized liver cell line (MIHA) was obtained from American Type Culture Collection (ATCC). Human HCC cell lines (Hep3B, Huh7,
MHCC97L, and HCCLM3) were obtained from the Shanghai Institutes for Biological Sciences, Chinese Academy of Sciences (CAS). HLF
cell line was obtained from Japanese Cancer Research Resources Bank (JCRB). H22 cell line was purchased from China Center for Type Cul-
ture Collection (CCTCC). Cells were cultivated and grown in DMEM supplied with 10% FBS (Gibico, USA) and 1% penicillin/streptomycin at
37°C in a humidified incubator with 5% COs.

Mice

4-week-old BALB/c nude male mice, 4-week-old C57BL/6 male mice and 4-week-old BALB/c male mice were purchased from Beijing Vital
River Laboratory Animal Technologies. Mice were group housed in specific pathogen free (SPF) conditions, dark/light cycles: 12-h light/
12-h dark (150-300 lux), ambient temperature 20°C-26°C and humidity 40%-70%, ventilated four times per hour. Mice were randomly distrib-
uted into different groups by body weight and fed with standard chow diet. All animal experiments were approved by the Institutional Animal
Care and Use Committee (IACUC) of Nanjing Medical University (Approval Code: 2304040).

METHOD DETAILS

Antibodies and chemicals

The following antibodies were chosen for western blotting: Anti-CRTC2, dil:1/1000 (12497-1-AP, Proteintech, China); Anti-WASF2, dil:1/1000
(3659, Cell signaling Technology, China); Anti-CyclinD1, dil:1/40000 (60186-1-lIg, Proteintech); Anti-CD44, dil:1/6000 (15675-1-AP, Protein-
tech); Anti-c-Met, dil:1/5000 (25869-1-AP, Proteintech); Anti-c-Jun, dil:1/1000 (9165, Cell signaling Technology); Anti-TCF-1, dil: 1:1000
(2203, Cell signaling Technology); Anti-PD-L1, dil:1/5000 (66248-1-lg, Proteintech); Anti-GAPDH, dil:1/5000 (60004-1-lg, Proteintech); Goat
anti-mouse IgG (H + L) (115-035-003, 1:5000) and Goat anti-rabbit IgG (H + L) (111-035-003, 1:5000) were purchased from Jackson (USA).
The following chemicals were used for cell pretreatment: XAV-939 (Ab120897, Abcam, UK); 5-Aza-dC (2353-33-5, Sigma-Aldrich, USA).

Cell transfection and treatment

GeneChem (Shanghai, China) was employed to design and fabricate specific lentiviral vectors. These vectors consisted of empty vectors,
target genes, and short hairpin RNAs (shRNAs). Table 5S4 contains the sequences of different shRNAs used. After transfection, stable cell lines
were selected by cultivating them with puromycin (58-58-2, Sigma-Aldrich) at a concentration of 5 pg/mL for 7 days. To inhibit the activity of
Whnt/B-catenin pathway, XAV-939 was diluted at a concentration of 1 pmol in dimethyl sulfoxide (DMSQO). To confirm the impact of DNA
methylation on CRTC2 expression, Hep3B and Huh7 cells were diluted to a confluence level of only 50% and exposed to 2 pM 5-Aza-dC
for 4 days.
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qRT-PCR

Per the manufacturer’s instructions, total RNA was extracted and purified using the RNA Rapid Extraction Kit (AM9775, Thermo Fisher, USA).
Thereafter, cDNA was synthesized by PrimeScript RT Reagent kit (R323-01, Vazyme, China) and gRT-PCR was conducted using the SYBR
Green PCR kit (Q341-02, Vazyme). The primer sequences involved in gRT-PCR are listed in Table S3. B-actin was considered as an endogenous
gene. The 272 method was used to calculate the relative mRNA expression.

Western blotting

Total protein from HCC tissues, matched adjacent normal tissues, and cell lines was extracted on ice by RIPA (P0013B, Beyotime, China).
Further, proteins were separated by 10% SDS-PAGE (Beyotime) and subsequently transferred onto PVDF membranes. The membranes
were incubated with the corresponding primary antibodies at 4°C overnight, washed thrice by PBS, and incubated with HRP-conjugated sec-
ondary antibodies for 2 h. ECL signals of the PVDF membranes were detected by an ECL kit containing BeyoECL Plus A and B (PO018M, Be-
yotime). GAPDH was used as an endogenous gene.

Methylation-specific PCR (MSP) analysis

In accordance with the manufacturer’s guidelines, genomic DNA was extracted from HCC cells utilizing the TIANamp Genomic DNA Kit
(DP304-03, TIANGEN Biotech, China). DNA was subjected to sodium bisulfite treatment using the Methylation-Gold Kit (D5006, Zymo
Research, USA). Table S5 lists forward and reverse primers for the methylation (M) and the unmethylation (U) sequences.

Bisulfite sequencing PCR (BSP) analysis

The Methylation-Gold kit was used for bisulfite treatment of the extracted genomic DNA under the manufacturer’s instructions. The online
bioinformatics analysis website MethPrimer 2.0 was employed to identify the potential CpG islands of CRTC2 -2000 bp to +1000 bp from the
transcription start site (NC_000001.11:¢153960612-153957612) and design specific primers for quantitative methylation analysis. Using BSP
primers, we amplified the bisulfite-treated genomic DNA. PCR products were cloned into pMD19-T (TaKaRa) after purification. DNA
sequencing was performed using the cloned products. Primers used for BSP are shown in Table Sé.

Cell proliferation assays

For the CCK-8 assays, HCC cells were cultured in a 96-well plate. A fixed amount of CCK-8 solution (HY-K0301, MCE, USA) was added to each
well at the indicated time points and incubated for 2 h at 37°C. Multiskan GO (Thermo Fisher) was used to measure the absorbance of the cells
at 450 nm. For colony formation assays, HCC cells were seeded in a 6-well plate and cultured in 2 mL of medium for 10-14 days. The prolif-
erating colonies were then fixed with alcohol and stained with crystal violet. Finally, the visible colonies were photographed and counted. For
EdU assays, transfected HCC cells were seeded in a 12-well plate and cultured overnight. Next, 50 uM 5-Ethynyl-2'-deoxyuridine (C0078S,
Beyotime) was added to each well, and the plate was incubated at 37°C for 2 h. The cells were then fixed, permeabilized, and treated
with 400 plL of Hoechst 33342 to stain the nucleus. The number of cells in five randomly selected areas of each well was counted to determine
the proportion of EdU-positive cells.

Wound healing assays

Transfected HCC cells were seeded in 6-well plates. When cells were grown to 80% confluence, an artificial wound was made using a 200 pL
pipette tip. The wound was imaged at the same spot at 0 and 24 h (s1 and s2), and the relative cell mobility was calculated using the formula:
(s1-s2)/s1 x 100%.

Transwell assays

The upper chamber of a transwell plate was loaded with 200 pL serum-free medium containing 1 X 10* cells, and the lower chamber was
loaded with 800 pL serum-containing medium. After 24 h, cells remaining in the upper chamber were gently washed away with PBS, and
the migrating cells were fixed in 4% PFA for 15 min. After fixation, cells were stained with crystal violet (Beyotime) for 30 min. The labeled cells
were then photographed and counted using an inverted optical microscope. For the invasion assay, Matrigel was added to the plate surface
to explore the invasive ability of the cells.

Apoptosis assays
After incubation in serum-free medium for 24 h, HCC cells were resuspended in ice-cold PBS and incubated at 37°C for 20 min with FITC
Annexin V and Pl staining solution (A211-01/02, Vazyme). The cells were then subjected to flow cytometry and analyzed by FlowJo software.

Flow cytometry

Freshly resected mouse orthotopic tumors were collected, cut into 50-100 mm?, and dispersed into single cell suspensions. Cells were incu-
bated with BD Fc block (553142, Biosciences, USA) for 30 min on ice, followed by incubation with relevant antibodies for 30 min on ice,
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including PE-CD3, APC-CD8, Cyanine7-PD-1 (BioLegend, USA). Dead cells were excluded using the Fixable Viability Dye (Biosciences). Cells
were then washed thrice by PBS and subjected to flow cytometry. Gating strategy used for flow cytometry staining was provided in Figure S4.

Enzyme-linked immunosorbent assay (ELISA)

Tumor lysates were collected and analyzed to quantify cytokines release induced by the interaction between immune cells and tumors. ELISA
were performed using relevant ELISA kits IL-10 (M1000B, R&D systems, USA), IFN-y (MIF00, R&D systems), TNF-o (MTAQOB, R&D systems),
TGF-B (DB100C, R&D systems) according to the manufacturer’s instructions.

Animal studies

To evaluate the impact of CRTC2 on HCC malignant phenotypes in vivo, 1 x 10° transfected HCC cells resuspended in PBS were subcuta-
neously injected into 4-week-old male nude mice. Tumor size was measured and recorded once a week. The tumor volume was calculated as
(width? x length)/2. For lung metastasis assays, HCC cells (1 x 10° cells/100 uL PBS) were injected into 4-week-old male nude mice via the tail
vein. Four weeks later, the mice were intraperitoneally injected with 100 mg/kg D-luciferin (ST196, Beyotime), and corresponding lumines-
cence was detected using the IVIS Lumina Imaging System (Xenogen). For the establishment of immunocompetent HCC subcutaneous
model, mouse HCC cells were subcutaneously injected into 4-week-old male C57BL/6 or BALB/c mice. For the establishment of immune-
competent HCC orthotopic model, subcutaneous tumors from tumor-bearing C57BL/6 or BALB/c mice were isolated, cut into 1-2 mm?
pieces, and transplanted into the incision of liver lobe. Immunotherapy was initiated on the 7 day after the establishment of subcutaneous
and orthotopic tumor models, each group received an intraperitoneal injection of 200 pg mouse anti-PD-1 (BE0146, Bio X cell, USA) or IgG
isotype control (BE0089, Bio X cell), and these injections were repeated every three days. All mice were observed every 3 days and sacrificed
on day 21 to examine the synergistic effect of CRTC2 knockdown and anti-PD-1 treatment.

RNA sequencing analysis

Total RNA was extracted from HCC cells using RNA Rapid Extraction Kit (AM9775, Thermo Fisher), and the corresponding cDNA library was
constructed. Subsequently, a single-end sequencing library was generated from the samples using a BGISEQ500 instrument. Differently ex-
pressed genes whose expression was upregulated by more than 2.0-fold were identified and subjected to the KEGG pathway enrichment
analysis.

Dual luciferase reporter assay

To evaluate the effect of CRTC2 dysregulation on the transcriptional activity of TCF/LEF, the TOP-Flash reporter plasmid, control plasmid, and
CRTC2 overexpression plasmid were transiently co-transfected into HCC cells using Lipofectamine 3000 (L3000015, Invitrogen). Renilla lucif-
erase vector plasmids were used as an internal control. After the collection of lysates from HCC cells, the luciferase activity of these groups was
detected by a commercial Dual Luciferase Reporter Assay Kit (RG027, Beyotime).

Immunohistochemistry (IHC)

The levels of CRTC2 protein expression in clinical samples were assessed by IHC-score, which was calculated based on the percentage of
stained cells and staining intensity (intensity of the staining was assessed on a scale of 0-3: 0, no staining; 1, weak staining; 2, moderate stain-
ing; 3, strong staining and the percentage of stained cells was assessed on a scale of 0-4: 0, 0%; 1, 1-24%; 2, 25-49%,; 3, 50~74%; 4, 75-100%).
The final IHC score was calculated by multiplying the positive staining rate and the positive staining area score.

Mass cytometry and data analysis

In brief, cells were stained with 250 nM Cisplatin-194Pt (Fluidigm, China) and then incubated in an Fc receptor blocking solution on ice. After
washed thrice by PBS, the cells were subjected to staining with a surface antibodies cocktail for 30 min on ice before overnight incubation with
DNA-staining 191/193Ir. After permeabilization, each sample was resuspended with an intracellular antibody staining cocktail and incubated
on ice for 30 min. Further, cells were rinsed, and diluted in ddH,O containing 20% EQ beads (Fluidigm) and analyzed by a mass cytometer
(Helios, Fluidigm). Individual fully functional CD45" immune cells were gated, identified, and analyzed using FlowJo. Cell subpopulations
were clustered and manually annotated using the X-shift algorithm. To visualize high-dimensional cell populations in two dimensions, the
t-SNE algorithm was applied to represent the characteristics of the annotated cell populations and identify biomarkers.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses were conducted using SPSS Statistics (version 22.0, SPSS, NY, USA) and GraphPad Prism 10.0 (GraphPad Software, CA,
USA). The Student'’s t test was used to evaluate the differences between two groups. Pearson’s correlation test was used to evaluate the cor-
relation between CRTC2 and DNA methylation levels. The correlations between CRTC2 expression and clinicopathological characteristics of
patients with HCC were determined using the chi-square test. OS and DFS were analyzed using Kaplan-Meier analysis. All data were recorded
as means t standard deviation (SD), *p < 0.05; **p < 0.01; ***p < 0.001; ns, not significant.
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