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SUMMARY

Sex differences in hepatocellular carcinoma (HCC) development are regulated by sex and non-sex
chromosomes, sex hormones, and environmental factors. We previously reported that Ncoa5!

~ mice develop HCC in a male-biased manner. Here we show that NCOAS5 expression is

reduced in male patient HCCs while the expression of an NCOAb5-interacting tumor suppressor,
TIP30, is lower in female HCCs. 7ijp30heterozygous deletion does not change HCC incidence

in Ncoa5*"~ male mice but dramatically increases HCC incidence in Ncoa5'!~ female mice,
accompanied by hepatic hyperpolarization-activated cyclic nucleotide-gated cation channel 3
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(HCN3) overexpression. HCN3 overexpression cooperates with MY C to promote mouse HCC
development, whereas Hcn3 knockout preferentially hinders HCC development in female mice.
Furthermore, HCN3 amplification and overexpression occur in human HCCs and correlate with
a poorer prognosis of patients in a female-biased manner. Our results suggest that TIP30 and
NCOAGS protect against female liver oncogenesis and that HCN3 is a female-biased HCC driver.

In brief

Zhang et al. report a female-biased mechanism underlying hepatocellular carcinoma (HCC)
development that is regulated by transcription coregulators NCOA5 and TIP30. The ion channel
HCN3 is identified as a female-biased HCC driver.
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INTRODUCTION

Liver cancer is the ninth most common cancer in women and the fifth most common in
men in the United States, and is the third leading cause of cancer death worldwide. Despite
the decline in incidence and mortality rates of most cancer types over the last decade, liver
cancer incidence and mortality have steadily increased in the United States.12 Notably,
liver cancer incidence and mortality rates have risen faster in women than in men.2-3
Hepatocellular carcinoma (HCC) is the most common type of primary liver cancer, and its
incidence in men is two to four times higher than in women.* A similar male predominance
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of liver tumor development has also been observed in rodent models of HCC.5-8 Previous
studies have suggested that sex differences in HCC risk can be partly attributed to sex
disparities in environmental exposures such as hepatitis B virus (HBV) infection and alcohol
consumption.®-12 However, a recent prospective cohort analysis on cancer risk for 21

cancer types, including HCC, suggests that genetic and epigenetic differences between

men and women affect susceptibility to cancer and that environmental exposures alone may
only explain some of the sex disparities in cancer.13 Thus, understanding the molecular
mechanisms underlying sex differences in HCC development will improve prevention,
treatment, and outcomes for male and female patients with HCC.

HCC has the most significant sex differences in autosomal mutational profiles among
cancers of non-reproductive tissues among 18 tumor types examined,4 suggesting
etiological differences between male and female HCC. There is growing evidence of sex-
biased mechanisms driving HCC initiation and progression in males and females,1>-17
which are influenced by hormones and lifestyle.18-20 The B-catenin encoded by CTNNBI,
a well-known liver cancer driver, is a male-biased HCC driver with a higher mutation
frequency in male HCC specimens. CTNNBI mutations also affect patient outcomes in
both sexes but have a male-biased preference 4. Identifying sex-biased liver cancer drivers
may allow us to discover new opportunities for developing sex-specific anti-HCC therapies.
Although extensive studies on hepatocarcinogenesis have uncovered protective or promotive
mechanisms related to sex hormones!8:21 and non-sex hormone factors,22:23 most studies
have primarily used male subjects because of the prevalence of HCC in males, resulting

in a female patient and animal under-representation. Consequently, those identified sex-
biased liver cancer drivers tend to promote cancer development in a male-biased manner.
Recently, several female-preferentially expressed factors such as miR26s and CYP39A1
have been reported to suppress HCC development.24-26 Furthermore, four genes with a
higher mutation frequency in female HCCs were identified in HBV-related and aflatoxin-
exposed HCC patients.2” However, none of these genes have been reported as HCC drivers
for promoting malignant transformation, and the mechanisms driving HCC development in
females remain poorly understood.

Nuclear receptor coactivator 5 (NCOADb) is a unique nuclear receptor coactivator with both
coactivator and corepressor functions. It cooperates with Tat-interacting protein 30 (TIP30),
a known tumor suppressor,28:29 to repress estrogen receptor a. (ERa.)-activated c-myc gene
transcription in estrogen-dependent and independent ways.3® NCOAGS plays a critical role
in the sex differences in HCC development, as its haploinsufficiency leads to spontaneous
HCC development in a male-biased manner through increased pro-inflammatory cytokine
expression, p53-p21 pathway activation, and populations of immunosuppressive cells.8-31-
33 To investigate the mechanism preventing HCC development in female Ncoa5t~ mice,
we generated mice carrying dual Ncoa5and Tip30 heterozygous deletions for genetic

and biochemical analyses. Our results demonstrate that TIP30 is critical in suppressing
HCC development in Ncoa5t'~ female mice and that hyperpolarization-activated cyclic
nucleotide-gated cation channel 3 (HCN3), whose expression is significantly increased in
the livers of Ncoa5"~ Tip30*~ females, is a female-biased cancer driver for promoting HCC
development.

Cell Rep. Author manuscript; available in PMC 2024 February 16.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Zhang et al. Page 4

RESULTS

NCOAS5 and TIP30 are differentially expressed in male and female HCCs and are inter-
related in expression levels

We previously reported that NCOAS haploinsufficiency resulted in a high incidence of
HCC in aged male mice but rarely in female mice.8 To explore whether there are sex-
different roles of NCOADS in human hepatocarcinogenesis, we first determined the levels

of NCOAS5 expression in HCCs from male and female patients of the TCGA (The Cancer
Genome Atlas) cohort. We found that HCC specimens from male patients had significantly
lower NCOA5 mRNA than female patients (Figures 1A and 1B). Through protein-protein
interaction networks, we identified NCOA5-interacting proteins with different expression
levels between HCCs from male and female patients (Figure S1A). One of these proteins

is TIP30 (HTATIP2) that can cooperate with NCOADS to regulate ERa-mediated c-myc
gene transcription.3? TIP30 mRNA levels in HCCs from female patients were significantly
lower compared to HCCs from male patients (Figure 1B). Intriguingly, the mRNA levels
of NCOA5and T/P30negatively correlated with each other in HCCs from the TCGA
cohort (Figure 1C). This negative correlation was also observed in younger female and
older male and female mice, as 7jp30 mRNA levels were increased in the livers of 2- and
5-month-old Nicoa5!~ female mice but not in age-matched Ncoa5t~ male mice (Figure 1D).
In contrast, 7jp30 mRNA levels were increased in the livers of Alcoa5t'~ male mice at an
older age (Figure 1E). These results indicate that NCOAS5 and TIP30 expressions are sex
dependent and inter-related in both mouse and human livers. Given its tumor-suppressive
role,29 we hypothesize that 7jp30is critical in suppressing hepatocarcinogenesis in females
with NCOADS deficiency.

Tip30 heterozygous deletion promoted the HCC development of Ncoa5-deficient mice in a
female-biased manner

To test the aforestated hypothesis, we sought to determine whether the downregulation of
TIP30 increases liver tumor incidence in the Mcoa5t'~ mouse model of HCC. Since a high
incidence of lung and mammary gland tumors in 770307~ mice?8:34 might complicate the
results, we monitored liver tumor development in a cohort of wild-type, 7ip30"~, Ncoa5*!
~, and Ncoa5*'~ Tip30t'~ female and male mice. Mice were euthanized and subjected

to complete necropsy when moribund or at the age of 18 months. Liver, lung, and
mammary tumors were detected at the surface of the organs in mice older than 10 months.
Interestingly, a liver tumor incidence of 80% was observed in Ncoa5"'~ Tip30~ female
mice, whereas only 10% of Ncoa5*'~ female mice developed liver tumors. No liver tumor
was detected in wild-type or 77p30"/~ female mice (Figure 2A). In contrast, liver tumor
incidence was not increased in Ncoa5t'™ Tip30''~ male mice compared to NVcoa5t~ male
mice (Figure 2A). Among 7730~ female mice, 26.7% developed lung tumors and 13.3%
developed mammary gland tumors. Among Ncoa5''~ Tip30*'~ female mice, 10% developed
lung tumors and another 10% developed mammary gland tumors without comorbidities with
liver tumors. No lung or mammary gland tumors were observed in Nlcoa5'~ female mice.
All liver tumors from female and male Ncoa5''~ Tip30t'~ mice were well to moderately
differentiated HCCs with similar histological features (Figure 2B), and the livers of 10-
month-old Nicoa5*'~ Tip30*'~ female mice displayed moderate to severe steatosis compared
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to the livers of age-matched Ncoa5™~ female mice (Figure S1B), similar to those previously
described in Ncoa5''~ male mice.8 Heterozygous deletion of 77p30alone did not result in
any case of HCC, nor did it change the liver histology significantly in female mice (Figures
2C and S1C). Notably, heterozygous deletion of Ncoa5 resulted in moderately disrupted
liver architecture and vacuolated hepatocytes in aged female mice (Figures 2C and S1C),
even though the severities were much less compared to that in age-matched male mice.

In line with these results, both a-fetoprotein (AFP) levels and alanine aminotransferase
(ALT) activity were significantly increased in the serum of Ncoa5''~ Tip30*~ female mice
at the age of 18 months compared to age-matched female mice in other genotypical

groups, confirming the severe liver damage and liver malignancy in dual-mutant female
mice (Figure 2D). ALT activity was also increased in the serum of 18-month-old Ncoa5*

~ female mice compared to wild-type mice (Figure 2D). Immunohistochemical (IHC)
staining of macrophage marker Mac-2 revealed increased macrophage infiltration to the
livers of 18-month-old Ncoa5*'~ Tip30'~ female mice compared to Alcoa5™~ or wild-type
age-matched female mice (Figure 2E). Together, these data demonstrated that heterozygous
7ip30 deletion preferentially promotes HCC development in Ncoa5~ female mice.

Deletion of Tip30 in Ncoa5*~ female mice upregulated pathways in cation transport and
cell cycle and HCN3 expression

To identify genes and signal pathways that promote the hepatocarcinogenesis in Ncoa5"!

~ Tip30t'~ female mice, we performed RNA sequencing and transcriptome analysis on
isolated RNA from the livers of 5-month-old wild-type, Ncoa5t~, Tip30*'~, and Ncoa5!

~ Tip30t'~ female mice. Gene ontology (GO) enrichment analysis revealed that the top five
GO.bp pathways uniquely upregulated in Nlcoa5*'~ Tip30t'~ female livers included cycle
Go/M phase transitions and multiple pathways related to the regulation of transport of
calcium and other cations (Figure 3A). The bile acid metabolism and vesicle transport
associated with the endoplasmic reticulum (ER) and Golgi apparatus were uniquely
downregulated in the livers of Ncoa5~ Tip30~ female mice. Unexpectedly, 7ip30
deletion did not further activate inflammatory pathways that were upregulated in Acoa5t~
female mouse livers, nor did it further activate p53-p21 signaling pathways (Figure S2).
Consistently, the mRNA levels of interleukin-6 (IL-6) and tumor necrosis factor a. were
not increased in the livers of 5-month-old Ncoa5t'~ Tip30'~ female mice compared to age-
matched Ncoa5t'™ or Tip30''~ female mice, nor were they raised in the HCCs or adjacent
normal liver tissues of 18-month-old Ncoa5t'~ Tip30'~ female mice compared to Ncoa5'~
female mice (Figures S3A and S3B). IHC staining and ELISA confirmed no increased
IL-6-expressing cells and protein levels in the livers of 18-month-old Ncoa5~ Tip30~
female mice compared to those of Ncoa5''~ female mice (Figures S3C and S3D). Next, we
analyzed the differentially expressed genes (DEGs) between wild-type and three types of
mutant livers (adjusted p < 0.05). Dual Ncoa5and 7ip30 heterozygous deletions resulted in
the highest number of DEGs (1,099), while Acoa5 heterozygous deletion alone significantly
changed the expression of 250 genes, and 7/p30 heterozygous deletion alone significantly
changed the expression of only 43 genes (Figure 3B). Only two DEGs, upregulated Hcn3,
encoding a cation channel known to mediate the transport of potassium, sodium, and
calcium,3738 and downregulated Wnt5a, are shared by all three mutant liver groups (Figures
3B and S3E). Notably, the proto-oncogene Mycn was significantly upregulated only in the

Cell Rep. Author manuscript; available in PMC 2024 February 16.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Zhang et al.

Page 6

dual-mutant livers (Figures 3B and S3F). When comparing gene expression profiles between
livers of Ncoa5t'™ Tip30*~ and Ncoa5''~ female mice, the most significantly upregulated
protein-coding genes in livers of Ncoa5t~ Tip30t'~ female mice was Hcn3 (Figure 3C).
Moreover, the dual heterozygous deletions did not increase Hcn3 mRNA in the livers of
male mice (Figure 3D). In wild-type mice, liver Hcn3 mRNA levels were higher in females
than in males (Figure 3E). Protein expression of HCN3 was also increased in the livers of
Ncoa5'"~ Tip30~ female mice (Figures 3F and S3G). Collectively, these results suggest that
hepatic HCN3 overexpression is associated with HCC development in Ncoa5t'~ Tip30+!~
female mice.

HCN3 expression is regulated by the female hormone progesterone and progesterone

receptors

Since multiple progesterone (Pg) response elements (PRES) were predicated in the putative
promoter region of HCN3using PROMO (Figure 4A),41:42 we tested whether Pg receptors
(PRs) and Pg transcriptionally regulated HCN3. Human PLC/PRF/5 HCC cells with
endogenous expression of NCOAS5 and TIP30 (Figure S4A) were cotransfected with

human progesterone receptor A (PRA) or B (PRB) expression vectors and a luciferase
reporter plasmid containing a promoter region with nine PREs of the HCN.3gene (Figure
4A). Cotransfection of PRB-expressing vectors, but not PRA-expressing vectors, increased
luciferase activities in cells without Pg. Treating cells with Pg produced a 2.6- or 3.6-fold
increase in luciferase activity in cells transfected with PRA or PRB, respectively (Figure
4B). Consistently, treatment of HCC cells transfected with PRA or PRB expression vector
with Pg increased the mRNA levels of HCN3. PRB expression increased HCN3 mRNA
levels in the absence of Pg (Figure 4C). Of note, HCC cells transfected with an empty vector
also had increased HCN3 mRNA in response to Pg, which might be due to the activation

of endogenous PRs by Pg. Low levels of endogenous PRB protein in PLC/PRF/5 cells were
detected (Figure S4A), especially in the presence of proteasome inhibitor.43 Cotransfection
of the TIP30 expression vector reduced the luciferase activities in HCC cells with or without
transfected PRA/PRB expression or Pg treatment (Figures 4D, 4E, and S4B). These results
suggest that HCN3 expression is activated by the female hormone Pg and its receptors and
repressed by TIP30.

HCN3 promotes HCC cell proliferation and protects HCC cells from ER stress

lon channels have been known to play essential roles in cell-cycle progression,*4~46 and
HCN3 was reported to promote breast cancer progression.38 To test whether overexpressed
HCNS3 has oncogenic activity in the liver, we first confirmed the endogenous HCN3
expression in two different sex HCC cell lines, PLC/PRF/5 derived from a male patient and
SNU-387 derived from a female patient that also express NCOA5 and TIP30 (Figure S4A),
as well as in the mouse immortal NIH/3T3 fibroblast cells (Figure 5A). The cell growth
was examined in media containing either high or low concentrations of serum to minimize
influences from nutrients, growth factors, and inhibitors in the serum. Ectopic expression
of HCN3 promoted the growth of all three cell lines in the low-serum conditions and
NIH/3T3 and PLC/PRF/5 cells in the higher-serum conditions (Figure 5B). It also increased
the soft agar colony-formation ability of PLC/PRF/5 cells (Figure 5C). Consistently, the
CRISPR knockout of the HCN3gene in PLC/PRF/5 and SNU-387 cells significantly
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decreased the growth of both cell lines compared to vector control cells (Figure 5D).

The re-expression of HCN3 in the knockout cells complemented the cell-growth inhibition
(Figure 5E). Moreover, the selective inhibitor for HCN channels, ZD7288,37 inhibited the
cell proliferation of both PLC/PRF/5 and SNU-387 cells in a dosage-dependent manner.
However, the female-derived SNU-387 cells were more sensitive than the male-derived
PLC/PRF/5 cells to ZD7288 treatment (Figure 5F). HCN3 overexpression also further
increased the sensitivity of SNU-387 cells to HCN inhibition (Figure 5F). HCN3 was
previously reported to affect the cell cycle and apoptosis by inhibiting ER stress in breast
cancer cells.38 To assess the similar impact of HCN3 on HCC cells, we treated the HCC
cells with the ER-stress inducer thapsigargin in combination with ZD7288. In ER-stressed
conditions, the sensitivity to ZD7288 was significantly increased in both cell lines (Figure
S4C). HCN3 knockout in PLC/PRF/5 cells also sensitized the cell to ER-stress-induced
cell-growth suppression (Figure S4D). Together, these results indicated that HCN3 promotes
cell proliferation and protects against ER stress in HCC cells with a female preference /n
vitro.

HCN3 cooperates with MYC to promote the initiation and progression of HCC, and Hcn3
knockout preferentially hinders MYC/MCL1-induced HCC development in female mice

To examine the oncogenic role of HCN3 overexpression /7 vivo, we used the Sleeping
Beauty transposon system and the hydrodynamic tail vein injection technique to achieve
stable overexpression of genes, specifically in the hepatocyte of mice.4” As MYC
overexpression alone was shown to be insufficient to induce liver cancer in BALB/c genetic
background,*8 we chose to overexpress human MYCand HCN3 simultaneously to induce
oncogenesis. Injection of MYC-and HCN3-expressing vectors increased the incidence

and volume of liver tumors compared to injection of the MY C-expressing vector and the
empty vector in female BALB/c mice (although not statistically significantly) (Figures

6A and 6B). Histology analysis revealed that all liver tumors were moderately or poorly
differentiated HCC. Remarkably, at least 50% of the tumors from female mice injected with
MYC-and HCN3-expressing vectors were collision-type tumors consisting of moderately
or poorly differentiated HCC and small round undifferentiated cancer cells (Figure 6C).
Two out of eight HCC-bearing mice injected with MY C-and HCN3-expressing vectors had
metastatic diseases, one of which had those small round undifferentiated cells metastasized
to the ovaries of both sides, while the other had metastasis in the pancreas (Figures 6C

and S4E). In contrast, liver tumors with A/YC overexpression alone were all moderately
differentiated HCC (Figure 6C), and no collision tumor or metastasis was detected in those
mice. In mice injected with MYC-and HCN3-expressing vectors, HCC and small round
undifferentiated cells in the liver collision tumors and small round undifferentiated cells in
the ovary expressed ectopic HCN3, albumin, and AFP, indicating that the cell origins of
these collision tumors are possibly the hepatocyte or liver progenitor (Figures 6C and S4F).
These tumors also expressed more proliferation marker Ki-67 than liver HCCs from mice
injected with MY C-expressing vector only (Figures 6C and S4F).

Hydrodynamic injection of MYC-and MCL 1-expressing vectors were reported to induce
100% penetrant multiple liver tumors in female FVB/N mice2® and mice with different
genetic backgrounds, including the BALB/c strain.*® Consistently, we observed liver tumors
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with 100% penetrance and similar tumor volumes between male and female wild-type
BALB/c mice injected with MYC-and MCL 1-expressing vectors (Figure S4G). Hepatic
MYCand MCL 1 overexpression in the same way resulted in 75% or 100% liver tumor
penetrance in female or male BALB/c Hcn3™'~ mice,*? respectively. Importantly, liver tumor
number and size were dramatically lower in Hcn3'~ female mice than in Hcn3™'~ male
mice (Figure 6D). Collectively, these results suggest that HCN3 is a cancer driver that can
cooperate with MYC to promote the initiation and progression of poorly differentiated HCC,
and the lack of HCN3 preferentially hinders hepatic tumorigenesis in female mice.

HCN3 is amplified and overexpressed in human HCC and correlated with poor survival,
especially in female patients

To determine the clinical relevance of our findings on the upregulated cation transport
pathways and HCN3 overexpression in the mice, we first used single-sample gene set
enrichment analysis (SSGSEA) to compare the enrichment of GO.bp pathways in HCC
samples from male and female patients in the TCGA cohort.%0 Strikingly, 33 GO.bp
pathways related to cation transport are significantly more enriched in HCC specimens
from female patients than from male patients (Figure S5). Next, we examined the protein
expression of HCN3 in primary HCC samples from male and female patients using IHC
staining on a tissue microarray. HCN3 expression was significantly higher in female HCCs
than in male HCCs (Figure 7A). In the TCGA liver hepatocellular carcinoma (LIHC) cohort,
HCN3 mRNA expression was significantly upregulated in HCCs compared to adjacent
non-cancerous liver tissues (Figure 7B). Its MRNA levels appeared to be higher in female
HCC adjacent liver tissues compared to male tissues (Figure S6A). Up to 24% of HCC
samples (28% or 22% of female or male samples, respectively) had HCN3 alterations that
were HCN3 gene amplification and mRNA overexpression (Figure 7C). Interestingly, HCC
samples with HCN3 alterations had significantly lower TIP30 mRNA levels compared to
samples without HCN3 alterations (Figure 7D). These alterations were mutually exclusive
to CTNNBI mutation, amplification, or high expression in HCC (Figure 7C and Table

S1). In those HCC samples with HCN3 alterations, female HCC samples appeared to

have higher HCN3 mRNA levels than those from males (Figure S6B). We then compared
the transcriptome between HCCs with and without HCNS3 alterations by assessing the
enrichment of hallmark pathways using GSEA.51 Pathways of the GoM checkpoint, E2F
targets, and mitotic spindle were highly enriched in HCC samples with HCN3 alterations,
suggesting an increased cell proliferation in HCCs with HCN3 alterations, consistent with
our /n vitroand in vivo results (Figure 7E). When comparing the enrichment of hallmark
pathways in HCC samples with and without HCN3 alterations using sSGSEA, we observed
decreased inflammatory, reactive oxygen species, and androgen response pathways in HCC
specimens with HCN3 alterations, besides the same upregulated pathways as suggested

by GSEA (Figure 7F). Patients with these alterations had significantly worse survival and
higher AFP level at procurement (Figures 7G, 7H, and S6C). Notably, female patients with
HCNS3 alterations had significantly poorer overall survival and disease-free survival than
those without HCN3 alterations. At the same time, such differences were insignificant

in male patients (Figures 7G and 7H; Table S2). Although the HCN3 alteration was
associated with poorer HCC-specific survival and progression-free survival in both sexes,
the associations were more significant and had a higher predicted hazard ratio in female
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patients (Figures S6D and S6E). Together, these results suggest that HCN3 amplification and
overexpression predict a poorer prognosis for HCC patients with a female preference and
that HCN3 is a potential therapeutic target for personalized anti-HCC therapy.

DISCUSSION

In this study, we show for the first time that heterozygous deletion of 7ip30, in the context
of Ncoa5 heterozygous deletion, preferentially promotes mouse HCC development in a
female-biased manner. Unexpectedly, 7ip30deletion did not cause a further increase of
pro-inflammatory and p53 pathways in the preneoplastic liver of Ncoa5''~ female mice,
unlike what was observed in the preneoplastic liver of Ncoa5t~ male mice, suggesting

that TIP30 does not inhibit pro-inflammatory and p53-p21 pathways. Instead, we found
significant overexpression of HCN3 in the livers of dual-mutant female mice compared to
single-mutant female mice. In agreement with the observations in mice, HCN3 amplification
and overexpression in human HCC specimens, ~28% of which had a history of chronic HBV
infection, were more frequent in female patients than in male patients and were correlated
with a poorer prognosis in female patients. HCN3 amplification and overexpression
appeared mutually exclusive with the CTANBI mutation. Several interpretations could
explain this mutually exclusive event, one of which is that HCN3 overexpression possibly
leads to the same outcome as CTNNBI mutations. CTAVNBI mutations are known to

occur preferentially in male HCC patients,>3 especially those infected with HBV.%4 We
propose that female HCC patients might preferentially overexpress HCN3 in hepatocytes to
drive liver oncogenesis, given the higher HCN3 levels in female HCCs and HCC adjacent
liver tissues (Figures 7A, S6A, and S6B). In support of this possibility, we show that

HCN3 expression could be enhanced by the female sex hormone Pg and its receptors.
Moreover, HCN3 increases HCC cell proliferation /n vitro and cooperates with MYC to
promote the initiation and progression of HCC in female mice /n vivo. Genetic knockout

of Hen3 preferentially hinders HCC development in female mice induced by MY C and
MCL1. Collectively, our data establish TIP30 and NCOAGS as crucial tumor suppressors

in suppressing hepatocarcinogenesis in females and suggest that HCN3 is a female-biased
cancer driver for liver oncogenesis. However, it remains to be determined how TIP30 and
NCOAGS regulate HCN3 expression controlled by Pg-activated PRs as well as estrogen and
androgen signaling pathways.

Cancer cells are known to overexpress ion channels to drive malignant behavior. Notably,
HCN ion channel family members, including HCN3, serving as non-selective voltage-gated
cation channels in the plasma membranes of cells, have been implicated in controlling
cell-cycle progression. Consistently, HCN3 blockage inhibits the proliferation and cell-
cycle progression of stem cells.#6:55 HCN3 has been reported to be overexpressed in
breast, renal, and colorectal cancers and to be associated with poor survival outcomes in
breast and renal cancer patients.>8 HCN3 inhibition has been shown to suppress breast
cancer cell proliferation and tumor growth in patient-derived breast cancer xenograft
models, suggesting HCN3 as a new molecular target that could be developed into targeted
therapy for breast cancer patients.38 Mechanistically, HCN3 might regulate the cell cycle,
ER stress, and apoptosis through various mechanisms including cell-volume regulation,
membrane potential modulation, generation of driving for Ca2*, and protein-protein
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interaction.38:4445.57 Our findings are in line with previous studies and suggest that HCN3
overexpression in HCC cells promotes cell proliferation via a similar mechanism, making it
a potential therapeutic target for personalized anti-HCC therapy.

In addition to HCN3, other genes dysregulated by NCOADS and TIP30 deficiency in the
female mouse livers might also contribute to HCC development in Ncoa5"~ Tip30*~ female
mice. One of these genes is Mycn, a member of the myc proto-oncogene family, which was
overexpressed at the mRNA level in the livers of Ncoa5''~ Tip30'~ female mice. Analysis
of the TCGA cohort of human HCC specimens revealed that A YCN amplification and gain
occurred more frequently in female patients than in male patients, with an incidence of 26%
in females compared to 12% in males (Figure S7A). Interestingly, MYCN amplification
and overexpression co-occurred with HCN3 amplification and overexpression in female
patients but not male patients (Table S3). Moreover, the concurrence of MYCN alterations
and HCN3 overexpression was associated with decreased 7/P30 mRNA in female patients
but not in males (Figures S7B and S7C). As MYCN is known to be an oncogene,

its overexpression likely contributes significantly to female-biased HCC development.
However, further experiments are necessary to determine the collaborative role of HCN3
and MYCN in promoting HCC development.

In conclusion, this study highlights that female hepatocarcinogenesis could be driven by a
female-biased mechanism regulated by NCOADS5 and TIP30. Our work also suggests the ion
channel HCN3 as a female-biased HCC driver, providing a possible personalized therapeutic
target for treating female patients with HCC.

Limitations of the study

To identify a female-biased mechanism underlying HCC development, we prioritized our
investigation on identifying early transcriptomic alterations in the livers of Ncoa5* Tip30!~
female mice by analyzing liver transcriptomes of 5-month-old Nicoa5*! Tip30t'~ and control
female mice. However, this approach is unable to discover genes altered in cells of other
organs and tissues, such as different immune cells, which could systematically affect

tumor surveillance in a female-biased manner, thereby contributing to HCC development

in mice. Moreover, this approach does not identify critical cancer drivers altered in the

later steps of hepatocarcinogenesis and the genomic mutations necessary for hepatocyte
malignant transformation in Ncoa5"~ Tip30"'~ female mice. Finally, our biochemical studies
on transcriptional regulation of HCN3 by TIP30 and progesterone /i vitro might not reflect
sex-mediated regulation /n vivo.

STARXMETHODS
RESOURCE AVAILABILITY

Lead contact—Further information and requests for resources and reagents should be
directed to and will be fulfilled by the lead contact, Hua Xiao (xiaoh@msu.edu).

Materials availability—New plasmids and mouse lines generated in this study are

available upon request. Requests for plasmids and mouse lines should be directed to and
will be fulfilled by the lead contact with an institutional material transfer agreement.
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Data and code availability

. Raw and processed RNA-sequencing data have been deposited at GEO and are
publicly available as of the date of publication. Accession numbers are listed in
the Key resources table. The rest of the data reported in this paper will be shared
by the lead contact upon request.

. This paper does not report original code.

. 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

Mice—Generation of Ncoa5or Tip30 deficient mice was described previously.8:28:34
Double deficient BALB/c Ncoa5"~ Tip30*~ mice and control Ncoa5''~, Tip30*~, and
wild-type mice were generated by crossing Ncoa5*~ female mice and 77p30"~ male mice
because male Acoa5t~ mice were infertile.8.70 Hcn3”~ C57BL/6 mice provided by Dr.
Martin Biel*9 were backcrossed for seven generations to the BALB/c genetic background.
Wild-type BALB/c mice used in the hydrodynamic tail vein injection experiments were
purchased from the Jackson Laboratory. BALB/c male and female mice were allocated

to experimental groups randomly for hydrodynamic tail vein injection experiments or
according to genotypes for spontaneous tumor development experiments. All mice were
under a standard normal diet and 12 h light/12 h dark cycle at the Michigan State University
animal facilities and housed in Optimice cages. All experimental procedures on mice were
approved by the Michigan State University Institutional Animal Care and Use Committee
and were performed in accordance with their regulatory standards.

Cell lines—Mouse fibroblast NIH/3T3 (derived from male), human kidney cell HEK293T
(derived from female), and human liver cancer cell line PLC/PRF/5 (derived from male) and
SNU-387 (derived from female) were purchased from ATCC. Cell lines were authenticated
by STR profiling. SNU-387 cells were cultured using ATCC-formulated RPMI-1640
medium supplemented with 10% fetal bovine serum (FBS), 100 U/mL of penicillin, and
100 pg/mL of streptomycin at 37°C in 5% CO». Other cell lines were cultured using
DMEM high glucose medium (Thermo Fisher) supplemented with 10% FBS, 100 U/mL

of penicillin, and 100 pg/mL of streptomycin. For hormone treatment experiments, cells
were cultured and treated in phenol red-free DMEM (Thermo Fisher) supplemented with
charcoal-stripped FBS (Biowest). Proteasome inhibition was induced by treatment of 10 uM
of (R)-MG132 (Cayman Chemical) for 6 h. Selective HCN blocker ZD7288 was purchased
from Tocris. Thapsigargin was purchased from Millipore-Sigma. Cells were treated with
ZD7288 in a complete medium for 3 days.

METHOD DETAILS

Transcriptomic analyses of human samples—Processed gene expression, copy
number variation, mutation, and clinical data of the TCGA LIHC cohort were retrieved
with UCSC Xena and cBioportal.52:62-64 Differences in gene mRNA levels between TCGA
patient subgroups were determined with the comparison functionality of cBioportal.64
Protein-protein interaction network of gene products of interest was analyzed using
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STRING.% For pathway analyses, Gene Set Enrichment Analysis (GSEA) version 4.2.1
and ssGSEA v10 were used®%51 and carried out on GenePattern.

Quantitative PCR and mouse transcriptome analyses—Total RNA was isolated
using TRIzol (Thermo Fisher) according to the manufacturer’s instructions. RNA for

high throughput sequencing was isolated using a combined TRIzol and RNeasy Mini

Kit (Qiagen) method according to the manufacturer’s instructions. cDNA was generated
using SuperScript 1V First-Strand Synthesis System (Thermo Fisher) according to the
manufacturer’s instructions. Quantitative real-time PCR was performed on a QuantStudio

3 Real-Time PCR machine using the PowerUp SYBR Green reagent (Thermo Fisher). PCR
primer sequences are available in Table S4.

Isolated total RNA from mouse liver was first quality-controlled using Nanodrop
Spectrophotometer (Thermo Fisher) and Bio-analyzer System (Agilent). Total RNA was
then sent to Novogene, which carried out further RNA quality control, mRNA selection,
cDNA library preparation, sequencing with a NovaSeq 6000 (Illumina), raw data quality
control, and raw data delivery. Raw data were then trimmed to remove low-quality reads
and adapter reads using Trimmomatic86 and aligned to the Ensembl GRCm38 genome using
STAR.57 Count normalization and differential gene expression analysis were conducted
using DESeq2.58 Pathway analysis was performed using GAGE.%?

Histological and serological analyses—Neutrally buffered 10% formalin solution
(Sigma-Aldrich) fixed mouse tissues were sent to the Investigative Histopathology
Laboratory of Michigan State University and processed, embedded, sectioned, and H &
E stained. Liver histological features were scored using the Modified Hepatic Activity Index
system.36 Mouse blood was freshly collected, and serum was separated by centrifugation.
Serum a-fetoprotein levels were quantified using the mouse AFP Quantikine ELISA kit
(R&D Systems) according to the manufacturer’s instructions. Serum ALT activity was
quantified using the Alanine Transaminase Colorimetric Activity Assay Kit (Cayman
Chemical) according to the manufacturer’s instructions. Liver tissue IL-6 levels were
quantified using the mouse IL-6 ELISA Kit (Proteintech). Absorbance was read by a
FLUOstar OPTIMA microplate reader (BMG LABTECH).

Immunohistochemistry—Immunohistochemistry staining was performed using the
VECTASTAIN ABC-HRP system (Vector Laboratories) according to the manufacturer’s
instructions. IHC staining intensity was scored using the IRS system.39 The human

HCC tissue array (LV1505a) was purchased from TissueArray.Com LLC, and the clinical
information of patients included in the array is available on the supplier’s website.

Lentiviral gene expression—The coding sequence of the human HCN3 gene was
amplified and HA-tagged from the plasmid HsCD00348243 (DF/HCC DNA Resource
Core), which contains the consensus coding sequence of human H#CN3 (CCDS 1108.1). The
sequence was then cloned into the pSin-EF2-Pur vector®8 (Addgene). Polyethyleneimine-
mediated transfection of HCN3 or GFP expression plasmids with pCMV delta R8.2
packaging plasmid (Addgene) and pMD2.G envelope plasmid (Addgene) was performed on
HEK?293T cells, and lentivirus was collected after transfection. Cells stably overexpressing
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HCNS3 or control protein were established by infecting cells with lentivirus and selected by
puromycin.

Soft agar colony formation assay—Soft agar colony formation assay was performed
as described.”! Briefly, 6-well plates were plated with a bottom layer of 0.5% agar in
DMEM medium and a top layer of 0.3% agar in DMEM medium containing 5000 cells/well.
Cells were cultured for 21 days while maintaining a layer of growth medium on top. Cells
were finally stained with Nitrotetrazolium Blue chloride (Sigma-Aldrich), and photos were
captured under a microscope. Colony humber and size were analyzed using ImageJ.

CRISPR/Cas-mediated gene knockout—The CRISPR/Cas9 mediated HCN3 knockout
was achieved using the pSpCas9(BB)-2A-Puro (PX459) V2.0 plasmid®® obtained

from Addgene, and the following guide sequences were used: target 1 (exon 6):
CGGGACACACGCCTCACCGA,; target 2 (exon 5): GAGCGAGCCGCTTCGCGAGG. The
guide target sequences and PAMSs were cloned into the PX459 vector according to a cloning
protocol described on Addgene. Cells were transfected with vector control or targeting
constructs using Lipofectamine 3000 (Thermo Fisher) according to the manufacturer’s
instructions and were then selected with 2 ug/mL puromycin. Selected cells were cultured

in single clones, and genomic DNA was extracted using QuickExtract (Lucigen), and gene
knockout was validated by PCR, sanger sequencing, and western blotting.

Cell proliferation assay—1 or 1.5 x 103 cells were seeded in 96-well plates and cultured
for 2 to 4 days in DMEM medium containing 10%, 2%, or 0.2% FBS. For HCN3 inhibition
and thapsigargin treatment experiments, 1 or 2.5 x 103 cells in DMEM medium containing
10% FBS were seeded in 96-well plates and treated for 72 h. CCK-8 (Dojindo) was used to
determine the relative cell growth according to the manufacturer’s instructions. Absorbance
was read by a FLUOstar OPTIMA microplate reader (BMG LABTECH).

Western blotting—Protein was isolated from tissue and cell samples using RIPA buffer
(Thermo Fisher) or Laemmli Sample Buffer (BIO-RAD). SDS-PAGE of processed protein
samples was performed using BIORAD Mini-protein TGX gels. LICOR IRDye secondary
antibodies were used for fluorescent detection, and photos were captured using the LICOR
Odyssey Imaging system. Quantification was performed using LICOR Odyssey and Image
Studio software.

Dual-luciferase reporter assay—Transcription factor binding site prediction was
performed using PROMO.*41:42 The genomic DNA fraction from 742 to +752 bp

relative to the HCN3 transcription start site containing the putative promoter region

was amplified from MCF-7 genomic DNA. This fraction includes the SNP rs12749306,
which has an ALFA allele frequency of 26.6%. The fraction was cloned into the pGL2-
Basic vector (Promega) to get the pGL2-promoHCN3. Human TIP30 expression plasmid
pcDNA3-TIP30 was previously described.5% pcDNA3-hPRA and pcDNA3-hPRB expression
plasmids were obtained from Addgene.® pRL (Promega) was used as the control reporter.
Cells were transfected with pRL, pGL2-promoHCN3, and other expression plasmids
using Lipofectamine 3000 (Thermo Fisher) according to the manufacturer’s instructions.
The treatment of cells started 24 h after transfection, and cells were processed 48h
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after transfection and tested for luciferase activity using the Dual-Luciferase Reporter
Assay System (Promega). The bioluminescence signal was read by a \Veritas Microplate
Luminometer (Turner Biosystems).

Hydrodynamic tail vein injection for stable gene expression in hepatocytes—
pT3-EFla-c-MYC, pT3-EFla-MCL1, and pCMV/SB plasmids were kindly provided by
Dr. Xin Chen.*8 The pT3-EFla-c-MYC plasmid was manipulated to generate pT3-EFla-
HCNS3 carrying the HA-tagged human HCN3 coding sequence and pT3-EF1a empty vector
(EV). Different combinations of plasmids were injected into 7-week-old wild-type or Hcn3™!
~ male and female BALB/c mice according to the published method.48 A total of 20 g

of pT3-EFla-c-MYC, 20 ug of EV, and 1.6 pg of pPCMV/SB (wild-type female BALB/c
mice), or a total of 20 ug of pT3-EFla-c-MYC, 20 ug of pT3-EF1a-HCN3, and 1.6 g of
pCMV/SB (wild-type female BALB/c mice), or a total of 10 pg of pT3-EFla-cMYC, 5

Hg of pT3-EF1a-MCL1, and 0.6 pg of pPCMV/SB (wild-type and Hcn3 ™~ male and female
BALBI/c) in 2 mL of 0.9% NaCl solution were injected to each mouse. Mice that received
MCL 1 overexpression were monitored for liver tumor formation for 8 weeks, and mice that
received other injections were monitored for 14 weeks or until morbid and then euthanized
and necropsied.

Antibodies—Primary antibodies used in this study include anti: Mac-2 (Galectin-3,
CL8942AP) by Cedarlane Labs; IL-6 (sc-1265), Na*/K*-ATPases (sc-48345), and B-Actin
(sc-47778) by Santa Cruz Biotechnology; HCN3 (ab84818) by Abcam; HCN3 (APC-057)
by Alomone Labs; HCN3 (MA3-902) by Thermo Fisher; HA-tag (#3724) and PR

(#8757) by Cell Signaling Technology; AFP (14550-1-AP) and Albumin (16475-1-AP) by
Proteintech; Ki-67 (AB9260) by Millipore-Sigma; NCOAS5 (A300-790A) by Bethyl; TIP30
made by Xiao Lab which was described previously.28

QUANTIFICATION AND STATISTICAL ANALYSIS

All data are shown as mean = SEM if not specified otherwise. Statistical significance of
differences was determined by one-way ANOVA Tukey’s multiple comparison test, two-way
ANOVA Tukey’s multiple comparison test and Sidak’s multiple comparison test, two-tailed
unpaired Student’s t-test, Welch’s t test with the FDR methods, Pearson’s correlation two-
tailed significance test, Chi-squared test, Mann-Whitney U test, or log rank test in GraphPad
Prism 7 with details listed in the corresponding figure legends. ****p < 0.0001, ***p <
0.001, **p < 0.01, *p < 0.05, ns = not significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

7ip30 heterozygous deletion increases HCC rate in Mcoa5t~mice in a
female-biased manner

HCNS is preferentially upregulated in the liver of dual 7/p30and Ncoa5
mutant female mice

HCN3 has female-biased oncogenic activities to promote HCC development

HCN3 overexpression correlates with poor prognosis of HCC patients with a
female bias
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Figure 1. Gene expression differences between male and female HCC samples from the TCGA
cohort and the correlation between NCOAS5 and TIP30 expression in humans and mice

(A) Volcano plot showing differentially expressed genes (DEGs) between primary HCC
samples from male (n = 244) and female (n = 117) patients in the TCGA cohort. Welch’s

t test with the false discovery rate (FDR) method of Benjamini-Hochberg. q cutoff at 0.05.
Genes on XY chromosomes are not included in the graph.

(B) Box plots (Tukey method) showing mRNA levels of NCOA5 and TIP30 in male and
female primary HCC samples. g values from the result shown in (A).

(C) Correlation between NCOADS and TIP30 mRNA levels in primary HCC samples from
male and female patients in the TCGA cohort. n = 361. Pearson correlation.

(D) gRT-PCR analysis of the 77p30 mRNA levels in the livers of mice. Left: 2-month-old
wild-type (WT) male (n = 3) and female (n = 2) mice, and Ncoa5"~ male (n = 3) and female
mice (n = 3). Right: 5-month-old WT male (n = 4) and female (n = 2) mice, and Ncoa5!~
male (n = 3) and female (n = 4) mice. One-way ANOVA, Tukey’s multiple comparison test.
(E) gRT-PCR analysis of the 77030 mRNA levels in 10-month-old WT (n = 4) and Ncoa5!~
(n = 3) male mice (left) and 10-month-old WT (n = 4) and Ncoa5"~ (n = 4) male mice
(right). Two-tailed unpaired Student’s t test.
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Data are presented as mean = SEM. ****p < 0.0001, **p < 0.01, *p < 0.05. See also Figure
S1.
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Figure 2. HCC incidence and histopathology features in 18-month-old male and female mice
with Ncoa5 and/or Tip30 deficiency

(A) HCC incidence in 18-month-old female and male mice with indicated genotype. Female
mice (left) n = 12, 10, 15, or 10; male mice (right) n =6, 9, 11, or 12. Chi-squared test, **p
<0.01.

(B) Representative H&E-staining photos of moderately differentiated HCCs from Ncoa5*!
~ 7ip30*'~ male or female mice. Grading was according to the WHO classification.3® Scale
bars, 100 pm.

(C) Representative H&E-staining photos of non-tumor adjacent liver from 18-month-old
female mice as indicated. See Figure S1C for histological features scored according to the
Modified Hepatic Activity Index system.36 Scale bars, 50 pm.
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(D) Serum AFP level and ALT activity in 18-month-old female mice (n = 4 per group) as
indicated. One-way ANOVA, Tukey’s multiple comparison test.

(E) Representative Mac-2 IHC staining photos and analysis of livers from 18-month-old
female mice (n = 4 per group) as indicated. One-way ANOVA, Tukey’s multiple comparison
test. Scale bars, 50 pm.

Data are presented as mean £ SEM. ****p < 0.0001, ***p < 0.001, **p < 0.01, *p < 0.05.
See also Figure S1.
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Figure 3. Transcriptome analysis of livers of 5-month-old wild-type, Ncoa5*™, Ti p30+/‘, and
Ncoa5*/~Ti p30+/_ female mice and the expression of HCN3 in male and female mice

(A) Disrupted pathways in GO.bp pathway analyses comparing liver transcriptomes of
Ncoa5'"~ or Ncoa5'! Tip30!~ female mice vs. wild-type (WT) female mice. n = 4 in

each group. Left: Venn diagram. Pathways with g < 0.05 were recognized as significantly
disrupted pathways. Right: top five GO.bp pathways uniquely up- and downregulated by
deletion of both Mcoa5and Tip30, but not by deletion of AMlcoa5 or Tip30alone.

(B) DEGs between liver transcriptomes of Nicoa5"~, Tip30*'~, or Ncoa5"! Tip30t'~ female
mice and WT female mice. n =4 in each group. Left: Venn diagram. Right: gRT-PCR
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analysis of the mRNA levels of identified commonly upregulated gene Hcn3in livers

of 5-month-old female mice (n = 4 per group) as indicated. One-way ANOVA, Tukey’s
multiple comparison test.

(C) Volcano plot showing DEGs between livers of 5-month-old Ncoa5"~ and Ncoa5*!

~ 7ip30'~ female mice and their gene classes. DEGs with adjusted p < 0.05 were recognized
as significant. —L0g1q pagj Values larger than 10 were drawn as 10, and log; fold-change
values larger than 5 were drawn as 5.

(D) gRT-PCR analysis of Hcn3mRNA levels in livers of 5-month-old male mice (n = 3 per
group). One-way ANOVA, Tukey’s multiple comparison test.

(E) gRT-PCR analysis of Hcn3mRNA levels in livers of 5-month-old male and female WT
mice (n = 3 or 4). Two-tailed unpaired Student’s t test.

(F) Representative HCN3 IHC in livers of 5-month-old female mice (n = 3 per group).
Staining scores according to the immunoreactive score (IRS) system39:40 are shown in
Figure S3G. Scale bars, 50 pm.

Data are presented as mean £ SEM. ****p < 0.0001, ***p < 0.001, **p < 0.01, *p < 0.05.
See also Figures S2 and S3.
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Figure 4. Transcriptional regulation of HCN3 by Pg and PRs
(A) Diagram of the putative promoter region of human A/CN3and the relative locations of

predicted PREs in the HCN3 promoter-luciferase reporter plasmid.

(B) Relative luciferase activity of the HCN3 promoter in PLC/PRF/5 HCC cells transfected
with empty vector (EV), PRA-expressing vector, or PRB-expressing vector with or without
Pg treatment. Two-way ANOVA, Tukey’s multiple comparisons test.

(C) gRT-PCR analysis of HCN3mRNA levels in PLC/PRF/5 cells transfected with EV,
PRA-expressing vector, or PRB-expressing vector with or without Pg- treatment. Two-way
ANOVA, Tukey’s multiple comparisons test.

(D) Relative luciferase activity of the HCN.3 promoter in PLC/PRF/5 cells transfected with
PRA-expressing vector together with EV or TIP30-expressing vector with or without Pg
treatment. VC, vehicle control. Two-way ANOVA, Sidak’s multiple comparison test.

(E) Relative luciferase activity of the HCN3 promoter in PLC/PRF/5 cells transfected with
EV or TIP30-expressing vector with or without Pg treatment. Two-way ANOVA, Sidak’s
multiple comparison test.

Representative data of three repeats. Data are presented as mean £ SEM. ****p < 0.0001,
***pn < 0.001, **p < 0.01. See also Figure S4.
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Figure 5. Effects of HCN3 overexpression, knockout, or inhibition on cell proliferation and

survival in vitro

(A) Western blot of HCN3 overexpression in cell lines as indicated.
(B) Effect of HCN3 overexpression on cell proliferation of NIH-3T3 (top), PLC/PRF/5
(PP5) (middle), and SNU-387 (bottom) cells. Cells were grown in a medium supplemented
with fetal bovine serum (FBS) in concentration as indicated. Two-way ANOVA, Sidak’s

multiple comparison test.

(C) Representative photos and soft agar colony-formation assays on PLC/PRF/5 cells with
or without HCN3 overexpression. Two-tailed unpaired Student’s t test. Scale bar, 2.5 mm.
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(D) Effect of HCN3 knockout on cell proliferation. Western blot validation of HCN3
CRISPR knockout in cell lines as indicated. VC, vector control. Cells were grown in
medium with 10% FBS. Two independent single clones for each cell line were analyzed.
Two-way ANOVA, Sidak’s multiple comparison test.

(E) Effect of HCN3 compensation on cell proliferation of HCN3 knockout cells. Top:
western blot of HCN3 compensation in HCN3 knockout cells as indicated. Bottom:
proliferation of HCN3 knockout cells with HCN3 compensation. two-way ANOVA, Sidak’s
multiple comparison test.

(F) Effect of HCN inhibition by ZD7288 on the growth of cell lines as indicated. Two-way
ANOVA, Sidak’s multiple comparison test.

Representative data of three repeats. Data are presented as mean + SEM. ****p < 0.0001,
***p < 0.001, **p < 0.01, *p < 0.05. See also Figure S4.
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Figure 6. Formation of liver tumors induced by overexpression of MYC and HCN3 in wild-type
female mice and by overexpression of MYC and MCL1 in Hen3™/~ mice

(A) Representative macroscopic photos of liver tumor formed in wild-type (WT) female
mice injected with MY C-expressing vector + empty vector (EV) (n = 14) or MYC +
HCN3-expressing vectors (n = 15). Scale bar, 1 cm.

(B) Liver tumor incidence and liver/body weight ratio of WT female mice injected with
MYC + EV or MYC + HCN3-expressing vectors. Chi-squared test and two-tailed unpaired
Student’s t test.

(C) Representative H&E staining and IHC for hemagglutinin (HA) that tags HCN3, IHC
for hepatocyte marker albumin and AFP, and IHC for the proliferation marker Ki-67 in

MY C-induced and MYC + HCN3-induced HCCs in female mice. Staining scores according
to the IRS system can be found in Figure S4F. Scale bars, 50 pm and 100 pm (insets).

(D) Representative macroscopic photos and analysis of liver/body weight ratio of Hen3™/~
male and female mice (n = 8 per group) injected with MYC + MCL1 vectors. Scale bar, 1
cm. Two-tailed unpaired Student’s t test.
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Data are presented as mean £ SEM. *p < 0.05. See also Figure S4.
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Figure 7. HCN3 expression and copy-number variation in TCGA HCC patients and their
relationship with prognosis and hallmark pathway enrichment

(A) Representative IHC staining photos and analysis of staining score of HCN3 in primary
HCCs from male (n = 38) and female (n = 8) patients. HCN3 staining was scored according
to the IRS system. Scale bars: 50 pm and 200 um (insets). Mann-Whitney U test.

(B) mRNA expression of HCN3in adjacent non-tumor livers (n = 49) and primary HCCs
(n = 361) from the TCGA cohort. Two-tailed unpaired Welch’s t test. Box plot was drawn
using the Tukey method.
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(C) Genetic alterations and gene expression change relative to diploid samples of HCN3and
CTNNBI in primary HCC samples of TCGA cohorts. Samples with gene mMRNA expression
Zscore >3 or <—3 were recognized as having high or low expression.

(D) mRNA expression of 7/P30in primary HCC samples without (n = 274) or with (n =

87) HCN3 amplification and/or overexpression (regarded as HCN3 alterations) in the TCGA
cohort. Two-tailed unpaired Welch’s t test. Box plot was drawn using the Tukey method.

(E) GSEA result showing significantly differentially enriched hallmark pathways (FDR <
0.1) between the transcriptome of HCCs with and without HCN3 alterations (n = 87 or n =
274). Normalized enrichment score and p value are shown.

(F) ssGSEA enrichment score of hallmark pathways in primary HCC samples with or
without HCN3 alterations (n = 87 or n = 274). Welch’s t test with two-stage step-up

FDR method for 52 comparisons. Pathways with g < 0.05 were recognized as significantly
different and shown.

(G and H) Kaplan-Meier plots of overall survival (OS) (G) and disease-free survival/interval
(DFI) (H) of female (left) or male (right) patients with or without HCN3 alterations. Curated
survival data.>2 DFI: the period from the date of diagnosis until the date of the first new
tumor progression event subsequent to the determination of a patient’s disease-free status
after their initial diagnosis and treatment.>2 Log-rank test, hazard ratio calculated using the
Mantel-Haenszel method.

Data are presented as mean £ SEM. ****p < 0.0001, **p < 0.01, *p < 0.05. See also Figures
S5-S7 and Tables S1-S3.
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Antibodies

Anti Mac-2 (Galectin-3)

Anti IL-6

Anti Na*/K*-ATPases

Anti B-Actin

Anti HCN3

Anti HCN3

Anti HCN3

Anti HA-tag

Anti AFP

Anti Albumin

Anti Ki-67

Anti NCOA5

Anti TIP30

Anti PR

LICOR IRDye 800CW secondary antibodies
LICOR IRDye 680RD secondary antibodies

Cedarlane Labs

Santa Cruz Biotechnology
Santa Cruz Biotechnology
Santa Cruz Biotechnology
Abcam

Alomone Labs

Thermo Fisher

Cell Signaling Technology
Proteintech

Proteintech
Millipore-Sigma

Bethyl

Xiao lab (lto et al.)®8

Cell Signaling Technology
LICOR

LICOR

Cat#CL8942AP; RRID:AB_10060357
Cat#sc-1265; RRID:AB_2127470
Cat#sc-48345; RRID:AB_626712
Cat#sc-47778; RRID:AB_626632
Cat#ab84818; RRID:AB_1861081
Cat#APC-057; RRID:AB_2039904
Cat#MA3-902; RRID:AB_2115028
Cat#3724; RRID:AB_1549585
Cat#14550-1-AP; RRID:AB_2223933
Cat#16475-1-AP; RRID:AB_2242567
Cat#AB9260; RRID:AB_2142366
Cat#A300-790A; RRID:AB_2151214
N/A

Cat#8757; RRID:AB_2797144
Cat#923-32213, 926-32214, 926-32211
Cat#926-68072, 925-68074, 925-68076

Bacterial and virus strains

E. coli DH5a Thermo Fisher Cat#EC0112
E. coli TOP10 Thermo Fisher Cat#C404010
Biological samples

Human HCC tissue array TissueArray.Com LLC Cat#LV1505a
Chemicals, peptides, and recombinant proteins

RIPA Lysis and Extraction Buffer Thermo Fisher Cat#89900
Formalin solution, neutral buffered, 10% Sigma-Aldrich Cat#HT501128
TRIzol Reagent Thermo Fisher Cat#15596026
PowerUp SYBR Green reagent Thermo Fisher Cat#A25742
Lipofectamine 3000 Thermo Fisher Cat#L.3000015
QuickExtract DNA Extraction Solution Lucigen Cat#QE0905T
SuperScript 1V First-Strand Synthesis System Thermo Fisher Cat#18091050
(R)-MG132 Cayman Chemical Cat#13697
ZD7288 Tocris Cat#1000

Polyethyleneimine
Puromycin dihydrochloride
Nitrotetrazolium Blue chloride

Laemmli Sample Buffer

Polysciences, Inc.
Thermo Fisher
Sigma-Aldrich
BIO-RAD

Cat#23966-1
Cat#A1113803
Cat#N6639
Cat#1610747
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REAGENT or RESOURCE SOURCE IDENTIFIER
Thapsigargin Millipore-Sigma Cat#586005
Critical commercial assays

Biorad Protein Assay BIO-RAD Cat#5000006

VECTASTAIN Elite ABC-HRP system
Cell Counting Kit-8

Alanine Transaminase Colorimetric Activity Assay

Mouse AFP Quantikine ELISA Kit
Dual-Luciferase Reporter Assay System

Mouse IL-6 ELISA Kit

Vector Laboratories
Dojindo

Cayman Chemical
R&D Systems
Promega

Proteintech

Cat#PK-6101, PK-6102
Cat#CKO04

Cat#700260
Cat#MAFP00
Cat#E1910
Cat#KE10007

Deposited data

Raw and processed RNA sequencing data This study GEO: GSE228531

Experimental models: Cell lines

NIH/3T3 ATCC Cat#CRL-1658; RRID:CVCL_0594
HEK293T ATCC Cat#CRL-3216; RRID:CVCL_0063
PLC/PRF/5 ATCC Cat#CRL-8024; RRID:CVCL_0485
SNU-387 ATCC Cat#CRL-2237; RRID:CVCL_0250

Experimental models: Organisms/strains

Mouse: Ncoa5*~ BALB/c

Mouse: Tip30"~ BALB/c

Mouse: Ncoa5''~ Tip30+'- BALBI/c
Mouse: Hcn3™~ C57BL/6

Mouse: Hcn3'~ BALB/c

Mouse: BALB/cJ

Xiao lab (Gao et al.)®
Xiao lab (lto et al.)?8
This study

Biel lab (Fenske et al.)*°
This study

Jackson Laboratory

N/A
N/A
N/A
N/A
N/A
Cat#000651; RRID:IMSR_JAX:000651

Oligonucleotides

See Table S4 for PCR primer sequences N/A N/A

Recombinant DNA

HCN3 CDS containing plasmid DF/HCC DNA Resource Core HsCD00348243

pSin-EF2 vector Yu et al.58 Addgene Cat#16579;
RRID:Addgene_16579

pSpCas9(BB)-2A-Puro (PX459) V2.0 Ran et al.%® Addgene Cat#62988;

pCMV delta R8.2

pPMD2.G

pGL2-Basic
pcDNA3-TIP30

Trono Lab Packaging and Envelope
Plasmids (unpublished)

Trono Lab Packaging and Envelope
Plasmids (unpublished)

Promega

Xiao lab (Zhang et al.)

RRID:Addgene_62988

Addgene Cat#12263;
RRID:Addgene_12263

Addgene Cat#12259;
RRID:Addgene_12259

N/A
N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER
pcDNA3-hPR-A Su et al.bt Addgene Cat#89119;
RRID:Addgene_189119
pcDNA3-PRB Su et al .51 Addgene Cat#89130;
RRID:Addgene_89130
pRL Promega N/A
pT3-EFla-c-MYC Chen lab (Mendez-Lucas et al.)*® N/A
pT3-EFla-MCL1 Chen lab (Mendez-Lucas et al.)*8 N/A
pCMV/SB Chen lab (Mendez-Lucas et al.)*8 N/A
pSin-EF2-HCN3HA This study N/A
PX459V2-HCN3-T1 This study N/A
PX459V2-HCN3-T2 This study N/A
pGL2-promoHCN3 This study N/A
pT3-EFla empty vector This study N/A
pT3-EF1la-HCN3HA This study N/A

Software and algorithms

UCSC Xena

cBioportal

STRING

Gene Set Enrichment Analysis

sSGSEA

Trimmomatic

STAR
DESeq2

GAGE

GraphPad Prism

Goldman et al.t2

Cerami et al.%3; Gao et al.?
Szklarczyk et al.
Subramanian et al.5!

Barbie et al.>°
Bolger et al.®¢

Dobin et al.6

Love et al.58
Luo et al.5®

GraphPad Software

https://xena.ucsc.edu/
https://www.cbioportal.org/
https://string-db.org/
https://www.gsea-msigdb.org/gsea/index.jsp

https://gsea-msigdb.github.io/ssGSEA-
gpmodule/v10/index.html

http://www.usadellab.org/cms/?
page=trimmomatic

https://github.com/alexdobin/STAR

https://bioconductor.org/packages/release/
bioc/html/DESeq2.html

https://bioconductor.org/packages/release/
bioc/html/gage.html

https://www.graphpad.com/
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