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HN1-mediated activation of lipogenesis through Akt-SREBP
signaling promotes hepatocellular carcinoma cell proliferation
and metastasis
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Hepatocellular carcinoma (HCC) is the second leading cause of cancer-related deaths worldwide, with more than 800,000 deaths
each year, and its 5-year survival rate is less than 12%. The role of the HN1 gene in HCC has remained elusive, despite its
upregulation in various cancer types. In our investigation, we identified HN1’s heightened expression in HCC tissues, which, upon
overexpression, fosters cell proliferation, migration, and invasion, unveiling its role as an oncogene in HCC. In addition, silencing
HN1 diminished the viability and metastasis of HCC cells, whereas HN1 overexpression stimulated their growth and invasion. Gene
expression profiling revealed HN1 silencing downregulated 379 genes and upregulated 130 genes, and suppressive proteins
associated with the lipogenic signaling pathway networks. Notably, suppressing HN1 markedly decreased the expression levels of
SREBP1 and SREBP2, whereas elevating HN1 had the converse effect. This dual modulation of HN1 affected lipid formation,
hindering it upon HN1 silencing and promoting it upon HN1 overexpression. Moreover, HN1 triggers the Akt pathway, fostering
tumorigenesis via SREBP1-mediated lipogenesis and silencing HN1 effectively curbed HCC tumor growth in mouse xenograft
models by deactivating SREBP-1, emphasizing the potential of HN1 as a therapeutic target, impacting both external and internal
factors, it holds promise as an effective therapeutic strategy for HCC.
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Graphical Abstract

INTRODUCTION
Cancer is a foremost cause of global morbidity and mortality [1, 2],
with liver cancer ranking as the sixth most prevalent malignancy
and the second leading contributor to cancer-related fatalities,
accounting for more than 800,000 deaths annually worldwide [3].
Hepatocellular carcinoma (HCC) is the most prevalent form of liver
cancer and is associated with a heightened mortality rate in

individuals who also have cirrhosis [4–6]. HCC can develop
progressively within a healthy liver, spurred by various risk factors,
including hepatitis B and C, exposure to aflatoxins, cirrhosis,
alcohol consumption, anabolic steroid use, and hemochromatosis
[7, 8]. Despite the current efficacy of liver transplantation and
surgical resection as the primary means of treating HCC patients
[9, 10], the postoperative prognosis remains subject to individual
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patient factors and health status [11, 12]. Furthermore, the specter
of recurrence following treatment looms large, posing a pervasive
and detrimental impediment to the prospects of achieving a
curative outcome.
Clinical staging systems currently provide a valuable and

practical method for forecasting the prognosis of HCC patients
and categorizing them according to observable physical signs and
symptoms [13–15]. Nevertheless, their predictive accuracy remains
constrained, and researchers are as yet unable to discern how the
biological traits of HCC are linked to clinical diversity [16, 17]. In
light of recent strides in gene-targeted prognostication and
therapeutic advances, novel prediction models for HCC have
emerged. Moreover, gene expression signatures could present
more precise insights into HCC progression.
The hematopoietic- and neurologic-expressed sequence 1

(HN1) gene exhibits elevated expression levels in numerous
cancer types, including melanoma [18], prostate cancer [19],
breast cancer [20], and thyroid carcinoma [21]. It has been
linked to tumor growth stimulation [22] and metastatic
carcinoma progression [23], and it has been shown to play
pivotal roles in neural development, nerve regeneration, and
retina regeneration [24]. Notably, the depletion of HN1 in both
melanoma and prostate cells leads to the suppression of cell
cycle arrest [18, 21].
In prior investigations, a total of 1016 and 628 genes were

identified as having associations with the survival of HCC
patients following surgical resection [25–27]. Within those two
studies, we pinpointed 65 genes characterized by a high-risk
score and closely correlated with a heightened risk of liver
cancer incidence and an adverse prognosis for liver cancer
patients [28]. By examining the expression patterns of these 65
genes [28], we observed that HN1 exhibited significantly
elevated expression levels, and HCC patients with heightened
HN1 expression experienced unfavorable overall survival and
recurrence-free survival durations. Another study demonstrated
that a five-gene score, based on the combined expression levels
of HN1, RAN, RAMP3, KRT19, and TAF9, was intricately linked to
the biology and prognosis of HCC and showed that HCC
patients whose five-gene scores indicated overexpression had
the lowest survival rates [29].
Despite this compelling evidence pointing toward the pivotal

role of HN1 in HCC, its specific biological function in this context
remains poorly understood. Furthermore, the molecular mechan-
isms governing how HN1 regulates HCC cell proliferation and
invasion and its interactions with signaling pathways remain
elusive. Therefore, this study represents our initial endeavor to
illuminate the underlying molecular mechanisms by which HN1
governs the proliferation, invasion, metastasis, and intracellular
metabolism of HCC cells.

RESULTS
HN1 exhibited pronounced overexpression in human HCC and
was associated with poor overall survival times in individuals
with HCC
To investigate the role of HN1 in human HCC, we accessed
patient survival data and gene expression profiles from the
Cancer Genome Atlas (TCGA, CELL PMID: 28622513) and the
National Cancer Institute database (NCI, Nature Med, PMID:
16532004). Patients were stratified into two groups based on
their HN1 expression levels: the HN1 low-expression cohort and
the HN1 high-expression cohort. Subsequently, we conducted a
Kaplan–Meier survival analysis to scrutinize disparities in overall
survival (OS) between those groups. Our findings unequivocally
show that patients with diminished HN1 expression enjoyed a
significantly prolonged OS compared with their counterparts
with heightened HN1 expression (Fig. 1A, P= 7.0 × 10−7 (TCGA),
P= 0.003 (NCI)). Moreover, in our quest to scrutinize the

potential implications of HN1 in hepatocarcinogenesis, we
explored the correlation between HN1 mRNA expression and
HN1 DNA methylation levels within the TCGA HCC patient
dataset. Those results unveiled a conspicuous negative correla-
tion between HN1 mRNA expression and the methylation status
of the HN1 promoter region in HCC (Fig. 1B, R=−0.405,
P= 1.23 × 10−15). These findings strongly suggest that HN1
mRNA expression inversely correlates with HN1 promoter
region methylation in HCC patients, hinting that HN1 is
involved in hepatocarcinogenesis.
To further investigate the role of HN1 in human HCC, we

conducted an analysis of HN1 expression in liver tumor tissues
obtained from HCC patients. Those findings unequivocally
demonstrate the significant overexpression of HN1 in liver tumor
tissues compared with adjacent non-tumoral liver tissues (Fig.
1C, D). Furthermore, HN1 expression exhibited a noteworthy
elevation in liver tumor tissues across different HCC patients when
contrasted with adjacent non-tumoral liver tissues (Fig. 1E). In
addition to tissue analysis, we explored the endogenous expres-
sion of HN1 in various HCC cell lines: Hep3B, HLE, Huh7, SNU638,
SHJ-1, HepG2, and SNU449. Among them, SNU449 exhibited the
highest HN1 expression levels, whereas Hep3B, HLE, SNU638, and
HepG2 displayed comparatively low expression of HN1. For the
sake of a representative investigation, we selected the poorly
differentiated SNU449 cell line and the well-differentiated HepG2
cell line for further experiments.

HN1 suppression inhibited cell proliferation and induced
apoptosis in HCC cells
To assess the effects of HN1 on cell proliferation in HCC cell lines,
we used the WST-1 assay. Our results, depicted in Fig. 2A,
demonstrate that HN1 knockdown led to a reduction in cell
viability, whereas HN1 overexpression enhanced cell viability in
both HepG2 and SNU449 cells. Furthermore, we conducted a
colony formation assay to evaluate cell growth in those cell lines.
Following transfection with either HN1 shRNA or HN1 over-
expression plasmid for 7 days, we observed a significant decrease
or increase, respectively, in the number of colonies, compared
with the control group (Fig. 2B). These findings strongly indicate
that HN1 knockdown inhibits cell proliferation and cell growth in
the HepG2 and SNU449 cell lines.
To further probe the effects of HN1 on cell apoptosis, we

assessed the levels of several apoptosis-related proteins (PARP,
cleaved-PARP, caspase-9, and cleaved-caspase-9) using western
blot analyses. As depicted in Fig. 2C, HN1 knockdown increased
the expression of cleaved-PARP and cleaved-caspase-9 and
decreased the levels of PARP and caspase-9, compared with cells
treated with the control shRNA. Conversely, HN1 overexpression
suppressed cleaved-PARP and cleaved-caspase-9 and elevated the
expression of PARP and caspase-9, compared with cells treated
with the vector control plasmid. These results provide compelling
evidence that HN1 knockdown significantly induces cell apoptosis
in the HepG2 and SNU449 cell lines.

HN1 suppression resulted in G1 phase arrest in HCC cells
To investigate the role of HN1 in regulating the cell cycle, we used
flow cytometry (FACS) for a PI staining analysis. The FACS results
clearly demonstrate that HN1 knockdown in the HepG2 and
SNU449 cell lines resulted in an accumulation of cells in the G1
phase (Fig. 3A). To corroborate those FACS findings, we conducted
western blot analyses to assess the expression of G1 phase-related
proteins in HepG2 and SNU449 cells. The outcomes of that
analysis indicate that HN1 knockdown led to a reduction in the
expression of cyclin D1, CDK4, and CDK6—proteins crucial for G1
phase progression—while also increasing the expression of the
p53 protein (Fig. 3B). These results provide compelling evidence
that HN1 knockdown facilitates cell cycle arrest in HCC cells,
leading to an accumulation of cells in the G1 phase.
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HN1 suppression attenuated the migration and invasion of
HCC cells
To assess the effects of HN1 on the migratory capacity of HCC
cells, we conducted a wound-healing assay in the HepG2 and
SNU449 cell lines. Our findings reveal a significant, time-
dependent reduction in the migration rate following HN1
knockdown in both HepG2 and SNU449 cells. Conversely, HN1
overexpression led to an enhanced, time-dependent migration
ability in both cell lines (Fig. 4A). These results strongly
indicate that HN1 knockdown impedes the migration capacity
of HCC cells. To further elucidate whether HN1 knockdown
affects the invasiveness of HCC cells, we performed an invasion
assay. As depicted in Fig. 4B, HN1 knockdown resulted in a
substantial decrease in the number of invading cells in both
the HepG2 and SNU449 cell lines. Conversely, overexpression
of HN1 bolstered the invasiveness of both cell lines.
Additionally, we examined metastasis-related markers, uPA
and vimentin, to probe the underlying molecular mechanism.
Our western blot analysis revealed that HN1 knockdown
reduced the expression of uPA and vimentin in both HepG2
and SNU449 cells (Fig. 4C). The real-time PCR results further
confirmed a significant reduction in the mRNA levels of uPA
and vimentin in HepG2 cells (Fig. 4D). In contrast, HN1
overexpression induced the expression of uPA and vimentin
at both the protein (Fig. 4C) and mRNA levels (Fig. 4D).
Collectively, these findings strongly suggest that HN1 knock-
down hinders the metastasis of HCC cells and concurrently
suppresses the expression of metastasis-related markers at
both the protein and mRNA levels. Taken together, our
findings provide substantial evidence that HN1 knockdown
curtails the migration and invasion of HCC cells.

Gene expression levels were altered upon HN1 knockdown in
HCC cells
When considering the effects of HN1 on the proliferation,
migration, and invasion of HCC cells, the need to delve into the
underlying molecular mechanisms governing HCC progression
is pressing. In our effort to comprehend HN1’s regulatory role in
HCC, we conducted a microarray analysis. This comprehensive
analysis unveiled significant alterations in more than 1000
genes within HCC cells following HN1 knockdown. Several
genes, including NQO1, GSTA5, GPR150, SPP1, HN1, UBASH3B,
GSTA1, DLK1, HEPACAM, and GSTA5, experienced significant
reductions in expression, whereas genes such as PAX6,
UGT2B10, SLC16A9, DKK1, UGT2B11, WDR72, UGT2B28, and
PRSS8 displayed substantial upregulation upon HN1 knock-
down, compared with the control group (Fig. 5A). A gene
ontology analysis revealed that the altered genes were
associated with various diseases and disorders, molecular
functions, cancer-related processes, lipid metabolism, and
physiological systems (Fig. 5B).

Inhibition of Akt led to the downregulation of HN1 expression
in HCC cells
Within the gene analysis results derived from HCC cells following
HN1 knockdown, we identified that SPP1, SCD, and NQO1 were
downstream target genes of Akt, as revealed by the upstream
gene networks analyzed through an ingenuity pathway analysis
(Fig. 6A). Furthermore, the expression of those genes was
effectively suppressed by the Akt inhibitor LY294002 (Fig. 6A).
Those findings suggest a potential link between HN1’s functions in
HCC cells and Akt activity. To substantiate that hypothesis, we
conducted further experiments using the Akt inhibitor LY294002

Fig. 1 HN1 is overexpressed in human HCC and correlates with poor prognosis and promoter methylation. A Kaplan–Meier analysis for
the overall survival times of hepatocellular carcinoma patients with high HN1 expression and low HN1 expression in TCGA (left) and the NCI
(right) database. TCGA, The Cancer Genome Atlas. NCI, National Cancer Institute. OS, overall survival. B The correlation between HN1 mRNA
expression and HN1 DNA methylation was analyzed in HCC patients. C The protein expression of HN1 in paired HCC tissues and adjacent non-
tumoral liver tissues from seven patients. T liver tumor tissue. N adjacent non-tumoral liver tissue. D The protein expression of HN1 in
unpaired HCC tissues from 7 patients. E The relative levels of HN1 mRNA were examined using qPCR in paired HCC and adjacent non-tumoral
liver tissues from seven patients. F The protein levels of HN1 in seven hepatocellular carcinoma cell lines were detected. Data were expressed
as the mean ± SEM of three independent experiments. Protein quantification was calculated by ImageJ software. *p < 0.05, **p < 0.01, and
***p < 0.001 compared with the corresponding control.

H. Jin et al.

3

Cancer Gene Therapy



and the Akt activator SC79 (Fig. 6B). Western blot results
unequivocally indicate that LY294002 led to a decrease in HN1
expression, and SC79-induced HN1 expression in the HepG2 and
SNU449 cell lines (Fig. 6B). In addition, reducing HN1 expression
led to a decrease in p-Akt levels, whereas HN1 overexpression
resulted in increased p-Akt levels in both the HepG2 and SNU449
cell lines (Fig. 6C). These results provide robust evidence
supporting the notion that Akt can function as an upstream
regulator of HN1 expression in HCC.
To further address the importance of HN1 for Akt’s oncogenic

activity and its role in Akt activation, we examined how essential
HN1 is for Akt activation by assessing the phosphorylation status
of Akt downstream targets such as PRAS40 and TSC2 following
HN1 knockdown (Fig. 6D, E). Our findings revealed that HN1
knockdown led to a significant decrease in the phosphorylation of
these downstream targets, indicating that HN1 is vital for Akt
activation and its signaling cascade (Fig. 6D). Additionally, to test
the essential role of HN1 in Akt activation, we conducted
experiments using the Akt activator SC79 in both control and
siHN1-transfected HCC cells. As shown in Fig. 6E, HN1 knockdown
significantly decreased the level of p-Akt. While SC79 treatment
significantly increased p-Akt levels in control cells, the reduced
p-Akt levels in HN1 knockdown cells were partially restored with
SC79 treatment. This suggests that HN1 plays an important
regulatory role in Akt activation, as the activation of Akt is limited

in the absence of HN1. Therefore, these results emphasize that
HN1 is essential for optimal Akt activation.

HN1 suppression in HCC cells diminished the expression of
SREBP-1 and hindered the nuclear translocation of SREBP-1
To gain a more profound understanding of the downstream target
genes influenced by HN1, an in-depth analysis of the downstream
gene networks (Ingenuity Pathway Analysis) was conducted.
Those comprehensive results reveal that HN1 also plays a
regulatory role over SREBP1 and SREBP2 (Fig. 7A), renowned
downstream target genes of Akt [30, 31] that encode the SREBP1
and SREBP2 proteins, which are well-recognized for their
involvement in lipid synthesis regulation [32]. We further assessed
the protein levels of SREBP1 through a western blot analysis. As a
pivotal component in lipogenesis, precursor SREBP-1c initially
resides in the endoplasmic reticulum [33, 34]. Upon cleavage,
mature SREBP-1c becomes activated and translocated into the
nucleus [35]. Our western blot results unequivocally demonstrate
that alterations in HN1 levels led to changes in both precursor
SREBP-1c and mature SREBP-1c in HCC cells, signifying that HN1
not only governs SREBP-1 expression but also influences SREBP-1c
activation (Fig. 7B). Additionally, our immunofluorescence findings
directly show that HN1 knockdown inhibited the nuclear
translocation of SREBP-1c, whereas HN1 overexpression induced
it (Fig. 7C). These compelling findings substantiate that HN1

Fig. 2 Effects of HN1 on cell proliferation and apoptosis in HCC. A WST-1 assay to assess the viability of the HepG2 and SNU449 cell lines
after HN1 shRNA knockdown or HN1 overexpression. B A colony staining assay showed the colony formation ability of HepG2 and SNU449
cells with HN1 shRNA knockdown or HN1 overexpression. Colonies were counted at least in five fields. C Apoptosis marker proteins (PARP/
cleaved-PARP and caspase-9/cleaved-caspase-9) were detected in pairs by western blots of HepG2 and SNU449 cells after HN1 shRNA
knockdown or HN1 overexpression. GAPDH was used as the internal control. Data were expressed as the mean ± SEM of three independent
experiments. Protein quantification was calculated by ImageJ software. *p < 0.05, **p < 0.01, and ***p < 0.001 compared with the
corresponding control. shCTRL, control shRNA (control). shHN1, HN1 shRNA knockdown. Vector, control vector plasmid (control). HN1 OE
HN1 overexpression.
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knockdown inhibits both the expression and nuclear translocation
of SREBP-1. To further validate those observations, we conducted
real-time qPCR, and those results show that HN1 knockdown
resulted in a significant reduction in the mRNA levels of SREBP1
and SREBP2, whereas their levels were elevated following HN1
overexpression (Fig. 7D). These results conclusively establish that
HN1 knockdown diminishes the expression of SREBP1 and SREBP2
and impedes the nuclear translocation of SREBP-1 in HCC cells.

HN1 suppression in HCC cells hindered the process of
lipogenesis
Given SREBP-1’s established role in governing glucose metabolism
[36], fatty acid synthesis, and lipid production within cells [37], the
interaction between HN1 and SREBP-1 impelled us to explore
HN1’s effects on lipogenesis in HCC cells. To evaluate the effects of
varying HN1 expression levels on lipogenesis under diverse
conditions (normal, low glucose, high glucose, and high insulin
medium), we conducted an oil red O staining assay. Two analytical
methods were used to analyze the stained images: one measured
the percentage of the positively stained area, and the other
assessed the absorbance of the solution after the stained area had
been dissolved with isopropanol. As illustrated in Fig. 8A,
compared with the control group, the HN1 knockdown group
exhibited a reduction in both the percentage of positively stained
lipid droplets and the absorbance of the dissolving solution.
Conversely, HN1 overexpression expanded the area of positively
stained lipid droplets and increased the absorbance of the
dissolving solution in both the HepG2 and SNU449 cell lines.
These findings compellingly indicate that HN1 knockdown
significantly impedes intracellular lipid accumulation in HCC cells.
Furthermore, we quantified the levels of cholesterol and

triglycerides in both the HN1 knockdown and HN1 overexpression
groups. HN1 knockdown markedly lowered the levels of
cholesterol and triglycerides in both HepG2 and SNU449 cells
(Fig. 8B, C). Conversely, HN1 overexpression significantly elevated
the levels of cholesterol and triglycerides in those cell lines (Fig.
8B, C). Additionally, we assessed the expression of FAS and ACC,
lipogenesis-related proteins downstream of SREBP-1, through
western blot analyses. HN1 knockdown suppressed the protein
expression of FAS and ACC, and HN1 overexpression enhanced
their expression in the HepG2 and SNU449 cell lines (Fig. 8D).
These results further validate that HN1 knockdown curtails
lipogenesis in HCC cells.

SREBP-1 played a pivotal role in mediating HN1-induced
regulation of cell proliferation and lipogenesis in HCC cells
To further elucidate the role of SREBP-1 in HN1-regulated cell
proliferation and lipogenesis, we conducted transfections invol-
ving SREBP-1 siRNA, HN1 overexpression plasmid, and both the
SREBP-1 siRNA and HN1 overexpression plasmid together in
HepG2 and SNU449 cells. As demonstrated in Fig. 9A, B, SREBP-1
knockdown significantly attenuated the cell viability and colony
formation induced by HN1 overexpression in the HepG2 and
SNU449 cell lines. In addition, we have investigated the effects of
HN1-dependent SREBP expression on apoptosis, cell cycle, and
migration in HCC cells. As demonstrated in Fig. 9C, silencing SREBP
increased cell apoptosis, while overexpression of HN1 inhibited
apoptosis in SREBP-silenced HCC cells. The combination treatment
reversed the G2 cell cycle arrest induced by overexpressing HN1
or silencing SREBP (Fig. 9D). Wound-healing assays showed that
overexpression of HN1 increased the migration rate, whereas
silencing SREBP inhibited the migration rate of HCC cells (Fig. 9E).

Fig. 3 Effects of HN1 on the cell cycle in HCC. A FACs cell cycle analysis of the HepG2 and SNU449 cell lines with HN1 shRNA knockdown.
B Western blot analysis of the G1 cycle-related proteins CDK4, CDK6, Cyclin D1, and p53 in the HepG2 and SNU449 cell lines with HN1 shRNA
knockdown. GAPDH was used as the internal control. Data represent the mean ± SEM of three independent experiments. *p < 0.05 and
**p < 0.01 compared with the corresponding control. shCTRL control shRNA (control), shHN1 HN1 shRNA knockdown.
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Fig. 4 Effects of HN1 on cell migration and invasion in HCC. A Wound-healing assay to assess the cell migration rate in the HepG2 and
SNU449 cell lines after HN1 shRNA knockdown or HN1 overexpression. Representative images were obtained at 0, 24, and 48 h. Migration
ability was quantified by measuring the gap distance. B Matrigel transwell assay to assess the cell invasion ability of the HepG2 and SNU449
cell lines after HN1 shRNA knockdown or HN1 overexpression for 72 h. The migration-related molecular uPA and vimentin protein levels (C)
and mRNA levels (D) were detected by western blotting and rt-qPCR, respectively, in HepG2 and SNU449 cells after HN1 shRNA knockdown or
HN1 overexpression. GAPDH was used as the internal control. Data are expressed as the mean ± SEM of three independent experiments.
Protein quantification was calculated by ImageJ software. *p < 0.05, **p < 0.01, and ***p < 0.001 compared with the corresponding control.
shCTRL control shRNA (control), shHN1 HN1 shRNA knockdown, Vector control vector plasmid (control), HN1 OE HN1 overexpression.
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The inhibited migration rates due to SREBP silencing were
recovered by overexpression of HN1 in HCC cells. These data
suggest that HN1 regulates SREBP expression and its associated
effects on apoptosis and migration in HCC cells. Furthermore, we
investigated the function of SREBP-1 in HN1-mediated lipogenesis.
Even though HN1 overexpression led to an increase in FAS and
ACC protein levels, SREBP-1 knockdown abrogated that induction
(Fig. 9F). Additionally, HN1 overexpression heightened cholesterol
and triglyceride levels (Fig. 9G, H), and those increases were
subsequently reversed by SREBP-1 knockdown in the HepG2 and
SNU449 cell lines. These results provide compelling evidence
supporting the notion that SREBP-1 is a key downstream target of
HN1 in regulating cell proliferation and lipogenesis in HCC cells.

Depleting HN1 in xenograft mouse models markedly
restrained the growth of human HCC tumors and triggered
apoptosis
Building upon those in vitro findings, we evaluated the functional
effects of HN1 in vivo using xenograft nude mouse models. The
HepG2 negative control and HN1 shRNA cell lines were
transplanted into mice, and the results, depicted in Fig. 10A, B,
reveal that the tumor size in the HN1 shRNA group was noticeably
smaller than in the control group. Additionally, both the tumor
weight (Fig. 10D) and volume (Fig. 10A) in the HN1 shRNA group
were significantly reduced compared with the control group,
though no significant difference in body weight was observed (Fig.
10C). To further examine the state of tumor growth, staining assays
were performed on the mouse tumor tissues. Remarkably, mice
that received control cells exhibited a greater number of dark-blue-
stained nuclei, indicating vigorous tumor growth (Fig. 10E).
Conversely, mice that received HN1 shRNA cells displayed more
apoptotic cells and DNA fragmentation, suggesting that HN1

knockdown increased cell apoptosis in the mouse tumor tissues
(Fig. 10E). These results strongly support the notion that HN1
knockdown significantly inhibited the growth of HCC tumors and
induced apoptosis in the xenograft mouse models. To investigate
whether HN1 regulates lipogenesis-related proteins such as SREBP-
1, FAS, and ACC, we performed immunostaining on the mouse
tumor tissue sections using anti-SREBP-1 and HN1 antibodies. The
HN1 knockdown group exhibited reduced brown-positive staining
for both SREBP-1 and HN1, compared with the control group (Fig.
10G). Consistent with those findings, western blot results showed
decreased expression of both the precursor and mature forms of
SREBP-1, FAS, and ACC proteins in the HN1 knockdown group.
These results indicate that HN1 knockdown suppressed the
expression of SREBP-1 and its downstream targets FAS and ACC
in the xenograft mouse models. We have further conducted
additional in vivo experiments to examine the effect of HN1
overexpression and HN1 overexpression combined with SREBP
knockdown. In this experiment, we used Fatostatin, a SREBP
inhibitor, as a replacement for SREBP knockdown. As shown in Fig.
11, the increased tumor size in HN1-overexpressed mice was
significantly reduced in HN1-overexpressed mice treated with
Fatostain (Fig. 11A, B, D). These results indicate that HN1 and
SREBP-1 are interconnected in the progression of HCC, and that
HN1 cannot function properly without SREBP-1. This highlights that
SREBP-1 is an important mediator in the progression of HCC.

DISCUSSION
In this study, we revealed heightened HN1 expression in HCC
tissues, demonstrating its oncogenic role through the promotion
of cell proliferation, migration, and invasion. Silencing HN1
inhibited those tumorigenic processes, strongly suggesting that

Fig. 5 Gene expression levels affected by HN1 knockdown in HCC. A cDNA microarray heatmap showing the effects of HN1 shRNA
knockdown on AKT signaling pathway-related genes in HCC cells. The data were expressed in matrix format, with rows representing individual
genes and columns representing individual samples. Red and green indicate increased and decreased gene expression, respectively. B Gene
ontology analysis showed that HN1 knockdown was related to a series of diseases and disorders. shCTRL control shRNA (control), shHN1
HN1 shRNA knockdown.
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HN1 is a key driver of HCC development. Additionally, HN1
activated the Akt pathway, driving tumorigenesis through
SREBP1-mediated lipogenesis. Silencing HN1 effectively restrained
HCC tumor growth in mouse xenograft models by deactivating
SREBP-1, highlighting the potential of HN1 as a therapeutic target
that affects both external and internal factors.

In recent decades, HCC’s mortality rate has outpaced that of
other cancer types [15]. Surgical procedures and liver transplanta-
tion are the primary curative approaches for HCC patients [38], but
the recurrence and clinical heterogeneity of HCC pose challenges to
effective treatment because tumor biology can vary based on each
patient’s physical condition [39–41]. Therefore, understanding the
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complexity of tumorigenesis is paramount. Accurate cancer
prediction and characterization of its biological attributes are
critical steps toward targeted treatment, the alleviation of patient
suffering, and the extension of patient lifespans.
HN1 is a gene that is overexpressed in various carcinomas,

compared with benign tumors [29]. It plays a critical and causative
role in the aggressive malignant phenotype of head and neck
cancer [21], and it acts as an interaction marker for the inactive
GSK3/β-catenin /APC complex and promotes the ubiquitin-
dependent proteasomal degradation of β-catenin, contributing
to metastasis in prostate cancer [42, 43]. In addition, HN1 closely
correlates with tumor biology and prognosis in HCC [28], serving
as a significant risk predictor for a clinical diagnosis [28]. Our
findings confirm HN1’s overexpression in HCC tumor tissues,
compared with adjacent non-tumoral tissues, and its presence in
seven HCC cell lines. Knocking down HN1 suppressed HCC cell
proliferation, migration, and invasion and induced apoptosis,
whereas HN1 overexpression in HCC cells promoted tumorigen-
esis, signifying its pivotal role in HCC pathogenesis.
Increased understanding of the intricate cross-talk among

multiple signaling transduction pathways, as well as cooperation
among various target factors and the ongoing emergence of
genetic diversity, continually expands the horizons of research and
treatment during the complex process of tumorigenesis [44, 45].
Recent investigations using gene expression profiling technology
have produced remarkable enhancements in risk assessment
models for HCC [46–48]. Our microarray analysis unveiled the
profound influence of HN1 knockdown on 406 genes that were
also suppressed by the Akt signaling pathway. In addition, our
gene ontology analysis revealed these genes’ close ties to cancer,
lipid metabolism, cell survival, and apoptosis. Moreover, our
analysis identified HN1 as an intermediate regulator within the
Akt-SREBP signaling pathway. Previous studies have established
the prominent role of the Akt signaling pathway in various
cancers, often stemming from genetic mutations [49]. Akt, a
serine/threonine kinase, has a central and pivotal role in
governing human biological processes and various diseases [50].
In collaboration with PI3K, Akt contributes significantly to the
regulation of cellular homeostasis [51]. The PI3K-Akt signaling
pathway is known for its involvement in cell proliferation and
viability [52]. Akt activation is prompted by extracellular stimuli
that initiate a cascade of downstream events encompassing cell
growth, metastasis, and angiogenesis [53]. Cumulatively, those
findings substantiate the crucial role of Akt in cellular develop-
ment. During our current investigation, we confirmed that an Akt
inhibitor downregulated HN1 expression, and an Akt activator
induced its expression, suggesting that HN1 expression in HCC
can be regulated by the upstream Akt gene.
HN1 has been implicated in modulating Akt activity [54].

Research has shown that Akt is a crucial node in cancer signaling
pathways, and its activity is essential for many oncogenic
processes [55]. Specifically, studies have demonstrated that
inhibiting Akt phosphorylation and downstream signaling com-
ponents like PRAS40 and TSC2 can significantly impair cancer cell
growth and survival, highlighting the importance of Akt signaling
in oncogenesis [56]. Our findings indicate that HN1 knockdown

significantly reduces the phosphorylation of downstream targets,
underscoring HN1’s critical role in Akt activation and its
subsequent signaling cascade. Although HN1 silencing markedly
decreased p-Akt levels, treatment with SC79 notably restored
p-Akt levels in HN1 knockdown cells. This restoration suggests
that HN1 is a key regulator of Akt activation, thus, our results
highlight the necessity of HN1 for optimal Akt activation within
this signaling pathway. To delve deeper into the molecular
mechanism of HN1 during tumorigenesis, we conducted an
Ingenuity Pathway Analysis using gene expression profiling of
HCC cells. That analysis revealed that HN1 regulates SREBP1 and
SREBP2, along with their downstream genes. The SREBPs belong
to the basic-helix-loop-helix leucine zipper category of transcrip-
tion factors and reside initially in an inactive form within nuclear
membranes and endoplasmic reticulum envelopes [57]. Upon
activation, SREBPs bind to specific sterol regulatory element gene
sequences, thereby governing the expression of genes and
enzymes crucial for lipogenesis [58]. SREBP1, composed of two
isoforms, SREBP-1a and SREBP-1c, is primarily responsible for fatty
acid synthesis and cholesterol uptake, whereas SREBP2 plays a
pivotal role in cholesterol metabolism [59]. Recent studies have
indicated that the PI3K/Akt signaling pathway stimulates the
expression of SREBP1 and SREBP2, which are encoded by the
SREBF-1 and SREBF-2 genes, respectively [60–62]. The regulatory
roles of SREBP1 and SREBP2 in lipogenesis and cholesterol
metabolism contribute significantly to cancer proliferation,
growth, and the different stages of cancer progression [63–65].
Reprogrammed energy metabolism is a new hallmark of cancer
that supports the energy demands of tumor malignancy
throughout disease progression [66–68]. Lipids play a vital role
in forming cellular membrane structures, act as signaling
molecules, and provide energy resources for cell proliferation
and growth [69, 70]. Enhanced lipid accumulation, excess energy
storage, and heightened lipogenesis are evident in many cancers
and promote rapid tumor growth [71, 72]. Those findings
underscore the potential effects of targeting lipid synthesis
pathways in cancer treatment. Given the association between
HN1 and SREBP1, we investigated HN1’s role in lipid production.
Our findings indicate that HN1 suppression led to a reduction in
lipid-stained droplets, demonstrating lipogenesis inhibition. Con-
versely, HN1 overexpression stimulated lipogenesis. Further
exploration of HN1’s downstream target genes revealed its
interaction with SREBP1 and SREBP2, pivotal regulators of
lipogenesis and cholesterol metabolism. Silencing
HN1 significantly decreased the protein and mRNA levels of both
SREBP1 and SREBP2, which was accompanied by reduced protein
expression of FAS and ACC. These collective results suggest that
HN1 might promote tumor proliferation and growth in HCC by
influencing lipid metabolism via SREBP-1.
Targeting cancer energy metabolism, including the regulation

of glucose and lipids, has emerged as a promising therapeutic
approach [73, 74]. The “Warburg effect,” also known as aerobic
glycolysis, which was discovered in the last century, provides
significant evidence of reprogrammed energy metabolism in
cancer cells [75–77]. In this study, we found that SREBP-1
knockdown significantly reduced the cell growth induced by

Fig. 6 HN1 regulated by Akt in HCC. A Upstream gene networks from the ingenuity pathway analysis. The genes reduced by HN1
knockdown were downstream target genes of Akt, and the Akt inhibitor LY294002 also inhibited the expression of those genes. B The HN1
protein level was detected by western blotting after treatment with LY294002 (10 μM) and SC79 (10 μM) for 24 h. C HN1, Akt, and p-Akt levels
were analyzed by western blotting in HepG2 and SNU449 cells following HN1 shRNA knockdown or overexpression. DWestern blot analysis of
HN1, TSC2, PRAS40, and PRAS40-S183 protein levels was conducted in HepG2 and SNU449 cells after transfection with HN1 siRNA. E The
protein expression levels of HN1, Akt, and p-Akt in HepG2 and SNU449 cells were examined after transfection with HN1 siRNA, followed by
treatment with SC79 (10 μM) as indicated. GAPDH was used as the internal control. Data were expressed as the mean ± SEM of three
independent experiments. Protein quantification was calculated by ImageJ software. *p < 0.05, **p < 0.01, and ***p < 0.001 compared with the
corresponding control. Ns not significant. Vehicle, DMSO-treated control group.
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Fig. 7 HN1 regulated SREBP-1 and SREBP-2 in HCC. A Downstream gene networks from the ingenuity pathway analysis. HN1 knockdown
inhibited the SREBF-1 and SREBF-2 genes and their downstream genes. B Precursor and mature SREBP-1c protein expression was examined by
western blotting in HepG2 and SNU449 cells after HN1 shRNA knockdown or HN1 overexpression. GAPDH was used as the internal control.
C SREBP-1 cell distribution was observed directly by immunofluorescence against the SREBP-1 antibody. Green, SREBP-1. Blue, DAPI (nucleus).
The distribution of fluorescence density in the nucleus and protein quantification were measured by ImageJ software. D The mRNA levels of
precursor and mature SREBP-1 were measured by rt-qPCR after HN1 shRNA knockdown in the HepG2 and SNU449 cell lines. Data were
expressed as the mean ± SEM of three independent experiments. *p < 0.05, **p < 0.01, and ***p < 0.001 compared with the corresponding
control. shCTRL control shRNA (control). shHN1 HN1 shRNA knockdown, Vector control vector plasmid (control), HN1 OE HN1 overexpression.
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HN1 overexpression in the HepG2 and SNU449 cell lines,
supporting the notion that HN1 cooperates with SREBP1 to drive
HCC tumorigenesis. Because SREBP1 plays crucial roles as a
regulator of cholesterol and triglyceride formation [63], we
transfected human cells (with or without HN1 overexpression)

with SREBP1 siRNA and measured the levels of cholesterol and
triglycerides. Those measurements confirmed that SREBP-1 knock-
down led to a reduction in the elevated cholesterol and
triglyceride levels we had previously confirmed with HN1
overexpression in the HepG2 and SNU449 cell lines. The
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regulatory network between HN1 and SREBP1/SREBP2 in HCC
tumorigenesis presents a novel focal point for further investiga-
tion, as demonstrated in our research. Consistent with our in vitro
results, our in vivo results demonstrate that mice that received a
transplant of cells transfected with HN1 shRNA exhibited
significantly lower tumor weights and volumes than those that
received a transplant of control cells. Furthermore, immunohis-
tochemistry and western blot assays revealed decreased SREBP1
protein expression levels in xenograft tissue from the
HN1 shRNA–treated animals. Those findings confirm that inhibit-
ing HN1 suppressed HCC tumorigenesis in vivo by inhibiting
SREBP1-mediated lipogenesis. In contrast, overexpression of HN1
led to increases in both tumor weight and volume. Treatment with
the SREBP inhibitor fatostatin significantly mitigated the HN1-
induced augmentation of tumor growth. These findings highlight
a critical interaction between HN1 and SREBP-1 in the progression
of hepatocellular carcinoma (HCC), suggesting that the oncogenic
effects of HN1 are contingent upon SREBP-1 activity. This
underscores the integral role of SREBP-1 as a mediator with HN1
in the pathogenesis of HCC.
In summary, HN1, potentially regulated by the Akt signaling

pathway, led to the activation of SREBP1, thereby inducing
lipogenesis, including triglyceride and cholesterol synthesis. That
excessive lipid formation provided ample energy for cell prolifera-
tion and tumor growth in HCC. Significantly, HN1 knockdown
elicited substantial tumor regression in xenograft mouse models by
suppressing SREBP1-mediated lipogenesis. Collectively, our results
highlight the therapeutic potential of HN1 inhibition in a preclinical
model of HCC. Therefore, HN1 might promote the proliferation,
migration, and invasion of HCC cells, partially through activation of
the Akt-HN1-SREBP signaling pathway (Fig. 12). Given the genetic
diversity of tumorigenesis [78] and the complex biological
characteristics of cancer development, challenges persist in
treatment and research approaches. Although further investigations
are required to fully elucidate the intricate mechanisms of this gene,
our current findings suggest that targeting HN1 could be a
promising therapeutic strategy for HCC.

MATERIALS AND METHODS
Cell culture and patient tissue
The HCC cell lines used in this study, Hep3B, HLE, Huh7, SHJ-1, and HepG2,
were obtained from ATCC, while SNU368 and SNU449 were sourced from
Korean Cell Line Bank. The cells were cultured as monolayers in DMEM
(Gibco by Life Technologies, Thermo Fisher Scientific Inc., Waltham, MA,
USA) supplemented with 10% fetal bovine serum (FBS, Welgene Gold
Serum, Gyeongsan-si, Korea) and 1% penicillin (Sigma, St. Louis, MO, USA)
in 100-nm dishes under standard conditions at 37 °C and 5% CO2 humidity
Liver tissue samples from patients were sourced from the fresh-frozen
tissue bank at the University of Texas MD Anderson Cancer Center
(MDACC), and this study received approval from the Institutional Review
Board at MDACC (LAB09-0687) in Houston, TX.

Plasmids and reagents
Control siRNA-A (SC-37007), HN1 siRNA (sc-93940), SREBP-1 siRNA (sc-36557),
control shRNA plasmid-A (sc-108060), HN1 shRNA plasmid (sc-93940-SH),

control shRNA lentiviral particles (sc-108080), and HN1 shRNA lentiviral
particles (sc-93904-V) were purchased from Santa Cruz Biotechnology, Inc.
(Santa Cruz, CA, USA). Human HN1 c-flag tag (HG14335-CF) and pCMV3-C-
FLAG vector were purchased from Sino Biological Inc. (Beijing, China). Primary
antibodies against caspase-9 (#9502), c-caspase-9 (#9501), PARP (#9542),
c-PARP (#9541), CDK4 (#2906), CDK6 (#3136 s), cyclin D1 (#2922), vimentin
(#5741), Akt (#9272), p-Akt (#2775), ACC (#8578 s), and GAPDH (#2118) and
secondary anti-rabbit (#7074) and anti-mouse (#7076) antibodies were all
purchased from Cell Signaling Technology (Beverly, MA, USA). HN1 (14914-1-
AP) antibody was bought from Proteintech Group Inc. (Rosemont, IL, USA).
SREBP-1 (sc-13551), uPA (sc-14019), and GAPDH (sc-47724) antibodies were
purchased from Santa Cruz Biotechnology Inc. (Santa Cruz, CA, USA). HN1
(ab126705), SREBP-1 (ab235177), and FAS (ab96863) antibodies were
purchased from Abcam (Cambridge, UK). LY294002 was purchased from
Sigma-Aldrich (St. Louis, MO, USA) and diluted in dimethyl sulfoxide (DMSO;
Sigma, Saint Louis, MO, USA). SC79 was purchased from Tocris Bioscience
(Bristol, United Kingdom) and diluted in DMSO (Sigma, Saint Louis, MO, USA).

siRNA transduction
HepG2 and SNU449 cells were seeded in 6-well plates. After overnight
incubation, transfection was conducted with a 100 pmol concentration of
siRNA in Opti-MEM (Gibco by Life Technologies, Thermo Fisher Scientific
Inc., Waltham, MA, USA) and lipofectamine 3000 (Invitrogen, Thermo Fisher
Scientific Inc., Waltham, MA, USA). The cells were incubated with
transfection mixture for 6 h that was then changed to complete medium
for 48 h, according to the manufacturer’s protocol. Those cells were then
used for further experiments.

Plasmid transduction
After cells were seeded overnight, they were rinsed with Opti-MEM. The
transfection reagents were prepared as follows: Solution A: plasmid, p-
3000, and Opti-MEM, and Solution B: lipo3000 and Opti-MEM. The
mixture of Solution A and Solution B was incubated for 30 min at room
temperature and then added to the cells. The cells were incubated for an
additional 6 h. After incubation, DMEM containing 10% FBS and 1%
antibiotics was added to the cells, and they were incubated for an
additional 48 h. For long-term plasmid transfection, the transfected cells
were cultured and selected in DMEM supplemented with 10% FBS and
3.5 µg/mL puromycin for one week prior to use in subsequent
experiments. Transfection efficacy was confirmed by western blot
analyses.

shRNA lentiviral particle transduction
HepG2 and SNU449 cells were seeded in 12-well plates and incubated for
24 h until the cell confluence was around 50%. After incubation, the
complete medium was replaced with polybrene (sc-134220, Santa Cruz
Biotechnology, Inc., Santa Cruz, CA, USA). The lentiviral particles were
thawed and added to the cultured cells. The volume of the particles was
determined based on the cell density (8 μl of particles were used for
0.8 × 105 cells; 10 μl of particles were used for 1.0 × 105 cells). After
overnight incubation, the complete medium was changed, and the cells
were incubated again overnight. On the following day, a complete
medium with a specific concentration of puromycin was added and
maintained for at least 2 weeks to select the stably transfected cell line.
Western blotting was performed to detect the efficacy of transfection.

WST-1 assay
HepG2 and SNU449 cells were seeded in 96-well plates. After
transfection, the cells were incubated for 48 to 72 h. Cell viability was

Fig. 8 HN1 regulated lipogenesis in HCC. A Lipid droplet formation was detected by the oil red O staining assay after HN1 siRNA knockdown
or HN1 overexpression in HepG2 and SNU449 cells. The percentage of positive stained area was analyzed by ImageJ software. After dissolving
the stained area with isopropanol, the absorbance level of the stained area was detected at 510 nm. B Cholesterol levels were detected by a
cholesterol fluorometric assay after HN1 siRNA knockdown or HN1 overexpression in HepG2 and SNU449 cells. C Triglyceride levels were
detected by a triglyceride fluorometric assay after HN1 siRNA knockdown or HN1 overexpression in HepG2 and SNU449 cells. D The
expression of the lipogenesis-related SREBP-1 downstream proteins FAS and ACC were detected by western blotting after HN1 siRNA
knockdown or HN1 overexpression. GAPDH was used as the internal control. Protein quantification was calculated by ImageJ software. Data
were expressed as the mean ± SEM of three independent experiments. *p < 0.05, **p < 0.01, and ***p < 0.001 compared with the
corresponding control. siCTRL control siRNA (control), siHN1 HN1 siRNA knockdown, shCTRL control shRNA (control), shHN1 HN1 shRNA
knockdown, Vector control vector plasmid (control), HN1 OE HN1 overexpression.
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determined using an EZ-CYTOX kit (DoGen Bio, Seoul, South Korea)
according to the manufacturer’s instructions. The absorbance was
measured at 450 nm using a VICTOR3 multilabel reader (Perkin Elmer,
MA, USA). Three independent experiments were performed with each
cell line.

Colony staining assay
HepG2 and SNU449 cells (104/well) were seeded in a 6- or 12-well plate
overnight. After transfection, the cells were incubated for 1 week. The cells
were stained with 0.5% crystal violet (Sigma-Aldrich, St. Louis, MO, USA)
and 25% methanol (SAMCHUN CHEMICALS Co., Ltd, Seoul, South Korea) in
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DPBS for 1 h. The stained cells were imaged, and colonies were counted
using ImageJ software.

Cell cycle analysis
HepG2 and SNU449 cells were seeded in six-well plates and transfected
for 48 h. The cells were then harvested using EDTA-trypsin (Welgene Gold
Serum, Gyeongsan-si, Korea) and re-suspended in DPBS (Welgene Gold
Serum, Gyeongsan-si, Korea). The cells were centrifuged at 13,200 rpm for
5 min and fixed in 75% ethanol in DPBS at −20 °C for 2 h. After fixation,
the cell pellets were rinsed twice with DPBS and re-suspended in 500 µL
of DPBS. RNase was added, and the cells were incubated for 15 min at
37 °C. Propidium Iodide (PI) stain was added, and the cells were
incubated for 30 min at room temperature in the dark. The cell cycle
was then analyzed using a FACStar flow cytometer (Becton-Dickinson,
San Jose, CA, USA).

Wound healing assay
HepG2 and SNU449 cells were seeded in a six-well plate. After transfection,
a wound was created in the monolayer using a 200 µl pipette tip. Images
were taken after 0, 24, and 48 h, and the wound area was measured using
AxioVision Rel 4.8 software (Carl Zeiss, Berlin, Germany).

Matrigel invasion assay
In vitro cell invasion was tested using BD BioCoatTM MatrigelTM invasion
chambers (BD Biosciences, San Jose, CA, USA). The chambers were
rehydrated in a humidified tissue culture incubator at 37 °C and 5% CO2.
Cells were seeded in each Matrigel-coated transwell insert in 500 µl of
medium. The lower chamber of the transwell was filled with 500 µl of
medium. After incubation, the inserts were washed and stained with a Diff-
Quik kit (Sysmex Corp., Kobe, Japan). The stained inserts were sequentially
transferred through solutions of increasing concentrations of ethanol to
visualize the invading cells and observed and photographed under a light
microscope. The number of cells was counted in five fields, and the
invasion rates were calculated as the percentage of cells that had invaded
through the Matrigel transwell.

Western blotting analysis
Cells were harvested and suspended in RIPA buffer (Thermo Fisher
Scientific Inc., Waltham, MA, USA) containing a phosphatase and protease
inhibitor cocktail (Pierce, Rockford, IL, USA). The extracts were incubated
on ice for 10min and then centrifuged at 13,200 rpm for 20min at 4 °C.
The supernatant was collected, and the protein concentration was
determined using a BCA protein assay kit (Pierce Biotechnology, Inc.,
Rockford, IL, USA). The whole lysate was loaded onto an SDS-PAGE gel and
transferred to PVDF membranes (Bio-Rad, Hercules, CA, USA). The
membranes were probed with specific primary antibodies and
peroxidase-conjugated secondary antibodies. The bands were visualized
using an enhanced chemiluminescence kit (Amersham, Arlington Heights,
IL, USA).

RNA extraction and cDNA synthesis
RNA was extracted from cells using TRIzol reagent (Ambion by Life
Technologies, Thermo Fisher Scientific Inc., Waltham, MA, USA)
according to the manufacturer’s protocol. Briefly, the cells were
harvested and incubated with TRIzol at room temperature for 10 min.
Chloroform (Sigma, St. Louis, MO, USA) was added, and the mixture was
incubated at room temperature for 3 min. The mixture was then

centrifuged at 13,200 × g for 10 min at 4 °C. The supernatant was
transferred to a new tube, and isopropanol (Sigma, St. Louis, MO, USA)
was added at a 1:1 ratio. The mixture was incubated at room
temperature for 10 min and then centrifuged at 13,200 × g for 20 min
at 4 °C. The supernatant was removed, and the RNA pellet was washed
twice with 75% ethanol. The RNA pellet was then dissolved in RNase-
free water (Welgene Gold Serum, Gyeongsan-si, Korea). After RNA
quantification, 1 µg of total RNA from each sample was subjected to
reverse transcription using a PrimeScript RT reagent kit (Takara Bio Inc.,
Otsu, Shiga, Japan) according to the manufacturer’s protocol to
synthesize stable cDNA for further use.

Real-time qPCR
A real-time quantitative PCR reaction mixture was added to a PCR plate
and analyzed using an Applied Biosystems 7900HT fast real-time PCR
system (Applied Biosystems, Foster City, CA, USA) with TaKaRa SYBR Premix
EX TaqTM (Takara Bio Inc., Otsu, Shiga, Japan). Data were analyzed
according to the ΔΔCt method and normalized to GAPDH expression in
each sample. The primer sequences used were as follows: uPA sense: 5′-
AGAATTCACCACCATCGAGA-3′ and 5′-ATCAGCTTCACAACAGTCAT-3′,
vimentin sense: 5′-CCCTCACCTGTGAAGTGGAT-3′ and 5′-TCCAG-
CAGCTTCCTGTAGGT-3′, SREBP-1 sense: 5′-CCTGGTGGTGGGCACTGA-3′
and 5′-GTGCTGTAAGAAGCGGATGTAGTC-3′, SREBP-2 sense: 5′-GCAAC-
CAGCTTTCAAGTCCT-3′ and 5′-TACCGTCTGCACCTGCTG-3′, HN1 sense: 5′-
TGACTGTCCTGAACGTCT-3′ and 5′-AGATCCTCTAACACATCTGG-3′, GAPDH
sense: 5′-GTCTCCTC TGACTTCAACAGCG-3′ and 5′-ACCACCCTGTT
GCTGTAGCCAA-3′.

Microarray analysis
A microarray analysis was performed using a mirVana miRNA isolation
labeling kit (Ambion Inc., TX, USA) according to the manufacturer’s
protocol. Biotin-labeled cRNA was prepared using an Illumina Total Prep
RNA amplification kit (Ambion Inc) for hybridization. Gene expression data
were extracted from Genome Studio (Illumina, San Diego, CA). Data were
normalized using the quantile normalization method in the Linear Models
for Microarray data package in the R program. A heatmap of gene
expression was generated using the Cluster and Tree view programs.
Microarray data can be accessed in NCBI’s Gene Expression Omnibus
public database (GSE271950).

Immunofluorescence staining
Immunofluorescent staining was performed on HepG2 and SNU449 cells
seeded on cover glasses (Paul Marienfeld GmbH & Co. KG, Lauda-
Königshofen, Germany) in a 6-well plate overnight. After transfection,
the cover glasses were removed to a new plate and washed twice with
DPBS (Gibco, Grand Island, NY, USA). The cells were fixed with 4%
methanol in DPBS for 40 min at room temperature. Permeabilization was
performed with 0.1% triton X-100 (Sigma-Aldrich, St. Louis, MO, USA) in
DBPS for 30 min. The cells were blocked with 5% bovine serum albumin
(BSA, Gendepot, Katy, TX, USA) in 0.1% Triton X-100 in DBPS for 30 min.
The primary antibody, SREBP-1 (sc-13551, Santa Cruz Biotechnology, Inc.,
Santa Cruz, CA, USA), was diluted 1:100 in 5% BSA in 0.1% Triton X-100 in
DBPS and added to the cover glasses, which were were rinsed and
incubated with a mouse secondary antibody (1:100 diluted in 5% BSA in
0.1% Triton X-100 in DBPS) at room temperature for 1 h in the dark. The
cells were then stained with DAPI (1:500 diluted in 5% BSA in 0.1% Triton
X-100 in DBPS) for 5 min at room temperature in the dark. The cover
glasses were then mounted on microscope slides (Paul Marienfeld GmbH

Fig. 9 HN1 regulated proliferation and lipogenesis through SREBP-1 in HCC. HepG2 and SNU449 cells were transfected with an HN1
overexpression plasmid, SREBP-1 siRNA, or both the HN1 overexpression plasmid and SREBP-1 siRNA for 48 h. A The WST-1 assay was
performed to assess the viability of the HepG2 and SNU449 cell lines after transfection. B A colony staining assay was performed to assess the
colony formation ability of HepG2 and SNU449 cells after transfection. Colonies were counted in at least in five fields. C Flow cytometry was
used to determine cell apoptosis in HepG2 and SNU449 cells. D Flow cytometry was performed to assess the cell cycle distributions and the
relationship between HN1 and SREBP. E Wound healing assays were conducted to evaluate the migration rate of HepG2 and SNU449 cells.
F The protein levels of HN1, precursor, and mature SREBP-1C, FAS, and ACC were detected by western blotting. GAPDH was used as the
internal control. Protein quantification was calculated by ImageJ software. G Cholesterol levels in HepG2 and SNU449 cells were detected by a
cholesterol fluorometric assay after transfection. H Triglyceride levels in HepG2 and SNU449 cells were detected by a triglyceride fluorometric
assay after transfection. *, compared with the vector plasmid plus control siRNA; #, compared with HN1 overexpression plus SREBP-1 siRNA
knockdown. * or # p < 0.05; ** or ## p < 0.01. N.s not significant, siCTRL control siRNA, siSREBP-1 SREBP-1 siRNA knockdown, Vector control
vector plasmid, HN1 OE HN1 overexpression.
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Fig. 10 Knockdown of HN1 inhibited tumorigenesis in xenograft mice. The xenograft nude mouse models were established with HepG2
cells transfected with control shRNA or HN1 shRNA. The mice were separated into two groups: (i) control shRNA group and (ii) HN1 shRNA
group. A, B Images of mice and tumors. Body weight (C) and tumor volume (E) were measured every 3 days. Tumor weight (D) and images of
tumor size (B) were evaluated after euthanasia. F A histopathological analysis of H&E stained tissues and the TUNEL assay were performed to
determine the histological characteristics of the mouse tumor tissues. G Tumor tissues were immunostained with HN1 and SREBP-1
antibodies. H Western blot analysis of HN1, precursor and mature SREBP-1C, FAS, and ACC in mouse tumor tissues. GAPDH was used as the
cytoplasm internal control. Protein quantification was calculated by ImageJ software. *p < 0.05, **p < 0.01, and ***p < 0.001 compared with the
control. shCTRL control shRNA (control), shHN1 HN1 shRNA knockdown.
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& Co. KG, Lauda-Königshofen, Germany) with mounting solution (Vector
Laboratories, Inc., Burlingame, CA, USA) and sealed with Canada balsam
(Junsei Chemical Co., Chuo-ku, Tokyo, Japan). Images were taken under a
fluorescence microscope (Zeiss Model Axio Imager M1, Jena, Germany).
Fluorescence values were detected and merged using ImageJ (NIH,
Bethesda, MD, USA).

Oil red O staining
Oil red O staining was performed on cells cultured in a six-well plate. After
transfection, the cells were washed twice with DPBS (Gibco, Grand Island,
NY, USA) and fixed with 10% formalin at room temperature for 2 h. The
cells were then rinsed with 60% isopropanol (Sigma-Aldrich, St. Louis, MO,
USA) for 30 s and stained with Oil red O solution (Sigma, St. Louis, MO,
USA) for 1 h. The cells were rinsed again with 60% isopropanol for
5 seconds and then with distilled water for 2–3min. The cells were then
observed and photographed under a light microscope. The percentage of
the positive stained area was analyzed using ImageJ software. The stained
area was then dissolved with isopropanol, and the absorbance at 510 nm
was detected.

Cholesterol fluorometric assay
Cholesterol was extracted from cells using a cell scraper and 200 µl of a
mixed solution of chloroform: isopropanol: NP-40 (7: 11: 0.1) in a micro-
homogenizer. The extracts were centrifuged at 15,000 × g for 10 min. The

Fig. 11 Inhibition of SREBP reverses the tumorigenic effect of HN1 in xenograft mice. Xenograft nude mouse models were established
using HepG2 cells transfected with either a control or HN1 overexpression vector. The mice were divided into three groups: (i) control group,
(ii) HN1 overexpression group, and (iii) HN1 overexpression combined with Fatostatin. A Tumor volume was measured every 3 days. After
euthanasia, images of the tumors (B), body weight (C), and tumor weight (D) were evaluated. *p < 0.05, **p < 0.01, and ***p < 0.001: vector vs.
HN1 OE. ## p < 0.01 and ###p < 0.001: HN1 OE vs. HN1 OE plus Fatostatin. “Vector” refers to the control vector plasmid, “HN1 OE” to HN1
overexpression, and “Fatostatin” to the SREBP inhibitor.

Fig. 12 Schematic representation of HN1-mediated inhibition of
tumorigenesis of HCC. HN1 suppression deactivates the Akt
pathway, leading to reduced levels of mature SREBP in the nucleus,
thereby inhibiting lipogenesis and ultimately suppressing hepato-
cellular carcinoma (HCC) tumorigenesis.

H. Jin et al.

16

Cancer Gene Therapy



liquid organic phase was transferred to a new eppendorf tube, and the
sample was air-dried at 50 °C. Then, 200 µl of cholesterol assay buffer was
added to the extracts, and the extracts were analyzed using a cholesterol
assay kit (Cayman Chemical, Ann Arbor, MI, USA). These experiments were
performed more than three times.

Triglyceride colorimetric assay
Triglycerides were extracted from transfected cells using a cell scraper and
1ml of a 5% NP- 40 / distilled water solution. The samples were heated to
80–100 °C in a water bath for 2–5min or until the NP-40 became cloudy
and then cooled to room temperature. This step was repeated until all
triglyceride was solubilized. The samples were then centrifuged at
13,200 × g for 2 min to remove any insoluble material. The samples were
diluted tenfold with distilled water before proceeding with the assay. The
extracts were then analyzed using a triglyceride assay kit (Cayman
Chemical, Ann Arbor, MI, USA). These experiments were performed more
than three times.

Xenograft mouse model
All experiments were approved by the Institutional Animal Care and
Use Committee (IACUC) of Jeonbuk National University and conducted
in accordance with university and NIH guidelines and regulations
(CBNU 2020-072). Four-week-old CAnN.Cg-Foxn1nu/CrlOri (SPF/VAF
immunodeficient) male mice were purchased from Orient Bio Inc
(Deajeon, South Korea). The mice were acclimated to their new
surroundings for one week and used at 5 weeks of age. All mice were
maintained under specific pathogen-free conditions in filter-topped
cages, with autoclaved food and water. Mice were randomly assigned
to experimental groups (n= 5 per group) using a simple random
sampling method. They were then injected subcutaneously in their two
flanks with a mixture of 50 µl of DPBS and 50 µl of Matrigel (Corning®
Matrigel® Basement Membrane Matrix, Bedford, MA, USA) containing
5 × 106 HepG2 cells that had been transfected with either an
HN1 shRNA plasmid or a control shRNA plasmid and HN1 over-
expression plasmid or a control plasmid. No animals were excluded
from the study. Tumor volume and body weight were measured every
3 days. Tumor volume was measured using a caliper and calculated as
(width)2 x length/2. Blinding was implemented during the data
measurement and analysis phases. The tumor-bearing mice were
sacrificed after the tumor volume reached 2000 mm3, and the tumors
were extracted for further study.

H&E staining assay
Tumor sections were deparaffinized and rehydrated. Then, they were
stained with hematoxylin, rinsed with tap water, stained with eosin, and
rinsed with tap water again. Finally, the sections were dehydrated in
alcohol solutions, a coverslip was applied, and the samples were left to dry
overnight. Images were taken under a light microscope.

TUNEL assay
Mouse tumor tissue sections were deparaffinized, rehydrated, and treated
with protease. The TUNEL assay was conducted using a cell death
detection kit and following the manufacturer’s instructions. TUNEL-positive
cells were analyzed using imaging software. Images were taken under a
light microscope.

Immunohistochemistry staining
Immunohistochemistry staining was performed on tumor tissue sections
that were incubated overnight with anti-HN1 (14914-1-AP, Proteintech
Group Inc.), and SREBP-1 (sc-13551, Santa Cruz Biotechnology, Inc.)
antibodies at 4 °C. The sections were then probed with an anti-mouse
HRP/DAB IHC kit (Abcam, Cambridge, UK) for 2 h at room temperature.
Images were taken under a light microscope.

Statistical analysis
All the experiments were repeated more than three times. Statistical
analysis was performed using GraphPad Prism 6.0 (GraphPad Software,
Inc., La Jolla, CA, USA). Data were presented as the mean ± SEM.
Differences between the two groups were analyzed using the unpaired
Student’s t‐test. One‐way ANOVA followed by Tukey’s post hoc test was
used to assess differences among multiple groups. A p value <0.05 was
considered to indicate a statistically significant result.

DATA AVAILABILITY
All the data generated or analyzed during this study are included in this published
article.
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