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Introduction

Chronic hepatopathy and hepatocellular carcinoma (HCC)
are increasing global human problems. HCC as the most
lethal and prevalent form of primary liver cancer occurs not
as a sporadic event, but a slow progression from chronic
liver disease, and remains one of the deadliest cancer
types.' More than 800,000 people worldwide are diag-
nosed with liver cancer annually and lack successful
treatment options. The incidence and mortality rates of
liver cancer in men are about three times to women almost
worldwide.” While HCC is a multifactorial disease associ-
ated with several risks, including hereditary factors, envi-
ronmental, lifestyle and diet factors, the vast majority of
cases were commonly progressed from cirrhosis.” Given the
increasing risk of death and limited clinical treatment op-
tions for HCC, to understand cancer-promoting mechanisms
underlying HCC is urgently needed.®

Over the past decades, numerous mouse models have
been established to research the pathogenesis of HCC.
Diethylnitrosamine (DEN), as a well-known liver chemical
carcinogen, can initiate liver cancer with human HCC
similarity by producing reactive oxygen species and form-
ing mutagenic DNA adducts.” C57BL/6 genetic background
mice injected intraperitoneally with a single dose of
25 mg/kg (body weight) DEN at day 14 and developed
tumor nodules in the liver after 9 months.® Liver cancer is
usually associated with cirrhosis background secondary to
chronic hepatopathy.” Domenicali et al established
advanced liver cirrhosis in mice with continuous exposure
of carbon tetrachloride (CCl,) at about 12 weeks.'® As a
promoter, weekly administration of CCl,, along with
drinking alcohol, developed HCC after 104 weeks."" Com-
bination models of co-treatment with single DEN followed
by repeated intraperitoneal injection of CCl, showed a
100% incidence of liver tumors at 5 months of age.'? This
two-stage DEN followed CCl, induced liver carcinogenesis
mouse model is more likely human HCC, which requires
liver cirrhosis and offers an opportunity for researching the
molecular events in the progression of the primary liver
cancer.

Several molecular pathways and cellular events have
been shown to contribute to the progression of HCC. SIRT6,
a member of the sirtuin (SIRT) family of NAD"-dependent
protein deacetylases, has been identified as a critical
regulator in fundamental human processes including life-
span, metabolism and inflammation’® and global SIRT6
knockout mice died in a few weeks.'*'> Many molecular
pathways in the aging process also contribute to tumor
suppression,'® and increasing evidence showed the tumor
suppressor role of SIRT6 in human cancer.'””2° SIRT6

showed an important role in chronic liver disease by the
evidence that hepatic specific loss of SIRT6 accelerates
fatty liver and hepatic steatosis.?""?> However, the role and
mechanism of SIRT6 in DEN and CCl, induced liver tumori-
genesis to remain unclear.

Given the critical role of SIRT6é in liver function, we
performed a DEN and CCly induced liver tumorigenesis
mouse model in hepatic-specific SIRT6 deletion mice. We
firstly investigated that SIRT6 deficit contributes to liver
injury and chemical-induced hepatocarcinogenesis in mice
by ERK1/2 pathway activation.

Materials and methods

Additional materials and methods are described in the
Supporting Materials and Methods online. All participants
were provided written informed consent to take part in the
study. All samples collection and the procedures for animal
studies were approved by the Ethics Committee and the
Institutional Animal Care and Use Committee of the Nanjing
Medical University.

DEN and CCl -induced hepatocarcinogenesis mice
model

The C57BL/6 J genetic background SIRT6'”*P/'*P mice and
albumin-cre mice used in this study were friendly provided
by the Animal Center (Nanjing Medical University, China).
Hepatic-specific SIRT6 HKO mice were generated by
crossing SIRT6'*P/!°XP mice with albumin-cre mice to drive
Cre/loxp recombination in liver cells. The wild type (WT)
mice were the SIRT6'%?/'%® mice without the Cre gene.*’
All mice were housed in the Animal Research Center of
Nanjing Medical University on a 12-hr light/dark cycle. All
animal experiments were performed according to the
Institutional Animal Care and Use Committee (IACUC) of
Nanjing Medical University.

To establish hepatocarcinogenesis mouse model, a single
dose of 25 mg/kg DEN (N-Nitrosodiethylamine, BioChem
Partner, China) was i.p injected into both female and male
WT and HKO mice (N = 8 each group) at 14 days of age,
followed by administration of 10% CCl, (v/v in corn oil,
8 ml/kg of body weight, Solarbio, China) solution (twice a
week) by IP starting from 8 weeks old for 14 weeks. Six
weeks after the last injection, mice were sacrificed for
macroscopically and microscopically liver examination, and
blood and liver tissues were collected for subsequent
experiments.
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Xenograft mice experiments

The male BALB/c nude mice were purchased from the An-
imal Centre of Nanjing Medical School. Total 1 x 107 HuH7
human liver cancer cells expressed pcDNA3.1 or pcDNA3.1-
SIRT6 (suspended in 200 pL 1:1 serum-free DMEM/Matrigel)
were subcutaneously injected into the flanks of 5—6 weeks
old nude mice (N = 5). The tumor size was monitored and
measured every four days with calipers and calculated
based on the formula: aXb?/2 (a: length, b: width). Tumor-
bearing mice were sacrificed at day 34, and the tumors
were removed for photographed, weighed and further
study.

Statistical analysis

All statistical significance analyses in this study were used
by GraphPad Prism software. Data are expressed as
means + SEM from at least three independent experiments
except where otherwise indicated. Differences between
groups were determined by a 2-tailed Student’s t-test.
P < 0.05 was considered significant.

Results

SIRT6 knockout contributes to chemical-induced
hepatocarcinogenesis

Global SIRT6-loss mice died on day 24 after birth.™
Therefore, to understand the effect of SIRT6 deficit on
liver tumorigenesis, we specifically deleted SIRT6 in the
liver using alb-cre transgenic mice, which mediating Cre/
loxp recombination predominantly in hepatocytes. Dieth-
ylnitrosamine (DEN) is a widely accepted model genotoxic
agent to induce liver carcinogenesis, occurs 100% in males
and 30% in females after 45—104 weeks,?>** consecutive
administration of carbon tetrachloride (CCl,) promotes the
progression of hepatic fibrosis.> To investigate whether
knockout of SIRT6 would affect DEN and CCly-induced liver
cancer development, we injected a single dose of 25 mg/kg
DEN as an initiator into fourteen-day-old female and male
mice and performed repeat injection of CCl, (in corn oil) as
a promoter for up to 14 weeks (Fig. 1A). At the endpoint of
7 months, macroscopic tumor development can be seen,
SIRT6 knockout mice displayed more HCC nodules both in
female and male mice, however, the WT female group only
1 out of 8 mice developed one tumor nodule (Fig. 1J). The
chemical-induced liver development without affecting
their body weight, quantitative analyses revealed that loss
of SIRT6 increased the ratio of liver weight to body weight
by 16% in female HKO mice and 11% in male HKO mice
compared to their WT counterparts (Fig. 1K).

To clarify the effect of SIRT6 loss on the regression of
DEN and CCl, -induced liver injury, we performed H & E and
Masson’s trichrome staining on liver sections and found that
HKO mice are more prone to ballooning, steatohepatitis
and inflammation infiltrate than WT mice both in the fe-
male and male group, and male mice present a higher
incidence of liver damage (Fig. 1D, E). We used the METAVIR
liver fibrosis scoring to scale for fibrosis/cirrhosis ranging

from 0 (no fibrosis) to 4 (cirrhosis). Quantitative analysis
showed a significant severe in the fibrotic score. Serum ALT,
AST, TC and TG as markers of hepatic injury were signifi-
cantly increased in HKO mice after DEN and CCl, exposure
(Fig. 1F—I). Taken together, we firstly investigated that
SIRT6 deficit results in DEN and CCly-induced hep-
atocarcinogenesis in mice.

SIRT6 was upregulated in tumor tissues and limited
HCC cell proliferation and tumor growth

It was reported that hepatic specific deletion of SIRT6 in
mice developed 90% fatty liver at about 7.5—13 months.?'
We performed H&E and Masson’s trichrome staining and
did find HKO mice exhibit more severe steatosis than
normal controls without chemical treatment at 7 months
(Fig. 1C). In light of the finding that SIRT6 as a tumor sup-
pressor and deficiency of SIRT6 results in liver injury and
cancer, we examined the expression of SIRT6 in tumor tis-
sues and showed that SIRT6 was upregulated in tumors even
in the HKO mice tumors compared to non-tumor tissues
(Fig. 1B), and SIRT6 was also upregulated in human HCC cell
lines compared to normal human liver cells analyzed by
western blotting assay (Fig. 2A). SIRT6 may be compensa-
tory increased in tumors to suppress cancer development.
To evaluate the effect of SIRT6 in cell proliferation in vitro,
we successfully knocked down SIRT6 in human HCC cell line
HuH7 by shRNA (Fig. 2B, C) and overexpressed SIRT6 by
transfection with pcDNA3.1-SIRT6(Fig. 2D, E). The cell
clone formation assay showed overexpressed SIRT6 inhibits
cell clone formation in HuH7 cells, and knockdown of SIRT6
significantly promotes clone formation ability (Fig. 2F, G).
Taken together, these data indicate that SIRT6 was com-
pensatorily overexpressed in tumors and played a role in
limiting cell clone formation in vitro.

After demonstrating the impact of the absence of SIRT6
in liver cancer development both in mice and human cell
lines, overexpression of SIRT6 also showed cell proliferation
limitation. Next, we aimed to investigate whether SIRT6
overexpression influences the biological behavior of HCC
tumors in vivo. Therefore, we used stably transfected
HuH7-pcDNA3.1 or HuH7-pcDNA3 -SIRT6 cells to establish a
xenograft mouse model. The animal experiments showed
the limitary effect of SIRT6 in the xenograft formation and
slowed tumor growth (Fig. 2H, I). Meanwhile, the SIRT6
protein level was examined and confirmed retaining a
significantly high expression in the pcDNA3 -SIRT6 xeno-
grafts compared with pcDNA3.1-HuH7 negative control
(Fig. 2J). We also stained with the proliferation marker Ki67
in xenograft tumor tissues and showed that Ki-67 was
downregulated in SIRT6 overexpressed group (Fig. 2K).
Altogether, these data indicate that SIRT6 plays a tumor
suppressor role in HCC tumor growth in vivo.

SIRT6 plays a tumor-suppressive role by ERK1/2
pathway inhibition

Next, we aimed to investigate how SIRT6 inhibited liver
tumorigenesis in mice and human HCC cell lines. Serine and
threonine kinase ERK1/2 (extracellular signal-regulated ki-
nase 1 and 2) as a member of Mitogen-activated protein
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kinases (MAPKs) family, its deregulation contributes to
many cancers development, including HCC.?® It was re-
ported that MAPK signaling is a crucial pathway linked to
SIRT6 and cancer.’® We found that the SIRT6 knockdown
activated ERK1/2 pathway and overexpression of SIRT6 or
activation by selective SIRT6 activator MDL-800 significantly
inhibited the phosphorylation of ERK1/2 in HuH7 cells
(Fig. 3A—D). We also investigated that the abnormal acti-
vation status of ERK1/2 in HKO mice and tumor tissues
(Fig. 3E, F). We, therefore, hypothesized that SIRT6 might
inhibit liver cancer development by ERK1/2 pathway
inactivation.

Discussion

In recent years, increasing evidence has shown that SIRT6,
which is widely expressed in the brain, heart, kidney, liver,
lung and other organ tissues of mice is closely related to the
initiation and progression of different types of cancers.?’
However, due to the diversiform functions and the related
complicated signaling pathways, SIRT6 may play a dual role
in tumors. Feng and colleagues indicated that SIRT6 as a
tumor suppressor. Its overexpression significantly sup-
presses glioma cell growth by inactivating the JAK2/STAT3
signaling pathway.”® A recent study has found that SIRT6
overexpression can be used as a marker for malignant
colorectal cancer, suggesting that SIRT6 may be a new
target for the treatment of colorectal cancer.?’ And a study
including 86 patients with non-small cell lung cancer
showed that the expression of SIRT6 was significantly
correlated with cell differentiation degree, metastasis and
patient survival.’ But overall, SIRT6 is widely recognized as
a tumor suppressor.

In HCC, SIRT6 acts as both suppressor and oncogene.
According to the literature, Ran et al demonstrated that
SIRT6 was frequently upregulated in clinical HCC samples
and act as a protumorigenic factor.®’ In contrast, SIRT6 was
reported downregulated in human hepatocellular carci-
nomas from the Oncomine Cancer Microarray database, and
loss of the aging-related gene SIRT6 might lead to the
development HCC formation.®" The pathways of SIRT6
involved in cancer are very complicated, which can be spe-
cific to tumor type, certain context, or stage. In our study,
we established a chemical-induced liver cancer model and

found that SIRT6 was upregulated in tumors and human HCC
cell lines, overexpressed SIRT6 has protective roles in liver
cancer. We hypothesized that SIRT6 was compensatory
overexpression in HCC to inhibit tumor growth, or perhaps
some more important tumor suppressors lead to the upre-
gulation of SIRTé to inhibit HCC progression. Due to the
complex and critical functions of SIRT6 in cancer develop-
ment, we need further study to understand the detailed
mechanisms of SIRT6 in liver cancer development.

In this study, we established a DEN and CCl,-induced
liver cancer mouse model and shed light on that SIRT6 acts
as a potential cancer suppressor since a hepatic deficit of
SIRT6 promotes liver injury and the development of liver
cancer in mice. Overexpression of SIRT6 significantly in-
hibits tumor growth of HCC cells in the xenograft mice
model. Our findings demonstrate that SIRT6 plays a critical
role in the development of human and mouse liver cancer.
In vitro experiments demonstrated that overexpression of
SIRT6 or activation by a selective SIRT6 activator MDL-800
significantly inhibited the ERK1/2 signaling pathway,
consistent with the finding that upregulated SIRT6 sup-
pressed HCC cell growth by blocking the ERK1/2 signaling.>?
Previous studies have reported that SIRT6 bound to the
promoters of ERK1/2 and deacetylated histone 3 at Lys9
(H3K9), thereby inhibiting ERK1/2 expression.>* Cea et al
showed that SIRT6 interacts with the transcription factor
ELK1 and with the ERK signaling-related gene. By binding to
their promoters and deacetylating H3K9, SIRT6 down-
regulates the expression of MAPK pathway genes and pro-
liferation.>* Kim et al showed that cyclic AMP signaling
reduces SIRT6 expression by promoting ubiquitin-
proteasomal degradation via inhibition of the Raf/MEK/
ERK Pathway.>> Many other signaling pathways may also be
included in this study to better understand the mechanism
associated with SIRT6 in liver cancer development, like the
NF-kB pathway, which can be attenuated by SIRT6, 3¢ Twist-
related protein 1 (Twist1) signaling which has been
demonstrated regulating tumor progression.3”3

In conclusion, our study demonstrated that liver-specific
knockout of SIRT6 in mice promotes liver tumorigenesis and
antitumor effects of SIRT6 through inhibition of the ERK1/2
signaling pathway. Considering this, combined activation
of SIRT6é and inhibition of ERK1/2 activities may pro-
foundly improve liver injury and HCC therapies.

Figure 1

Liver-specific knockout of SIRT6 promotes DEN and CCl,-induced liver cancer in mice. (A) Experimental design of

chemical-induced hepatocellular carcinoma mouse model. A single treatment of 25 mg/kg DEN was administered at day 14 after
birth, followed by twice a week injection of CCl, starting from 8 weeks-old for 14 consecutive weeks, and mice were sacrificed at
28 weeks. (B) The representative western blotting images show the knockdown of SIRT6 in the liver/liver tumor of the HKO mice.
Tubulin as a loading control. (C) H&E and Masson’s trichrome stained liver sections of normal WT and HKO mice without chemical
treatment at 7 months. HKO mice showed a little more steatosis and fibrosis without inducing. Scale bar: 200 um. (D) Repre-
sentative microscope images of H&E-stained liver sections. Histopathological examination revealed that HKO mice are more prone
to ballooning, steatohepatitis, and inflammation infiltrates. Scale bar: 500 um. (E) Representative Masson’s trichrome staining of
liver tissues and morphometrical analysis for the fibrotic score by the method of METAVIR liver fibrosis scoring. HKO mice exhibit
more severe liver fibrosis. Scale bar: 500 um. (F—I) Mice serum levels of ALT, AST, TC and TG. N = 5 in each group values are given
as mean + SEM, *P < 0.05; **P < 0.01; ***P < 0.001. (J) Gross liver morphology of the four groups at the time of sacrifice. SIRT6
knockout displayed more HCC nodules both in the female and male groups even though female mice were not prone to tumor
formation. The blue arrows indicate macroscopic tumor nodules in female mice. Male mice are almost full of nodules hard to show
arrows. The number in each graph is the mark of each mouse for discrimination. N = 8 in each group. (K) Quantification of tumor
nodules in (J), gross body weight (BW) and liver weight (LW) and the ratio of LW to BW of the four group mice at 7 months. Data are
expressed as means + SEM, and the P-value was analyzed by a 2-tailed Student’s t-test. ns: not significant, *P < 0.05.
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Figure 2  SIRT6 was upregulated in tumor tissues and contributed to HCC cell proliferation and tumor growth inhibition. (A) The
representative western blotting images show the expression of SIRT6 in the human HCC cell lines and normal human liver cell lines.
Tubulin as a loading control. (B,C) RT-gPCR and western blotting assay was conducted to verify the knockdown effect of SIRT6 by
shRNA in HuH7 cells. B-actin: loading control. (D,E) The overexpressed effect of SIRT6 was confirmed by RT-gPCR and western
blotting analysis. B-actin: loading control. (F) SIRT6 overexpressed inhibits cell clone formation in the HuH7 cell, and knockdown of
SIRT6 significantly promotes clone formation ability. (G) The quantitative analysis of the cell clone formation assay. Values
represent the mean + SEM, **P < 0.01; ***P < 0.001. (H) In vivo antitumor efficacy of SIRT6 in xenograft tumor model the im-
plantation of HuH7 cells expressing pcDNA3.1 or pcDNA3.1-SIRT6. Representative images of xenograft tumors dissected from mice
of each group (N = 5), and the tumor weight was calculated. (I) Tumor size was measured every four days until 34 days after
injection. The data represent mean + SEM, *P < 0.05; **P < 0.01. (J) Immunoblotting analysis of SIRT6 in four representative
xenograft tumors from each group. Tubulin as a loading control. (K) Representative images of expression of Ki-67 in xenograft
tumor tissues analyzed by immunohistochemistry. Scale bars: 500 um.
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Figure 3

Deficiency of SIRT6 induces ERK1/2 pathway activation. (A—D) Quantitative Western blot analysis of p-ERK and ERK

expression in the indicated group. B-actin as a loading control. Group1: HuH7 cells were stable expression with negative-control or
SIRT6 shRNA. Group2: HuH7 cells were transfected with pcDNA3.1 or pcDNA3.1-SIRT6 for 72 h then harvested for Western blot.
Group3: HuH7 cells were harvested for Western blot after 48 h treating with 25 uM MDL-800 or vehicle control. (E,F) Western blot
analysis using liver extracts from normal WT and HKO mice, and chemical-induced hepatocellular carcinoma mouse model (isolated
tumor nodules). Values represent the mean + SEM from three independent experiments, *P < 0.05; **P < 0.01; ***P < 0.001.
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