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Sirtuins are nicotinamide adenine dinucleotide oxidized form (NAD *)-dependent deacety-
lases and function in cellular metabolism, stress resistance, and aging. For sirtuin7 (SIRT?7),
a role in ribosomal gene transcription is proposed, but its function in cancer has been
unclear. In this study we show that SIRT7 expression was up-regulated in a large cohort of
human hepatocellular carcinoma (HCC) patients. SIRT7 knockdown influenced the cell
cycle and caused a significant increase of liver cancer cells to remain in the G,/S phase and
to suppress growth. This treatment restored p21°"*/“P! induced Beclin-1, and repressed
cyclin D1. In addition, sustained suppression of SIRT7 reduced the iz vivo tumor growth
rate in a mouse xenograft model. To explore mechanisms in SIRT7 regulation, microRNA
(miRNA) profiling was carried out. This identified five significantly down-regulated miRNAs
in HCC. Bioinformatics analysis of target sites and ectopic expression in HCC cells showed
that miR-125a-5p and miR-125b suppressed SIRT7 and cyclin D1 expression and induced
p21VAFVGPL dependent G, cell cycle arrest. Furthermore, treatment of HCC cells with
5-aza-2'-deoxycytidine or ectopic expression of wildtype but not mutated p53 restored miR-
125a-5p and miR-125b expression and inhibited tumor cell growth, suggesting their regula-
tion by promoter methylation and p53 activity. To show the clinical significance of these
findings, mutations in the DNA binding domain of p53 and promoter methylation of miR-
125b were investigated. Four out of nine patients with induced SIRT7 carried mutations in
the p53 gene and one patient showed hypermethylation of the miR-125b promoter region.
Conclusion: Our findings suggest the oncogenic potential of SIRT7 in hepatocarcinogenesis.
A regulatory loop is proposed whereby SIRT7 inhibits transcriptional activation of
p21¥AFVCPL by way of repression of miR-125a-5p and miR-125b. This makes SIRT7 a
promising target in cancer therapy. (HeparoLoGY 2013;57:1055-1067)

irtuins, also designated as class III histone deace-
tylases, are nicotinamide adenine dinucleotide
oxidized form (NAD™)-dependent deacetylases
that target histone and nonhistone proteins and are
implicated in the control of a wide range of biological
processes such as apoptosis, stress responses, DNA
repair, cell cycle, metabolism, and senescence." The

importance of sirtuins is demonstrated by their role in
several major human pathologic conditions, including
cancer, diabetes, cardiovascular disease, and neurodege-
nerative disease.” Mammals express seven sirtuins
(denoted SIRT1-7) that have considerably different
functions and catalytic activities.” The most closely
related to yeast Sir2 and the best-characterized sirtuin,
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SIRT1 possesses a large number of substrates such as
p53, MyoD, FOXO3, nuclear factor kappa B (NE-
kB), and others,® but little is known about the biologi-
cal functions of the other mammalian sirtuins.

For SIRT7, evidence has suggested a role in the
control of ribosomal RNA (rRNA) expression. SIRT7
localizes mainly in the nucleous, where it binds to the
rRNA gene (rDNA) and participates in activation of
RNA polymerase 1 transcription.” Another study has
demonstrated that SIRT7 is relevant for the reactivation
of rDNA transcription at the end of mitosis.® In addition,
some reports have proposed that SIRT7 is associated with
thyroid and breast cancer.”® Based on these findings and
that SIRT7 is more abundant in highly proliferative tis-
sues than in lowly proliferative tissues,” a role for SIRT7
as a principal activator of proliferation has been proposed.
On the contrary, a finding has suggested its role in cancer
prevention, proposing that SIRT7 may enable cells to sus-
tain critical metabolic function by inhibiting cell growth
even under severe stress conditions.'® This discrepancy
has been a subject of controversy until now, and it
prompted our interest to investigate the biological role of
SIRT7 in human HCC.

HCC is the third leading cause of cancer-related
death and the fifth most common cancer worldwide.'’
Recently, integrated analysis of somatic mutations and
focal copy-number changes identified key genes and
pathways in HCC, and suggested interactions between
mutations in oncogene and tumor suppressor gene
mutations related to specific risk factors.'> It showed
that the Wnt/f-catenin pathway was the most fre-
quently altered, with the occurrence of either activating
mutations in CTNNBI (encoding f-catenin; 32.8%) or
inactivating mutations in AXINI (15.2%) or APC
(1.6%), and that the p53 pathway was identified as the
second most frequently altered pathway in HCC, shown
by the presence of p53-inactivating mutations (20.8%)
and homozygous deletions or mutations in CDKN2A
(8%). However, it is unclear how these genetic changes
precisely cause the clinical characteristics observed in
individual patients with HCC, and thereby the underly-
ing mechanisms involved in the development and pro-
gression of HCC remain poorly understood.

In the present study, to better understand the biologi-
cal roles of SIRT7 in liver tumorigenesis, SIRT7 expres-
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sion was evaluated in a subset of human HCC by western
blot analysis, and its messenger RNA (mRNA) level was
analyzed in a large cohort of HCC patients. Evidence was
obtained for SIRT7 overexpression to potently mediate
mitotic stimulation of cells by way of transcriptional inac-
tivation of p21VAFVP! and activation of cyclin D1 in
liver cancer cells. Additional research identified miR-
125a-5p and miR-125b as endogenous regulators of
SIRT7; these miRNAs are transcriptionally repressed in
HCC. Further research identified inactivation of p53 and
promoter methylation and suppression of these regulatory
miRNAs to sustain SIRT7 overexpression in HCC.
Thus, a mechanism is proposed that makes SIRT7 a
promising target in cancer therapy.

Materials and Methods

Gene Expression Data. Gene expression data were
acquired from the National Center for Biotechnology
Information (NCBI) Gene Expression Omnibus
(GEO) database (accession numbers GSE25097,
GSE14520, GSE17856, and GSE10694). In an
attempt to identify the molecular signature associated
with oncogenic SIRT7 activity, whole genome expres-
sion analysis was applied to mock (negative control
shRNA-expressing  plasmid) or shRNA  (SIRT7
shRNA-expressing plasmid) transfected Hep3B cells.
Differential miRNA expression analysis was performed
to identify miRNAs that are significantly down-regu-
lated in HCC. Primary gene expression and miRNA
microarray data were submitted to the GEO database
(htep://www.ncbi.nih.gov/geo/), and the accession
numbers are GSE33234 and GSE39678, respectively.

Statistical Analysis of Microarray Data. For gene
expression analysis, BeadStudio (v. 3.0) was used for
the data acquisition and calculation of signal values on
an Illumina expression microarray. Normalization of
microarray data and hierarchical clustering were per-
formed by using GenPlex (v. 3.0). Sets of differentially
expressed genes were identified by a parametric test
(Welch’s ¢ test). A threshold P value in combination
with fold change was applied. Expression profiles of
the gene set with a fold change deregulation of more
than 1.5-fold and P < 0.05 were used to find the dif-
ferentially expressed genes. For miRNA expression
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repeated at least two times.

analysis, flagged spots were excluded from analysis,
unless specified otherwise. Signal intensities within
each array were normalized using the Quantile algo-
rithm. Then we used a dataset of genes that satisfied
the filtering criteria (genes having more than 50%
missing data of each class). Finally, 510 miRNAs were
subjected to unsupervised hierarchical clustering analy-
sis. Hierarchical clustering was performed using Clus-
ter and TreeView 2.3 (Stanford University). Euclidean
correlation, median centering, and complete linkage
were applied during all clustering applications.

Full descriptions of additional Materials and Meth-
ods are given in the Supporting Information.

Results

SIRT7 Is Aberrantly Expressed in HCC and Its
Inactivation Causes Growth Inhibition. We previ-
ously reported comprehensive gene expression data of
human HCC tissues including preneoplastic lesion to
different pathological grades of HCC."” From these
data, regulation of SIRT7 was evident and appeared to
correlate with the multistep histopathological process.
As shown in Fig. 1A, expression of SIRT7 was gradu-
ally increased from premalignant lesions (low- and
dysplastic nodules) to overt

cancer

high-grade
(Edmondson grades 1-3). To generalize our finding,
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we recapitulated SIRT7 gene expression from the large
cohorts of HCC patients that are available from the
GEO database (accession numbers GSE25097,
GSE14520, and GSE17856) and data are given as
scatterplots. Consistently, S/RT7 gene expression was
significantly up-regulated in all three different HCC
cohorts (Fig. 1B; Supporting Fig. 1A,B). Increased
expression of SIRT7 protein was confirmed by immu-
noblotting of 10 randomly selected human HCC tis-
sues (testing set), and further validated with an addi-
tional set (validating set) of nine HCC tissues (Fig.
1C). Human liver cancer cell lines also exhibited rela-
tively high expression of SIRT7 protein as compared
with the immortalized normal hepatic liver cells, LO2,
MiHA, and THLE-3 (Supporting Fig. 1C). To better
understand the molecular functions of SIRT7 in HCC
tumorigenesis, SIRT7 knockdown was attempted by
way of RNA-interference and studied in the 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) cell proliferation assays. SIRT7 knockdown
resulted in a significant reduction in SIRT7 protein
expression and in reduced proliferation rates of the
Hep3B, SNU-368, and SNU-449 liver cancer cells,
respectively (Fig. 1D-F). This antigrowth effect could
be partially explained by the disruption of cell growth
regulation, such as cell cycle arrest, cellular senescence,
or apoptosis, on SIRT7-targeting. Thus, we next
explored the effects of SIRT7 knockdown on cell cycle
regulation and cell death mechanism.

Whole Genome Expression Scans Identified
Deregulated Gene Targets by Oncogenic SIRT7. In
an attempt to identify molecular targets associated
with oncogenic SIRT7 activity, whole genome expres-
sion analysis was applied to mock (negative control
shRNA-expressing  plasmid) or shSIRT7 (SIRT7
shRNA-expression plasmid) transfected Hep3B cells.
Such analysis revealed SIRT7 knockdown to restore
expression of p21 VARSI and to influence the expres-
sion of genes involved in cellular growth and death
pathways (Supporting Fig. 2A,C). This result implies
that SIRT7 inactivation may disturb the G;/S phase
by deregulating cell cycle regulatory proteins. To clar-
ify the role of SIRT7 in cell cycle progression, SIRT7
knockdown Hep3B and SNU-449 cells were treated
with nocodazole. This treatment synchronizes the cells
in the G,/M phase. After release from nocodazole
block, the proportions of cells in the Gi-phase were
determined by flow cytometry. SIRT7 knockdown
caused a significant increase of liver cancer cells in the
G,/S phase and delayed cell cycle transition, suggesting
that the proliferative defect and/or growth retardation
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of liver cancer cells by SIRT7 inactivation, at least in
part, is due to interference with the cell cycle (Fig. 2A;
Supporting Fig. 2D). We then observed that SIRT7
knockdown selectively induced p21Y TPl expres-
sion, and simultaneously suppressed the expression of
cyclin D1 among G;/S cell cycle regulators, and that
SIRT7 knockdown also selectively induced the proau-
tophagy factor Beclin-1 and LC3B-II conversion in
Hep3B cells by western blot analysis (Fig. 2B,C; Sup-
porting Fig. 2B).

Recent studies showed that SIRT7 could be a posi-
tive regulator of the RNA polymerase I transcription
machinery and its levels are high in metabolically
active tissues, such as liver, spleen, testis, and types of
carcinoma.” Because altering the protein synthesis ma-
chinery, such as ribosome biogenesis, are essential cel-
lular processes that are governed by malignant progres-
sion, we explored the biological function of SIRT7 in
the protein synthesis machinery of liver cancer cells.
Initially, we found that SIRT7 is a nucleolar sirtuin of
liver cancer cells by detecting exclusive expression and
enzymatic activity of SIRT7 in nuclear fraction of
Hep3B cells (Fig. 2D). Note that deacetylase activity
of SIRT7 on p53 as a substrate was significantly
increased in immunoprecipitates of SIRT7 antibody to
nuclear fractions of Hep3B cells. We then evaluated
the efficiency of ectopic protein synthesis of Hep3B
cells and compared that of SIRT7 inactivating Hep3B
cells because the rDNA transcription is related to the
translation capacity of cells. To this end, Hep3B cells
were transfected with various expression plasmids such
as pMEI18S-HDAC2 (HDAC2-expressing vector),
pcDNA3.1_SIRT1 (SIRT1-expressing vector), pPCMV-
Neo-Bam p53 wt (wildtype p53-expressing vector),
and pcDNA3.1_HDAC6 (HDACG6-expressing vector).
All ectopic plasmids were successfully expressed and
detected by immunoblotting with each indicated anti-
body. Notably, SIRT7 knockdown suppressed the pro-
tein expression of these ectopic plasmids. Note that
SIRT7 suppressed  wildtype HDACG6
expression, a potent tubulin deacetylase, and thereby
recovered the acetylated-o-tubulin status of SRIT7
knockdown cells. To generalize this finding, we per-

1nactivation

formed the same experiments in three different liver
cancer cell lines, SNU-368, SNU-449, and Huh7 cells.
As expected, SIRT7 knockdown suppressed the protein
synthesis of ectopic plasmids in these liver cancer cells
as compared with control (non- or negative control
siRNA-transfected) cells (Fig. 2E). In addition, we per-
formed gene set enrichment analysis from the deregu-
lated genes by SIRT7 in Hep3B cells to dissect
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Fig. 2. Targeted-inactivation of SIRT7 inhibits hepatocellular malignant proliferation by selective modulating cell cycle, autophagy-related pro-
teins, and protein synthesis machinery in HCC cells. (A) Cell cycle profiles of SIRT7 siRNA (si-SIRT7) or negative control siRNA (si-Cont) trans-
fected Hep3B and SNU-449 cells followed by treatment with nocodazole. Percentage in each histogram indicates the portion of cells remaining
in each cell cycle phase. (B) Effect of SIRT7 knockdown on cell cycle proteins in Hep3B and SNU-449 cells. p21"AF/“®1 and cyclin D1 protein
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Cont). (C) Knockdown of SIRT7 induced Beclinl expression and LC3B-II conversion in Hep3B cells. Upper panel, expression levels of SIRT7,
Beclinl, LC3B-Il, and o-tubulin were determined by western blot analysis. Bottom, expression ratios were determined by densitometric analysis.
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test, *P < 0.05 and **P < 0.001 versus si-Cont). (D) SIRT7 is localized in nuclei and deacetylates p53 as substrate. Cytoplasmic and nuclear
fractions were prepared from Hep3B cells, followed by immunoblotting with anti-SIRT7 antibody. A nuclear fraction was then used for the deace-
tylase activity assay with p53 as substrate (unpaired Student’s t test, *P < 0.05 versus No-Ab, no antibody treatment). (E) SIRT7 knockdown
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The loaded samples were normalized to the o-tubulin, serving as loading control.

signaling pathways that are enriched by SIRT7 in liver
cancer cells. From this analysis, the nucleic acid meta-
bolic process and protein modification process were
identified as signaling pathways enriched by SIRT7 in
Hep3B cells. We also noted that all the expressions of
these two gene sets were down-regulated in SIRT7
knockdown Hep3B cells (Supporting Fig. 3). These
results support our finding that SIRT7 may play a role
in protein synthesis machinery in HCC tumorigenesis.

Identification of Endogenous MiRNAs to Control
SIRT7 Regulation in Liver Cancer. It has been dem-

onstrated that all the known processes involved in

cancer, including apoptosis, proliferation, survival, and
metastasis, are regulated by small regulatory noncoding
RNAs consisting of ~19-25 nucleotides; e.g., miR-
NAs.'* Therefore, the fact that SIRT7 is up-regulated
in HCC led us to hypothesize that SIRT7 expression
is balanced by endogenous miRNAs that control
SIRT7 mRNA translation in normal hepatic liver cells.
Loss or suppression of miRNAs targeting SIRT7 may
cause aberrant overexpression of SIRT7, and thereby
confer oncogenic potential for the hepatocellular ma-
lignant proliferation and transformation. Therefore, to

identify miRNAs that deregulated in HCC, we
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Fig. 3. Identification of miRNAs targeting SIRT7 in liver cancer. Differential miRNA expression analysis was performed in a subset of human
HCC tissues. Total RNAs were isolated from normal liver tissues (n = 8) and HCC tissues (n = 16), and then subjected to whole genome miRNA
microarray. (A) Result of unsupervised hierarchical clustering analysis of 510 miRNAs that were filtered by minimum selection criteria of 1,371
miRNAs. The level of miRNA expression is presented as a heatmap. Red, relatively higher miRNA expression; green, relatively lower miRNA
expression; black, no difference. N, normal hepatic liver tissue; HCC, hepatocellular carcinoma tissue. (B) Potential SIRT7 targeting miRNAs were
selected by using predictive program, miRanda. Expression of five miRNAs (miR-125a-5p, miR-125b, miR-148a, miR-152, and miR-193a-3p)
targeting SIRT7 are presented as scatterplot graphs (unpaired Student’s t test, *P < 0.05 and **P < 0.001 versus normal). (C) Endogenous
expression of five miRNAs targeting SIRT7 in HCCs. Total RNAs were isolated from Hep3B, SNU-449, and THLE-3, and then real-time PCR analy-
sis was performed. The expression of five miRNAs was compared with that of THLE-3. Data were analyzed using the AC, approach and expressed
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Student’s t test (*P < 0.05 versus THLE-3).

performed miRNA expression profiling analysis in a
subset of human HCCs. Unsupervised hierarchical
clustering analysis of 510 miRNAs that were selected
by minimum filtering criteria of 1,371 miRNAs of
eight normal liver tissues and 16 HCCs resulted in
two distinct clusters within dendrogram and suggested
characteristic miRNA signature associated with HCC
tumorigenesis (Fig. 3A). Then, a target prediction pro-
gram, miRanda (http:// www.microrna.org), was used
to predict and identify miRNAs that possibly target
the endogenous SIRT7 in HCC. From this, we were
able to identify five miRNAs (miR-125a-5p, 125b,
148a, 152, and 193a-3p) that are significantly down-
regulated in HCC (Fig. 3B). To confirm the repression

of these miRNAs in HCC, quantitative real-time poly-
merase chain reaction (qRT-PCR) analysis for five
miRNAs in Hep3B and SNU-449 cells was per-
formed, and the results compared with that of THLE-
3, a normal hepatic liver cell line (Fig. 3C). As
expected, the expressions of these five miRNAs were
repressed in both Hep3B and SNU-449 cells with
some variations.

MiR-125a-5p and MiR-125b Regulate Endogenous
SIRT7 Expression. Next, to determine whether SIRT7
is selectively regulated by these miRNAs by way of
direct interaction with the 3’-untranslated region
(UTR) of SIRT7 mRNA, we cloned the 3'-UTR of

SIRT7 into a reporter vector linking luciferase open
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reading frame downstream to generate psiCHECK2-
SIRT7_3'-UTR  wildtype (psiCHECK2-SIRT7-wt).
We also cloned 3’-UTR of random mutation sequen-
ces of the SIRT7 gene to generate a mutant-type (psi-
CHECK2-SIRT7-mt) reporter vector (Supporting Fig.
4A). Then each vector was cotransfected with these
miRNAs into Hep3B and SNU-449 cells. The results
of dual-luciferase reporter assays of psiCHECK2-
SIRT7-wt plasmid with five miRNAs were compared
with that of psiCHECK2-SIRT7-mt and are depicted
as bar graphs (Fig. 4A,B). It was found that miR-

125a-5p, miR-125b, miR-148a, and miR-152 were
able to suppress reporter gene activity in both Hep3B
and SNU-449 cells, whereas miR-193a-3p had no
effect, therefore indicating that these four miRNAs are
able to regulate SIRT7 expression in HCC cells i
vitro. Thus, we assessed whether ectopic expression of
these five miRNAs mimics the effects of SIRT7 knock-
down by siRNA directed against SIRT7 in liver cancer
cells. Note that a high level of miRNA expression was
detected in both Hep3B and SNU-449 cells after ec-
topic transfection of five miRNAs (Fig. 4C,D).
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Consistent with the results of the luciferase assays,
miR-125a-5p, miR-125b, miR-148a, and miR-152
were able to suppress endogenous SIRT7 expression, as
SIRT7 siRNA did in both Hep3B and SNU-449 cells
(Fig. 4E,F). However, it was found that only miR-
125a-5p, miR-125b selectively recovered p21%"F/Cip!
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and suppressed cyclin D1, as SIRT7 siRNA did in both
Hep3B and SNU-449 cells. In addition, it was found
that expressions of both miR-125a-5p and miR-125b
were significantly down-regulated in a large cohort of
HCC patients (Supporting Fig. 4B,C). Although it is
not clear why miR-148a and miR-152 did not affect
these cell cycle proteins, these result suggest that miR-
125a-5p and miR-125b are endogenous regulators for
SIRT7 in HCC tumorigenesis.

To clarify that both miR-125a-5p and miR-125b
are the endogenous regulators of SIRT7 in liver cancer
cells, we investigated whether ectopic expressions of
miR-125a-5p and miR-125b cause growth retardation
by way of cell cycle arrest, as SIRT7 inactivation does in
liver cancer cells. Both ectopic expressions of miR-125a-
5p and miR-125b showed a significant growth inhibi-
tion in Hep3B and SNU-449 cells by MTT assays (Fig.
5A,B). In addition, when we assessed the effect of these
miRNAs on cell cycle distribution, miR-125a-5p and
miR-125b induced G; arrest compared to control (neg-
ative control sequence of miRNA) or other miRNAs,
miR-148a and miR-152 (Fig. 5C,D). Quantitative anal-
ysis of the G phase indicated that both ectopic miR-
125a-5p and miR-125b-expressing cells showed a signif-
icantly higher portion of G phase cells than that of con-
trol or miR-148a or miR-152-expressing cells (Fig. 5E).
Overall, these results demonstrated that both miR-
125a-5p and miR-125b are direct suppressors of endog-
enous SIRT7 and may function as tumor suppressors in
HCC tumorigenesis.

Inactivating Mechanisms of Tumor Suppressor,
MiR-125a-5p and MiR-125b in HCC. Recent studies
showed that the expression pattern of miRNAs in can-
cer could be regulated by various types of regulatory
mechanisms, such as DNA methylation, histone modi-
fication, and p53—activattion.15’16 These suggestions led
us to explore if epigenetic silencing and/or p53 activity
would influence transcriptional expression of miR-
125a-5p and miR-125b during HCC development
and progression. We therefore treated liver cancer cells
with either 5-aza-2'-deoxycytidine (5-aza-dC), a potent
DNA methylation inhibitor, or trichostatin A (TSA), a
histone deacetylase inhibitor, to investigate whether
DNA promoter methylation or histone modification
restores endogenous expression of miR-125a-5p and
miR-125b in HCC cells. The treatment of Hep3B
and SNU-449 cells with 5-aza-dC selectively restored
expression of miR-125b in both cell lines (Fig. 6A,B),
whereas TSA treatment did not affect the expression of
either miR-125a-5p or miR-125b in Hep3B and
SNU-449 cells (Supporting Fig. 5A,B). To clarify the

selective suppression of miR-125b by promoter
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served as a loading control.

methylation, the methylation status of miR-125b pro-
moter region was investigated in HCC cells. As
expected, Hep3B and SNU-449 cells exhibited high
methylated status in the promoter region of miR-
125b, whereas THLE-3, normal hepatic liver cell line,
was unmethylated. Note that the promoter region of
miR-125a-5p was highly methylated in all THLE-3,
Hep3B, and SNU-449 cells (Supporting Fig. 6A). We
then employed a wildtype p53-expressing plasmid
(pCMV-Neo-Bam-p53 wt) to restore p53 activity in
HCC cells, because Hep3B cells are p53-null and the
SNU-449 cell lines expresses mutant p53. It was found
that ectopic expression of wildtype p53 caused signifi-
cant induction of miR-125a-5p and miR-125b expres-
sion, and as consequence, suppressed SIRT7 protein
expression in both Hep3B and SNU-449 cells, whereas
mutant-type p53 expression did not affect SIRT7
expression. In addition, disruption of DNA methyla-
tion by either 5-aza-dC treatment or knockdown of
DNMT1 and DNMT3b caused induction of miR-

125a-5p and miR-125b expression, and thereby sup-
pressed SIRT7 expression in both Hep3B and SNU-
449 cells (Fig. 6D-F; Supporting Fig. 6B-E). These
results suggest the underlying mechanisms leading to
endogenous miR-125a-5p and miR-125b suppression
in HCC. Next, to demonstrate the clinical significance
of these findings, human HCC tissues were analyzed.
First, we analyzed expressions of miR-125a-5p and
miR-125b in a subset of HCCs using qRT-PCR. En-
dogenous expressions of both miR-125a-5p and miR-
125b were significantly down-regulated in HCCs
except for one sample, patient number 13 (Fig. 7A,B).
These HCC samples were then investigated for p53
mutation using a single-stranded conformational poly-
morphism and direct sequencing. From this, we found
four (patients 11, 14, 16, and 19) out of nine patients
carried mutations in the exons of DNA binding motif
of the p53 gene (Fig. 7C). Then the same tissue sam-
ples were investigated for promoter methylation of
miR-125b, and found that only in the case of patient
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17 was the miR-125b promoter region highly methyl-
ated as compared to the corresponding noncancerous
tissue (Fig. 7D). Based on the methylation specific
PCR assay, however, it appears that hypermethylation
is not a common mechanism of miR-125b suppres-
sion. The findings for patients 12, 15, and 18 are per-
plexing, as these patients do not carry mutations in
the p53 gene or display hypermethylation in the miR-
125b promoter region. Nonetheless, we found that
four HCCs have mutations in the DNA binding do-
main of the p53 gene and one HCC displayed hyper-
methylation of miR-125b promoter region out of nine
HCCs tested, (Supporting Table 1), therefore suggest-
ing a possible mechanism for regulating endogenous
miR-125a-5p and miR-125b in HCC tumorigenesis.
Sustained Suppression of SIRT7 Reduced In Vivo
Tumorigenic Potential of Hep3B Cells. To investigate
whether the stable suppression of SIRT7 leads to sup-

pression of in vivo HCC tumorigenesis, we prepared
SIRT7-deficient Hep3B cells by establishing stable
SIRT7 knockdown cell lines (Hep3B_SIRT7 KDI,
Hep3B_SIRT7 KD2, and Hep3B_SIRT7 KD3) and
confirmed the suppression of SIRT7 by detecting
p21WAF1/Cip ! induction and CDK2, cyclin D1 reduc-
tion in these cell lines (Fig. 8A). We then assessed the
growth rate of the SIRT7-deficient Hep3B cell lines.
All three different clones of SIRT7-deficient Hep3B
cell line exhibited reduced growth rate as compared to
control cells (negative control shRNA expressing Hep3B
cell, Hep3B_Mockl, and Hep3B_Mock2) (Fig. 8B).
Based on this result, we performed colony-forming and
wound-healing assays. The clonal cell growth and cell
motility were significantly attenuated by the sustained
suppression of SIRT7 in Hep3B cells (Supporting Fig.
7A,B). Lastly, to demonstrate that SIRT7 inactivation
elicits  a effect  in  wivo,

tumor-suppressive we
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miR-125a-5p and miR-125b by way of DNA promoter methylation and wildtype p53 activity are also shown.

subcutaneously injected these cells into athymic nude
mice. The overall tumor growth rate and average vol-
ume at sacrifice were significantly reduced in SIRT7-de-
ficient Hep3B cells (Fig. 8C; Supporting Fig. 7C). In

addition, immunoblot analysis confirmed the induction
of p21WAFI/Cip], Beclin-1, and LC3B-II conversion, and
the suppression of CDK2 and cyclinD1 in SIRT7-defi-
cient xenograft tissues (Fig. 8D).
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Discussion

Sirtuins posttranscriptionally modulate the function
of many cellular proteins that undergo reversible acety-
lation-deacetylation  cycles, affecting physiological
responses that have implications for treating diseases of
aging.'” Emerging research into sirtuins show their
wider role to influence regulatory molecules and path-
ways in complex manners. A recent breakthrough in
SIRT?7 research showed that SIRT7 activates RNA poly-
merase I transcription and deacetylates p53.” Sir#7-knock-
out mice have been developed and found to have shorter
lifespans with enhanced inflammatory cardiomyopathy."
SIRT7 is a nuclear protein that is associated with active
rDNA and interacts with RNA polymerase 1. SIRT7
overexpression increase IDNA transcription, whereas its
down-regulation causes the opposite effect.” The rDNA
transcription is one of the essential cellular processes,
which contains ribosome biogenesis and translation that
are governed at numerous levels in cancer progression.
An overexpression of SIRT7 has been detected in thyroid
and breast cancers,”® and its levels are related to tumor
progression. However, no underlying mechanisms for
enhanced SIRT7 expression and the consequences of its
aberrant regulation have been suggested in these malig-
nancies. In addition, although SIRT7 is abundant in met-
abolically active tissues,” no detailed analysis of biological
roles of SIRT7 in liver malignancy, such as HCC, has
been conducted to date. In a previous study, we examined
large-scale gene expression changes between histopatho-
logical grades in human HCCs.'? Based on these micro-
array data, we noted that SIRT7 expression was gradually
increased from precancer to overt cancer, and we con-
firmed its up-regulation in an additional subset of human
HCCs and in various liver cancer cell lines (Fig. 1; Sup-
porting Fig. 1). These results led us to speculate that
SIRT?7 plays a role in HCC tumorigenesis. Subsequently,
we found that SIRT7 inactivation selectively induced
p21 VARG expression and concomitantly suppressed
cyclin D1 expression in HCC cells (Fig. 2A,B; Support-
ing Fig. 2A,B). It is not clear whether SIRT7 overexpres-
sion leads to the epigenetic suppression of p21% /<Pl
per se or if other processes also mediate this phenomenon;
nonetheless, the present study demonstrates for the first
time that SIRT7 can modulate the expression of cell cycle

pZIWAFl/CIPI

proteins, and cyclin D1. This cooperative

1 WAF1/Cip1

suppression of p2 and induction of cyclin D1

expression by SIRT7 may exert a very potent mitotic
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stimulation causing uncontrolled cell growth during
HCC progression. Furthermore, we found that SIRT7
inactivation suppressed ectopic protein expression, thus
implying a role in the protein synthesis machinery during
HCC tumorigenesis (Fig. 2E). Overall, our results suggest
that these mechanisms are closely interconnected, act in a
synergistic manner, and offer a growth advantage to tu-
mor cells. Recently, Barber et al.'® demonstrated that
SIRT7 maintains critical features that define cancer cells
by removing the acetylation mark on lysine 18 of histone
H3. That study clearly supports our suggestion of onco-
genic SIRT7 in hepatocellular malignant proliferation
and transformation. However, regulations of SIRT7 activ-
ity or expression leading to oncogenic SIRT7 overexpres-
sion have not yet been studied.

Many studies have shown that miRNA expression is
deregulated in cancer and both loss and gain of
miRNA function contribute to cancer development.'”
Thus, we hypothesized that certain miRNAs targeting
SIRT7 are down-regulated in HCC, and identified five
miRNAs that are significantly down-regulated in HCC
from the large-scale miRNA expression analysis of
human HCCs (Fig. 3). Additional research demon-
strated that both miR-125a-5p and miR-125b are
direct suppressors of SIRT7 and may function as tu-
mor suppressors by controlling aberrant expression of
SIRT7 in HCC tumorigenesis (Figs. 4, 5). Recently,
miR-125b was reported as a tumor suppressor by sup-
pressing tumor angiogenesis, cell proliferation, and me-
tastasis.”>*' MiR-125a-5p was also found to be an inde-
pendent prognostic factor and inhibit proliferation of
gastric cancer.”> We then found that p53 activity and
promoter methylation could modulate the expression of
miR-125a-5p and miR-125b, and the suppression of
these regulatory miRNAs led to sustained SIRT7 overex-
pression in HCC. In addition, mutations in the DNA
binding domain of p53 gene and promoter methylation
of miR-125b in HCC patients supported the clinical
significance of these findings (Figs. 6, 7).

Although further research for additional suppression
mechanisms of these miRNAs in liver cancer has to be
done, propose a regulatory loop
whereby SIRT7 inhibits transcriptional activation of
p21VARVCPT by way of repression of miR-125a-5p
and miR-125 in HCC tumorigenesis. In normal hepa-
tocytes, the SIRT7 level can be balanced by endoge-
nous miR-125a-5p and/or miR-125b and inhibit
SIRT7 mRNA translation. However, once inactivation
of mutation of the p53 gene or hypermethylation of
the promoter region of these miRNAs occur, it sup-
presses endogenous expression of these miRNAs and

our results
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thereby causes aberrant regulation of SIRT7. This
aberrant overexpression of SIRT7 may contribute to
hepatocellular malignant proliferation and transforma-
tion by way of activation of the protein synthesis ma-
chinery or accelerating the cellular growth rate by tran-
scriptional activation of cell cycle components or
preventing autophagic cell death during HCC tumori-
genesis (Fig. 8E).

Taken together, in the present study we showed that
SIRT7 is up-regulated in HCCs, and that targeted-
inactivation of SIRT7 inhibits in wvitro and in vive
HCC tumorigenesis by selective modulating cell cycle,
autophagy-related proteins, and protein synthesis ma-
chinery in HCC cells, speculating that development of
specific modulators of SIRT7 may be crucial for help-
ing control tumor progression or even for reversing
cancer phenotype. In this regard, we demonstrated
that miR-125a-5p and 125b function as tumor suppres-
sors by regulating abnormal activity of SIRT7 in human
HCC. Altogether, these finding define a central role for
SIRT7 in HCC tumorigenesis and suggest that miR-
NAs, miR-125a-5p and miR-125, have potential thera-
peutic value for the treatment of liver cancer.
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