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Abstract: It is still a controversy whether the role of Sirtuin 7 (SIRT7) is an oncogene or a tumor suppressor gene in
cancer as SIRT7 may have different functions in different types of cancer. Particularly, the specific roles of SIRT7
in the progression of osteosarcoma remain undiscovered. The main aim of this study is to identify the expression
of SIRT7 in osteosarcoma and explore the biological functions of SIRT7 in regulating cellular processes of osteo-
sarcoma cells. Here, we show that SIRT7 expression was significantly higher in osteosarcoma tissues and osteo-
sarcoma cell lines than in non-tumor tissues and an immortalized normal cell line, respectively. Moreover, elevated
SIRT7 levels in clinical samples indicate a poor prognosis of osteosarcoma patients. SIRT7 knockdown reduces
proliferation, migration, invasion, tumor formation, and metastasis of osteosarcoma cells, while SIRT7 overexpres-
sion has the opposite effects. Mechanistically, SIRT7 down regulates H3K18ac expression and decreases H3K18ac
binding to the promoter region of CDC4, leading to the inhibition of CDC4 transcription. Furthermore, the silencing
of CDC4 partially rescued SIRT7 knockdown-mediated inhibitory effects on proliferation, migration, and invasion
of osteosarcoma cells. In summary, our results show that SIRT7 promotes proliferation, migration, and invasion of
osteosarcoma cells through targeting CDC4, suggesting a potential therapeutic target for SIRT7 based therapy for
osteosarcoma.
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Introduction MRNA transcription mediated by the Pol Il
machinery [6]. Moreover, SIRT7 regulates the
transcription of nucleus-encoded mitochondrial
biogenesis genes by deacetylating and activat-
ing a transcription factor [7]. A recent study dis-
covered a specific target of SIRT7 and identified
a crucial role for SIRT7 in the maintenance of
cancer phenotype and transformation [8].
SIRT7 specifically targets a single histone mark-
er, H3K18Ac, which directly links to the control
of its expression [9, 10]. SIRT7 is overexpressed

Osteosarcoma is a common bone tumor in ado-
lescents [1]. The development of treatment for
high-grade osteosarcoma, which combines sur-
gery with multiagent chemotherapy, has con-
tributed to significantly improved survival rates
[2]. However, osteosarcoma has a high meta-
static potential. Several molecular pathways
contributing to osteosarcoma development
and progression have recently been discov-
ered, but the detailed mechanisms of osteosar-

coma metastasis remain unclear [3].

Sirtuin 7 (SIRT7) is one of the least understood
human sirtuins, which is concentrated in the
nucleoli and activates transcription of rRNA
genes [4]. Under certain stress, SIRT7 can
translocate from nucleoli to nucleoplasm resu-
Iting in hyperacetylation of PAF53, which inhib-
its Pol | transcription [5]. By deacetylating his-
tone H3 Lys18 (H3K18), SIRT7 also suppresses

in several cancer types, including leukemia,
bladder, prostate, breast and gastric cancer
[11-13]. However, the role of SIRT7 in osteosar-
coma remains largely unknown.

This study aims to investigate the possible roles
of SIRT7 in the regulation of osteosarcoma for-
mation and to further explore the potential sig-
naling pathways and molecular mechanisms in
osteosarcoma.
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Figure 1. Higher SIRT7 expression correlates with poor prognosis in osteosarcoma. (A and B) Kaplan-Meier analysis
of two probes of SIRT7 (A: 219613_at; B: 233179_at) in survival of osteosarcoma patients (log-rank test; n = 149).
The data were obtained from TCGA database. (C) SIRT7 genomic amplification or mMRNA expression was analyzed
by TCGA database (n = 149). (D) SIRT7 mRNA expression in 58 pairs of osteosarcoma and adjacent normal tissues.
The data were obtained from the GEO database. (E) SIRT7 mRNA expression in 32 pairs of osteosarcoma and
adjacent normal tissues obtained from Cancer Hospital of China Medical University. (F) The expression of SIRT7
protein were measured by Western blot pairs of osteosarcoma and adjacent normal tissues obtained from Cancer
Hospital of China Medical University. (G) The expression of SIRT7 mRNA in osteosarcoma cells were measured by
gRT-PCR. (H) The expression of SIRT7 protein in osteosarcoma cells were measured by Western blot. (I) The rela-
tive quantitative description of (H). **P < 0.01 (in D, E, G, and |) is based on Student’s t-test. Error bars indicate

standard deviation.

Materials and methods
Cells and antibodies

This research used osteosarcoma cell lines
(hFOB 1.19, SJSA-1, Hs755, MG-63, and D-17)
obtained from American Type Culture Collection
(ATCC, Manassas, VA). All lines were cultured in
DMEM containing 10% FBS and 1% penicillin/
streptomycin at 37°C, 5% CO,. Rabbit monoclo-
nal SIRT7, CDC4, E-cadherin, N-cadherin, a-ca-
tenin, vimentin, and snail antibodies purchased
from Abcam. Mouse monoclonal aurora-A,
cyclin E, c-Myc, EZH2, and ENO1 antibodies
from Cell Signaling Technology (CST, Danvers,
MA). Mouse monoclonal B-actin antibody was
the product of Santa Cruz Biotech (Santa Cruz,
CA).

Osteosarcoma samples

Osteosarcoma tissue samples were obtained
from Cancer Hospital of China Medical Uni-
versity. All investigations described in this study
were carried out after obtaining informed con-
sent and in accordance with an Institutional
Review Board protocol approved by the
Partners Human Research Committee at the
China Medical University.

qRT-PCR

RNA was extracted from tissues and cells, then
reverse transcription was performed by using
the Thermoscript RT System (Invitrogen). Ho-
tstart PCR conditions were set as follows: 45 s
at94°C,30satb55°C,and 1 minat 72°C for 45
cycles. The relative expression of SIRT7 and
CDC4, normalized to GAPDH was quantified
using the 2-AACt. The following primers were
used in this study: SIRT7: sense 5-ACTTG-
GTCGTCTACACAGGC-3’ and antisense 5-AAA-
TGGGATCCTGCCACCTG-3’; CDC4: sense 5'-TC-
ATCGAAACTCGTCCACGG-3’ and antisense 5'-
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ATCACTGCGTTCAGGAGTGG-3’; GAPDH: sense
5-TGCCTCCTGCACCACCAACT-3" and antisense
5-CCCGTTCAGCTCAGGGATGA-3'.

Western blot

Proteins from cells were transferred to polyvi-
nylidene difluoride membranes. The mem-
branes were first probed with a primary anti-
body and then with secondary antibody. The
bound antibody was detected by enhanced
chemiluminescence detection reagents. The
band intensity was quantitated.

Plasmids and generation of stable cell lines

Human cDNA of SIRT7 was cloned as previous-
ly reported [14]. The full-length cDNAs were
subcloned into the multiple cloning sites of the
vector plasmid, forming the pBabe-SIRT7
expression plasmids. Short hair-pin  RNA
(shRNA) targeting SIRT7, CDC4, and their con-
trol shRNA were purchased from Sigma. D-17
cell line was transfected with the vector or
pBabe-SIRT7 plasmid using the Lipofectamine
2000. SJSA-1 cells were transfected with the
control or shSIRT7/shCDC4 plasmid using the
Lipofectamine 2000. Stable transfectants
were obtained after selection by puromycin.

Cell proliferation, colony formation, migration
and invasion assays

Osteosarcoma cell lines were treated with
knockdown or overexpression SIRT7. Cell prolif-
eration, colony formation, migration, and inva-
sion assays were measured using procedures
described previously [15].

Sphere formation assay
Sphere formation assay was performed as

described previously [16]. Single-cell suspen-
sions were plated in an ultralow attachment

Am J Cancer Res 2017;7(9):1788-1803
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Figure 2. SIRT7 induced osteosarcoma cell proliferation in vitro. (A) SIRT7 protein expression was examined by West-
ern blot assay in SIRT7 knockdown SJSA-1 cells. (B) SIRT7 mRNA expression was examined by qRT-PCR assay in
SIRT7 knockdown SJSA-1 cells. (C) SIRT7 protein expression was examined by Western blot assay in SIRT7 ectopic
expression D-17 cells. (D) SIRT7 mRNA expression was examined by qRT-PCR assay in SIRT7 ectopic expression
D-17 cells. (E) Knockdown of SIRT7 inhibited the ability of SISA-1 cell proliferation measured by MTT. (F) Overexpres-
sion of SIRT7 promotes the ability of D-17 cell proliferation measured by MTT. (G) Knockdown of SIRT7 inhibited the
ability of SJISA-1 cell proliferation measured by clone formation. (H) Overexpression of SIRT7 promotes the ability
of D-17 cell proliferation measured by clone formation. **P < 0.01 (in A, C, E-H) is based on Student’s t-test. Error

bars indicate standard deviation.

96-well. Cells were grown in a serum-free mam-
mary epithelial growth medium, supplemented
with 1:50 B27, 20 ng/ml EGF, 20 ng/ml basic
fibroblast growth factor (bFGF), and 10 pg/mi
heparin. The numbers of spheroids were count-
ed after 14 days.

Immunohistochemistry staining

Paraffin-embedded sections were deparaf-
finized, blocked, and incubated with antibody
at 4°C overnight. Secondary antibody was
then added, and incubated for 1 hour at room
temperature. The sections were developed
using a 3,3-diaminobenzidine tetrahydrochlo-
ride (DAB) substrate kit at room temperature
for 5 minutes and then counterstained with
hematoxylin.

Xenografted tumor formation and metastasis
assay

This experiment was conducted according to
the international regulations of the usage and
welfare of laboratory animals, and approved
by the Institutional Animal Care and Use
Committee of China Medical University (#:
2016082). The cell suspension (0.1 mL; 5 x
1068 cells) was subcutaneously injected into the
right flank of 5- to 6-week-old female BALB/c-
nu/nu mice (n = 5/group). Tumor volume (mm3)
was measured every 3 days in two dimensions
using a caliper and was calculated as 0.4 x
(short length)> x long length. Mice were
humanely euthanized when they became mori-
bund or when the subcutaneous tumors
reached 15 mm in diameter. For experimental
metastasis assays, age-matched nude mice
were injected with 1 x 10° cells (resuspended
in PBS) via the tail vein. Liver metastases were
detected by hematoxylin and eosin staining.

TCGA genetic alteration analysis

Analysis of genetic alterations in osteosaroma
TCGA data was performed on cBioPortal (http://
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www.chioportal.org). A Fisher’s exact test was
performed on the confusion matrix of co-occur-
rence of alterations in SIRT7 and CDC4. The
supplemental excel file lists the osteosaroma
samples and their GISTIC 2.0 copy-number
alterations, whole exome sequencing mutation
data, and RNASeqV2 RSEM expression data
used in the study. P-values were calculated
using a pairwise t-test in R, performing pairwise
comparisons between group levels with a Holm
correction for multiple testing.

TCGA RNASeqV2 expression correlation and
outcome analysis

The Kaplan-Meier overall survival plot and
the log-rank p-value for TCGA osteosarcoma
were generated using R with osteosarcoma
samples (TCGA Network, 2015) that had
RNASeqV2 data and clinical information with at
least 6 months of follow-up information or a
death event. The samples were split according
to whether the expression measured by
RNASeqV2 fell into the lower 1/3 quantile or
the upper 2/3 quantile of expression.

Microarray-based gene expression analysis

RNA for the D-17 with the vector and SIRT7
were hybridized onto Affymetrix HuGenelvl
microarrays. Raw values from the CEL files
were processed and normalized using RMA in
the R Bioconductor package. Probe sets on the
HuGenelvl microarray were mapped to genes
using the chip file HuGenelvl.chip in the
molecular signature database. P-values were
calculated using a hypergeometric test in R.

Statistical analysis

Experimental data are shown as mean + stan-
dard deviation (S.D.). The results from different
treatment groups were compared using a two-
tailed Student’s t-test. Differences were consid-
ered statistically significant at a value of P less
than 0.05. Statistical analysis was done with

Am J Cancer Res 2017;7(9):1788-1803
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Figure 3. SIRT7 induced osteosarcoma cell migration and invasion in vitro. (A) SIRT7 knockdown and its control
SJSA-1 cells were subjected to transwell migration (top) and matrigel invasion (bottom) assays. (B) SIRT7 overex-
pression and its control D-17 cells were subjected to transwell migration (top) and matrigel invasion (bottom) as-
says. (C) The expression of EMT markers were measured by Western blot in SIRT7 knockdown and its control SJSA-1
cells. (D) The expression of EMT markers were measured by Western blot in SIRT7 overexpression and its control
D-17 cells. (E) The expression of EMT markers were measured by IF in SIRT7 knockdown and its control SISA-1 cells.
**P < 0.01 (in Aand B) is based on Student’s t-test. Error bars indicate standard deviation.

~ Control shSIRT7 #1 shSIRT7 #2 Results

Higher SIRT7 expression
correlates with poor progno-
sis in osteosarcoma

In order to discover the role
of SIRT7 in the development
of osteosarcoma, we first

SJSA-1 used the TCGA data for bioin-

B 40 c 500 formatic analyses. We found

T 400- a negative correlation bet-

z = ween overall patient survival
g g 300- : :

s E and SIRT7 expression using

2 E 2007 the Kaplan-Meier plotter

? & 1004 assessment tool. The results

show that high expression of

SIRT7 is correlated with poor
overall survival in osteos-
arcoma (Figure 1A and 1B).
Analysis of genomic copy-
number data from TCGA pro-
vided a genetic mechanism
for high-level SIRT7 expres-
sion in osteosarcoma. A sub-
stantial proportion of these
tumors (24%) exhibit genom-
ic amplification or mMRNA
upregulation in the SIRT7

E 50 E gene (Figure 1C). In addition,
404 £ we analyzed the public mic-
éan- = roarray data from the GEO
2 E repository and found that
gzu- H SIRT7 expression increased
® i) g significantly in osteosarco-
N ma tissues compared with

Vector SIRT? Vector SIRTT adjacent normal tissues (Fi-
i ) ) gure 1D). Consistently, the
F_|gure 4. SIRT7 |ndgced osteosarcoma cell s_phere formatl_on. (A) Reprgsenta- gRT-PCR analysis of normal
tive phase-contrast images of sphere formation of SIRT7 silenced and its con- .
trol SJSA-1 cells. (B and C) Quantification of sphere diameter (B) and number and osteosarcoma tissues
(C) of SIRT7 silenced and its control SJSA-1 cells. (D) Representative phase- (from our own Cancer Hos-
contrast images of sphere formation of SIRT7 over-expression and its control pital of China Medical Uni-
D-17 cells. (E and F) Quantification of sphere diameter (E) and number (F) of versity) confirmed that SIRT7
SIRT7 over-expression and its control D-17 cells. **P < 0.01 (in B, C, E, and F) : i
is based on Student’s t-test. Error bars indicate standard deviation. _mRNA ex.press'lon was signif
icantly higher in osteosarco-

ma tissues than in the adja-
SPSS/Win11.0 software (SPSS, Inc., Chicago, cent non-tumor tissues (Figure 1E). Also, the
Illinois, USA). Western blot results further confirmed those
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Figure 5. SIRT7 promotes osteosarcoma tumor formation in vivo. (A) Growth curve of tumors formed by SIRT7 si-
lenced and its control SJISA-1 cells. (B) Representative images of tumor from SIRT7 silenced and its control SJISA-1
cells. (C) The weight of tumors formed by SIRT7 silenced and its control SJISA-1 cells. (D) Growth curve of tumors
formed by SIRT7 overexpression and its control D-17 cells. (E) Representative images of tumor from SIRT7 overex-
pression and its control D-17 cells. (F) The weight of tumors formed by SIRT7 overexpression and its control D-17
cells. (G) Ki67 expression was measured by immunohistochemistry in tumors from SIRT7 silencing and its control
cell. (H) Ki67 expression was measured by immunohistochemistry in tumors from SIRT7 overexpression and its
control cell. **P < 0.01 (in C, F, G, and H) is based on Student’s t-test. Error bars indicate standard deviation.

changes (Figure 1F). Additionally, the expres- measured by qRT-PCR and Western blots.
sion of SIRT7 in osteosarcoma cell lines was SIRT7 expression level was markedly increased

1795 Am J Cancer Res 2017;7(9):1788-1803
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Figure 6. SIRT7 promotes osteosarcoma cell metastasis in vivo. (A) The total numbers of mice with liver distant
metastasis at 30 days after injection of SISA-1-shSIRT7 or its control cells into tail vein. (B) Representative images
of liver tissues measured by H&E stain with injection of SJISA-1-shSIRT7 or its control cells into tail vein. (C) The num-
bers of metastatic foci per section in liver of individual mouse with injection of SISA-1-shSIRT7 or its control cells
into tail vein. (D) The total numbers of mice with liver distant metastasis at 30 days after injection of D-17-SIRT7 or
its control cells into tail vein. (E) Representative images of liver tissues measured by H&E stain with injection of D-
17-SIRT7 or its control cells into tail vein. (F) The numbers of metastatic foci per section in liver of individual mouse
with injection of D-17-SIRT7 or its control cells into tail vein. **P < 0.01 (in C and F) is based on Student’s t-test.
Error bars indicate standard deviation.

in four osteosarcoma cell lines (SJSA-1, Hs755, 1.19 (an immortalized human fetal osteoblas-
MG-63, and D-17) compared with that in hFOB tic cell line) (Figure 1G-I1). Taken together, these
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SIRT7 promotes osteosarcoma formation

Vector_ _SIRT? B SIRT7 induced osteosarco-
ma cell proliferation, migra-
coc+ [ | tion and invasion in vitro
mTOR ]

SREBP1/2-

FoxO14

LINE14

SNF2H+

Akt

IGFA ]
DNA-PKcsA ]

NFiEB{]

LTSS E—
PARPI___]
QUGS e—

The ability of SIRT7 to modu-
late the proliferation of os-
teosarcoma cells was mea-
sured by the MTT assay. As
shown in Figure 2E, silencing
of SIRT7 in SJSA-1 cells sig-
nificantly decreased cell pro-

0 2

D47
C

SIRT7

D

(Ratio to GAPDH %)
s © ° o o
& & 2 4o o
? & R B 0@

Relative expression of SIRT7 mRNA
e
e
i

=4

Relative expression of CDC4 mRNA
(Ratio to GAPDH % )

Figure 7. SIRT7 expression is relevant to CDC4. A: Gene expression profiling
on D-17-SIRT7 and its control cells were assayed by microarray analyses. B:
Gene set enrichment analysis was carried out using ConceptGen. C: The data
from the TCGA showed that the expression of SIRT7 negatively correlated with
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results indicate that SIRT7 is overexpressed in
osteosarcoma and correlate with worse osteo-
sarcoma prognosis.

Stable SIRT7 transfected osteosarcoma cell
line formation

To investigate the biological function of SIRT7
in osteosarcoma formation, we first chose the
SJSA-1 cells to stably transfect SIRT7 shRNA.
After being selected with G418, the expression
of SIRT7 was greatly suppressed in shRNA
group cells (Figure 2A and 2B). In addition, we
ectopically expressed SIRT7 in the D-17 cell
line and showed that the expression of SIRT7
was significantly up-regulated in D-17-SIRT7
cells compared with D-17-vector only cells
(Figure 2C and 2D).

1797

Enrichment Score (-log P Value)

Osteosarcoma samples with mRNA data (RNA Seq V2) (TCGA, n=259, p=2.38e-37)

cnc‘_

T p liferation. In contrast, ecto-
pic expression of SIRT7 in
D-17 cells significantly incr-
eases cell proliferation (Fi-
gure 2F). Consistently, the
clone formation assay re-
sults also show that knock-
ing down SIRT7 reduced the
clone number of SJSA-1 cells
(Figure 2G), while overex-
pression of SIRT7 robustly
increased the clone number
of D-17 cells (Figure 2H). In
addition, the effects of SRIT7
on cell migration was asse-
ssed by the transwell migra-
tion assay. Silencing SIRT7
dramatically decreased the
number of cells through the
chamber compared to its
control cells (Figure 3A).
Moreover, silencing SIRT7
also decreased the degree of
invasion through matrigel
(Figure 3A). Similarly, ectopic expression of
SIRT7 in D-17 cells dramatically increased their
migration and invasion capacity (Figure 3B).

To further investigate the cause of increased
migration and invasion behavior due to the
modulation of SIRT7, epithelial-mesenchymal
transition (EMT) markers were measured by
Western blotting as EMT is known to alter the
ability of cells to migrate and invade. Silencing
SIRT7 in SJSA-1 cells caused significant upreg-
ulation of epithelial markers (i.e., E-cadherin
and a-catenin) and downregulation of mesen-
chymal markers (i.e., N-cadherin, vimentin, and
snail) (Figure 3C), while ectopic expression of
SIRT7 in D-17 cells had the reversed effect
(Figure 3D). In addition, the IF assays also
shown that silencing SIRT7 induced the
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and the overexpression of
SIRT7 in D-17 significantly
promoted this capacity (Fi-
gure 4D-F). Taken as a wh-
ole, these finding suggest an
important role for SIRT7 in
the maintenance of oncoge-
nicity in osteosarcoma cells.

i SIRT7 promotes osteosarco-

T7 ma tumor formation in vivo

To extend our in vitro obs-
ervations, we investigated
whether SIRT7 could regu-
late tumorigenic capacity of
osteosarcoma cells in vivo.
SJSA-1-shSIRT7, D-17-SIRT7,
and their corresponding con-

trol cells were subcutane-

ENO1 : - —— e .
Nt St B-actin -- ously injected into nude
B-actin - e D17 mice. Tumor size was mea-
SJSA-1 sured up to 28 days after

Figure 8. SIRT7 inhibits the expression of CDC4. (A) Expression of CDC4 pro-
tein in SJSA-1-shSIRT7 and its control cells were measured by Western blot.
(B) Expression of CDC4 mRNA in SJSA-1-shSIRT7 and its control cells were
measured by qRT-PCR. (C) Expression of CDC4 protein in D-17-SIRT7 and its
control cells were measured by Western blot. (D) Expression of CDC4 mRNA in
D-17-SIRT7 and its control cells were measured by qRT-PCR. (E) CDC4 target
proteins were measured by Western blot in SJISA-1-shSIRT7 and its control
cells. (F) CDC4 target proteins were measured by Western blot in D-17-SIRT7
and its control cells. **P < 0.01 (in B and D) is based on Student’s t-test. Error

bars indicate standard deviation.

E-cadherin expression and inhibited the N-
cadherin expression in D-17 cells (Figure 3E).
All these results demonstrate that SIRT7 pro-
motes proliferation, migration, and invasion
behaviors in osteosarcoma cells in vitro.

SIRT7 induced osteosarcoma cell sphere
formation

Sphere formation is a rigorous assay for tumor
malignancy, in which cells are grown in an ultra-
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injection. As expected, the
tumors from SJSA-1-shSIRT7
cells grew less rapidly at the
implantation site than the
control cells (Figure 5A-C),
and the ectopic expression
of SIRT7 in the D-17 cells led
to a dramatic increase in
tumor volume and weight
(Figure 5D-F). Increased cell
proliferation in derived tu-
mors was further confirmed by Ki67 level
(Figure 5G and 5H). These results suggest that
SIRT7 is an important regulator of proliferation
in osteosarcoma cells in vivo.

SIRT7 promotes osteosarcoma cell metastasis
in vivo

We then investigated the functional relevance
of SIRT7 for metastasis in vivo. SJISA-1-shSIRT7,
D-17-SIRT7, and their corresponding control
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Figure 9. SIRT7 down regulates H3K18ac expres-
sion, and decreases H3K18ac binding to the promot-
er region of CDC4. (A) The expression of H3K18ac
was assayed by Western blot in SJSA-1-shSIRT7 and
its control cells. (B) The expression of H3K18ac was
assayed by Western blot in D-17-SIRT7 and its con-
trol cells. (C) Schematic presentation of three regions
relative to the CDC4 transcriptional start site used as
primers to test H3K18ac occupied abundance. (D)
qChIP was performed to assess H3K18ac occupancy
to CDC4 transcriptional start site in SJSA-1-shSIRT7
and its control cells. IgG was used as negative con-
trol. (E) qChIP was performed to assess H3K18ac
occupancy to CDC4 transcriptional start site in D-
17-SIRT7 and its control cells. IgG was used as nega-
tive control. **P < 0.01 (in D and E) is based on Stu-
dent’s t-test. Error bars indicate standard deviation.

cells were injected into nude mice through the
tail vein. We observed that silencing SIRT7 sig-
nificantly decreased the number of metastatic
tumors in the liver of each mouse (Figure 6A-C);
whereas, the ectopic expression of SIRT7 in
D-17 cells increased the number of metastatic
tumors in the liver of each mouse (Figure 6D-F).
Therefore, the in vivo results further demon-

1799

strate the critical role of SIRT7 in osteosarco-
ma metastasis.

SIRT7 inhibits the expression of CDC4

To better understand the mechanisms by which
SIRT7 is engaged in proliferation, migration,
and invasion functionality, we performed gene
expression profiling on D-17-SIRT7 and its con-
trol cells. Microarray analyses identified a list of
significantly differentially expressed genes
after SIRT7 overexpression, including the down-
regulation of CDC4 (Figure 7A and 7B). The
data from the TCGA showed that the expres-
sion of SIRT7 negatively correlated with CDC4
expression (Figure 7C). The same correlation
was also observed in our osteosarcoma tissues
by measuring the mRNA expressions of SIRT7
and CDC4 using qRT-PCR (Figure 7D). Together
with previous literature linking CDC4 with
tumorigenesis and metastasis in carcinomas
[17], we examined whether CDC4 is a down-
stream target of SIRT7. Expression of CDC4 in
the cells with altered SIRT7 expression was
evaluated by Western blot and gRT-PCR.
Silencing SIRT7 in SJSA-1 cells dramatically
increased CDC4 expression at protein and
MRNA levels (Figure 8A and 8B). Moreover,
overexpression SIRT7 in D-17 cells greatly
decreased CDC4 expression at protein and
MRNA levels (Figure 8C and 8D). It has been
demonstrated that CDC4 targets many proteins
for degradation, such as aurora-A, cyclin E,
c-Myc, EZH2, and ENO1. Thus, we measured
the level of these proteins in SIRT7 altered
cells. The results showed that silencing SIRT7
significantly inhibited the expression of these
proteins (Figure 8E), while ectopic expression
of SIRT7 drastically upregulated these proteins
(Figure 8F). All of these results indicate that
CDC4 is the downstream target of SIRT?7.

SIRT7 down regulates H3K18ac expression,
and decrease H3K18ac binding to the pro-
moter region of CDC4

We then explored the mechanism of how SIRT7
regulates CDC4 expression. Histone deacety-
lases are frequently involved in chromatin regu-
lation and histone modifications that play
important roles in tumor progression. To deter-
mine whether SIRT7 activity was associated
with specific histone modifications in osteosar-
coma cells, histone modification patterns were
measured after modulation of SIRT7 expres-
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Figure 10. CDC4 is a mediator of SIRT7-induced malignant behaviors in osteosarcoma cells. (A) The silencing of
CDC4 was measured by Western blot in SISA-1-shSIRT-7 cells. (B) The proliferation was measured by MTT in knock-
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down of CDC4 in SJSA-1-shSIRT7 cells. (C) CDC4 knockdown and its control cells were subjected to transwell migra-
tion (top) and matrigel invasion (bottom) assays. (D) Representative phase-contrast images of sphere formation of
CDC4 silenced and its control SJISA-1-shSIRT7 cells. (E and F) Quantification of sphere diameter (E) and number (F)
of CDC4 silenced and its control SISA-1-shSIRT7 cells. ** ##P < 0.01 (in B, C, E, and F) is based on Student’s t-test.

Error bars indicate standard deviation.

sion. We found that H3K18ac protein expres-
sion was affected by changes in SIRT7 expres-
sion, in that the silencing of SIRT7 increased
the protein levels of H3K18ac (Figure 9A), while
ectopic expression of SIRT7 decreased this
modification (Figure 9B). Because H3K18ac is
associated with active transcription, we tested
whether SIRT7 expression correlated with the
H3K18ac modification at the CDC4 gene pro-
moter in osteosarcoma cells. ChlP assay was
performed in SJSA-1-shSIRT7, D-17-SIRT7, and
their control cells. Antibodies against H3K18ac
and 1gG were used to pull down the chromatin
complex, and three pairs of primers against the
CDC4 gene promoter region were used to
assess the occupancy of the CDC4 gene pro-
moter (Figure 9C). Silencing SIRT7 expression
was associated with increased H3K18ac levels
at #2 and #3 of the CDC4 gene promoter region
(Figure 9D). Less occupancy of those CDC4
gene promoter regions by H3K18ac was detect-
ed in D-17-SIRT7 cells (Figure 9E). These
results clearly indicate that SIRT7 induces tran-
scriptional inactivation of CDC4 expression
through regulating H3K18ac and decreased
H3K18ac binding to the CDC4 gene promoter
in osteosarcoma cells.

CDC4 is a mediator of SIRT7-induced malig-
nant behaviors in osteosarcoma cells

To test whether SIRT7-induced malignant
behaviors in osteosarcoma cells were mediat-
ed by CDC4, shRNA was used to silence the
CDC4 gene expression in SJSA-1-shSIRT7 cells
(Figure 10A). The MTT result showed that the
knockdown of CDC4 in SJSA-1-shSIRT7 cells
resulted in increased proliferation (Figure 10B).
To verify whether CDC4 mediates SIRT7
induced migration and invasion in vitro, tran-
swell and matrigel assays were performed. As
shown in Figure 10C, knockdown of CDC4 in
SJSA-1-shSIRT7 cells significantly decreases
their migratory and invasive capacities. In addi-
tion, knocking down CDC4 rescued the sphere
formation ability caused by silencing SIRT7 in
SJSA-1 cells (Figure 10D-F). Taken together,
these results show that CDC4 mediates SIRT7-
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induced malignant behaviors in osteosarcoma
cells.

Discussion

Many researchers have demonstrated that his-
tone modifications play a crucial function in the
tumorigenesis and development [18]. Histone
H3K18Ac deacetylase SIRT7 plays a pivotal
role in regulating histone modification, which
participates in the activation of RNA poly-
merase | transcription and plays an important
part in rRNA expression [10]. Recent studies
show that SIRT7 is upregulated in ovarian and
colorectal cancer [6, 19], yet no study has
assessed SIRT7’s exact activity in osteosarco-
ma. Here, we aim to detect the role of SIRT7 in
osteosarcoma development and its potential
molecular mechanism.

In this study, we find for the first time the clini-
cal significance of SIRT7 in osteosarcoma, and
the mechanistic role of SIRT7 in regulating
osteosarcoma cells’ proliferation and metasta-
sis. To our knowledge, this is the first study to
show that SIRT7 plays a crucial functional role
in osteosarcoma cells’ proliferation and metas-
tasis. Overexpression of SIRT7 in osteosarco-
ma cells induces proliferation, migration, and
invasion traits in vitro and enhanced metastat-
ic capacity in vivo; and silencing SIRT7 reverses
these events in invasive osteosarcoma cells.
We also show that a mechanistic link exists
between SIRT7 and CDC4 through SIRT7-
mediated regulation of H3K18ac, which subse-
quently leads to transcriptional downregulation
of CDC4 expression. Knockdown of CDC4
attenuates silencing SIRT7-induced effects.
These results lead us to propose a model for
SIRT7 regulation of proliferation and metasta-
sis through transcriptional regulation of CDC4
in osteosarcoma cells.

The putative role of SIRT7 as an oncogene in
cancer development is supported by the obser-
vations that SIRT7 is highly expressed in
colorectal cancers, breast cancers, and other
tumors [19, 20]. Our study points to a novel
function of SIRT7 in osteosarcoma metastasis

Am J Cancer Res 2017;7(9):1788-1803



SIRT7 promotes osteosarcoma formation

through promoting two essential characteris-
tics of metastatic disease in osteosarcoma:
proliferation and invasion. All of these charac-
teristics induced by SIRT7 in vitro culminate
in an increased number of distant metastases
in vivo. These empirical findings provide a
mechanistic framework to explain the clinical
observations that osteosarcoma patients with
high levels of SIRT7 in tissue samples have
more chances of distant metastasis and a sig-
nificantly shorter overall and disease-free
survival.

In our effort to discover the molecular mecha-
nism through which SIRT7 modulates prolifera-
tion and metastasis in osteosarcoma cells, we
focus on CDC4 as a crucial mediator of SIRT7-
induced malignancy property. CDC4 functions
as a substrate recognition subunit of the SCF
E3 ubiquitin ligase complex to regulate a net-
work of proteins with central roles in cell divi-
sion, growth, and differentiation and has been
characterized as a general tumor suppressor
[21]. CDC4 mutation or deletion is often
observed in multiple human cancers and loss
of CDC4 function results in tumorigenesis [22,
23]. The mechanistic connection between
SIRT7 and CDC4 has been previously unknown.
In this study, we found that SIRT7 induces tran-
scriptional inactivation of CDC4 expression
through regulating H3K18ac and decreasing
the binding of H3K18ac to the CDC4 gene pro-
moter in osteosarcoma cells. Thus, we con-
clude that SIRT7 transcriptionally inactivates
CDC4 expression and consequently promotes
migration in vitro and metastasis in vivo.

Metastasis and proliferation properties are
essential for osteosarcoma cells to dissemi-
nate from adjacent tissues and seed new
tumors in distant sites. Our results demon-
strate that SIRT7 regulates these two essential
characteristics of metastatic disease, providing
us an optimal therapeutic option to manipulate
SIRT7 levels in clinical osteosarcoma practice.
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