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Objective: To explore the effects of Sirtuin 7 (SIRT7) on the gene expression profile of stem
cells from the apical papilla (SCAPs).
Methods: SCAPs were isolated and cultured. SIRT7 short hairpin ribonucleic acid (shRNA)
was used to knock down the expression of SIRT7 in SCAPs. After library construction and
RNA sequencing (RNA-seq), differentially expressed genes were identified using Cuffdiff with
DIDOVHGLVFRYHU\UDWH )'5 DQGIROGFKDQJH3DWKZD\DQG*HQH2QWRORJ\ *2
analyses were conducted to elucidate the changes in important functions and pathways after
6,57JHQHNQRFNGRZQ*HQHVHWHQULFKPHQWDQDO\VLV *6($ ZDVSHUIRUPHGDQGHQULFKPHQW
RIDJHQHVHWZLWKDQ)'5ORZHUWKDQZDVFRQVLGHUHGVLJQLILFDQW
Results: 7KH PRVW VWULNLQJ *2 WHUPV UHODWHG WR 6,57VK 6&$3V DQG &RQVK 6&$3V were
response to nucleus, nucleolus, cytoplasm, protein binding and intrinsic apoptotic signalling
pathway. Signalling pathway analysis revealed the top five pathways to be metabolic, pyrimidine metabolism, protein processing in endoplasmic reticulum, phosphatidylinositol 3-kinase/
SURWHLQNLQDVH% 3,.$NW VLJQDOOLQJDQGSVLJQDOOLQJ7KHUHVXOWVRI*6($VKRZHGWKDW
genes were mainly enriched in cell cycle, cell proliferation, transforming growth factor beta
7*)ȕ VLJQDOOLQJDQGF\WRNLQH±F\WRNLQHUHFHSWRULQWHUDFWLRQSDWKZD\V
Conclusion: SIRT7 may affect the functions of SCAPs through cell cycle, cell proliferation
and apoptosis pathways.
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S

tem cells from the apical papilla (SCAPs) are mesenchymal stem cells isolated from the apical papilla of
immature permanent teeth1. They are multipotent stem
cells that possess high proliferative potential, the capacity for selff renewal and low immunogenicity2. Moreover, they can differentiate into many cell types, such
as osteocytes, chondrocytes and nerve cells. Therefore,
SCAPs have been widely studied in tissue engineering and regenerative medicine3. However, some problems still limit their clinical application, for example if
the source of seed cells is limited and mechanisms of
directional differentiation are unknown. It is therefore
important to elucidate the mechanism that affects the
function of SCAPs.
The sirtuin family comprises seven members that
play significant roles in regulating various important
biological processes including ageing, transcription,
DNA repair, genomic stability, apoptosis, inflammation
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and stress resistance4,5. Sirtuin 7 (SIRT7) is a member
of this family and influences various biological processes including the cell cycle, stress resistance, ageing
and tumorigenesis6-8.
SIRT7 affects stem cell proliferation. A study
revealed that in aged human stem cells (HSCs), SIRT7
had a lower expression level, which led to increased
apoptosis and decreased proliferation rate. When SIRT7
was reimported into aged HSCs, their regenerative
capacity was partially restored9. A recent study10
provided further important clues regarding the role of
SIRT7 in dental pulp stem cell (DPSC) senescence.
SIRT7 was a direct target gene of microRNA-152
(miR-152), both of which regulated the senescence of
DPSCs. Overexpression of miR-152 induced senescence and inhibited proliferation of DPSCs concomitant with downregulation of SIRT7. Overexpression of
SIRT7 almost prevented miR-152–induced senescence
entirely. It was also reported that SIRT7 played a role
in the differentiation of mesenchymal stem cells. SIRT7
knockdown in human bone marrow stem cells (hBMSCs) significantly enhanced osteoblast-specific gene
expression, alkaline phosphatase activity and mineral
deposition in vitro, which was partially regulated by
WKH ZLQJOHVVUHODWHG LQWHJUDWLRQ VLWHȕFDWHQLQ :QWȕ
catenin) pathway11. However, during the osteogenic
differentiation of DPSCs, no significant change was
found in SIRT712.
The function and mechanism of SIRT7 in SCAPs
have not been previously explored. In this study, RNA
sequencing (RNA-seq) between SIRT7sh SCAPs and
Consh SCAPs was used to detect the possible function
and mechanisms of SIRT7 in SCAPs.
Materials and methods
Cell cultures
Dental tissues were obtained under approved guidelines
set by Beijing Stomatological Hospital, Capital Medical
University (Ethical Committee Agreement by Beijing
Stomatological Hospital Ethics Review No. 2011-02)
with informed consent from the patients. Human wisdom teeth were first disinfected with 75% ethanol and
then stored in phosphate-buffered saline (PBS) with 100
8POSHQLFLOOLQDQGȝJPOVWUHSWRP\FLQ ,QYLWURJHQ
Carlsbad, CA, USA) for no more than 4 hours. Subsequently, SCAPs were isolated and separated from the
apical papilla of the root and then digested in a solution
of 3 mg/ml collagenase type I (Worthington Biochemical, Lakewood, NJ, USA) and 4 mg/ml dispase (Roche
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Diagnostics, Indianapolis, IN, USA) for 1 h at 37°C.
Single-cell suspensions were obtained by passing the
cells through a 70-mm strainer (Falcon, BD Biosciences, Franklin Lakes, NJ, USA). SCAPs were grown
in a humidified 5% CO2 incubator at 37°C in Dulbecco’s
modified Eagle medium (DMEM) (Invitrogen) supplemented with 15% foetal bovine serum (Invitrogen), 2
mmol/l glutamine, 100 U/ml penicillin and 100 mg/
ml streptomycin (Invitrogen). The culture medium was
changed every 3 days. Cells passaged to the fourth and
fifth generation were used in further experiments.
Plasmid construction and viral infection
Plasmids were constructed using standard methods,
and all structures were verified by appropriate restriction digestion and/or sequencing. Short hairpin ribonucleic acids (shRNAs) with complementary sequences
of SIRT7 were subcloned into the lentiviral vector
pLKO.1 (GenePharma, Suzhou, China). Viral packaging
was prepared according to the manufacturer’s protocol (GenePharma). For viral infections, SCAPs were
plated overnight and then infected with lentiviruses in
the presence of polybrene (6 mg/ml, Sigma-Aldrich, St.
Louis, MO, USA) for 12 h. After 48 h, infected cells
were selected with 2 mg/ml puromycin for 7 days. LV3
shRNA (Consh, control shRNA) was purchased from
GenePharma as a control. The target sequences for the
shRNA were SIRT7 shRNA (SIRT7sh): 5’-GGAAGTT
GTGATGACGTCATGC-3’ and LV3 shRNA (Consh):
5’-GTGCGTTGCTAGTACCAAC-3’.
Library construction for RNA-seq and sequencing procedures
SCAPs were seeded in 10 cm2 dishes and cultured until
80% confluence was reached. Total RNA was isolated
from SCAPs using the RNeasy Mini Kit (Qiagen, Hilden,
Germany). Paired-end libraries were synthesised using
the TruSeq RNA Sample Preparation Kit (Illumina, San
Diego, CA, USA) following the TruSeq RNA Sample
Preparation Guide. The polyadenylate (poly[A])-containing mRNA molecules were briefly purified using
poly-T oligo-attached magnetic beads (Thermo Fisher
Scientific, Waltham, MA, USA). Purified libraries were
quantified with the Qubit 2.0 Fluorometer (Life Technologies, Carlsbad, CA, USA) and validated with the
Agilent 2100 Bioanalyzer (Agilent Technologies, Santa
Clara, CA, USA) to confirm the insert size and calculate the molar concentration. A cluster was generated
using cBot (Illumina) with the library diluted to 10 pm
and then sequenced on the HiSeq X Ten (Illumina). The
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library construction and sequencing were conducted at
Shanghai Biotechnology Corporation.

or downstream of lncRNA were considered as cis-acting
target genes. The trans-acting target genes were predicted using RNAplex software20.

Data analysis
Sequencing raw reads were preprocessed by filtering
out ribosomal RNA (rRNA) reads, sequencing adapters, short fragment reads and other low-quality reads.
TopHat v2.0.913 was used to map the cleaned reads
to the mouse mm10 reference genome with two mismatches. After genome mapping, Cufflinks v2.1.114 was
run with a reference annotation to generate fragments
per kilobase of exon model per million reads mapped
(FPKM) values for known gene models. Differentially
expressed genes were identified using Cuffdifff13. The P
value significance threshold in multiple tests was set by
FDR. The fold changes were also estimated according
to the FPKM value in each sample. The differentially
expressed genes were selected using the filter criteria of
)'5DQGIROGFKDQJH
*HQH2QWRORJ\ *2 DQDO\VLV
To explore the biological function of the different genes
involved, Gene Ontology (GO, http://www.geneontology.org) terms and the Kyoto Encyclopaedia of Genes
and Genomes (KEGG, http://www.genome.jp/kegg/)
pathway enrichment analysis were conducted using the
clusterProfiler15,16. Fisher exact test and P values were
used for the detection and selection criteria. Significant
GO terms or pathways were differentially expressed as
gene > 2 and P value < 0.05.
Long non-coding RNA (lncRNA) identification and
expression analysis
Cufflinks was used to assemble reads into transcripts.
Novel transcripts were obtained after comparing all the
assembled transcript isoforms with the known mouse
protein-coding transcripts using Cuffcompare14. Putative lncRNA were defined as novel transcripts set
WKURXJKWKHIROORZLQJILOWHUVOHQJWKESQXPEHU
RIH[RQVRSHQUHDGLQJIUDPH 25) ESQRRU
weak protein-coding ability (Coding Potential Calculator [CPC] score < 017 and Coding Non-Coding Index
[CNCI] score < 018 and no significant similarity with
the Pfam database19). Finally, to generate a unique set
of lncRNA, we used Cuffcompare to integrate the RNAseq–derived lncRNA with the known lncRNA previously annotated with NONCODE v4. Differentially
expressed lncRNA were selected for target prediction.
The genes transcribed within a 10 kbp window upstream
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*HQHVHWHQULFKPHQWDQDO\VLV *6($
GSEA (www.broad.mit.edu/gsea) protocol was performed as described21. The association between phenotypes, biological processes/pathways and protein messenger RNA (mRNA) expression level was analysed.
Predefined gene sets were obtained from the Molecular
Signatures Database (MSigDB, http://software.broadinstitute.org/gsea/msigdb): H, hallmark gene sets; CP,
canonical pathways; and KEGG, KEGG gene sets). An
FDR lower than 0.25 was considered to indicate significant enrichment of a gene set.
Statistical analysis
Each experiment was done independently and repeated at least three times with similar results. Results are
expressed as mean ± standard deviation (SD). Significant differences were assessed with a Student t test (twotailed). P < 0.05 was considered statistically significant.
Results
*HQHH[SUHVVLRQILOHE\51$VHT
SIRT7-shRNA constructs were transduced into SCAPs
via lentiviral infection; ectopic SIRT7 expression was
confirmed by real-time reverse transcription polymerase chain reaction (RTT PCR) analysis (Fig 1a) and western blot (Fig 1b). To investigate the possible function
and mechanisms of SIRT7 on SCAPs, gene expression
profiles of SIRT7sh SCAPs with Consh SCAPs were
analysed using RNA-seq. When comparing SIRT7sh
SCAPs with Consh SCAPs, there were 98 upregulated
genes and 107 downregulated genes. The top 10 evidently changed genes are listed in Tables 1 and 2. Most of the
genes with significant changes were correlated with cell
apoptosis, cell cycle, cell proliferation and mitochondrial metabolism, including tyrosine 3-monooxygenase/
tryptophan 5-monooxygenase activation protein gamma
(YWHAG), heat shock protein family B (small) member 6 (HSPB6), tumour necrosis factor alpha-induced
protein 1 (TNFAIP1), CDGSH iron sulphur domain 2
(CISD2), cyclin-dependent kinase 2–associated protein
1 (CDK2AP1), adenosine diphosphate (ADP)–ribosylation factor-like GTPase 4D (ARL4D) and tribbles
pseudokinase 3 (TRIB3). When comparing SIRT7sh
171
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Fig 1 Identification of
SIRT7 depletion in SCAP.
SCAP were infected with
shRNAs, which silenced
SIRT7. (a) Real-time RTPCR showed 80% depletion of SIRT7 expression.
Actin was used as an
internal reference gene.
(b) Western blot results
showed that SIRT7-shRNA effectively silenced
SIRT7 expression.

b

SCAPs with Consh SCAPs, there were 553 upregulated
lncRNA and 526 downregulated lncRNA. The top 10
evidently changed lncRNA are listed in Tables 3 and 4.

To explore the function and possible mechanism of
SIRT7 in SCAPs, RNA-seq was used to compare the
changes in functional gene expression in these two

groups. The differentially expressed genes were subjected to GO analysis. According to the threshold, GO
terms that were significantly regulated in the two groups
with P value and FDR < 0.05 were identified. The value
RIí/J3 QHJDWLYHORJDULWKPRIWKHP
P value) represented
the correlation between gene expression and the relevant
biological process. As shown in Fig 2, the top significantly changed GO terms across SIRT7sh and Consh
SCAPs were response to nucleus, cytoplasm, mitochondrion, protein binding, intrinsic apoptotic signal-

Table 1 Top 10 downregulated genes between SIRT7sh and
Consh SCAPs.

Table 3 Top 10 downregulated lncRNA between SIRT7sh
and Consh SCAPs.

*2DQDO\VLVRIJHQHH[SUHVVLRQLQ6,57VK6&$3V
compared to Consh SCAPs

Gene symbol
YWHAG
VOPP1
HSPB6
DDIT4
TNFAIP1
PKIG
YWHAQ
CISD2
CDK2AP1
TOLLIP

P value
0.001
0.024
0.011
0.011
0.008
0.015
0.026
0.028
0.003
0.047

Fold change Gene feature
0.005
0.016
0.022
0.041
0.122
0.154
0.181
0.211
0.266
0.234

DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN

Table 2 Top 10 upregulated genes between SIRT7sh and
Consh SCAPs.
Gene symbol
ARL4D
TAF9
MT-TS1
TRIB3
JDP2
RPS15
WASF2
CDC42EP1
CHMP3
MYDGF
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P value
0.037
0.035
0.016
0.017
0.040
0.001
0.018
0.012
0.002
0.006

Fold change Gene feature
48.839
25.919
17.950
12.089
9.338
7.425
6.362
5.560
5.500
5.356

UP
UP
UP
UP
UP
UP
UP
UP
UP
UP

LncRNA_id
ENST00000590168
ENST00000509648
ENST00000588472
ENST00000486898
ENST00000526688
ENST00000506310
ENST00000494261
ENST00000491780
ENST00000481331
ENST00000593013

P value
0.015
0.017
0.028
0.019
0.031
0.036
0.042
0.047
0.011
0.001

Fold change Target genes
0.010
0.025
0.045
0.049
0.068
0.078
0.079
0.103
0.104
0.107

RHBDF2
ANXA5
SDF2
MPV17
FGFR1
LMAN2
CLASP2
ARPC2
ATXN2
HDAC5

Table 4 Top 10 upregulated lncRNA between SIRT7sh and
Consh SCAPs.
LncRNA_id
ENST00000597607
ENST00000556587
ENST00000475895
ENST00000602167
ENST00000593146
ENST00000514306
ENST00000571210
ENST00000314351
ENST00000494026
ENST00000542286

P value
0.024
0.042
0.043
0.032
0.007
0.042
0.014
0.016
0.014
0.001

Fold change Target genes
129.45
83.65
41.09
28.43
25.79
25.32
22.24
22.19
16.89
11.58

TECR
SRSF5
MRPS5
MAP2K2
APC2
PLK2
MFAP4
ADAMTS6
MTA1
DDX55
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a

Fig 2 Significantly changed GO
terms of differentially expressed
genes. (a) The top 10 downregulated GOs targeted by SIRT7sh
SCAPs compared to control
SCAPs. (b) The top 10 upregulated
GOs targeted by SIRT7sh SCAPs
compared to control SCAPs. The
y-axis shows GO category and the
x-axis shows the −LgP. A larger
−LgP indicates a smaller P value.

b

ling pathway, DNA binding, apoptotic process, positive
regulation of apoptotic process, cytosol, plasma membrane, small molecule metabolic process, cell cycle and
molecular function. GO analysis clearly showed that
many important functions, such as positive regulation of
apoptotic process, cell cycle and small molecule metabolic process, were significantly different between the
two groups, which were involved in cells’ selff renewal
ability and metabolic process.

*6($LQ6,57VK6&$3VFRPSDUHGWR&RQVK6&$3V
To investigate the potential altered pathways in the two
groups, GSEA was implemented between SIRT7sh
SCAPs and Consh SCAPs. Based on the result of
GSEA, genes were mainly enriched in cell cycle process
(Fig 4a) and cell proliferation (Fig 4b). Moreover, we
QRWLFHGWKDWWKH7*)ȕVLJQDOOLQJDQGF\WRNLQHF\WRNLQH
receptor interaction pathways were also significantly
enriched (Figs 4c and 4d).

Analysis of pathways in SIRT7sh SCAPs compared to
Consh SCAPs

Discussion

Based on the KEGG database, we analysed the top
10 pathways in both groups. As shown in Fig 3, some
important pathways including metabolic, PI3K/Akt signalling, p53 signalling, viral carcinogenesis, apoptosis,
proteoglycans in cancer, toll-like receptor signalling,
amyotrophic lateral sclerosis (ALS), pyrimidine metabolism, ErbB signalling, Vibrio cholerae infection, biosynthesis of amino acids, cell cycle, insulin signalling,
ribosome biogenesis in eukaryotes, basal transcription
were signififactors and non-homologous end-joining
cantly different between the two groups.

In the present study, we performed RNA-seq analysis
between SIRT7sh SCAPs and Consh SCAPs to explore
the possible function and mechanism of SIRT7 on
SCAPs. In our study, GO analysis revealed particular
enriched functional pathways among the genes responsible for the divergent features of the two groups. These
data demonstrated that SIRT7 may play an important
role in the survival, selff renewal and apoptosis of SCAPs
because metabolic, apoptosis and cell cycle pathways
are involved. Furthermore, we identified that the PI3K/
Akt signalling, p53 signalling, viral carcinogenesis, toll-
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a

b

like receptor signalling and insulin signalling pathways
may be involved in the function of SIRT7 in SCAPs.
SIRT7 is the least understood member of the human
sirtuin family and influences multiple biological processes. Initially, SIRT7 was reported to be positively
correlated with cell proliferation. In metabolically
active cells, SIRT7 was highly expressed, whereas its
expression was very low in non-proliferating cells22,23.
However, in a murine model and cell lines, SIRT7 was
demonstrated to play an antiproliferative role and to
be inversely correlated with tumourigenic potential24.
In the present study, silencing of SIRT7 in SCAPs led
to significant changes in genes involved in cell proliff
eration and apoptosis, which indicates that SIRT7 may
affect the proliferation function of SCAPs. In SIRT7sh
SCAPs, YWHAG was downregulated 200-fold compared to its expression in Consh SCAPs. YWHAG is
one of the 14-3-3 family isoforms, and functions as a
scaffold in multiprotein complexes and is thus involved
in several cellular processes as regulatory molecules
including cell survival, apoptosis, protein trafficking
and cell cycle regulation25-27. Further study is therefore
needed to determine whether YWHAG could be considered a potential target gene of SIRT7, which regulates
the survival of SCAPs. The present results also showed
that SIRT7 could directly affect cell cycle–related genes
and the G2/M checkpoint, which further illustrates the
role played by SIRT7 in the proliferation of SCAPs.
174
7

Fig 3 Significantly changed pathways. Based on the KEGG database, pathways with P < 0.05 and
FDR < 0.05 were identified as significantly changed. (a) Significantly
downregulated pathways targeted
by SIRT7sh SCAP compared to
control SCAP. (b) Significantly
upregulated pathways targeted by
SIRT7sh SCAP compared to control SCAP. The y-axis shows significantly changed pathways and
the x-axis shows the −LgP. A larger
−LgP indicates a smaller P value.

Some recent studies have established the emerging
role played by SIRT7 in age-related processes. On one
hand, SIRT7 has been found to be directly related to
senescence, illustrated by the fact that SIRT7 knockout
mice had a shorter lifespan and SIRT7 expression was
reduced in aged HSCs9,28. On the other hand, overexpression of SIRT7 delayed stress-induced premature
senescence when responding to external stress signals29.
SIRT7 was also reported to be regulated by miR-152 in
DPSC senescence10. In the present study, SIRT7 silencing greatly decreased the expression of CISD2 and
CDK2AP1, both of which play important roles in senescence. CISD2, an evolutionarily conserved novel gene,
encodes a transmembrane protein primarily associated
with the mitochondrial outer membrane. CISD2 deficiency in mice caused mitochondrial breakdown and
premature ageing30,31. However, in CISD2 transgenic
mice, a persistent level of CISD2 expression gave the
mice a long-lived phenotype that was linked to extending healthy lifespan and delaying age-related diseases32.
It was therefore speculated that SIRT7 may influence
SCAP senescence through the regulation of CISD2
expression. CDK2AP1 also showed a correlation with
stem cell differentiation and selff renewal. Knockdown
of CDK2AP1 in cells resulted in a significant reduction in the expression of pluripotency genes, increased
expression of p53 and enhanced differentiation capacity, which may cause premature senescence33-35.
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c

d

Fig 4 GSEA of the co-expressed genes. (a) G2/M GSEA. (b) MYC GSEA. (c) TGF-ȕ pathway GSEA. (d) Cytokine–cytokine receptor interaction GSEA.

Conclusion
Based on these results, it is speculated that SIRT7 may
play an important role in SCAP senescence. In addition, the effect of SIRT7 on cell differentiation was also
addressed. SIRT7 activation can improve the regenerative
capacity of aged HSCs36. SIRT7 also negatively regulated the osteogenic capacity of hBMSCs11. SIRT7 knockout mice, meanwhile, developed severe osteopenia, and
SIRT7 positively enhanced the osteogenic potential of
mouse osteoblasts37. In the present study, genes related to
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cell differentiation, such as TRIB3 and CDK2AP133,38,
were involved, indicating that SIRT7 may play a role in
regulating the differentiation of SCAPs.
This study provides some indications of the impact of
SIRT7 on SCAPs; however, further study is needed to
explore its specific function and mechanism in SCAPs.
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