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Mammalian sirtuins, Sirt1 – Sirt7, are recently discovered regulatory proteins, which
play decisive roles in cellular metabolism, stress resistance, and proliferation. Sirtuins
are homologs of the founder member of the sirtuin family, the yeast Sir2. Sir2 encodes
a NAD+-dependent histone deacetylase and its overexpression extends the lifespan
through silencing of specific chromatin regions. Lifespan extension by Sir2 homologs
was also demonstrated in more complex species such as C. elegans and D.
melanogaster. A longevity function has been also postulated for mammalian sirtuins,
however definitive proof is still lacking. Here, we have investigated the role of the
mouse Sirt7 in the control of cellular growth and proliferation. Using Sirt7 knockout
and overexpressing cells we demonstrate an anti-proliferative role of Sirt7. We also
show that Sirt7 expression inversely correlates with the tumorigenic potential of
several murine cell lines. Considering the known role of Sirt7 as an activator of rDNA
transcription we propose that Sirt7 may enable cells to sustain critical metabolic
functions by inhibiting cell growth even under severe stress conditions. We conclude,
that these Sirt7 functions may improve tissue integrity in aged animals.
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INTRODUCTION

Sirtuins in mammals constitute a family of seven genes (Sirt1 – Sirt7) and are
often referred in literature as so called “longevity molecules”. Indeed, an
increased activity of the founder member of this family, the yeast Sir2, increases
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the lifespan. Overexpression of Sir2 homologous genes in C. elegans (Sir2.1) and
in Drosophila (D. mel. 1) also extends the lifespan of these organisms (1). Yeast
Sir2 stands for silent information regulation 2 and encodes a NAD+-dependent
histone deacetylase, which silences specific chromatin regions within the yeast
genome. Although a longevity promoting function was not clearly demonstrated
for the mammalian sirtuins, accumulating data indicate critical roles of these
molecules in controlling cellular proliferation, cell cycle, cellular metabolism as
well as their important influence on tumor development (1, 2). There is growing
interest in resolving the function of mammalian sirtuins and their potential role in
preventing age-dependent physiological deterioration. However, the mechanisms
how sirtuins may promote longevity and thus also protect against cancer, one of
the most common age-dependent diseases, remain unresolved. Moreover,
controversial data suggest that sirtuins may not only prevent but also promote
cancer. Sirt1 can slow-down proliferation and activate stress defense mechanisms
and DNA-repair, thus allowing time and means to the cell for preservation of the
genomic integrity. On the other side, it was observed that certain cancer types
become “addicted” to Sirt1 overexpression. In such cancers Sirt1 seems to
improve tumor growth and prevent drug resistance (2-5).

Sirt1 deacetylates not only lysine residues of histones H1, H3 and H4, but also
those of non-histone proteins, such as p53, FoxO proteins, Ku70, and others. Sirt1
targets are regulators of cell survival, anti-oxidative stress, DNA-repair,
inflammation, and metabolism (1). Examples of Sirt1 molecular function include
inhibition of the transcritptional regulatory potential of the pivotal cellular regulator
p53 by its deacetylation. A diminished p53 activity increases cellular resistance
against apoptosis and thus prevents cell loss under stress (6, 7). However, at the
same time, cell division could proceed without the proper repair of DNA, and
accumulating mutations could lead to genomic instability and tumor development.

We have concentrated on the functional analysis of the least investigated
member of the mammalian sirtuin family, Sirt7. Sirt7 knockout mice display a
premature aging-like phenotype and have a reduced mean and maximal life span
of approximately 50% (8). Here we present an analysis of Sirt7 influence on cell
survival and cell cycle control using Sirt7 overexpression in cell culture and
mouse embryonic fibroblasts (MEFs) derived from Sirt7 knockout animals. Our
data suggest that Sirt7 inhibits proliferation and promotes cell cycle arrest.

MATERIALAND METHODS

Cells and culture conditions
Mouse embryonic fibroblasts (MEFs) were isolated from Sirt7-/- and wild type embryos at

embryonic day 14.5 according to standard protocols. Cell lines were purchased from the American
Type Culture Collection (ATCC). The study was approved by Local Ethical Committee of Max-
Planck-Institute in Germany.
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Cells were grown in presence of 20% O2 and 5% CO2 at 37°C in humidified chambers.
Adriamycin, pifithrin and hydrogen peroxide were added to the culture medium for the time period
of 24 h and at final concentrations of 1.5 µg/ml, 5µM and 1mM respectively.

Cell viability assay
For all experiments, cells were cultured in 24-well dishes. After reaching the 70% confluency

cells were treated with adriamycin (1.5 µg/ml) or hydrogen peroxide (1mM) for 24 h. Subsequently,
the cells were incubated in 100 µl of MTT solution (1mg/ml, Sigma M-2128) for 4h at 37°C. Then
media were changed to DMSO/EtOH (1:1) solution. Plates were incubated for further 20 min at RT
with constant agitation. 200 µl of each sample were measured at 550 nm as test wavelength and at
630 nm as the reference wavelength using Spectra Image Photometer (Tecan).

Sirt7 expression construct
1.7 kb DNA fragment containing the full-length Sirt7 cDNAwas cloned into the plasmid vector

(gene bank number: u71441) between 6 myc-tag sequences and the IRES-EGFP sequences.

Apoptosis
Apoptotic rate in cultured MEFs was measured using Cell Death Detection ELISA kit (Roche).

FACS analysis
Trypsinized cells were fixed with 70% EtOH, stained with propidium iodide and analyzed using

ModFit LT software.

Colony forming efficiency assay (CFE)
10T1/2 fibroblasts were transfected with pIRES-EGFP/neo or pSirt7-IRES-EGFP/neo

constructs, using Fugene6 reagent (Roche). Two days after transfection, cells were placed in
selection medium containing geneticin (1.2 mg/ml) for 14 days. The cells were then fixed with 4%
PFA, stained with hematoxylin, and counted. Formed colonies were separated in 2 groups according
to the size (1-3 mm and 4-6 mm). CFE reduction was calculated using the following formula:

% CFE-reduction = 100 – [( np / nc ) x 100]
where np is a number of pSirt7-IRES-EGFP formed colonies and nc corresponds to pIRES-EGFP

(control) colonies.

Quantitative real time PCR
Total RNA was isolated using the Trizol method and Q-RT-PCR was performed as described

(9). Following primer sequences were used: Sirt7: 5’-CCCCGGACCGCCATCTCA-3’ and 5’-
ATCTCCAGGCCCAGTTCATTCAT-3’; Sirt1: 5’-TCCTTGGAGACTGCGATGTT-3’ and 5’-
ATTGTTGTTTGTTGCTTGGTCTAC-3’; GAPDH-1: 5’-ACCACAGTCCATGCCATCAC-3’ and
5’-TCCACCACCCTGTTGCTGTA-3’

Gene reporter assays
Constructs containing p53, c-myc, E2F and pRb responsive elements upstream of a luciferase

reporter gene were obtained from Clontech (Pathway Profiling System) and transfected into
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HEK293 cells. 24h after transfection luciferase activity was estimated according to manufacture’s
protocol. All measurements were normalized to the internal ß-galactosidase levels.

RESULTS

Sirt7 knockout MEFs show higher viability than control wild type MEFs
In order to investigate whether Sirt7 affects cell survival we established

several MEF cells from Sirt7 deficient, Sirt7 heterozygous and wild type mice
and analyzed cell viability. Since we did not observed any differences between
the heterozygous and wild type cells they are jointly referred to as control cells in
the further course of this manuscript. Interestingly, under standard culture
conditions Sirt7 knockout MEFs showed a slight but significant increase in
viability (Fig. 1A, control). Even when cells were exposed against oxidative
stress, the viability rates were still higher for the Sirt7 knockout than for the
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Fig. 1. Viability and induction of apoptosis in Sirt7 deficient mouse embryonic fibroblasts (MEFs).
A. Sirt7 -/- and control MEFs were cultured under standard conditions and their viability estimated
by MTT assay. B. Sirt7 -/- and wild type MEFs were treated with adriamycin and adriamycin
together with pifithrin and scored for apoptosis. Mean values of at least three individual
experiments are presented; * P < 0.001; ** P < 0.05.



control cells (Fig. 1A, H2O2). In contrast, treatment with genotoxic drug
adriamycin diminished survival of Sirt7 -/- cells more strongly than control cells
(Fig. 1A, adriamycin). The lower viability of Sirt7 -/- cells under genotoxic stress
could be explained by a presence of a hyperactive, acetylated p53 protein, which
induces apoptotic response after adriamycin exposure (10, 11). In fact, we
observed higher levels of p53 acetylation in several tissues and cells derived from
Sirt7 lacking mice (8; our unpublished data). Adriamycin treatment induced an
approximately 3 fold higher level of apoptosis in Sirt7 -/- MEFs than in the
control (Fig. 1B). Such massive apoptosis induction masked the higher viability
potential of Sirt7 -/- cells so that less Sirt7 -/- cells survived under adriamycin
exposure (Fig. 1A, adriamycin). In contrast, H2O2 treatment induced generally
lower levels of apoptosis under our experimental conditions and thus the survival
advantage was still preserved in Sirt7 deficient MEFs (Fig. 1A, H2O2, and results
not shown). To definitely prove, whether the higher incidence of apoptosis was
p53 dependent, the cells were exposed to adriamycin with a simultaneous
addition of p53 inhibitor, pifithrin. As shown in Fig. 1B, inhibition of p53 caused
a dramatic increase in apoptosis of control MEFs but did not further affected the
Sirt7 -/- cells. This finding supports the presence of a hyperactive p53 protein in
Sirt7 deficient cells.
Higher contribution of Sirt7 knockout MEFs to S and G2/M cell cycle phase

To get more insight into the role of Sirt7 in cell viability we investigated a
possible involvement of Sirt7 in regulation of the cell cycle. We analyzed the
contribution of Sirt7 -/- and control cells into G1, S, and G2/M phases of the cell
cycle using FACS analysis. However, under standard culture conditions no
statistically significant differences in the distribution of Sirt7 -/- and control cells
to different cell cycle phases were observed (Fig. 2). Yet, after treatment with
adriamycin significantly more Sirt7 -/- MEFs were found to be confined to the S
and G2/M phases of the cell cycle than the control cells (Fig. 2). This effect could
be reinforced by an addition of p53 inhibitor, pifithrin, along with adriamycin
(Fig. 2). Thus, at least at certain conditions, Sirt7 deficiency promotes entering
into the S and G2/M phases of the cell cycle.
Sirt7 overexpression inhibits cell growth and proliferation

As our analysis of Sirt7 deficient MEFs suggested that Sirt7 has a potential to
inhibit proliferation, we wanted to prove more directly, whether overexpression
of Sirt7 can restrain cell growth. 10T1/2 fibroblasts were transfected with Sirt7-
expressing construct, and stable cell lines overexpressing Sirt7 were established.
Ectopic Sirt7 expression was confirmed by EGFP immunofluorescence, since
EGFP protein was co-expressed with Sirt7 (see material and methods). Stable
Sirt7 overexpressing cells were screened for colony forming efficiency (CFE). As
expected, Sirt7 overexpression resulted in slowing-down of the growth of cell
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colonies. Cells overexpressing Sirt7 formed significantly less colonies (Fig. 3). In
addition, the size of colonies expressing Sirt7 was smaller than that of colonies
formed by control cells (Fig. 3). Overexpression of Sirt7 resulted in a 27%
reduction of the number of forming colonies, while reduction of the colony size
was of 17%.
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Fig. 2. Different confinement of Sirt7 -/- and wild type MEFs to cell cycle phases. Examples of
FACS analyses for both cell types are presented. The cells were cultured under standard conditions
without further treatment (control) or treated as indicated on the left. Below mean values derived
from three independent experiments are shown in a diagram. Blue indicates S, grey G2/M, and
black G1 phase of the cell cycle.



Sirt7 expression is reduced in several cancerogenic cell lines
The finding that Sirt7 delays cell growth suggested that Sirt7 expression might

decrease during tumorigenesis. However, against this expectation, an increased
Sirt7 expression was reported in thyroid and breast carcinomas (see discussion).
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Fig. 3. Lower colony forming efficiency of Sirt7 overexpressing cells. 10T1/2 fibroblasts were stably
transfected with Sirt7 expression construct (pSirt7-IRES-EGFP) or with vector alone (pIRES-EGFP).
Upper pictures show examples of HE-stained colonies build by control and Sirt7 overexpressing cells.
Note the lower number and size of Sirt7 overexpressing cell colonies. Lower pictures summarize
distribution of small (1-3 mm diameter, marked black) and bigger-size colonies (4-6 mm diameter,
marked grey) formed by both types of cells (expressed as the percentage of all colonies).



To investigate whether Sirt7 may be down-regulated in cells which are prone to
develop cancer, we performed Sirt7 expression analysis in several murine cell lines
of the known tumorigenic potential in comparison with non-tumorigenic cells. The
expression data are summarized in Fig. 4. It is apparent that all of the tested murine
tumorigenic cell lines: P19 (teratocarcinoma), NB41A3 (neuroblastoma),
C3H/MCA (transformed fibroblast-derived cell line) showed a decreased Sirt7
expression as compared to the control non-tumorigenic cell line C3H/10T1/2 (Fig.
4A). Most significantly, the MCA cell line represents a derivative of the non-
tumorigenic 10T1/2 fibroblasts, established after treatment of 10T1/2 cells with a
carcinogen 3- methylcholanthrene. Sirt7 expression in this particular MCA cell is
clearly decreased as compared to the expression level in the parental 10T1/2 cell
(Fig. 4A). Similarly to Sirt7, another member of the sirtuin family, Sirt1, did not
show a higher expression in the NB41A3 and MCA cells. However, Sirt1
expression was strongly increased in the teratocarcinoma cell line P19 (Fig. 4A).
Interestingly, a higher Sirt1 expression was only observed in the undifferentiated
P19 cells. Retinoic acid induced differentiation reverted Sirt1 expression in P19
cells to low levels. In contrast, Sirt7 was expressed constitutively at the low level
in P19 cells independent of their differentiation status (Fig. 4B).
Sirt7 can activate transcriptional function of c-myc and p53 proteins

In the light of previous reports on increased Sirt7 expression in thyroid and
breast cancer the here observed Sirt7-dependent inhibition of cell proliferation
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Fig. 4. Sirt7 expression is decreased in tumorigenic cell lines. A. Quantitative RT-PCR estimation
of Sirt7 (grey) and Sirt1 (black) expression levels in tumorigenic (MCA, NB41A3, P19) cell lines
as compared to control cell line (10T1/2). B. Semiquantitative RT-PCR analysis of Sirt1 and Sirt7
expression in differentiated (after retinoic acid treatment, RA+) and undifferentiated (RA-) P19
teratocarcinoma cell line. GAPDH was used as loading control.



was a rather unanticipated function. The recently demonstrated ability of Sirt7 to
activate rDNA transcription also argues for a proliferation promoting rather than
inhibiting function of Sirt7 (12). Since Sirt7 was postulated to deacetylate and
inactivate p53 (8), we asked whether Sirt7 could also influence transcriptional
function of p53. P53 is known to induce transcription of cell cycle inhibitors, such
as p21 and thus cause cell cycle arrest. In addition, we also investigated the
influence of Sirt7 on c-myc protein, a known activator of rDNA transcription (13-
15). Constructs containing p53- or myc-responsive elements and basic promoter
sequences in front of a luciferase reporter gene were transfected together with
Sirt7 expression constructs into the HEK293 cells. As shown in Fig. 5,
overexpression of Sirt7 led to 10-fold and 5-fold activation of p53- and c-myc
reporter plasmids respectively. No activation was observed, when reporter
plasmids containing E2F- or Rb-response elements were used (Fig. 5). Thus, it
can be concluded, that Sirt7 is able to activate p53- and c-myc-dependent
transcription. Transfection of constructs expressing another sirtuin involved in
cell cycle control, Sirt2 (16, 17), had no effect on reporter-genes activities.
Because Sirt2 is known to fluctuate between cytoplasm and nucleus (17), we
ensured the nuclear localization by adding the nls-sequence into the Sirt2
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Fig. 5. Sirt7 activates transcriptional targets of c-myc and p53. Luciferase activity driven by E2F,
Rb, p53, and c-myc responsive elements after transfection with indicated expression constructs (see
text). * P < 0.001.



expression plasmid (nls-Sirt2, Fig. 5). This plasmid was constitutively expressed
in the nucleus (data not shown). However, even the nls-Sirt2 expression plasmid
was not able to induce transcription of p53 or c-myc targets.

DISSCUSSION

Sirtuins constitute a vigorously investigated group of proteins implicated in
control of tumor development and aging (2, 18). The most experimental data
accumulated so far concentrates on the function of the founding member of
mammalian sirtuins, Sirt1 (18, see below). Still relatively little is known about the
role of the remaining sirtuins in these processes. In this work we analyzed
influence of Sirt7, a less investigated member of the mouse sirtuin family, on cell
growth and proliferation. Interestingly, our results demonstrate clear anti-
proliferative effects of Sirt7. The removal of Sirt7 in Sirt7 knockout mice-derived
MEFs led to an increased viability under standard culture conditions and under
oxidative stress. Moreover, a higher proportion of Sirt7 deficient MEFs was
found to be confined to the S and G2/M phases of cell cycle than control wild type
cells. In agreement with the proliferation inhibiting potential, the overexpression
of Sirt7 led to smaller number and size of Sirt7 overexpressing cell colonies as
demonstrated in colony forming efficiency assay. Furthermore, cells of
tumorigenic potential revealed lower Sirt7 expression as compared to parental,
non-tumorigenic cells.

This anti-proliferative capacity of Sirt7 is a rather unexpected finding. Sirt7
was previously demonstrated to be an activator of the rDNA transcription and
thus to promote proliferation (12). In addition, an increased Sirt7 expression was
reported for thyroid and breast cancer in human patients (19-21). How do these
finding agree with the slowing down of proliferation by Sirt7? Similar
discrepancies were already described concerning the role of Sirt1 in
cancerogenesis. Inhibition of Sirt1 by siRNA enhances proliferation of primary
human fibroblasts thus suggesting that Sirt1 might limit tumor development
(22). In fact, ectopic Sirt1 expression in mouse model of colon cancer reduced
tumor formation, proliferation, and animal morbidity (23). On the other hand,
Sirt1 has been demonstrated in multiple assays to increase cell survival. In
addition, an increased Sirt1 expression was detected in a variety of tumors
(discussed in 1, 2 and 18).

It is conceivable that Sirt7 is able to promote cellular metabolism through
direct activation of rDNA transcription (12; our unpublished observations) and
also by activating the transcriptional function of c-myc, as demonstrated in this
paper. At the same time Sirt7 may slow-down cell proliferation through activation
of cell cycle inhibitors, such as a p53 target p21 and through further as yet not
known mechanisms. Thus, in cancer cells, which lost p53 activity, increased Sirt7
expression might be important to sustain higher metabolic demands of such cells
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without affecting their proliferation potential. Inhibition of Sirt7 function in such
cells could help to eliminate them by means of “metabolic starvation”. Such
therapies could be of special interest for targeting of quiescent cancer stem cells,
which are resistant to the most anti-tumor therapies (24, 25). However, cancer
cells develop various heterogenic strategies, which render them resistant to
induction of different types of programmed cell death by anti-cancer drugs (26).
Moreover, in tumors, which still posses an active p53 protein, Sirt7 may also
support survival by inhibition of p53 function through deacetylation and thus
prevent apoptosis. Therefore, further investigations of exact roles of Sirt7 in
different types of tumors are necessary to develop well-tailored anti-tumor
therapies by modulating Sirt7 function.
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