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ABSTRACT

Sirtuins regulate a variety of cellular processes through protein deacetylation. The best-known
member of mammalian sirtuin family, Sirt1, plays important roles in the maintenance of cellular
homeostasis by regulating cell metabolism, differentiation and stress responses, among others.
Sirt1 activity requires tight regulation to meet specific cellular requirements, which is achieved at
different levels and by specific mechanisms. Recently, a regulatory loop between Sirt1 and
another sirtuin, Sirt7, was identified. Sirt7 inhibits Sirt1 autodeacetylation at K230 and activation
thereby preventing Sirt1-mediated repression of adipocyte differentiation by inhibition of the
PPARy gene. Here, we extend the regulatory complexity of Sirt7-dependent restriction of Sirt1
activity by demonstrating that Sirt7 reduces activation of a previously described prominent Sirt1
target, the histone methyltransferase Suv39h1. We show that removal of the acetyl-group at K230
in Sirt1 due to the absence of Sirt7 leads to hyperactivation of Sirt1 and thereby to constantly
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increased activity of Suv39hi.

Introduction

Sirtuins are highly conserved protein deacetylases
that perform crucial regulatory tasks to maintain
cellular homeostasis. In mammals, seven sirtuins
(Sirtl - Sirt7) have been identified which are
involved -among other processes- in the regulation
of cellular metabolism, proliferation, differentia-
tion, and responses to stress signals [1,2].
Regulation of such different biological functions
is mediated by deacetylation of critical cellular
targets such as p53, FOXO and other transcription
factors and enzymes as well as by the control of
chromatin dynamics in response to internal or
external stimuli. Sirtuins deacetylate histones HI,
H3, H4 at different lysine residues thus contribut-
ing to gene silencing and heterochromatin forma-
tion [2-5]. Sirtuins also control activation of
histone modifiers such as methyltransferases and
acetyltransferases, thereby regulating a complex
network promoting chromatin compaction [3].
Sirtl exerts many effects that are beneficial for
cellular survival such as improving metabolism,
strengthening stress resistance and securing gen-
ome integrity [2,6-8]. In general, Sirtl is believed

to promote organismal health and delay aging.
Inactivation of Sirtl results either in embryonic/
early postnatal lethality or - in the small percen-
tage of surviving individuals - in premature aging.
Correspondingly, increased Sirtl expression pro-
motes healthy aging [9-13]. However, Sirtl over-
expression and/or increased activity seem to exert
beneficial effects when restrained to a relatively
narrow range. Only moderate Sirtl overexpression
prevents heart pathologies, whereas high-level (12-
times the endogenous expression level) expression
is detrimental for cardiac physiology [14,15]. Thus,
tight regulation of Sirtl activity is a prerequisite to
maintain cellular homeostasis. Sirtl expression
and activity are regulated at the transcription
level, via mRNA stability and by several posttran-
slational modifications of the Sirtl protein [16-
18]. Recently, activation of Sirtl by autodeacetyla-
tion at the lysine residue K230 was also documen-
ted [19], which is negatively regulated by another
member of the sirtuin family, Sirt7. Absence of
Sirt7 leads to hyperactive, deacetylated Sirtl caus-
ing lipodystrophy in Sirt7 knockout mice due to
repression of the PPARy gene [19].
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Here, we describe another consequence of Sirtl
inhibition by Sirt7. We demonstrate that the pre-
sence of hyperactive Sirtl in Sirt7 deficient cells
leads to permanent activation of the histone
methyltransferase Suv39hl, a known target of
Sirtl [20], which subsequently results in higher
histone 3 lysine 9 trimethylation (H3K9me3)
levels within the repetitive pericentromeric
heterochromatin.

Results

Sirt7 forms a molecular complex with the histone
methyltransferase Suv39h1i

We have previously reported that Sirt7 interacts
with and inhibits the Sirtl-mediated repression of
PPARYy gene expression in adipocytes [19]. In con-
trast, Sirt7 promotes Sirtl binding to rDNA
together with DNA methyltransferase 1 (DNMT1)
for induction of heterochromatin formation [21].
To further elucidate the role of Sirt7 on Sirtl, we
wanted to explore whether Sirt7 also controls other
Sirtl effects on heterochromatin. Interestingly, in
an overexpression system, we observed that Sirt7
co-immunoprecipitates with the histone methyl-
transferase Suv39h1 (Figure 1(A)), which is bound
and activated by Sirtl [20,22] suggesting formation
of a tripartite Sirt7/Sirt1/Suv39hl complex. Co-
immunoprecipitation experiments in primary
mouse embryonic fibroblasts (MEFs) confirmed
that endogenous Sirt7 and Suv39hl form a mole-
cular complex (Figure 1(B)). Co-expression of Sirt7
and Suv39hl in U20S cells followed by immuno-
fluorescence staining confirmed that Sirt7 and
Suv39hl co-localize in defined subcellular regions
(Figure 1(C)).

The activity of Suv39h1 is increased in Sirt7
deficient cells

To understand the consequences of increased
Sirtl activity due to the absence of Sirt7, we
tirst determined Suv39h1 activity in Sirt7 knock-
out cells by immunofluorescence staining of the
Suv39hl substrate H3K9me3. H3K9me3 levels
were clearly increased in Sirt7 knockout MEFs
(Figure 2(A)) together with a higher number of

HP1 alpha foci (HPla), a known component of
constitutive heterochromatin (Figure 2(B)).
Notably, Sirt7 KO cells showed a disrupted
nucleolar structure as visualized by staining for
the nucleolar marker nucleophosmin (NPM),
consistent with previous reports (Figure 2(A)
[21];). To investigate whether the higher level
of H3K9me3 observed in Sirt7 knockout cells is
indeed due to increased activity of Suv39hl, we
performed Suv39hl and Sirt7 knock down
experiments and western blot analyzes in U20S
cells. As expected, we observed that shRNA-
mediated depletion of Suv39h1l decreased H3K9
trimethylation (Figure 2(C)). In contrast, intro-
duction of Sirt7 shRNA led to a significant
increase of H3K9me3 levels (Figure 2(C)),
which was reverted by expression of shRNA
against Suv3%hl in Sirt7 knock down cells
(Figure 2(C)), thus demonstrating that a higher
Suv39hl activity is responsible for elevated
H3K9me3 levels in Sirt7 deficient cells. The
fact, that Suv39hl expression level was not sig-
nificantly affected by knockdown of Sirt7 (see
the quantification in Figure 2(C)) additionally
supports the presence of higher Suv39hl cataly-
tical activity in Sirt7 depleted cells.

Sirt1 deacetylation and hyperactivation enhance
Suv39h1 enzymatic activity in Sirt7 deficient cells

Since Sirtl positively regulates Suv39hl activity
[20] and Sirt]l becomes autodeacetylated at K230
and hyperactive in Sirt7 deficient cells [19], we
speculated that hyperactivation of Sirtl plays the
decisive role for increased Suv39hl activity in
Sirt7 depleted cells. To corroborate this assump-
tion, we expressed different combination of
Sirtl, Sirt7 and Suv39hl in HEK293T cells and
monitored H3K9me3 levels. We found that Sirtl
together with Suv39hl increased Suv39hl-
dependent H3K9 methylation while addition of
Sirt7 prevented this increase (Figure 3(A)). Since
we previously attributed Sirtl hyperactivity in
Sirt7-deficient adipocytes to Sirtl K230 autodea-
cetylation [19], we assumed that deacetylated
Sirtl might acquire a higher affinity to Suv39hl
and thereby more efficient Suv39hl activation.
Transfection of Sirtl acetylation (Sirtl K230Q)
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Figure 1. Sirt7 forms a complex with Suv39h1. (A) HEK293T cells were transfected with EGFP-Suv39h1 and Flag-Sirt7 constructs,
harvested 48 h post-transfection and subjected to immunoprecipitation using an anti-EGFP antibody or a non-immune IgG as
negative control, as indicated. The experiments were performed in presence of benzonase (0.15 U/uL) to degrade nucleic acids
(upper panel). The inputs are shown in the lower panel. A representative picture of 3 independent experiments is shown. Antibodies
used for WB analysis are indicated on the left. (B) Primary MEFs were immunoprecipitated as in (A) using anti-Suv39h1 antibody or
IgG as a negative control. The immune-complexes were resolved by western blot and reacted with anti-Sirt7 and anti-Suv39H1
antibodies as indicated (upper panel). The inputs are shown in the lower panel. A representative image of 3 independent
experiments is shown. (C) Co-localization of Myc-Suv39h1 and YFP-Sirt7 in U20S cells. U20S cells were subjected to immunofluor-
escence staining 48 h post-transfection. Pictures were captured with a Sp8 confocal microscope (Leica). Scale bar 10um.

and deacetylation (K230R) mimicking mutants,
and wildtype Sirtl in HEK293T cells validated
this assumption. We observed by co-immuno-
precipitation that the hyperactive K230R

deacetylation mimicking Sirt] mutant interacted
much more strongly with Suv39hl compared to
the Sirtl K230Q mutant, which mimicks acetyla-
tion (Figure 3(B)).
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Figure 2. Inactivation of Sirt7 increases Suv39h1 activity. (A, B) Increased levels of H3K9me3 (A) and HP1a (B) in Sirt7 knockout MEFs
(Sirt7 KO) visualized by immunofluorescence. Nucleoli were visualized by nucleophosmin (NPM) staining (A). Scale bars 10um.
Quantifications are shown in the panel on the right. (C) Western blot analysis of increased H3K9me3 levels indicates increased
Suv39h1 activity after stable knockdown of Sirt7 in U20S cells. Quantifications of H3K9me3 (upper panel) and Suv39h1 (lower panel)
levels are shown on the right. Note that the increased H3K9me3 level in Sirt7 knockdown cells is reverted by knockdown of Suv39h1.
The graph represents the average + standard deviation of 4 independent experiments using four different, independently derived
stable cell lines. *p < 0.05, **p < 0.01, NS: not significant.
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Figure 3. Hyperactive Sirt1 stimulates Suv39h1 activity. (A) Western blot analysis showing that overexpression of Sirt7 in HEK293T
cells prevents Sirt1-mediated activation of Suv39h1. 48 h after transfection, cells were harvested and subjected to western blot
analysis using the indicated antibodies. A representative picture of three independent experiments is shown. The histogram
represents the quantification of H3K9me3 levels normalized to global H3 levels (H3K9me3/H3). Results were obtained from three
independent biological replicates. *p < 0.05, **p < 0.01. (B) Western blot analysis showing that hyperactive Flag-Sirt1 K230R mutant
binds endogenous Suv39h1 with high affinity while the Flag-Sirt1 K230Q mutant binds only weakly. Flag-tagged proteins were
isolated from the HEK293T cells 48 h after transfection and analyzed by western blot with the indicated antibodies (upper panel).
Inputs are shown in the lower panel. A representative picture of three independent experiments is shown. (C) ChIP analysis of
H3K9me3 and total histone 3 (H3) at Sat2 elements indicates increased Suv39h1 activity after stable knockdown of Sirt7, which is
then counteracted by the additional knockdown of Sirt1 in U20S cell lines (left side). No significant changes in global H3 levels are
apparent. The graph represents the average of 6 independent ChIP experiments for H3K9me3 and 3 independent experiments for
total H3. For each ChIP experiment the qPCR reaction was performed in triplicate. **p < 0.01, NS: not significant. Western blot
analysis demonstrated efficient knockdown of Sirt1 and Sirt7 (right side). No significant difference in Suv39h1 expression was
observed between the scramble and stable knockdown cells.
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Inactivation of Sirt1 in Sirt7 depleted cells
restores normal levels of H3K9me3

Our results suggested a repression of Sirtl activity
by Sirt7 to maintain normal levels of H3K9 methy-
lation within the pericentric chromatin. To directly
demonstrate the impact of Sirt1-Sirt7 interactions
on heterochromatin, we inactivated Sirtl in Sirt7
depleted cells and analyzed the extent of H3K9
methylation in satellite DNA (Sat2; which is a part
of the pericentric chromatin) by chromatin immu-
noprecipitation (ChIP; Figure 3(C)). We found that
H3K9me3 level strongly increased upon Sirt7
depletion while Sirtl inactivation prevented this
effect (Figure 3(C)). Notably, we did not observe
significant changes in the global levels of histone 3
(H3, Figure 3(C)) excluding the possibility that the
higher levels of H3K9me3 at the Sat2 elements
observed in Sirt7 deficient cells were a consequence
of an altered content of H3. Additional experiments
in Sirt7 knockout MEF cells yielded very similar
results. The inhibition of Sirtl with Ex-527, which
specifically inhibits Sirtl activity at nanomolar con-
centrations without affecting other sirtuins [23],
restored normal H3K9me3 levels in Sirt7 KO cells
compared to DMSO treated cells (Figure 4(A)).

Discussion

Protein modification by acetylation/deacetylation is
- similarly to phosphorylation/dephosphorylation -
a frequently used mechanism to regulate functions of
proteins [24]. Numerous examples of autocatalytic
activation have been described for kinases and phos-
phatases, but only very few cases are known in which
acetyltransferases or protein deacetylases undergo
activation by autoacetylation or autodeacetylation
[25-28]. Recently, we defined an autodeacetylation
activity for Sirtl, which is inhibited by Sirt7. Sirtl
acquires higher catalytic activity to deacetylate dif-
ferent protein targets when autodeacetylated at
lysine residue K230. Most importantly, using acety-
lation and deacetylation mimicking Sirt] mutants,
we demonstrated that Sirtl autodeacetylation
increases binding to Suv39hl thus enabling more
efficient Suv39h1 activation. Hyperactive Sirtl very
efficiently inhibits adipocyte differentiation by
supressing the PPARy gene [19], which explains
why Sirt7 knockout mice are characterized by reduc-
tion of white adipose tissue depots [19]. We became

interested to know whether disruption of the cross-
talk between Sirtl and Sirt7 has additional conse-
quences. Here, we demonstrated that Sirt7 inhibits
Sirtl autodeacetylation to restrict Sirtl-dependent
activation of Suv39hl thereby preventing abnor-
mally elevated Suv39h1-dependent H3K9 trimethy-
lation levels (4(Ba)). Sirt7-mediated repression of
Sirtl and thereby of Suv39hl-dependent H3K9 tri-
methylation levels offers an opportunity to restrain
excessive heterochromatin formation in metabolic
conditions (i.e. increased NAD" concentrations)
favouring increased Suv39h1 activity. In the absence
of Sirt7, Sirtl is constantly deacetylated and causes
increased Suv39h1 activity at constitutive pericentric
heterochromatin resulting in high levels of
H3K9me3 and disturbed heterochromatin structure
(4(Bb)). Interestingly, the lack of Sirt7 seems to have
different effects on rDNA repeats, which contain
facultative heterochromatin [21]. At rDNA repeats
the absence of Sirt7 leads to diminished DNMT1 and
Sirtl recruitment causing chromatin relaxation and
rDNA instability (Figure 4(Bc), 4(Bd)). We reason
that such differences might be explained by the
inability of Sirtl to get recruited to rDNA repeats
in the absence of Sirt7 even when catalytically hyper-
active Sirtl is present (Figure 4(Bc), 4(Bd)) [21]. At
present the significance of such opposite regulation
of different chromatin regions remains elusive but is
obviously biologically important, as illustrated by
alterations of both constitutive and facultative
nucleolar rDNA heterochromatin in Sirt7 knockout
cells.

The nuclear sirtuin Sirt6 was recently shown to
promote pericentric heterochromatin condensa-
tion and silencing of pericentric satellite repeat
elements by deacetylation of lysine 18 of H3
(H3K18 [5];). In contrast, Sirt7 did not affect
expression of satellite repeats despite the fact that
Sirt7 is able to specifically deacetylate H3K18 [4,5].
The lack of Sirt7 influence on satellite repeats
transcription is puzzling in view of the higher
Suv39hl recruitment to the pericentric hetero-
chromatin demonstrated in our paper and requires
further investigation. Although there is at present
no specific hint that Sirt7 regulates Sirt6 activity
directly, both deacetylases share several potential
targets implying functional links [29]. Hence, it
will be interesting to study the interactive network
constituted by Sirtl, Sirt6 and Sirt7, which is based
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Figure 4. Inactivation of Sirt1 in Sirt7 knockout cells abolishes hypermethylation of H3K9. (A) Western blot analysis showing levels of
Suv39h1 and H3K9me3 in wildtype (WT) and Sirt7 knockout MEFs (Sirt7 KO) untreated or treated with 10nM of Sirt1 specific inhibitor
Ex-527 for 24 h. The quantification of H3K9me3 in relation to global H3 levels is presented in a histogram below. n = 3; *p < 0.05. (B)
Schemes depicting the putative mechanisms of Sirt7-mediated regulation of Sirt1. See text for explanation.

on direct interactions and shared targets, on the
structure and compaction of the pericentric het-
erochromatin. Further experiments are needed to
delineate the exact mechanisms and effects of each
sirtuin on the pericentric chromatin.

Aberrant pericentric heterochromatin organiza-
tion has been recognized to contribute to genomic
instability, ageing and cancer progression [30-33].
It will be important to further investigate how the
disrupted heterochromatin in Sirt7 deficient cells
influences these processes. For instance, it has

been proposed that loss of pericentromeric hetero-
chromatin in cancer promotes chromosome
instability [32]. Sirt7 is upregulated in different
types of human cancers where it correlates with a
more aggressive phenotype and poor prognosis
[34]. We might assume that elevated Sirt7 levels
inhibit Sirtl-mediated heterochromatin formation
at pericentric regions thereby contributing to glo-
bal genomic instability in cancer cells. On the
other hand, more compact constitutive hetero-
chromatin, observed in Sirt7 deficient cells, might
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prevent opening of chromatin regions that are in
need for DNA repair causing accumulation of
DNA damage and accelerated aging. In fact, recent
evidence points to the importance of temporary
chromatin relaxation even within highly com-
pacted constitutive heterochromatin to allow
DNA repair during stress responses [35]. The
clear increase of constitutive heterochromatin in
Sirt7 mutant cells seems to be in contrast to
increased relaxation of facultative rDNA hetero-
chromatin, which is also apparent in Sirt7 KO
cells. Relaxation of rDNA heterochromatin causes
loss of rDNA repeats and might eventually result
in genomic instability, a condition promoting cel-
lular aging [21]. Hence, a pivotal role of Sirt7 for
controlling genomic stability emerges, although
the mechanisms by which this effect is achieved
differ between different chromosomal locations.

Numerous reports described the need for a
tight regulation of Sirtl activity to maintain
healthy cellular physiology, which occurs at dif-
ferent levels and by different mechanisms. A
recent example is the reciprocal regulation of
Sirtl and the circadian clock protein Per2,
which is part of the PER complex involved in
histone acetylation and methylation. In the
absence of Per2, Sirtl cannot be efficiently
downregulated and vice versa, leading to dysre-
gulation of Sirtl-dependent processes and accel-
eration of aging [36]. Here, we described a
critical role of Sirt7 in the regulation of Sirtl
that plays important roles for the maintenance
of cellular homeostasis and for prompt cellular
responses to adapt to changing environmental
conditions. Such cellular responses require fast
regulation of stress-dependent factors, such as
sirtuins. We reason that acetylation/deacetyla-
tion is a key element of adaptive cellular pro-
cesses. Suboptimal stress responses might
promote gradual accumulation of damage and
cause premature aging.

Materials and methods
Cell culture and transfection

Primary mouse embryonic fibroblasts (MEFs)
were obtained and cultured as described [21].
HEK 293T and U20S cells were cultured in

4.5 g/L glucose DMEM medium (Sigma-Aldrich)
supplemented with 10% fetal calf serum (Sigma-
Aldrich), 100U/ml penicillin, 0.1 mg/ml strepto-
mycin and 2 mM glutamine (Sigma-Aldrich) at
37°C in a humidified atmosphere with 5% CO,.
HEK293T cells were transfected using the calcium
phosphate method [37]. U20S cells were trans-
fected using TurboFect reagent (Thermofisher).

Plasmids

C-terminal Flag-tagged human Sirt7 was cloned
into the pcDNA 3.1+ vector (Invitrogen).
C-terminal EGFP-tagged mouse Suv39hl was
cloned into the pcDNA4/to vector (Invitrogen).
N-terminal 6x myc-tagged mouse Suv39hl was
cloned into the pCS2+ vector (RZPD). Wild type
Flag-Sirtl construct has been described [19]. The
Flag-Sirtl K230R and Flag- Sirtl K230Q mutants
were obtained from the wild type Flag-Sirtl
using QuickChange site-directed mutagenesis
kit (Stratagene). C-terminal 3x HA-tagged
mouse Sirtl was cloned into the pCMV-Sport6
plasmid (Invitrogen).

Co-immunoprecipitation and Western blotting

Co-immunoprecipitation experiments were per-
formed as described [19,21] in presence of
0.15 U/pL of benzonase (Sigma-Aldrich) using
ANTI-FLAG® M2 Affinity Gel (Sigma-Aldrich)
followed by elution with FLAG®-peptide (Sigma-
Aldrich) or with Anti-Tag (CGY)FP (Evrogen)
and anti-Suv39hl antibody (Novus Biologicals),
as indicated. Western blotting was performed as
described [19] using the following primary anti-
bodies: ANTI-FLAG® M2 (Sigma-Aldrich), Anti-
Tag (CGY)FP (Evrogen), Anti-Sirt7 (Cell
Signaling Technology), Anti-Sirtl (Cell Signaling
Technology), Anti-H3K9me3 (Abcam), Anti-
RalA (BD Trans. Laboratories; R23520), Anti-
Histone 3 (Cell Signaling Technology), anti-
HA.11 Tag antibody (Biolegend), anti-Suv39hl
(Cell Signaling Technology), and anti-Suv39hl
(Novus Biologicals). Quantification of the inten-
sity of western blot signals was achieved using
Image Lab™ 5.0 software (Bio-Rad).



Immunofluorescence analysis

Immunofluorescence analysis was performed as
previously described [19] using the following
primary  antibodies:  anti-Myc-Tag  (Cell
Signaling Technology), anti-NPM/B23 (Santa
Cruz Biotechnology), anti-H3K9me3 (Abcam),
and anti-Heterochromatin Protein-1 a (HPla)
(Millipore).

Generation of stable cell lines

Stable U20S cells expressing lentivirus-driven
shRNAs were generated as described [21]. The fol-
lowing shRNAs inserted into the pLKO.1 backbone
vector (Sigma-Aldrich) were used: scramble shRNA:
5"-CCGGCAACAAGATGAAGAGCACCAACTC
GA

GTTGGTGCTCTTCATCTTGTTGTTTTT),
human Sirt7 shRNA: 5'-CCGGGTCCAGCCTGA
AGGTTCTAAACTCGAGTTTAGAACCTTCAG-
GC

TGGACTTTTTG-3". In addition, the following
shRNAs inserted into the pGIPZ backbone vector
(Dharmacon) were used: scramble shRNA: 5'-TG
CTGTTGACAGTGAGCGATCTCG

CTTGGGCGAGAGTAAGTAGTGAAGCCAC-
AGATGTACTTACTCTCGCCCAAGCGAGAGT-
GCCTACTGCCTCGGA-3’, human  Suv39hl
shRNA: 5'- TGCTGTTGACAGTGAGCGACGGG
CCTTCGTGTACATCAATTAGTGAAGCCACA-
GATGTAATTGATGTACACGAAGGCCCGCT-
GCCTACTGCCTCGGA-3’, human Sirtl shRNA:
5'- TGCTGTTGA

CAGTGAGCGAGGTGATGAAATTATCACTA-
ATTAGTGAAGCCACAGATGTAATTAGTGATA-
ATTTCATCACCGTGCCTACTGCCTCGGA-3".

Chromatin immunoprecipitation (ChIP)

ChIP experiments were performed and analyzed as
already described [38] using an anti-H3K9me3 or
anti-H3 antibody (Abcam). Immunoprecipitated
chromatin was analyzed with primers for human
satellite 2 DNA repeats (Sat2 forward: 5-CATC
GAATGGAAATGAAAGGAGTC-3' and  Sat2
reverse:  5'-  ACCATTGGATGATTGCAGTC
AA-3".
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Statistical analysis

Data are expressed as the mean * standard deviation
of at least 3 independent biological replicates.
Statistical significance was assessed by Student’s t-test.
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