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We investigated the role of SIRT7, one of the seven
members of the mammalian sirtuin family. We show
that SIRTY7 is a widely expressed nucleolar protein that is
associated with active rRNA genes (rDNA), where it in-
teracts with RNA polymerase I (Pol I) as well as with
histones. Overexpression of SIRT7 increases Pol I-medi-
ated transcription, whereas knockdown of SIRT7 or in-
hibition of the catalytic activity results in decreased as-
sociation of Pol I with rDNA and a reduction of Pol I
transcription. Depletion of SIRT7 stops cell proliferation
and triggers apoptosis. Our findings suggest that SIRT7
is a positive regulator of Pol I transcription and is re-
quired for cell viability in mammals.
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Transcription of rDNA by RNA polymerase I (Pol I) ac-
counts for up to 65% of total transcription in metaboli-
cally active mammalian cells (Grummt 2003). Pol I tran-
scription is highly coordinated with cellular metabolism
and cell proliferation (Grummt 1999). Nutrient starva-
tion, growth factor deprivation, DNA damage, and other
conditions that slow down cellular division decrease pre-
rRNA synthesis (Grummt 2003), whereas conditions
that stimulate cell growth and proliferation increase pre-
rRNA synthesis (Zhao et al. 2003).

The Sir2 family of enzymes, termed sirtuins, is con-
served from bacteria to humans and regulates a wide
range of biological processes such as gene silencing, ag-
ing, cellular differentiation, and metabolism (Blander
and Guarente 2004). Sirtuins contain a conserved cata-
lytic core domain conferring NAD*-dependent protein
deacetylase and ADP-ribosyltransferase activity. The
mammalian genome encodes seven homologs of SIR2,
termed SIRT1-7 (Frye 2000). Several physiological SIRT1
substrates have been identified including p53, TAF,68,
MyoD, FOXO3, PPARy, NE-kB, and HIV-TAT (Blander
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and Guarente 2004), but little is known about the bio-
logical functions of the other mammalian sirtuins. It has
been demonstrated that SIRT6 exhibits exclusively
ADP-ribosyltransferase activity (Liszt et al. 2005), and
SIRT6~/~ mice show a premature aging phenotype due
to a defect in base excision repair (Mostoslavsky et al.
2006). The functional properties of the remaining mem-
bers of the mammalian SIRT family are not known. Here
we analyze the biological function of SIRT7, the only
mammalian sirtuin that preferentially localizes to nucle-
oli (Michishita et al. 2005).

Results and Discussion

SIRT7 is a nucleolar protein that is associated with
transcriptionally active rRNA genes

SIRT7 mRNA was expressed in all mouse tissues exam-
ined, except skeletal muscle, and was most abundant in
liver (Fig. 1A). Likewise, SIRT7 mRNAs were detectable
in mouse embryos between embryonic days 7 and 17 (E7
and E17). To monitor SIRT7 protein levels, antibodies
were raised against the N terminus of mSIRT7, which is
not conserved in SIRT1-6. These antibodies specifically
recognize SIRT7, a 45-kDa polypeptide that is present in
nuclear but not cytoplasmic extracts of mouse and hu-
man cells (Supplementary Fig. S1). As shown in Figure
1B, the amount of SIRT7 was very different in individual
tissues. SIRT7 levels were extremely low in muscle,
heart, and brain (i.e., in nonproliferating tissues), but
high in metabolically active tissues, such as liver,
spleen, and testis.

Next, we investigated the subcellular localization of
human SIRT7. Both GFP-tagged SIRT7 (GFP-SIRT7) (Fig.
1C) and endogenous SIRT7 (Fig. 1D) were detected in
nucleoli colocalizing with Pol I, and the nucleolar tran-
scription activator UBF (Fig. 1D). During M phase, when
nucleoli disintegrate, SIRT7 was not retained at the
nucleolus organizer region (NOR), but remained bound
to the condensed mitotic chromatin (Fig. 1E), suggesting
that SIRT7 is associated with chromatin throughout the
cell cycle.

The nucleolar localization raised the possibility that
SIRTY7 is associated with rDNA. We therefore monitored
rDNA occupancy of SIRT7 by chromatin immunopre-
cipitation (ChIP). Cross-linked chromatin was precipi-
tated with SIRT7 antibodies, and precipitated DNA was
analyzed by PCR using primer sets that amplify the
rDNA promoter, two regions within the transcribed se-
quence of human rDNA (5-ETS and 28S rRNA coding
region), and a repeated sequence within the nontran-
scribed intergenic spacer (IGS). As shown in Figure 2A
(top panel), SIRT7 was associated with both the rDNA
promoter and the transcribed region. No signal was de-
tected in the IGS above the IgG control, suggesting that
SIRTY7 is associated with transcriptionally active rRNA
genes. In support of this, the distribution of SIRT7 on
rDNA was identical to that of Pol I as revealed by ChIP
using antibodies that recognize the second largest sub-
unit of Pol I (RPA116) (Fig. 2A, middle panel), albeit with
lower background binding than SIRT7. In contrast,
acetylated histone H4 is found bound across the entire
rDNA repeat (Fig. 2A, bottom panel). The high back-
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Figure 1. SIRTY7 is a broadly expressed nucleolar protein. (A) RNA was isolated

from the indicated tissues (left panels) and embryos (right panels) in wild-type
adult mice, resolved by electrophoresis, and subjected to Northern blotting.
Blots were probed with **P-labeled cDNA specific to SIRT7 (top panels) or actin
(bottom panels). Muscle actin found in heart and skeletal muscle samples mi-
grated as a distinct band. (B) Proteins extracted from the indicated wild-type
mouse tissues were resolved by SDS-PAGE and analyzed by Western blotting
using antibodies specific to SIRT7 (top panel) or actin (bottom panel). For each
tissue type, samples from two different mice were included. (C) Nucleolar lo-
calization of GFP-SIRT7 in live human U20S cells. (D) Endogenous SIRT7, Pol
I, and UBF were visualized by immunofluorescence microscopy in U20S cells
using a-SIRT7 (red), a-Pol I (green), and a-UBF (green) antibodies. The DNA was
counterstained with Hoechst 33342. (E) During mitosis GFP-SIRT7 is associated

SIRT7 activates Pol I transcription

The finding that SIRT7 is enriched in metaboli-
cally active tissues, interacts with Pol I, and is
mostly localized at transcribed rDNA sequences
suggests that SIRT7, unlike SIRT1 (Muth et al.
2001), may have a stimulatory rather than an in-
hibitory effect on Pol I transcription. To test this,
HEK293T cells were cotransfected with a human
rDNA reporter plasmid and an expression vector
encoding Flag-tagged SIRT7. Transcripts from the
rDNA reporter were analyzed on Northern blots.
Elevation of SIRT7 levels strongly stimulated
transcription of the reporter gene in a dose-depen-
dent manner (Fig. 3A). SIRT7 overexpression also
activated rDNA transcription in U20S and
NIH3T3 cells (data not shown) but did not en-
hance a Pol II-dependent luciferase reporter gene
(data not shown), indicating that activation is
specific for RNA Pol L

If SIRT7 is involved in activation of Pol I tran-
scription, then knockdown of SIRT7 should in-
hibit pre-rRNA synthesis. Thus, 45S pre-tTRNA
levels were measured in cells that were depleted
of SIRT7 by small interfering RNA (siRNA)-me-
diated gene silencing. Cellular SIRT7, but not ac-
tin, was drastically reduced in cells transfected

with condensed chromatin in live U20S cells stained with Hoechst 33342.

ground seen with the SIRT7 antibody leaves open
the possibility that SIRT7 is bound at low levels
to the IGS. However, the equal nonspecific signal
seen with control IgG and «-SIRT7 antibodies at
the IGS does serve as a negative control for the
specific binding of SIRT7 observed in the tran-
scribed and promoter regions of the rDNA. We
conclude that SIRT7 is associated with the rDNA
coding sequence and promoter.

To examine whether SIRT7 is part of the Pol I
complex, we monitored the association of SIRT7
with Pol I. Coimmunoprecipitation assays re-
vealed that antibodies against Pol I, but not con-
trol antibodies, coprecipitated endogenous SIRT7
from a fractionated nuclear extract (Fig. 2B, lanes
1-3). Treatment of the protein fraction used with
DNase I did not abrogate this interaction (Fig. 2B,
lanes 4-6). Likewise, Pol I was coprecipitated
with «-Flag (M2) antibodies from cells overex-
pressing Flag-tagged SIRT7 (data not shown). In-
triguingly, a significant amount of Pol I copuri-
fied with SIRT?7 after tandem affinity purification
from cells expressing TAP-tagged SIRT7 indicat-
ing that SIRT7 and Pol I were contained within a
stable protein complex (Fig. 2C). Comparison of
the amounts of purified TAP-SIRT7 (Fig. 2C, bot-
tom panel, lane 3), copurified Pol I (Fig. 2C, top
panel, lane 3), and the amount of the rele-
vant proteins in the cell lysate (Fig. 2C, lane 1)
suggested that ~25% of the SIRT7 complexes
contained Pol I. Finally, we analyzed the inter-
actions of SIRT7 with nucleosome components.
In pull-down experiments, glutathione S-transfer-
ase (GST)-SIRT7 bound all core histones isolated
from HeLa cells exhibiting a preferential associa-
tion with histones H2A/B (Fig. 2D; Supplemen-
tary Fig. S2).
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Figure 2. SIRT7 is associated with the rDNA and RNA Pol 1. (A) Results of
ChIP analysis showing the localization of SIRT7 and Pol I within the rDNA gene
repeats. Cross-linked chromatin from 293T cells was precipitated by the indi-
cated antibodies and analyzed by PCR with the indicated primer pair. (B) En-
dogenous SIRT7 interacts with RNA Pol L. Partially purified human nuclear
extract was immunoprecipitated with control nonspecific human antibodies
(lanes 2,5) and a-Pol I antibodies (lanes 3,6). Before immunoprecipitation, the
protein fraction used was treated with DNase (lanes 4-6) or left untreated (lanes
1-3). The precipitated proteins were analyzed by Western blotting with «-SIRT7
and «-RPA-116 antibodies as indicated. The input lanes contain 10% of the
protein fraction used for IP. (C) Pol I is a component of the TAP-SIRT7 complex.
U20S cell lines harboring the empty vector or TAP-SIRT7 were established.
TAP-tagged complexes were purified on IgG-Sepharose and Calmodulin-agarose
resins, and the eluted protein complexes were tested for copurifying proteins by
Western blot analysis. (Lane 1) Fifty micrograms of nuclear extract (10% of the
Input). (Lane 2) Eluate from mock-transfected cells. (Lane 3) Eluate from a cell
line expressing TAP-IRT7. The Western blot was probed with an antibody spe-
cific for RPA-116 (top panel) and a-SIRT7 (bottom panel). (D) SIRT7 interacts
with histones. Histones were isolated from butyric acid-treated HeLa cells by
ion exchange chromatography, incubated with GST-SIRT7-Sepharose and GST-
Sepharose beads. Bound proteins were eluted and separated by SDS-PAGE and
visualized by staining with Coomassie.
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Figure 3. SIRT7 is an activator of Pol I transcription. (A) Overexpression of
SIRT7 stimulates Pol I transcription from an rDNA minigene reporter. 293T
cells were cotransfected with a Pol I reporter plasmid and increasing amounts of
an expression plasmid encoding Flag-SIRT7. RNA was isolated from transfected
cells. The amount of reporter transcripts was determined by Northern blot
analysis and quantified using a Phosphorlmager. (Bottom panel) Western blot of
the transfected cells probed with a-Flag antibody. (B) Knockdown of SIRT7 by
RNAIi impairs rRNA synthesis. (Left panel) Western blot of extracts from U20S
cells transfected with control-dsRNA (lane 1) or SIRT7-specific dsRNA (lane 2).
(Right panel) Pol I transcription was analyzed by RT-PCR. RNA was isolated
from cells treated with the respective dsRNAs. Increasing amounts of cDNA
were used for PCR with primers that amplify a region of the 5’ external tran-
scribed spacer of the human pre-rRNA. Results from two independent experi-
ments are shown (one in lanes 1,2,5,6 and the other in lanes 3,4,7,8). As a
control, RT-PCR was performed to analyze expression of GAPDH. The PCR-
products were quantified using a Phosphorlmager. (C) Overexpression of
SIRT7H88Y and SIRT75!''>4 does not augment cellular Pol I transcription. (Top
panel) Northern blot analysis of pre-rRNA transcripts from 293T cells trans-
fected with different amounts of plasmids expressing wild-type SIRT7 or the
point mutants H188Y and S112A. Pre-rRNA levels were determined by Phos-
phorlmager. (Bottom panel) Expression levels of Flag-SIRT7, Flag-SIRT7"!88Y,
and Flag-SIRT75'!>A were monitored on Western blots using a-Flag antibodies.
(D) The SIRT7 mutants H188Y and S112A were expressed as GFP-tagged pro-
teins in U208 cells and their cellular localization was examined in live cells. (E)
SIRT7H!88Y g associated with rDNA. Flag-SIRT7 wild type (WT) and Flag-
SIRT7H88Y mutant (H188Y) were overexpressed in 293T cells and assayed for
binding to rtDNA by ChIP. Immunoprecipitations were performed with mouse
IgGs (lanes 3,4) and a-Flag (M2) antibodies (lanes 5,6); 0.5 and 1.5 uL of whole-
cell extract DNA (lanes 1,2) and precipitated DNA (lanes 3-6) were amplified
with rDNA primers A (promoter, top panel) and C (28S coding region, bottom
panel). (F) Nicotinamide represses rRNA synthesis. NIH3T3 cells were cultured
for 6 h in medium containing 40 nM TSA or 5 mM nicotinamide, and pre-rRNA
levels were measured by Northern blot analysis using a 3?P-labeled riboprobe
specific for the 5'-transcribed external spacer. The blot was subsequently rep-
robed for cytochrome ¢ oxidase (cox 1) mRNA. (G) Treatment with actinomycin
D, but not with nicotinamide, releases SIRT7-GFP from nucleoli. U20S cells
expressing SIRT7-GFP were cultured in the presence of either 50 ng/mL of ac-
tinomycin D for 2 h to inhibit Pol I activity or 5 mM nicotinamide for 6 h to
inhibit NAD*-dependent deacetylase activity. Localization of SIRT7-GFP was
examined in live cells.

SIRT7 activates RNA Pol I transcription

2005). To examine whether SIRT7-mediated ac-
tivation of Pol I transcription requires any enzy-
matic activity, we generated two mutants,
SIRT75112A and SIRT7!88Y  which are muta-
tions in conserved residues that inactivate other
mammalian sirtuins (Frye 1999; Vaziri et al.
2001; Liszt et al. 2005). HEK293T cells were
transfected with expression vectors encoding
wild-type or mutant SIRT7, and 45S pre-tRNA
levels were analyzed on Northern blots. Notably,
pre-TRNA synthesis was only stimulated by ex-
pressing wild-type SIRT7, but not SIRT75*'%4 or
SIRT7H188Y (Fig. 3C). Both wild-type and mutant
SIRT7 localized to the nucleolus (Fig. 3D) and
associated with the tDNA promoter and coding
regions (Fig. 3E).

We next monitored pre-rRNA levels in cells
treated with nicotinamide, a potent inhibitor of
sirtuins (Denu 2005). Treatment of NIH3T3 cells
with nicotinamide strongly inhibited pre-rRNA
synthesis, whereas trichostatin A (TSA), an in-
hibitor of class I and II histone deacetylases
(HDACS), had no effect (Fig. 3F). The localization
of GFP-SIRT7 was nearly identical in the pres-
ence or absence of nicotinamide demonstrating
that inhibition of Pol I transcription is not due to
cellular redistribution of SIRT7 (Fig. 3G). In con-
trast, low doses of actinomycin D that selectively
inhibit Pol I transcription caused the release of
both GFP-SIRT7 and endogenous SIRT7 from the
nucleoli (Fig. 3G; Supplementary Fig. S3), indicat-
ing that nucleolar localization of SIRT7 is tightly
linked to ongoing Pol I transcription.

To get mechanistic insight into the role of
SIRT7 in rDNA transcription, we monitored Pol I
occupancy at rDNA in cell lines expressing Flag-
tagged wild-type or mutant SIRT7. The level of
tagged SIRT7™", SIRT75'*24 and SIRT7™'#%Y was
similar in the three cell lines (Fig. 4A). ChIP as-
says revealed that the amount of Pol I associated
with promoter and coding rDNA was signifi-
cantly higher in cells overexpressing SIRT7 (Fig.
4B, lanes 19,20) compared with cells expressing
SIRT75'12A or SIRT7188Y (Fig. 4B, lanes 21-24).
We also analyzed the association of Pol I with
rDNA in cells depleted of SIRT7 by siRNA (Fig.
4C). There was much less Pol I associated with
rDNA in cells treated with SIRT7 siRNA com-
pared with control siRNA (Fig. 4D), demonstrat-
ing that reduction of cellular SIRT7 decreased Pol
I association with tDNA. These findings suggest
that SIRT7 may be required for efficient elonga-
tion of rDNA transcription and depends on con-
served residues within the catalytic domain of
the protein for this activity.

with SIRT7-specific siRNA (Fig. 3B, left). Strikingly,
knockdown of SIRT7 markedly reduced pre-tRNA lev-
els, whereas expression of GAPDH was not affected (Fig.
3B, right). Thus, consistent with SIRT7 being a positive
regulator of Pol I transcription, depletion of SIRT7 de-
creases cellular rRNA synthesis.

Individual sirtuins including SIRT1, SIRT2, SIRTS,
and SIRT5 exhibit deacetylase and ADP-ribosyltransfer-
ase activity on acetylated histone H4 as substrate (North
et al. 2003). In contrast, SIRT6 shows no deacetylase, but
a robust ADP-ribosyltransferase activity (Liszt et al.

To analyze whether SIRT7 function is essential for cell
survival, cell proliferaton was monitored in U20S cells
that expressed control or SIRT7-shRNAs (short interfer-
ing RNAs). Five days post-transfection the SIRT7 protein
levels were substantially reduced (Fig. 4E). Significantly,
the cell number was substantially decreased and the re-
maining cells stained positive in the TUNEL assay, in-
dicating that cellular depletion of SIRT7 leads to apopto-
sis (Fig. 4F). Depletion of the Pol I factor TIF-IA also
resulted in cell cycle arrest and apoptosis (Yuan et al.
2005). All transcription and ChIP assays in Figures 3 and

GENES & DEVELOPMENT 1077



Ford et al.

A B
s % Input IgG o-Pol |
£ E 8 SIRT7- SIRT7-  SIRT7- SIRT7- SIRT7- SIRT7- SIRT7- SIRT7- SIRT7-
L 29X pCMV _WT  S112A  H188Y pCMV _WT S112A Hi88Y pCMV _WT  S112A H188Y
EEEE 15 15 15 15 15 15 15 156 16 15 1 5 1 5 plinput
2% 5 ®
“ - SIRT7 5 ’ ~ W W Promoter
I - o - e et R
- - - - * 288
12 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
c < D Input 196 a-Pol |
= ns SIRT7 ns SIRT7 ns SIRT7
FS SRNA _siRNA _SiRNA _siRNA  _siRNA _siRNA
a £ 1 5 1 5 1 5 1 5 1 5 1 5 yllnput
s O
-— — SIRT7 - R Promoter
—— e actin R —— - W 5LETS
e
— - - “ 285
1 | 4 3 4 5 6 T 8 9 10 11 12
E F
. TUNEL Staining Phase
£
7]
c &
& &
5 5 PSUPER
2 @
2 €
- -~ —SRT7

PSUPER-
& @ — tubulin SIRT7

Figure 4. SIRT7 stimulates the association of RNA Pol I with the rtDNA. (A)
Western blot showing overexpression levels of SIRT7 proteins. (B) Enrichment of
Pol I at the transcribed region of the rDNA genes in the presence of ectopic
SIRT7. Chromatin was prepared from cells harboring empty vector (pCMV) or
plasmids expressing wild-type SIRT7 (SIRT7-WT) and mutant SIRT7 (SIRT7-
S112A and SIRT7-H188Y). The chromatin was precipitated with a-RPA116 an-
tibodies and analyzed by PCR with the primer pairs indicated on the right side
of the figure. (C) Following siRNA transfections, whole-cell lysates were ana-
lyzed by immunoblot for SIRT7 and B-actin. (D) ChIP analysis of Pol I levels in
cells transfected with siRNAs. Chromatin was prepared from cells transfected
with nonspecific (ns) or a-SIRT7 siRNAs. The chromatin was precipitated with
«-RPA116 antibodies and analyzed by PCR with the primer pairs indicated on
the right side of the figure. (E) Western blot of SIRT7 and a-tubulin in 20 ng of
whole-cell lysates from U20S cells transfected with the pSUPER or pSUPER-
shSIRT7 vectors. (F, right) U20S cells transfected with the indicated vectors
were fixed 5 d post-transfection and visualized by phase contrast. (Left) Apopto-

cells may regulate rDNA transcription by sens-
ing the cellular NAD" levels. In yeast, a change
in the NAD*/NADH ratio translates the meta-
bolic shift of calorie restriction into lifespan
extension via Sir2p (Lin et al. 2004). In liver
and muscle cells, changes in the NAD*/NADH
ratio can arise from diet or exercise and influ-
ence SIRTI activity (Fulco et al. 2003; Rodgers
et al. 2005). This paradigm suggests that diet-
induced changes in the NAD*/NADH ratio may
regulate SIRT7 to couple changing energy status
with levels of rRNA synthesis and ribosome pro-
duction.

Sir2 homologs positively regulate longevity in
yeast, worms, and flies despite extraordinary phy-
logenetic distance between these organisms (He-
kimi and Guarente 2003). In yeast, Sir2p pro-
motes longevity predominantly through its si-
lencing role at the rDNA (Sinclair and Guarente
1997; Kaeberlein et al. 1999). It is interesting that
the effect of sirtuins at the rDNA is complex in
mammals. The nearest mammalian homolog of
Sir2p, SIRT1, deacetylates TAF,68 and represses
Pol I transcription in vitro (Muth et al. 2001).
This indicates that mammalian SIRTs regulate
Pol I transcription both positively and negatively.
Since SIRT1 is enriched in nucleoli only at the
onset of mitosis (R. Dischinger and R. Voit, un-
publ.), it is likely that SIRT1 activity is function-
ally linked to mitotic repression of Pol I tran-
scription. On the other hand, the presence of
SIRT7 in nucleoli of cycling cells throughout in-
terphase underlines the positive function of
SIRT7 activity for Pol I transcription and cell
growth. We suspect that a link between SIRT7
and growth may be part of a larger set of physi-
ological changes that is induced by diet.

Materials and methods

Plasmids and antibodies

tic cells were detected by TUNEL staining.

4 above in which SIRT7 was knocked down were per-
formed prior to the onset of the apoptotic phenotype.
Here, we establish that SIRT7 is a nucleolar protein,
which is essential for cell survival. SIRT7 is a compo-
nent of the RNA Pol I transcriptional machinery and
stimulates Pol I transcription in vivo by an enzymatic
mechanism. Further, the presence and enrichment of
SIRT7 on the coding rDNA points to an important func-
tion during transcriptional elongation. We still have not
identified the substrate targeted by SIRT7. Recombinant
SIRTY7 isolated from different expression systems exhib-
ited no deacetylase or ADP-ribosyltransferase activity,
when acetylated histones and various acetylated compo-
nents of the Pol I transcription complex were used as
substrates (data not shown). Therefore, we speculate that
SIRT7 modifies (or perhaps simply binds to) a not yet
identified protein of the Pol I elongation complex in a
NAD*-dependent manner. Coincident with this working
hypothesis, we observed that SIRT7 purified from HeLa
nuclear extracts was found in several high molecular
weight complexes (R. Voit and I. Grummt, unpubl.). Our
data suggest a novel mechanism by which mammalian
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To generate pPCMV-FLAG-SIRT7, human SIRT7 ¢cDNA (ATCC-

IMAGE 222518) was cloned into pCMV-TAG-4a (Stratagene).

pCMV-Flag-SIRT7 served as template for site-directed muta-
genesis using the Stratagene QuickChange mutagenesis kit to produce
PCMV-Flag-SIRT751124 and pCMV-Flag-SIRT7'188Y, pEGFP-SIRT7,
pET-GST-SIRT7, and pTAP-SIRT7 were constructed by inserting the
SIRT7 coding sequence into pEGFP-N1 (Clontech), pET-GST (kind gift
from R. Marciniak, University of Texas, San Antonio, TX), and pZome-
1C (Cellzome), respectively.

The N-terminal 81 amino acids of mouse SIRT7 were expressed in
Escherichia coli as a GST fusion, purified on glutathione-Sepharose and
injected into rabbits to produce SIRT7 antiserum. Full-length SIRT7 and
SIRT7'-#! proteins were bound to NHS-Sepharose according to the
manufacturer instructions (Amersham). The crude serum was first
passed over the SIRT7'-81.NHS-Sepharose resin. After extensive wash-
ing, the antibodies were eluted with 0.1 M glycine (pH 2.5), and the
eluate neutralized by the addition of one-tenth volume of 1 M Hepes (pH
7.9). The purification was repeated using full-length SIRT7-NHS-Sepha-
rose as resin.

Other antibodies used were «-actin (C4, ICN), «-Flag (M2, Sigma),
a-acetyl-histone H4 (Upstate Biotechnologies), anti-a-tubulin (Sigma),
«-RPA116 (Seither et al. 1997), and a-human Pol I antiserum 52,799
(Percipalle et al. 2006).

Expression analysis

A hybridization probe containing the SIRT7 open reading frame was used
to probe Multiple Tissue Northern Blots (Stratagene). The blots were
stripped and reprobed with the actin probe included in the kit. SDS-



solubilized proteins from the mouse FVB background were obtained as a
gift from L. Bordone (Massachesetts Institute of Technology, Cambridge,
MA), separated by SDS-PAGE, and analyzed by Western blotting.

Transfections

HEK293T, U20S, and NIH3T3 cells were cultured in DMEM supple-
mented with 10% FCS. Where indicated, cells were treated with 0.05
ug/mL actinomycin D, 5 mM nicotinamide, or 40 nM TSA. For transient
expression, HEK293T or U20S cells were transfected using different
amounts of pCMV-SIRT7 expression plasmids and 2 pg of the rDNA
reporter pHr-P,-BH, which contains the human rDNA promoter frag-
ment (from -401 to +378) fused to a BamHI-HinfI fragment harboring
two transcription terminators (T1 and T2). Reporter transcripts and pre-
rRNA were analyzed on Northern blots as described (Voit et al. 1999). To
monitor 458 pre-rRNA, Northern blots were hybridized with a 3?P-la-
beled antisense RNA encompassing 5'-terminal rDNA sequences from
-57 to +183. For normalization, the blots were reprobed with a radiola-
beled riboprobe against cytochrome ¢ oxidase 1 (cox 1).

For stable expression of TAP-tagged SIRT7, U20S cells were trans-
fected with pZome-SIRT7 or pZome alone followed by selection with 2
pg/mL puromycin. For stable expression of Flag-tagged SIRT7, HEK293T
cells were transfected with pPCMV-TAG-4a, pCMV-Flag-SIRT7, pCMV-
Flag-SIRT75!124 or pCMV-Flag-SIRT7!88Y in combination with pBABE~
PURO at a 10:1 ratio and selected with 2 pg/mL puromycin.

Immunohistochemistry

Fixation and permeabilization of U20S cells were performed as described
(Zatsepina et al. 1993). For immunostaining cells were incubated with
affinity-purified a-SIRT7 (1:200-1:400) and anti-Pol I (1:1200) for 1 h at
RT, followed by incubation with a-rabbit-Cy3 antibodies and a-human-
FITC antibodies (Dianova). The DNA was stained with Hoechst 33342.
Localization of GFP-tagged proteins was visualized with a Nikon mis-
croscope in live cells that had been treated with Hoechst 33342. Detec-
tion of apoptotic cells at the single-cell level was based on the TUNEL
assay using the In Situ Death Detection Kit (Roche). TUNEL-positive
cells were visualized with avidin-Texas-red by fluorescent microscopy.

Protein purification and interaction assays

Purification of TAP-tagged complexes was performed essentially as de-
scribed (Knuesel et al. 2003). Briefly, nuclear extracts were prepared from
U20S cells stably expressing TAP-SIRT7 and incubated with IgG-Sepha-
rose (Amersham). TAP-tagged proteins were released in the presence of
AcTEV (Invitrogen) and collected on calmodulin beads (Stratagene). After
washing, TAP-SIRT7 and associated proteins were eluted with 25 mM
Tris-Hcl (pH 8.0}, 150 mM NaCl, 1 mM magnesium acetate, ] mM im-
idazole, 20 mM EGTA, 10 mM B-mercaptoethanol, and 0.02% NP-40,
and analyzed by Western blotting.

For coimmunoprecipitation, HeLa cell nuclear extracts were chro-
matographed on DEAE-Sepharose columns. Two-hundred micrograms of
the protein fraction eluting at 280 mM was incubated with 10 U DNase
I (Roche) for 10 min at RT or left untreated. Following the addition of
human IgGs (Dianove) or human «-Pol I for 4 h at 4°C and protein G-
Agarose for another 2 h at 4°C, beads were extensively washed in buffer
AM-200 (200 mM KCl, 20 mM Tris-HCl at pH 7.9, 5 mM MgCl,, 0.1 mM
EDTA, 10% glycerol, 0.5 mM EDTA), and bound proteins were analyzed
by Western blotting using a-SIRT7 and a-RPA116 antibodies.

GST and recombinant GST-tagged SIRT7 were expressed in E. coli
Codon Plus-RP cells (Stratagene) and affinity-purified over glutathione-
Sepharose (Lin et al. 2004). Acetylated core histones were purified from
butyric acid treated HeLa cells by hydroxylapatite (Ausubel et al. 1997).
To assay for interaction of SIRT7 with histones, GST and GST-SIRT7
were immobilized on glutathione-Sepharose and incubated with 2 pg of
purified core histones for 2 h at 4°C in buffer AM-400 (400 mM KCl, 20
mM Tris-HCl at pH 7.9, 5 mM MgCl,, 0.1 mM EDTA, 10% glycerol, 0.5
mM EDTA) supplemented with 0.2% NP-40, protease inhibitors, and
ethidium bromide (10 pg/mL). After five washes in incubation buffer,
bound proteins were eluted with SDS loading buffer, separated by SDS-
PAGE, and stained with Coomassie.

ChIP

ChIP experiments were performed essentially as described (Weinmann et
al. 2001), except that for each ChIP one 15-cm plate of HEK293T cells
was grown to 75% confluency and each wash was performed twice. In-
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creasing amounts of precipitated chromatin was used as template in
quantitative PCR reactions (O’Sullivan et al. 2002).

RNA interference (RNAi)

To knock-down cellular SIRT7 by RNAi, double-stranded RNAs
(dsRNAs) were synthesized as a custom “Smart Pool” against SIRT7 and
“nonspecific control duplexes-XIII” (Dharmacon). The duplexes were
transfected into U20S cells using RNAifect (Qiagen). After incubation
for 48 h, cells were harvested and lysed with SDS loading buffer for
Western blot analysis or with GITC for isolation of cellular RNA. Cel-
lular RNA was reverse-transcribed with random primers. The amount of
copied pre-rRNA was determined by semiquantitative PCR in the pres-
ence of a-*2P-dCTP with primer 1 (forward) 5'-GCTGTCCTCTGGC-3’
and primer 2 (reverse) 5'-CGGCAGGCGGCTCAAG-3’ that amplify a
fragment from +9 to +120 of the external transcribed spacer of the human
rDNA repeat. Radiolabeled PCR fragments were analyzed by 8% PAGE
and quantified using a Phosphorlmager. GAPDH-cDNA was amplified by
PCR using the primer pair 5'-CCATCACCATCTTCCAGGAG-3’ and
5'-CCTGCTTCACCACCTTCTTG-3'".

HEK293T cells for ChIP assays were transfected with the above
siRNAs using Oligofectamine (Invitrogen). Forty-eight hours post-trans-
fection the cells were transfected a second time and 48 h after the second
transfection the cells were harvested.

For RNAi by expression of plasmid-encoded shRNAs, 2 x 10° U20S
cells were transfected with 2.5 ng of pSUPER expressing SIRT7-specific
shRNAs under the control of the Pol III H1 promoter or a control
pSUPER plasmid (Brummelkamp et al. 2002). Twenty-four hours after
transfection cells were selected in the presence of 1.5 pg/mL puromycin
for 4 d, and the cells were analyzed for SIRT7 levels and the presence of
apoptotic cells.
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