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ABSTRACT

SIRT7 is an NAD*-dependent protein deacetylase
that regulates cell growth and proliferation. Previ-
ous studies have shown that SIRT7 is required for
RNA polymerase | (Pol I) transcription and pre-rRNA
processing. Here, we took a proteomic approach to
identify novel molecular targets and characterize the
role of SIRT7 in non-nucleolar processes. We show
that SIRT7 interacts with numerous proteins involved
in transcriptional regulation and RNA metabolism,
the majority of interactions requiring ongoing tran-
scription. In addition to its role in Pol | transcription,
we found that SIRT7 also regulates transcription of
snoRNAs and mRNAs. Mechanistically, SIRT7 pro-
motes the release of P-TEFb from the inactive 7SK
snRNP complex and deacetylates CDKO9, a subunit of
the elongation factor P-TEFb, which activates tran-
scription by phosphorylating serine 2 within the C-
terminal domain (CTD) of Pol Il. SIRT7 counteracts
GCNb5-directed acetylation of lysine 48 within the cat-
alytic domain of CDK9, deacetylation promoting CTD
phosphorylation and transcription elongation.

INTRODUCTION

Studies over the past decade have shown that sirtuins, mem-
bers of a phylogenetically conserved protein family that
shares homology to the budding yeast silencing factor Sir2
(silent information regulator), affect a broad range of cel-
lular functions encompassing cellular stress resistance, ge-
nomic stability, energy metabolism and tumorigenesis. The
seven mammalian sirtuins, denoted SIRT1-SIRT7, have
distinct cellular locations and target multiple substrates. By
utilizing NAD™" as cofactor, sirtuins act either as deacety-

lases or ADP-ribosyltransferases, and have emerged as
key metabolic sensors that link environmental signals to
metabolic homeostasis and stress response. SIRT7 is en-
riched in nucleoli, where it promotes cell growth and prolif-
eration by driving rDNA transcription and ribosome bio-
genesis (1). SIRT7 expression correlates with cell growth,
being high in metabolically active cells, and low or even ab-
sent in non-proliferating cells (1-4). In epithelial prostate
carcinomas, high SIRT7 levels are associated with aggres-
sive cancer phenotypes, metastatic disease and poor pa-
tient prognosis (5). High expression of SIRT7 is steadily
propelling cells towards an oncogenic status. Depletion of
SIRT7 or overexpression of a catalytically inactive point
mutant leads to decreased cell proliferation, induction of
apoptosis and reduced tumor growth (6). SIRT7-knockout
mice suffer from increased embryonic lethality, reduced
stress resistance, inflammatory cardiomyopathy and prema-
ture aging (7-10). Moreover, SIRT7 catalyzes deacetylation
of lysine 18 at histone H3 (H3K18ac), a biomarker of ag-
gressive tumors. Hypoacetylation of H3K 18 compromises
transcription of genes that are linked to tumor suppression
and facilitates DNA repair (10,11).

Previous work has established that SIRT7 is a key reg-
ulator of nucleolar transcription and pre-rRNA process-
ing. SIRT7 is enriched in nucleoli and activates RNA
polymerase I (Pol 1) transcription by deacetylating PAF53
(Polymerase-Associated Factor 53), a core subunit of mam-
malian Pol I (12). Hypoacetylation of PAF53 enhances pre-
rRNA synthesis by facilitating the association of Pol I with
rDNA, thereby promoting Pol I transcription. Additionally,
SIRT7 regulates processing of pre-rRNA by deacetylating
U3-55k, a core component of the U3 snoRNP complex.
Reversible acetylation modulates the association of U3-55k
protein with U3 snoRNA, deacetylation by SIRT7 enhanc-
ing the interaction (13). Upon exposure to cellular stress,
SIRT?7 is released from nucleoli and accumulates in the nu-
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cleoplasm, which leads to hyperacetylation of both PAF53
and U3-55k and defects in transcription and processing of
pre-rRNA. These results indicated that SIRT7 controls ri-
bosome biogenesis through a mechanism involving bind-
ing to pre-rRNA and U3 snoRNA as well as nucleolar-
nucleoplasmic shuttling in response to stress signaling. The
role of SIRT7 in ribosome biogenesis and cell prolifera-
tion is also supported by recent proteomic analyses showing
that SIRT7 is associated with numerous non-nucleolar tar-
get proteins with functions in transcription, ribosome bio-
genesis and translation (14-16). SIRT7 was also found to
interact with chromatin remodeling complexes, such as B-
WICH, NoRC and SWI/SNF, which are required for the es-
tablishment of a specific chromatin structure. Furthermore,
SIRT7 was shown to occupy tRNA genes and to interact
with Pol IIT and TFIIIC2, suggesting a regulatory role of
SIRT7 in Pol III transcription (14,16).

The present work extends these previous studies, aiming
to decipher the molecular mechanisms underlying the role
of SIRT7 in transcription activation. We found that a large
fraction of the SIRT7 interactome depends on ongoing
transcription and/or the presence of RNA. The N-terminal
part of SIRT7 binds to RNA and mediates RNA-dependent
interactions with SIRT7 target proteins. Consistent with
SIRT7 function not being restricted to processes related
to ribosome biogenesis, we show that SIRT7 is associated
with Pol II and regulates transcription of snoRNAs and
other Pol IT genes. Mechanistically, SIRT7 promotes the re-
lease of P-TEFb from the inactive 7SK snRNP complex
and deacetylates the P-TEFb component CDKY. Deacety-
lation by SIRT7 activates the kinase activity of CDKO9,
which phosphorylates the C-terminal domain (CTD) of Pol
IT and facilitates transcription elongation. The results reveal
a novel function of SIRT7 outside the nucleolus, reinforcing
its role as a key regulator of cellular homeostasis.

MATERIALS AND METHODS
Transfections

U20S and HEK293T cells cultured in Dulbecco’s modi-
fied Eagle’s medium (DMEM) supplemented with 10% fe-
tal calf serum (FCS) were transfected with expression vec-
tors using FuGENE®G (Life Technologies). siRNAs against
SIRT7 (hSIRT7 ON-TARGETplus SMARTpool), or non-
targeting control siRNAs were from Dharmacon (Ther-
moFisher Scientific) and shRNAs have been described
(1,13). Cells were harvested 48 h (siRNAs) or 60 h
(shRNAs) after reverse transfection with Lipofectamine
2000 or RNAiMax (Invitrogen).

Plasmids and antibodies

Plasmids encoding hSIRT7, sh-hSIRT7, Flag-hSIRT7 (1),
Flag/HA-SIRT7 and clonal lines that stably express
Flag/HA-SIRT7 (13) have been described. SIRT7 trun-
cation mutants were generated by PCR and cloned into
pCMV-Flag vector. Oligonucleotides used for plasmid
construction and mutagenesis are listed in Supplemen-
tary Table S1. Expression vectors encoding HA-CDK9
and Flag-RPBI were from Addgene. Antibodies against
UBF, PAF53, RPA116 and SIRT7 have been described

(13,17,18). The following commercial antibodies were used:
anti-acetyl lysine (Cell Signaling Technology, 9441), anti-
actin (Abcam, ab8227), anti-CDK9 (Santa Cruz, sc-484
(C20)), anti-CHD4/Mi2 (Santa Cruz, sc-556006), anti-cyclin
T1 (Santa Cruz, sc-10750), anti-DDX21 (Santa Cruz, sc-
376953), anti-Flag (Sigma, F3165), anti-HEXIM1 (Bethyl
Laboratories, A303-113A), anti-hnRNPK/J (Santa Cruz,
sc-32307), anti-hnRNPU (Santa Cruz, sc-32315), anti-
nucleolin (Santa Cruz, sc-13057), anti-nucleophosmin/B23
(Santa Cruz, sc-53175), anti-p53 (Abcam, ab31333), anti-
Pol II (Santa Cruz, sc-56767 and sc-899 (N20)), anti-pSer2-
Pol 1T (Active Motif, 6108), anti-pSer5-Pol II (Abcam,
ab5408) and anti-tubulin (Sigma, clone B-5-1-2, T6074).
Anti-Flag M2 agarose was from Sigma (F1804). Secondary
antibodies were from Dianova (111-035-144 and 115-035-
062).

Mass spectrometric analysis of SIRT7-associated proteins

HEK293T cells expressing Flag/HA-tagged SIRT7 were
lysed in buffer AM-160 (160 mM KCl, 20 mM Tris—HCI[pH
7.9], 5 mM MgCl,, 0.2 mM EDTA, 10% glycerol, 0.5 mM
DTT) supplemented with 0.1% NP-40, protease inhibitors
(Roche complete) and HDAC inhibitors (500 nM TSA, 5
mM sodium butyrate, 10 mM NAM). Sequential immuno-
precipitation was first performed for 4 h at 4°C using pro-
tein G Sepharose beads coated with anti-Flag or mouse IgG
as control. After elution with buffer AM-160/0.1% NP-40
supplemented with Flag peptide (400 pg/ml), proteins were
precipitated with anti-HA coupled to protein G Sepharose
and eluted with buffer AM-250/0.2% NP-40 supplemented
with HA-peptide (400 wg/ml). Proteins were digested with
trypsin overnight at 37°C and tryptic peptides were ana-
lyzed by LC-MS/MS on an LTQ-Orbitrap XL mass spec-
trometer (Thermo Scientific) using a 2h gradient.

The mgf-files generated by Xcalibur software (Thermo
Scientific) were used for database searches with the MAS-
COT search engine (Matrix Science, version 2.4) against the
SwissProt database (SwissProt version 2014_04). The pep-
tide mass tolerance was set to 5 ppm and fragment mass
tolerance to 0.4 Da. Proteins were considered as identi-
fied if more than one unique peptide had an individual ion
score exceeding the MASCOT identity threshold. GO anal-
ysis was performed using DAVID Bioinformatics Resources
(19,20). Assessment of changes in the proteome was based
on the relation of unique peptides in the treated sample and
the control sample after substraction of IgG values, a ratio
below 0.72 was considered as decreased interaction.

RNA synthesis and analysis

Cellular RNA was isolated with TRIzol Reagent (In-
vitrogen), transcribed into cDNA using random primers
(Roche), and analyzed by real-time PCR (Roche, LightCy-
cler480). Radiolabeled RNA was generated by in vitro tran-
scription using the MEGAscript T7 Transcription Kit (Am-
bion) and templates generated by PCR with gene-specific
primers fused to the T7 promoter. Primers are listed in Sup-
plementary Table S1.



RINA-protein interaction assays

CLIP assays have been performed essentially as described
(13). Briefly, nuclear lysates from UV-irradiated HEK293T
cells (254 nm, 0.15 Jem~?) expressing Flag-tagged SIRT7
were sonicated, precleared with protein G Sepharose, and
protein-RNA complexes were immunoprecipitated using
anti-Flag M2 beads (Sigma) or protein G Sepharose (GE
Healthcare) coated with mouse IgGs as control. Beads were
sequentially washed in IP buffer (20 mM Tris—HCI [pH
8.0], 200 mM NaCl, 1 mM EDTA, 1 mM EGTA, 0.1%
SDS, 1% NP-40, 0.5% sodium deoxycholate, protease in-
hibitors) and in IP buffer containing 400 mM KCI. After
elution with the Flag peptide (200 pg/ml) and proteinase
K digestion (30 min, 55°C), RNA was isolated, incubated
with DNase I (Sigma) and subjected to RT-qPCR. For pull-
down experiments, Flag-tagged proteins (1 wg) were im-
mobilized on M2 agarose and incubated with radiolabeled
RNA for 1 h at room temperature in buffer AM-100 sup-
plemented with 0.1% Triton X-100, 0.2 U/ml RNasin and
protease inhibitors. After stringent washing, captured RNA
was extracted, subjected to gel electrophoresis and visual-
ized by Phosphorlmaging. Alternatively, 5 g of biotiny-
lated SETS-RNA (+10/+389) were incubated with 50 wl
of streptavidin-coated magnetic beads (Thermo Fisher Sci-
entific) for 30 min at room temperature in 5 mM Tris—HCI
[pH 7.5], 0.5 mM EDTA, 100 mM NaCl, 0.05% Tween-20.
After washing, 8§ pmol of bead-bound RNA were incubated
with 70 wg of nuclear extract from HEK293T cells express-
ing Flag-tagged SIRT7 or with 20 pmol of purified GST-
SIRT7/1-81 in buffer AM-100 supplemented with 0.1% Tri-
ton X-100, 0.2 U/ml RNasin (Promega) and protease in-
hibitors (Roche) for 4 h at 4°C. After washing with 20 mM
Tris-HCI [pH 8.0], 400 mM NaCl, 1 mM EDTA, 0.2%
Tween-20 and protease inhibitors, bound proteins were an-
alyzed on immunoblots.

Co-immunoprecipitation experiments

Cleared cell lysates were incubated for 4 h at 4°C with the
respective antibodies and immunocomplexes were bound to
protein G-Sepharose. After washing with buffer containing
200 mM KCl, 0.1% NP-40, protease and HDAC inhibitors,
proteins were eluted with the corresponding epitope pep-
tide or with SDS sample buffer and visualized on western
blots. In all experiments, controls with unspecific IgGs or
no antibody were carried out in parallel.

Chromatin immunoprecipitation (ChIP) assays

ChIP assays were performed as described (1,12). Briefly,
nuclei were fixed with 1% formaldehyde (10 min, RT),
quenched with 0.125 M glycine and lysed in 50 mM Tris—
HCl [pH 8.1], 10 mM EDTA and 1% SDS. Chromatin was
sonicated to an average fragment length of 200-500 bp, di-
luted with 5 volumes of IP-buffer (16.7 mM Tris—HCI [pH
8.1], 167 mM NacCl, 1.2 mM EDTA, 0.01% SDS, 1.1% Tri-
ton X-100), pre-cleared on protein A/G Sepharose in the
presence of 20 mg/ml sonicated Escherichia coli DNA, and
incubated with 1-5 g antibodies overnight at 4°C. Protein—
DNA complexes were captured on protein A /G-Sepharose
for 1 h, washed twice with low salt buffer (150 mM NaCl,
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50 mM Tris—HCI [pH 8.0], 5 mM MgCl,, 1% Triton X-
100), followed by washes with high salt buffer containing
500 mM NaCl, with LiCl buffer (250 mM LiCl, 10 mM
Tris—HCI [pH 8.0], 5 mM EDTA, 0.5% Na-deoxycholate,
0.5% Triton X-100) and with TE buffer. After elution, re-
versal of the cross-links (65°C, 6 h) and digestion with pro-
teinase K, DNA was purified and quantified by qPCR using
gene-specific primers. The ratio of DNA in the immunopre-
cipitates (upon subtraction of the IgG background) versus
DNA in the input chromatin was calculated and normalized
to control reactions from mock-transfected cells.

In vitro deacetylation assay

To monitor deacetylation, HA-CDK?9 was immunopurified
from HEK293T cells co-expressing HA-CDK9 and Flag-
GCNS. Flag-SIRT7 was isolated from HEK293T or insect
cells by M2-immunopurification and Flag-peptide elution.
Flag-SIRT7 was incubated with bead-bound HA-CDK9
for 1h at 30°C in 10 mM Tris—HCI [pH 8.0], 2 mM MgCl,,
10% glycerol, 1 wM TSA, 0.2 mM DTT and 2 mM NAD™,
and acetylation was detected on immunoblots using anti-
acetyl-lysine antibodies.

P-TEFbD release assay

The P-TEFb release assay was performed as previously
described with some modifications (21,22). 5 pg of anti-
HEXIMI1 antibody bound to Dynal magnetic beads (Life
Technologies) were incubated with cell lysates (4°C, 16 h).
After washing, bead-bound P-TEFb/7SK snRNP com-
plexes were incubated with purified Flag-SIRT7/WT or
Flag-SIRT7/H187Y in the presence or absence of 2 mM
NAD™ for 2 h onice. After sequestration of the beads with a
magnetic separator, the supernatants and bead-bound pro-
teins were analyzed on western blots.

In vitro phosphokinase assay

Immunopurified Flag-RPB1 or GST-CTD (Sigma) was in-
cubated for 1 h at 30°C in kinase buffer (150 mM KCI, 50
mM Hepes pH [8.0], 10 mM MgCl,, 6 mM EDTA, 1 mM
DTT, 50 uM ATP, 5 uCi y[**P]-ATP) with bead-bound
HA-CDKDO9. Phosphorylation was visualized by Phospho-
rImaging or on western blots with anti-phospho-Ser2 anti-
bodies.

Immunofluorescence

Indirect immunofluorescence and direct GFP-fluorescence
analysis was done as described before (13). Images were vi-
sualized at a Zeiss Axiophot microscope using a 40x 1.3
oil immersion Plan-Neofluor objective and processed with
NIS-Elements BR 3.10 and ImageJ software.

Statistics and quantitative analyses

Data are reported as mean values from at least three biolog-
ical replicates with error bars denoting standard deviations
(SDs). The two groups were compared using a paired two-
tailed Student’s 7-test. The significance level was set at P val-
ues *P < 0.05, **P < 0.01. Quantification of western blots
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and radioactive signals was performed using Image Gauge
and ImageJ software.

RESULTS
RNA-dependent changes of the SIRT7 interactome

Previous studies have revealed that the protein content of
the nucleolus is dynamic, showing decrease, no changes, or
accumulation of specific proteins after inhibition of tran-
scription, viral infection or DNA damage (23-27). To func-
tionally characterize SIRT7-interacting proteins, we puri-
fied Flag/HA-tagged SIRT7 from HEK293T cells and an-
alyzed associated proteins by mass spectrometry (Supple-
mentary Figure S1A). Using stringent inclusion criteria,
357 proteins (>2 unique peptides) were identified, the ma-
jority residing in the nuclear and nucleolar compartment
(Supplementary Table S2). Consistent with previous stud-
ies (14-16), the SIRT7 interactome was enriched in nucleo-
lar proteins, such as nucleolin, nucleophosmin, MYBBP1A,
DHX9, DDX21 and ribosomal proteins. In addition to pre-
viously reported SIRT7 interacting proteins, a large part
of SIRT7-associated proteins identified by our mass spec-
trometry analysis was novel (Supplementary Figure SIB
and Table S2). Classification of proteins revealed prominent
groups with functions in transcription, translation, RNA
maturation, chromatin organization, DNA repair, and in-
tracellular transport (Figure 1A). The largest fraction com-
prised proteins with roles in RNA metabolism and ribo-
some biogenesis, such as pre-ribosomal factors (PRFs) and
small nucleolar ribonucleoprotein particles (snoRNPs) in-
volved in pre-rRNA folding, processing and posttranscrip-
tional modifications. Proteins with functions in Pol II tran-
scription, such as RPB2 and cyclin-dependent kinase 9
(CDKY9) and mRNA processing factors were also identi-
fied, suggesting that SIRT7 is involved in both transcrip-
tional and post-transcriptional processes (Supplementary
Table S3).

Previous studies have revealed that the interaction of
SIRT7 with PAF53 and U3-55k depends on RNA (12,13).
To examine whether RNA is also involved in other SIRT7-
protein interactions, we compared SIRT7-associated pro-
teins isolated from untreated and RNase A-treated sam-
ples (Supplementary Figures SIA and S1C). After RNase
A treatment 29% of SIRT7-associated proteins were com-
pletely or partially lost, indicating that RNA mediates or
stabilizes the association of SIRT7 with a subset of pro-
teins (Figure 1B, Supplementary Figure S1D and Table S2).
According to GO annotation, the majority of RNase A-
sensitive interacting proteins serve a role in translation and
RNA processing (Supplementary Figure S1E).

Studies on the kinetics of nucleolar proteins under cellu-
lar stress have shown that the nucleolus is a dynamic struc-
ture. Transcription inhibition by actinomycin D (AMD)
showed decrease, no changes, or accumulation of individ-
ual factors in nucleoli (23). These fine-tuned changes in the
inventory of the nucleolus are thought to reflect the par-
tition of proteins between the nucleolus and the nucleo-
plasm according to the physiological state of the cell. To
analyze the impact of ongoing transcription on the SIRT7
interactome, we identified SIRT7-associated proteins from
untreated or AMD-treated cells (Supplementary Figures

S1A and S1F). While 29% of the interactions were sensitive
to RNase A treatment, transcription inhibition by AMD
resulted in loss or reduction of 78% of SIRT7-associated
proteins (Figure 1C, D and Supplementary Table S2). GO
analysis revealed that certain subgroups of interacting pro-
teins were more affected than others. For example, pro-
teins involved in nucleocytoplasmic transport or RNA pro-
cessing showed strongly reduced binding, whereas the in-
teraction with factors implicated in chromatin regulation
was only marginally affected. Similar to RNase A treat-
ment, binding of SIRT7 to proteins comprising RNA recog-
nition motifs was impaired in AMD-treated cells. Valida-
tion of AMD-sensitive and -insensitive interactions by co-
immunoprecipitation confirmed that some proteins, such as
UBF or p53, remained bound to SIRT7. However, binding
of a substantial fraction of SIRT7-associated proteins, in-
cluding Pol I, nucleolin and hnRNPK, was markedly de-
creased after AMD treatment (Figure 1D), indicating that
the majority of the SIRT7 interactome depends on ongoing
transcription.

The N-terminal region mediates RNA-dependent SIRT7-
protein interactions

To examine which region of SIRT7 mediates RNA-
dependent interactions, we performed pull-down experi-
ments using N-terminally truncated SIRT7 mutants. SIRT7
comprises an unstructured arginine- and dipeptide-rich re-
gion within the N-terminal 78 amino acids, a motif that
is often present in RNA binding proteins (28) (Supple-
mentary Figure S2A). To investigate whether this region
is important for RNA-dependent protein interactions, 5'-
external spacer (5'-ETS) RNA was immobilized on strep-
tavidin beads and incubated with lysates of cells express-
ing Flag-tagged wildtype SIRT7 or mutants lacking 32
(AN32) or 78 N-terminal amino acids (AN78). Both wild-
type SIRT7 and the AN32 mutant were efficiently pulled-
down by immobilized RNA. Deletion of 78 amino acids,
however, abolished RNA binding (Figure 2A, upper pan-
els). Furthermore, a GST-fusion protein comprising amino
acids 1-81 (GST-SIRT7/1-81) efficiently interacted with
RNA, supporting that the arginine-rich N-terminal part of
SIRT7 mediates the interaction of SIRT7 with RNA (Fig-
ure 2A bottom panel and Supplementary Figure S2B).

In a complementary approach, we monitored binding
of radiolabeled RNA to immobilized wildtype and mu-
tant SIRT7. Again, deletion of the N-terminal 78 amino
acids markedly reduced RNA binding (Figure 2B and
Supplementary Figure S2C). In accord with previous
RNA immunoprecipitation (CLIP) experiments showing
that SIRT7 not only interacts with pre-rRNA but also
with snoRNAs (13), deletion of the N-terminal part of
SIRT7 impaired the interaction of SIRT7 with pre-rRNA,
U3, U13, Ul4 and 88c snoRNAs (Figure 2C). Moreover,
SIRT7/AN78 was distributed throughout the nucleus, in-
dicating that the N-terminal region mediates nucleolar en-
richment of SIRT7 (Figure 2D).

To examine whether deletion of the N-terminal part of
SIRT7 would also affect the interaction with proteins whose
binding was compromised after AMD or RNase A treat-
ment, we compared the association of selected proteins
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Figure 1. RNA-dependent and -independent SIRT7-protein interactions. (A) Identification of SIRT7-associated proteins. Flag/HA-tagged SIRT7 was
purified from HEK293T cells by sequential affinity immunoprecipitation and interacting proteins were analyzed by mass spectrometry. The pie diagram
shows functional classification of SIRT7-associated proteins (n = 357). RPs: ribosomal proteins. See also Supplementary Figures S1A, S1B and Supple-
mentary Table S2. (B) RNase A treatment alters the SIRT7 interactome. Flag/HA-tagged SIRT7 was sequentially immunoprecipitated using lysates from
HEK?293T cells treated with RNase A or left untreated. Interacting proteins were analyzed by mass spectrometry. Left: Percentage of RNase A-sensitive and
-insensitive SIRT7—protein interactions. A decrease in the ratio of at least 25% of peptides after RNase treatment was considered as RNA-dependent inter-
action. Right: Validation of selected SIRT7—protein interactions by co-immunoprecipitation and western blotting. See also Supplementary Figures SIC-E
and Supplementary Table S2. (C) AMD treatment alters the SIRT7 interactome. Flag/HA-tagged SIRT7 was purified from untreated or AMD-treated
HEK?293T cells and interacting proteins were analyzed by mass spectrometry. A decrease in the ratio of at least 25% of peptides after AMD treatment
was considered as AMD-sensitive interaction. Gene ontology analysis of proteins associated with Flag/HA-SIRT7 in HEK293T cells treated with AMD
(300 ng/ml, 3 h) or left untreated (n = 181). See also Supplementary Figure S1F and Supplementary Table S2. (D) Changes of the SIRT7 interactome
upon AMD treatment. Left: Diagram showing AMD-sensitive and insensitive interactions detected by mass spectrometry. Right: Validation of selected
AMD-sensitive and -insensitive interactions by co-immunoprecipitation and western blotting.

with wildtype and N-terminally truncated SIRT7. Binding
of RNase- and AMD-sensitive proteins, e.g. nucleolin, hn-
RNPs, Pol I and nucleophosmin, was abolished in mutant
SIRT7/AN78 (Figure 2E). UBF or p53, however, which
bind to SIRT7 in an RNA-independent manner, interacted
with both wildtype and mutant SIRT7, indicating that the
N-terminal part mediates RNA-dependent protein interac-
tions, whereas the central and C-terminal part of SIRT7 me-
diate RNA-independent interactions.

SIRT7 releases P-TEFb from the 7SK snRNP complex and
activates CDK9

Mass spectrometry analysis of SIRT7-associated proteins
has identified several Pol II subunits, suggesting that SIRT7

might serve a role in Pol II transcription (Supplementary
Table S3). Both unphosphorylated Pol IT and Pol II phos-
phorylated at Ser2 and Ser5 within the C-terminal domain
(CTD) of the large subunit RPB1 was present in SIRT7 im-
munoprecipitates, demonstrating that SIRT7 interacts with
transcribing Pol 11 (Figure 3A and Supplementary Figures
S3A and S3B). We also identified cyclin T1 and CDKO9,
constituting the positive transcription elongation factor b
(P-TEFDb), and HEXIMI1, an inhibitor of P-TEFb activ-
ity (Figure 3A, B and Supplementary Figure S3A). The
canonical function of P-TEFb is to phosphorylate the CTD
at Ser2, which marks the elongation complex (29,30). The
association of SIRT7 with CDK9 and cyclin T1 was sen-
sitive to RNase A treatment, indicating that binding of
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CDK9/cyclin T1 to SIRT7 is mediated by RNA (Figure 3A
and B).

CLIP-seq data (13) and CLIP-qPCR analyses have
shown that SIRT7 is not only associated with pre-rRNA
and snoRNAs, but also with 7SK snRNA (Figure 3B).
Binding of the 7SK snRNA/HEXIMI1 complex to cyclin
T1/CDKDO9 is known to sequester P-TEFb in a large inac-
tive ribonucleoprotein complex which is released after dis-
sociation of 7SK snRNA/HEXIM1 (29,30). The finding
that SIRT7 is associated with components of the inactive P-
TEFDb complex as well as with elongating Pol II prompted
us to investigate whether SIRT7 regulates P-TEFb activity.

Previous studies have shown that CDKO9 activity is inhib-
ited by GCN5-mediated acetylation (31-33). This observa-
tion sugested that deacetylation by SIRT7 activates CDK9,
thereby promoting the transition into the elongation phase
of transcription. To test this, we monitored CDK9 acety-
lation levels on immunoblots using an antibody that rec-
ognizes acetylated lysine residues. While CDK9 acetylation
was hardly detectable in untransfected cells, a strong signal
was observed after overexpression of GCNS5 (Figure 3C).
GCN5-mediated acetylation was further enhanced if cells
were treated with nicotinamide (NAM), a competitive in-
hibitor of NAD"-dependent deacetylases, indicating that
a member of the sirtuin family counteracts acetylation by
GCNs.

If CDKO is deacetylated by SIRT7, CDK?9 should be hy-
peracetylated after knockdown of SIRT7. Indeed, a marked
increase in CDK9 acetylation was observed after depletion
of SIRT7 (Figure 3D). To monitor deacetylation in vitro,
HA-CDKDY9 was co-expressed with Flag-GCNS, incubated
with recombinant SIRT7, and acetylation was monitored
on immunoblots. Acetylation was significantly reduced
upon incubation with wildtype SIRT7 in the presence of
NAD™, confirming that SIRT7 is the enzyme that deacety-
lates CDK9 (Figure 3E). Mutant SIRT7AN78, which does

RNA binding. Nuclear lysates from HEK293T cells expressing Flag-
tagged SIRT7 (WT), SIRT7/AN32 or SIRT7/AN78 were incubated with
streptavidin-coated Dynabeads (-RNA) or with Dynabeads containing
5’ETS-RNA (+RNA). Bound SIRT7 was analyzed on immunoblots (up-
per panels). Alternatively, bead-bound RNA was incubated with GST-
tagged SIRT7/1-81, and binding was monitored with anti-GST antibodies
(bottom panel). A scheme illustrating the domain structure of SIRT7 and
the deletion mutants is shown above. See also Supplementary Figures S2A
and S2B. (B) Pull-down assay showing impaired binding of SIRT7/AN78
to RNA. Bead-bound Flag-SIRT7 or the indicated deletion mutants
were incubated with radiolabeled 5ETS-RNA (+10/+389) and SIRT7-
associated RNA was analyzed by gel electrophoresis and Phosphorlmag-
ing. RNA bound to beads-only served as a negative control (beads). See
also Supplementary Figure S2C. (C) RNA-immunoprecipitation (CLIP)
showing that the N-terminal region of SIRT7 mediates RNA binding in
vivo. UV-crosslinked Flag-SIRT7-RNA complexes were captured on anti-
Flag beads, and co-precipitated RNA was analyzed by RT-qPCR. The
percentage of precipitated RNA relative to input RNA is shown. Error
bars denote means +£SD (n = 3) ("P < 0.05, *P < 0.01, n.s.: not sig-
nificant). (D) The N-terminal part is required for nucleolar localization
of SIRT7. Direct fluorescence showing the cellular localization of GFP-
tagged SIRT7, SIRT7/AN32 and SIRT7/AN78. Indirect immunofluores-
cence and direct GFP fluorescence analysis was done as described (13).
Nucleoli were stained with anti-UBF antibodies. Scale bar, 10 wm. (E) The
N-terminal region of SIRT7 mediates protein interactions. Flag-SIRT7 or
mutant AN78 were immunoprecipitated and co-precipitated proteins were
visualized on immunoblots.
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Figure 3. Deacetylation of CDK9 promotes CTD-phosphorylation of Pol II. (A) SIRT7 interacts with Pol Il and CDK9. Co-immunoprecipitation experi-
ment showing the association of Flag-SIRT7 with RPB1 and CDKJ in the absence or presence of RNase A. Pol II was monitored with antibodies specific
to hypo- and hyperphosphorylated RPB1 (antibody N-20), or with antibodies against phospho-Ser2-CTD. See also Supplementary Figures S3A and S3B.
(B) SIRT7 interacts with the 7SK snRNP complex. Left panel: CLIP-qPCR showing the association of Flag-SIRT7 with pre-rRNA (5ETS+300/+400
and ITS2) and 7SK RNA, U2 snRNA and actin mRNA serving as negative controls. The bars represent mean values £SD from three independent exper-
iments ("P < 0.05, ™ P < 0.01). Right panel: Co-immunoprecipitation experiment showing the association of Flag-SIRT7 with HEXIMI and cyclin T1
in the absence or presence of RNase A. (C) CDKO is acetylated by GCNS5. HA-CDK9 was immunopurified from HEK293T cells expressing HA-CDK9
and from cells cells co-expressing HA-CDK9 and Flag-GCNS5. Where indicated, cells were treated for 5 h with 10 mM nicotinamide (NAM). The level
of Flag-GCN35 and acetylation of HA-CDK9 was monitored on western blots. (D) SIRT7 counteracts GCN5-mediated acetylation of CDK9 in vivo.
Western blot showing acetylation of HA-CDKO9 in SIRT7-depleted HEK293T cells, cells transfected with non-targeting siRNA serving as control. To
augment CDK9 acetylation, Flag-GCNS was co-expressed with HA-CDKDY. The expression level of Flag-GCNS and depletion of SIRT7 by siRNA was
monitored on immunoblots. (E) SIRT7 deacetylates CDKO9 in vitro. HA-CDK9 was immunopurified from HEK293T cells overexpressing Flag-GCNS5
and incubated with Flag-SIRT7/WT (upper panel) or Flag-SIRT7/AN78 (lower panels) in the presence or absence of NAD* (2 mM). Acetylation was
monitored on western blots using anti-acetyl-lysine antibodies. See also Supplementary Figures S3C and S3D. (F) Acetylation inhibits CDK9 activity. In
vitro kinase assay using GST-CTD as substrate for HA-CDKY isolated from HEK293T cells expressing HA-CDKO9 alone or co-expressing Flag-GCNS
with or without NAM treatment (10 mM, 5 h). Labeling of GST-CTD with y[*2P]JATP was monitored by SDS-PAGE and PhosphorImaging. See also Sup-
plementary Figures S3E and S3F. (G) Acetylation of lysine 48 impairs the CTD kinase activity of CDK9. The enzymatic activity of HA-CDK9 (WT) and
point mutants K48R and K48Q was assayed in vitro using immunopurified Flag-RPBI as substrate. Phosphorylation was monitored by SDS-PAGE and
PhosphorImaging. See also Supplementary Figure S3G. (H) Knockdown of SIRT7 impairs CTD phosphorylation at Ser2. In-vitro kinase assay showing
Flag-RPB1 phosphorylation by HA-CDKO purified from SIRT7-depleted HEK293T cells or from cells transfected with non-targeting siRNAs. See also
Supplementary Figure S3H. (I) SIRT7 promotes release of P-TEFb from the inactive P-TEFb/7SK snRNP complex. P-TEFb/7SK snRNP complexes
were precipitated with anti-HEXIMI1 antibodies and bead-bound complexes were incubated with two amounts (1- and 2-fold, see Supplementary Figure
S31) of Flag-SIRT7/WT or Flag-SIRT7/H187Y in the presence or absence of 2 mM NAD™. Release of P-TEFb was monitored on western blots using
antibodies against CDK9 and cyclin T1. The bottom panel shows equal amounts of immobilized 7SK/HEXIM1 complex. See also Supplementary Figure
S3I1.



2682 Nucleic Acids Research, 2017, Vol. 45, No. 5

not interact with SIRT7, did not deacetylate CDKO9 in vitro,
underscoring the importance of the N-terminus for SIRT7
function (Supplementary Figures S3C and S3D).

CDK9-dependent phosphorylation of the Pol II CTD
is required for efficient promoter clearance and transcrip-
tional processivity (34,35). Given that SIRT7 counteracts
GCNb5-directed acetylation of CDK9, we reasoned that
deacetylation by SIRT7 should activate CDK9 and increase
CTD phosphorylation. To test this, we performed in vitro
assays monitoring CDK9-dependent phosphorylation of
RPBI, the large subunit of Pol II. Consistent with previous
studies (32,33), CTD phosphorylation was compromised if
CDKJ9 was hyperacetylated, i.e. if CDK9 was isolated from
cells co-expressing GCNS and treated with the sirtuin in-
hibitor NAM (Figure 3F and Supplementary Figures S3E
and S3F), underscoring that acetylation inhibits the kinase
activity of CDKO9.

Previous studies have shown that acetylation of lysine 48
(K48) compromises CDK?9 function (32,33). To assay the
impact of K48 acetylation on CDK9 activity, we compared
wildtype CDK9 with mutants in which K48 has been re-
placed by glutamine or arginine, thus mimicking the acety-
lated or deacetylated state of CDKO9. In accord with K48
acetylation regulating CDKO9 activity, phosphorylation of
RPBI1 by the acetylation-defective mutant CDK9/K48R
was higher than wildtype CDKY9, while the acetylation-
mimicking mutant CDK9/K48Q was enzymatically inac-
tive (Figure 3G and Supplementary Figure S3G). Further-
more, phosphorylation of RPB1 was markedly impaired if
CDKO9 was purified from SIRT7-depleted cells, supporting
that hypoacetylation is required for CDK9 activity (Figure
3H and Supplementary Figure S3H). The inverse correla-
tion of acetylation and kinase activity of CDK9 reinforces
the relevance of SIRT7-dependent deacetylation of K48 for
CTD phosphorylation.

To examine whether SIRT7 also activates P-TEFb by
facilitating the release of CDK9/cyclin T1 from the in-
hibitory HEXIM1/7SK ribonucleoprotein complex, we in-
cubated bead-bound P-TEFb/7SK snRNP complexes with
Flag-SIRT7 and monitored the release of P-TEFb on im-
munoblots. As shown in Figure 31, wildtype SIRT7 but
not the catalytically inactive point mutant promoted release
of P-TEFDb from the 7SK snRNP complex in an NAD*-
dependent manner (see also Supplementary Figure S3I).
Together these results indicate that SIRT7 mediates CTD-
Ser2 phosphorylation and transcription elongation both by
activation of CDK9 and releasing P-TEFb from the 7SK
snRNP complex.

SIRT7 activates transcription of snoRNAs and mRNAs

The finding that SIRT7 activates the kinase activity of
CDKD suggested that SIRT7 function is not restricted to
the nucleolus but may also serve a regulatory role in Pol
II transcription. In accord with this hypothesis, previous
CLIP-seq analysis has shown that SIRT7 is associated with
numerous snoRNAs (13). To test whether SIRT7 affects Pol
II-dependent transcription of snoRNAs, we overexpressed
Flag-SIRT7 in HEK293T cells and monitored RNA levels
by RT-qPCR. Levels of U3, U8, Ul13 and U14 snoRNAs,
all of which are involved in rRNA maturation, were ele-

vated in cells overexpressing SIRT7. Overexpression of the
catalytically inactive mutant SIRT7/H187Y did not affect
snoRNA levels, underscoring that the catalytic activity of
SIRT7 is required for upregulation of snoRNAs (Figure 4A
and Supplementary Figure S4B).

To examine whether SIRT7-mediated upregulation of
transcription is restricted to snoRNAs or whether SIRT7
also affects transcription of mRNAs, we analyzed the level
of several pre-mRNAs upon overexpression of SIRT7. For
this, genes were chosen that have been shown to be occu-
pied by SIRT7 in the promoter-proximal region (11). We
found that numerous pre-mRNAs, including Brf2, Pex12,
JMID4 or PSMC4, are upregulated in cells overexpressing
wildtype but not mutant SIRT7 (Figure 4A and Supplemen-
tary Figures S4B and S4E). Interestingly, the level of Ul
snRNA was not affected by SIRT7 overexpression. This re-
sult is consistent with previous studies showing that SIRT7
occupies genes that encode snoRNA but not snRNA (13),
emphasizing that SIRT7 stimulates transcription of a subset
of genes transcribed by Pol I1.

This conclusion is further supported by loss-of-function
experiments demonstrating that the level of snoRNAs and
selected pre-mRNAs, but not Ul RNA, was decreased in
SIRT7-depleted cells (Figure 4B and Supplementary Fig-
ure S4B, right). Significantly, decreased transcription of U3
and Ul13 snoRNA in SIRT7-knockout cells (SIRT7~/~)
was rescued by overexpression of Flag-SIRT7, but not by
Flag-SIRT7/H187Y or SIRT7/AN78, demonstrating that
both the catalytic activity and RNA binding of SIRT7 are
required for activation of Pol II transcription (Figure 4C
and Supplementary Figure S4C).

Previous results have established that SIRT7 activates
transcription of rRNA genes by enhancing Pol I occupancy
at rDNA (1,12). We therefore reasoned that overexpres-
sion of SIRT7 may increase binding of Pol II to genes that
are regulated by SIRT7. Indeed, Pol II occupancy at se-
lected Pol II-dependent genes was enhanced after overex-
pression of wildtype SIRT7 but not mutant SIRT7/H187Y
(Figure 4D). Conversely, knockdown of SIRT7 decreased
Pol IT occupancy at SIRT7-responsive genes to a similar
level as Pol I at the rDNA locus, while binding of Pol 11
to actin and Ul snRNA genes, which are not occupied by
SIRT7, was not altered (Figure 4E and Supplementary Fig-
ures S4A and S4D). ChIP assays with antibodies against
Pol II-pSer5 and Pol I1-pSer2 revealed that knockdown of
SIRT7 affected the occupancy of both initiating and elon-
gating Pol 11, supporting that hyperacetylation of CDK9
prevents CTD phosphorylation and impairs transcription
elongation (Figure 4H and Supplementary Figure S4F).
This view is substantiated by ChIP assays showing increased
occupancy of both SIRT7 and CDK9 at the promoter-
proximal region of target genes (Figure 4F). Significantly,
the association of CDK9 with these genes was abolished
upon knockdown of SIRT7, confirming that downregula-
tion of SIRT7 correlates with abrogation of CDK9 bind-
ing (Figure 4G and Supplementary Figure S4F). To further
strengthen the functional link between SIRT7 and CDK9
activity, we determined Pol II occupancy at target genes
in SIRT7-depleted cells that overexpress CDK9/K48R or
CDKY9/K48Q. While decreased Pol II occupancy in SIRT7
knockdown cells could be relieved by overexpression of
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Figure 4. SIRT7 activates transcription of Pol II genes. (A) RT-qPCR analysis of snoRNAs, pre-mRNAs and Ul snRNA from untransfected HEK293T
cells and cells overexpressing Flag-SIRT7 (WT) or SIRT7/H187Y. The level of individual RNAs was normalized to actin mRNA. Bars represent means
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mutant CDK9/K48R, increased levels of the acetylation-
mimicking CDK9/K48Q mutant led to a further decrease
in Pol II binding (Supplementary Figure S4G). Taken to-
gether, these results uncover the mechanism underlying
SIRT7-dependent activation of Pol 11, demonstrating that
SIRT7 enhances transcription elongation by deacetylation
of lysine 48 of CDKY, which is required for CTD phospho-
rylation and transcription activation.

DISCUSSION

Although SIRT7 has emerged as a critical regulator of
metabolic health and stress response, which promotes sur-
vival in times of adversity, it is the least understood member
of the human sirtuin family. This is to a large extent due to
its low enzymatic activity in vitro and the few molecular tar-
gets identified so far. Global proteomic studies have iden-
tified numerous SIRT7-associated proteins, most of them
serving functions in transcription, ribosome biogenesis and
translation (14-16). We have previously shown that SIRT7
is released from nucleoli in response to transcriptional,
metabolic or osmotic stress, leading to hyperacetylation
of PAF53 and the U3-55k protein, hyperacetylation com-
promising rDNA transcription and pre-rRNA processing
(12,13). Given the vital role of SIRT7 in cellular homeosta-
sis, it is not surprising that SIRT7 function is not restricted
to pre-rRNA synthesis and processing. Our mass spectro-
metric analyses revealed many nuclear SIRT7-associated
proteins with functions in RNA metabolism, chromatin
structure, nucleocytoplasmic transport and Pol I1 transcrip-
tion, emphasizing that SIRT7 serves important roles out-
side the nucleolus. Previous studies have shown that SIRT7
deacetylates H3K 18 in a gene-specific context, and selec-
tive hypoacetylation of H3K18Ac is necessary for essential
features of cancer cells, including anchorage-independent
growth and escape from contact inhibition (11). SIRT7 was
also found to interact with proteins that are associated with
the Pol IT and the Pol III transcription machinery (14,16).
Consistent with SIRT7 interacting with TFIIIC, knock-
down of SIRT7 led to decreased levels of tRNAs, indicating
that the regulatory impact of SIRT7 is not restricted to Pol
I transcription but affects transcription by all three classes
of nuclear RNA polymerases.

Although SIRT7 does not harbor a classical RNA bind-
ing domain, the N-terminal region mediates the associa-
tion of SIRT7 with RNA, and binding to RNA is required
for the interaction of SIRT7 with numerous proteins. Other
proteins, however, such as UBF and p53, associate with
SIRT7 in an RNA-independent fashion, presumably via the
C-terminal domain. These results are supported by previ-
ous studies showing that N- and C-terminal regions flank-
ing the catalytic domain enhance the activity of SIRT7 (36)
and mediate interactions of SIRT7 with Mybbpla, which
inhibits the deacetylase activity of SIRT7 (37,38).

Among the proteins detected in the SIRT7 proteome
was RPB2, suggesting that SIRT7 interacts with Pol II.
The C-terminal domain (CTD) of RPBI is modified by re-
versible phosphorylation, acetylation and methylation, all
of which are implicated in Pol II recruitment and tran-
scription (30,39,40). Notably, both the proteomic data and
the results of co-immunoprecipitation experiments revealed
that SIRT7 is also associated with the positive transcrip-
tion elongation factor P-TEFb comprising CDK9 and cy-
clin T1. Moreover, SIRT7 was found to be associated
with 7SK RNA (13) and with the 7SK-associated protein
HEXIMI1. Together with the observation that SIRT7 in-
teracts with elongating Pol II and co-localizes with Pol II
phosphorylated at CTD-Ser2 at SIRT7 target genes, these
results suggested that reversible acetylation may regulate
CDKO9 kinase activity and transcription elongation. CDK9
is acetylated at two lysine residues, K44 and K48 (31-33).
GCNS5-mediated in vivo acetylation preferentially targets
K48 which is essential for ATP binding and CDKO9 activity.
Here we show that deacetylation by SIRT7 augments the
kinase activity of CDK9 which is required for CTD phos-
phorylation and efficient Pol II transcription. Acetylation
of CDKDY has no effect on the interaction of P-TEFb with
HEXIMI1 or 7SK snRNA (31,32), indicating that this mod-
ification regulates P-TEFD activity independently from the
inhibitor function of HEXIM1. However, we found that
SIRT7-mediated deacetylation also promotes dissociation
of CDK9/cyclin T1 from the inactive P-TEFb/7SK snRNP
complex, suggesting that SIRT7 may target another compo-
nent of the complex to release CDK9/cyclin T1.

Expression of SIRT7 is known to propel cells towards
tumorigenesis and to promote the invasiveness and metas-

+SD (n=3)("P < 0.05, ""P < 0.01). See also Supplementary Figure S4B. (B) snoRNA and pre-mRNA levels are decreased in SIRT7-deficient cells.
HEK?293T cells were transfected with non-targeting siRNA or SIRT7-specific siRNA. RNA levels were measured by RT-qPCR and normalized to actin
mRNA. Bars represent means & SD (n = 3) ("P < 0.05, " P < 0.01). See also Supplementary Figure S4B. (C) Ectopic SIRT7 rescues downregulation of U3
and U13 snoRNA in SIRT7-knockout cells. HEK293T/SIRT7~/~ cells were transfected with Flag-tagged SIRT7/WT, SIRT7/H187Y or SIRT7/AN78
and snoRNA levels were monitored by RT-qPCR. The bars represent means +SD (n = 3) ("P < 0.05, ™ P < 0.01). See also Supplementary Figure S4C. (D)
Overepression of SIRT7 increases the association of the transcription machinery with target genes. ChIP-qPCR monitoring Pol I and Pol IT occupancy at
selected target genes after overexpression of Flag-SIRT7 (WT) or mutant SIRT7/H187Y. Antibodies against RPA116 (Pol I) and RPB1 (Pol 11, N20) were
used for ChIP. Bars represent means + SD (n = 3) ("P < 0.05, ™ P < 0.01). See also Supplementary Figure S4A. (E) ChIP-qPCR monitoring occupancy
of Pol I (anti-RPA116) and Pol II (anti-RPB1, N20) at selected target genes after shRNA- (left panel) or siRNA-(right panels) mediated depletion of
SIRT7. Cells transfected with non-targeting shRNA /siRNA served as control. The bars represent means + SD (n = 3) ("P < 0.05, ™ P < 0.01). See
also Supplementary Figure S4A and S4D. (F) SIRT7 and CDKO9 occupancy is enriched at the promoter of target genes. ChIPs monitoring occupancy of
endogenous CDKY or stably expressed Flag-HA-SIRT7 at different regions of Brf2 and JM.JD4 using antibodies against CDK9 or the Flag epitope. The
bars represent mean values == SD (n = 3). The scheme depicts the position of the amplified regions. See also Supplementary Figure S4E. (G) Knockdown
of SIRT7 impairs CDK9 occupancy at target genes. ChIP-qPCR monitoring occupancy of endogenous CDK9 at target genes upon siRNA-mediated
knockdown of SIRT7, cells transfected with non-targeting siRNA serving as control. Bars represent means + SD (n = 3) ("P < 0.05, ™ P < 0.01). See
also Supplementary Figures S4A and S4F. (H) Knockdown of SIRT7 abolishes Pol II occupancy at selected target genes. ChIPs showing occupancy of
Pol II phosphorylated at CTD-Ser5 and CTD-Ser2 in cells transfected with SIRT7-specific siRNA or with non-targeting siRNA using antibodies against
pSer5-CTD and pSer2-CTD. Bars represent means + SD (n = 3) ("P <0.05, " P < 0.01). See also Supplementary Figures S4A and S4F.
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Figure 5. Model illustrating the role of SIRT7 in Pol II transcription. SIRT7-mediated deacetylation promotes the release of CDK9/cyclin T1 from the
inactive P-TEFb/7SK snRNP complex and activates P-TEFb by deacetylation of CDK9, which leads to increased CTD-Ser2 phosphorylation and tran-

scriptional processivity.

tasis of cancer cells (5,6). Likewise, aberrant expression of
CDKY and cyclin T1/T2 has been observed in various tu-
mors (41), demonstrating that regulation of P-TEFD activ-
ity is crucial for controlled gene expression. Based on the
available data we propose the following model of P-TEFb-
dependent transcription activation (Figure 5). In normal
cells, a significant amount of P-TEFb is sequestered in a
large inactive complex containing 7SK/HEXIM]1, activa-
tion requiring release from the 7SK ribonucleoprotein com-
plex. Given that SIRT7 serves a vital role in the cellular
stress response (12,13) and SIRT7 expression is linked to
cell proliferation and oncogenic activity, it is not surprising
that SIRT7 is connected to an emerging network of extra-
cellular signals that control transcription of all three classes
of nuclear RNA polymerases. Unraveling this network will
bring important clues to the pathways that regulate gene ex-
pression in response to cell cycle progression or extracellular
signaling events.
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