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It has been shown that SIRT7 regulates rDNA transcrip-
tion and that reduced SIRT7 levels inhibit tumor growth.
This anti-tumor effect could be due to reduced Pol I ac-
tivity and perturbed ribosome biogenesis. In this study,
using pulse labeling with RNA and amino acid analogs, we
found that SIRT7 knockdown efficiently suppressed both
RNA and protein synthesis. Surprisingly, SIRT7 knock-
down preferentially inhibited protein synthesis over rDNA
transcription, whereas the levels of both were reduced to
similar extents following Pol I knockdown. Using an affin-
ity purification mass spectrometry approach and func-
tional analyses of the resulting SIRT7 interactome, we
identified and validated SIRT7 interactions with proteins
involved in ribosomal biogenesis. Indeed, SIRT7 co-frac-
tionated with monoribosomes within a sucrose gradient.
Using reciprocal isolations, we determined that SIRT7
interacts specifically with mTOR and GTF3C1, a compo-
nent of the Pol III transcription factor TFIIIC2 complex.
Further studies found that SIRT7 knockdown triggered an
increase in the levels of LC3B-II, an autophagosome
marker, suggesting a link between SIRT7 and the mTOR
pathway. Additionally, we provide several lines of evi-
dence that SIRT7 plays a role in modulating Pol III func-
tion. Immunoaffinity purification of SIRT7-GFP from a nu-
clear fraction demonstrated specific SIRT7 interaction
with five out of six components of the TFIIIC2 complex,
but not with the TFIIIA or TFIIIB complex, the former of
which is required for Pol III–dependent transcription of
tRNA genes. ChIP assays showed SIRT7 localization to
the Pol III targeting genes, and SIRT7 knockdown trig-
gered a reduction in tRNA levels. Taken together, these
data suggest that SIRT7 may regulate Pol III transcription
through mTOR and the TFIIIC2 complex. We propose that
SIRT7 is involved in multiple pathways involved in ribo-
some biogenesis, and we hypothesize that its down-reg-
ulation may contribute to an antitumor effect, partly
through the inhibition of protein synthesis. Molecular &
Cellular Proteomics 13: 10.1074/mcp.M113.031377, 73–83,
2014.

Recent studies have shown that SIRT7 exhibits oncogenic
activity, maintaining tumor growth (i.e. tumor cell proliferation)

(1, 2). Overexpression of SIRT7 is associated with multiple
types of cancers (1–3) and malignancy (2). Like yeast Sir2,
SIRT7 localizes within nucleoli (4, 5), the center for ribosome
biogenesis (6). In addition, SIRT7 can regulate rDNA transcrip-
tion through deacetylation of the Pol I complex (7) or through
interaction with chromatin remodeling complexes within nucleoli
(8). It is likely that a yet undescribed role for SIRT7 in ribosome
biogenesis may contribute to tumor cell proliferation, possibly in
parallel with its regulation of Pol I transcription.
The coordination between a cell’s growth and its division

relies on molecular pathways connecting the factors involved
in ribosome biogenesis to those involved in cell-cycle check-
point maintenance. For example, many mitogenic signals
converge on the mTOR and extracellular signal-regulated ki-
nase (ERK) pathways that activate Pol I transcription through
the phosphorylation of key Pol I–regulatory factors (e.g. TIF-IA
and UBF) (6, 9). At the same time, mTOR and ERK also
promote cell cycle progression and, therefore, proliferation
through the phosphorylation of cell-cycle checkpoints (6, 9).
In an opposing mechanism, the perturbation of ribosome
biogenesis (10–12) triggers nucleolar stress and the activity of
related signaling pathways that use ribosome proteins to in-
duce p53-mediated cell-cycle arrest (13). Ribosomal proteins
(e.g. RPL11) propagate this nucleolar stress signal through
their interaction with MDM2 and subsequent inhibition of
MDM2 E3 ligase activity, which ultimately leads to p53 stabi-
lization (11, 14). The interconnected pathways linking ribo-
some biogenesis and cell-cycle progression provide an intra-
cellular network through which SIRT7 may regulate tumor cell
proliferation.
As SIRT7 is an emerging target for anticancer therapies, it is

important to determine whether the role of SIRT7 is restricted
to its function in Pol I transcription. Here, we sought to un-
derstand the effects of SIRT7 knockdown on the inhibition of
transcription and translation. First, using immunoaffinity puri-
fications of SIRT7-GFP from either whole cell lysates or nu-
clear fractions and reciprocal isolations, we determined that
SIRT7 specifically interacts with ribosomal proteins, mTOR,
the TFIIIC2 complex, and other proteins involved in ribosome
biogenesis. Second, we demonstrated that SIRT7 knockdown
reduced steady-state rRNA levels via diminished synthesis
rates, but slightly extended the turnover rates of newly syn-
thesized RNA. Third, we showed that SIRT7 associates with
monoribosomes and that its knockdown reduces protein syn-
thesis rates. Importantly, we demonstrate that, relative to Pol
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I knockdown, SIRT7 knockdown preferentially suppresses
protein rather than RNA synthesis rates. Finally, using chro-
matin immunoprecipitation, we found that SIRT7 can target
genetic regions transcribed by Pol III and that SIRT7 knock-
down triggered a reduction in tRNA. Our results suggest that
SIRT7 may regulate Pol III function through interaction with
mTOR and TFIIIC2. Together, these results lead us to propose
a model in which SIRT7 plays multiple roles in ribosome
biogenesis, including in the regulation of Pol I and Pol III
transcription.

EXPERIMENTAL PROCEDURES

Reagents and Cell Culture—Rabbit polyclonal anti-SIRT7 and
mouse monoclonal anti-� tubulin antibodies were generous gifts from
Dr. Izumi Horikawa (NCI, NIH) (5) and Dr. Thomas Shenk (Princeton
University), respectively. Other antibodies, oligo primers (Integrated
DNA Technologies, Coralville, IA), and siRNA (Sigma) used in this
study are listed in supplemental Table S1. A HEK293 cell line stably
expressing SIRT7-EGFP fusion protein was established as previously
described (8). Human HeLa (cervical cancer) cells were maintained in
DMEM (Invitrogen) supplemented with 10% fetal bovine serum (FBS)
and 1% penicillin-streptomycin solution (Invitrogen).

siRNA Knockdown and Real-time Quantitative PCR—Transfection
of siRNA was performed using Lipofectamine RNAiMAX (Invitrogen)
at a final siRNA concentration of 20 nM in each experiment. After
either 2 or 3 days of incubation with siRNA, as indicated for specific
experiments, treated cells were prepared for the subsequent analy-
ses. The RNA levels of targeted genes upon treatment with either
gene-specific siRNA or scrambled siRNA treatment were monitored
via real-time quantitative PCR. Briefly, mRNA was purified using Trizol
(Invitrogen) and converted to cDNA through reverse transcription
(Retroscript, Ambion, Austin, TX). Primer sets representing the genes
of interest (supplemental Table S1) were mixed with the cDNA along
with a DNA polymerase mixture containing SYBR green I dye (Power
SYBR Green PCR Master Mix, ABI, Foster City, CA) for real-time
quantitative PCR analysis (ABI 7900HT). Normalization was per-
formed using GAPDH as an internal control.

Ribonuclease A Treatment—Ribonuclease A (RNase A)1 treatments
was performed as described (15), with slight modifications. HeLa cells
were grown on millicell EZ slides (Millipore, Billerica, MA) and treated
with 0.2 mg/ml RNase A. Mock treatments were performed using
0.02% Triton X-100/2 mM MgCl2/PBS, but without RNase A. After a
5-min incubation at room temperature, cells were fixed with 3.7%
paraformaldehyde for 15 min, washed with PBS, incubated with 5%
FBS for 1 h, and analyzed via immunofluorescence microscopy on a
PerkinElmer RS3 Spinning Disk.

Detection of Newly Synthesized RNA and Protein in Cultured
Cells—A nonisotopic labeling method for detecting newly synthesized
RNA and protein relies on the incorporation of 5-ethynyluridine (EU)
into RNA and L-homopropargylglycine (HPG) for protein. Subsequent
copper (I)-catalyzed cycloaddition with fluorescent azide Alexa 488
was performed with the Click-iT® assay system (Invitrogen) (16). For
EU signals measured via fluorescent microscopy, the background
fluorescence was determined from the area outside the cells and
subtracted from the cellular signal. Total cellular fluorescence was
derived using the following formula: normalized total cell fluores-

cence � total cell fluorescence � (area of selected cell � mean
fluorescence of selected background). Normalized fluorescence val-
ues are reported as “EU fluorescence” (Fig. 1C). For acquiring either
EU or HPG incorporation profiles, we analyzed large cell populations
(n � 10,000) by flow cytometry. For the analysis of nascent RNA
synthesis, cells treated with siRNA for 2 days were treated with 10
�g/ml �-amanitin for 1 h, labeled with 0.5 mM EU for 1 h, and then
digested with trypsin to achieve a single cell suspension. For protein
synthesis analysis, cells were grown in methionine- and cysteine-free
medium for 1 h and then subjected to HPG labeling for 2 h. After
pulse-labeling RNA or protein with either EU or HPG, cells were
washed with PBS once and resuspended in 80% ethanol for 15 min
on ice. After this fixation step, Alexa 488 conjugation and subsequent
procedures were carried out as described by the supplier (Invitrogen).
Labeled cells were resuspended in PBS for flow cytometry analysis
on a BD LSRII Multi-Laser Analyzer.

Immunoaffinity Purification of SIRT7-EGFP Protein Complexes—
Isolation of SIRT7-interacting proteins via immunoaffinity purification
from whole cell lysates of SIRT7-EGFP-expressing HEK293 was per-
formed as previously described (8). Additionally, SIRT7-EGFP inter-
actions were profiled from HEK293 isolated nuclei using cell fraction-
ation. Briefly, for nuclei fractionation, �2 g of washed cell pellets from
EGFP- and SIRT7-EGFP-expressing HEK293 cells were suspended in
10 mM HEPES, pH 7.4, 10 mM KCl, 1.5 mM MgCl2, 1 mM DTT, 0.5%
Nonidet P-40, and protease inhibitors on wet ice for 10 min. Lysed
cells were centrifuged at 1000 � g, and nuclei recovered in the pellet
were washed with 2 � 10 ml ice-cold PBS. Isolation of EGFP and
SIRT7-EGFP from the nuclear-enriched fraction was performed under
the same conditions used for whole cell lysates; the samples were
suspended in a buffer optimized for SIRT7 immunoaffinity purification
(20 mM HEPES-KOH, pH 7.4, 0.1 M potassium acetate, 2 mM MgCl2,
0.1% Tween 20, 1 �M ZnCl2, 1 �M CaCl2, 0.5% Triton X-100, 250 mM

NaCl, 4 �g/ml DNase, 1/100 (v/v) protease inhibitor cocktail (Sigma)),
and the resulting lysate was incubated with magnetic beads (M270
Epoxy Dynabeads, Invitrogen) conjugated to in-house-developed
rabbit polyclonal anti-GFP antibodies, as described (17).

Proteomic Analyses of SIRT7 Complexes—EGFP and SIRT7-EGFP
immunoisolates were analyzed via SDS-PAGE and mass spectrom-
etry (nLC-MS/MS) using a Dionex Ultimate 3000 RSLC coupled to an
LTQ Orbitrap Velos (Thermo Fisher Scientific), as previously de-
scribed (8). Briefly, proteins were partially resolved (�2 cm) on 4–12%
Bis-Tris NuPAGE gels and stained with SimplyBlue Coomassie stain
(Invitrogen). Gel lanes were cut into 1-mm slices, pooled into six equal
fractions per condition, destained, washed, and incubated with 10 �l
of 12.5 ng/�l sequencing grade trypsin (Promega, Madison, WI) over-
night at 37 °C. Peptides were extracted and concentrated by means
of vacuum centrifugation to �10 �l, and half of the sample was
analyzed via nLC-MS/MS. Peptides were desalted either online using
a trap column (Magic C18 AQ, 3 �m, 100 �m � 2.5 cm, Michrom
Bioresources, Inc., Auburn, CA) or offline using StageTips (18), as
previously described (19), and were separated via reverse-phase
chromatography (Acclaim PepMap RSLC, 1.8 �m, 75 �m � 25 cm) at
a flow rate of 250 nl/min using a 90-min discontinuous gradient of
acetonitrile as follows: 4% to 20% B over 50 min, and 20% to 40% B
over 40 min (mobile phase A: 0.1% formic acid/0.1% acetic acid in
water; mobile phase B: 0.1% formic acid/0.1% acetic acid in 97%
acetonitrile). The mass spectrometer was operated in data-depen-
dent acquisition mode with Fourier transform preview scan disabled
and predictive automatic gain control and dynamic exclusion enabled
(repeat count: 1; exclusion duration: 70 s; exclusion list size: 500). A
single acquisition cycle comprised a single full-scan mass spectrum
(m/z � 350–1700) in the Orbitrap (r � 30,000 at m/z � 400) followed
by collision-induced dissociation fragmentation of the top 15 or 20
most intense precursor ions (minimum signal � 1E3) in the dual-

1 The abbreviations used are: RNase A, ribonuclease A; EU, 5�-
ethynyluridine; HEK293, human embryonic kidney cell; HPG, L-homo-
propargylglycine; NSAF, normalized spectral abundance factor; PAX,
proteome abundance estimate; Pol I, RNA polymerase I; rRNA, ribo-
somal RNA; RPL, ribosome protein, large subunit; SIRT, sirtuin.
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pressure linear ion trap. The following instrument parameters were
used: Fourier transform MS and ion trap MS/MS target values of 1E6
and 5E3, respectively; Fourier transform MS and ion trap MS/MS
maximum injection time of 300 ms and 100 ms, respectively. Colli-
sion-induced dissociation fragmentation was performed at an isola-
tion width of 2.0m/z, normalized collision energy of 30, and activation
time of 10 ms.

Data Processing and Functional Protein Analyses—MS/MS spectra
from raw files corresponding to one condition (n � 6 fractions) were
extracted by Proteome Discoverer (v. 1.3, Thermo Fisher Scientific)
and submitted to SEQUEST (v. 1.20) for database searching against
the UniProt Swiss-Prot sequence database (downloaded in Novem-
ber 2010) containing the subset of human, herpesvirus, and common
contaminant sequences (21,570 entries). Spectra were searched
against indexed peptide databases, generated from the forward and
reverse protein sequence entries, using the following settings: full
enzyme specificity of trypsin; maximum of two missed cleavages; par-
ent and fragment ion mass tolerances of 10 ppm and 0.5 Da, respec-
tively; static modification of carbamidomethylcysteine (�57.0215 Da);
variable modifications of methionine oxidation (�15.9949 Da), phos-
phoserine, threonine, and tyrosine (�79.9663 Da). Peptide spectrum
matches were loaded into Scaffold (v. 4.0.5, Proteome Software, Inc.,
Portland, OR) for post-search validation using the Bayesian-based
LFDR algorithm and then re-searched by X!Tandem (GPM
2010.12.1.1) using the subset database parameter and additional
variable modifications of deamidation of asparagine and glutamine
(�0.9840 Da), pyro-Glu formation at peptide N-terminal glutamine
and glutamate (�17.0265 and �18.0106 Da), and acetylation of lysine
(�42.0106 Da). Peptide spectrum matches were assembled into pro-
tein groups according to rules of parsimony, with a minimum of three
peptides per protein in at least one biological replicate, and then
protein groups were assembled into protein clusters. Confidence
filters were selected to reduce peptide and protein global false dis-
covery rates to �1%. Proteins passing these filters were exported to
Excel with their respective “weighted spectrum counts.” Spectrum
count weighting of total spectral counts was performed using the
number of unique spectra among protein groups versus shared pep-
tide sequences.

A spectral-counting approach was performed to determine co-
isolated proteins that were enriched in SIRT7-EGFP relative to the
EGFP control. Weighted spectral counts from biological replicates
were averaged, proteins with fewer than five average spectral counts
in at least one condition were excluded. Proteins unique to SIRT7-
EGFP or �3-fold and �2.5-fold enriched by spectral counts in SIRT7-
EGFP cell lysates and nuclear isolation (relative to EGFP), respec-
tively, were retained for further gene ontology and network analysis.
For enriched co-isolated proteins identified from cellular lysates, pro-
teins involved in ribosome biogenesis were classified through gene
ontology biological process annotation (supplemental Tables S2–S4),
and the gene names were submitted to STRING for network analysis
(20). Gene ontology annotations and spectrum count information for
proteins that were classified but not found within the STRING network
are included in the supplemental material (supplemental Table S3).
The relative protein abundances between co-isolated proteins were
calculated using the normalized spectral abundance factor (NSAF)
method (21). To account for the effect of intracellular abundance on
immunoisolation protein abundance, the NSAF values were normal-
ized by the estimated proteome abundance (PAX) (22) of the protein
obtained from the PAX integrated database, then normalized to the
protein with the lowest abundance (see supplemental Table S2) and
expressed as log2 (NSAF/PAX). For enriched co-isolated proteins
identified from nuclear immunopurifications, proteins that had RNA
Polymerase III–related functional gene ontology and/or KEGG anno-
tations (see supplemental Table S5) were retained and then analyzed

by STRING as above, except only experimental interaction data were
used for scoring. White nodes were allowed, reflecting proteins that
were not co-isolated with SIRT7 but which facilitate connectivity and
represent complex subunits. Relative protein abundance was calcu-
lated via the NSAF method as above and expressed as a percentage
of the total abundance. STRING interaction networks and NSAF or
NSAF/PAX values were imported into Cytoscape (version 3.0.1) for
visualization.

ChIP Assay—HEK293 cells were washed with PBS containing 1
mM MgCl2 and then incubated with 1% formaldehyde at room tem-
perature for 15 min. Cells were lysed in L1 buffer (50 mM Tris-HCl, pH
8.0, 2 mM EDTA, 0.1% IGEPAL® 630 (Sigma-Aldrich), 10% glycerol,
1 mM dithiothreitol, protease inhibitor mixture) for 15 min on ice.
Nuclei were precipitated and resuspended in SDS lysis buffer (50 mM

Tris-HCl, pH 8.0, 10 mM EDTA, 1% SDS). Chromatin was sonicated
10 times for 25 s each time at setting 3, with a 30-s break on ice
between pulses, on a Fisher Scientific F 550 Sonic Dismembrator.
Chromatin was then resuspended in ChIP buffer (250 mM NaCl, 10
mM HEPES, pH 7.4, 1% IGEPAL® 630, 10% glycerol, 1 mM DTT, 1�
PIC, and 1 mM PMSF) and incubated overnight at 4 °C with primary
antibody or control IgG. Magnetic protein A beads (Dynal, Carlsbad,
CA) were added, and the chromatin-antibody solution was incubated
for 4 h at 4 °C. Immunoprecipitates were washed twice with ChIP
buffer, twice with high-salt buffer (500 mM NaCl, 0.1% SDS, 1%
IGEPAL 630, 2 mM EDTA, 20 mM Tris-HCl, pH 8.0), once with LiCl
buffer (0.25 M LiCl, 1% IGEPAL 630, 1% deoxycholate, 1 mM EDTA,
10 mM Tris-HCl, pH 8.0), and once with TE buffer (10 mM Tris-HCl, pH
8.0, 1 mM EDTA). Chromatin complexes were eluted with elution
buffer (1% SDS, 0.1 M NaHCO3) at 60 °C for 15 min. Eluates were
digested with proteinase K (10 mg/ml), and DNA was extracted with
phenol-chloroform followed by ethanol precipitation. Pellets contain-
ing antibody-bound chromatin were washed in 70% ethanol and
resuspended in TE buffer. Primers used for detecting the gene pro-
moter region are listed in supplemental Table S1.

Validation of Interactions via Reciprocal Isolations—Reciprocal im-
munoaffinity purifications were performed using 0.1 g of cell pellet
from SIRT7WT-EGFP-FLAG (wild type) expressing cells for each re-
action and the lysis buffer (20 mM HEPES-KOH, pH 7.4, containing
0.1 M potassium acetate, 1 mM MgCl2, 0.1% Tween-20, 0.5% Triton
X-100, 200 mM NaCl, 4 �g/ml DNase, 1/100 (v/v) Protease Inhibitor
Mixture (Sigma)). Proteins were immunoisolated with 6 �g of antibody
to either control IgG or identified SIRT7 protein interactions (i.e.
GTF3C1 and mTOR) for 1 h, followed by 1 h of incubation with 40 �l
of Protein A/G PLUS-Agarose beads (Santa Cruz Biotechnology,
Santa Cruz, CA). The agarose beads were subsequently washed with
1x lysis buffer and 1x Dulbecco’s phosphate buffered saline (Gibco),
resuspended in 50 �l of 3x Laemmli sample buffer, and heated to
80 °C for 10 min. The co-isolated proteins were analyzed via Western
blot analysis.

Microscopy—HEK293 cell lines stably expressing SIRT7-EGFP
were cultured on glass-bottom dishes pretreated with poly-d-Lys
(Sigma, St. Louis, MO). After 48 h, cells were fixed with 2% paraform-
aldehyde, washed with PBS, incubated with 1 �g/ml DAPI in PBS for
15 min, and visualized via confocal microscopy on a PerkinElmer RS3
Spinning Disk using a 60� oil immersion lens. For co-localization
analysis, cells were cultured, fixed as above, permeabilized with 0.1%
Triton X-100 in PBS for 15 min, and blocked in 2% (w/v) bovine serum
albumin, 0.2% (v/v) Tween-20 in PBS at room temperature for 60 min.
Incubation with primary antibody was performed at room temperature
for 60 min in blocking buffer. The cells were then washed with 0.1%
Triton X-100 in PBS and incubated with secondary antibodies conju-
gated to Alexa 546 or 633 (Invitrogen). Cells were incubated with 1
�g/ml TO-PRO-3 iodide (Invitrogen) in PBS for 15 min and then
utilized for visualization experiments.
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Polyribosome Profile Analysis—The distribution of ribosome pro-
teins was analyzed by sucrose gradient following an established
protocol (10). The cellular extracts were centrifuged on a gradient
ranging from 7%–47%, and fractions were precipitated with trichlo-
roacetic acid and washed with ice-cold acetone. The protein pellets
were denatured by Laemmli sample buffer and analyzed via Western
blotting.

ADP/ATP Ratio Assay—The assay was performed according to the
instructions provided with the ApoSENSORTM ADP/ATP ratio assay
kit (BioVision, San Francisco, CA). In brief, cells were seeded in
96-well plates and treated with siRNA for 2 days. ATP was released
and converted to luminescence by luciferase. The luminescence sig-
nal indicating the level of ATP was detected by a luminometer. After
the ATP was depleted, the ADP level was measured by converting
ADP to ATP followed by luciferase reaction to luminescence.

Pulse-and-chase Measurements of RNA Stability—To measure the
stability of newly synthesized RNA, HeLa cells were treated with
control or SIRT7 siRNA for 2 days and then pulse-labeled with 0.5 mM

EU for 1.5 h. The medium containing EU was removed and cells were
chased with normal DMEM supplemented with 10% FBS for 0, 2, 4,
6, and 12 h. Samples from each time point were fixed with ethanol
and analyzed using the Click-iT® assay with fluorescent azide Alexan
488. A flow cytometry assay was performed as described above.

RESULTS

SIRT7 Has an RNA-independent Nucleolar Localization and
Interacts with Proteins Involved in Ribosome Biogenesis—
Although it is established that SIRT7 localizes to nucleoli,
organelles exhibiting active ribosome biogenesis, the mech-
anism by which this localization occurs is not well understood.
Many nucleolar proteins, such as MYBBP1A, which we have
previously shown to associate with SIRT7 (8), are RNA-bind-
ing proteins (15). Therefore, we asked whether the nucleolar
localization of SIRT7 and its co-localization with the Pol I
complex also rely on the presence of RNA. The nucleolus
consists of three distinct substructures—the fibrillar center,
the dense fibrillar component, and the granular component—
and Pol I is known to localize to the fibrillar center (23).
Consistent with previous observations (15), RNase A treat-
ment resulted in the dispersion of MYBBP1A from nucleoli to
nucleoplasm (Fig. 1B). Interestingly, the nucleolar co-localiza-
tion of endogenous SIRT7 with RPA194 was not altered by
RNase A treatment (Fig. 1A), indicating a tight association of
SIRT7 within nucleoli partly through the Pol I complex.
To gain a broader perspective on the roles of SIRT7 in

ribosome biogenesis, we performed a functional network
analysis of SIRT7-interacting proteins identified using an af-
finity purification mass spectrometry approach (8, 24). Pro-
teins involved in ribosome production were selected based on
gene ontology annotations and related functions and were
subsequently visualized with the STRING (20) and Cytoscape
(25) programs in order to generate functional interaction net-
works (Fig. 1C and supplemental Table S2). The relative en-
richment of co-isolated proteins was calculated using NSAF
and PAX values, as described (8). Individual proteins forming
no connections within the STRING network (see supplemental
Table S3) were excluded from the depicted network, with the
exception of mTOR, a known master regulator in ribosome

FIG. 1. Nucleolar SIRT7 participates in multiple pathways in
ribosomal biogenesis. A, B, HeLa cells treated with RNase A or
buffer alone (Ctrl). Localizations of endogenous MYBBP1A, SIRT7,
and RPA194 were detected via immunofluorescence microscopy. C,
SIRT7 interacts with proteins involved in ribosome biogenesis. Rela-
tive abundances of SIRT7-interacting proteins specific to ribosome
biogenesis are indicated by the logarithm of the ratio of NSAF/PAX
values. Node color and size correlate with NSAF/PAX ratios. Protein
networks were assembled by STRING and visualized by Cytoscape.
D, E, representative collision-induced dissociation MS/MS spectra of
doubly charged tryptic peptides from mTOR (D) and GTF3C1 (E).
Assigned b and y ion sequence fragments and prominent neutral
losses from the precursor are labeled. BPI, base peak intensity.
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biogenesis (6) (Fig. 1C). Within this functional network, SIRT7
associated with distinct groups of proteins, including ribo-
somal proteins and proteins with previously assigned roles in
rRNA processing and ribosome assembly biogenesis. Inter-
estingly, among the factors important in ribosome biogenesis,
we found enriched interactions with mTOR and members of
TFIIIC2, a Pol III transcription factor complex (26) (Figs. 1D
and 1E). These results point to diverse functions for SIRT7 in
ribosome biogenesis, in addition to its previously reported
role in Pol I transcription (7).
SIRT7 Knockdown Negatively Regulates the Synthesis Rate

of rRNA—After we found that SIRT7 associates with multiple
proteins involved in the regulation of ribosome biogenesis, we
next monitored rRNA synthesis rates. Pol I transcription ac-
counts for the majority (�70%) of RNA synthesis within the
nucleus (9, 27), and Pol II activity can be inhibited by treat-
ment with �-amanitin. Therefore, we approximated the rates
of rRNA synthesis by measuring the nuclear signal of fluores-
cent RNA using pulse-labeling with the uridine analog EU,
followed by conjugation of a fluorescence dye (Alexan 488) via
Click-iT reaction. After pulse-labeling with EU, we found nas-
cent RNA signals to be enriched in nucleoli (Fig. 2A) and that
transcriptional activity was suppressed during mitosis (Fig.
2A, arrows), consistent with common features of rDNA tran-
scription (16, 28).
To determine the effect of SIRT7 on rRNA synthesis, we

performed siRNA-mediated knockdown and validated the ef-
ficiency of SIRT7 knockdown through a Western blotting (Fig.
2B). As controls, the transcription factor UBF and Pol I initia-
tion factor TIF-IA did not show significant changes in protein
levels following the SIRT7 siRNA treatment (Fig. 2B). Knock-
down of SIRT7 led to suppressed EU-Alexan 488 signals (Fig.
2C, top) and a statistically significant reduction (�50%) in
mean transcriptional activity relative to treatment with non-
targeting siRNA (Fig. 2C, bottom). To further account for the
effect of focal plane selection on the observed EU-Alexan 488
signals, we measured the total cellular fluorescence using
flow cytometry analysis for a population of n � 10,000 cells for
each siRNA treatment condition. As shown in Fig. 2D, cells
treated with siRNA targeting SIRT7 (red) had an average EU
signal that was reduced by �50% relative to the control
siRNA (Fig. 2D, green), which is consistent with the micros-
copy results (Fig. 2C). As expected, the EU-Alexan 488 signal
was sensitive to RNase A treatment (Fig. 2D, �RNaseA),
confirming that the EU signal was indeed from RNA. Our
results demonstrate that SIRT7 knockdown can suppress
rRNA synthesis rates (8).
It is known that once rRNA is synthesized, it must be

processed in order to generate mature rRNAs. Therefore,
SIRT7 may also contribute to rRNA processing, affecting the
function of the ribosome during protein synthesis. To test this
possibility, we sought to monitor the processing steps by
measuring rRNA stability. The decay rates of newly synthe-
sized rRNA were measured using a pulse-and-chase experi-

ment following EU labeling. Although the 5� and 3� external
transcribed spacers of pre-rRNA are rapidly degraded within
minutes right after transcription, the regions in the 5� external
transcribed spacer near 18S and in the internal transcribed
spacer have longer half-lives (	30 min) (29). This enabled us
to determine the half-life of newly synthesized rRNA in wild-
type cells as �50 min (0.87 h) (Fig. 2E, Ctrl). We next asked
whether SIRT7 knockdown affects rRNA stability. SIRT7
knockdown triggered an extension of the half-life to �2 h

FIG. 2. SIRT7 knockdown negatively regulates synthesis rate of
rRNA. A, transcription inhibition in mitosis phase. Fluorescence mi-
croscopy shows EU incorporation (EU-Alexan 488) into RNA 1 h after
pulse-labeling. Cells undergoing mitosis exhibit chromosome con-
densation (arrows). B, protein levels monitored via Western blotting
following siRNA treatment (2 days). C, reduced synthesis rates of
nascent RNA upon SIRT7 knockdown. Top: selected fluorescent
images from EU-labeled HeLa cells treated with siRNA for 2 days.
Relative EU levels, shown in parentheses, were calculated by normal-
ization to the mean fluorescence value of control siRNA-treated cells.
“Cell #” indicates the number of cells measured for each experiment.
Bottom: normalized total cell fluorescence output from cells treated
with siRNA targeting SIRT7. Mean fluorescence value (m) and stand-
ard deviations (S.D.) for each condition are as follows: ctrl, m � 69k,
S.D. � 44k; SIRT7, m � 34k, S.D. � 21k. p values were calculated
using Student’s t test. Images were acquired using a 60� oil immer-
sion lens; bar, 10 �m. D, EU fluorescence distribution following pulse-
labeling in cells treated with siRNA (si), with or without RNaseA, as
analyzed via flow cytometry. E, pulse-and-chase experiment for
measuring RNA stability. HeLa cells were treated with control or
SIRT7 siRNA for 2 days and then EU labeled for 1.5 h. Then the cells
were chased with different time points.
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(1.97 h) (Fig. 2E). It has been reported that perturbations in
rRNA processing steps can lead to the accumulation of pre-
rRNA intermediates (30, 31), which could result in longer
half-lives of the pre-rRNA intermediates like 5� external tran-
scribed spacer near 18S and internal transcribed spacer.
However, we found that the steady state levels of rRNA meas-
ured by qPCR are decreased after SIRT7 knockdown (sup-
plemental Fig. S1). These results indicate that the slight in-
crease in rRNA half-life after siRNA knockdown could not
compensate for the decreased RNA synthesis rate, which
accounted for the overall reduced levels of rRNA. Therefore,
cumulatively, our SIRT7 interaction studies and rRNA mea-
surements suggest that SIRT7 plays an important role in
ribosome biogenesis through the regulation of rRNA
transcription.
SIRT7 Associates with the Ribosome and Regulates Protein

Synthesis—As our results have shown that SIRT7 associates
with a subset of ribosomal proteins from both 60S and 40S
subunits (Fig. 1C) and that it has roles in rRNA synthesis and
processing (Fig. 2), it is likely that SIRT7 may regulate ribo-
some function. To further investigate the association of SIRT7
with ribosomal proteins, we monitored the localizations of
both SIRT7 and RPL11, a ribosomal protein that belongs to
the 60S subunit and plays an important role in regulating cell
cycle progression (11, 14). We observed co-localization of
RPL11 with SIRT7 in cells transiently expressing a SIRT7-
EGFP fusion protein (Fig. 3A). Furthermore, by using sucrose
gradient analysis to examine the distribution of ribosomal
proteins, we found that a pool of endogenous SIRT7 co-
fractionates with RPL11 and RPL5 in the monoribosome re-
gion (Fig. 3B, “ctrl si,” arrow). Following SIRT7 knockdown,
we observed a minor disturbance in RPL11 distribution in
polyribosome regions (Fig. 3B, lanes 8–11). Because the
ribosome is important to the function of the translational
machinery, we also monitored the effect of SIRT7 on protein
synthesis rates by measuring the incorporation of the amino
acid analog HPG in cells treated with siRNA targeting SIRT7.
We found that following SIRT7 knockdown, the protein syn-
thesis activities were significantly suppressed relative to con-
trol siRNA or untreated cells (Fig. 3C).
SIRT7 Knockdown Preferentially Suppresses Protein Syn-

thesis—Given the robust effect of SIRT7 knockdown on pro-
tein synthesis, we next examined how these effects correlate
with those on RNA transcription. Unlike the effect of RPA194
knockdown, which led to a similar reduction in protein and
RNA synthesis rates, we found that SIRT7 knockdown had a
stronger inhibitory effect on protein synthesis than on RNA
transcription (�3-fold) (Fig. 4A, p � 0.0001). This observation
was consistent when using two different siRNAs against
SIRT7 (S7#1 and S7#2). A less effective siRNA against SIRT7
(Fig. 4A, #3) is shown as an additional control. The knock-
down efficiencies of different siRNAs used in this setting were
confirmed by Western blotting (Fig. 4A, bottom). Interestingly,
although SIRT7 knockdown efficiently suppressed protein

synthesis, we found that the overexpression of SIRT7 by
transient transfection was not sufficient to increase the pro-
tein synthesis rate (Fig. 4B, top). Similarly, unaltered protein
synthesis levels were observed for the overexpression of
SIRT7 wild type and SIRT7 deacetylation-impacted mutant
(S111A), as well as for a control GFP overexpression (Fig. 4B,
top). The overexpression levels of SIRT7 were confirmed by
Western blotting (Fig. 4B, bottom). These results suggest that

FIG. 3. SIRT7 associates with ribosome units and regulates
protein synthesis rate. A, co-localization of SIRT7-EGFP and RPL11
within nucleoli. A cell line stably expressing SIRT7-EGFP fusion pro-
tein was transfected with RPL11 cDNA and monitored via immuno-
fluorescence microscopy with a 60� oil immersion lens; bar, 10 �m.
B, co-fractionation of RPL5, RPL11, and SIRT7. Cells were treated
with control and SIRT7 siRNA for 2 days. The distributions of ribo-
some proteins and SIRT7 were analyzed by sucrose gradient. Pro-
teins from individual fractions were precipitated and analyzed via
Western blotting. C, SIRT7 knockdown inhibits protein synthesis.
Protein synthesis rates after siRNA treatment for 3 days were moni-
tored via pulse L-homopropargylglycine labeling followed by Click-iT
reaction with a fluorescent dye.
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the overexpression of SIRT7 by itself is not sufficient to in-
crease protein synthesis rates. SIRT7 could regulate ribosome
biogenesis through multiple pathways that may not be revers-
ible following SIRT7 knockdown. It is likely that, as suggested
by our interactome studies (Fig. 1), SIRT7 carries out numer-
ous functions by establishing interactions with other proteins
and via recruitment to specialized protein complexes. There-
fore, although its knockdown likely affects these interactions
and the functions of these complexes, its overexpression may
not necessarily provide the platform for the formation of an
increased amount of these interactions/complexes.
To ensure that the inhibitory effects on protein and RNA

synthesis were a direct consequence of SIRT7 knockdown
and not due to altered cell fitness, we measured the ADP/ATP
ratio as a general stress indicator (Fig. 4C). This ratio is
correlated with a variety of cellular processes, such as cell
growth, apoptosis, and cell arrest, and therefore it can inform
on potential secondary effects triggered by SIRT7 knock-
down. We observed a minor effect on the ADP/ATP ratio,

suggesting that the effects on protein synthesis are specific to
SIRT7 knockdown. Camptothecin was used as positive con-
trol for its known ability to arrest cells and induce DNA dam-
age (Fig. 4C, CPT).
Reduced protein and RNA synthesis rates are known to

have a negative effect on cell growth and proliferation. How-
ever, we did not observe a significant effect on proliferation
after siRNA treatment for 2 days (Fig. 4D, #1), when both the
RNA and protein synthesis rates were reduced (Fig. 4A).
Therefore, it is unlikely that the reduced proliferation triggers
the observed decrease in protein and RNA synthesis. Yet cells
treated with siRNA against SIRT7 for 3 days exhibited re-
duced proliferation rates (Fig. 4E, #1). Treatment with siRNA
#3, which is ineffective for SIRT7 knockdown, did not cause a
reduction in either cell proliferation or protein and RNA syn-
thesis (Figs. 4A, 4D, and 4E). Together, these results establish
an effect of SIRT7 knockdown on protein and RNA synthesis
rates.
SIRT7 Associates with a TFIIIC2-containing Complex and

Modulates Pol III Functions—Our results from SIRT7 protein
interactions and the effect of its knockdown on protein and
RNA synthesis rates indicate that SIRT7 plays multiple roles in
ribosome biogenesis. Among the SIRT7 interactions that were
identified in our mass spectrometry studies were interactions
with TFIIIC2 and mTOR (Figs. 1C–1E), proteins known to form
a complex and play a crucial role in Pol III functions (32). The
TFIIIC2 complex is known to be nuclear (26), and recent
evidence showed that mTOR localizes within nucleoli (31). To
further validate these interactions, we performed reciprocal
isolations using antibodies against the endogenous proteins
(Fig. 5A). Our results establish that SIRT7 specifically interacts
with mTOR and members of the human TFIIIC2 complex. As
SIRT7 was recently demonstrated to possess selective
deacetylase activity (1), it is intriguing to determine whether
the functions of these associations are connected to the
enzymatic activity of SIRT7. We first tested whether increased
acetylation levels could be detected on immunoaffinity-puri-
fied GTF3C1 and mTOR following SIRT7 knockdown, but we
did not observe hyperacetylations (Figs. 5B and 5C). Next, we
examined the overall effect of SIRT7 on the acetylation status
of nucleolar and nuclear proteins. Isolated nuclei or nucleoli
from wild-type cells and SIRT7 knockdown cells were re-
solved via SDS-PAGE, and the global acetylation status was
assessed by Western blotting using an anti-acetyl lysine an-
tibody. However, we did not observe significant changes in
acetylation levels following SIRT7 knockdown (Fig. 5D). Our
work may, of course, have been affected by the sensitivity of
the antibody and its ability to detect low levels of acetylation.
However, together, these results suggest that SIRT7 might
not be involved in the deacetylation of numerous nucleolar or
nuclear proteins (i.e. it is not a global deacetylase). In agree-
ment with our observations from the interactome and protein
synthesis studies, SIRT7 seems to carry out its functions
through interactions with other proteins and recruitment to

FIG. 4. SIRT7 knockdown preferentially suppresses protein syn-
thesis rates and inhibits proliferation. A, preferential inhibition of
protein synthesis by SIRT7. Top: comparison of RNA and protein
synthesis rates following siRNA treatment for 2 days. Bottom: knock-
down efficiencies of individual siRNA were monitored via Western
blotting. B, HeLa cells were transfected with SIRT7 siRNA and differ-
ent plasmids (GFP, wild type, 111) for 2 days. The protein synthesis
rates were measured using an HPG labeling method (top panel). The
levels of SIRT7 were confirmed by Western blotting (bottom panel).
WT: SIRT7 wild type; S111A: SIRT7 deacetylation-impacted mutant.
GFP served as a control for overexpression. C, after siRNA treatment
for 2 days, HeLa cells were treated with nucleotide releasing buffer for
the detection of ATP levels. ADP levels were sequentially measured
by adding ADP converting enzyme. The ratio of ADP to ATP in each
condition was calculated. Camptothecin (CPT) was used as a control.
D, E, cell proliferation rates following siRNA treatments for 2 and 3
days, respectively. p values were calculated using Student’s t test.
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specialized protein complexes. This is in agreement with the
current knowledge about other deacetylases that are known
to carry out multiple functions though interactions with nu-
merous proteins (33). For example, HDAC1 is part of different
complexes with distinct functions (e.g. NuRD, Sin3A) and is
not involved in the deacetylation of the other complex com-
ponents. Overall, our results demonstrate that SIRT7 estab-
lishes specific interactions with mTOR and GTF3C1 but likely
does not contribute to their acetylation status.
Having validated the SIRT7 interaction with mTOR, we next

tested whether SIRT7 knockdown affects the function of the
mTOR pathway by monitoring the phosphorylation status of
the downstream factor S6-P (S235/236) and the autophagy
activity as indicated by LC3B-II levels. We found that SIRT7
knockdown resulted in a diminished level of S6-P but an
increased signal of LC3B-II, similar to the effects of rapamycin
treatment (Fig. 5E). For this SIRT7 knockdown there was no
effect on cell proliferation (Fig. 4D, 2 days), suggesting that
SIRT7 association with mTOR and its effect on S6 phosphor-
ylation are not the result of reduced cell proliferation. Other
siRNAs (ctrl, #3, 194) with less efficiency against SIRT7
showed no effects, indicating a SIRT7-dependent pathway
(Fig. 5E). Together, these results suggest a physical and func-
tional link between SIRT7 and mTOR.
Pol III is known to play an important role in ribosome bio-

genesis and the translational machinery (9). From our immu-
noaffinity purifications from whole cell lysates, we found that
SIRT7 associates with GTF3C1 and GTF3C3 (Fig. 1C), mem-
bers of the human TFIIIC2 complex, which is crucial for type
I (5S rRNA) and type II (tRNA) Pol III-mediated gene transcrip-
tion (Fig. 5G) (26). To further investigate the interaction with
this complex, we performed cellular fractionation to purify
nuclei and enrich for SIRT7 interactions. Using this approach
we observed a strong enrichment for the TFIIIC2 complex,
identifying five out of the known six complex members (Fig.
5F). Additionally, we observed four components of RNA Pol
III, further supporting a possible role for SIRT7 in regulating
Pol III functions (Fig. 5G). Given that TFIIIC2 associates with
promoter regions (34), we next asked whether SIRT7 can
target genetic regions transcribed by Pol III. Using chromatin
immunoprecipitation, we found that both SIRT7 (S7) and Pol
III associated with tRNA and 5S rRNA genetic regions
(tRNA(Tyr) and 5S), but not with an upstream region of the Pol
II gene (cMYC -400) (Fig. 5H). Although the role of TFIIIC2 in
type III Pol III–mediated gene regulation is not clear, we also

FIG. 5. SIRT7 regulates the functions of mTOR and Pol III com-
plexes. A, validation of SIRT7 interaction by reciprocal immunopre-
cipitation using antibodies against GTF3C1 and mTOR. B, C, after
SIRT7 siRNA treatment for 2 days, GTF3C1 and mTOR were immu-
nopurified and analyzed via Western blotting using anti-acetyl-Lys
antibody. D, HeLa cells were treated with SIRT7 siRNA for 2 days. The
nucleus and nucleolus were enriched and analyzed via Western blot-
ting using antibody specific to acetyl-lysine (Acetyl-K). E, SIRT7
knockdown affects mTOR pathway. Phosphorylated S6 (top panel)
and LC3B protein (bottom panel) abundances were monitored via
Western blotting in cells treated with siRNA. Numbers represent
S6-P/S6 total (top panel) and LC3B/tubulin (bottom panel) ratios. F,
STRING network of protein–protein interactions between RNA Pol III
subunits and TFIIIC2 complex members. Colored nodes, reflecting
relative abundance (NSAF, %), represent proteins co-isolated with
SIRT7-EGFP from purified nuclei. “White nodes” added by STRING
were colored gray, depicting the connectivity between RNA Pol III and

the TFIIIC2 complex. G, graphical representation of the RNA Pol III
transcriptional machinery recruited to DNA (A- and B-boxes), which
selectively promotes transcription of tRNA genes. TFIIIC2 is indicated
as the putative target of SIRT7-dependent regulation of Pol II tran-
scription. H, SIRT7 associates with Pol III–targeting genes. The pro-
moter region association of SIRT7 was monitored via ChIP assay. I,
SIRT7 knockdown reduces tRNA levels as measured by qPCR. The
anticodon of each tRNA is labeled in parentheses.

SIRT7 Regulates Pol III Transcription

80 Molecular & Cellular Proteomics 13.1

 by guest on M
arch 18, 2019

http://w
w

w
.m

cponline.org/
D

ow
nloaded from

 

http://www.mcponline.org/


found that SIRT7 can bind to 7SK and U6 genetic regions (Fig.
5H). Following SIRT7 knockdown, we observed reduced lev-
els of many tRNAs, suggesting that SIRT7 plays a role in
regulating Pol III function (Fig. 5I). However, the effects of
SIRT7 knockdown on the transcription of the 5S and U6
genes were less substantial. These effects could be due, in
part, to the highly specific binding of TFIIIC2 complex to the
B-box promoter element in tRNA genetic loci (26). Together,
our results suggest physical and functional links between
SIRT7 and Pol III complexes that in turn may contribute to the
regulation of ribosome biogenesis.

DISCUSSION

Although SIRT7 has the potential to serve as a novel anti-
cancer target (1–3), the mechanisms responsible for the anti-
tumor effects in response to SIRT7 knockdown remain poorly
understood. A key feature of cancer cells is uncontrolled
proliferation that ultimately overcomes the intrinsic limit of
mitotic cycles. However, tumor cells must achieve a critical
cell mass before committing to another round of cell division
in order to increase the tumor cell population. Ribosome
synthesis is a key process necessary for fulfillment of the
required cell mass. Here, we present the first experimental
evidence that SIRT7 interacts with proteins involved in ribo-
some biogenesis, and that its levels are critical for regulating
protein synthesis. Based on our accumulated evidence, we
propose a model in which SIRT7 affects ribosome biogenesis
and protein synthesis (Fig. 6), functions that may contribute to

tumor cell proliferation.
We demonstrated that SIRT7 localizes in an RNA-indepen-

dent manner within nucleoli, the cellular organelles responsi-
ble for rRNA synthesis and ribosome assembly (Fig. 1A). The
nucleolar localization of SIRT7 is indeed connected to its
functions in ribosome biogenesis, as indicated by our identi-
fication of numerous SIRT7 interacting proteins involved in
this process (Fig. 1B). Functional analyses demonstrated that
SIRT7 plays a role in several steps of ribosome biogenesis,
including Pol I transcription and rRNA processing (Fig. 2),
both of which can affect the production of the translational
machinery (Fig. 6). In addition, our findings that SIRT7 co-
localizes with ribosomal proteins and associates with ribo-
some subunits (Fig. 3) suggest a direct role in regulating the
function of the translational machinery (Fig. 6). Furthermore,
SIRT7 knockdown significantly suppressed protein synthesis
rates (Fig. 3C). The significance of the connection between
SIRT7 and ribosome complexes could go beyond the function
of the translational machinery. Many ribosomal proteins are
involved in signaling cell-cycle arrest in response to nucleolar
stress when ribosome biogenesis is disrupted (11, 13, 14, 35).
Therefore, SIRT7 may also serve as a checkpoint to hinder
ribosomal proteins from triggering cell-cycle arrest. Indeed,
several lines of evidence have shown that SIRT7 knockdown
results in cell-cycle arrest in multiple cell types (1, 2).
In addition to Pol I, Pol III also plays an important role in

ribosome biogenesis and protein synthesis (9) (Fig. 6). Func-
tional network analysis and reciprocal immunopurifications
(Fig. 5) suggested that SIRT7 regulates Pol III function through
interaction with the TFIIIC2 complex (Fig. 6). This complex is
essential for the recognition of B-box promoter elements and
the recruitment of TFIIIB and Pol III for tRNA synthesis (Fig.
5G) (26). Our findings that SIRT7 binds to tRNA genes and
that SIRT7 knockdown reduces tRNA levels also support this
hypothesis (Fig. 5). The regulation of Pol III function on tRNA
synthesis also provides one explanation for why SIRT7 knock-
down preferentially suppresses protein synthesis over RNA
synthesis when compared with Pol I knockdown (Fig. 4A).
Interestingly, earlier reports showed that, in addition to its
functions in tRNA synthesis, the TFIIIC2 complex is essential
for 5S rRNA transcription (26). However, after SIRT7 knock-
down, we did not observe reduced levels on 5S rRNA or U6
genes, which belong to different classes of Pol III–targeting
genes than tRNA genes (Fig. 5I). This is likely due to the tight
association between TFIIIC2 and TFIIIA, which is required for
the 5S rRNA but dispensable for tRNA gene transcription (26).
SIRT7 knockdown may disrupt the accessibility of TFIIIC2 for
interaction with the tRNA promoter without interfering with the
strong interaction between TFIIIC2 and TFIIIA. This is in
agreement with our finding that SIRT7 binds specifically to
TFIIIC2 (Fig. 5). It is likely that TFIIIC2 is not required for the
transcription of type III Pol III–targeting genes (e.g. U6), whose
promoters typically do not possess B-box elements and uti-
lize a separate complement of transcription factors (34).

FIG. 6. Model for potential roles of SIRT7 in ribosome biogen-
esis. Role of SIRT7 in Pol I, Pol III, and mTOR. SIRT7 majorly localizes
within nucleoli and forms multiple complexes with ribosomes, mTOR,
and TFIIIC2. Both mTOR and SIRT7 can interact with TFIIIC2 to
regulate Pol III transcription. The SIRT7–mTOR complex may regulate
an autophagy pathway that affects cell growth and proliferation.
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It is known that mTOR regulates all three classes of RNA
polymerases to facilitate ribosome biogenesis (6) and that,
similar to SIRT7, it can localize to nucleoli (31). Therefore, we
propose that SIRT7 functions in ribosome biogenesis and
protein synthesis are partly mediated by its association with
mTOR (Fig. 6). This idea is supported by the observation that
SIRT7 knockdown increases the level of LC3B-II (Fig. 5E), a
specific autophagy marker that can be inhibited by mTOR
activity. Although autophagy is considered a tumor suppres-
sor mechanism (36), whether the activated autophagy path-
way can play a role in suppressing tumor cell growth during
SIRT7 knockdown requires further investigation (Fig. 6).
Our findings that SIRT7 has physical and functional links

with both TFIIIC2-containing complexes and mTOR also pres-
ent a possible mechanism by which SIRT7 regulates Pol III
function and protein synthesis (Fig. 6). mTOR has been shown
to associate with Pol III–targeting genes through interaction
with TFIIIC2 complex (32, 37) and to activate transcription
through the phosphorylation of Maf-1 repressor (32). It is
possible that SIRT7 regulates Pol III function through a similar
mechanism by recruiting mTOR kinase to the vicinity of tRNA
genes (Fig. 6). In summary, our demonstration that SIRT7
knockdown reduces both RNA transcription and protein syn-
thesis provides a foundation for future studies aimed at un-
derstanding the underlying mechanisms of SIRT7-dependent
antitumor effects.
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