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Human sirtuin 2 (SIRT2) is an NAD�-dependent deacety-
lase that primarily functions in the cytoplasm, where it can
regulate �-tubulin acetylation levels. SIRT2 is linked to
cancer progression, neurodegeneration, and infection
with bacteria or viruses. However, the current knowledge
about its interactions and the means through which it
exerts its functions has remained limited. Here, we aimed
to gain a better understanding of its cellular functions by
characterizing SIRT2 subcellular localization, the identity
and relative stability of its protein interactions, and its
impact on the proteome of primary human fibroblasts. To
assess the relative stability of SIRT2 interactions, we used
immunoaffinity purification in conjunction with both label-
free and metabolic labeling quantitative mass spectrom-
etry. In addition to the expected associations with cyto-
skeleton proteins, including its known substrate TUBA1A,
our results reveal that SIRT2 specifically interacts with
proteins functioning in membrane trafficking, secretory
processes, and transcriptional regulation. By quantifying
their relative stability, we found most interactions to be
transient, indicating a dynamic SIRT2 environment. We
discover that SIRT2 localizes to the ER-Golgi intermediate
compartment (ERGIC), and that this recruitment requires
an intact ER-Golgi trafficking pathway. Further expanding
these findings, we used microscopy and interaction as-
says to establish the interaction and coregulation of
SIRT2 with liprin-�1 scaffolding protein (PPFiBP1), a
protein with roles in focal adhesions disassembly. As
SIRT2 functions may be accomplished via interactions,
enzymatic activity, and transcriptional regulation, we
next assessed the impact of SIRT2 levels on the cellular
proteome. SIRT2 knockdown led to changes in the lev-
els of proteins functioning in membrane trafficking, in-
cluding some of its interaction partners. Altogether, our
study expands the knowledge of SIRT2 cytoplasmic
functions to define a previously unrecognized involve-
ment in intracellular trafficking pathways, which may

contribute to its roles in cellular homeostasis and hu-
man diseases. Molecular & Cellular Proteomics 15:
10.1074/mcp.M116.061333, 3107–3125, 2016.

Human sirtuin 2 (SIRT2)1 is one of seven NAD�-dependent
deacylases (SIRT1–7) that were originally discovered as ho-
mologues of S. Cerevisiae Sir2 regulator of gene silencing in
mating-type loci and telomeres (1). As the enzymatic activity
of sirtuins is dependent on the presence of a major metabolic
molecule, NAD�, these enzymes can act as sensors of intra-
cellular energy states. Sirtuins are distributed throughout ma-
jor intracellular compartments to deliver this information to
nuclear (SIRT1, SIRT6), nucleolar (SIRT7), cytoplasmic
(SIRT2), and mitochondrial (SIRT3, SIRT4, SIRT5) processes
(2). The prominent enzymatic activity of sirtuins is thought to
be deacetylation, i.e. removal of acetylation from lysine resi-
dues of protein substrates. However, studies from several
research groups have demonstrated that sirtuins also pos-
sess other enzymatic activities. SIRT4 and SIRT6 can act as
ADP-ribosyltransferases (3, 4), and more recently SIRT4 was
identified as an efficient lipoamidase (5). SIRT2 and SIRT6
display demyristoylation activity (6, 7), whereas SIRT5 acts as
demalonylase and desuccinylase (8). Given the wide range of
histone and nonhistone substrates of sirtuins, these enzymes
have been studied in the context of cancer, viral infection,
neurological disorders, and lifespan (9–11). For instance, a
recent study has demonstrated that sirtuins, including SIRT2,
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have broad-spectrum antiviral functions in primary human
fibroblasts upon infection with several DNA or RNA viruses
(11).

SIRT2 is primarily known as a cytoplasmic NAD�-depend-
ent deacetylase. Previous studies reported that two SIRT2
isoforms are present in human cells, where isoform 1 repre-
sents the full-length protein, whereas isoform 2 results from
alternative splicing and lacks the first 38 amino acids (12).
Both isoforms are catalytically active, but differ in their tissue
expression patterns. Isoform 1 is abundant in skeletal muscle,
whereas isoform 2 is predominant in the brain (13). This sug-
gests cell type-specific functions and contribution to different
human diseases that remain to be fully understood. So far,
most studies on SIRT2 functions within intracellular pathways
have been focused on characterization of its substrates. The
first identified substrate was �-tubulin, which is deacetylated
by SIRT2 at Lys40 (14). This deacetylation process is thought
to play a role in the progression of mitosis and in neuronal cell
motility (15–18). SIRT2 can also regulate mitosis by relocating
to chromatin, reducing global levels of acetylated histone H4
at Lys16, and thereby aiding in chromatin compaction (19–
21). Another SIRT2 histone substrate, H3Lys18 was shown to
regulate gene expression during bacterial infection with Lis-
teria (22). The roles of SIRT2 were also explored in connection
to metabolic diseases, in part via its deacetylation of ATP
citrate lyase (ACLY) (23) and phosphoglycerate mutase
(PGAM) (24). Overall, these studies of SIRT2 substrates indi-
cate its involvement in a variety of intracellular processes.

In addition to regulating substrates, it is becoming evident
that sirtuins and other histone deacetylases (HDACs) can also
modulate protein functions through the formation of diverse
protein-protein interactions. For instance, a global HDAC in-
teractome study revealed previously undefined HDAC11 func-
tions in mRNA splicing through its interaction with the SMN
complex (25). Activity-dependent interactions of SIRT6 with
the stress response factor G3BP1 pointed at its involvement
in regulation of cellular stress responses (26, 27). So far, there
is limited knowledge regarding SIRT2 protein–protein interac-
tions, and it is mainly derived from either in vitro studies or
analyses performed in immortalized cells. In a yeast two-
hybrid screen, SIRT2 was found to interact with Homeobox
Transcription Factor HOXA10 that could contribute to its role
in cell cycle progression (28). Additionally, a large-scale study
aimed at gaining insights into the broad interaction network of
over 2000 human proteins was performed in HEK293T cells,
and identified several associations when using FLAG-HA-
tagged SIRT2 as one of the baits (29). However, the functional
significance of these interactions requires further investiga-
tion, and there is a need to understand SIRT2 interactions in
primary human cells.

Sirtuins can additionally impact cellular pathways through
the ability of some of their substrates and interactions to
regulate gene expression. For example, SIRT7 was found to
play a role in RNA Pol I-dependent transcription through its

interactions with the B-WICH chromatin remodeling complex
(30). Both SIRT1 and SIRT2 were shown to modulate gene
expression through deacetylation of several transcription fac-
tors, including nuclear factor �� (NF��) (31, 32), p53 (33, 34),
forkhead box protein O3 (FOXO3A) (35, 36), and coactivator
�-catenin (37, 38). In addition, the neuroprotective effects of
SIRT2 inhibition in Huntington’s disease was associated with
the SIRT2-dependent regulation of the SREBP-2 transcription
factor trafficking from the endoplasmic reticulum to the nu-
cleus (39). These studies highlight the importance of continu-
ing the evaluation of sirtuin impact on gene expression and
total protein levels.

The limited knowledge regarding the nonenzymatic roles of
SIRT2 via either protein interactions or gene expression, as
well as its likely context-dependent functions, may contribute
to the different observations for SIRT2 functions in cancer
progression. For instance, SIRT2 may act as a tumor suppres-
sor, promoter, or both. In SIRT2 knockout mice, tumor devel-
opment was observed to increase with age (40) or when
challenged with mutagenic agents (41). It was also noted that
SIRT2 expression is decreased in gliomas (42). On the other
hand, disruption of SIRT2 activity was recently reported to
have anticancer effects in nonsmall cell lung cancer (43),
human colon carcinoma (44), and other cancer cell lines (45).
In order to fill the gap in the current knowledge of SIRT2
biological functions, we need a better view of its protein
interactions and impact on protein levels. Here, we addressed
these questions by generating a refined network of SIRT2
protein interactions in primary human fibroblasts. We inte-
grated label-free and metabolic labeling mass spectrometry
to assess the relative stability of SIRT2 interactions. These
analyses, in conjunction with microscopy and reciprocal iso-
lation studies, led to the discovery of a previously unrecog-
nized localization for SIRT2 at an intersection of intracellular
trafficking routes and its interaction with proteins that function
in these pathways. Specifically, we find SIRT2 to localize at
the endoplasmic reticulum-Golgi intermediate compartment
(ERGIC). This localization and its interaction with trafficked
proteins, including the focal adhesion adaptor protein lip-
rin-�1 (PPFiBP1), were dependent on the presence of an
intact ER-Golgi trafficking pathway. Furthermore, we as-
sessed the impact of SIRT2 knockdown on global protein
levels, identifying an up-regulation of selected proteins in the
endoplasmic reticulum and membrane organization path-
ways. Altogether, our results point to a role for SIRT2 in
regulation of cellular trafficking through formation of protein
interactions and regulation of protein levels.

EXPERIMENTAL PROCEDURES

Antibodies, Reagents, and Tissue Culture—The following primary
antibodies and stains were used for Western blotting and/or confocal
imaging: anti-SIRT2 (Abcam, Cambridge, MA), anti-PPFiBP1 (Abcam
for Western blotting and Bethyl Laboratories for immunoaffinity
purification), anti-ERGIC53 (Sigma Aldrich, Allentown, PA), DAPI
(ThermoFisher Scientific, Waltham, MA). Anti-rabbit or anti-mouse
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light chain specific HRP-conjugated (Jackson ImmunoResearch,
West Grove, PA) secondary antibodies were used for Western blot-
ting. Alexa Fluor (Invitrogen Life Technology, Grand Island, NY) sec-
ondary antibodies were used for confocal imaging. ER tracker Red
(BODIPY TR Glibenclamide, Life Technologies) and Golgi tracker red
(BODIPY TR Ceramide) were used for confocal imaging of endoplas-
mic reticulum and golgi, respectively. Brefeldin A was obtained from
Sigma and used at 3 �g/ml. Human MRC5 fibroblasts, HEK293T, and
Phoenix cells were obtained from ATCC and grown in Dulbecco’s
Modified Eagle medium (DMEM, Life Technologies, Carlsbad, CA)
supplemented with 10% fetal bovine serum at 37 °C and in 5% CO2.
For the I-DIRT (30, 46) experiments, metabolic labeling was achieved
by culturing MRC5 cells in SILAC DMEM (ThermoFisher Scientific,
Waltham, MA) with the addition of “light” arginine and lysine (12C6) or
“heavy” arginine and lysine (13C6) from Cambridge Isotope (Tewks-
bury, MA) and supplemented with dialyzed FBS (Gemini Bio-Prod-
ucts, West Sacramento, CA). Cell culture was allowed to proceed for
five passages to ensure over 95% incorporation rate. Dulbecco’s
Phosphate-Buffered Saline (DPBS) buffer was obtained from
ThermoFisher Scientific.

Generation of Cells Stably Expressing EGFP-FLAG and SIRT2-
EGFP—EGFP open reading frame (ORF) was obtained from
pEGFP-N1 (Clontech, Mountain View, CA) and inserted into pLXSN
retroviral vector (Clontech, Mountain View, CA) alone or in fusion with
FLAG at the 3� end (EGFP-FLAG). SIRT2 isoform2-containing con-
structs were cloned from pCDNA3.1 plasmid (Addgene, Cambridge,
MA) into pLXSN EGFP plasmid by PCR amplification of SIRT2 iso-
form-2 ORF. Phoenix cells were transfected with the resulting SIRT2-
EGFP or EGFP-FLAG plasmid using Lipofectamin 2000 (Invitrogen
Life Technology) in accordance with manufacturer’s protocol. Gener-
ated retrovirus-containing media was filtered with 0.45 �m Acrodisc
syringe filter (Pall, Port Washington, NY), supplemented with 4 �g/ml
polybrene (Millipore, Billerica, MA) and used to transduce MRC5
fibroblasts. Cells stably expressing transduced construct were se-
lected with 400 ng/ml G418 (ThermoFisher Scientific) for 7 days.

qPCR Analysis—Total mRNA was isolated with RNeasy mini kit
(Qiagen, Manchester, UK). 1 �g of total mRNA was used for cDNA
synthesis using RETROscript First Strand Synthesis Kit for RT-PCR
(Ambion Life Technologies, ThermoFisher Scientific). Primers used for
qPCR analysis were as followed: SIRT2: Fwd: 5�-ACCCGCTAAGCT-
GGATGAAAGAG-3�; Rev: 5�-AGTCTTCACACTTGGGCGTCAC-3�;
�-actin: Fwd: 5�-TCCTCCTGAGCGCAAGTACTC-3�; Rev: 5�-CGGA-
CTCGTCATACTCCTGCT-3�. ABI 7900 or ABI 384 thermocyclers (Ap-
plied Biosystems, Foster City, CA) were used for qPCR reaction and
data collection. SDS 2.3 (Applied Biosystems) software was used for
data processing.

Isolation of SIRT2 Protein Complexes and Sample Processing—
SIRT2-EGFP and EGFP-FLAG immunoaffinity purification was per-
formed as described previously (47). MRC5 cells stably expressing
SIRT2-EGFP or EGFP-FLAG were washed with DPBS, resuspended
in PVP-HEPES buffer (20 mM Na-HEPES, 1.2% polyvinylpyrrolidone
(w/v) pH 7.4 with protease inhibitor mixture (Sigma Aldrich), and
frozen as droplets in liquid nitrogen with frozen lysis buffer for cryo-
genic grinding. Lysis buffer was based on common TBT buffer com-
ponents (200 mM K-HEPS pH7.4, 1.1 M KOac, 1% Tween-20(v/v)) with
varying concentrations of NaCl and Triton X-100 used for optimiza-
tion. Frozen pellets were ground using Retsch MM301 Mixer Mill
(Retsch, Newtown, PA) at 30 Hz, 2.5 min cycle, 10 times. Cell powder
was resuspended in additional optimized lysis buffer and subject to
homogenization by Polytron (Kinematica, Bohemia, NY). Unsolubi-
lized material was separated by centrifugation at 3400 � g, 4 °C. The
soluble fraction was used as input for immunoaffinity purification
using magnetic beads coated with epoxy groups and conjugated to
anti-GFP antibody. The conjugation was performed using previously

described method (48). After incubation with cell lysate for one hour
at 4 °C, the beads were collected on a magnet and subjected to six
washes in lysis buffer, followed by one wash in DPBS. Captured
proteins were eluted with LDS sample buffer (247 mM Tris (pH 8.5),
2% LDS, 0.51 mM EDTA), boiled at 70 °C for 10min and left on TOMY
shaker for 10min. The eluted proteins were analyzed by mass spec-
trometry or Western blotting. For mass spectrometry analysis, protein
mixture was reduced with 20 mM TCEP, alkylated with 20 mM chlo-
roacetamide and subjected to trypsin (Pierce) digestion in solution
using filter-assisted sample preparation (FASP) method as described
previously (49, 50). Briefly, protein was denatured in urea-containing
buffer, captured on Amicon Ultra-0.5 centrifugal filters, 30 kDa NMWL
(Millipore), and washed with 50 mM ammonium bicarbonate. Trypsin
(ThermoFisher Scientific) was added on top of the filters at 1:50
(enzyme/substrate) ratio and digestion was carried overnight at 37 °C.
Peptides were collected into spin columns and subjected to desalting
on SDB-RPS StageTips as described below.

SIRT2 Deacetylation Activity Assay—Deacetylation activity assay
was performed using SIRT2 Direct Fluorescent Screening Assay Kit
(Cayman Chemicals, Ann Arbor, MI) according to the manufacturer’s
protocol. Briefly, SIRT2-EGFP and EGFP were isolated from human
fibroblasts by immunoaffinity purification on magnetic beads. The
bound proteins were incubated with 125 �M peptide substrate (Gln-
Pro-Lys-Lys(�-acetyl)-AMC) and 2 mM of the cofactor NAD�. As this
deacetylation reaction is not performed with recombinant SIRT2, but
rather with a lower amount of SIRT2 isolated (together with associ-
ated proteins) from cell culture, we optimized the incubation time,
extending it to overnight incubation at 37 °C. The reaction was
quenched with nicotinamide-containing developer. Fluorescence was
measured using a SpectraMax Gemini XS microplate reader (Molec-
ular Devices, Ramsey, MN).

Assessing the Relative Stability of Interactions Using I-DIRT—For
I-DIRT-based analysis of interactions (46), equal amounts of meta-
bolically labeled MRC5 fibroblasts wt (light) or SIRT2-EGFP express-
ing (heavy) were combined prior to cryogenic grinding. Ground cells
were resuspended in stringent lysis buffer (TBT buffer containing 200
mM NaCl, 0.5% Triton, phosphatase inhibitor mixture 2 and 3, prote-
ase inhibitor mixture, and Benzonase (Pierce Universal Nuclease,
ThermoFisher Scientific) and processed for IP as described above. An
aliquot of heavy-labeled MRC5 was used to measure isotope label
incorporation efficiency. Briefly, cells were lysed in 0.1 M ammonium
bicarbonate, 2% deoxycholate with 20 mM TCEP, and 20 mM chlo-
roacetamide, and the soluble fraction was collected. Approximately
50 �g of total protein was used for overnight trypsin (Pierce) digestion
(1:50 enzyme/substrate) at 37 °C. After overnight incubation at 37 °C,
equal volumes of ethyl acetate and 0.5%TFA were added to the
sample, which was then subjected to centrifugation. The aqueous
layer containing the peptides was recovered and subjected to desalt-
ing on SDB-RPS Stage Tips as described below. The peptide mixture
was analyzed by mass spectrometry, as described below. I-DIRT
scores were calculated for each interacting protein as Heavy/
(Heavy�Light) isotopic ratio in ProteomeDiscoverer. In this formula,
Heavy and Light denote average MS1 precursor peak areas of heavy
and light isotopes, respectively. A minimum of two peptides per
protein was used for quantification.

Generation of shRNA Expressing Cells—shRNA targeting SIRT2
(shSIRT2) or nontargeting (shCtrl) were obtained from Sigma
(TRCN0000040221 and SHC202, respectively). HEK293T cells were
transfected with the shRNA plasmids and helper plasmids (pMD2.G
and pCMV�R8.2, Addgene) using Lipofectamin2000 (Invitrogen) rea-
gent according to manufacturer’s protocol. Lentivirus-containing me-
dia was collected and used for transduction of MRC5 cells in the
presence of 4 �g/ml polybrene (Millipore, Billerica, MA). Transduced
cells were selected with 4 �g/ml puromycin (InvivoGen, San Diego,
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CA) for 7 days. shSIRT2 and shCtrl MRC5 cells were differentially
labeled by stable isotope labeling as described above.

Sample Processing for the Assessment of Total Protein Levels—
MRC5 cells stably expressing shSIRT2 or shCtrl and differentially
labeled light or heavy, respectively, were collected by scraping into
DPBS. Cell pellets were obtained by centrifugation and lysed in
urea-based lysis buffer (25 mM HEPES pH8.0, 9 M urea, 1/100 (v/v)
phosphatase inhibitor mixture II and III (Sigma), 1/100 (v/v) protease
inhibitor mixture (Sigma), and 50 mM nicotinamide). Lysates were
subjected to tip sonication (15W output, three bursts of 15 s each)
and cooled on ice for 1min between each burst. Cell debris were
pelleted by centrifugation at 20,000 � g for 15min at 4 °C. Protein
concentration was measured by Bradford and equal amounts of total
protein from each cell line were combined prior to protein digestion.
Protein mixture was reduced and alkylated with 20 mM TCEP and 20
mM chloroacetamide, respectively. Reaction was quenched by the
addition of 20 mM cysteine. Protein samples were digested by r-Lys-C
(Promega) at 1:600 enzyme/substrate ratio for 7 h at room tempera-
ture. The digestion reaction was diluted threefold with 25 mM HEPES
pH8.0 and trypsin (ThermoFisher Scientific) was added at 1:100
enzyme/substrate ratio. Trypsin digestion was carried overnight at
37 °C. Peptides were purified on Sep-Pak C18 column (WAT051910,
Waters) according to manufacturer’s protocol. Purified peptide mix-
ture was subjected to desalting on SDB-RPS StageTips and sequen-
tial fractionation as described below.

Peptide Sample Preparation for Mass Spectrometry Analysis—
Peptide mixture recovered after proteolytic digestion was acidified to
1%TFA and loaded onto StageTips assembled from low retention
plastic tips (ThermoFisher Scientific) and 3 M SDB-RPS Empore Discs
(Sigma-Aldrich). Loaded membrane was subjected to sequential
washing (0.2% TFA) and elution (5% ammonium hydroxide and 80%
acetonitrile) steps, as described previously (51). Isotopically labeled
peptide samples from I-DIRT and shRNA experiments were subjected
to sequential elution from StageTips using the following buffers: 0.1 M

ammonium formate, 0.5% formic acid, 40% acetonitrile (elution 1),
0.15 M ammonium formate, 0.5% formic acid, 60% acetonitrile (elu-
tion 2), 5% ammonium hydroxide, and 80% acetonitrile (elution 3).
Eluted peptides were concentrated by vacuum centrifugation and
resuspended in 1% FA/2% acetonitrile to 9 �l for mass spectrometry
analysis.

Mass Spectrometry Analysis—Approximately 4�l (for IP experi-
ments) or 4 �g (for shRNA experiments) of peptide mixture prepared
by StageTip was injected for nano-liquid chromatography/tandem
mass spectrometry analysis (nLC-MS/MS) using Dionex Ultimate
3000 nanoRSLC (Dionex Corp., Sunnyvale, CA) with EASY-Spray
source coupled to an LTQ-Orbitrap Velos (Thermo Fisher Scientific).
Peptide mixture was first separated by reverse-phase chromatogra-
phy on EASY-Spray column, 50 cm � 75 �m ID, PepMap RSLC C18,
2 �m (ThermoFisher Scientific) at a flow rate of 250 nL/min. For
peptide mixture from IP experiments, 180 min 4% to 40%B linear
acetonitrile gradient was applied (mobile phase A: 0.1% formic acid
and 0.1% acetic acid in water; mobile phase B: 0.1% formic acid and
0.1% acetic acid in 97% acetonitrile). For shRNA experiment peptide
mixture, 360 min 4% to 35%B gradient was applied. Mass spectrom-
eter was set to data-dependent acquisition mode with FTMS preview
scan disabled, enabled predictive automatic gain control, enabled
dynamic exclusion that was optimized based on base peak width and
other MS settings (52) (repeat count: 1, exclusion duration: 60), and
enabled lock mass (mass list 371.101233). Other parameters in-
cluded: FT MS1 target value of 1e6 and 500ms maximum injection
time, ion trap MS2 target values of 1e4 and 100ms maximum injection
time. One acquisition cycle comprised a single full-scan mass spec-
trum (m/z � 350.0–1700.0) in Orbitrap (r � 30,000 for regular IP, r �
60,000 for I-DIRT IP, or r � 100,000 for shRNA experiment at m/z �

400), followed by collision-induced dissociation on top 20 precursor
ions in the dual-pressure linear ion trap with isolation width of 2.0 Th,
normalized collision energy of 35 and activation time of 10ms.

The mass spectrometry proteomics data have been deposited to
the ProteomeXchange Consortium via the PRIDE partner repository
with the data set identifier PXD004212.

IP Experiments Mass Spectrometry Data Processing and Analy-
sis—Raw data from MS analysis was extracted and subjected to
search against UniProt Swiss-Prot sequence database (22,630 en-
tries including human, herpesvirus, and common contaminants,
downloaded in August, 2013) in Proteome Discoverer (v. 1.4.0.288,
Thermo Fisher Scientific) by Sequest HT algorithm (v1.3, Thermo-
Fisher Scientific). The following search criteria were used: full trypsin
specificity, maximum 2 missed cleavage sites, precursor and frag-
ment ion mass tolerance of 10 ppm and 0.5 Da, respectively; dynamic
modifications: oxidation (�15.995 Da (M)), phospho (�79.966Da
(S,T,Y)); static modifications: carbamidomethyl (�57.021 Da(C)). Pep-
tide spectral match probabilities were calculated against decoy da-
tabase by Percolator in Proteome Discoverer. Subsequent validation
of protein identifications was performed in Scaffold (v. 4.4.8; Pro-
teome Software, Inc., Portland, OR) using X!Tandem (53) and
ProteinProphet (54) alogorithms. Additional variable modifications
used in Scaffold search: Glu-�pyro-Glu (	18.01), Ammonia-loss
(	17.03), Gln-�pyro-Glu (	17.03), deamidation (�0.98, N and Q),
acetylation (�42.01, K and protein N terminus), carbamylation
(�43.01, K and n). Peptide identifications were probabilistically vali-
dated using PeptideProphet (55) and corresponding protein proba-
bilities were derived using ProteinProphet in Scaffold. To reduce the
global protein and peptide false discover rate, probability filters were
set to less than 1% and protein identification required at least two
unique peptides. Common contaminant entries were removed and
unweighted spectrum counts were exported for further analysis. Sup-
plemental Tables S1 and S2 indicate number of unique peptides and
sequence coverage, respectively, for each identified protein in label-
free experiments. Supplemental Table S7 indicates number of unique
peptides and sequence coverage for each identified protein in met-
abolic labeling experiment. Online SAINT (56) algorithm (www.crapo-
me.org) was utilized to assign specificity scores to individual interac-
tions based on spectral counts (supplemental Table S3). The
following settings were used for probability score analysis: Low-
Mode � 0, minFold � 0, Normalize � 1.

shRNA Experiments Mass Spectrometry Data Processing and Anal-
ysis—Raw data was searched against the UniProt Swiss-Prot se-
quence database (22630 entries, downloaded in August, 2013) using
MaxQuant (v. 1.5.3.8) (57). The following group-specific parameters
were used: standard type, multiplicity of 2 with Arg6 and Lys6 heavy
labels, fully specific trypsin digestion with max. Two missed cleav-
ages, precursor and fragment ion mass tolerance of 20ppm and
0.5Da, respectively, variable modifications: oxidation (M), acetyl (pro-
tein N-term), max. 5 modifications per peptide, requantify enabled,
and “match from and to” type. The following global parameters were
used: fixed modifications (carbamidomethyl, C), unique�razor pep-
tides for quantification. Peptide-spectrum match, protein and site
FDR were fixed at 1%. Other parameters were as preset. Supplemen-
tal Table S9 indicates number of unique peptides and sequence
coverage for each identified protein.

MaxQuant output file containing information on identified protein
groups, including normalized heavy/light (shCtrl/shSIRT2) isotopic
ratios for each, was imported for further analysis into Perseus
(v.1.5.2.4). For further processing, data from two replicates was first
filtered to exclude potential contaminants and include at least one
valid value in one of the replicates and ratio count�1 in both repli-
cates. After that, each ratio was converted into shSIRT2/shCtrl and
transformed into log2. For density estimation algorithm, shSIRT2/
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shCtrl normalized ratios were compared using P(x,y) distribution type.
Gene Ontology Biological Process (GOBP) annotations were added in
Perseus and 2D annotation enrichment algorithm (58) was applied to
analyze overall changes in protein levels within each GOBP category.

Protein Network Analysis—SIRT2 interacting proteins that passed
SAINT specificity score cutoff were loaded on string-db.org (59) for
visual representation of existing evidence for known interactions
present within isolated proteins with interaction score set to 0.4. For
further analysis, STRING network was uploaded to Cytoscape soft-
ware (cytoscape.org) (60) and attributes were added as indicated.
Normalized spectral abundance factor (NSAF) (61) was used to cal-
culate relative enrichment of protein within an IP. First, spectral abun-
dance factor (SAF) was calculated by finding spectral counts to
protein length (number of amino acids) ratio, then NSAF was calcu-
lated as the ratio of SAF to the sum of SAF across the IP. Total protein
abundance values (PAX) were retrieved from integrated protein abun-
dance database (PaxDb, pax-db.org) (62) and used to calculate
NSAF/PAX ratio.

Reciprocal Isolations—MRC5 cells stably expressing SIRT2-EGFP
were collected and washed with DPBS. Cells were lysed in IP buffer
as described above. Soluble cell fraction was split equally between
PPFiBP1 and control rabbit IgG IPs. Magnetic epoxy beads (Invitro-
gen) were conjugated with anti-PPFiBP1 antibodies (Bethyl Labora-
tories, Montgomery, TX) or IgG, and used for reciprocal isolations.
Input and elution fractions were analyzed by Western blotting.

Confocal Microscopy—Cells grown on micro cover glass No1.5
(VWR, Radnor, PA) were washed in DPBS, fixed with 4% paraform-
aldehyde in PBS (ThermoFisher Scientific), and permeabilized with
Triton X-100 (IBI Scientific, Peosta, IA). Samples were probed with
indicated antibodies. DAPI was used for nuclear staining. Samples
were mounted with Aqua-Poly/Mount medium (Polysciences, Inc.,
Warrington, PA) and imaged on LEICA SP5 confocal microscope
(Leica Microsystems Inc., Buffalo Grove, IL).

Experimental Design and Statistical Rationale—SIRT2-EGFP im-
munoaffinity purification (IP) experiments were performed from MRC5
fibroblasts in three biological replicates, two for label-free quantifica-
tion and one for metabolic labeling (I-DIRT) quantification. Control
EGFP IPs were performed in four biological replicates, and used in the
label-free quantification experiment for assessment of nonspecific
interactions using SAINT analysis (56). An additional of four control
isolations were imported from the CRAPOME data set to give a total
of eight controls for assessing the specificity of SIRT2 interactions.
For I-DIRT score calculations, precursor peak intensities generated
upon the analysis of metabolically labeled protein samples were
utilized. Two biological replicates were used for quantification of total
protein abundances in SILAC-labeled MRC5 cells stably expressing
shCtrl or shSIRT2. Pearson’s correlation coefficients were calculated
from shCtrl/shSIRT2 SILAC ratios for correlation estimation between
two replicate experiments.

RESULTS

Method Development for Characterizing the SIRT2 Protein
Interaction Network in Human Fibroblasts—To characterize
the SIRT2 protein interaction network, we selected to focus
on primary human fibroblasts (MRC5). These cells can provide
the first insights into SIRT2 interactions in normal, not immor-
talized cells. Furthermore, given the recent findings that SIRT2
acts in these MRC5 cells in antiviral defense against human
cytomegalovirus, herpes simplex virus 1, and adenovirus in-
fections (11), it is important to understand the specific func-
tions of SIRT2 in fibroblasts. Given the lack of antibodies
suitable for the efficient and specific immunoaffinity purifica-

tion (IP) of endogenous SIRT2, we generated MRC5 cells that
stably expressed SIRT2 isoform 2 tagged with EGFP at the C
terminus (SIRT2-EGFP). This isoform was used to identify the
first substrate of SIRT2, is functional, and is known to be
critical in brain development (13). However, there is no current
knowledge of its functions in human fibroblasts. In parallel, we
generated control MRC5 cells expressing free EGFP. Given
our prior success with using this strategy for characterizing
the functions of other human sirtuins (5, 26, 30), we opted to
use retrovirus transduction to avoid large levels of overex-
pression. In agreement with a moderate level of overexpres-
sion, we observed that SIRT2 mRNA levels were two times
higher in the population of SIRT2-EGFP cells than in the wt or
EGFP control MRC5 cells, indicating that at the mRNA level
SIRT2-EGFP is present at relatively similar levels to endoge-
nous SIRT2 (Fig. 1A). We also assessed the SIRT2 protein
levels using Western blotting, and observed a moderate level
of overexpression when compared with the endogenous
SIRT2 isoform 2 (Fig. 1B). Next, we determined whether the
tagged SIRT2-EGFP retains its enzymatic activity. Firstly, we
assessed this by Western blotting by visualizing the levels of
acetylated histone H4K16 (Fig. 1B), a known substrate of
SIRT2 (21). As expected, we observed a decrease in substrate
acetylation upon SIRT2-EGFP overexpression (compare
H4Lys16ac in EGFP control and SIRT2-EGFP lanes), whereas
the total level of H4 protein remained constant. Secondly, we
isolated SIRT2-EGFP from fibroblasts and confirmed its ability
to deacetylate in vitro a substrate p53 peptide by using a
fluorometric assay (Fluor-de-Lys assay, Fig. 1C). Lastly, as the
presence of EGFP allows for visualization by direct fluores-
cence microscopy (i.e. without the use of an antibody), we
confirmed that SIRT2-EGFP localizes predominantly to the
cytoplasm (Fig. 1D), similar to the endogenous SIRT2 (Fig.
1E). The control EGFP has a diffused localization throughout
the cell (Fig. 1D). Altogether, these assays demonstrate that
SIRT2-EGFP has the expected subcellular localization, retains
its enzymatic activity, and is moderately overexpressed, pro-
viding the appropriate tool for studying SIRT2 interactions in
human fibroblasts.

For rigorous assessment of SIRT2 interactions, their spec-
ificity and relative stability, we next designed a mass spec-
trometry-based workflow that integrated label-free and met-
abolic labeling quantification of interactions (Fig. 1F). For
label-free quantification, we performed IPs from MRC5 cells
stably expressing either free EGFP or SIRT2-EGFP. The con-
trol EGFP cells were used to monitor nonspecific associations
with the tag and the bead resin. For metabolic labeling, the
SIRT2-EGFP and wild type MRC5 cells were differentially
labeled with heavy (Lys6, Arg6) or light (Lys0, Arg0) amino
acids in cell culture (SILAC (63)), respectively. The IPs were
done after the 1:1 mixture of these two cell populations. For
both approaches, cells were collected, frozen as pellets in
liquid nitrogen, and lysed cryogenically as previously reported
for studying protein complexes (64, 65). Next, ground cells
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FIG. 1. Experimental design for characterizing SIRT2 interactions in human fibroblasts. A, SIRT2-EGFP is localized to the cytoplasm.
MRC5 cells stably expressing SIRT2-EGFP and EGFP were imaged by direct fluorescence microscopy, using DAPI as nuclear marker (blue).
Bar size � 25 �m, 63Xmag. B, SIRT2-EGFP localizes similarly to endogenous SIRT2. MRC5 SIRT2-EGFP were imaged by immunofluorescence
microscopy using anti-GFP (green) and anti-SIRT2 (red) antibodies, and DAPI nuclear stain (blue). Bar size � 25 �m, 63Xmag. Max Projection.
C, SIRT2 mRNA levels in wt, EGFP, and SIRT2-EGFP MRC5 cells. SIRT2 levels were normalized to actin levels across all samples, n � 2. D,
SIRT2 protein levels in EGFP and SIRT2-EGFP MRC5 cells. SIRT2-EGFP and endogenous SIRT2 were detected in MRC5 EGFP and
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were lysed in optimized IP buffer and the soluble fraction was
used as an input for immunocapture using magnetic epoxy
beads conjugated to high-affinity custom-made anti-GFP an-
tibodies. The coisolated proteins were eluted, subjected to
trypsin digestion, and the resulting peptides were analyzed by
liquid chromatography coupled to tandem mass spectrometry
(LC-MS/MS). SAINT analysis (56, 66) was used to obtain
interaction specificity scores based on peptide spectral
counting. Additional controls from the CRAPome database
(67) were used to further confirm the specificity of the ob-
served SIRT2 interactions. Metabolic labeling-based scores
were calculated from precursor peak intensities of heavy and
light labeled peptides in SILAC protein mixture. Combined,

SAINT and I-DIRT analyses provide information about the
specificity and the relative stability of SIRT2 interactions, as
detailed below.

SIRT2 Interacts With Proteins Involved in Membrane Traf-
ficking, Cytoskeleton Organization, and Transcriptional Regu-
lation—Following the optimization of the IP buffer for efficient
isolation of SIRT2-EGFP, we confirmed that SIRT2-EGFP was
soluble and not lost in the pellet fraction (Fig. 2A, left), and
assessed the IP efficiency by Western blotting to ensure that
the majority of SIRT2-EGFP was captured (compare IP frac-
tion to input, flow through, FT, and bead fractions, Fig. 2A,
right). The SIRT2 interaction network in primary fibroblasts
was first assessed by label-free mass spectrometry, using

SIRT2-EGFP whole-cell lysates using anti-SIRT2 antibody. Histone H4K16ac is a known SIRT2 substrate. Total histone H4 and actin are
loading controls. E, SIRT2-EGFP construct is catalytically active. Deacetylase activity of SIRT2-EGFP and EGFP alone was measured upon IP
from MRC5 cells using in vitro fluorometric assay. Western blotting using anti-GFP antibody shows equal isolation levels for each protein in
the replicates (n � 3). F, Workflow using label-free and metabolic labeling approaches for identifying SIRT2 interactions, their specificity and
relative stability. G, Workflow using metabolic labeling for determining changes in the cellular proteome upon shRNA-mediated knockdown of
SIRT2.

FIG. 2. SIRT2 interaction network in human fibroblasts. A, Isolation efficiency of SIRT2-EGFP from IP with optimized conditions.
SIRT2-EGFP IP was performed from MRC5 cells with optimized lysis buffer using anti-GFP antibody conjugated to magnetic beads via epoxy
group. Efficiency of isolation was demonstrated by Western blotting using anti-GFP antibody for detection of SIRT2-EGFP. Soluble - soluble
fraction after lysis, Pellet - insoluble fraction, Input - IP input, FT - IP flow through, IP - IP elution, Beads - IP beads fraction after elution. B,
Network of SIRT2-interacting partners. Interacting proteins were identified by nLC-MS/MS analysis of SIRT2-EGFP and EGFP control IPs as
in Fig. 1F. SAINT algorithm was used to calculate specificity scores based on the number of spectral counts for each protein identified. Proteins
passing a SAINT cut-off score of 0.8 were included in the network generated from string-db.com and Cytoscape software. Each node
represents an interacting protein, where node color indicates protein enrichment in isolated fraction (NSAF) over its relative enrichment in the
human proteome (PAX). Node shape indicates whether the protein is known to be acetylated (diamond) based on uniprot.org records. Protein
clusters were assigned based on their known intracellular localizations and functions.

Roles of SIRT2 at Crossroads of Intracellular Trafficking

Molecular & Cellular Proteomics 15.10 3113



two biological replicates for SIRT2-EGFP IPs and four biolog-
ical replicates for control EGFP IPs (supplemental Tables S1
and S2). The SAINT algorithm (56) was used to determine the
likely specificity of interaction for the coisolated proteins (sup-
plemental Table S3). This method takes into account the
number of spectral counts found for each prey in SIRT2-EGFP
and EGFP IPs. Because SIRT2 is known to deacetylate abun-
dant proteins, such as �-tubulin, characterizing its interac-
tions has the challenges associated with studying a cytoskel-
eton-interacting protein. Such studies can suffer from both
increased nonspecific associations and false assignment of a
real interaction as a contaminant. To further address the
specificity concern, we took a stringent approach by including
four additional control isolations from the CRAPome database
(67). These IPs were selected to represent anti-GFP isolations
on magnetic beads, but from another cell type, transformed
kidney HEK293 cells. This allowed us to remove common
nonspecific associations to the GFP and bead resin. As a
result of this SAINT analysis, the majority of the proteins found
in the SIRT2-EGFP IP had low specificity scores (
 0.6). Some
of these proteins included known SIRT2 substrates that are
unfortunately abundant in cells and commonly found in con-
trol IPs in the CRAPome data set. For example, PGAM and
ACLY are found in a quarter of the 411 IP experiments re-
ported in the CRAPome, and their SAINT scores in our exper-
iment were zero. (supplemental Table S4). Therefore, this
increased filtering stringency is likely to remove real interac-
tions. However, as a proteomic study focused on SIRT2 in-
teractions has not been previously performed, and given the
sparse knowledge regarding SIRT2 associations in primary
human cells, we opted to focus only on the most likely specific
interactions. Therefore, we only further examined the 57 pro-
teins that had SAINT scores above 0.8 (when considering all
eight control IPs).

The SIRT2 interactions determined as likely specific were
imported into STRING (string-db.org), and the interaction net-
work was built using Cytoscape (Fig. 2B). Attributes were
assigned to each node to represent enrichment index (node
color) and known acetylation sites (node shape). The enrich-
ment index for each interaction was calculated based on
NSAF (normalized spectral abundance factor, (61)) normalized
to protein abundance in a cell, as reported in the paxdb.org
under H. Sapiens integrated cell line data set. The resulting
network was arranged into clusters of proteins that share
common pathways and/or intracellular localizations (Fig. 2B).

As expected, the identified interactions included known
SIRT2 substrates, in particular �-tubulin (TUBA1A) (14) and
NUDT21 (68). Additionally, this network pointed to a previ-
ously unrecognized association for SIRT2 with proteins in-
volved in membrane trafficking, such as proteins localized to
the Endoplasmic reticulum, trafficking vesicles, membranes,
focal adhesions, and cytoskeletal proteins. Among mem-
brane-bound proteins, RER1 (retention in endoplasmic retic-
ulum sorting receptor (1) had the highest enrichment index

value. RER1 plays an important role in membrane protein
sorting by recognizing signals encoded in transmembrane
domains of proteins that are destined for retrieval from Golgi
to the ER (69). The SIRT2 network also contains other proteins
that function in ER-Golgi and membrane-bound trafficking,
such as coat proteins COPE and SEC13. SEC13 is part of the
outer layer of COPII vesicles that deliver cargo from ER to
Golgi (70). Collagens are among secreted proteins that are
transported by COPII (71), and they were also present in
SIRT2 IP in multiple isoforms (Fig. 2B). Finally, proteins that
function in focal adhesion processes adjacent to plasma
membrane, including liprin �-1 (PPFiBP1), ARF GTPase-acti-
vating protein GIT2, and Rho guanine nucleotide exchange
factor (ARHGEF7), were also present among the SIRT2 inter-
actions that passed the specificity criteria.

Proteins that function in transcription regulation, RNA proc-
essing, and translation (ribosomal proteins) were also found
as likely specific interactions in SIRT2-EGFP IP (Fig. 2B). It
was previously reported that FHL2 (four and a half LIM-2)
promotes FOXO1 and SIRT1 interaction, which results in
deacetylation of FOXO1 and inhibition of its transcription reg-
ulatory functions (72). It is tempting to speculate that this
interaction can provide a spatial regulation of FHL2 via SIRT1
nuclear and SIRT2 cytoplasmic functions (73). In support of
this prediction, when we performed a nuclear-cytoplasmic
fractionation and isolated SIRT2-EGFP from the two fractions,
we observed that FHL2 was detected in the SIRT2-EGFP IP
from the cytoplasmic fraction (supplemental Table S5). There-
fore, our results indicate that the SIRT2-FHL2 interaction
takes place in the cytoplasm.

The identified SIRT2 interactions were not found as acety-
lated in our IP. However, some of these proteins (indicated
with diamond shapes) have been reported to be acetylated in
other cells, although not linked to SIRT2 functions. The ab-
sence of acetylation in our IP may be because of their low
levels or to cell type-specific regulation. The presence of
TUBA1A and NUDT21 in the SIRT2 IP suggests that other
substrates may also be among the identified interactions. For
example, �-tubulin (TUBB3) was recently reported to be
acetylated at Lys252 by San acetyltransferase (74), but the
enzyme responsible for its deacetylation remains unknown.
Altogether, our SIRT2 interaction network suggests that one
of the main roles for SIRT2 in normal human fibroblasts lies
within intracellular trafficking pathways.

SIRT2 Interacts Transiently With Intracellular Trafficking
Proteins—The association of SIRT2 with proteins functioning
in membrane trafficking suggests that many of these associ-
ations are dynamic in nature. Therefore, we tested this hy-
pothesis. We previously reported a mass spectrometry-based
method for determining the relative stability for protein inter-
actions (25). This approach integrates label-free SAINT
analysis (56) with metabolic labeling using I-DIRT (Isotopic
Differentiation of Interactions as Random or Targeted) (46),
providing information about both interaction specificity and
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relative stability (25). To apply this method to studying SIRT2
interactions, we differentially labeled SIRT2-EGFP MRC5 and
wild type MRC5 cells using either heavy or light Arg and Lys
isotopes in cell culture, respectively (Fig. 1F). Following five
passages, the incorporation of the labels was confirmed by
mass spectrometry (supplemental Table S6). The two cell
populations (SIRT2-GFP and wild type) were then mixed,
cryogenically lysed, and used for IP via the GFP tag. There-
fore, SIRT2 specific interactions would be expected to be
predominantly heavy labeled, whereas nonspecific associa-
tions would derive equally from both cell types, being present
as both light and heavy labeled. Furthermore, specific SIRT2
interactions that are fast-exchanging or dynamic in nature
may also be detected as a combination of light and heavy
peptides, as an on-off interaction can reform with proteins
from either cell population. Therefore, the integration of the
label-free SAINT approach allows the assessment of interac-
tion specificity for these proteins, w the use of metabolic
labeling provides information regarding their relative stability
(Fig. 3A). As performing isolations from combined light and
heavy cell populations has been shown to increase nonspe-
cific background, for these analyses we used a more stringent
lysis buffer. After nLC-MS/MS analysis, heavy/(light�heavy)
ratios for each protein were quantified based on precursor
peak intensities (supplemental Tables S7 and S8). For the
proteins that passed the SAINT specificity threshold (�0.8),
those that had high isotopic ratios (�0.7) were considered
likely stable interactions, whereas those with 0.6–0.7 or at
around 0.5 ratios were considered to be increasingly dynamic
in their association with SIRT2. The proteins with very low
isotopic score (
0.2) are likely to be environmental contami-
nants, as previously reported (25, 46). Therefore, by direct
comparison of the label-free and metabolic-labeling experi-
ments, we were able to assess whether SIRT2 interactions
were specific and stable, nonspecific, or specific and tran-
sient (Fig. 3A).

Several proteins were observed with isotopic ratios indica-
tive of relatively stable interactions. These included the known
SIRT2 substrate TUBA1A (Fig. 3B–3C), as well as secreted
frizzled-related protein 1 (SFRP1) (Fig. 3D). SFRP1 was not
detected in the SAINT experiment, but uniquely identified in
the I-DIRT experiment, possibly because of the increased
lysis buffer stringency. SFRP1 is a secreted glycoprotein that
functions as an antagonist of the Wnt signaling pathway (75).
Another example of a protein involved in ER-Golgi trafficking,
and identified only in the more stringent I-DIRT experiment, is
reticulon 4 (RTN4) (Fig. 4A, supplemental Table S8). In sup-
port of our observation of the SIRT2 association with mem-
brane trafficking pathways, the majority of the detected inter-
actions had isotopic ratios reflective of transient associations
(Fig. 3B–3C). Several proteins with high SAINT scores and
intermediate isotopic ratios included another microtubule
subunit protein, TUBB3 (SAINT � 0.95, I-DIRT � 0.65), focal
adhesion proteins PPFiBP1 (SAINT � 1, I-DIRT � 0.63) and

ARHGEF7 (SAINT � 1, I-DIRT � 0.69), ER translocon-asso-
ciated protein SSR1 (SAINT � 1, I-DIRT � 0.63), and extra-
cellular matrix protein COL18A1 (SAINT � 0.95, I-DIRT �

0.67). Many proteins with SAINT score above 0.8 were de-
tected with isotopic ratios reflective of fast-exchanging inter-
actions, including the known SIRT2 substrate NUDT21
(SAINT � 0.94, I-DIRT � 0.58) and the transcription regulator
FHL2 (SAINT � 0.86, I-DIRT � 0.5). I-DIRT profiles of selected
interacting partners identified as specific by label-free and/or
metabolic labeling quantification are shown in Fig. 3D.

Last, several known SIRT2 substrates that did not pass the
SAINT specificity threshold were observed with isotopic ratios
reflective of transient associations (Fig. 3B and 3C, bottom).
These included isoforms of histones H3 and H4, ACLY, and
PGAM1 (Fig. 3C). Altogether, this analysis of the specificity
and relative stability of interactions highlighted the dynamic
nature of SIRT2 associations with proteins functioning in in-
tracellular trafficking pathways, such as SSR1, PPFiBP1, and
SFRP1. Each of these proteins is targeted to a specific intra-
cellular region, such as ER (SSR1), focal adhesions (PPFiBP1),
or for an extracellular space (SFRP1). Therefore, our analysis
of SIRT2 interaction stability suggests that this enzyme is able
to function in the cell in membrane trafficking through both
dynamic and stable associations with the pathway’s cargo
(PPFiBP1 and SFRP1) and regulatory proteins (SSR1).

SIRT2 Localizes at the Intersection of Intracellular Mem-
brane Trafficking Routes—A large number of proteins specif-
ically enriched in our SIRT2-EGFP IP experiments are known
to localize to major intracellular secretory pathways (Fig. 4A).
Among them are ER-bound proteins (ELOVL1, SSR1, and
RTN4), proteins that function in vesicular trafficking (e.g.
SEC13), Golgi proteins (e.g. RER1), and proteins transported
to plasma membrane and/or secreted (e.g. PPFiBP1, SFRP1,
CDC42, and IDE). Therefore, we next asked whether SIRT2
localizes to subcellular organelles that are known to regulate
membrane trafficking. Imaging was performed in live fibro-
blasts by confocal microscopy, visualizing SIRT2-EGFP using
direct fluorescence and organelles using ER or Golgi trackers.
Our results indicated that SIRT2-EGFP does not have a per-
fect colocalization with the ER or Golgi, but rather localizes in
close proximity to these organelles (Fig. 4B and 4C, respec-
tively). Given this result, we next assessed whether SIRT2
localizes to the ER-Golgi intermediate compartment (ERGIC).
This structure mediates trafficking from ER to Golgi and con-
sists of tubular and vesicular membrane clusters enriched in
ERGIC-53 marker protein (76). Using an anti-ERGIC53 anti-
body, we observed colocalization of SIRT2-EGFP with the
ER-Golgi intermediate compartment (Fig. 4D). To further con-
firm this, we investigated endogenous SIRT2 in wild type
fibroblasts, observing a similar colocalization with ERGIC53
(Fig. 4E). As these results provide the first evidence that SIRT2
is positioned at the ER-Golgi intermediate compartment, we
next tested if this localization is dependent on an active traf-
ficking between ER and Golgi. Treatment with Brefeldin A is
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FIG. 3. Analysis of the relative stability of SIRT2 interactions. A, Combination of label-free and metabolic labeling MS-based approaches
provides information on specificity and relative stability of SIRT2 interactions in human fibroblasts. B, Comparison of I-DIRT and SAINT scores
from SIRT2-EGFP IP experiments. For the I-DIRT-based experiment, SIRT2-EGFP IP was performed upon mixing of MRC5 wt and MRC5
SIRT2-EGFP labeled light (Arg0, Lys0) and heavy (Arg6, Lys6), respectively. I-DIRT scores were calculated as a heavy/(heavy�light) ratio based
on precursor peak intensity areas. Each dot represents an interacting protein identified in both experimental approaches. C, Table of
interactions identified in SAINT and I-DIRT experiments color-coded based on I-DIRT ratio, as indicated in A. All shown interactions passed
SAINT specificity score cutoff unless specified otherwise. Red outline indicates known SIRT2 substrates. D, Representative I-DIRT precursor
peak intensity profiles for selected interacting proteins (SFRP1, PPFiBP1, SSR1).
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FIG. 4. Mapping SIRT2 interactions to intra-
cellular membrane trafficking pathways. A,
SIRT2 interacting proteins are part of major se-
cretory pathways and compartments. Schematic
showing proteins identified as interacting part-
ners by SIRT2-EGFP IP (orange) and their known
intracellular localization sites. B–C, SIRT2-EGFP
is juxtaposed to the nucleus, showing partial co-
localization with ER and Golgi. Live MRC5 cells
stably expressing SIRT2-EGFP (green) were im-
aged by confocal microscopy with ER-tracker (B,
red) and Golgi-tracker (C, red) fluorescent stains.
Bars - 25 �m (D) SIRT2-EGFP colocalizes with
ERGIC. MRC5 cells stably expressing SIRT2-
EGFP were imaged by immunofluorescence
microscopy with anti-GFP (green) and anti-
ERGIC53 (red) antibodies. E, Endogenous SIRT2
colocalizes with ERGIC. Wild type MRC5 cells
were imaged by immunofluorescence micros-
copy with anti-SIRT2 (green) and anti-ERGIC53
(red) antibodies. Bars - 50 �m (F) SIRT2-EGFP
localization was assessed with Brefeldin A treat-
ment in MRC5 cells stably expressing SIRT2-
EGFP. Immunofluorescence microscopy was
performed using anti-EGFP (green) and anti-ER-
GIC53 (red) antibodies. Bars - 25 �m. DAPI is a
nuclear marker in B–F.
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known to disrupt ER-Golgi trafficking and the resulting protein
secretion (77, 78), and, as expected, we observed this treat-
ment to trigger the dissociation of ERGIC53 (Fig. 4F). Addi-
tionally, we found a similar dissociation for SIRT2-EGFP. Al-
together, these results indicate that SIRT2 is trafficking
between ER and Golgi, and is positioned to play a role in
protein secretion and plasma membrane targeting.

Interaction and Microscopy Assays Demonstrate the Asso-
ciation of SIRT2 with Liprin-�1—One of the most prominent
interactions identified in our SIRT2 interactome analysis, ob-
served in both the label-free and metabolic labeling experi-
ments, was that with PPFiBP1 (Fig. 3B), also known as liprin-
�1. PPFiBP1 is in the family of liprins, which are scaffolding
proteins originally identified in association with the receptor
protein tyrosine phosphatase LAR (leukocyte common anti-
gen-related) (79). Therefore, these proteins are thought to
function in regulation of cell-matrix interactions through the
formation of focal adhesions. These proteins were previously
studied in the context of neuronal synapse formation (80) and
tumor cell invasion regulation (81). Although PPFiBP1 was
shown to be targeted by the metastasis-associated protein
S100A4 (82) and to play a role as a mediator of lymphatic
vessel integrity (83), the knowledge of its functions remains
limited. Similar to other liprins, PPFiBP1 may play a role in
plasma membrane-associated protein targeting through reg-
ulation of LAR cellular localization (79). Therefore, we investi-
gated its localization relative to SIRT2-EGFP (Fig. 5A). By
confocal microscopy, we observed PPFiBP1 signal in the
proximity of plasma membrane. In addition, SIRT2 and
PPFiBP1 seemed to colocalize at the region juxtaposed to the
nucleus, suggesting that they are both localized to ERGIC. To
further assess its association with SIRT2, we validated this
interaction by reciprocal IP. Upon isolation of endogenous
PPFiBP1, we observed that SIRT2-EGFP is present in
PPFiBP1 IP, but not in the control IgG IP (Fig. 5B). In view of
our findings that SIRT2 perinuclear localization is affected by
the disruption of ER-Golgi trafficking, we next investigated
whether PPFiBP1 also requires this active pathway. Interest-
ingly, PPFiBP1 localization was dramatically changed upon
Brefeldin A treatment (Fig. 5C). Perinuclear signal seemed to
disappear, suggesting that this localization is dependent on
an intact ER-Golgi trafficking, similar to ERGIC53 and SIRT2.
Overall, these results suggest that SIRT2 can have a function
in protein targeting or can itself be trafficked within this path-
way through its interactions with ER and Golgi-associated
proteins. For example, it can play a role in regulation of focal
adhesion formation through its interactions with PPFiBP1.

SIRT2 Down-regulation Increases Levels of Proteins With
Functions in Membrane Trafficking—Our interactome and mi-
croscopy results indicated that SIRT2 is connected to pro-
teins trafficked between the ER and Golgi or secreted to the
plasma membrane (Figs. 2, 4). Furthermore, our SIRT2 inter-
action network includes proteins involved in transcriptional
regulation (Figs. 2, 3). This is in agreement with its previously

reported function in transcriptional regulation through
deacetylation of several transcription factors (e.g. p53 (33),
NF�B (31), FOXO3A (35)) and histones (H3Lys18ac (22)).
Therefore, our results suggest that SIRT2 is positioned to
function in ER-Golgi trafficking using multiple points of regu-

FIG. 5. SIRT2 interacts and colocalizes with liprin-�1 (PPFiBP1).
A, SIRT2 colocalizes with PPFiBP1. SIRT2-EGFP MRC5 cells were
imaged by direct fluorescence (SIRT2-EGFP, green) or immunofluo-
rescence microscopy (anti-PPFiBP1, red). Bars - 25 �m. B, PPFiBP1
reciprocally interacts with SIRT2. PPFiBP1 and IgG control IPs were
performed in parallel. Western blotting analysis was done using anti-
GFP antibody to detect SIRT2-EGFP. Input - 3% (v/v) of IP input
fraction, IP - 30% (v/v) of IP elution fraction. C, PPFiBP1 localization
was assessed with or without Brefeldin A treatment in MRC5 cells
stably expressing SIRT2-EGFP. Immunofluorescence microscopy
was performed using anti-EGFP (green) and anti-PPFiBP1 (red) anti-
bodies. DAPI is a nuclear stain. Bars - 50 �m.
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lation: protein-protein interactions, post-translational modifi-
cation of substrates, or by regulating gene expression. All of
these SIRT2-mediated mechanisms could impact the levels of
proteins that function within this pathway. Therefore, we next
assessed whether SIRT2 levels can induce changes in total
protein levels in the functional pathways identified from its
interactions. For this, we generated fibroblasts (MRC5) stably
expressing shRNA targeting SIRT2 (shSIRT2) or nontargeting
shRNA (shCtrl). We measured SIRT2 mRNA levels by qPCR
(Fig. 6A), which indicated �60% knockdown efficiency. We
also validated the SIRT2 knockdown at the protein level,
observing a similar decrease (Fig. 6B). We then differentially
labeled shSIRT2 and shCtrl fibroblasts by SILAC with light or
heavy Lys and Arg isotopes, respectively (Fig. 1G). The two
cell types were then combined, lysed, and analyzed by LC-
MS/MS. Analysis of protein levels based on their isotopic
ratios revealed a good correlation between our two biological
replicates (r � 0.82) (Fig. 6C, supplemental Table S10). The
majority of proteins did not change their levels upon SIRT2
knockdown, illustrated by the local point density analysis in
Fig. 6C. This was expected, indicating that SIRT2 does not
globally impact the cellular proteome, but rather regulates
specific cellular pathways.

To gain a better understanding of the impact of SIRT2 levels
on specific functional pathways in a cell, we bioinformatically
analyzed the biological processes altered upon SIRT2 down-
regulation. To do this, we utilized the 2D annotation enrich-
ment tool (58) of the Perseus software for MaxQuant-based
data analysis. Our analysis revealed that members of several
Gene Ontology Biological Processes (GOBP) categories
showed a tendency to increase or decrease in levels upon
SIRT2 knockdown. Top categories with increased protein lev-
els included hydrogen transport, ER organization, membrane
docking, organelle fusion, and lipid transport (Fig. 4D, sup-
plemental Table S11). As these categories are similar to the
membrane trafficking clusters obtained in the SIRT2 interac-
tion network analysis, we looked closer at the changes in
individual protein levels within each category (Fig. 6E). Inter-
estingly, we observed that several SIRT2-interacting proteins
also changed in protein levels upon SIRT2 knockdown. One
example is the twofold increase in SFRP1 levels (Fig. 6E and
3D), suggesting that one possible functional consequences of
this SIRT2 interaction is regulation of protein levels or stability.
Another example is RTN4, a protein that functions in ER
organization (84), which was also identified in our I-DIRT
experiment among the dynamic SIRT2 interactions (supple-
mental Table S8). The levels of RTN4 increased by 50%
following SIRT2 knockdown. We also observed several de-
creases in protein levels, including the levels of extracellular
matrix protein tenascin (TNC, Figs. 6E and 3B–3C). Overall,
these results indicate that SIRT2 can function in membrane
trafficking through protein-protein interactions, as well as
through regulation of the levels of proteins within these
pathways.

DISCUSSION

SIRT2 Role in Membrane Trafficking and Implications in
Cellular Homeostasis and Human Disease—This study inte-
grated microscopy, protein interaction, knockdown, and func-
tional assays to investigate the roles of SIRT2 in primary
human fibroblasts. Using label-free and metabolic labeling
mass spectrometry-based quantification, we generated a net-
work of SIRT2 interactions that indicated the involvement of
SIRT2 within several specific intracellular processes. A dis-
tinctively large group of identified SIRT2 interactions has
known functions in intracellular trafficking pathways, such as
cytoskeletal organization, vesicular trafficking, localization to
ER, plasma membrane and other cellular membranes. Among
these, we identified the known SIRT2 substrate �-tubulin. The
fact that SIRT2 deacetylates a major cytoskeletal protein is in
agreement with our finding of its contribution to intracellular
trafficking pathways, and highlights SIRT2 as a critical regu-
lator of house-keeping functions in a cell. However, this also
brings challenges to our analysis, where tubulin-associated
proteins are abundantly present in the IP. To account for such
associations, help reduce background and distinguish real
interactions, we introduced a total of eight controls in our
specificity assessment. Moreover, we designed and applied a
metabolic labeling quantification approach, which in combi-
nation with label-free analysis, was used to confirm charac-
terize the relative stability of SIRT2 interactions. This analysis
also provided further experimental validation of SIRT2 inter-
actions with proteins that function in membrane trafficking,
such as �-tubulin, PPFiBP1, SSR1, and GIT2. Notably, I-
DIRT-based analysis also was able to detect transient inter-
actions of SIRT2 with its known substrates histone H3, his-
tone H4, ACLY, and PGAM1 that received low SAINT
specificity scores following label-free quantification. However,
some previously reported SIRT2 interactions were not identi-
fied in our study. One possible reason for this difference is
that our study represents one of the first attempts to charac-
terize SIRT2 functions in normal cells. Most previous studies
on SIRT2 interactions were performed in cancer cell lines or in
other cell systems. For instance, the characterization of
SIRT2-mediated deacetylation of p53 was performed either in
the presence of p53 overexpressing plasmid in nonsmall cell
lung carcinoma cell line or of etoposide treatment in mela-
noma cell line to increase p53 levels for detection (33). The
SIRT2 interaction with FOXO3a was observed either in
HEK293 cells transfected with FOXO3a and SIRT2-express-
ing plasmids or in brain lysates, where both proteins are
abundantly expressed (35). NF�B and SIRT2 interaction was
detected in THP-1 monocytes, a model system for studying
immunity (31). We were not able to detect these known sub-
strates in primary human fibroblasts, likely in part because of
the absence of stimuli or the presence of cell type-specific
functions.
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In our study, the majority of the identified SIRT2 interactions
had I-DIRT isotopic ratios that indicated transient associa-
tions. Given our finding that SIRT2 localizes to ERGIC, which

is known to serve as a shuttling hub between ER and Golgi,
this observation is expected. Moreover, we find that this
SIRT2 localization is dependent on intact ER-Golgi pathway.

FIG. 6. SIRT2 impact on protein levels of membrane trafficking proteins in human fibroblasts. A, SIRT2 mRNA levels upon shRNA-
mediated knockdown in MRC5 cells. MRC5 cells stably expressing nontargeting shRNA (shCtrl) or shSIRT2 were subjected to mRNA
extraction and analysis of SIRT2 mRNA levels by qPCR. �-Actin was used as endogenous control, n � 3. B, SIRT2 protein levels upon
shRNA-mediated knockdown in MRC5 cells. Total endogenous SIRT2 levels were measured in MRC5 cells stably expressing shCtrl or shSIRT2
by Western blotting using anti-SIRT2 and anti-�-actin antibody as loading control. C, Changes in total protein levels upon SIRT2 KD in MRC5
cells from two replicate experiments. MRC5 shCtrl and shSIRT2 were differentially labeled by SILAC and total protein levels were assessed by
mass spectrometry. Each dot represents quantified protein and its color indicates local point density. D, Table of GOBP categories with top
annotation enrichment scores. Data set of changes in protein levels upon SIRT2 KD was analyzed in Perseus using 2D annotation enrichment
algorithm based on two replicate experiments. GOBP enrichment scores were similar between replicates and one representative score from
the two replicates is indicated. E, Changes in individual protein levels upon SIRT2 KD in MRC5 cells.
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Therefore, the transient nature of the SIRT2 interactions can
also be driven by its dynamic association with these mem-
brane trafficking organelles.

Our observation that SIRT2 distribution in the cytoplasm is
tightly linked to ER-Golgi trafficking pathway also implies the
existence of a previously unrecognized regulatory function for
this sirtuin in membrane targeting. This function can be me-
diated through its substrates, such as �-tubulin. Significance
of �-tubulin acetylation status in microtubule assembly re-
mains largely unknown. It was observed as a consecutive
event following microtubule stabilization, but it can also be
present in other subpopulations of microtubules (85). Micro-
tubule motor kinesin-1 was proposed to use the tubulin acety-
lation status as readout for its transport functions, most likely
in combination with some other microtubule-associated pro-
teins (86, 87). Because ER-Golgi transport is directed by
microtubule-based motors (88), it is tempting to speculate
that SIRT2 links tubulin and vesicular trafficking networks via
its association with microtubules. Alternatively, other SIRT2
substrates or enzymatic functions can contribute to this role.
For example, it has been proposed that SIRT2 has demyris-
toylation activity (7, 89). Fatty acid modification of proteins is
closely linked with membrane targeting and protein-lipid in-
teractions. For example, SIRT6-mediated demyristoylation
was shown to regulate TNF-� secretion (6). Unfortunately, our
knowledge on protein N(6)-myristoyllysine sites is still very
limited. Whether SIRT2 interacting partners also possess myr-
istoylation sites has to be further investigated.

What implication does SIRT2 role in membrane trafficking
might have for its functions in disease? SIRT2 has recently
emerged as a key player in neuronal processes, including
glioma progression (9, 42) and neurodegeneration (10, 39).
Because neurons rely on intercellular signaling through syn-
aptic vesicle formation and trafficking, it is tempting to spec-
ulate that SIRT2 association with these diseases is partly
provided by its role in protein secretion and other membrane-
bound trafficking pathways. SIRT2 impact on viral infection
(11, 90) might also be connected to intracellular trafficking.
Viruses commonly use microtubule networks for capsid traf-
ficking, genome delivery, and assembly (91). Our study pro-
vides an important groundwork for further investigation of this
viral-host interaction mechanism.

SIRT2 Interaction with the Liprin Protein PPFiBP1—We
demonstrated that SIRT2 associates and colocalizes with
PPFiBP1, a member of liprin family of proteins known to
interact with the receptor protein tyrosine phosphatase leu-
kocyte common antigen-related (LAR) protein. Through inter-
actions with other liprins, PPFiBP1 can play a role in focal
adhesion disassembly (79). Our results confirm the localiza-
tion of PPFiBP1 at the plasma membrane of primary human
fibroblasts. We also discover that PPFiBP1 colocalizes with
SIRT2 juxtaposed to the nucleus, and that this localization is
affected when the ER-Golgi trafficking is disrupted. A large-
scale study of the human acetylome in acute myeloid leuke-

mia cell line reported that PPFiBP1can be acetylated at K322
(92). Interestingly, this lysine residue is within the N-terminal
coiled coil region of PPFiBP1 known to mediate its ho-
modimerization and possibly the formation of higher-order
scaffolding structures (79). However, it is still not known what
enzymes regulate this modification. Our observation that this
largely uncharacterized protein associates with SIRT2 sug-
gests a potential role for liprin-�1 in vesicular trafficking, such
as the one previously observed for liprin-� in axonal transport
(93).

SIRT2 Role in Regulation of Gene Expression—SIRT2 is
positioned to regulate intracellular protein abundances at the
levels of transcription, translation, and protein degradation.
For instance, SIRT2 is known to deacetylate several transcrip-
tion factors (p53 (33), NF�B (31), FOXO3a (35)), and histones
(H3K18ac (22)). At the levels of pre-mRNA 3�-processing,
SIRT2 can modulate the acetylation status of NUDT21 com-
ponent of cleavage factor Im complex, potentially promoting
its association with the complex (68). At the protein level,
SIRT2 was demonstrated to negatively regulate autophagy-
mediated degradation in neurons (94). In addition, it was
shown that in the absence of SIRT2, Aurora-A levels are
increased, possibly because of disregulation of anaphase-
promoting complex/cyclosome (APC/C) ubiquitin ligase activ-
ity (40). In support of these previously proposed functions, we
show that SIRT2 specifically interacts with proteins that func-
tion in transcription regulation, ribosomal processes, and RNA
processing in human fibroblasts. In our study, three proteins
with functions in transcription regulation passed our interac-
tion specificity cutoff, including LIM domain protein FHL2.
This protein is a transcriptional coactivator that is known to be
induced by serum starvation (95). Moreover, FHL2, because
of its association with focal adhesions, can transmit to the
nucleus signals that originated at the cell membrane (96).
Interestingly, its cytoplasmic localization is regulated by the
same Crm1/exportin-dependent mechanism that has been
demonstrated for SIRT2 (20, 95). Finally, FHL2 was shown to
promote association of FOXO1 with SIRT1, which results in
deacetylation and inhibition of the transcription factor (72).
Altogether, these studies and our findings point at a possible
localization-dependent regulation of FHL2 functions through
association with SIRT1 and SIRT2 in the nucleus and the
cytoplasm, respectively. As of note, such cooperation be-
tween SIRT1 and SIRT2 was previously described for their
common substrate p53 (97).

To gain further insight into SIRT2-mediated gene expres-
sion events, we assessed total protein levels in human fibro-
blasts upon SIRT2 knockdown. Our analysis of SIRT2-de-
pendent biological processes revealed up-regulation of
proteins with functions in endoplasmic reticulum organization,
membrane docking, organelle fusion, and lipid transport.
Within the membrane docking category, ICAM1 and several
RAB proteins showed almost twofold up-regulation in levels
upon SIRT2 knockdown. RTN4 protein that is localized to ER
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and transiently associates with SIRT2, as demonstrated by
our I-DIRT analysis, is also 50% up-regulated upon reduction
in SIRT2 levels. This resident ER protein was demonstrated to
be expressed in white matter of central nervous system and to
play a role in inhibition of axonal regeneration (98). Interest-
ingly, SIRT2 knockdown was previously demonstrated to im-
pact neurite growth as well (17). Therefore, further exploration
of a connection between RTN4 and SIRT2 in the context of
neuron regeneration can provide insights into a cross-talk
between their pathways. Several other SIRT2-interacting pro-
teins were observed to change their protein levels upon SIRT2
knockdown. For example, the levels of SFRP1 protein that
was identified as a relatively stable interacting partner by
I-DIRT were increased twofold. SFRP1 is a secreted protein
and is thought to function as an inhibitor of Wnt signaling
pathway. Similar to SIRT2 (42), SFRP1 is down-regulated in
several cancer types (99). Future studies can determine
whether the SFRP1 interaction with SIRT2 and its up-regula-
tion upon SIRT2 knockdown have a role in cancer. Together
with our findings that SIRT2 interacts with membrane traffick-
ing proteins, results of our analysis on changes in protein
levels in response to SIRT2 knockdown, create a strong evi-
dence for its function within intracellular trafficking pathways.

Perspective on SIRT2 Functions Via Protein Interactions
and Enzymatic Activity—Two known SIRT2 substrates were
observed in our interaction network, �-tubulin and NUDT21.
However, many other interactions also have previously re-
ported acetylation sites, including components of RNA proc-
essing machinery, ribosomal protein RRBP1, transcription
regulator BUB3, cytoskeletal proteins, and focal adhesions
protein PPFiBP1. Whether these sites can also be deacety-
lated by SIRT2 has to be further explored. Interestingly, in
recent years, studies have emerged pointing at the existence
of a cross-talk between different PTMs. Frequently, the same
lysine residue is observed to be modified by different PTMs in
different conditions, such as acetylation and succinylation
(100). Emerging enzymatic activities of sirtuins also point at
their ability to remove various groups from modified lysines,
including desuccinylation/demalonylation by SIRT5 (8, 100),
delipoylation by SIRT4 (5), and demyristoilation by SIRT2 (7)
or SIRT6 (6). Several proteins in SIRT2 network have been
identified in different screens as acetylated and/or succinylated
at the same lysine residue, including Rho GDP-dissociation
inhibitor ARHGDIA, glutathione S-transferase GSTP1, and glu-
taminase GLS. These sites can potentially serve as regulatory
points of convergent sirtuin functions that would allow for im-
mediate response to changes in intracellular metabolic state.

Although the majority of the current knowledge regarding
SIRT2 is based on its enzymatic activities, gaining an under-
standing of its dynamic protein interactions within a cell is
needed in order to fully define its functions. In recent years, it
has become evident that sirtuins can modulate protein func-
tions via formation of protein complexes, rather than only via
enzymatic activity. For example, a function for SIRT6 in reg-

ulating stress granule formation was found following the
identification of its interaction with Ras-GTPase-activating
protein-binding protein 1 (G3BP1) (26, 27). Similarly, the in-
teraction of SIRT7 with the transcription factor complex
TFIIIC2 led to the identification of its role in Pol III-dependent
transcription (101). The concept of acquiring multiple func-
tions by formation of distinct protein complexes, rather than
by deacetylation events, is well understood for the other
classes of human deacetylases, histone deacetylases (HDACs)
(25). The class IIa of HDACs (HDACs 4, 5, 7, and 9) is a prime
example of this, as their functions are attained via transient
interactions during their nuclear-cytoplasmic shuttling (102).
The interaction between HDAC4 and the mutant huntingtin
protein (mHTT) was shown to promote mHTT aggregation,
pointing to a possible target for treatment of Huntington’s
disease (103, 104). As another example, the transient asso-
ciation between HDAC5 and Aurora B impacted the phos-
phorylation status of HDAC5, its association with the tran-
scriptional regulatory complex NCoR, and its functions
during cell cycle progression (50). Similarly, our finding that
SIRT2 interacts with proteins involved in intracellular
trafficking suggests that SIRT2 is positioned to regulate
these biological processes via the formation of dynamic
interactions.

In summary, our study provides the first insights into SIRT2
interactions in primary human fibroblasts, highlighting its role
in cellular trafficking events. We observed that SIRT2 interacts
with multiple intracellular trafficking proteins and showed that
majority of its interactions are of transient nature. We con-
firmed its colocalization with ER-Golgi intermediate com-
partment and demonstrated that its cytoplasmic distribution
is affected by the inhibition of the secretory pathway. We
found and validated that SIRT2 interacts with the focal
adhesion protein PPFiBP1 and demonstrated that the local-
ization of this protein is also dependent on the ER-Golgi
trafficking pathway. Finally, we observed up-regulation of
proteins that function in ER organization upon SIRT2 knock-
down. Given the prior sparse knowledge regarding SIRT2
associations, we expect our study to significantly aid in under-
standing its roles in health and disease. For example, our finding
of a role of SIRT2 in membrane trafficking regulation can be
further investigated in the context of a disease with altered
vesicular transport, such as neurodegenerative diseases and
viral infection.
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