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Group IVA Cytosolic Phospholipase A, Regulates the G,-to-M
Transition by Modulating the Activity of Tumor Suppressor SIRT2

Said Movahedi Naini, Alice M. Sheridan,® Thomas Force,® Jagesh V. Shah,®° Joseph V. Bonventre®°

Renal Division, Brigham and Women'’s Hospital, Department of Medicine, Harvard Medical School, Boston, Massachusetts, USA?; Division of Cardiovascular Medicine,
Vanderbilt University Medical Center, Nashville, Tennessee, USA®; Division of Health Sciences and Technology, Harvard-Massachusetts Institute of Technology,
Cambridge, Massachusetts, USAS; Harvard Stem Cell Institute, Cambridge, Massachusetts, USAY; Department of Systems Biology, Harvard Medical School, Boston,
Massachusetts, USA®

The G,-to-M transition (or prophase) checkpoint of the cell cycle is a critical regulator of mitotic entry. SIRT2, a tumor suppres-
sor gene, contributes to the control of this checkpoint by blocking mitotic entry under cellular stress. However, the mechanism
underlying both SIRT2 activation and regulation of the G,-to-M transition remains largely unknown. Here, we report the forma-

tion of a multiprotein complex at the G,-to-M transition in vitro and in vivo. Group IVA cytosolic phospholipase A, (cPLA,a)
acts as a bridge in this complex to promote binding of SIRT2 to cyclin A-Cdk2. Cyclin A-Cdk2 then phosphorylates SIRT2 at
Ser331. This phosphorylation reduces SIRT2 catalytic activity and its binding affinity to centrosomes and mitotic spindles, pro-
moting G,-to-M transition. We show that the inhibitory effect of cPLA,« on SIRT2 activity impacts various cellular processes,
including cellular levels of histone H4 acetylated at K16 (Ac-H4K16) and Ac-a-tubulin. This regulatory effect of cPLA,a on
SIRT2 defines a novel function of cPLA,« independent of its phospholipase activity and may have implications for the impact of

SIRT2-related effects on tumorigenesis and age-related diseases.

heckpoint controls are biochemical pathways that slow or re-

tard cell cycle progression in response to stress or damage to
ensure genomic stability (1). Most of the research on mitotic
checkpoints has focused on the spindle checkpoint, which moni-
tors the transition from metaphase to anaphase (2). The G,-to-M
transition (prophase) checkpoint, on the other hand, when acti-
vated, inhibits cells from entering mitosis from the late G, phase
and early prophase (1, 3). This checkpoint is sensitive to a wide
variety of insults, many of which do not directly damage DNA (4),
such as hypothermia, anoxia, osmotic shock, and, in particular,
microtubule inhibitors (5). Microtubule inhibitors induce mitotic
stress by affecting several processes that occur during mitosis.
These processes include separation of the centrosomes in pro-
phase, alignment of the chromosomes on the spindle in meta-
phase, and sister-chromatid separation in anaphase (6-8).

SIRT2 (sirtuin-2), an NAD"-dependent histone deacetylase
(HDAC), is part of the prophase checkpoint. During interphase,
SIRT2 is predominantly cytoplasmic, but at the late G, phase
SIRT?2 localizes to the centrosomes; and during mitosis SIRT2 is
associated with mitotic spindles and midbody (9). SIRT2 plays an
important role in the early mitotic checkpoint by actively delaying
passage into mitosis in response to mitotic stress caused by micro-
tubule inhibitors (10-13). SIRT2 has been shown to be downregu-
lated in glioma and gastric cancers, and SIRT2 downregulation in
glioma cells has been shown to increase aneuploidy (11, 12).
SIRT2-deficient mice are cancer prone, suggesting that the SIRT2
protein functions as a tumor suppressor (14). Although the
deacetylase activity of SIRT?2 is necessary for its checkpoint func-
tion (11), it is not fully understood how SIRT2 acts in the mitotic
checkpoint or how it is regulated in response to mitotic stress.

Here, we identified group IVA cytosolic phospholipase A,
(cPLA,a) as a binding partner that regulates SIRT2 catalytic ac-
tivity. cPLA,« is a member of a family of phospholipase A, en-
zymes that are characterized by their ability to cleave arachidonic
acid (AA) from the sn-2 position of diacyl phospholipids (15).
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Since AA is the precursor for prostaglandins and leukotrienes,
cPLA,« is considered to be a critical mediator of eicosanoid gen-
eration and inflammatory signaling cascades (16). The overex-
pression of cPLA,a has been reported in various human malig-
nancies (17-19), and deregulation of cPLA,« expression has been
implicated in tumor development. We previously reported that
APCM™* ¢PLA, &'~ mice had fewer and smaller small intestine
polyps than littermate APC™™™* ¢cPLA,a "'~ mice (20). However,
the molecular mechanisms through which the deregulation of
cPLA,a occurs or contributes to tumor development remain un-
clear. We performed a yeast two-hybrid screen to identify putative
cPLA,a-binding partners that could account for the proliferative
function of cPLA,a (21). A total of 10° clones from a G, human
fibroblast library were screened using a fragment of cPLA, o consist-
ing of amino acids (aa) 1 to 215 (cPLA,a'>'") as bait. cPLA,a' 2"
contains the C2 (Ca**-binding) domain and is the principal region of
cPLA,« involved in protein-protein interactions (15). Yeast two-hy-
brid results were confirmed by coimmunoprecipitation (co-IP) and
coimmunolocalization studies (21). Here, we identify SIRT2 as a
cPLA, a-interacting protein. We show that cPLA, o inhibits the cata-
lytic activity of SIRT2 and its G,/M checkpoint activity. This inhibi-
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tory function is mediated through phosphorylation of SIRT2 at
Ser331 (p-SIRT2 S331) by cyclin A-Cdk2. Thus, cPLA,« is a novel
regulator of SIRT2 function and the G,-to-M transition, which may
explain its effects on cell proliferation and potentiation of malignant
growth. Given that G,-to-M transition defects have been implicated
in aging, senescence, and fibrotic diseases, these mechanisms may
link cPLA,a to a number of nonmalignant disease states.

MATERIALS AND METHODS

Plasmids, cell lines, and chemicals. HEK293 and LLC-PK1 cells were
purchased from ATCC (Manassas, VA) and grown in Dulbecco’s modi-
fied Eagle’s medium (DMEM) with F-12 medium containing 10% fetal
calf serum (FCS). LLC-mCherry, LLC-SIRT2-mCherry, LLC-EGFP
(where EGFP is enhanced green fluorescent protein), and LLC-cPLA,a-
EGFP cell lines were generated by transfecting LLC-PK1 cells with
pmCherry-C1, pmCherry-C1-hSIRT2, pEGFP-N1, or pEGFP-N1-
hcPLA,a plasmids, respectively. SIRT2 cloned in the experiments of this
study is isoform 2 (GenBank accession number NP_085096.1). Forty-
eight hours after transfection, 250 pg/ml G418 was added to the cells and
maintained for 2 weeks. At that time, stably transfected colonies were
selected. Generation of LLC-cytosolic PLA,a (LLC-cPLA,a) has been
previously described (22). Generation of mouse embryonic fibroblasts
(MEFs) from cPLA,& '~ mice has been already described (23). Colchi-
cine (catalog number C9754), nocodazole (M1404), colcemid (D7385),
and calcium ionophore A23187 (C7522) were purchased from Sigma (St.
Louis, MO). Pyrrophenone (catalog number 525143) was purchased from
Calbiochem (San Diego, CA). For generation of lentiviral supernatants,
pLKO.1-puro EGFP or pLKO.1-puro SIRT2 was transfected into 293T
cells with packaging plasmids pCMV-dR8.2 dvpr and pCMV-VSVG
(where CMV is cytomegalovirus and VSVG is vesicular stomatitis virus G
protein) using FuGENE 6. High titers of recombinant viruses were ob-
tained 48 h after transfection and used to infect MEFs. Small interfering
RNAs (siRNAs) against SIRT2 (siSIRT2) (HSC.RNALNO12237.12.1 and
HSC.RNAL.NO12237.12.10) and cPLA,a (HSC.RNAILNO24420.12.2
and HSC.RNAI.NO24420.12.8) were purchased from Integrated DNA
Technologies (IDT). Primers used in cloning experiments were the
following: cPLA,a forward (F), 5'-ATGTCATTTATAGATCCTTAC-3';
cPLA,a hemagglutinin tag (HA-cPLA,a) F, ATGTACCCTTACGACG
TTCCTGATTACGCTATGTCATTTATAGATCCTTAC-3"; cPLA,a His
tag (His-cPLA,a) F, 5'-GCCACCATGCATCATCATCATCATCATAT
GTCATTTATAGATCCT-3'; cPLA,a reverse (R), 5'-CTATGCTTTGGG
TTTACT-3'; cPLA,a'?"® R, 5'-TGATTCGTATAATGCCTTCA-3';
cPLA,a lacking the N-terminal 215 aa (cPLA,a*N?') F, 5'-ATGGGAAT
TCTGGATTGTGCT-3'; SIRT2 S331E mutant (SIRT2%**'F) F, 5'-CAAC
CCCAGCACTTCAGCTGAGCCCAAGAAGTCCCCG-3', and R, 5'-CG
GGGACTTCTTGGGCTCAGCTGAAGTGCTGGGGTTG-3'; SIRT2 S331A
mutant (SIRT2°%*'4) F, 5'-cAACCCCAGCACTTCAGCTGCCCCCAAG
AA-3’, and R, 5'-TTCTTGGGGGCAGCTGAAGTGCTGGGGTGG-3';
SIRT2'%°73%? F, 5'-GAGCGAATAGCCGGGCTGGA-3'; SIRT2'77?** R,
5'-ACCCATGACCAGGAGGAGGT-3'; SIRT2'*¢71** R, 5'-ATCAGGCT
TCACCAGGCTCT-3".

Antibodies. Antibodies were mouse monoclonal anti-T7 tag, rabbit
anti-HA, rabbit anti-SIRT2, anti-Flag M2 monoclonal antibody (MAD),
rabbit anti-EGFP, rabbit anti-cyclin A, and mouse anti-a-tubulin (all
from Santa Cruz, Dallas, TX), rabbit anti-SIRT1 (Upstate laboratories,
Lake Placid, NY), mouse anti-phospho-MPM2 (anti-p-MPM2; Milli-
pore, Bedford, MA), rat antibromodeoxyuridine (anti-BrdU) (Abcam,
Cambridge, MA), rabbit anti-Ki-67 (Vector Laboratories, Burlingame,
CA), Ser331-phosphorylated SIRT2 antibody (Active Motif, Carlsbad,
CA), rabbit anti-cPLA,a antibody (Cell Signaling, Danvers, MA), and
mouse anti-acetylated (Ac)-a-tubulin (Sigma-Aldrich, St. Louis, MO).
Secondary antibodies for immunofluorescence were supplied by Jackson
Laboratories (Bar Harbor, ME).

Induction of G,-to-M arrest in mice. Generation of cPLA,a-deficient
mice has been previously described (23). Male mice aged 8 to 12 weeks
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weighing 20 to 25 g were used. Ischemia was induced by the retroperito-
neal approach on both kidneys for 26 min at 37.0°C (moderate ischemia-
reperfusion injury [IRI]) as previously reported (24, 25). One milliliter of
warm saline (37°C) was injected intraperitoneally after surgery for volume
supplementation. Colchicine (20 g) in phosphate-buffered saline (PBS)
was injected intraperitoneally at 24 and 48 h after ischemia. The plasma
creatinine concentration was determined by the picric acid method. Kid-
ney histology was examined on formalin sections. All mouse work was
performed in accordance with the animal use protocol approved by the
Institutional Animal Care and User Committee of the Harvard Medical
School.

Two-hybrid screen. A human fibroblast G library cloned into pJG4-5
was obtained from C. Sardet at the Whitehead Institute and Massachu-
setts Institute of Technology. The Saccharomyces cerevisiae EGY48 strain
(obtained from R. Brent at the Berkeley Molecular Sciences Institutes),
which contains an integrated copy of the LEU2 gene with upstream acti-
vating sequences replaced by six LexA operators, was transformed with
both the reporter plasmid pSH18-34 and the bait plasmid pEG202-
cPLA, '™ and by using lithium acetate. Yeast colonies containing both
bait and reporter plasmids were selected on glucose-containing medium
lacking Ura and His (Ura™ His™ ) and transformed with the library cDNA
in a GALI-inducible expression vector, pJG4-5. Transformants were se-
lected on Ura~ His~ Trp~ glucose-containing plates, and 10° CFU were
plated onto Ura™ His™ Trp~ Leu  galactose-raffinose medium. Positive
colonies were grown in Trp~ glucose-containing medium. Isolated prey
plasmids were rescued and electroporated into KC8 strains of Escherichia
coli. Interacting cDNA was cloned into pBluescript and pMT; and ampli-
fied in XL-1 Blue strains of E. coli for sequencing and transfection exper-
iments. DNA was sequenced completely on both strands using custom-
ized oligonucleotides and standard techniques.

Coimmunoprecipitation experiments. Cells were plated at 50 to 60%
confluence and transfected with Lipofectamine 2000 according to the
manufacturer’s recommendations. Forty-eight hours after transfection
confluent monolayers of cells were harvested into 750 wl of buffer con-
taining 20 mM HEPES (pH 7.4), 2 mM EGTA, 1% Triton, 1 mM sodium
vanadate, 50 mM glycerophosphate, 400 mM phenylmethylsulfonyl flu-
oride, 2 mM leupeptin, 1 mM dithiothreitol, and 10% glycerol. Lysates
were incubated with the antibodies indicated on the figures at concentra-
tions recommended by manufacturers. Immunoprecipitation was per-
formed overnight at 4°C, followed by protein A/G-agarose beads (Santa
Cruz, Dallas, TX) for 1 h at 4°C. Precipitated proteins were run on a 10%
SDS gel at 100 V and electrophoretically transferred onto Immobilon
membranes (Millipore, Bedford, MA). Membranes were developed by
chemiluminescence (PerkinElmer, Waltham, MA).

Subcellular fractionations. Cytoplasmic, membrane, and nuclear
extracts were obtained by using a Subcellular Protein Fractionation kit
according to the manufacturer’s instructions (Thermo Scientific,
Hudson, NH).

Adenovirus construction. For generating adenovirus expressing
cPLA, o (Ad-cPLA,a), cPLA,a cDNA was subcloned into the NotI and
Xhol sites of pADRSV4. Position and orientation of the insert were
confirmed by sequencing of the 5 ends of the constructs using a
pADRSV4 primer. pADRSV4-cPLA,a was cotransfected into 293 cells
with pJM17, which contains adenoviral cDNA. Homologous recom-
binants between pADRSV4-cPLA,a and pJM17 contain exogenous
DNA substituted for E1, which allows adenovirus-driven expression of
the exogenous protein or cPLA,a. Individual plaques were purified,
and cPLA,«a protein expression was confirmed by immunoblotting
using anti-cPLA,a antibody. The recombinant adenovirus was pre-
pared in high titer by propagation in 293 cells and by purification by a
CsCl gradient. For all experiments, recombinant adenovirus carrying
the Escherichia coli LacZ gene encoding 3-galactosidase was used as a
control (Ad-LacZ).

Immunofluorescence microscopy. Cells grown on coverslips were
fixed in 2% paraformaldehyde (PFA)-PBS for 10 min at room tempera-
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ture. Fixed cells were permeabilized with 0.1% Triton X-100 in PBS for 3
min and blocked in 2% calf serum for 30 min at room temperature. Cells
were then incubated with primary antibody for 2 h and then washed three
times with 1X PBS—0.1% Tween 20 (PBST). Fluorophore-conjugated
secondary antibody was added for 45 min at room temperature. After
three washes using 1X PBST, coverslips were mounted with Vectashield
(Vector Laboratories, Burlingame, CA) and examined with a confocal
Nikon Cl microscope. For colocalization studies, scatter plots and
Manders’ coefficients were obtained using the Image] plug-in Intensity
Correlation Analysis. Quantification of relative accumulation of SIRT2 at
mitotic spindles and centrosomes was performed using Image] as previ-
ously described (26). Briefly, a mask was created for quantification of
SIRT?2 signal on the mitotic structures, centered on the maximum inten-
sity of the signal (3 by 3 pixels). The background, including signal from
soluble SIRT2, was estimated in a region surrounding the mask (1 pixel
wide).

Western blotting. For Western blotting, equal amounts of protein
samples or protein samples derived from an equal number of cells were
separated on 10%, 12.5%, or 15% polyacrylamide gels and transferred to
anitrocellulose membrane (Amersham Pharmacia, Piscataway, NJ). Blots
were incubated with primary antibodies overnight. After being washed,
blots were incubated with a 1:4,000 dilution of secondary antibody for 1 h.
Blots were developed with an ECL detection system (PerkinElmer, Wal-
tham, MA).

Quantitative real-time PCR. Total RNA was extracted from 10 to 15
renal frozen tissue samples using TRIzol (Invitrogen, Carlsbad, CA). RNA
samples were quantified by spectrophotometry (NanoDrop) and con-
verted to DNA using oligo(dT). Quantitative real-time PCR was per-
formed on an iCycler iQ (Bio-Rad), using a real-time PCR assay kit (Bio-
Rad, Richmond, CA). Primers were SIRT2 forward, 5'-TTCAAGAAACA
TCCGGAACC-3', and reverse, 5'-GGAGTAGCCCCTTGTCCTTC-3'.

Flow cytometry. Cells synchronized by double-thymidine block
and nocodazole-treated cells were collected at the indicated time
points and washed with PBS, fixed in cold 70% ethanol, and stained
with propidium iodide (Sigma-Aldrich, St. Louis, MO) and the indi-
cated antibodies according to the manufacturer’s instructions. Stained
cells were sorted with a FACSCalibur flow cytometer (BD Bioscience,
San Jose, CA) and analyzed with FlowJo, version 7.5.5, software.

Mitotic Index. Cells were plated on 18-mm coverslips and fixed with
2% PFA-PBS for 10 min at room temperature, permeabilized with 0.1%
Triton X-100-PBS, stained with phospho-H3 (p-H3) antibody and 4,6-
diamidino-2-phenylindole (DAPI; Sigma-Aldrich, St. Louis, MO), and
mounted on glass microscope slides. The mitotic index (MI) was deter-
mined by inspecting more than 400 cells per data point.

HDAC assay. Immunoprecipitated materials were washed in deacety-
lase buffer (50 mM Tris-HCI [pH 9.0], 4 mM MgCl,, 0.2 mM dithiothre-
itol [DTT]) and resuspended in 100 pl of deacetylase buffer containing
acetylated [*H]histone H4 peptide (amino acids 1 to 21) (SignalChem,
Richmond, British Columbia, Canada) for 2 h at room temperature. Re-
actions were stopped by the addition of 25 pl of 0.1 M HCl and 0.16 M
acetic acid. Released acetate was extracted in ethyl acetate and counted in
scintillation fluid. NAD™ (1 mM) or nicotinamide (5 mM) was added to
reaction mixtures specified in the figures.

In vitro kinase assay. Glutathione S-transferase (GST)-purified or
immunoprecipitated proteins were incubated with recombinant active
human full-length cyclin A-Cdk2 complex (Millipore, Bedford, MA) in 50
wl of kinase buffer (50 mM Tris-HCI [pH 7.4], 10 mM MgCl,, 2 mM
EGTA, phosSTOP [Roche], 0.5 mM ATP, and [y->°P]ATP for 30 min at
30°C. Reactions were stopped by the addition of 2X SDS sample buffer
and analyzed by SDS-PAGE, followed by autoradiography.

Cell synchronization. For G,-S synchronization, unlabeled thymi-
dine was added to each monolayer culture to a final concentration of 2
mM. After 11 h, the medium containing excess thymidine was removed,
and the cells were washed twice with fresh medium and returned to the
incubator in DMEM-F-12 medium supplemented with 10% fetal bovine
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serum (FBS) at 37°C. After 9 h, unlabeled thymidine at a final concentra-
tion of 2 mM was added to the cultures for a second 11-h interval. At the
end of the second thymidine block, the cells were washed free of thymi-
dine as described above, and the characteristics of the following DNA
synthesis period were analyzed by flow cytometry as described in Results.

For mitotic shake-off, the same numbers of proliferating wild-type
(WT) and cPLA,a '~ cells were seeded into T150 flasks (5 X 10° cells/
flask) approximately 12 to 16 h prior to the start of each experiment.
Cells were treated with 0.4 WM nocodazole, and after 8 h loosely attached
cells were dislodged by firm tapping of the flasks and then aspirated. Cells
were returned to the incubator, and the shake-off was repeated every 2 h.

Live-cell analysis. HEK293 cells expressing GFP-tagged histone H2B
(H2B-GFP cells) were plated onto 35-mm dishes and then transfected
with either a scrambled (control) siRNA or siRNA directed against SIRT2
or cPLA,a. Live-cell imaging was performed with a Nikon Eclipse Ti
microscope using a Photometrics Nikon DS-QilMc camera. The micro-
scope was equipped with an environmental control chamber. The tem-
perature was maintained at 37°C, and the CO, was kept at 5%. For each
condition, at least 50 divisions from three independent trials were exam-
ined. Cells in four dishes were imaged every 5 min for 24 h with a Prior
Scientific motorized stage. All images were collected with a Plan Fluor
20X lens (numerical aperture, 0.6) with Chroma filter set 41001 config-
ured for EGFP tags. Exposure times were 450 ms with a camera binning of
2. The data were analyzed with the Nikon NIS Elements software and
converted into movie files (AVI format). Owing to the large size of the
movie files required to keep optimal resolution, a sampling of the most
representative movies is included in the supplemental material with other
movies available on request.

Statistics. Multiple group analyses were performed by analysis of vari-
ance (ANOVA). Student’s t test was used to determine a significant dif-
ference between two groups. P values of less than 0.05 were considered
statistically significant. The error bars represent mean values = standard
deviations (SD).

RESULTS
Identification and characterization of cPLA,«-SIRT?2 interac-
tion. A two-hybrid screen employing cPLA,a''* as baitand a G,,
human fibroblast library identified three cPLA,a-interacting pro-
teins: Tip60, PLIP (21), and a novel interacting peptide (see Fig.
S1A in the supplemental material). The identified interacting pep-
tide, 1,266 bp in length, aligned with the peptide at bp 660 to 1926
of SIRT2, encoding amino acids 136 to 352 and the 3" untranslated
region (UTR) (Fig. 1A). The identified peptide, tagged with T7
antigen, interacted with cPLA,a in HEK293 cells (Fig. 1B). T7-
tagged PLIP and T7-tagged Kidl (27) were used as positive and
negative controls, respectively. Reciprocal co-IP confirmed inter-
action between HA-cPLA,a and full-length EGFP-SIRT2 in
HEK293 cells (Fig. 1Cand D). To investigate the specificity of this
interaction, we tested whether cPLA,« interacted with SIRT1, an-
other mammalian homolog of yeast Sir2 with a significant amount
of homology to SIRT2 (39% identity and 59% similarity) (28). In
contrast to SIRT2, SIRT1 did not coimmunoprecipitate with
cPLA,a (see Fig. S1B in the supplemental material). Reciprocal
co-IP confirmed interaction between endogenous SIRT2 and
cPLA,a in wild-type mouse embryonic fibroblasts (MEFs) but not
MEFs derived from cPLA,a '~ mice (Fig. 1E, left panel). The
efficiency of co-IP in each experiment was quantified by compar-
ing the intensity of the IP bands to those of the control reactions
(Fig. 1E, right panel). His-tagged cPLA,o coimmunoprecipitated
with GST-SIRT2 in a cell-free system, indicating a direct interac-
tion between these two molecules (Fig. 1F).

Next, we sought to determine which region of SIRT2 was neces-
sary for interaction with cPLA,o. Our two-hybrid study had indi-
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FIG 1 cPLA,« specifically interacts with SIRT2. (A) Identified peptide (interacting fragment) aligned with SIRT2 bp 660 to 1926. (B) Interaction of full-length
cPLA,« and the identified peptide in HEK293 cells. cPLA,« interacts with PLIP but not with Kid1l as positive and negative controls, respectively. Relative
molecular weights in thousands are given to the left. (C and D) Reciprocal interaction of HA-cPLA,a with EGFP-SIRT2 in HEK293 cell lysates. Specificity was
confirmed by using species-matched control IgG (Ctrl IgG). Input shows levels of cPLA,a and SIRT2 in total lysate. (E) Reciprocal interaction of endogenous
cPLA,a and SIRT2 in wild-type MEFs by immunoprecipitation using anti-cPLA,a and anti-SIRT2 antibodies in two different reactions. Specificity was
confirmed by using species-matched control IgG (Ctrl IgG) and cPLA,a’~ MEFs as negative controls. (F) Purified GST or GST-SIRT2 was incubated with
purified His-cPLA,a. GST was immunoprecipitated, and His-cPLA,a bound to GST-SIRT2 was examined by Western blotting. Coomassie staining shows the
expression of different proteins in each reaction product. (G) Generation of deletion mutant constructs of SIRT2 tagged with T7 antigen (upper panel) and
interaction of cPLA,a with T7-tagged deletion mutants of SIRT2 in HEK293 cells (lower panel). cPLA,« interacts with SIRT2'?°~>>? and SIRT2'**~*** but not
with SIRT2'*7'** or the KRAB-A domain of Kid1 (Kid1A) (negative control). (H) Generation of deletion mutant constructs of cPLA,« tagged with EGFP (upper

panel) and co-IP between SIRT2 and EGFP-tagged deletion mutants of cPLA,a (lower panel). IB, immunoblotting; LC, light chain; CDS, coding sequence; FL,
full-length; Ab, antibody.

cated the binding of cPLA,a' " to SIRT2'?°7**2, T7-tagged deletion
mutants of SIRT2 were generated (Fig. 1G, upper panel). In HEK293
cells, cPLA,a coimmunoprecipitated with SIRT2'*°7°* and

the region of aa 1 to 215 of cPLA,a mediates the association of
cPLA,a with full-length SIRT2. To further confirm this finding,
EGFP-tagged deletion mutants of cPLA,« were generated (Fig. 1H,

SIRT2'°7*** but not with SIRT2'**~'** (Fig. 1G, lower panel). Thus,
the fragment consisting of aa 136 to 224 of SIRT?2 is sufficient and the
fragment consisting of aa 194 to 224 is necessary for interaction with
cPLA, . The fragment consisting of aa 194 to 224 contains a RING
finger-like motif including four cysteine residues that form a tetrahe-
dral complex to a zinc atom that may play a role in a protein-protein
interaction (29, 30). The yeast-two hybrid analysis also indicated that
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upper panel). Indeed, co-IP experiments performed in HEK293 cells
confirmed that full-length cPLA,« and cPLA,a' ' interacted with
SIRT2 while cPLA,a lacking the N-terminal 215 aa (cPLA,a*?'%)
failed to coimmunoprecipitate with SIRT2 (Fig. 1H, lower panel).
The AN215 mutant was utilized as a nonbinding mutant in subse-
quent experiments.

SIRT2 colocalizes with cPLA, . To assess the cellular localiza-
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FIG 2 cPLA,a and SIRT2 colocalize to the mitotic spindles during mitosis. (A) Cellular localization of SIRT2-mCherry and cPLA,«a-EGFP in stably transfected
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Western blotting confirmed expression of SIRT2-mCherry and cPLA,a-EGFP fusion proteins (arrowheads) in LLC-cPLA,a-EGFP and LLC-SIRT2-mCherry
cells, respectively. (B) Confocal images show the locations of SIRT2 and cPLA,« during mitosis in LLC-SIRT2-mCherry and LLC-cPLA,a-EGFP cells, respec-
tively. Costaining with Ac-a-tubulin antibody shows the colocalization of the two proteins with mitotic spindles. The graphs represent signal intensity scans
along the lines drawn. Scale bar, 10 pm. (C) HEK293 cells were arrested at the G,/M boundary by RO-3306 (upper panel). Cells were fractionated into
cytoplasmic extracts (CE) and nuclear extracts (NE) (lower panel). Western blotting was performed using the indicated antibodies. (D) HEK293 cells were
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metaphase appears as yellow in the merge. Scale bar, 5 pm. Intensity correlation analyses are represented by the color scatter plots of the paired intensities of the

red and green channels using Image]. Asynch, asynchronous.

tions of SIRT2 and cPLA,«, we generated LLC-PK1 cell lines that
stably expressed mCherry-tagged SIRT2 (LLC-SIRT2-mCherry)
and cells that stably expressed EGFP-tagged cPLA,a (LLC-
cPLA,0-EGFP). Control cells were generated expressing mCherry
(LLC-mCherry) or EGFP (LLC-EGFP) (Fig. 2A). As expected,
SIRT2 and cPLA,a remained mainly cytoplasmic in unsynchro-
nized cells (Fig. 2A). During mitosis, however, SIRT2 and cPLA,
localized more abundantly to mitotic spindles and centrosomes
(for SIRT2, 88%; for cPLA,a, 67%; n = 200) (Fig. 2B). A trans-
versal line was drawn through the nucleus in the merged images
using Image] software, and the signal intensities for SIRT?2,
cPLA,a, and DAPI were plotted in corresponding line graphs (Fig.
2B). Next, we sought to investigate the intracellular biochemical
distribution of cPLA,a and SIRT2 at the G,/M phase of the cell
cycle. HEK293 cells were synchronized at the G,/M boundary us-
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ing RO-3306 (31) (Fig. 2C, upper panel) and then fractionated
into cytoplasmic extracts (CE) and nuclear extracts (NE). In asyn-
chronous cells, SIRT2 and cPLA,a were mainly found in the cy-
tosolic fraction, while they accumulated more abundantly in the
nuclear fraction in G,/M synchronized cells, indicating that nu-
clear accumulation of SIRT2 and cPLA,« is present at the end of
the G, phase (Fig. 2C, lower panel). No significant cross-contam-
inations were found between the different cell fractions when they
were analyzed for the presence of the cytosolic glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) protein and the nuclear
lamin A/C protein (Fig. 2C, lower panel). Colocalization of en-
dogenous SIRT2 and cPLA,a during mitosis was further exam-
ined in HEK293 cells. Immunofluorescence experiments con-
firmed that cPLA,« and SIRT2 colocalized on the centrosomes
and mitotic spindles from prophase until metaphase (Fig. 2D).
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These stages were identified by centrosome separation and the
beginning of chromosome condensation (prophase), spindle for-
mation at opposite sides (prometaphase), and alignment of chro-
mosomes in the midline (metaphase). Quantitative colocalization
analysis was performed using Image] software, and scatter blots
and Manders’ colocalization coefficients were determined. Quan-
titative results revealed a significant degree of colocalization be-
tween SIRT2 and c¢PLA,a in prophase (0.76 = 0.12), prometa-
phase (0.72 = 0.18), and metaphase (0.62 * 0.22) (P < 0.01).

cPLA,« suppresses catalytic activity of SIRT2. Thus far, we
have identified a physical interaction and colocalization of
cPLA,a and SIRT2. To understand the physiological conse-
quences of this interaction, we monitored possible alteration of
the deacetylase function of SIRT2 on its known substrates, histone
H4 acetylated at K16 (Ac-H4K16) (10) and Ac-a-tubulin (32) in
the presence of cPLA, .. LLC-mCherry and LLC-mCherry-SIRT2
cells were infected for 48 h with adenoviruses coding for LacZ
(Ad-LacZ) or cPLA,a (Ad-cPLA,a). SIRT2-expressing cells in-
fected with Ad-cPLA,o had larger amounts of Ac-H4K16, indicat-
ing that deacetylation of H4K16 was impaired in the presence of
cPLA,« (Fig. 3A lane 4). Next, WT and cPLA,a’~ MEFs were
infected with Ad-cPLA,« or Ad-LacZ. Expression of exogenous
cPLA,a resulted in an increase in Ac-H4K16 levels in cell lysates of
both WT and cPLA,o~'~ MEFs (Fig. 3B, lanes 1, and 3). In an-
other experiment HEK293 cells were transfected with empty vec-
tor (mock), cPLA,a, or the phospholipase-deficient mutant
cPLA,a%***4, Both cPLA,a and cPLA,a’**®** inhibited SIRT?2
deacetylase activity, indicating that the inhibitory effect of cPLA,
on SIRT2 deacetylation is independent of cPLA,a phospholipase
activity (Fig. 3C). cPLA,a*N?'* failed to inhibit catalytic activity of
SIRT2 on Ac-H4K16 (Fig. 3D), indicating that physical interac-
tion between cPLA,a and SIRT2 is necessary to inhibit SIRT2
catalytic activity.

The ability of cPLA,« to modulate deacetylation of a histone
H4 peptide by SIRT2 was also tested in cell extracts. Purified
SIRT2 from mock-transfected cells (no SIRT2), SIRT2-trans-
fected cells (SIRT2), or cells coexpressed with SIRT2 and cPLA,«
(SIRT2/cPLA,at) were incubated with an acetylated-[*H]histone
H4 substrate (amino acids 1 to 21) in a deacetylase assay in the
presence or absence of NAD™ and nicotinamide (NIC). NAD™ is
necessary for sirtuins’ catalytic activity (32). Coexpression of
cPLA,«a significantly repressed deacetylation of the histone H4
peptide by SIRT? in the presence of NAD™ (for SIRT2/cPLA,q,
2,326 *+ 89 cpm versus 5,462 * 243 cpm for SIRT2; P < 0.01) (Fig.
3E). Addition of nicotinamide, an inhibitor of sirtuin activity (32),
completely inhibited SIRT2 deacetylase activity. Next, cPLA,a
was knocked down by siRNAs in HEK293 cells, and levels of Ac-
a-tubulin were quantified. In cPLA,a-deficient cells, levels of Ac-
a-tubulin were significantly reduced (30% decrease compared to
control levels) (Fig. 3F). These data altogether indicate an inhibi-
tory effect of cPLA,a on SIRT?2 catalytic activity.

To examine whether cPLA,a alters the stability of SIRT2, the
half-life of SIRT2 was assessed by rates of protein loss after cyclo-
heximide treatment. cPLA,a '~ MEFs were infected with Ad-
LacZ or Ad-cPLA,a. Cells were then treated with cycloheximide
for an additional 8 h, and extracts were subjected to Western blot-
ting for SIRT2. cPLA,« expression had no effect on the stability of
SIRT2 (Fig. 3G). Additionally, absence of cPLA,a did not affect
SIRT2 mRNA levels in MEFs (Fig. 3H), further suggesting that
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cPLA,a regulates SIRT2 activity by a posttranslational mecha-
nism.

Next, we investigated whether SIRT2 overexpression can alter
cPLA,a phospholipase activity. LLC-pCDNA and LLC-cPLA,a
cells were transfected with an empty plasmid (mock) or a SIRT2-
expressing plasmid. [’H]AA release was measured in the presence
or absence of ionophore (Fig. 31, upper panel). SIRT2 had no
effect on passive release or calcium ionophore A23187-stimulated
release of AA in cPLA,a-expressing epithelial cells. Western blot-
ting confirmed expression of each protein in transfected cells (Fig.
3L, lower panel).

Overexpression of cPLA,« antagonizes checkpoint activity
of SIRT2. Since G,/M checkpoint activity of SIRT2 has been at-
tributed to its catalytic activity, we examined whether cPLA,«
overexpression can suppress the SIRT2-mediated G,/M check-
point. First, we confirmed the G,/M checkpoint activity of SIRT2
in LLC-PK1 epithelial cells during mitotic stress. We chose micro-
tubule inhibitors, nocodazole and colcemid, as mitotic stressors
since these drugs cause mitotic stress without affecting G, and G,
DNA damage checkpoints (8, 11). The chromatin pattern of un-
treated LLC-PK1 cells in different stages of the cell cycle was noted
(Fig. 4A) and then used to quantify the mitotic index (MI) in
response to mitotic stress induced by microtubule inhibitors.
LLC-mCherry and LLC-SIRT2-mCherry cells were treated with
0.4 wM nocodazole or 1 wM colcemid, and the MI was determined
at 9, 14, and 18 h. Overexpression of SIRT2 in LLC-PK1 cells
significantly decreased the MI in response to nocodazole (NOC)
(Fig. 4B left panel) or colcemid (Fig. 4C). There were no effects of
SIRT2 on MI in the absence of stress, indicating that mitotic stress
is a prerequisite for SIRT2 checkpoint activity. Flow cytometry at
14 h showed similar increases in the G,/M fraction after nocoda-
zole treatment in all groups, indicating that the differences in MI
values are not a reflection of differences in total nocodazole-in-
duced G,/M-arrested cells (Fig. 4B right panel).

Next, we designed experiments to test the effect of cPLA,a
expression on SIRT2-mediated G,/M checkpoint activity (Fig.
4D). LLC-mCherry and LLC-SIRT2-mCherry cells were infected
with Ad-cPLA,a or Ad-LacZ. Cells were then treated with no-
codazole or colcemid 48 h later. Coexpression with cPLA,a but
not LacZ antagonized the G,/M checkpoint function of SIRT2 in
mitotically stressed LLC-SIRT2-mCherry cells, as indicated by
higher mitotic index values in the cPLA,a-infected cells in re-
sponse to nocodazole (Fig. 4E, left panel) and colcemid (Fig. 4F).
Flow cytometry at 14 h showed a similar distribution of DNA
content in all nocodazole-treated groups (Fig. 4E, right panel).
Pretreatment with 5 WM pyrrophenone, a specific inhibitor of
cPLA,a phospholipase activity at this concentration (33), had no
significant effect on the MI in SIRT2-mCherry-overexpressing
cells infected with Ad-cPLA,« (Fig. 4G). Thus, cPLA,« can poten-
tiate mitotic entry by inhibiting SIRT2 by mechanisms indepen-
dent of its phospholipase activity. SIRT2-mCherry-overexpress-
ing cells were treated with cPLA,a or cPLA,a®~?'>. MI was
quantified in the presence or absence of nocodazole. The AN215
mutant failed to antagonize SIRT2 checkpoint activity (Fig. 4H).
Collectively, these data indicate that cPLA,« overexpression sup-
presses the prophase checkpoint and augments the G,-to-M tran-
sition by inhibiting SIRT2.

Reduction of cPLA,« delays G,-to-M transition but does not
affect exit from mitosis. Fewer mitotic cells (lower MI values)
could be the result of either decreased entry into, or faster exit
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FIG 3 cPLA,« inhibits SIRT2 deacetylase activity. (A) LLC-mCherry cells (lanes 1 and 3) and LLC-SIRT2-mCherry cells (lanes 2 and 4) were infected with
Ad-LacZ or Ad-cPLA,a. Levels of Ac-H4K16 were examined by Western blotting in total lysates. Levels of SIRT2, cPLA,«, ERK, and H4K16 were compared in
total lysates. Intensities of Ac-H4K16 bands were quantified by ImageJ from three independent experiments. (B) WT and cPLA,a '~ MEFs were infected with
Ad-LacZ or Ad-cPLA,a. Levels of Ac-H4K16 were detected by Western blotting in total lysates. Intensities of Ac-H4K16 bands were quantified by ImageJ (n =
3). (C) LLC-PK1 cells were mock transfected (lane 1), transfected with SIRT2 (lane 2), or cotransfected with SIRT2 and WT cPLA,a (lane 3) or with SIRT2 and
cPLA,a%??%* (lane 4). Cell lysates were subjected to Western blotting for detection of Ac-H4K16. Intensities of Ac-H4K16 bands were quantified by Image]J (n =
3). (D) LLC-PK1 cells were transfected with SIRT2, SIRT2 and cPLA,a, or SIRT2 and cPLA,a*N?'®, Ac-H4K16 levels were quantified by Western blotting.
Intensities of Ac-H4K16 bands were quantified by ImageJ (n = 3). (E) SIRT2 was immunoprecipitated from mock-transfected LLC-PK1 cells (no SIRT2),
SIRT2-transfected cells (SIRT2), or LLC-PK1 cells cotransfected with SIRT2 and cPLA, & (SIRT2/cPLA, ). Pulled-down beads were subjected to the HDAC assay
in vitro by measuring the release of *H-labeled acetyl groups from a histone H4 peptide (aa I to 21) under the conditions indicated. cpm, counts per minute. (F)
Levels of Ac-a-tubulin were detected by Western blotting in total lysates of control HEK293 cells treated with control scrambled or cPLA,a siRNA. Intensities
of Ac-a-tubulin bands were quantified by Image]J (1 = 3). (G) cPLA,a '~ MEFs were infected with Ad-LacZ or Ad-cPLA,« and treated with cycloheximide. Cell
lysates were analyzed at the indicated time points by Western blotting for SIRT2 levels. ERK was used as a loading control. (H) SIRT2 mRNA levels were
quantifiedin WT and cPLA,a '~ MEFs by quantitative reverse transcription-PCR. (I) cPLA,a-mediated AA release in the presence and absence of SIRT2 (upper
panel). Cells were left untreated or were treated with ionophore A23187. Western blotting confirmed expression of proteins in transfected cells (lower panel). *,
P < 0.05; **, P < 0.01. AU, arbitrary units.

from, mitosis; therefore, we determined how cPLA,«-SIRT?2 in-
teraction affects mitotic entry and mitotic exit. First, we investi-
gated the progression of the cell cycle in wild-type HEK293 cells
and in HEK293 cells with siRNA-reduced ¢cPLA,a or SIRT2 ex-
pression (Fig. 5A). Progression through S and G, phases of the cell
cycle was monitored over time after thymidine block release (Fig.
5B). There were no significant differences in the populations of S-
and G,-phase cells compared with the levels in control cells over
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time in nonstressed cells (Fig. 5C). Next, cPLA,a-deficient and
control cells were synchronized by a double-thymidine block at
the G,-S boundary and then allowed to proceed through the cell
cycle with or without mitotic stress. We monitored progression
through the cell cycle by measuring the mitotic index. In the ab-
sence of mitotic stress, cPLA,a had no significant effect on cell
cycle progression (Fig. 5D). In the presence of mitotic stress,
which was induced by adding nocodazole 6 h after release from the
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FIG 4 Overexpression of cPLA,a inhibits SIRT2-mediated G,/M arrest during mitotic stress. (A) Chromatin patterns of LLC-PK1 cells in different phases of the
cell cycle shown with p-H3 and with DAPI immunostaining. (B) Mitotic index in nocodazole-treated (NOC) LLC-mCherry and LLC-SIRT2-mCherry cells (left
panel). The graph in the right panel shows the cell cycle distribution of each group at 14 h posttreatment. DMSO, dimethyl sulfoxide. (C) Mitotic index in
colcemid (COL)-treated LLC-mCherry and LLC-SIRT2-mCherry cells. (D) Flowchart illustrating how experiments shown in panels E to G were performed. (E)
LLC-mCherry and LLC-SIRT2-mCherry cells were infected with Ad-cPLA,« or Ad-LacZ (left panel). Cells were treated with nocodazole. Mitotic index values
were compared at different time points. The graph in the right panel shows the cell cycle distribution of each group at 14 h. (F) LLC-mCherry and LLC-SIRT2-
mCherry cells were infected with Ad-cPLA,a or Ad-LacZ for 48 h. Cells were treated with colcemid. Mitotic index values were compared at different time points.
(G) LLC-SIRT2-mCherry cells were infected with Ad-cPLA,a or Ad-LacZ. Cells were treated with nocodazole. In specified experiments cells were pretreated with
pyrrophenone, a specific inhibitor of cPLA,a phospholipase activity. Mitotic index values were compared at different time points. (H) SIRT2-overexpressing
cells were transfected with cPLA,« or cPLA,a*N?!%, The MI was quantified in response to nocodazole. *, P < 0.05; **, P < 0.01.

G;-Sblock, control cells entered metaphase with the same kinetics
as in the absence of mitotic stress; however, there was blocked
entry to metaphase in the cPLA,a-deficient cells. The timing of
induction of mitotic stress was critical for cPLA,« to affect entry
into metaphase; when mitotic stress was induced 8 h after release
from the G,-S block, both cPLA,«a-deficient and control cells en-
tered metaphase with the same kinetics as in the absence of mitotic
stress (Fig. 5D). The observation that lack of cPLA,« blocks entry
of cells into metaphase when mitotic stress was induced 6 h but
not 8 h after release from the G,-S block implies that the function
of cPLA,« is related to a process(es) that occurs between these
time points. We used the position of the centrosomes relative to
each other and chromosome condensation as markers to define
the specific phases of the cell cycle corresponding to the 6-h and
8-h time points. Centrosomes are closely positioned throughout
G,, but during prophase they separate and move along the periph-
ery of the nucleus toward opposite sides of the cell (34). Six hours
after release from the G;-S block, centrosomes had not separated,
indicating that the cells were in G, (Fig. 5E). At 8 h the cells were in
prophase, as centrosome separation was complete. Thus, the func-
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tion of cPLA,a must relate to a process(es) that occurs during
prophase, such as separation of the centrosomes. In both control
and cPLA,a-deficient cells which were treated with nocodazole at
the 6-h time point, centrosome separation was inhibited at the 8-h
time point (Fig. 5E); whereas a significant number of control cells
had condensed chromosomes at 8 h, fewer cPLA,«-deficient cells
had chromosome condensation, a property of early M phase (Fig.
5E). Thus, cPLA,a enhances movement through the cell cycle
from centrosome separation to chromosome condensation under
conditions of stress. Treatment with sirtinol, a SIRT2 inhibitor,
significantly increased the number of cells with condensed chro-
mosomes at the 8-h time point in cPLA,a-deficient cells, indicat-
ing that the effect of cPLA,« on inhibition of chromosome con-
densation in the presence of mitotic stress is dependent on SIRT2
activity (Fig. 5E). Further, live-cell imaging showed identical mi-
totic kinetics in wild-type HEK293 cells and cells in which ¢cPLA,«
or SIRT2 was knocked down (Fig. 5F; see also Movies S1 to S3 in
the supplemental material).

To determine that the ability of cPLA,« to delay mitotic entry
in response to mitotic stress was not specific to HEK293 cells, we
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FIG 5 Lack of cPLA,a blocks mitotic entry under mitotic stress. (A) Efficiency of SIRT2 and cPLA,a knockdown by siRNA in HEK293 cells was verified by Western
blotting. (B) Graph shows the cell cycle progression of control (Ctrl) and cPLA,«-deficient HEK293 cells until 8 h after double-thymidine block release. (C) Populations
of cells in each phase of the cell cycle from the experiment shown in panel B were quantified (n = 3). (D) Mitotic index of synchronized HEK293 cells transfected with
control or cPLA,« siRNA as a function of time after release from the G,-S block. The cells were either not exposed to mitotic stress or treated with nocodazole (Noc) (at
6 or 8 h), or with nocodazole plus sirtinol (at 6 h) after release from the cell cycle block. (E) Centrosome separation and chromatin condensation in synchronized control
and cPLA,a-deficient HEK293 cells at 6 and 8 h after release from the G, -S block. The cells were either left untreated or were treated with nocodazole or nocodazole plus
sirtinol after release. (F) Mitotic progression of HEK293 H2B-GFP cells treated with the indicated siRNAs was monitored by live-cell microscopy. (G) Duration of mitotic
intervals (prophase to metaphase; metaphase) in HEK293 cells targeted with the indicated siRNAs were quantified. **, P < 0.01.

examined MEFs derived from cPLA,a '~ mice. MI was deter- LacZ restored the MI in cPLA,a ™'~ cells. To investigate whether
mined in WT and cPLA,o '~ MEFs over time after treatment the observed effect of cPLA, on the G,-to-M transition is SIRT2
with nocodazole. cPLA,a '~ MEFs had a significantly lower MI ~ dependent, WT and cPLA,o’~ MEFs were infected with retrovi-
than WT cells (Fig. 6A). Adenoviral expression of cPLA,a butnot  ruses expressing SIRT2 short hairpin RNA (shRNA) or GFP
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FIG 6 Deletion of cPLA,a reduces G,-to-M transition (A) WT and cPLA,a ™'~ MEFs were infected with Ad-cPLA,a or Ad-LacZ. Cells were treated with
nocodazole. Mitotic index values were compared at different time points. (B) Subconfluent WT and cPLA,a '~ MEFs were treated with an SIRT2 shRNA or
control (EGFP) shRNA. The mitotic index was quantified after nocodazole treatment. (C) Western blotting shows the efficiency of SIRT2 knockdown in WT and
cPLA,a ™/~ MEFs. ERK was used as a loading control. (D) Flowchart illustrating how the experiment shown in panel E was performed. Subconfluent WT and
cPLA,a '~ MEFs were treated with BrdU and nocodazole for 14 h. Medium was exchanged, and cells were allowed to continue through the cell cycle. Cells were
harvested at indicated time points (0 to 90 min). Percentages of BrdU" p-MPM2* (M cells) and BrdU™ p-MPM2~ (non-M cells) were quantified in the
G,/M-gated population. (E) The graph in the left panel shows an overlay of the p-MPM2 signal in the BrdU™" population in WT and cPLA,a '~ MEFs after
release from the block. Nonstained cells were used as controls. The graph in the right panel shows the percentage of M-phase and non-M-phase cells in WT and

cPLA, o’
every 2 h after nocodazole (Noc) treatment. ¥, P < 0.05; **, P < 0.01.

shRNA (negative control). Knockdown of SIRT2 completely re-
versed the G,-to-M transition deficit in cPLA, o/~ MEFs (Fig.
6B). Efficiency of knockdown was verified with Western blotting
(Fig. 6C).

Wild-type and cPLA,a '~ MEFs were plated at subconfluence
and treated with nocodazole and BrdU for 14 h. The medium was
then replaced with fresh medium without nocodazole, and cells
were allowed to exit cell cycle arrest. Cells were harvested every 10
min and were analyzed by flow cytometry for BrdU and p-MPM2
content (Fig. 6D). Flow cytometry was performed to quantitate
the BrdU™ MPM2™" (M-phase cells) and BrdU* p-MPM2™ (non-
M-phase cells) in the G,/M population (Fig. 6E, left panel). At
time zero, significantly more WT cells were in mitosis than
cPLA,a '™ cells (62% * 6% versus 34% * 4%) (Fig. 6E, right
panel). These data are consistent with data shown in Fig. 6A. Dur-
ing the first 20 min after removal of nocodazole, the number of
M-phase cells in cPLA,a '~ MEFs increased progressively, indi-
cating that this population of cells had been arrested at the G,/M
boundary and entered mitosis after removal of nocodazole (Fig.
6E, right panel). At 90 min, there was no significant difference
between the BrdU" p-MPM2" populations in WT and
cPLA,a ™' cells, indicating that, in the absence of cPLA,q, exit
from mitosis was unaffected.

Suematsu et al. reported that SIRT2 deacetylates the prometa-
phase/anaphase checkpoint protein, BubR1. BubR1 deacetylation
by SIRT2 did not modify BubR1 stability or duration of prometa-
phase arrest (35). To exclude the possibility that cPLA,a '~ cells
have reduced BubR1 checkpoint activity and enhanced mitotic
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(—/—) MEFs were counted by mitotic shake-off

slippage, WT and cPLA,a/~ MEFs were treated with nocodazole
for 8 h, and mitotic cells were counted every 2 h by mitotic shake-
off (Fig. 6F). There were fewer mitotic cells in cPLA,ac '~ MEFs
than in WT MEFs at all time points, indicating that cPLA,a ™/~
MEFs have a defect in mitotic entry rather than enhanced mitotic
slippage.

cPLA,« is essential for SIRT2 phosphorylation during mito-
sis. Next, we investigated how cPLA,« suppresses SIRT2 catalytic
activity and, hence, its checkpoint functions. SIRT2 contains a
Cdk consensus phosphorylation site (X-S*-P-X-K/R-) (X, any
amino acid) surrounding S331 (marked with an asterisk) that is
conserved among known SIRT2 homologs (36) (Fig. 7A). This site
has been shown to be phosphorylated by cyclin A-Cdk2, which
inhibits SIRT2 catalytic activity (36). Two SIRT2 phospho-
mutants were generated: EGFP-SIRT2%°*'4, a phosphodeficient
mutant, and EGFP-SIRT2%**', a constitutively active phospho-
mimetic mutant. SIRT2, but not its phosphomutants, was phos-
phorylated by cyclin A-Cdk2 complex in a kinase assay in vitro,
indicating that S331 is the principal site of phosphorylation of SIRT2
by cyclin A-Cdk2 complex (Fig. 7B). Next, we used a phosphospecific
antibody to identify the kinetics of SIRT2 phosphorylation on S331 in
WT and cPLA,a /~ MEFs that were synchronized at the G,/S
boundary by a double-thymidine block and release (Fig. 7C). There
was no observable difference in the cell cycle progression of the two
groups after release from the block. Phosphorylation of SIRT2 on
$331 was examined on the cell lysates at 2-h intervals (Fig. 7D). p-
SIRT2 S331 in wild-type MEFs peaked at late G, phase (8 to 10 h) after
release and decreased dramatically at the end of mitosis (12 h). In
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FIG 7 cPLA,o promotes phosphorylation of SIRT2 at $331 by cyclin A-Cdk2. (A) A conserved Cdk consensus surrounds $331 of SIRT2. Conserved residues are
highlighted. P, phosphorylation site. (B) In vitro kinase assay using Flag-tagged SIRT2 constructs purified from HEK293 cells and active cyclin A-Cdk2 (left
panel). Coomassie staining shows the expression of different proteins in each reaction. p-SIRT2 band intensities were quantified using Image] (right panel). (C)
Cell cycle profile over 12 h of WT and cPLA,a ~/~ MEFs synchronized at the G,/S boundary with a double-thymidine block and release. (D) Proteins from WT
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contrast, SIRT2 phosphorylation at S331 was reduced in mitotic To gain more insight to the mechanism of SIRT2 regulation by
cPLA,a ™'~ MEFs compared to levels in WT MEFs (Fig. 7D). These ~ cPLA,a, we evaluated whether cPLA,« was associated with the
data demonstrate that cPLA,« is necessary for SIRT2 phosphoryla-  previously described mitotic complex between SIRT2 and cyclin
tion in intact cells. A-Cdk2 (37). HEK293 cells were transfected with an empty vector
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or EGFP-cPLA,a*™*!® or EGFP-cPLA,« construct, and EGFP was
immunoprecipitated. SIRT2, cyclin A, and Cdk2 were detected in
precipitates, but we could not detect the presence of cyclin B1 or
Cdk1 (Fig. 7E). In another experiment cPLA,« was immunopre-
cipitated from WT and cPLA,a /™ cells. Similar to results in
HEK293 cells, only SIRT2, cyclin A, and Cdk2 were present in the
immunoprecipitates (see Fig. S2 in the supplemental material).
These data indicate the formation of a molecular complex with the
three components present. Deletion of cPLA,« in MEFs impaired
the interaction between endogenous SIRT2 and cyclin A (Fig. 7F).
This observation suggested that cPLA,« bridges the interaction
between SIRT2 and cyclin A-Cdk2. Both SIRT2 phosphomutant
proteins interacted with cPLA,«, indicating that S331 does not
play an essential role in the physical interaction with cPLA,« (Fig.
7G). Next, we evaluated SIRT2 phosphorylation by cyclin A-Cdk2
complex in vitro in the presence or absence of cPLA,a. Incorpo-
ration of >?P into purified GST-SIRT2 by cyclin A-Cdk2 complex
was increased in the presence of cPLA,«, while there was no in-
crease in phosphorylation of GST-SIRT2%**'*, indicating that
cPLA,a promotes the phosphorylation of SIRT2 at S331 by cyclin
A-Cdk2 complex (Fig. 7H). In the absence of cPLA,a, phosphor-
ylation of SIRT2 was not increased. GST was used as a negative
control. We further investigated whether cPLA,a can modulate
the kinase activity of Cdk2 in a kinase assay using histone H1 as the
substrate. cPLA,a had no effect on the histone H1 kinase activity
of cyclin A-Cdk2 complex in vitro (Fig. 71). Taken together, these
results strongly suggest that cPLA,a stimulates Cdk2-induced
SIRT2 phosphorylation. Finally, colocalization of cPLA,a and
SIRT2 with cyclin A was examined in HEK293 cells. Both SIRT2
and cPLA,« colocalized with cyclin A on the centrosomes during
mitosis (Fig. 7]). Manders’ colocalization coefficients indicated a
significant degree of colocalization between SIRT2 and cyclin A
(0.74 £ 0.16) and between cPLA,a and cyclin (0.70 = 0.9) (P <
0.01).

SIRT2 phosphorylation at S331 reduces SIRT2 checkpoint
activity and its affinity to mitotic spindles. We hypothesized that
S331 phosphorylation is the mechanism by which cPLA,« inhibits
SIRT?2 checkpoint activity. To test this hypothesis, we monitored
the G,-to-M transition in cells expressing SIRT2 or its phospho-
mutants in the presence or absence of cPLA,a. LLC-pCDNA and
LLC-cPLA,a cells were transfected with constructs expressing
EGFP, SIRT2-EGFP, or one of the two phosphomutants,
SIRT25?*'“_EGFP or SIRT25*'E_EGFP. At 48 h posttransfection,
cells were treated with nocodazole for 14 additional hours. Using
flow cytometry, we analyzed DNA content (propidium iodide)
and levels of p-MPM2 and p-H3 in the EGFP-positive (EGFP™)
population in each group (Fig. 8A). LLC-pCDNA cells transfected
with the $331E mutant had a significantly higher p-MPM2™" pop-
ulation than cells transfected with SIRT2 WT or the S331A mu-
tant, indicating that the phosphomimetic mutant results in less
checkpoint activity in these cells (Fig. 8B). LLC-cPLA,a cells
transfected with the S331A mutant showed significantly fewer p-
MPM2™ cells. This indicates an inhibitory effect of cPLA,a on
SIRT2 but not on the SIRT2 S331A mutant, consistent with the
conclusion that phosphorylation at 331 is necessary for cPLA, -
mediated inhibition of SIRT2 activity (Fig. 8B). The change in the
percentage of p-MPM2" cells from baseline (EGFP-transfected
cells) was quantified in SIRT2-transfected cells (Fig. 8C). We also
quantified the p-H3™ population in all treated cells. There was no
difference in the sizes of the p-H3™ populations in any of these
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groups, indicating that the total G,/M populations (4N cells) were
equivalent in all groups (Fig. 8D and E).

Phosphorylation of many proteins has been shown to affect
their binding capacity (38). We therefore examined whether
phosphoacceptor site mutations of SIRT2 display altered binding
properties to mitotic structures. HEK293 siSIRT?2 cells were trans-
fected with an EGFP-SIRT2, EGFP-SIRT2%*'*, or EGFP-
SIRT2%%*'® construct (Fig. 8F). We acquired z stacks through sin-
gle fixed cells and quantified the relative accumulation of SIRT2
compared to that of Ac-a-tubulin on mitotic structures during
early mitosis (prophase and prometaphase) (Fig. 8G, left panel).
The intensity of Ac-a-tubulin in cells expressing phosphomutants
was normalized to the Ac-a-tubulin signal in SIRT2 WT-trans-
fected cells. Compared to WT SIRT2, the S331E phosphomimetic
mutation diminished binding to mitotic spindles and centro-
somes, whereas the S331A phosphodeficient mutation signifi-
cantly enhanced binding. Relative intensities of SIRT2 on mitotic
spindles and centrosomes at prophase and prometaphase were
quantified by ImageJ software on over 200 cells in each group, as
described previously (26, 39) (Fig. 8G, right panel). These results
suggest that upon phosphorylation, SIRT2 dissociates from mi-
totic spindles and centrosomes. Next, we investigated whether
interaction of cPLA, o with SIRT2 can affect SIRT2 binding capac-
ity. LLC-PK1 cells overexpressing SIRT2 were transfected with an
empty vector (mock), cPLA,«, or cPLA,a*N?'® (nonbinding mu-
tant). SIRT2 recruitment to the mitotic spindles was evaluated by
immunostaining (Fig. 8H, left panel). Relative intensities of SIRT2
on mitotic spindles and centrosomes at prophase and prometa-
phase were quantified by Image]J software (Fig. 8H, right panel).
There was significantly more SIRT2 recruitment to the mitotic
spindles in mock-transfected and cPLA,a*™*""-transfected cells
than in cPLA,«a-transfected cells, indicating that coexpression of
cPLA,a reduces SIRT2 recruitment to the mitotic spindles and
centrosomes.

Deletion of cPLA, diminishes SIRT2 phosphorylation and
decreases G,-to-M transition in vivo. The impact of cPLA,«a
deletion on G,-to-M transition was examined in vivo in a mod-
erate bilateral ischemia-reperfusion injury (IRI) model in
mouse kidney. We previously showed that in this injury model,
kidney tubular cells undergo extensive proliferation (25). Five
WT and four cPLA,a '~ mice underwent 26 min of ischemia.
Colchicine (20 pg) was injected intraperitoneally to each
mouse at 24 and 48 h after release of the renal pedicle clamps to
induce mitotic stress. Kidneys were harvested at 72 h after IRI
(Fig. 9A). There was no significant difference in serum creati-
nine changes at 24 and 72 h after ischemia between the two
groups (Fig. 9B). Western blotting confirmed cPLA,a expres-
sion in WT kidneys (Fig. 9C). cPLA,a and SIRT2 were coim-
munoprecipitated in the IRI kidney lysates (Fig. 9D, lane 4). Of
note, the noninjured kidney does not express detectable SIRT2
protein; however, SIRT2 expression is induced in the kidneys
after IRI (Fig. 9D, lane 3). Next, to evaluate the number of
mitotic cells in the two groups, kidney sections were stained for
Ki-67 and the mitosis-specific marker p-MPM2 (Fig. 9E). Im-
munostaining of kidney sections confirmed expression of
KIM-1 in injured tubules in both groups. The percentage of
proliferating cells that were mitotic (p-MPM2" Ki-67") was
calculated in kidney sections from the experiment shown in
Fig. 9E). There were significantly more mitotic cells in WT than
in cPLA,a '~ kidneys (Fig. 9F). We further quantitated the
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FIG 8 cPLA,a-mediated SIRT2 phosphorylation impairs G,-to-M transition checkpoint. (A) Flow chart illustrating how experiments shown in panels B to E
were performed. (B and D) LLC-pCDNA and LLC-cPLA,« cells were transfected with EGFP, SIRT2-EGFP, or its two phosphomutants and treated with
nocodazole for 14 h. p-MPM2™" and p-H3 ™ cells were quantified in EGFP ™ -gated populations. (C and E) Graphs show the changes in percentages of G,/M cells
(p-H3™) (C) and M cells (p-MPM2™) (E) in LLC-pCDNA and LLC-cPLA,« cells that were transfected with SIRT2-EGFP or its phosphomutants relative to
values for cells transfected with EGFP (n = 3). (F) Western blotting confirmed the expression of SIRT2-EGFP (WT), SIRT25**'*-EGFP, and SIRT2°**'*-EGFP
transgenes in siSIRT2-treated cells that do not express endogenous SIRT2. (G) Images in the left panel show deconvoluted maximum intensity projections of
SIRT2 (green) and Ac-a-tubulin (red) on SIRT2-deficient HEK293 cells transfected with EGFP-SIRT2, EGFP-SIRT25%*'4, or EGFP-SIRT25%*'F, Relative accumulation
of SIRT2 on mitotic spindles and centrosomes was quantified using Image J software (right panel). (H) Images in the left panel show deconvoluted maximum intensity
projections of SIRT2 and Ac-a-tubulin on LLC-PK1 cells either mock transfected (control) or transfected with cPLA, & or cPLA,a*~?!°, Quantification of the relative
accumulation of SIRT2 on mitotic spindles and centrosomes using Image]J software was performed (right panel). *, P < 0.05; **, P < 0.01.

G,-to-M transition of cells in the two groups by staining the
kidneys with Ki-67 antibody to identify all proliferating cells
(Fig. 9G) and with p-H3 antibody to identify the G,/M popu-
lation (Fig. 9H). The p-H3 staining pattern is a marker to iden-
tify G, and M cells, as demonstrated previously (25) and as
shown in Fig. 4A. Although there were no significant differ-
ences in the ratio of p-H3"/Ki-67" cells in the two groups (Fig.
91), there was a significantly higher number of M cells and a
lower number of G, cells in WT than in cPLA,a '~ kidneys
(Fig. 9]). We confirmed the immunostaining results by West-
ern blotting of tissue lysates with p-MPM2 and p-H3 antibod-
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ies (Fig. 9K). We quantified the ratio of p-MPM2 and p-H3
band densities normalized to extracellular signal-regulated ki-
nase (ERK) loading controls using Image]J software. There was
a significantly higher p-MPM2"/p-H3™" ratio in WT than in
cPLA,a /" kidneys, indicating that more proliferating cells
reside in mitosis in WT kidneys than in cPLA,a ™'~ kidneys
(Fig. 9L). Finally, we examined the levels of p-SIRT2 S$331 in
tissue lysates of WT and cPLA,a '~ kidneys (Fig. 9M).There
were significantly lower levels of p-SIRT2 $331 in cPLA,a '~
kidney lysates than in WT kidneys (Fig. 9N). Collectively, these
data confirm in kidney tissue that cPLA,a is a regulator of
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FIG 9 cPLA,a promotes SIRT2 phosphorylation and G,-to-M transition in vivo. (A) Design of the G,-to-M arrest induction in mouse kidney. (B) Changes of
serum creatinine (Sr Cr) over time in a moderate IRI model (WT, n = 5; cPLA,a /", n = 4). (C) Western blotting of cPLA,a on kidney lysates of WT and
cPLA,a /" mice. ERK was used as a loading control. (D) Co-IP of SIRT2 and cPLA,« in IRI kidneys from WT mice using anti-cPLA,« antibody. Kidney lysates
from cPLA,a /"~ mice and control IgG were used as negative controls. (E) Immunohistochemistry with antibodies to p-MPM2, Ki-67, and KIM-1 on kidney
sections from WT and cPLA,a ™'~ mice treated with colchicine for 48 h. Scale bar, 20 pum. (F) The percentages of p-MPM2"/Ki-67 " cells were calculated in 10
fields, at a magnification of X400, of each kidney from the experiment shown in panel E (WT, n = 5; cPLA,a /™, n = 4).**, P < 0.01, compared to the value
of the WT control. (G) Immunostaining with Ki-67 antibody as well as nuclear staining with DAPI on kidney section from WT and cPLA,a '~ mice treated with
colchicine. Scale bar, 20 pm. (H) Immunostaining with antibodies to p-H3 and Na* /K" /ATPase as well as nuclear staining with DAPI on kidney section from
WT and cPLA,a ™'~ mice treated with colchicine. Arrowheads and arrows show the G,-phase- and M-phase-arrested cells, respectively. Scale bar, 5 pm. (I)
Percentage of the proliferating tubular cells (Ki-67 ") in the G,/M phase (p-H3 ") of the cell cycle in 10 fields, at a magnification of X400, of each kidney from the
experiment shown in panel H (WT, n = 5; cPLA,a ' ~, n = 4). (J) Percentage of cells residing in G, versus M phases of the cell cycle based on the p-H3 staining
pattern observed in tissue sections in the experiment shown in panel H) (WT, n = 5; cPLA,a /", n = 4). (K) Western blot analysis of p-MPM2 and p-H3 on
kidney lysates from WT and cPLA,a ™/~ mice treated with colchicine. (L) Ratio of the band intensities of p-MPM2 to p-H3, normalized to ERK and quantified
by Image]J software. **, P < 0.01 compared to the WT control values. (M) Western blot analysis of p-SIRT2 $331 in WT and cPLA,a /™ kidney lysates. SIRT2
and ERK were used as loading controls. (N) Ratio of the p-SIRT2 $331 band intensities in WT and cPLA,a ' ~kidneys. **, P < 0.01, compared to WT control
values.

SIRT2 phosphorylation and of the G,-to-M transition of the the cell cycle through promotion of SIRT2 phosphorylation at

cell cycle. S331. Phosphorylation of SIRT? at this site was previously shown
to suppress its catalytic activity (36); however, the role of this
DISCUSSION phosphorylation in the G,-to-M transition was unknown. By uti-

Although historically the focus of cPLA,« research has been onits  lizing SIRT2 phosphomutants, we found that $331 phosphoryla-
role in inflammation, some studies have suggested a role for tionisthe determining factor for inhibition of SIRT2 G,/M check-
cPLA,« in cell proliferation and tumorigenesis (17, 40, 41). Here,  pointactivity. In addition, we show that SIRT2 phosphorylation at
we identified cPLA,« as a regulator of the G,-to-M transition of ~ S331 also abolishes its localization to both mitotic spindles and
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FIG 10 Model of the regulation of the G,-to-M transition by cPLA,a. In
wild-type (WT) cells, cPLA,a directly binds to SIRT2 and promotes phos-
phorylation of SIRT2 at S331 by cyclin A-Cdk2 complex. This phosphoryla-
tion inhibits SIRT2 catalytic activity and decreases enrichment of SIRT2 at the
mitotic spindles and centrosomes. In the absence of cPLA,«a, nonphosphory-
lated SIRT?2 is localized to the mitotic structures and arrests cell cycle progres-
sion at the G,-to-M transition under mitotic stress.

centrosomes (9, 37). Interestingly, these data also suggest that
SIRT2 localization to the mitotic structures can be used as a
marker for SIRT2 activity.

cPLA,o promotes SIRT2 phosphorylation through cyclin A-
Cdk2 binding (Fig. 10). cPLA,a does not seem to act as a general
activator of Cdk2 since in vitro kinase assays revealed that Cdk2
could phosphorylate histone H1 independently of cPLA, expres-
sion. In the absence of cPLA,«a, however, SIRT2 failed to associate
with cyclin A-Cdk2, indicating that cPLA,a may act as a bridge in
this ternary complex. Interaction with cPLA,o may bring SIRT2
and cyclin A-Cdk2 in close proximity or modify the structure of
SIRT?2 and expose the phosphorylation site so that Cdk2 has pref-
erential access to S331. It is also possible that other proteins are
involved in the complex.

Our study also reveals a crucial role for cyclin A-Cdk2 in mi-
totic entry. Cyclin A-Cdk2 complex can associate with centro-
somes, and its activity increases during G, (42). Cyclin A has pre-
viously been shown to play a more pronounced role than cyclin B
during mitotic entry (42, 43). Our study identifies SIRT2 as one of
the substrates of cyclin A-Cdk2 during the G,-to-M transition.
Thus, SIRT2 directly regulates mitotic entry. Moreover, inhibition
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of SIRT2 enzymatic activity by cPLA,a resulted in higher levels of
cellular Ac-H4K16. Ac-H4K16 levels have been linked to changes
in the length of the G, and S phases of the cell cycle but not to the
G,-to-M transition (10, 44). SIRT2-mediated G,/M arrest might
be due to deacetylation of another, yet to be identified, substrate.

SIRT?2 is a tumor suppressor, and its absence leads to multiple
tumor formations, possibly due to lack of acetylation of APC/C
components (14). We speculate that effects of cPLA,a on tumor-
igenesis previously described by us and other investigatory may be
explained mechanistically via its effects as a negative regulator of
SIRT2 deacetylase activity (45). It is plausible that cPLA,a over-
expression predisposes tissues to tumor formation. In support of
this hypothesis, elevated cPLA,« levels have been reported in hu-
man carcinomas (17, 18, 46, 47). In the same context, depletion of
cPLA,q, leading to enhanced SIRT? activity, might inhibit tumor
formation or growth. Indeed, we previously showed that deletion
of cPLA,« resulted in fewer and smaller tumors in APCM™ mice
(19, 20). Aneuploidy is a significant feature of sporadic colorectal
cancer, and the majority of such cancers carry APC mutations
resulting in truncated APC proteins lacking the C terminus (48). It
was shown that the C terminus of APC binds microtubules and
stimulates polymerization of tubulin in vitro and in vivo (49, 50).
The C terminus of APC also contains a binding site for the end-
binding protein EB1, which closely associates with the centrom-
ere, mitotic spindle, and distal (plus) tips of microtubules at all
stages of the cell cycle (51). The reduction of tumors in APCM™/*
cPLA,a '~ mice could be explained by a loss of cPLA,a-SIRT2
interaction and subsequent SIRT2 hyperactivation which blocks
mitotic entry and reduces the number of aneuploid cells (11).
Strategies to modulate cPLA,a might afford therapeutic benefit;
thus, future work that tests the importance of this interaction in
genome stability and tumorigenesis is warranted. Since cPLA,a
knockout mice are largely normal, reduction or inhibition of
cPLA,a may not have major side effects in the unstressed situa-
tion.

The effect of cPLA, o on SIRT2 may exert a protective effect on
kidney fibrosis by inducing the G,-to-M transition. We along with
others have reported that the percentage of the G,-arrested cells,
marked with a characteristic punctuate p-H3 staining, positively
correlates with the extent of kidney fibrosis, and agents which
reduce this arrest are antifibrotic (25, 52). cPLA,a, by inducing
profibrogenic G,-arrested cells to enter mitosis, may decrease the
number of G,-arrested cells and may therefore reduce kidney fi-
brosis. This assumes, however, that entry into G, is not altered by
the effect of cPLA,a on the other components of the cell cycle. Our
results provide a crucial proof of principle that peptides designed
to interact with SIRT2'**7*** or small-molecule inhibitors of
SIRT2 might have a potential application in targeted antifibrotic
therapy.

In summary, we have discovered an unexpected pathway that
operates at the G,-to-M transition involving the checkpoint func-
tion of SIRT2. Sirtuins have received considerable attention be-
cause of their role in aging (53), neuroprotection (54), and tumor-
igenesis (14). This effect of cPLA,a to antagonize SIRT?2 activity
and to enhance mitotic entry and chromosomal instability in cells
undergoing stress may be further exploited to better understand
the important link between cPLA,a and tumorigenesis and be-
tween inflammation and the age-related disorders and fibrosis in
which SIRT2 and G,/M arrest have been implicated.
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