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PEA15 Regulates the DNA Damage-Induced Cell Cycle Checkpoint
and Oncogene-Directed Transformation
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Regulation of the DNA damage response and cell cycle progression is critical for maintaining genome integrity. Here, we report
that in response to DNA damage, COPS5 deubiquitinates and stabilizes PEA15 in an ATM kinase-dependent manner. PEA15
expression oscillates throughout the cell cycle, and the loss of PEA15 accelerates cell cycle progression by activating CDK6 ex-
pression via the c-JUN transcription factor. Cells lacking PEA15 exhibit a DNA damage-induced G,/M checkpoint defect due to
increased CDC25C activity and, consequentially, higher cyclin-dependent kinase 1 (CDK1)/cyclin B activity, and accordingly
they have an increased rate of spontaneous mutagenesis. We find that oncogenic RAS inhibits PEA15 expression and that ectopic
PEA15 expression blocks RAS-mediated transformation, which can be partially rescued by ectopic expression of CDK6. Finally,
we show that PEA15 expression is downregulated in colon, breast, and lung cancer samples. Collectively, our results demon-
strate that tumor suppressor PEA15 is a regulator of genome integrity and is an integral component of the DNA damage re-
sponse pathway that regulates cell cycle progression, the DNA-damage-induced G,/M checkpoint, and cellular transformation.

he conversion of a normal cell to a cancer cell requires multiple

genetic and epigenetic alterations. These changes include the
activation of oncogenes and inactivation of tumor suppressor
genes. Although oncogenes are expected to exert proliferative ef-
fects, paradoxically, introduction of an oncogene in primary
mouse or human cells can induce a state similar to replicative
senescence, which is referred to as oncogene-induced senescence.

Oncogene-induced senescence is a mechanism that is believed
to prevent neoplastic transformation (1, 2). Cells undergoing on-
cogene-induced senescence display characteristic hallmarks of
replicative senescence (3) but with a much more rapid onset. Sev-
eral mechanisms of oncogene-induced senescence have been pro-
posed (3). One of the proposed mechanisms is that oncogenes can
cause DNA replication stress, which activates the DNA damage
response (DDR) pathway, leading to oncogene-induced senes-
cence (4, 5). These studies suggest that proteins that mediate
oncogene-induced senescence might also regulate the DNA dam-
age response pathway and thereby function as tumor suppressors.
In good agreement with this view, tumor suppressor proteins, such as
p53, that play an important role in oncogene-induced senescence
have been shown to regulate DNA damage checkpoints and DNA
repair to maintain genome integrity, a function that is necessary for
P53 to prevent neoplastic transformation (6-8).

We previously performed a genome-wide RNA interference
(RNAI) screen for mediators of oncogenic BRAF-induced cellular
senescence (9) and identified 17 genes. One of the genes identified
from our RNAI screen was the protein enriched in astrocytes 15
(PEA15). PEA15 is a multifunctional protein that has been impli-
cated in diverse biological processes and regulates several signaling
pathways (10). Notably, PEA15 has been shown to block extracellular
signal-regulated kinase (ERK)-dependent transcription and prolifer-
ation by binding ERK and preventing its localization to the nucleus
(11). Accordingly, genetic deletion of PEA15 results in increased ERK
nuclear localization, leading to enhanced transcription of ERK target
genes and proliferation (11).

Here, we show that PEA15 functions as a tumor suppressor by
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promoting the DNA damage-induced G,/M checkpoint, regulat-
ing cell cycle progression, and inhibiting RAS-mediated transfor-
mation. In addition, we find that PEA15, like other tumor sup-
pressors, is epigenetically silenced in human tumors.

MATERIALS AND METHODS

Cell culture, plasmids, and cloning. Human diploid fibroblast, HCT116,
HeLa, U20S, SKMEL-28, and MCEF7 cell lines were obtained from ATCC
and maintained as recommended by ATCC. Mouse embryonic fibroblast
(MEF)/SV40-ER and immortalized MEL-ST cells were a kind gift of Qin
Yan (Yale University) and Robert Weinberg (Massachusetts Institute of
Technology), respectively. The PEA15 gene was cloned into pEGFP-C1
(where EGFP is enhanced green fluorescent protein) (Life Technologies)
between EcoRI and BamHI to generate a GFP-PEA15 fusion gene. CDK6
was cloned into pPCDNA3.1 (Life Technologies). MYC-COPS5 cloned in
pCDNA3 (a kind gift from Joseph R. Nevins) was subcloned into
pCDNA3.1 (Life Technologies) between HindIII and Xhol. To generate
glutathione S-transferase (GST)-COPS5, COPS5 was cloned into
pGEX4T-1 (GE Healthcare) between the EcoRI and Xhol sites. The
COPS5-D151IN JAMM (JAB1/MPN/Mov34 metalloenzyme) domain
mutant and COPS5-T154A and COPS5-S320A were generated by site-
directed mutagenesis using a QuikChange XL kit (Agilent Technologies),
and mutants were confirmed by DNA sequencing and immunoblot anal-
ysis. The following primers were used for site-directed mutagenesis of
COPS5: for COPS5-D151N, 5’ -GCTGGCTTTCTGGGATTAATGTTAG
TACTCAGATGCT-3’ (forward) and 5'-AGCATCTGAGTACTAACATT
AATCCCAGAAAGCCAGC-3’ (reverse); COPS5-T154A, 5'-CTGGGATT
GATGTTAGTGCTCAGATGCTCAATCAGC-3' (forward) and 5'-GCTGATT
GAGCATCTGAGCACTAACATCAATCCCAG-3" (reverse); COPS5-S320A,
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5'-CTATCCATGGATTGATGGCTCAGGTTATTAAGGA-3" (forward) and
5'-TCCTTAATAACCTGAGCCATCAATCCATGGATAG-3' (reverse).

RT-qPCR and ChIP assays. Total RNA was extracted using TRIzol
(Life Technologies) and purified using an RNeasy minikit (Qiagen).
c¢DNA was generated using a ProtoScript First-Strand cDNA synthesis kit
(New England BioLabs). Quantitative PCR was then performed using the
Power SYBR green 2X master mix (Life Technologies). All reverse tran-
scription-quantitative PCRs (RT-qPCRs) were performed in triplicates.
The following primers were used for RT-qPCR: for PEA15, 5'-CTAGGG
GAGGGGGCTGAGTT-3' (forward) and 5'-GGTGGGGGTTGAGTGG
TCTC-3" (reverse); CDC25C, 5'-CAGTGGCTGCCTTACTGTCG-3'
(forward) and 5'-AAAGGGACGATGGGCTTCTT-3" (reverse); COPS5,
5'-AACTGGCCAACAACATGCAG-3' (forward) and 5'-CTGGCATGC
ATCACCATCTT-3' (reverse); CDK6, 5'-GCGCCTATGGGAAGGTGTT
C-3" (forward) and 5'-CTGTGCCCAGCATCAGGAAC-3') (reverse);
COPS1, 5'-GAGTCCACCCCAGAGATTGC-3’ (forward) and 5'-GGAC
AGCACTCAGGGAAGT-3' (reverse); COPS3,5'-TCCCATCTGGACAC
TGTGCT-3' (forward) and 5'-CGAATGTGCTCCCCATTACA-3" (re-
verse); COPS6, 5'-ACAGCAACAGGCAGTGGAGA-3' (forward) and 5'-
CCGGGAGACAGTGACACAGA-3’ (reverse); USP15,5'-CCCAGGTGC
ATCCAATTTTT-3" (forward) and 5'-AGGCCTGGCTGTTCATTGT
T-3" (reverse); ACTIN, 5'-GCATGGAGTCCTGTGGCATC-3' (forward)
and 5-TTCTGCATCCTGTCGGCAAT-3" (reverse). The relative fold
changes in mRNA expression levels were calculated using comparative
threshold cycle (C) method (12). The amount of target gene expression
under individual conditions was normalized to the expression of the hu-
man B-ACTIN gene, which was used as the internal control. Relative gene
expression among treatment conditions was calculated using the formula
27 AACT PCR efficiency of target genes was matched with PCR efficiency
of B-ACTIN by ensuring that the log input versus AChad a slope of zero.
Chromatin immunoprecipitation (ChIP) experiments were performed as
described previously (13). Briefly, paraformaldehyde-fixed cells were
lysed in SDS lysis buffer (1% SDS, 50 mM Tris-HCI [pH 8.0], 10 mM
EDTA, and protease inhibitor cocktail [Roche]) and sonicated at 4°C. The
lysate was diluted with ChIP buffer (0.01% SDS, 1.1% Triton X-100, 1.2
mM EDTA, 16.7 mM Tris-HCI [pH 8.0], 16.7 mM NacCl, and protease
inhibitor cocktail [Roche]), and chromatin immunoprecipitation was
performed by incubating the sample with antibody against c-JUN (Cell
Signaling), followed by immobilization on protein A/G-agarose beads
(Life Technologies). The chromatin was eluted, and DNA was extracted
following phenol-chloroform treatment. Quantitative PCR (qPCR) was
performed using cyclin-dependent kinase 6 (CDK6) promoter primers
(forward, 5'-GAGGGTAGCGGCGCAACA-3'; reverse, 5'-CCTCGGGG
ATGAGCGAGC-3"). Fold enrichment was calculated as the ratio of
immunoprecipitated DNA to input DNA.

shRNAs, siRNAs, transfection, retrovirus, lentivirus preparation,
immunoblotting, cell fractionation cycloheximide chase, and karyo-
typing. PEA15, COPS5, COPS3, COPS6, USP15, CDC25C, CDK®6, and con-
trol short hairpin RNAs (shRNAs) were obtained from Open Biosystems. The
product identifications for these shRNAs are as following: PEAIS,
TRCN0000059389 and TRCN0000059391; COPS5, TRCN0000019200 and
V3LHS_361325; CDC25C, TRCN0000002433 and TRCN0000002434;
CDK®6, TRCN0000000486 and TRCN0000000488; COPS1, TRCN0000036864
and TRCN0000036865; COPS3, TRCN0000154961 and TRCN0000151054;
COPS6, TRCN0000072561 and TRCN0000072562; USP15, TRCN0000007568
and TRCN0000007569. ¢-JUN (VHS40918) and control small interfering
RNAs (siRNAs) were obtained from Ambion. Lentivirus particles were
prepared by cotransfecting the shRNA plasmids and lentiviral packaging
plasmids pSPAX2 and pMD?2.G into 293T cells using Effectene (Qiagen).
Retrovirus particles were prepared as described previously (9). Immuno-
blot analysis was performed as described previously (14). Nuclear and
cytoplasmic fractionations were prepared as described previously (14).
Protein concentrations were estimated using a Bradford protein assay kit
(Bio-Rad). The following antibodies were used for immunoblot analyses:
total ERK1/2 (Cell Signaling), phospho-ERK1/2 (Cell Signaling), PEA15
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(Santa Cruz Biotechnology), COPS5 (Santa Cruz Biotechnology), COPS1
(Santa Cruz Biotechnology), COPS6 (Santa Cruz Biotechnology), CDK6 (Santa
Cruz Biotechnology), B-actin (Sigma), CDKI1 (Cell Signaling), cyclin B1
(Santa Cruz Biotechnology), phospho-CDK1 (Cell Signaling), CDC25C
(Cell Signaling), phospho-CDC25C (Cell Signaling), total ATM (Cell Sig-
naling), phospho-ATM (Cell Signaling), c-JUN (Cell Signaling), phos-
pho-SQ (Cell Signaling), 5-methylcytidine (Eurogentec), and p27 (Santa
Cruz Biotechnology) antibodies.

For cycloheximide chase experiments, cycloheximide was added im-
mediately after gamma irradiation or with etoposide or doxorubicin at a
final concentration of 50 wg/ml. Whole-cell lysates were prepared at 0, 4,
8, 16, and 32 h after gamma irradiation or after treatment with etoposide
or doxorubicin. Immunoblotting of PEA15 and actin proteins was per-
formed. The intensity of the protein bands was quantified using Image]J
software (National Institutes of Health [http://rsbweb.nih.gov/ij/index
.html]). The rate of PEA15 protein degradation was plotted after normal-
izing the band intensity of PEA15 protein to that of the corresponding
actin and expressing the values as a proportion of the initial levels of
PEA15. Karyotyping of HCT116 cells was performed at the cytogenetics
laboratory of Yale University School of Medicine. Metaphase-arrested
chromosomes were visualized by Giemsa banding. Five individual meta-
phase spreads were analyzed to ensure homogeneity of karyotype (data
not shown).

Chemical inhibitors. Lactacystin (Calbiochem) was added 8 h before
whole-cell lysate preparation at the concentrations indicated in the fig-
ures. Etoposide was added at a concentration of 10 uM or 20 uM, and
doxorubicin was added ata concentration of 0.1 pwg/ml or 0.2 pg/ml for 24
h or for durations indicated in the figures. Cycloheximide (Sigma-Al-
drich) was added at the final concentration of 50 p.g/ml, immediately after
gamma irradiation (20 Gy) or along with etoposide (10 pg/ml) or doxo-
rubicin (0.1 pg/ml). ATM inhibitor (Calbiochem) was added to a final
concentration of 10 wM at 30 min before irradiation. The neddylation
inhibitor MLN-4924 (Millennium Pharmaceuticals) was added at the
concentrations indicated in the figures (typically 0.5 and 1 wM) for a
period of 24 h. For samples that were gamma irradiated, MLN-4924 was
added 30 min before irradiation, and lysates were collected 24 h after
gamma irradiation. Cells were treated with U0126 (Cell signaling) at a
concentration of 10 wM for 24 h. For fluorescence-activated cell sorting
(FACS) analysis following G, synchronization using a double thymidine
block, U0126 was added immediately after the cells were released into
fresh medium at a final concentration of 10 wM. For soft-agar assay,
U0126 was added at a concentration of 10 wM, and cells were supple-
mented with fresh medium containing U0126 every 48 h for the duration
of the soft-agar assay. N-Ethylmaleimide (NEM) (Sigma) was used at a
concentration of 4 mM, and ubiquitin aldehyde (Santa Cruz) was used at
a concentration of 0.5 wM for in vitro deubiquitination assays until the
end of the reaction.

Cell cycle and mitotic index analyses. (i) FACS analysis to measure
cell cycle stage-dependent expression of PEA15. Cells were synchronized
by a double thymidine block as described previously (15). Arrested cells
were then washed in 1X phosphate-buffered saline (PBS) and released by
growth in Dulbecco’s modified Eagle’s medium (DMEM) with 10% fetal
bovine serum (FBS). At time points indicated in the figure legends, cells
were harvested and split into two parts: one part was lysed for immuno-
blot analysis, and the other was fixed with 85% ethanol and processed for
cell cycle analysis by FACS. Cells were synchronized in G,/M phase by
nocodazole arrest as described previously (15). Cells were collected at the
time points in the figure legends and processed as described above. Cells
were stained with propidium iodide, and cell cycle distributions were
determined by FACS analysis. Quantitation of the fraction of cells in dif-
ferent cell cycle phases was done using Flow]Jo software. The numbers of
cellsin G, (2n DNA), S phase (>2n and <4n DNA), and G,/M (4n DNA)
were quantified, and the percent fraction of cells in each phase was calcu-
lated. Doublets and cell aggregates were removed by plotting the pulse
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area (FL2A) against pulse width (FL2W) and by gating for single-cell
populations.

(ii) FACS analysis to monitor cell cycle progression. HCT116 cells
stably expressing nonsilencing (NS) and PEA15 shRNAs or PEA15 and
CDK6 shRNAs were synchronized by double thymidine block. Arrested
cells were then washed with 1X PBS and released by culturing them in
DMEM with 10% FBS with or without U0126 (10 uM). Cells were col-
lected at 0, 4, and 10 h after release from s double thymidine block and
processed for cell cycle analysis by FACS analyses. Linear histograms for
intensity of staining in the FL2 channel (FL2A) were captured using a BD
FACSCalibur instrument (BD Biosciences). Quantitation of the fraction
of cells in different cell cycle phases was done using FlowJo software. The
numbers of cells in G, (2n DNA), S phase (>2n and <4n DNA), and
G,/M (4n DNA) were quantified, and the percent fraction of cells in each
phase was calculated. Doublets and cell aggregates were removed by plot-
ting FL2A against FL2W and by gating for single-cell populations.

(iii) FACS analysis to measure G,/M checkpoint defect. For cell cycle
analysis after gamma irradiation, HCT116 cells stably expressing control
or PEA15 shRNAs were seeded at 2 X 10> cells/well in six-well plates and
exposed to 20 Gy of ionizing radiation. Cells were collected at various time
points after irradiation as indicated in the figures, fixed with 85% ethanol,
stained with propidium iodide, and analyzed by FACS as described pre-
viously (14). Linear histograms for intensity of staining in the FL2 channel
(FL2A) were captured using a BD FACSCalibur instrument (BD Biosci-
ences). Quantitation of the fraction of cells in different cell cycle phases
was done using FlowJo software. The numbers of cells in G, (2n DNA), S
phase (>2n and <4n DNA), and G,/M (4n DNA) were quantified, and
percent fraction of cells in each phase was calculated. Doublets and cell
aggregates were removed by plotting FL2A against FL2W and by gating for
single-cell populations.

(iv) Mitotic index. The mitotic index was measured as described pre-
viously (16). Briefly, HCT116 cells carrying an NS or PEA15 shRNA were
subjected to 5 Gy of gamma irradiation. Nocodazole was added 1 h after
irradiation for a period of 16 h. Cells were fixed and stained for phospho-
Ser10 histone H3 (Millipore).

Clonogenic assay and spontaneous mutagenesis assay. The clono-
genic ability of the HCT116 cells stably expressing a control or PEAI5
shRNA was measured under unirradiated and gamma-irradiated condi-
tions. For clonogenic assay, 2 X 10° cells were seeded in a six-well plate,
and 48 h after a 2-Gy dose of gamma irradiation 5 X 10> cells were re-
seeded in another six-well plate. As an unirradiated control, 5 X 10> cells
were seeded in a six-well plate. After 6 to 8 days of plating, colonies were
fixed with a fixing solution containing 50% methanol and 10% acetic acid
and then stained with 0.05% crystal violet (Sigma-Aldrich). The relative
number of colonies was calculated by normalizing the average colony
number of the triplicates carrying indicated shRNAs against those carry-
ing NS shRNA. The spontaneous mutagenesis assays were performed as
described previously (17). Briefly, HCT116 cells stably expressing a con-
trol or PEA15 shRNA were seeded at 5 X 107 cells/well in a 48-well plate.
6-Thioguanine (5 pug/ml; Sigma-Aldrich) was added to the cells, and cells
were grown for 2 weeks. The surviving colonies were fixed using solution
containing 50% methanol and 10% acetic acid and then stained with
0.05% crystal violet (Sigma-Aldrich). The assay was carried out in tripli-
cates, and the mutation rate was calculated as the ratio of the number of
6-thioguanine-resistant colonies to the total number of cells seeded in a
48-well plate and is expressed as n X 107°.

Co-IP, polyubiquitination analyses, and phospho-SQ immunopre-
cipitation. Coimmunoprecipitation (co-IP) analyses were performed as
described previously (14). For analyzing the interaction of endogenous
PEA15 and COPS5, PEA15 was immunoprecipitated using anti-PEA15
antibody from HCT116 whole-cell lysate, and the immunoprecipitate was
analyzed for COPS5 through immunoblotting with anti-COPS5 anti-
body. For analyzing the interaction of PEA15 with wild-type COPS5
(COPS5-WT) and COPS5-S320A under nonirradiated and gamma-irra-
diated conditions, HCT116 cells were transfected with GFP-PEA15 along
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with a MYC-COPS5-WT or MYC-COPS5-S320A plasmid and left unir-
radiated or gamma irradiated. GFP-PEA15 was immunoprecipitated with
anti-GFP antibody, and the immunoprecipitate was analyzed for MYC-
COPS5 through immunoblotting with anti-MYC antibody. For PEA15
ubiquitination analysis, HCT116 cells expressing control or COPS5
shRNAs were transfected with GFP-PEA15 and hemagglutinin (HA)-
ubiquitin mammalian expression vectors. Cells were exposed to 20 Gy of
gamma radiation, cultured for 24 h, and then lysed. Ubiquitinated pro-
teins were immunoprecipitated using anti-HA antibody (Sigma), and
polyubiquitinated PEA15 protein was detected by immunoblotting using
anti-GFP antibody (Santa Cruz) for detecting the GFP-PEA15 fusion pro-
tein. For COPS5 ubiquitination analysis, HCT116 cells were transfected
with COPS5 and HA-ubiquitin expression vectors. Cells were treated with
or without ATM kinase inhibitor (Calbiochem) at a final concentration of
10 M and gamma irradiated (20 Gy) or left unirradiated. Cells were lysed
after 24 h, and ubiquitinated proteins were immunoprecipitated using
anti-HA antibody (Sigma-Aldrich). Polyubiquitinated COPS5 protein
was detected by immunoblot analysis by using COPS5 antibody (Santa
Cruz). For phospho-SQ immunoprecipitation, HCT116 cells with and
without ATM kinase inhibitors (10 wM) were irradiated with 20 Gy of
gamma irradiation or left unirradiated. At 24 h after gamma irradiation,
cells were lysed, and potential ATM target proteins were immunoprecipi-
tated using phospho-SQ antibody. The precipitated proteins were sepa-
rated by SDS-PAGE and analyzed for COPS5 by immunoblot analyses.

In vitro deubiquitination assay for polyubiquitinated PEA15. In
vitro deubiquitination assays were carried out using immunoprecipitated
COPS5, COPS5-D151N, or GST-COPS5 and GST-COPS5-D151N puri-
fied from Escherichia coli. HCT116 cells were transfected with MYC-
COPS5-pCDNA3.1 or MYC-COPS5-D151N—-pCDNA3.1 or the vector,
followed by immunoprecipitation of the tagged proteins using anti-MYC
antibody (Santa Cruz) and immobilization with protein G beads. The in
vitro deubiquitination assays were performed similarly to a previously
described method with minor modifications (18). The reaction mixtures
were resolved on a 6% SDS-PAGE gel and probed with anti-HA antibody
to detect the ubiquitinated fraction of GFP-PEA15 protein. For GST pu-
rification, COPS5 and COPS5-D151N were cloned in pGEX4-1T. Purifi-
cation of all GST-tagged proteins and GST was done as described previ-
ously (16). Briefly, GST-tagged proteins cloned in bacterial expression
constructs were transformed into the BL21 pLyse strain of E. coli. After 3
h of induction with 0.1 mM isopropyl-B-p-thiogalactopyranoside (IPTG;
Sigma-Aldrich), bacterial pellets were lysed by sonication and incubated
overnight with glutathione-agarose beads (Pierce). The GST-tagged pro-
teins bound to the agarose beads were eluted with 10 mM reduced gluta-
thione (Sigma-Aldrich).

Kinase assays. CDK6 and CDK1 kinase assays were performed as de-
scribed previously (19). Briefly, CDK6 and CDK1 complexes were immu-
noprecipitated from HCT116 cells stably expressing either NS or PEA15
shRNA. A kinase reaction was set in 10X assay buffer (100 mM magne-
sium acetate, 200 mM dATP, 10 mM dithiothreitol [DTT]), 10 pCi of
[y-**P]dATP (Perkin-Elmer), and 2 g of substrate per reaction. For
CDKGe, purified GST-pRB (where RB is retinoblastoma) was used as the
substrate and for CDK1; histone H1 (Millipore) was used as the substrate
for CDK1. The reaction was terminated by the addition of 30 pl of 2X
Laemmli sample buffer and boiled for 5 min. Samples were fractionated
on a 12% polyacrylamide gel. The gel was dried and analyzed by autora-
diography. The cell lysates were resolved by running SDS-PAGE, and
proteins were transferred to polyvinylidene difluoride (PVDF) mem-
branes, which were probed using anti-CDK®6, anti-CDK1, and anti-cyclin
B antibodies. For an ATM kinase assay, full-length wild-type COPS5 and
phosphorylation site mutants T154A and S320A cloned as GST fusion
proteins were expressed and purified from E. coli. An in vitro ATM kinase
assay was performed as described previously (20). HCT116 cells were
transfected with plasmids expressing FLAG-tagged ATM or the kinase-
dead (KD) mutant form (ATM-KD). ATM was immunoprecipitated with
anti-FLAG M2 beads (Sigma) and incubated with 10 wCi of [y-**P]ATP
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and 1 pg of GST fusion substrates for 20 min at 30°C. The reaction was
stopped by the addition of SDS-PAGE protein sample buffer, and proteins
were separated by SDS-PAGE and detected by autoradiography.

Soft-agar assay and tumorigenesis assay. Soft-agar assays were per-
formed by plating 5 X 10> MEF/SV40-ER or MEL-ST cells stably express-
ing various constructs, as indicated in the figures, into 0.35% low-temper-
ature-gelling agarose (Sigma-Aldrich) and layered on top of a 0.7%
agarose base. After 4 weeks of growth, colonies were stained with 0.005%
crystal violet solution. MEF/SV40-ER cells (0.5 X 10°) expressing HRAS
v12 alone, HRAS v12 and PEA15, or HRAS v12, PEA15, and CDK6 were
injected subcutaneously into athymic nude (NCr nu/nu) mice (8 weeks
old). Tumor volumes were calculated using the following formula: length X
width? X 0.5. All animal experiments were approved by the Institutional
Animal Care and Use Committee (IACUC) at Yale University and were
performed in accordance with the IACUC guidelines.

Global protein-protein interaction screening by using the yeast two-
hybrid method. A yeast two-hybrid screen was performed using the
Matchmaker Gold Yeast Two-Hybrid System (Clontech) according to the
manufacturer’s protocol. The PEAI5 cDNA was cloned into pGBKT?7
between Ndel and BamHI and in frame with the GAL4 DNA-binding
domain (Gal4-DBD) and used as the bait. A normalized HeLa cell cDNA
library in pGAD7 expressed as fusions to the GAL4 activation domain
(Gal4-AD) was used as the prey. Candidate interactors were selected based
on the activation of HIS3, MELI, and AURI-C reporter genes as blue
(MELI") aureobasidin A (AbaA)-resistant (AURI-C") colonies that
grow on triple-dropout medium (lacking leucine, tryptophan, and histi-
dine) containing the chromogenic substrate X-alpha-Gal (Clontech) and
the antifungal AbaA (Clontech). Candidate interactors identified by se-
quencing were validated by cloning individual cDNAs into the pGAD7
vector, introducing the vector into the two-hybrid selection strain, and
mating it to a selection strain of the opposite mating type carrying the
PEA15-Gal4-DBD bait. Positive interactions were detected after mating
by growth on triple-dropout medium (lacking leucine, tryptophan, and
histidine).

Microarray and data analyses. RNA was isolated from HCT116 cells
stably expressing control or PEA15 shRNAs and used to generate labeled
antisense RNA using an Ambion MessageAmp Kit and hybridized to the
Mlumina Human HT-12, version 3.0, expression bead chip using Illumi-
na’s protocol. Array signals processed using GenomeStudio (Illumina)
were log, transformed and quantile normalized using the lumi package in
Bioconductor (21). Sample quality control (QC) was performed accord-
ing to the manufacturer’s protocol and included various control plots and
other general microarray analysis-related methods; all the samples passed
QC (data not shown). Differential expression analysis was performed us-
ing the Limma package. A moderated t test (22) and Benjamini-Hochberg
multiple test correction procedure (23) were used to identify statistically
significant changes in gene expression (adjusted P value, <0.05). Meta-
Core (version 6.8, build 29806; GeneGo Inc.) was used to identify signif-
icantly enriched pathways based on differentially expressed genes.

Colon cancer, lung cancer, and breast cancer samples and bisulfite
sequencing and Me-DIP assay. Total RNAs from normal, colorectal can-
cer, breast cancer, and lung cancer samples were obtained from the Uni-
versity of Massachusetts Medical School (UMMS) Tissue and Tumor
Bank. Genomic DNA was extracted from cryopreserved patient samples
obtained from the UMMS Tissue and Tumor Bank. Bisulfite sequencing
was performed as described previously (9). The following primers were
used for PEA15 bisulfite sequencing: forward, 5'-GAGTTTTTTAGAATT
TTAGTTTTT-3'; reverse, 5'-TACCCCTCCAAACCTAAAC-3'; forward,
5 -TTGTTTTTTTATTTTTTTTTTTTTTTT-3'; reverse, 5'-TAAAACCT
AACACAAAATAAACT-3'. A methyl-DNA immunoprecipitation (Me-
DIP) assay was performed as described previously (24). Genomic DNA
extracted from normal and cancerous tissues was subjected to sonication
to obtain 300- to 100-bp fragments. The DNA was denatured for 10 min at
95°C and immunoprecipitated for 2 h at 4°C with 10 pl of monoclonal
antibody against 5-methylcytidine (Eurogentec) in a final volume of 500
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TABLE 1 List of PEA15-interacting proteins identified by yeast two-
hybrid screening”

Gene symbol  Accession no. Name

ATPI1B3 NM_001679.2 ATPase, Na/K transporting, beta 3 peptide

C5orf44 NM_001093755 Chromosome 5 open reading frame 44

CACYBP/SIP NM_014412.2 Calcyclin binding protein

CEP120 NM_153223.2 Centrosomal protein 120 kDa

COPS5 NM_006837 COP9 signalosome subunit 5

DNAJBI NM_006145 DnaJ (HSP40) homolog, subfamily B,
member 1

DYRKIA NM_130438.2 Dual-specificity tyrosine phosphorylation-
regulated kinase 1A

FAMI103A1 NM_031452.2 Family with sequence similarity 103,
member Al

KLHLI2 NM_021633.2 Kelch-like 12

MTIF3 NM_152912.4 Mitochondrial translation initiation factor 3

OSBPLIA NM_018030.3 Oxysterol binding protein like 1A

PAPD5 NM_001040284.2  PAP associated domain containing 5

PDE4DIP NM_014644 Phosphodiesterase 4D interacting protein
isoform 3

PGM1 NM_002633.2 Phosphoglucomutase 1

PLDI NM_001130081.1  Phospholipase D1, phosphatidylcholine
specific

PUS3 NM_031307.3 Pseudouridylate synthase 3

RSL24D1 NM_016304.2 Ribosomal L24 domain containing 1

SNRPG NM_003096.2 Small nuclear ribonucleoprotein
polypeptide G

SMEK1 NM_032560.4 Suppressor of MEK1

SON NM_138927 SON DNA binding protein

TALDOI1 NM_006755.1 Transaldolase 1

TJP1 NM_175610.2 Tight junction protein 1

@ All proteins were identified by yeast two-hybrid screening. In addition, the product of
COPS5 (in boldface) was identified by coimmunoprecipitation.

pl of IP buffer (10 mM sodium phosphate [pH 7.0], 140 mM NacCl, 0.05%
Triton X-100). The antibody-bound DNA was isolated using 30 wl of
Dynabeads. Methylated DNA was recovered by proteinase K treatment,
followed by phenol-chloroform extraction and ethanol precipitation. The
following primers were used for Me-DIP analyses: PEA15 Me-DIP for-
ward, 5'-AGTCTTCCAGAACCCCCAGC-3'; reverse, 5'-AGTCCCCGG
TTCCTAAGCAG-3'.

Microarray data accession number. PEA15 expression data have been
deposited in the Gene Expression Omnibus (GEO) under accession num-
ber GSE39297.

RESULTS

DNA damage stabilizes PEA15 through a posttranslational
mechanism. DNA damage has been shown to provide a signal that
activates tumor suppressors, which in turn induce cellular senes-
cence (4, 5). We therefore monitored the expression of PEA15ina
variety of human cell lines after inducing DNA damage with
gamma radiation or chemotherapeutic agents. We found that
PEA15 protein levels increased in response to DNA damage (Fig.
1A to H). The increase in PEA15 protein levels appears to be post-
translational as DNA damage did not increase PEA15 mRNA lev-
els (data not shown). Moreover, DNA damage increased PEA15
protein even in the presence of the translation inhibitor cyclohex-
imide (data not shown), and cycloheximide chase experiments
revealed that DNA damage increased the half-life of PEA15 pro-
tein (Fig. 1I to K). These findings suggest that DNA damage in-
creases PEA15 protein stability.

DNA damage stabilizes some tumor suppressor proteins, such
as p53, via posttranslational mechanisms that prevent their pro-
teasome-mediated degradation (25). We therefore asked whether
PEA15 stability is similarly regulated by proteasome-mediated
degradation. Indeed, treatment of HCT116 cells with the protea-
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some inhibitor lactacystin stabilized PEA15 (Fig. 1L). Strikingly,
we found that polyubiquitination of PEA15 was drastically re-
duced following gamma irradiation (Fig. IM). These results indi-
cate that DNA damage stabilizes PEA15 by preventing polyubiq-
uitination and turnover by proteasome-mediated degradation.

COPS5 stabilizes PEA15 by deubiquitination in an ATM ki-
nase-dependent manner. To identify factors that may directly
regulate PEA15 ubiquitination and thus stability, we performed a
large-scale yeast two-hybrid screen (Table 1). One of the PEA15-
interacting proteins identified by this screen was the COP9 signa-
losome (CSN) subunit COPS5, a JAMM (JAB1/MPN/Mov34
metalloenzyme) motif protein with deubiquitinase (DUB) activ-
ity (26). Interestingly, COPS5-mediated deubiquitination was
previously shown to stabilize target proteins (27). Furthermore,
COPSS5 is implicated in DNA repair, cell cycle progression, and
tumorigenesis (28), making it a high-priority PEA15-interacting
protein for follow-up studies. We confirmed via coimmunopre-
cipitation that endogenous PEA15 and COPS5 interact in
HCT116 cells (Fig. 2A) and found that, similar to PEA15, COPS5
expression increases in response to DNA damage (Fig. 2B). Nota-
bly, COPS5 interacted with PEA15 independent of its ability to
interact with other components of the COP9 signalosome (CSN)
complex, such as COPS1 and COPS6 (Fig. 2A).

To determine the mechanism of COPS5 stabilization following
DNA damage, we analyzed the COPS5 protein sequence and
identified two evolutionarily conserved potential ATM kinase
phosphorylation sites (TQ and SQ) (Fig. 2C) (29). Importantly,
pharmacological inhibition of ATM kinase prevented DNA dam-
age-induced COPSS5 stabilization (Fig. 2D). Notably, following
gamma irradiation, SQ site phosphorylation of COPS5 increased,
which was blocked by treatment with an ATM inhibitor (Fig. 2E).
To identify the amino acid residue of COPSS5 that is phosphory-
lated by ATM, we generated two site-directed mutants of COPS5
that lacked one of the two predicted ATM phosphorylation sites
and performed an in vitro kinase assay using either the wild-type
ATM kinase (ATM-WT) or, as a control, the kinase-dead ATM
(ATM-KD). Consistent with the results shown in Fig. 2E, Fig. 2F
shows that ATM phosphorylates COPS5 at serine 320. Moreover,
the COPS5-S320A mutant, which cannot be phosphorylated by
ATM, was not stabilized by ectopic expression of ATM or follow-
ing irradiation (Fig. 2G and H). The PEA15-COPS5 interaction
was not dependent upon DNA damage or ATM-mediated phos-
phorylation of COPSS5 at serine 320 (Fig. 2I).

Finally, to understand why ATM-mediated phosphorylation
stabilizes COPS5, we measured COPS5 polyubiquitination before
and after gamma irradiation. Figure 3A shows that gamma irradi-
ation led to significant reduction in COPS5 polyubiquitination,
which was increased by an ATM inhibitor. Furthermore, ATM-
mediated phosphorylation of COPS5 at $320 was required for

PEA15 Regulates Cell Cycle and Transformation

preventing COSP5 polyubiquitination after gamma irradiation
(Fig. 3B). However, ectopic expression of a COPS5 JAMM do-
main mutant (D151N) that lacks deubiquitinase activity (30),
similar to wild-type COPS5, underwent increased deubiquitina-
tion (Fig. 3B). Collectively, these results show that following DNA
damage, ATM phosphorylates COPS5 at Ser320, which prevents
its polyubiquitination and consequentially stabilizes COPS5 fol-
lowing gamma irradiation. However, COPS5 stabilization is not
dependent upon its deubiquitinase activity.

We next tested whether COPS5 promotes PEA15 stability after
DNA damage. Toward this end, we used shRNAs to knock down
COPS5 expression and monitored PEA15 protein levels following
irradiation. Notably, COPS5 knockdown prevented PEA15 stabi-
lization after DNA damage without affecting PEA15 mRNA levels
(Fig. 3C and D). Similar to the results in HCT116 cells, knock-
down of COPS5 inhibited expression of PEA15 (Fig. 3E), and
ectopic expression of COPS5 was sufficient to stabilize PEA15 in a
variety of cancer cell lines (Fig. 3F). In cells lacking COPS5, the
reduced PEA15 protein levels correlated with increased polyubiq-
uitination of PEA15 (Fig. 3G). Conversely, ectopic expression of
COPS5 reduced PEA15 polyubiquitination and increased PEA15
levels (Fig. 3H). Ectopic expression of COPS5-D151N that lacks
deubiquitinase activity (30) failed to efficiently deubiquitinate
PEA15 (Fig. 3H).

Previous studies have shown that COPS5 is a subunit of the
eight-subunit CSN complex (31-33). Among many described bi-
ological activities, the CSN complex has been shown to function as
a Cullin 1 (CUL1) deneddylating enzyme, and purified CSN can
cleave NEDD8 from CULI (34). Moreover, CUL11 neddylation
enhances the ability of SCF to ubiquitinate proteins (31). There-
fore, we first asked whether knockdown of COPS5 inhibits PEA15
protein stability by regulating CUL1 neddylation. To do so, we
treated cells with the neddylation inhibitor MLN-4924 and mon-
itored PEA15 levels following gamma irradiation. Figure 4A
shows that MLN-4924 did not prevent PEA15 stabilization fol-
lowing gamma irradiation. In further support of the role of
COPSS5 in regulating PEA15 stability, shRNA-mediated knock-
down of other components of the CSN complex (COPS1, COPS3,
and COPS6) or USP15, a deubiquitinase that has been previously
shown to associate with the CSN complex (27), did not affect
PEA15 stabilization (Fig. 4B and C).

Next, we tested the ability of COPS5 to deubiquitinate PEA15
in vitro. Consistent with its possible role as a deubiquitinase,
COPS5 purified from mammalian cells deubiquitinated PEA15
(Fig. 4D), whereas purified COPS5-D151N protein failed to do so
(Fig. 4E). To rule out the association of contaminating deubiquiti-
nase (DUB) activity with COPS5 and the role of other CSN sub-
units in PEA15 stabilization, we purified COPS5 and COPS5-
D151N as GST fusion proteins from bacteria and tested their

$320A, and MYC-COPS5-D151N without or with gamma irradiation were used. Immunoblots of COPS5 and actin are also shown. (C) Immunoblot analysis for
COPS5, PEA15, and p27 proteins in gamma-irradiated HCT116 cells expressing NS or COPS5 shRNAs (shRNA 1 and shRNA 2). Actin was used as a loading
control. (D) qRT-PCR analysis of PEA15 mRNA (n = 3) in HCT116 cells carrying NS or COPS5 shRNAs without or with gamma irradiation. Error bars indicate
standard errors of the means. (E) Immunoblot analysis of COPS5 and PEA15 levels in HeLa cells or MCF7 cells expressing NS or COPS5 shRNAs without or with
gamma irradiation. Actin was used as a loading control. (F) Immunoblot analysis of PEA15 and COPS5 in HCT116, HeLa, and MCF?7 cells expressing vector
control, COPS5-WT, and COPS5-D151N. Actin was used as a loading control. (G) Immunoblot analysis of PEA15 polyubiquitination (HA) after HA IP from
unirradiated or gamma-irradiated cells expressing HA-tagged ubiquitin (HA-Ubi) and GFP-PEAIS5 in the presence of a nonsilencing (NS) control or COPS5
shRNA. As controls immunoblots for the indicated proteins are shown. (H) Immunoblot analysis of PEA15 polyubiquitination (HA) after GFP-PEA15
immunoprecipitation from cells expressing a vector control or wild-type or mutant (D151N) COPS5 cDNA. The levels of COPS5, GFP-PEA15, and actin are

shown as controls.
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of MLN-4924 under unirradiated or gamma-irradiated conditions. Actin is used as the loading control. (B) RT-qPCR analysis to measure mRNA levels (n = 3)
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Error bars indicate standard errors of the means. (C) Immunoblot analysis of PEA15 in HCT116 cells carrying the indicated shRNAs under unirradiated (left) or
gamma-irradiated (y-rad) conditions (right). Actin is used as the loading control. (D) Immunoblot analysis of polyubiquitinated PEA15 probed with the
antibody against HA incubated without or with immunoprecipitated COPS5 for the indicated time. (E) Immunoblot analysis of polyubiquitinated PEA15

probed with the antibody against HA incubated without or with immunoprec

ipitated COPS5 or COPS5-D151N for 30 min. (F) Immunoblot analysis of

polyubiquitinated PEA15 probed with the antibody against HA that was incubated with purified GST or GST-COPS5-WT or GST-COPS5-D151N for 2 h in the

absence or presence of NEM or ubiquitin (Ub) aldehyde.

ability to deubiquitinate PEA15 in vitro. In complete agreement
with our other results, bacterially purified GST-COPS5 was able to
deubiquitinate PEA15 in vitro, whereas the GST-COPS-D151N
mutant failed to do so (Fig. 4F). Furthermore, GST-COPS5 was
also able to deubiquitinate the polyubiquitinated PEA15 even in
the presence of the cysteine-dependent DUB inhibitors N-ethyl-
maleimide (NEM) and ubiquitin aldehyde, ruling out any con-
taminating cysteine-dependent DUBs in our in vitro deubiquiti-
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nation assay (Fig. 4F). Furthermore, knockdown of USP15 did not
affect PEA15 stability following DNA damage (Fig. 4C). Collec-
tively, these results demonstrate that COPS5 deubiquitinates and
stabilizes PEA15 following DNA damage.

Loss of PEAI15 results in a DNA damage-induced G,/M
checkpoint defect due to increased CDC25C activity. DNA dam-
age checkpoints couple cell cycle arrest to DNA repair (35). In
many cases, proteins that are elevated in response to DNA damage
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HCT116 cells expressing the indicated shRNAs. Gamma-irradiated cells were collected at 12 or 24 h after irradiation. The percentage of cells in each stage of the
cell cycle is indicated. (C) Clonogenic assay to monitor the survival of unirradiated and gamma irradiated (-y-rad) HCT116 cells expressing the indicated shRNAs
(n = 3). Quantification of relative colony numbers is presented. Error bars indicate standard errors of the means. *, P < 0.01; **, P < 0.001. (D) Spontaneous
mutation of the hprt gene (n = 3). Quantification of the mutation rate under the indicated conditions. Error bars indicate standard errors of the means. **, P <
0.001. Representative wells of crystal violet stained HCT116 cells expressing indicated shRNA that were grown in 6-TG are shown on the left.

function to regulate cell cycle checkpoints (35). We therefore
asked whether loss of PEA15 compromises DNA damage-induced
checkpoints by irradiating HCT116 cells stably expressing a
PEAI5 or control shRNA (Fig. 5A). Figure 5B shows that PEAI5
knockdown resulted in defective DNA damage-induced G,/M ar-
rest. Consistent with this checkpoint defect, cells lacking PEA15
formed fewer colonies after gamma irradiation in a clonogenic
assay (Fig. 5C) and had an increased rate of spontaneous mu-
tagenesis (Fig. 5D). These findings indicate that PEA15 is neces-
sary for the DNA damage-induced G,/M checkpoint.

A previous study has shown that PEA15 sequesters ERK in the

June 2014 Volume 34 Number 12

cytoplasm and that loss of PEA15 leads to increased nuclear ERK
(11). At mitosis, ERK1/2 interacts with CDC25C and phosphory-
lates threonine 48 (T48), and ERK inhibition prevents CDC25C
activation and induction of mitosis (36). Therefore, we asked
whether regulation of CDC25C by ERK has a role in the ability of
PEAIS to promote the DNA damage-induced G,/M checkpoint.
Toward this end, we first analyzed ERK localization both after
shRNA-mediated knockdown of PEA15 and with or without DNA
damage. As expected, ERK accumulated in the nuclei of cells lack-
ing PEAIS or after DNA damage (Fig. 6A). Notably, PEAI5
knockdown increased phosphorylation of CDC25C on T48,
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which was blocked by treatment with the MEK inhibitor U0126
(Fig. 6B). CDC25C activity is required for the activation of CDK1/
cyclin B activity (37, 38). We therefore tested whether loss of
PEAL1S5 increases CDK1/cyclin B activity, which in turn contrib-
utes to the DNA damage-induced G,/M checkpoint defect. Figure
6C shows that CDK1/cyclin B activity is elevated in cells lacking
PEAIS. Simultaneous shRNA-mediated knockdown of CDC25C
(Fig. 6D) and PEA15 restored the DNA damage-induced G,/M
checkpoint (Fig. 6E and F). Similar to the results with PEA1S5,
knockdown of COPS5 led to an increase in CDC25C phosphory-
lation and the mitotic index, further supporting the role of COPS5
as an important regulator of PEA15 stability (Fig. 6G and 71).
Furthermore, the COPS5 knockdown-mediated increase in
CDC25C phosphorylation levels was reduced by U0126 treatment
(Fig. 71). Collectively, these results demonstrate that loss of PEA15
leads to ERK-mediated phosphorylation and activation of
CDC25C, which in turn activates CDK1/cyclin B1, resulting in a
DNA damage-induced G,/M checkpoint defect.

Loss of PEA15 causes accelerated cell cycle progression by
activating CDK6. We noticed that, even in the absence of DNA
damage, HCT116 cells stably expressing PEA15 shRNA formed
more colonies in liquid culture and had a shorter doubling time
than control cells (Fig. 7A and B). These results suggested that
PEA15 might also regulate normal cell cycle progression. Consis-
tent with this idea, we found that PEA15 protein levels oscillate
throughout the cell cycle, peaking early during G,/M and declin-
ing rapidly before mitosis (Fig. 7C).

To understand how PEA15 controls proliferation, we per-
formed a microarray analysis to identify genes with altered expres-
sion profiles in the absence of PEA15 and identified cyclin-depen-
dent kinase CDKG6 as a gene that is upregulated in the absence of
PEA1S5 (Table 2 and Fig. 7D). Bioinformatics analysis of the CDK6
promoter predicted several binding sites for the c-JUN transcrip-
tion factor. The data shown in Fig. 7E and F indicate that siRNA-
mediated knockdown of c-JUN inhibited the transcriptional up-
regulation of CDKG6 in cells depleted of PEA15. Thus, PEA15
negatively regulates c-JUN-dependent transcriptional activation
of CDKG6.

Nuclear ERK is required for c-JUN-mediated transcription
(39). Because PEA15 binds to and sequesters ERK in the cyto-
plasm (11), we asked whether PEA15 regulates CDK6 expression
through ERK. We treated cells expressing a PEA15 shRNA with
the MEK inhibitor U0126 to prevent ERK activation. As predicted,
inhibition of MEK prevented transcriptional upregulation of
CDKG in the absence of PEA15 (Fig. 7G). Finally, we used chro-
matin immunoprecipitation experiments to show that c-JUN di-
rectly binds to the CDK6 promoter. Association of c-JUN with the
CDK6 promoter increased following shRNA-mediated depletion
of PEA15, which was prevented by treatment with the MEK inhib-

PEA15 Regulates Cell Cycle and Transformation

itor U0126 (Fig. 7H). Notably, consistent with COPS5 being a
regulator of PEA15 stability, knockdown of COPS5 also resulted
in increased expression of CDK6 (Fig. 7I). Collectively, these re-
sults indicate that PEA15 negatively regulates cell cycle progres-
sion by inhibiting the ERK-dependent, c-JUN-mediated tran-
scriptional activation of CDKE6.

Consistent with the increased CDK6 expression levels, we also
observed elevated CDK6-associated kinase activity in cells ex-
pressing a PEA15 shRNA (Fig. 8A and B). To directly test whether
PEA15 regulates cell cycle progression, we synchronized cells ex-
pressing a PEA15 shRNA or a control shRNA by arresting them in
G, using a double thymidine block or in G,/M using nocodazole
and then measured the fraction of cells in each phase of the cell
cycle following release from the block. We found that HCT116
cells depleted of PEA15 progress more rapidly through the cell
cycle than control cells (Fig. 8C). Knockdown of CDK®6 or treat-
ment with U0126 suppressed the cell cycle progression defect in
cells depleted of PEA15 (Fig. 8C and data not shown). Depletion
of PEA15 resulted in increased colony formation, which was coun-
teracted by the simultaneous loss of CDK6 (Fig. 8D). Further-
more, ectopic expression of CDK6 accelerated cell cycle progres-
sion (Fig. 8E) and led to increased colony formation in liquid
culture (Fig. 8F). Collectively, these findings show that increased
CDKG6 expression accelerates cell cycle progression in the absence
of PEA15.

PEA15 blocks RAS-mediated transformation by regulating
CDK6. Oncogenic RAS mediates transformation, at least in part,
by aberrantly increasing mitogen-activated protein (MAP) kinase
signaling (40). Our finding that PEA15 negatively regulates MAP
kinase signaling-dependent cell cycle progression prompted us to ask
whether ectopic expression of PEA15 would prevent oncogenic RAS
(HRAS v12)-mediated transformation. Consistent with this idea, the
level of PEA15 protein was substantially reduced in HRAS v12-trans-
formed MEFs (Fig. 9A), and ectopic expression of PEA15 inhibited
HRAS v12-mediated transformation of MEFs (Fig. 9B) as well as
immortalized human melanocyte MEL-ST cells (Fig. 9D and E). Sim-
ilar to ectopic expression of PEA15, treatment with U0126 inhibited
the transforming activity of HRAS v12 (Fig. 9B). These results suggest
that suppression of PEA15 expression might be important for RAS-
mediated transformation.

Based on the results described above, we asked whether the
ability of PEA15 to block RAS-mediated transformation was de-
pendent on its ability to repress CDK6 expression. We found that
ectopic expression of CDK6 partially suppressed the PEA15-de-
pendent inhibition of RAS-mediated transformation in both cell
culture (Fig. 9B) and mouse xenografts (Fig. 9C). Collectively,
these results suggest that PEA15 inhibits RAS-mediated transfor-
mation by repressing CDKG6.

PEALIS is epigenetically silenced in human tumors. The re-

FIG 6 CDC25C is necessary for loss of the PEA15-induced DNA damage-mediated G,/M checkpoint defect. (A) Immunoblot analysis of total ERK1/2, PEA15,
and histone H1 levels in cytosolic and nuclear fractions of HCT116 cells expressing NS or PEA15 shRNAs without or with gamma irradiation. (B) Immunoblot
analysis of indicated proteins from HCT116 cells expressing NS or PEAI5 shRNAs in the presence (+) or absence (—) of the MEK inhibitor U0126. (C)
Autoradiograph of **P-labeled phospho-histone H1 (p-Histone H1) after incubation with CDK1/cyclin B purified from HCT116 cells expressing NS or PEAI5
shRNAs. Immunoblots of CDK1 and cyclin B from in the inputs are also shown. (D) RT-qPCR analysis of CDC25C mRNA levels (n = 3) in HCT116 cells
expressing NS or PEA15 shRNAs with or without an additional shRNA against CDC25C. Error bars indicate standard errors of the means. (E) Flow cytometry
analysis to measure the G,/M checkpoint status in HCT116 cells expressing NS, PEAI5, or PEA15 and CDC25C shRNAs. Cells were analyzed at 12 h or 24 h
post-gamma irradiation (p.i.). (F) Relative mitotic index after gamma irradiation of cells expressing the indicated shRNAs (n = 3). Error bars indicate standard
errors of the means. **, P < 0.001. (G) Relative mitotic index after gamma irradiation of cells expressing the indicated shRNAs (n = 3). Error bars indicate

standard errors of the means. **, P < 0.001.
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TABLE 2 List of genes that are significantly upregulated or
downregulated following shRNA-mediated knockdown of PEA15

Fold change in expression
following PEA15

Gene group and knockdown with:

PEA15 Regulates Cell Cycle and Transformation

analysis identified a CpG island that spanned the promoter and
first exon of PEAI5. Methylated-DNA immunoprecipitation
(Me-DIP) analyses revealed significantly higher PEA15 promoter
DNA methylation in cancer samples than in the corresponding
normal tissues (Fig. 10B). To further establish the role of DNA
methylation-mediated epigenetic silencing in cancer samples, we

name NCBI GenelD shRNA 1 shRNA 2 . . .
performing bisulfite sequencing on a subset of colon cancer sam-
Upregulated genes . . .
CDK6" 1021 382 132 ples. This analysis confirmed that the PEA15 promoter is hyper-
NT5E 4907 1.69 1.30 n.lethylat.ed in colon cancer samples compared to matched normal
TNERSF6B 8771 1.67 159 tissue (Fig. 10C). Collectively, these results show that PEAI5 ex-
UCAI 652995 1.54 1.50 pression can be epigenetically silenced due to promoter DNA
SCARNAS 677776 1.51 1.38 hypermethylation in human tumors.
SNORDI13 692084 1.44 1.31
TNFRSF6B 8771 142 145 DISCUSSION
SCARNAIS 677765 1.40 1.31 In this report, we provide several lines of evidence that document
TERC 7012 1.39 1.34 PEA15 as a tumor suppressor gene (Fig. 10D). First, we show that
TNERSF6B 8771 1.38 1.43 after DNA damage PEA15 is stabilized by COPS5-dependent deu-
ACTA2 59 1.38 1.26 biquitination, which is dependent on ATM kinase activity. PEA15
SKA2 348235 1.36 1.20 . . .. .-
protects cells from genotoxic stress-induced genomic instability
BCAR3 8412 1.33 1.42 b . he DNA d ind d G./M checkpoi F
IGFBP6 3489 1.32 1.25 Yy promoting the amage-mduced G,/M chec point. Fur-
AMYIC 278 131 1.48 thermore, we find that PEAI.S lelve.ls oscillate throughout the cell
SCARNAI3 677768 1.30 151 cycle and that PEA15 expression is important for normal cell cycle
MYEOV 26579 1.30 1.45 progression. Finally, in further support of its role as a tumor sup-
MALTI 10892 1.29 1.30 pressor, we find that PEA15 inhibits oncogene-induced transfor-
SDC4 6385 1.27 1.37 mation in a CDK6-dependent manner and that PEA15 is inacti-
LDLR 3949 1.26 1.38 vated by epigenetic silencing in human tumors.
EPHA2 1969 1.25 1.57 PEALIS5 is an integral component of the DNA damage re-
NPEPPS 9520 1.24 1.24 sponse pathway and cell cycle machinery. The DDR pathway is a
ARPC3 10094 1.23 1.19 . . .
complex genetic pathway that is activated when a cell encounters
Downregulated genes genotox@c stress .(4'1, 42). A suitable'DD.R'pathway response to
DDIT4L 115265 ~1.66 165 genotoxic stimuli is essential for maintaining genome integrity,
PEAI5 8682 —-1.62 —1.97 preventing neoplastic transformation, and maintaining disease-
MAPIB 4131 —1.37 —1.41 free survival (41, 42). Our results show that PEA15 is an integral
ZNF704 619279 —1.36 —132 component of the DNA damage response pathway. We find that
MAOA 4128 —1.33 —1.26 stabilization of PEA15 is dependent upon COPS5-mediated deu-
50x4 6659 —1.32 — 167 biquitination. Similar to PEA15, COPS5 is stabilized following
ZBTBY 221504 —1.30 Cl DNA damage, which is dependent upon phosphorylation by ATM
LOC100133893 100133893 “12 L kinase but independent of its own DUB activity. It is likely that
ZNF330 27300 ~1.28 ~1.25 p Y Y

“ Fold upregulation was based on RT-qPCR validation of the microarray data.

sults described above indicate that PEA15 has many features typ-
ical of a tumor suppressor gene. Consistent with this idea, analysis
of PEA15 expression by qRT-PCR revealed that PEAI5 expression
was downregulated in colorectal, lung, and breast cancer samples
compared to levels in the corresponding normal tissue controls
(Fig. 10A).

To determine if PEA15 is epigenetically silenced in cancers, we
first used the European Bioinformatics Institute (EBI) CpG plot
software to search for CpG islands in the PEAI5 promoter. This

ATM-mediated phosphorylation of COSP5 at Ser320 inhibits its
interaction with a putative E3 ubiquitin ligase, which consequen-
tially prevents its polyubiquitination and proteasome-mediated
degradation. Notably, we also find that COPS5-mediated deubiq-
uitination of PEA15 is independent of its association with the CSN
complex and the ability of the CSN complex to deneddylate CULL.
However, we cannot completely rule out other potential mecha-
nisms for PEAI5 stabilization following DNA damage. In re-
sponse to DNA damage, PEA15 is stabilized, and we find that this
stabilization is physiologically significant because loss of PEA15
results in a defective DNA damage-induced G,/M arrest and in-
creased mutagenesis. In addition, we find that PEA15 is also im-

PEA15 proteins levels were determined at different times following release from synchronization. PEA15 expression was determined relative to maximal
expression, which was set at 100%. The percentage of cells in G,/M phase at each time point was determined by flow cytometry. (D) RT-qPCR analysis (n = 3)
(left) or immunoblot analysis (right) to monitor CDK6 expression in HCT116 cells expressing NS or PEA15 shRNAs. Immunoblotting for PEA15 and actin was
performed as controls. Error bars indicate standard errors of the means. (E) RT-qPCR analysis to monitor c-JUN mRNA levels in HCT116 cells expressing NS
or PEA15 shRNAs (n = 3) and treated with control (—) or c-JUN (+) siRNA. (F) RT-qPCR analysis to monitor CDK6 mRNA levels in HCT116 cells expressing
NS or PEA15shRNAs and treated with control or c-JUN siRNA. Error bars indicate standard errors of the means. (G) RT-qPCR analysis to monitor CDK6 mRNA
levels (n = 3) in HCT116 cells expressing the indicated shRNAs and treated with 10 puM U0126 or a dimethyl sulfoxide (DMSO) control. Error bars indicate
standard errors of the means. (H) c-JUN ChIP analysis at the CDK6 promoter in HCT116 cells expressing NS or PEA15 shRNAs and treated with a dimethyl
sulfoxide control or 10 wM U0126 (n = 3). Error bars indicate standard errors of the means. (I) Immunoblot analysis for the indicated proteins in HCT116 cells
expressing NS or COPS5 shRNAs without or with 10 uM U0126 treatment.
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FIG 9 PEAIS5 inhibits RAS-induced transformation and is downregulated in multiple cancer types. (A) Immunoblot analysis of PEA15 protein from MEF/
SV40-ER cells transduced with an empty or HRAS v12 expression vector. Actin expression is probed as a loading control. (B) Soft-agar assay of MEF/SV40-ER
cells transduced with vectors expressing the indicated genes or treated with 10 uM U0126. Magnified images (40X) from representative wells are shown. (C)
Tumorigenesis assay (n = 5) of MEF/SV40-ER cells expressing HRAS v12 and transduced with the indicated vectors. Tumor volumes calculated at the indicated
days after injections are shown. (D) Immunoblot analysis of PEA15 levels in MEL-ST cells transduced with control (empty) or HRAS v12 expression vectors.
Actin was used as a loading control. (E) Soft-agar proliferation assay of MEL-ST cells transduced with control, PEA15, HRAS v12, or both PEA15 and HRAS v12

expression vectors. Representative images are shown.

portant for normal cell cycle progression and that loss of PEA15
accelerates cell cycle progression. Mechanistically, we find that
PEAILS5 regulates the DNA damage-induced G,/M checkpoint
through CDC25C phosphorylation and transcriptional repression
of CDK6. Overall, these results reveal previously undocumented
roles for PEA15 in the regulation of the DNA damage checkpoint
and cell cycle regulation.

PEAL1S5 is a regulator of cellular transformation and a tumor
suppressor. Oncogenes are essential for neoplastic transforma-
tion, and intrinsic and extrinsic tumor suppression mechanisms
prevent their ability to promote neoplastic transformation (43).
One of the important functions of these tumor-suppressive mech-
anisms is to ensure genome integrity by faithfully repairing the
DNA damage caused by genotoxic stress. Tumor suppressor pro-
teins achieve this, in part, by regulating cell cycle progression and
by activating the cell cycle checkpoint (7). This allows the DNA
repair machinery to repair DNA and prevent accumulation and
propagation of deleterious mutations. In good agreement with
PEA15 as a bona fide tumor suppressor, we find that PEA15 in-
hibits the ability of oncogenic RAS to transform cells, which is
dependent upon its ability to regulate CDK6; ectopic expression of

CDKG6 bypasses the ability of PEA15 to block RAS-mediated trans-
formation. Notably, similar to PEA15, the CDK4 and CDKG6 in-
hibitor p15™%*® has been shown to block RAS-mediated transfor-
mation (44), which further confirms the importance of CDK6 and
other family proteins in RAS-mediated transformation.

A previous study reported that PEA15 enhanced the growth of
RAS-transformed mouse kidney epithelial cells (45). However,
there are many differences between that study and the experi-
ments described here. First, we used immortalized mouse embry-
onic fibroblasts and immortalized melanocytes whereas the pre-
vious study used mouse kidney epithelial cells. Second, in our
experiments PEA15 was introduced prior to HRAS v12, whereas
in the previous study, PEA15 was introduced after HRAS v12.
Therefore, whereas we were evaluating the effect of PEAL5 on
RAS-mediated transformation, the previous study was assessing
the effect of PEA15 on RAS-transformed cells. Consistent with our
results, several previous studies have shown that expression of
PEA1S5 blocks tumor cell growth (46-48).

A number of previous studies have shown that efficient trans-
formation of mouse and human cells by RAS is dependent upon
downstream signaling through the ERK pathway (40, 49). PEA15

FIG 8 Loss of PEA15 accelerates cell cycle progression via CDK6. (A) Autoradiograph of **P-labeled GST-RB after incubation with CDK6 purified from HCT116
cells expressing NS or PEA15 (1 and 2) shRNAs. Immunoblots of CDK6 and actin from the whole-cell lysates are also shown. (B) RT-qPCR analysis for
monitoring CDK6 expression in HCT116 cells expressing the indicated shRNAs (n = 3). Error bars indicate standard errors of the means. (C) Flow cytometry
to determine the cell cycle distribution of HCT116 cells expressing NS or PEA15 shRNAs or expressing shRNAs for both PEA15 shRNAs and CDK6 shRNA. The
percentage of cells in each stage of the cell cycle is indicated for unsynchronized (Unsyn) cells, cells synchronized (Syn) by double thymidine block, and cells
collected at the indicated time points after release from double thymidine block. (D) Colony formation assay for HCT116 cells expressing NS or PEA15 shRNAs
in the presence or absence of CDK6 shRNA (n = 3). Error bars indicate standard errors of the means. (E) Flow cytometry analyses to determine the cell cycle
distribution of HCT116 cells stably transduced with control or CDK6 expression vectors. The percentage of cells in each stage of the cell cycle is indicated for
unsynchronized (Unsyn) cells, synchronized (Syn) cells arrested in G, by double thymidine block, and cells released from arrest for the indicated time. (F) Colony
formation assay for HCT116 cells expressing vector or CDK6. Relative colony numbers under the indicated conditions are indicated (left), and a representative
crystal violet-stained wells are shown (right). Error bars indicate standard errors of the means. **, P < 0.001.
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FIG 10 PEA15 is epigenetically silenced due to promoter DNA methylation in patient-derived tumor samples. (A) RT-qPCR analysis of PEA15 mRNA levels in
normal (n = 5) and primary tumor (n = 10) or metastatic tumor (1 = 10) samples from colon, breast, or lung. The normal data point is an average of five samples.
(B) Relative PEA15 methylation level analyses by Me-DIP in normal and primary tumor or metastatic tumor samples from colon, breast, or lung. The normal data
point is an average of five samples. (C) Bisulfite sequencing analysis of PEA15 promoter methylation in normal and colon cancer samples. (D) Model.

sequesters ERK in the cytoplasm, thus preventing ERK from phos-
phorylating its nuclear targets. An attractive explanation for our
finding that PEA15 blocks RAS-mediated transformation is the
loss of nuclear ERK-driven phosphorylation. Consistent with this
idea, a previous study reported that in cells undergoing RAS-in-
duced senescence, ERK is predominately cytoplasmic (50). How-
ever, coexpression of the oncoprotein E1A, which causes bypass of
RAS-induced senescence, restores nuclear ERK localization (50).
Our results, in conjunction with these previous studies, show that
PEA15 is an important regulator of RAS-mediated transforma-
tion. It will be interesting to determine whether PEA15 will also
block transformation by other oncogenes, such as BRAF and epi-
dermal growth factor receptor (EGFR), which also regulated ERK
signaling to induce cellular transformation.
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