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EDD Inhibits ATM-mediated Phosphorylation of p53™

Received for publication, September 6, 2010, and in revised form, February 10,2011 Published, JBC Papers in Press, March 7,2011, DOI 10.1074/jbcM110.182527

Shiyun Ling*®' and Weei-Chin Lin*"*

From the *Section of Hematology/Oncology, Department of Medicine, and the "Department of Molecular and Cellular Biology,
Baylor College of Medicine, Houston, Texas 77030 and the SDepartment of Cell Biology, University of Alabama at Birmingham,

Birmingham, Alabama 35294

The EDD (E3 identified by differential display) gene, first
identified as a progestin-induced gene in T-47D breast cancer
cells, encodes an E3 ubiquitin ligase with a HECT domain. It was
reported that EDD is involved in the G,/M progression through
ubiquitination of phospho-katanin p60. Previous study has also
shown that EDD can act as a transcription cofactor indepen-
dently of its E3 ligase activity. In this study, we uncover a new
role for EDD during cell cycle progression in an E3 ligase-inde-
pendent manner. We demonstrate that EDD can physically
interact with p53 and that this interaction blocks the phosphor-
ylation of p53 by ataxia telangiectasia mutated (ATM). Silencing
of EDD induces phosphorylation of p53 at Ser'® and activates
p53 target genes in fibroblasts and some transformed cells with-
out activation of DNA damage response. The G,/S arrest
induced by EDD depletion depends on p53. On the other hand,
overexpression of EDD inhibits p53-Ser'® phosphorylation and
suppresses the induction of p53 target genes during DNA dam-
age, and this effect does not require its E3 ligase activity. Thus,
through binding to p53, EDD actively inhibits p53 phosphory-
lation by ATM and plays a role in ensuring smooth G,/S
progression.

The tumor suppressor p53, one of the most important pro-
teins in preventing human cancer, is a critical factor controlling
cell cycle progression, particularly during the G,/S transition.
Mutations of the p53 gene occur in at least half of all human
cancers. Phosphorylation of p53 stabilizes p53 and hence
induces both cell cycle arrest and apoptosis. Regulation of p53
phosphorylation is very complicated. There are three main
kinases that are thought to be responsible for p53 phosphory-
lation at Ser™® residue under genotoxic stresses: ataxia telangi-
ectasia mutated (ATM),? ataxia telangiectasia and Rad3-related
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(ATR), and DNA-PK (DNA-dependent protein kinase) (1-3).
ATM is a major player in phosphorylating p53 at Ser'® in
response to ionizing radiation, and ATR plays a central role in
response to UV light. The group of proteins phosphorylated by
DNA-PK, including p53, is mainly involved in the non-homo-
logous end joining DNA double strand break repair. However,
all these three kinases can phosphorylate p53 at Ser'®, and there
is a lot of cross-talk between these three pathways. Besides
Ser'®, ATM can also stimulate Chk2 to phosphorylate p53 at
Ser?°, a site that is critical for the stability of p53. In addition to
phosphorylation, other post-translational modifications such
as acetylation, methylation, ubiquitination, and sumoylation
regulate p53 as well (4). The status of these post-translational
modifications determines whether p53 is active or not. Even in
the cycling cells, there exist spontaneous pulses of p53, but
without sustained active modifications, these p53 fail to induce
p21 or cell cycle arrest (5). Therefore, p53 is controlled actively
by both inhibitors and activators in a delicate manner so that
cellular proliferation can proceed in unstressed condition, but
upon encountering stresses, it can be quickly and effectively
arrested. However, the full scope of these regulations remains
to be further investigated.

EDD (E3 identified by differential display), originally isolated
as a progestin-induced gene, encodes a 350-kDa E3 ubiquitin
ligase containing a HECT (homologous to E6-AP carboxyl ter-
minus) domain (6). Mutations of hyd (hyperplastic discs), the
EDD homologue in Drosophila, lead to imaginal disc hyperpla-
sia (7), suggesting involvement of EDD in cellular proliferation
and differentiation. The phenotype seen in /yd mutant flies is
due to activation of hedgehog and decapentaplegic expression
(8). In mice, EDD plays an essential role in extraembryonic
development as knock-out of EDD leads to embryonic lethality
due to failed yolk sac and allantoic vascular development and
defective chorioallantoic fusion (9).

In addition to a HECT domain, EDD also contains a poly(A)-
binding protein C-terminal (PABC) domain near its carboxyl
terminus, which also suggests a role in mRNA metabolism.
EDD has been demonstrated to target Paip2 (poly(A)-binding
protein (PABP))-interacting protein 2) and katanin for degra-
dation (10, 11). On the other hand, interaction between EDD
and adenomatous polyposis coli leads to up-regulation of ade-
nomatous polyposis coli expression (12). EDD is also involved
in transcriptional regulation and interacts with progesterone
receptor as a coactivator (13). These E3 ligase-independent
activities of EDD are further supported by a recent report that
EDD enhances transactivation of smooth muscle-specific pro-
moters by the myocardin family of proteins (14). Recent data
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from proteomics analysis also suggested that the EDD may be a
substrate of ATM (15, 16). In addition, many other EDD-inter-
acting proteins have been reported, including CIB (integrin-
binding protein/DNA-dependent kinase-interacting protein)
(13), TopBP1 (topoisomerase 1IB-binding protein) (17), Chk2
(18), and a4-phospho-protein (19). Thus, EDD appears to be a
multifunctional protein involved in many intracellular pro-
cesses. Interestingly, EDD mRNA and protein were found to be
amplified or overexpressed in many types of cancer including
breast and ovarian cancers, suggesting their involvement in
tumorigenesis (20). Despite the accumulating knowledge about
EDD, its involvement in normal cell cycle progression, its exact
cellular functions, and corresponding molecular mechanism
are yet to be fully explored.

EXPERIMENTAL PROCEDURES

Cell Culture and Transfection—HEK293, HEK293T, H1299,
and human foreskin fibroblast cells were maintained in Dulbec-
co’s modified Eagle’s medium (DMEM) supplemented with
10% fetal bovine serum (FBS), penicillin (50 IU/ml), and strep-
tomycin (50 ug/ml). HCT116 cells were grown in McCoy’s 5A
medium supplemented with 10% FBS, penicillin, and strepto-
mycin. All cells were grown in a humidified incubator at 37 °C
with 5% CO, and 95% air. A standard calcium phosphate
method was used for transfection of HEK293, HEK293T, and
H1299 cells. HCT116 cells were transfected with electropora-
tion with a Gene Pulser Xcell electroporation system (Bio-Rad).

Plasmid and Adenovirus Construction—All the p53-related
constructs and recombinant adenovirus expressing control
siRNA against GFP (Ad-siGFP) have been described previously
(21). Mammalian expression pCMV-Tag2B vectors for FLAG-
tagged EDD and FLAG-tagged EDD mutant (Cys-2768 — Ala)
at the active site cysteine necessary for E3 ligase activity were
gifts from Michelle Henderson and Charlie Watts (Garvan
Institute of Medical Research). FLAG-EDD-N (a.a. 1-888) was
obtained by digesting FLAG-EDD with Sall followed by self-
ligation. FLAG-EDD-NM (a.a. 1-1876) was constructed by
cloning FLAG-EDD EcoRI-digested fragment into pCMV-
Tag2B vector. FLAG-EDD-C (a.a. 1876-2799) was cloned by
moving the EcoRI/Xhol-digested fragment of FLAG-EDD into
pCMV-Tag2A vector. FLAG-EDD-M (a.a. 888-1876) was
obtained by cloning FLAG-EDD Sall/EcoRI-digested fragment
into pCMV-Tag2C vector. To identify effective target
sequences within EDD for shRNA, we initially picked four
19-nucleotide target sequences to clone into pSUPER vector.
Among these four target sequences, target sequence 3 pro-
duced the best result in depleting EDD. Target sequence 5 was
kindly provided by Michelle Henderson at Children’s Cancer
Institute Australia (18). The target sequence of siEDD#3 is
5'-GCGACTCTCCATGGTTTCT-3'. The target sequence of
siEDD#5 is 5'-GCAGTGTTCCTGCCTTCTT-3". The Notl/
Sall fragments of the pPSUPER-siEDD constructs containing H1
promoter and hairpin shRNA sequences were swapped to Notl/
Sall sites of pShuttle, and the recombinant adenoviruses
expressing siEDD#3 and siEDD#5 were prepared as described
in the AdEasy system (22). All viruses were purified by CsCl
banding.
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Protein Purification—Escherichia coli strain DH5« trans-
formed with either pGEX6P vector or pGEX6P-p53 was cul-
tured in LB medium containing ampicillin at 37 °C to an A,
value of 0.6. GST fusion proteins were induced by 0.1 mM iso-
propyl-B-p-thiogalactopyranoside at 37 °C for 3 h; cells were
then lysed in sodium chloride-Tris-EDTA (STE) buffer (100
mM NaCl, 1 mm EDTA) supplemented with lysozyme and pro-
tease inhibitors. After 15 min of treatment, the lysate was son-
icated for 30 s and then purified using glutathione-Sepharose
4B (GE Healthcare) (23). Sepharose beads were washed four
times with sodium chloride-Tris-EDTA (STE) buffer. The GST
proteins were eluted out by reduced glutathione if needed. To
prepare recombinant ATM proteins, 293T cells were tran-
siently transfected with pBJ-HA-ATM or pBJ-HA-ATM
using calcium phosphate, and HA-ATM kinase was purified
from cell extracts using anti-HA beads as described (23). For
purification of recombinant EDD protein, 293T cells were first
transfected with FLAG-tagged EDD, and cellular extracts were
prepared by lysing the cells with TNN buffer (50 mm Tris, 0.25 M
NaCl, 5 mm EDTA, 0.5% Nonidet P-40) supplemented with 1
mwm dithiothreitol, 1 mm NaF, 1 mMm sodium orthovanadate, 20
nM microcystin, and a mixture of protease inhibitors including
10 ug of leupeptin/ml, 10 ug of aprotinin/ml, 10 ug of pepsta-
tin/ml, 1 mm phenylmethylsulfonyl fluoride, 2 ug of antipain/
ml, and 1 pg of chymostatin/ml. FLAG-tagged EDD was iso-
lated on 0.4-ml anti-FLAG M2 agarose beads (Sigma). The
beads were washed by TBS buffer four times and then eluted
with 2 ml of TBS containing 0.1 mg/ml FLAG peptide (Sigma).
Fractions containing EDD were desalted and concentrated by
Microcon (Millipore) prior to storage in small aliquots at —80°.

Immunoprecipitation, Western Blot Analysis, and Immuno-
cytochemical Staining—For immunoprecipitation, the trans-
fected cells were harvested 24 — 48 h later with TNN buffer sup-
plemented with 1 mm dithiothreitol, 1 mm NaF, 1 mMm sodium
orthovanadate, 20 nM microcystin, and a mixture of protease
inhibitors as described above. Cells prepared for endogenous
immunoprecipitation were directly lysed in TNN buffer. An
aliquot of the cell lysates was saved for protein input control,
and immunoprecipitation was carried out as described previ-
ously (24). The specific signals were detected with appropriate
antibodies. The antibody specific to EDD (A300-573A) was
purchased from Bethyl Laboratories. The monoclonal antibody
(Ab-1) for p53 was purchased from Calbiochem.

Cells prepared for direct protein analysis were lysed in SDS
lysis buffer (1% SDS, 60 mm Tris). Equal protein amounts were
electrophoresed and blotted. DNA damage was induced by
the addition of 0.3 ug/ml neocarzinostatin (NCS). Antibody
against phospho-p53 (Ser'®) (antibody number 9284) and
phospho-p38 (9216) were purchased from Cell Signaling Tech-
nology. Anti-ATM pSer1981 (200-301-400) antibody was pur-
chased from Rockland Immunochemicals. The monoclonal
antibodies for p53 (DO1, PAb1801, PAb240, and PAb421) were
gifts from Dr. Xinbin Chen. The antibody for 8-actin was pur-
chased from Sigma. The antibody for phospho-H2AX (Ser'*?)
(JBW301) was purchased from Upstate Biotech Millipore. The
antibodies for phospho-JNK (Cell Signaling Technology) and
JNK (Santa Cruz Biotechnology Inc.) were gifts from Fannie Lin
(UAB). The antibody for p38 (P71220) was purchased from BD
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Transduction Laboratories. The antibody for proliferating cell
nuclear antigen (PC10) was purchased from Santa Cruz Bio-
technology. The monoclonal antibody (Ab-3) for ATM was
purchased from Calbiochem. For immunocytochemical stain-
ing, the cells were stained with mouse anti-p53 antibodies con-
taining DO1, PAb1801, PAb240, and PAb421 (gifts from Dr.
Xinbin Chen), a rabbit EDD antibody (A300-573A; Bethyl Lab-
oratories), and fluorescein isothiocyanate- or Texas Red X-con-
jugated secondary antibody.

Luciferase Assays—The expression constructs (20 ug for
FLAG-tagged EDD or FLAG-tagged EDD mutant (C2768A), 5
pg for pPCMV-p53 or empty vector), the promoter plasmid (1
pg for pGL2-p21 promoter luciferase (25)), and 1 ug of pPCMV-
B-galactosidase plasmid were cotransfected in H1299 cells.
Cells were harvested 48 h later in PBS; an aliquot was lysed in
SDS lysis buffer for Western blotting, whereas the rest of the
sample was lysed in reporter lysis buffer (Promega). Luciferase
activity and B-galactosidase activity were measured according
to manufacturer’s instructions. Luciferase activity was normal-
ized against B-galactosidase activity. All transient expression
assays were performed in triplicate.

Real Time PCR—W138 cells were infected with Ad-siGFP or
Ad-siEDD. HCT116 cells were transfected with FLAG-tagged
EDD, FLAG-tagged EDD mutant (C2768A), or an empty vector
and then either left untreated or treated with NCS (300 ng/ml)
for 2 h. RNA was extracted using TRIzol reagent (Invitrogen).
Real time reverse transcription-PCR (RT-PCR) was performed
in triplicate on an MX3005P thermal cycler (Stratagene) using
SYBR Green dye to measure amplification and ROX as a re-
ference dye. The detailed PCR conditions and the primer
sequences of the p53 target genes have been described (21).
Transcript levels were normalized with GAPDH levels, which
were analyzed in parallel with test genes. Results were analyzed
with MxPro 4.1 quantitative PCR software (Stratagene).

GST Pulldown Assay—GST fusion proteins were induced,
lysed, and purified by the above method. Two micrograms of
GST (as a control protein), p53, and p53-N terminus on
Sepharose beads were nutated overnight at 4 °C with cellular
lysates prepared from HEK293T cells and lysed with TNN
buffer with protease inhibitors. Sepharose beads were washed
five times with TNN buffer, eluted in SDS sample buffer, and
subjected to SDS-PAGE and immunoblotting. Equal loading of
GST proteins was assessed in parallel by SDS-PAGE followed
by Coomassie Blue staining.

Bromodeoxyuridine Incorporation Assay—W138 or HCT116
cells were plated on 24-well plates and then infected with ade-
novirus encoding the EDD siRNA or GFP siRNA. Forty-eight
hours later, cells were labeled with 5-bromo-2'-deoxyuridine
(BrdU) for 24 (WI38) or 8 h (HCT116), and the incorporated
BrdU was detected with fluorescein isothiocyanate-conjugated
anti-BrdU antibody following the manufacturer’s instructions
(BD Biosciences). Images were captured on a Zeiss fluorescence
microscope (Axio Observer Inverted Microscope).

ATM Kinase Assay—ATM kinase assays were done in kinase
buffer: 10 mm HEPES, pH 7.4, 50 mMm potassium chloride, 10
mm magnesium chloride, 10 mm manganese chloride, 10% glyc-
erol, 50 mm sodium chloride, 100 uMm ATP, 1 mm dithiothreitol
(DTT), 0.1 mm sodium orthovanadate, 20 nM microcystin, 10
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pg/ml leupeptin, 10 pg/ml aprotinin, and 5 ug/ml pepstatin.
Assays were performed in two stages. Substrate was first incu-
bated alone or with purified EDD at 4 °C for 30 min. Then
HA-ATM beads was added and incubated at 30 °C for 30 min.

RESULTS

Depletion of EDD Inhibited S-phase Entry—To investigate
the possible involvement of EDD in the cell cycle, we first exam-
ined its expression during cell cycle progression. Primary
human foreskin fibroblasts were synchronized by serum star-
vation for 48 h in medium containing 0.1% fetal bovine serum.
Entry of cell cycle was induced by the addition of 20% fetal
bovine serum as shown by propidium iodide staining (Fig. 14)
and the induction of E2F1 at G,/S entry and S-phase (Fig. 1B).
We found that the expression of EDD remained relatively con-
stant throughout the cell cycle (Fig. 1B). Previously, it was
reported that EDD is required for G,/M progression through
the regulation of katanin p60 (10). However, whether EDD is
involved in progression of other cell cycle phases such as at the
G, /S transition has not been explored. To test that, we depleted
EDD in human fibroblast W138 cells with recombinant adeno-
viruses expressing two different EDD shRNAs and determined
their effects on the incorporation of BrdU. As shown in Fig. 1,
C-E, depletion of EDD significantly inhibited BrdU incorpora-
tion, suggesting a role for EDD in the control of G,/S- or
S-phases.

Depletion of EDD Induces p53 Phosphorylation at Ser'>—The
tumor suppressor protein p53 plays a pivotal role in the regu-
lation of G,/S checkpoint. Phosphorylation at Ser'® of p53 by
ATM/ATRKkinases is a key mechanism of cell cycle arrest at G, -
or G,/S-phases (26, 27). Therefore, we explored the possibility
that depletion of EDD could activate p53 Ser'® phosphorylation
and block G,/S progression. To test this possibility, we exam-
ined the phosphorylation status of p53 Ser'® in EDD-depleted
W38 cells. We found that silencing of EDD with two different
siRNAs induced p53 phosphorylation at Ser'® in normal
growth condition (Fig. 2, A and B). The induction of Ser'® phos-
phorylation was further enhanced when the cells were treated
with radiomimetic agent NCS (Fig. 24). The induction of p53
phosphorylation by EDD siRNA was also seen in another cell
line, HCT116, a colon cancer cell line (Fig. 2C). The observed
effect was truly due to depletion of EDD protein because p53
Ser'® phosphorylation returned to its basal level when deple-
tion of EDD was rescued (Fig. 2C).

There are three possible scenarios for depletion of EDD to
stimulate the phosphorylation of p53: 1) silencing of EDD could
cause DNA damage and activate p53 indirectly; 2) EDD deple-
tion could lead to cellular stress and therefore activate p53 indi-
rectly; or 3) EDD could directly regulate phosphorylation of
p53. To distinguish these possibilities, we examined the levels
of Ser'?®'-phosphorylated ATM and phosphorylated histone
2AX (yH2AX), both considered markers for DNA damage. As
shown in Fig. 24, although NCS greatly induced phosphoryla-
tion of both ATM and H2AX, depletion of EDD did not induce
ATM or H2AX phosphorylation, at the same time when it
could induce p53 Ser'® phosphorylation. In fact, the YH2AX
signal was decreased. These data strongly argue against the sce-
nario that EDD depletion causes DNA damage. Because in the
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FIGURE 1. EDD siRNA induces G, /S arrest in WI38 cells. A, primary human foreskin fibroblasts were brought to quiescence by serum starvation for 48 h and
then stimulated by 20% FBS for indicated periods of time. The cells were fixed and analyzed with propidium iodide staining followed by flow cytometry
analysis. B, cell lysates from synchronized human foreskin fibroblasts were subjected to Western blot analysis, and the immunoblot was probed with antibodies
specific to EDD, E2F1, and B-actin, respectively. The E2F1 immunoblot serves as a control for cell cycle synchronization where the level of E2F1 appears at the
G,/S transition. C, Western blot of EDD and B-actin level in WI38 infected with Ad-siEDD#3, Ad-siEDD#5, and Ad-siGFP. D and E, WI38 cells were infected with
Ad-siGFP, Ad-siEDD#3, or Ad-siEDD#5 at a multiplicity of infection of 600. Forty-eight hours later, cells were labeled with BrdU for 24 h, and the incorporated
BrdU was detected with fluorescein isothiocyanate-conjugated anti-BrdU antibody. The nuclei were stained with Hoechst 33258. D, representative images of
200X magnification. £, at least 300 nuclei were scored on each sample for BrdU incorporation by microscope, and the experiments were repeated three times.
The graphs represent means = standard errors. The p values are based on a paired two-tailed t test.

unirradiated cells expression of YH2AX is associated with DNA
replication and its level is three times lower in G;-phase cells
than in S/G,-phase cells (28), the drop of yH2AX level in EDD-
depleted cells is consistent with inhibition of S-phase fraction
in these cells, as shown in Fig. 1, D and E. Although p53 has been
reported to be phosphorylated by stress kinases p38 or JNK at
Ser'® residue upon certain stresses (29, 30), both p38 and JNK
were not activated by EDD depletion (supplemental Fig. 1);
thus, itis unlikely that p53 phosphorylation is induced by p38 or
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JNK during EDD depletion. Together, these data suggest that
EDD directly regulates p53 phosphorylation.

A Role for EDD in the Regulation of p53 Target Gene
Expression—With the well established role for Ser'® phosphor-
ylation in the transactivation function of p53 (31), regulation of
Ser'” phosphorylation by EDD suggested that EDD controlled
p53 transcriptional activity. We therefore examined the expres-
sion of several p53 target genes by real time quantitative RT-
PCR in EDD-depleted WI38 cells. Indeed, concurrent with the
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FIGURE 2. EDD siRNAs induce phosphorylation of p53 at Ser'>. A, WI38 was
infected with Ad-siEDD#5 and Ad-siGFP at a multiplicity of infection of 300.
Three days later, cells were either left untreated or treated with NCS (300
ng/ml) for 2 h. Cell lysates were subjected to Western blotting analysis with
antibodies specific to phosphorylated p53-Ser'®, p53, phospho-H2AX, and
EDD. B, Western blot of phosphorylated p53-Ser', p53, and EDD in WI38
infected with another EDD siRNA virus Ad-siEDD#3 and Ad-siGFP for 3 days.
C,HCT116 p53™/" cells were infected by siRNA-expressing adenoviruses at a
multiplicity of infection of 300. One day later, cells were transfected by either
empty vector control or a FLAG-tagged EDD construct. Two days later, cells
were harvested in TNN buffer. The cell lysates were analyzed by Western
blotting. The proliferating cell nuclear antigen (PCNA) immunoblot serves as a
protein loading control.

induction of Ser'® phosphorylation, several of the p53 target
genes such as p21, MDM?2, GADD45, and PUMA were induced
upon EDD depletion (Fig. 3, A and B). BAX was marginally
induced. In this experiment, we also measured the levels of
p53 transcripts in the control and EDD-depleted cells. The p53
transcript level was not induced by EDD depletion (Fig. 3C).
This rules out the possibility that EDD depletion induced p53
transcript. Together with the results presented earlier, these
data demonstrate a role for EDD in keeping p53 activity in
check during unstressed condition.

EDD Inhibits p53 Ser'® Phosphorylation, and This Function
Does Not Require Its E3 Ligase Activity—The induction of p53
Ser'® phosphorylation in the absence of DNA-damaging signal-
ing response by EDD depletion suggests that EDD plays an
active role in preventing phosphorylation of p53 at Ser'®. To
further test that, we overexpressed EDD in two cell lines,
HEK293 and HCT116, and examined the effect on p53 Ser'®
phosphorylation induced by radiomimetic NCS treatment.
Indeed, overexpression of EDD inhibited NCS-induced p53
Ser'® phosphorylation in both cell lines (Fig. 4, A and B). It is
worth noting that overexpression of EDD did not lead to a
decrease in the p53 protein level, suggesting that despite EDD
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FIGURE 3. Silencing of EDD induces the expression of p53 target genes.
A, WI38 cells were infected with Ad-siGFP or Ad-siEDD#5 at a multiplicity of
infection of 600. Three days later, RNA was extracted, and quantitative real
time PCR analysis was performed using primers specific for the selected p53
target genes or GAPDH as indicated. Results were normalized to GAPDH lev-
els and are expressed relative to the expression of the genes in the siGFP
control. The graphs represent means = standard errors. The p values are
based on a paired two-tailed t test. PUMA, p53 up-regulated modulator of
apoptosis. B, an aliquot of cell lysates for panel A was analyzed by Western
blotting with the indicated antibodies. C, quantitative real time PCR analysis
was performed using primers specific for p53 in the same RNA extracted for
panel A. Results were analyzed as described for panel A.

siGFP

having an E3 ligase activity, it probably does not control p53
degradation. We also examined the effect on p53 target gene
expression by EDD overexpression. HCT116 cells were trans-
fected with an EDD expression vector and then treated with
NCS to induce the expression of p53 target genes. In addition to
the wild-type EDD, we also express an E3-deficient mutant
EDD harboring C2768A mutation at the active site cysteine
residue, which is necessary for E3 ligase activity in HECT
domain proteins (13). This is to investigate whether the E3
ligase activity of EDD is required for p53 regulation. As shown
in Fig. 5A, overexpression of EDD inhibited the induction of
p53 target genes such as p21, GADD45, NOXA, PUMA, and
BAX during NCS treatment. The C2768A mutant EDD was also
capable of repressing the expression of p53 target genes. Con-
sistent with these data, C2768A mutant EDD was equally effi-
cient in inhibiting Ser'® phosphorylation (Fig. 54, right low
panels). Finally, we directly measured the p53 transcriptional
activity by a p21 promoter-luciferase reporter assay in a p53-
null cell line H1299 (21). Indeed, both wild-type and C2768A
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FIGURE 4. EDD overexpression inhibits phosphorylation of p53 at Ser'®
after DNA damage. A, HEK293 cells were transfected by electroporation with
EDD plasmid or empty vector. Two days later, cells were either left untreated
or treated by NCS for 1.5 h. Cell lysates were subjected to Western blotting
analysis with the indicated antibodies. The FLAG-tagged EDD was immuno-
precipitated (/P) with anti-FLAG beads and immunoblotted (/B) with EDD anti-
body (lower panel). B, HCT116 cells were transfected by electroporation with
EDD plasmid or empty vector. Two days later, cells were either left untreated
or treated by NCS for 2 h. Cell lysates were subjected to Western blotting
analysis. PCNA, proliferating cell nuclear antigen.

mutant EDD inhibited p53 transcriptional activity without sig-
nificantly affecting the p53 protein level (Fig. 5B). This is also
consistent with the immunoblotting result obtained from the
same lysates as the reporter assay showing that both were
able to repress Ser'® phosphorylation (Fig. 5B, right panels).
The detectable phosphorylation of Ser'® in this transient
transfection assay in the absence of DNA-damaging agents
has been reported before (31, 32) and has been attributed to
the DNA damage response triggered by transient transfec-
tion of DNA (31, 33, 34). Taken together, we conclude that
EDD regulates p53-Ser'® phosphorylation and its transcrip-
tional function, and this activity does not require the E3
ligase activity of EDD.

EDD Interacts with p5S3—To determine the mechanism by
which EDD regulates p53 phosphorylation, we tested whether
EDD could interact with p53. When FLAG-EDD was overex-
pressed in 293T cells, endogenous p53 co-immunoprecipitated
with FLAG-EDD (Fig. 6A). We also expressed p53 in a p53-null
cell line H1299 and examined their interaction. As shown in
Fig. 6B, endogenous EDD was co-immunoprecipitated with
p53. We were also able to detect the interaction between EDD
and p53, both at the endogenous levels, in 293T cells (Fig. 6C)
and HCT116 cells (Fig. 6D). Consistent with the notion that
EDD does not target p53 for proteasomal degradation, their
interaction was not enhanced upon treatment by a protea-
some inhibitor MG132 (Fig. 6D). We also examined their
interaction after NCS treatment. Interestingly, although
their interaction was still detectable after a 2-h treatment by
NCS (Fig. 6E), considering the increase in the p53 protein
after NCS treatment, it appears that their interaction is
reduced after NCS treatment. The effect became more
apparent upon longer treatment (4 h) of NCS. This result
implies that EDD may play a role in preventing p53 activa-
tion primarily during unstressed condition and maintaining
the normal progression of cell cycle. The distribution of EDD
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and p53 was also examined by immunofluorescence study.
As shown in supplemental Fig. 24, endogenous EDD in
H1299 cells is localized diffusely in the nucleus and in the
nuclear foci, whereas expressed GFP-p53 is found diffusely
in the nucleus. This distribution pattern of EDD is also seen
in HCT116 cells, where p53 is also seen diffusely within
nucleus in a small population of untreated cells (5) and in
more cells after a 1-h treatment of NCS (supplemental Fig.
2B). Although colocalization can occasionally be seen in
some foci, their interaction most likely occurs in the
nucleoplasm.

Their interaction was also apparent when incubating EDD
with purified GST-p53 protein and performing the glutathione
S-transferase pulldown assay (Fig. 6F). Using this assay, we fur-
ther investigated the interactions between EDD and several p53
deletional mutants (Fig. 6F). The N terminus of p53 (GST-
p53-N, containing a.a. 1-70) did not interact with EDD. The
DNA binding domain (DBD) of p53 (GST-p53-DBD) could
interact with EDD. A deletion of the C terminus of p53 (GST-
p53-AC) did not inhibit their interaction when compared with
full-length GST-p53. Thus, we conclude that EDD mainly
interacts with the DBD of p53.

EDD Regulates p53 Phosphorylation through ATM—There
are three kinases involved in the phosphorylation of p53 at
Ser'®: ATM, ATR, and DNA-PK. A phosphoinositide kinase-3
(PI3K) inhibitor wortmannin at a concentration of 20 um com-
pletely blocked the phosphorylation of p53 induced by EDD
siRNA (Fig. 7A). This concentration of wortmannin inhibits
both ATM and DNA-PK, but not ATR in vivo (35). Accumula-
tion of p53 phosphorylation was also observed in DNA-PK-
deficient cells, M059], as in the DNA-PK wild-type control
cells MO59K (Fig. 7B). These data suggest that EDD regulates
ATM-mediated p53 phosphorylation. To directly test this
possibility, we carried out an in vitro ATM kinase assay (23).
In this assay, HA-ATM purified from 293T cells was able to
phosphorylate GST-p53 at Ser'® in vitro, whereas a kinase-
dead mutant HA-ATM (ATM"?) lost the activity (Fig. 7C).
Incubation of purified EDD (Fig. 7D, lower panel) in this
reaction greatly inhibited Ser'®> phosphorylation by ATM.
This effect most likely requires the binding between EDD
and p53 because an N-terminal fragment of p53 (GST-p53-N),
which could be effectively phosphorylated by ATM, did not bind
to EDD (Fig. 6F), and its phosphorylation was not inhibited by
EDD (Fig. 7E). Because GST was N-terminally tagged to p53,
some partially degraded p53 proteins containing the N-termi-
nal portions were retained in the glutathione beads and were
co-eluted along with full-length protein during protein purifi-
cation. Phosphorylation of these degradation products by ATM
was also not inhibited by EDD, whereas in the same reaction
mixture, EDD almost completely blocked the phosphorylation
of full-length GST-p53. These data demonstrate that EDD,
through binding to p53, prevents ATM from phosphorylating
p53 at Ser'®.

To further establish a role for the binding between EDD and
p53 in repressing p53 Ser'® phosphorylation, we carried out
domain mapping studies and identified the region of EDD that
binds to p53 and represses its phosphorylation. We first exam-
ined the interaction between p53 and the N-terminal part
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paired two-tailed t test.

(EDD-NM, a.a. 1-1876) or the C terminus (EDD-C, a.a. 1876 —
2799) of EDD. FLAG-EDD, FLAG-EDD-NM, and FLAG-
EDD-C were expressed in HEK293 cells, and the endogenous
p53 associated with the FLAG-tagged EDD proteins was
isolated by immunoprecipitation with anti-FLAG beads. As
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shown in Fig. 84, p53 interacts with EDD-NM, but not EDD-C.
An EDD immunoblot (Fig. 84, lower panel) shows a slightly
high level of total EDD in FLAG-EDD-transfected cells when
compared with vector-transfected cells, suggesting that the
expression of FLAG-EDD was probably comparable with that
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FIGURE 6. Interaction between EDD and p53. A, HEK293T cells were first
transfected with FLAG-EDD. FLAG-EDD was then immunoprecipitated (/P)
from cell lysates, and the co-immunoprecipitated p53 was detected by
immunoblotting (/B). B, lysates from H1299 that were transfected with p53
plasmid were immunoprecipitated with an anti-p53 antibody or a control
mouse immunoglobulin G (IgG) antibody as indicated followed by immu-
noblotting. C, lysates from HEK293T cells were immunoprecipitated with
an anti-p53 antibody or a control mouse IgG antibody followed by immu-
noblotting. One-twentieth of cell lysates before immunoprecipitation
were analyzed by Western blotting and probed with p53 and EDD anti-
bodies. D, HCT116 cells were left untreated or treated with MG132. Lysates
were immunoprecipitated followed by immunoblotting. E, HCT116 cells
were left untreated or treated with NCS for 2 or 4 h. Lysates were immu-
noprecipitated as described above followed by immunoblotting. F, GST
pulldown assay was performed to test the interaction between EDD and
purified GST-p53 or its domains: p53-N (N terminus; a.a. 1-70), p53-DBD
(DNA binding domain; a.a. 94-292), and p53-ACT (lacking C terminus; a.a.
1-292). GST-p53 or its domains were purified as described under “Experi-
mental Procedures” and incubated with HEK293T lysates, respectively.

of the endogenous EDD. We further excluded the N-terminal
888 a.a. of EDD as the responsible region for p53 binding
because unlike EDD-NM, EDD-N (a.a. 1-888) failed to bind to
p53 as shown by the co-immunoprecipitation assay (Fig. 8B).
Next, we overexpressed these deletional EDD mutants in
HEK293 cells and examined their activities in repressing p53
Ser'® phosphorylation upon NCS treatment, as in the experi-
ment performed in Fig. 4A. Indeed, as shown in Fig. 8C, full-
length EDD and a p53 binding-capable mutant EDD-NM
repressed p53 phosphorylation, but the p53 binding-incapable
mutants, EDD-N and EDD-C, failed to inhibit p53 Ser'® phos-
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FIGURE 7. EDD inhibits phosphorylation of p53 by ATM in vitro. A, WI38
cells infected with Ad-siGFP or Ad-siEDD#3 were left untreated or treated
with wortmannin (20 um). The cell lysates were harvest 1 h later and subjected
to Western blot analysis. B, DNA-PK-deficient cell line M059J and its control
MO059K (DNA-PK wild type) were infected by Ad-siEDD#5 and Ad-siGFP. Three
days later, cells were lysed, and p53 phosphorylation level at Ser'® was ana-
lyzed by immunoblotting. C, ATM and ATM kinase-dead mutant were immu-
noprecipitated from 293T cells, which were transfected with HA-ATM or HA-
ATM* construct. The ATM kinase assay was performed as described under
“Experimental Procedures” and contained 200 nm GST-p53. Western blots
were probed with an antibody against phospho-Ser'® of p53. D, 1 ug of EDD
purified from 293T cells was incubated with 10 nm GST-p53 in 4 °C for 30 min
first. Kinase assay was then performed as in C. E, 200 ng of EDD or 200 ng of
BSA was incubated with 10 nm GST-p53 or GST-p53-N for 30 min. ATM kinase
assay was then performed as in C. The top panel represents anti-pSer15-p53
immunoblot; the middle panel is a longer exposure (long exp.) of the same
blot; and the low panel was probed with mixed p53 antibodies containing
DO1, PAb1801, PAb240, and PAb421, which can recognize both GST-p53-N
and GST-p53. * indicates nonspecific signals of IgG heavy chains. N-term GST-
p53, N-terminal GST-p53.

phorylation. To further narrow down the domain responsible
for p53 binding and also to verify the binding in an in vitro assay,
we incubated purified GST-p53 or GST protein with FLAG-
EDD mutants: N, NM, C, and M (a.a. 888 -1876), which were
expressed and purified by anti-FLAG beads from HEK293 cells.
Although GST did not bind to these EDD peptides, GST-p53
interacted only with EDD-NM and EDD-M (Fig. 8D). This
result indicates that the region of a.a. 888-1876 in EDD is
responsible for p53 binding. At last, we compared the activities
of EDD-N, EDD-M, and EDD-C in repressing NCS-induced
Ser'® phosphorylation of p53. Consistent with its ability to bind
p53, EDD-M repressed p53 phosphorylation (Fig. 8E). Taken
together, these data provide compelling evidence supporting a
physiological role for EDD/p53 association in the regulation of
p53 Ser'® phosphorylation.
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those mutants were immunoprecipitated (/P) from cell lysates, and the co-immunoprecipitated p53 was detected by immunoblotting. B, HEK293 cells were
transfected with an empty vector control, FLAG-EDD, or FLAG-tagged truncated mutants: EDD-N (N terminus; a.a. 1-888) or EDD-NM. Lysates were immuno-
precipitated with anti-FLAG beads followed by immunoblotting with p53 antibody. C, HEK293 cells were transfected by electroporation with an empty vector,
FLAG-EDD, or FLAG-tagged truncated mutants: EDD-N, EDD-NM, or EDD-C. Two days later, cells were either left untreated or treated by NCS for 1 h. Cell lysates
were subjected to Western blotting analysis with the indicated antibodies. The EDD antibody was raised against EDD N terminus and therefore do not
recognize EDD-C. To show the expression of EDD-C, we immunoprecipitated these lysates with anti-FLAG beads and then immunoblotted (/B) with a FLAG
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mutants. The FLAG-tagged peptides were purified by anti-FLAG beads and then incubated with purified GST or GST-p53 (Fig. 6F), and the bound GST-p53 was
pulled down by anti-FLAG beads. E, HEK293 cells were transfected by electroporation with an empty vector, FLAG-EDD, or truncated mutants: EDD-N, EDD-M,
or EDD-C. Two days later, cells were either left untreated or treated by NCS for 1 h. Cell lysates were subjected to Western blotting analysis with the indicated
antibodies. The FLAG-EDD mutants were identified by FLAG antibody.

The Role for EDD in G,/S Entry Is Mediated through p53— siEDD and examined the effect of EDD depletion on the
Given the key role of p53 in G,/S control and the regulation S-phase fraction as measured by BrdU incorporation. As
of p53 by EDD, we wanted to investigate whether EDD con- shown in Fig. 9, consistent with the result obtained in WI138
trols p53 for progression of G,/S entry. We infected a pair of  cells (Fig. 1, C—E), EDD knockdown inhibited the fraction of
isogenic p53"'" and p53~'~ HCT116 cells (36) with Ad- S-phase cells in p53 wild-type HCT116. This effect was oblit-
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erated in p53-null HCT116. Thus, we conclude that the
effect of EDD depletion on G,/S entry is operated through
p53.

DISCUSSION

With many important functions as the guardian of our
genome, p53 is tightly controlled in many layers of regulation.
Activation of p53 involves a complex regulatory network
including at least phosphorylation and acetylation. It appears
that none of the single modifications were able to fully recapit-
ulate the in vivo dramatic activation of p53, and it has recently
been suggested that the summation of these events leading to
the release of p53 from repression factors such as MDM2 is the
key step for p53 activation (37). Nonetheless, phosphorylation
by ATM/ATR at Ser'” is considered to be an initial and impor-
tant event for the activation of p53 in response to genotoxic
stresses. On the other hand, phosphorylation of Ser'® may need
to be reversed once the damaged DNA is repaired to resume the
cellular proliferation. Wild-type p53-induced phosphatase 1
(Wipl, also named as protein phosphatase, Mg>"/Mn>"-de-
pendent, 1D, or PPM1D) (38) and protein serine/threonine
phosphatase-1 (PP-1) (39) have been identified to be responsi-
ble for the removal of Ser'® phosphorylation in p53. Here, we
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report another mode of regulation on this residue. By binding to
the p53, EDD can directly block the activity of ATM in phos-
phorylating p53. With the constitutive expression of EDD
throughout all phases of the cell cycle, it may function in polic-
ing p53 activity and constantly inhibiting the activation of p53
unless there are stressful stimuli. This regulation may be impor-
tant for normal cellular proliferation because a constitutively
active population of ATM kinase exists in normal cells even in
the absence of exogenous damage (40, 41). Using quantitative
time-lapse microscopy, spontaneous pulses of p53 with similar
amplitude and duration as in sustained damage were detected
in proliferating cells, probably derived from intrinsic DNA
damage associated with normal growth (5). The activities of
these pulses of p53 have been actively suppressed unless sus-
tained severe damage changes the p53 modification state and
releases p53 from suppression (5). Therefore, EDD may play an
active repressive role to block p53 activity during normal
growth. In the event of DNA damage, reduction of EDD and
p53 binding and the accumulation of p53 protein and modifi-
cations might overwhelm the inhibitory effect by EDD.
Although there are many proteins known to interact with p53
(42), to our knowledge, EDD is the only protein identified so far
that directly inhibits p53 phosphorylation by ATM.

The interaction between EDD and p53 observed both inside
the cells and in vitro suggests that EDD interacts with p53 and
inhibits its phosphorylation. This mechanism is supported by
the observation that EDD cannot inhibit ATM to phosphory-
late an N-terminal fragment of p53, which does not bind EDD.
The correlation between the ability of binding to p53 and that of
inhibiting p53 phosphorylation among four EDD truncated
mutants further strengthens this argument. We postulate that
EDD might block the access of ATM to p53 through steric
hindrance, given the fact that both EDD and ATM are near 350
kDa.

Recently, EDD was reported to regulate DNA damage check-
points (44), and play a role during mitotic progression through
its E3 ligase activity toward katanin (10). Here, we extend the
involvement of EDD in normal cell cycle control to G,/S pro-
gression and provide evidence supporting a role of EDD in the
regulation of p53 Ser'® phosphorylation. Although EDD con-
tains a HECT domain with E3 ligase activity, an E3 ligase cata-
lytic mutant EDD still suppresses p53 activity to the same
degree as wild type. This is consistent with the notion that the
binding of p53 by EDD somehow imposes physical hindrance to
ATM. Furthermore, the interaction between the p53 and EDD
is not enhanced by MG132, a proteasome inhibitor, implying
that the proteasomal degradation pathway is not involved in the
regulation. Other E3-independent functions of EDD are also
identified. For example, EDD was reported to regulate proges-
terone receptor and myocardin through their physical interac-
tions independently of its E3 ligase activity (13, 14). In these
cases, EDD functions as a transcription coactivator with pro-
gesterone receptor and myocardin. It deserves further investi-
gation to unveil the full scope of EDD activities.

Our findings may have implications in clinical cancer biology
as well. EDD is frequently amplified and overexpressed in many
types of cancer, including ovarian cancer, breast cancer, hepa-
tocellular carcinoma, squamous cell carcinoma of the tongue,
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and metastatic melanoma (20). Furthermore, high nuclear EDD
expression in serous ovarian carcinoma is associated with
adverse prognosis, and depletion of EDD inhibits the growth of
cisplatin-resistant ovarian cancer cells and partially restores
their platinum sensitivity (43). It would be interesting to inves-
tigate whether the association of EDD overexpression with
poor clinical outcome in cancer patients is related to its activity
in suppressing p53 activation.
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