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The poly(A)-binding protein (PABP) is a unique transla-
tion initiation factor in that it binds to the mRNA 3’
poly(A) tail and stimulates recruitment of the ribosome
to the mRNA at the 5 end. PABP activity is tightly
controlled by the PABP-interacting protein 2 (Paip2),
which inhibits translation by displacing PABP from the
mRNA. Here, we describe a close interplay between PABP
and Paip2 protein levels in the cell. We demonstrate
a mechanism for this co-regulation that involves an E3
ubiquitin ligase, EDD, which targets Paip2 for degrada-
tion. PABP depletion by RNA interference (RNAi) causes
co-depletion of Paip2 protein without affecting Paip2
mRNA levels. Upon PABP knockdown, Paip2 interacts
with EDD, which leads to Paip2 ubiquitination.
Supporting a critical role for EDD in Paip2 degradation,
knockdown of EDD expression by siRNA leads to an
increase in Paip2 protein stability. Thus, we demonstrate
that the turnover of Paip2 in the cell is mediated by EDD
and is regulated by PABP. This mechanism serves as a
homeostatic feedback to control the activity of PABP in
cells.
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Introduction

mRNA translation plays an important role in the regulation
of gene expression and is implicated in the control of cell
growth, proliferation and differentiation (reviewed in Gingras
et al, 1999; Mathews et al, 2000). The mRNA 5’ cap structure
(m’GpppN, where N is any nucleotide) interacts with eukar-
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yotic initiation factor 4F (elF4F) (Hershey and Merrick,
2000). elF4F is a protein complex composed of three sub-
units: elF4E, the cap binding protein; elF4A, a bidirectional
ATP-dependent RNA helicase, and eIlF4G, a modular scaffold-
ing protein that binds eIF4E, elF4A, elF3 and poly(A)-binding
protein (PABP). Simultaneous interactions between elF4G,
elF4E and PABP bring about mRNA circularization and
promote translation initiation (Tarun and Sachs, 1996; Le
et al, 1997; Imataka et al, 1998; Gebauer and Hentze, 2004;
Kahvejian et al, 2005).

PABP is a phylogenetically conserved protein that contains
four RNA recognition motifs (RRMs) in its N-terminal
domain, of which RRMs 1 and 2 bind to poly(A) with high
specificity (for reviews, see Sachs, 2000; Kahvejian et al,
2001; Mangus et al, 2003). The carboxy terminal third of
PABP contains an unstructured region and PABC, an a-helical
peptide-binding domain (Kozlov et al, 2001). The activity of
PABP is modulated by two PABP-binding proteins, Paipl and
Paip2 (Craig et al, 1998; Khaleghpour et al, 2001b), which
share two conserved PABP-interacting motifs (PAMs): PAM1
and PAM2 (Khaleghpour et al, 2001a; Roy et al, 2002). PAM1
consists of a region rich in acidic amino acids that binds
strongly to the RRM region of PABP. PAM2 consists of a
15-amino-acid sequence that binds to helices 2, 3 and 5 of
PABC as a series of two B-turns (Kozlov et al, 2004).

In the ubiquitin-proteasome degradation pathway,
substrates are marked for degradation by covalent linkage
to ubiquitin (Hochstrasser, 1996; Hershko and Ciechanover,
1998; Glickman and Ciechanover, 2002). The ubiquitinated
substrate proteins are then recognized and degraded by
the 26S proteasome. Ubiquitination generally requires
three proteins: the ubiquitin activating enzyme (E1), the
ubiquitin-carrier or conjugating enzyme (E2), and the
ubiquitin ligase (E3), which transfers (or assists the transfer
of) activated ubiquitin to the protein substrate. Specificity
of the ubiquitination reaction is determined by the E3
ubiquitin ligase (Hershko and Ciechanover, 1998; Pickart,
2001). EDD (also known as ratl00) is the mammalian
ortholog of the Drosophila melanogaster hyperplastic disc
(HYD) protein and is a member of the HECT (homology
to E6-AP carboxy terminus) domain family of E3 ubiquitin
ligases (Huibregtse et al, 1995; Callaghan et al, 1998;
Oughtred et al, 2002). Surprisingly, EDD contains a
PABC domain near its carboxy terminus, suggesting a role
in mRNA metabolism (Callaghan et al, 1998; Deo et al, 2001;
Kozlov et al, 2001; Oughtred et al, 2002). Significantly, the
PABC domain of EDD is functional as it binds to Paipl (Deo
et al, 2001).

In this study, we show that Paip2 also binds to the PABC
domain of EDD, and that the binding results in Paip2 ubiqui-
tination and its subsequent degradation. This process is
controlled by PABP levels. Thus, EDD modulates translation
initiation through the control of the amount of the transla-
tional regulatory molecule Paip2.
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Results

siRNA-mediated PABP depletion causes a decrease

in the level of Paip2

To study the biological role of PABP, we depleted it from cells
using small interfering RNA (siRNA) (Elbashir et al, 2001).
Two siRNAs that targeted different regions in the coding
sequence of the pabp gene were used (Supplementary
Figure S1A). HeLa cells were transfected with either control
(PABP#2 inverted sequence) or two different PABP-specific
siRNAs. Following a 72-h incubation period, the expression
level of PABP was determined by Western blotting
(Supplementary Figure S1B). PABP levels dramatically de-
creased (~90%) in cells transfected with siPABP#1, whereas
siPABP#2 was less effective.

We first examined the effect of PABP-depletion on the
levels of different translation factors in HeLa cells by
Western blotting (Figure 1A). Unexpectedly, the amount of
Paip2 was significantly reduced in PABP-depleted cells,
whereas other factors (e.g. elF4Al, elF4E and 4E-BP1) re-
mained unchanged. In metazoans, several binding partners
of PABC have been identified. These include Paip1 and Paip2,
eRF3/GSPT and Tob (Craig et al, 1998; Hoshino et al, 1999;
Khaleghpour et al, 2001b; Uchida et al, 2002; Okochi et al,
2005). We therefore examined the effects of PABP depletion
on PAM2-containing proteins, Paipl, Paip2 and eRF3. Total
cell extracts were prepared at 24, 48 and 72 h post-transfec-
tion, and the levels of Paipl, Paip2 and eRF3 proteins were
analyzed by Western blotting. Paip2 protein levels decreased
in a time-dependent manner by silencing PABP, but the levels
of Paipl and eRF3 were not affected (Figure 1B). Similar
results were obtained using 293T cells (data not shown).
Thus, PABP depletion caused specific reduction of Paip2
protein levels without any effect on other factors, which
also bind to PABP. Possible explanations for this specificity
will be addressed in the Discussion.

Paip2 protein is reduced in PABP-depleted cells

To determine the level at which Paip2 protein amount is
affected, Northern blot analysis was first performed.
Treatment of cells with siRNA against PABP had no effect
on the amount of Paip2 mRNA as compared to either
untransfected cells or control siRNA-transfected cells
(Figure 2A), indicating that the regulation is not of the
mRNA level. Next, the effect of siRNA against PABP on
both exogenous and endogenous Paip2 was examined.
HeLa cells were transiently transfected with the HA-Paip2
plasmid under the control of the cytomegalovirus (CMV)
promoter. After 24 h, cells were re-transfected either with
control siRNA or with two different PABP-specific siRNAs.
Cells were harvested 24 h later, and equal amounts of extract
were subjected to SDS-PAGE followed by Western blot ana-
lysis (Figure 2B). In agreement with the results described
above (Supplementary Figure S1B), siPABP#1 effectively
lowered the level of PABP as compared to siPABP#2-trans-
fected cells (Figure 2B, both panels). Also, the extent of
decrease in both endogenous Paip2 and HA-Paip2 paralleled
the changes in PABP (Figure 2B, right panel). This effect on
Paip2 is specific, as PABP depletion failed to affect the level of
HA-eIFAE (Figure 2B, left panel). Thus, depletion of PABP
specifically downregulates the steady-state amount of Paip2
protein.
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Figure 1 siRNA-mediated PABP depletion results in reduced Paip2
levels. (A) HeLa cells were transfected with control siRNA or PABP
siRNA (siPABP#1) for 72 h, and extracts were subjected to Western
blot analysis with the indicated antibodies. NT, nontransfected.
(B) Extracts were collected at the indicated time points and sub-
jected to Western blot analysis with the indicated antibodies. Data
are expressed as the percentage of PABP, Paipl, Paip2, and eRF3
amounts relative to those in control siRNA-transfected cells (set
at 100%). The results are representative of two independent
experiments.

Paip2 is regulated by the ubiquitin-proteasome system
The simplest explanation of our results is that Paip2 binds to
both PABP and EDD via their shared PABC domain and,
consequently, these proteins would compete for binding to
Paip2. PABP is a very abundant protein (4uM cellular
concentration) (Gorlach et al, 1994). Paip2 was estimated to
be about five-fold less abundant than PABP in HeLa cells
(Khaleghpour et al, 2001b). Immunoprecipitation of EDD
from 293 cell extracts followed by SDS-PAGE and
silver staining to estimate the quantity of EDD suggests that
EDD might account for ~0.001% of cell protein (data not
shown). Thus, the enzyme appears to be a low abundance
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Figure 2 Paip2 is reduced at the protein level in PABP-depleted
cells. (A) Northern blot analysis of Paip2 mRNA was performed
using total RNA isolated from HeLa cells after 72 h of transfection
with the indicated siRNAs (top panel). Ribosomal RNAs (28S and
18S) served as loading controls (bottom panel). NT, nontransfected.
(B) HeLa cells were transfected with either HA-eIF4E (lanes 1-3)
or HA-Paip2 (lanes 4-6) plasmids. At 24 h after transfection, cells
were transfected with control siRNA (lanes 1 and 4), PABP siRNA
(siPABP#1; lanes 2 and 5) or PABP siRNA (siPABP#2; lanes 3 and 6).
Cells were harvested 48h later, and extracts were subjected to
Western blot analysis with the indicated antibodies. The results
are representative of two independent experiments.

protein as would be expected for an E3 ligase. Therefore,
under physiological conditions, most of Paip2 is predicted
to be bound to PABP. However, when PABP is depleted
from cells, Paip2 is expected to interact with EDD and become
targeted for degradation. In subsequent experiments
we addressed this hypothesis. We first examined the
effect of proteasome inhibitors on the steady-state level of
Paip2. HeLa cells were transfected with siRNA against
PABP. After incubation for 24h, cells were treated with
several proteasome inhibitors for 6h (we note that although
MG132 at a concentration of 20uM could be fairly toxic,
after 6h the cells were still attached to the plate), and
the levels of PABP, Paip2 and p-actin were assessed
by Western blotting. Treatment of cells with the proteasome
inhibitors MG132, Lactacystin and PSI (proteasome inhibitor
I) markedly stabilized (21- to 49-fold) the amount of Paip2
as compared to control (Figure 3A). This effect was specific
because treatment of cells with the cysteine protease inhibitor
E64d had no effect on Paip2 levels. None of the inhibitors
stabilized Paip2 in control siRNA-transfected cells. Paip2
expression in PABP-knockdown cells was restored, albeit
incompletely (44%), upon the addition of MG132 in a
dose-dependent manner (Figure 3B, left panel). Addition
of Velcade, another proteasome inhibitor (Adams, 2001;
Xu et al, 2004; Nencioni et al, 2005) restored Paip2 levels
to 58% of control (Figure 3B, right panel). These results
demonstrate that the proteasome is required for the degrada-
tion of more than half of Paip2 by siRNA-mediated PABP
depletion.

Ubiquitin is conjugated to its target protein in most cases
by the formation of an isopeptide bond between its carboxyl
group of glycine 76 (the carboxy terminus) and the epsilon
amino group of one or more lysine residues or N-terminal
amino group of the target protein (Hershko and Ciechanover,
1998; Ciechanover and Ben-Saadon, 2004). Many, but not all,
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Figure 3 Paip2 levels are regulated by the ubiquitin-proteasome
system. (A) Proteasome inhibition causes Paip2 accumulation in
PABP-depleted cells. HeLa cells were transfected with control or
PABP siRNAs. At 24h after transfection, cells were treated with
either DMSO or with 20 uM each of MG132, Lactacystin, PSI or E64d
for 6h. Cell extracts were then subjected to Western blot analysis
with anti-PABP and anti-Paip2 antibodies. Data are expressed as the
percentage of Paip2 amount relative to that in control siRNA-
transfected cells (set at 100%). (B) At 24 h after siRNA transfection,
cells were treated with either DMSO or with increasing concentra-
tions (10, 20 and 40uM) of MG132 (left panel) or (50, 100 and
200nM) of Velcade (right panel) for 6 h and then analyzed as in (A).
(C) Degradation of Paip2 in PABP knockdown cells is diminished by
lysine mutations. Schematic representation of Paip2 WT and Paip2
4KR in which all the lysine residues were replaced by arginines
(K2R, K108R, K116R and K123R). Gray and black boxes represent
PAM1 and PAM2, respectively. HeLa cells were transfected with the
indicated Paip2 plasmids. At 24h after transfection, cells were
transfected with siRNAs and then analyzed as in (A). The results
are representative of two independent experiments.

of such modified proteins are subsequently degraded by the
proteasome (Weissman, 2001). Paip2 has four lysine residues
(Figure 3C), which could be potential targets for ubiquitina-
tion. To examine the role of Paip2 lysine residues in ubiquitin-
directed degradation, either wild-type (WT) Paip2 or a
mutant, in which all four lysines were mutated to arginines
(4KR), were expressed in HeLa cells. After incubation for 24 h
to allow for expression of Paip2 proteins, cells were re-
transfected with siRNAs for PABP, and harvested 24 h later.
Paip2 mutant (4KR) levels were markedly increased (46-fold)
in the PABP-depleted cells as compared to WT Paip2 reaching
46% level of untransfected cells (Figure 3C). Thus, lysine
residues play an important role in the ubiquitin-mediated
degradation of Paip2.
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PABP depletion stimulates Paip2 ubiquitination

To determine directly whether ubiquitin is conjugated to
Paip2, histidine-tagged ubiquitin (His-Ub) (Treier et al,
1994) was expressed in HeLa cells. After incubation for
24h to allow for expression of His-Ub proteins, cells were
re-transfected with siRNA against PABP. At 24h following
transfection, cells were treated with the proteasome inhibitor
MG132 for 6h prior to lysis. Paip2 ubiquitination was mea-
sured by capturing His-Ub from cell extracts with TALON
metal affinity resin under denaturing conditions, and detect-
ing ubiquitinated Paip2 by an anti-Paip2 antibody. This assay
revealed a stronger ubiquitination of Paip2 (that barely
entered the gel) in PABP-depleted cells (Figure 4). These
results indicate that endogenous Paip2 is polyubiquitinated
in response to PABP depletion prior to its degradation by the
proteasome.

Interactions between EDD and Paip2

To examine the physical interaction between endogenous
EDD and Paip2, we performed co-immunoprecipitation ex-
periments. Cell lysates were subjected to immunoprecipita-
tion with either preimmune serum or anti-Paip2 antibody,
and the immunoprecipitates were analyzed by immunoblot-
ting with anti-EDD, anti-PABP and anti-Paip2 antibodies
(Figure 5A). Endogenous EDD was precipitated with
anti-Paip2 antibody only in the PABP-depleted cell extract
(compare lane 5 to 6). In contrast, endogenous PABP was
co-precipitated with anti-Paip2 antibody in both control and
PABP-depleted cell extracts (lanes 5 and 6). These results
demonstrate that the association between EDD and Paip2
occurs only when PABP is depleted from cells.

Next, nuclear magnetic resonance (NMR) spectroscopy
was used to show that the PABC domain from EDD is
sufficient for Paip2 binding and to determine its peptide-
binding site. The PABC domain of EDD (residues 2393-
2452) was cloned and expressed in media supplemented
with >NH4Cl and "*C-glucose. The '°N-'H correlation spec-
trum of the unliganded domain was assigned using standard
triple resonance experiments (data not shown). Addition of a
peptide corresponding to the PAM2 motif of Paip2 (residues
106-127) caused specific chemical shift changes (in slow
exchange) in the '"N-'H spectrum of the EDD fragment.
The residues displaying the largest spectral changes upon
binding of the PAM2 peptide were Met2419, Lys2415,
Ala2445, Ala2396, Ile2449, Tyr2402 and Thr2417 (Figures
SB and C). We mapped the chemical shift changes on the
crystal structure of EDD PABC domain (Deo et al, 2001) to
identify the PAM2 binding site (Figure 5C). Comparison with
changes upon Paip2 binding to the PABC domain from PABP
(Kozlov et al, 2001) shows an identical pattern of chemical
shift changes. This suggests that the PABC domains from
PABP and EDD bind peptides in an identical fashion and with
overlapping specificity. Therefore, in vivo, PABP and EDD
likely compete for Paip2 PAM2 binding.

We next measured the affinity of the Paip2 peptide-PABC
domain of EDD interaction using a surface plasmon reso-
nance (SPR)-based sensor, Biacore. The EDD PABC domain
was covalently coupled at two different loadings and PAM2
peptides injected to measure binding (Figure 5D). The con-
trol-corrected steady-state equilibrium values (R.q) corre-
sponding to the various Paip2 peptide injections over the
different EDD surfaces were used to determine a global
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Figure 4 PABP depletion increases Paip2 ubiquitination. HeLa cells
were transfected with plasmid encoding His-ubiquitin (His-Ub) or
empty vector. At 24 h after transfection, cells were transfected with
control or PABP siRNA, and treated with the proteasome inhibitor
MG132. His-tagged ubiquitinated proteins were purified using
TALON metal affinity resin and anti-Paip2 antibody was used to
detect ubiquitinated Paip2 (Ubn-Paip2). Whole-cell extracts (WCE)
were subjected to Western blot analysis with the indicated anti-
bodies.

apparent Ky of 8.8uM for this interaction. This value is
20-fold higher than that observed for the identical peptide
binding to the PABC domain from PABP (Kozlov et al, 2004).

We also applied isothermal titration calorimetry (ITC) to
determine thermodynamics parameters of the EDD/Paip2
binding (Figure S5E). Addition of the Paip2 peptide to the
EDD PABC domain resulted in heat release allowing for
measurements of the enthalpy, entropy and Gibbs free energy
of binding. The interaction is dominated by favorable en-
thalpic effects (AH of —14.5kcalmol ') reflecting van der
Waals, hydrogen bonds, and electrostatic interactions. The
negative entropy value of —25.58 calmol ! indicates a loss of
disorder likely due to the immobilization of the peptide
backbone. The change in heat capacity upon binding (ACp)
measures changes in the degree of surface hydration and has
been used to estimate the ratio of polar to nonpolar surface
buried upon complex formation. The negative ACp of
—58calmol 'K ! indicates significant hydrophobic interac-
tions upon Paip2 binding to EDD. Comparison with the value
for peptide binding to the homologous domain from PABP
(—253 calmol ' K™!) suggests that ionic interactions are re-
latively more important in the case of the Paip2-EDD com-
plex. The Ky value determined by ITC, 6.0 uM, is in excellent
agreement with the value from SPR. In both cases, the
binding affinity of Paip2 to the EDD PABC domain is sig-
nificantly weaker than Paip2 binding to the homologous
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Figure 5 Paip2 interacts with EDD in vivo and in vitro. (A) Interaction of endogenous Paip2 and EDD. Extracts from HeLa cells transfected
with control or PABP siRNA for 48 h were subjected to immunoprecipitation (IP) with preimmune rabbit serum (Ig) or anti-Paip2 antibody.
The immunoprecipitates were subjected to Western blot analysis with anti-EDD, anti-PABP, and anti-Paip2 antibodies. As a negative control,
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Paip2-peptide binding to the PABC domain of EDD. Plot of amide chemical shift changes of PABC domain upon addition of the Paip2 peptide.
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(closed symbols). Solid lines correspond to the best global fit for binding to a single site. The insert shows the same data plotted with a linear
axis for the peptide concentration. (E) Calorimetric titration of EDD (2393-2452) with Paip2 (106-127) at 298 K. The panel shows the integrated
heat of each injection after correction for the heat of dilution of Paip2 and normalization for the amount of Paip2 injected. The curve represents
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the best fit to a model involving a single set of independent sites.

domain from PABP (0.3 uM; Kozlov et al, 2004). This differ-
ence may be due to the absence of the first o-helix in the
PABC domain from EDD as compared to the PABP domain
(Deo et al, 2001; Kozlov et al, 2001). In vivo, the higher
affinity of Paip2 for PABP likely protects Paip2 from degrada-
tion by EDD and serves to coordinately control the level of
Paip2.

Ubiquitination and degradation of Paip2 is mediated
by EDD

Next, we examined whether EDD directly catalyzes the
ubiquitination of Paip2 in an in vitro ubiquitination system.
Immunopurified EDD was incubated with either bacterially
expressed recombinant GST-Paip2 or GST, and other required
ubiquitination components (including E1 and E2). The pro-
ducts were isolated by using glutathione-agarose beads,
resolved by SDS-PAGE and then probed with anti-GST, anti-
Paip2 or anti-ubiquitin antibodies (Figure 6A). Omission of
El (lane 1) or E2 (lane 2) resulted in no ubiquitination. When
EDD was omitted (lane 3), one slower migrating than Paip2
molecular weight species was detectable, which probably

VOL 25 | NO 9 | 2006

corresponds to monoubiquitinated Paip2. No ubiquitination
was detected in the absence of His-Ub (lane 4). In the
presence of all components, GST-Paip2 underwent polyubi-
quitination (lanes 6 and 7), but GST was not affected (lanes 9
and 10). Probing with the anti-ubiquitin antibody confirmed
that the higher molecular weight conjugates of GST-Paip2
contained ubiquitin (lane 7). The anti-ubiquitin antibody
detected even higher molecular weight conjugates. These
conjugates likely contained multiple ubiquitin molecules
per moiety of GST-Paip2 and were therefore readily detected
with the anti-ubiquitin antibody (lane 7), but not detected
with the anti-Paip2 antibody (lane 6). This result demon-
strates that EDD is an E3 ubiquitin ligase for Paip2.
Consequently, it is anticipated that EDD depletion should
result in increased levels of Paip2. To address this possibility,
HeLa cells were transfected consecutively at a 24-h interval,
first with either control siRNA or EDD siRNA, and 24 h later
re-transfected with either control siRNA or PABP siRNA. At
24 or 48h after the second siRNA transfection, cell lysates
were subjected to immunoblotting with antibodies against
EDD, PABP and Paip2 (Figure 6B). Endogenous EDD was

©2006 European Molecular Biology Organization
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Figure 6 Ubiquitination of Paip2 is mediated by EDD. (A) Ubiquitination of Paip2 by EDD in vitro. EDD, isolated by immunoprecipitation with
anti-EDD antibodies from rat testis lysate, was incubated with E1, E2 (UBC4-1), His-ubiquitin, ubiquitin aldehyde, AMP-PNP and either GST-Paip2
or GST. Products were then isolated by using glutathione coupled beads. Higher molecular weight ubiquitinated forms of GST-Paip2 (lane 6,
asterisks) were detected by immunoblotting with anti-Paip2. As negative controls, immunoprecipitates obtained with preimmune rabbit IgG were
used in the in vitro ubiquitination assay (lane 3) or reactions were carried out with GST as substrate and detected with anti-GST antibodies (lanes 9
and 10). To confirm that the higher molecular weight bands in lane 6 contained ubiquitin, replicates of samples used in lanes 3 and 6 were
analyzed by immunoblotting with anti-ubiquitin antibody (lanes 7 and 8). Bands of ubiquitinated GST-Paip2 are marked with asterisks. The
positions of GST and GST-Paip2 are indicated by arrows. (B) Depletion of EDD by RNAi prevents Paip2 degradation. HeLa cells were transfected
consecutively at a 24-h interval with control or EDD siRNA. At 24 h following the second transfection, cells were transfected with control siRNA or
PABP siRNA. At 24 and 48 h after the second siRNA transfection, cell extracts were subjected to Western blot analysis with anti-EDD, anti-PABP
and anti-Paip2 antibodies. (C) Histogram of the relative amount of Paip2 from (B). Data are expressed as the percentage of Paip2 amount relative
to that in control siRNA-transfected cells (set at 100%). Error bars denote the standard error of four independent experiments.
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barely detectable after EDD siRNA transfections (lanes 2, 4, 6
and 8). Importantly, transfection of EDD siRNAs significantly
reduced (1.9- to 3.1-fold), the loss of Paip2 caused by PABP
depletion (compare lanes 3 to 4 and 7 to 8; Figures 6B and C).
Moreover, Paip2 levels were increased 1.5-fold following
transfection with EDD siRNA (lanes 1 and 2, and 5 and 6;
Figures 6B and C). Thus, endogenous EDD specifically med-
iates the degradation of Paip2.

Impact of PABP homeostasis on translation

To address directly the impact of PABP homeostasis on
translation, we first determined the effect of PABP knock-
down on translation of a reporter mRNA, firefly luciferase
(Fluc) (Figure 7A). Depletion of ~85% (Figure 7B) of PABP
resulted in only ~10% inhibition of translation of the repor-
ter mRNA (Figure 7A). We reasoned that this minimal effect
could be explained by the fact that Paip2 WT is degraded
under these conditions and, consequently, the activity of the
residual PABP would be enhanced. To test this hypothesis, a
mutated HA-Paip2 4KR that could not be ubiquitinated, and
whose degradation is only partial (Figure 7B), was trans-
fected into the PABP-siRNA treated cells. Under these condi-
tions, treatment of cells with siRNA against PABP caused a
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Figure 7 siRNA-mediated reduction of PABP affects translation.
(A) HeLa cells were transfected with the indicated HA-Paip2 plas-
mids and siRNAs as in Figure 3C. At 24h following the second
transfection, cells were transfected with in vitro transcribed capped
Fluc mRNA. Cells were harvested 6h later, and extracts were
subjected to Luciferase assay. Data are expressed as the percentage
of Fluc activity in cells transfected with control siRNA and WT HA-
tagged Paip2 (set at 100%). Error bars denote the standard deviation
from three independent experiments. (B) Western blot analysis of
the cell extracts from (A) was performed with the indicated anti-
bodies. (C) HeLa cells were transfected with the indicated siRNAs as
in Figure 6B. At 24 h following the second siRNA transfection, cells
were transfected with Fluc mRNA and then analyzed as in (A). Data
are expressed as the percentage of Fluc activity in cells transfected
with control siRNA (set at 100%). Error bars denote the standard
deviation from three independent experiments. (D) Western blot
analysis of the cell extracts from (C) was performed with the
indicated antibodies.
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significant reduction (50%; Figure 7A) in the translation of
the reporter mRNA. Taken together, our data show that PABP
activity is subject to homeostatic regulation via ubiquitina-
tion of its specific inhibitor, Paip2.

To further address the function of EDD in translation, we
determined the effect of EDD and/or PABP knockdown on
translation of Fluc mRNA (Figure 7C). HeLa cells transfected
with siRNAs against EDD or PABP exhibited a strong deple-
tion of the corresponding proteins (Figure 7D). Knockdown
of PABP did cause an inhibition of ~15% in the translation of
Fluc mRNA. Knockdown of EDD caused a greater inhibition
of translation (~45%), possibly because Paip2 levels were
increased (Figure 7D). However, a combined knockdown of
EDD and PABP caused no further inhibition (Figure 7C). The
lack of additive effect upon double knockdown of PABP and
EDD suggests that EDD and PABP are epistatic, and function-
ing through the same pathway. These results rule out a model
by which EDD knockdown inhibits translation through other
substrates or other means. Taken together, our data show that
EDD affects translation through Paip2 ubiquitination.

Discussion

In this study, we demonstrate that Paip2 is degraded via the
E3 ubiquitin ligase, EDD, and the proteasome following PABP
depletion in cells. Based on these observations, we propose a
model for the regulation of Paip2 by PABP (Figure 8). PABP
binds to Paip2 with a 1:2 stoichiometry (Khaleghpour et al,
2001a). One Paip2 molecule binds to the RRM region of PABP
through its PAM1 region while the second Paip2 molecule
interacts with the PABC domain of PABP through its PAM2
region. Here, we show that EDD also binds via its PABC
domain to Paip2. Significantly, we demonstrate that the same
motif in Paip2 (PAM2) interacts with the PABC domain of
both PABP and EDD and that the affinity of Paip2 for PABP is
higher than for EDD. We thus propose that PABP normally
prevents Paip2 ubiquitination by blocking Paip2 interaction
with EDD ubiquitin ligase by a direct competition. In PABP-
depleted cells, the PAM2 region of Paip2 is free to interact

i
1
i
1
Y
EDD PABC HECT

PABP knockdown

Paip2 unbiquitination and degradation

Figure 8 Model of ubiquitin-dependent degradation of Paip2. Two
PABC-containing proteins, PABP and EDD, regulate the turnover of
Paip2.
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with EDD, which leads to Paip2 ubiquitination and degrada-
tion through the 26S proteasome.

This is the first report describing that an E3 ligase com-
petes with another protein for binding to its target. Several
studies reported that protein stabilization can occur through
heterodimerization. A prime example is Saccharomyces cere-
visiae where MATa2 is protected from degradation by MATal
(Johnson et al, 1998). The a1 and o2 proteins are mating type
specific transcriptional regulators, which are short lived in
haploid cells, but stable in diploid cells where they are co-
expressed and heterodimerize. Other examples include the
inhibition of ubiquitination and stabilization of E2F1 by the
pRB tumor suppressor protein (Campanero and Flemington,
1997) as well as the abrogation of targeting of T-cell antigen
receptor o (TCRa) for ER degradation by CD3-3 (Bonifacino
et al, 1990).

What is the physiological importance of PABP regulation
by Paip2? Our results suggest that Paip2 acts as an effector of
PABP homeostasis. That is, a decrease in PABP levels aug-
ment Paip2 degradation via ubiquitination (Figure 8). As
Paip2 levels decrease, the relative amount of PABP, which
does not interact with Paip2 increases and the overall PABP
activity is restored by a positive feedback loop mechanism. It
is conceivable that, in vivo, Paip2 levels are tightly regulated
by this feedback compensatory mechanism in order to pre-
vent major deviations in PABP activity. PABP is an essential
protein: in S. cerevisiae, deletion of the PAB1 gene is lethal
(Sachs et al, 1987) and a P-element insertion in the
D. melanogaster PABP gene is embryonic lethal (Sigrist
et al, 2000). It will therefore be of interest to investigate
how changes in PABP levels correlate with Paip2 levels during
development, differentiation and growth. In this respect, EDD
was shown to be overexpressed in several cancers including
breast and ovarian tumors (Clancy et al, 2003; Fuja et al,
2004). In light of our results, it is likely that overexpression of
EDD results in increased ubiquitination and degradation of
Paip2. This in turn would result in increased activity of PABP
and enhanced translation, which could contribute to onco-
genic transformation (Kahvejian et al, 2001; Khaleghpour
et al, 2001b). This hypothesis is consistent with the observa-
tion that PABP is overexpressed in several tumors (Zhang
et al, 1997; Verlaet et al, 2001).

EDD plays an essential role in extraembryonic develop-
ment as EDD knockout embryos die at E10.5 (Saunders et al,
2004). EDD is also involved in many signaling pathways
including hedgehog signaling and DNA damage response
(Henderson et al, 2002; Honda et al, 2002; Lee et al, 2002;
Saunders et al, 2004). The interaction of EDD with proteins
such as calcium- and integrin-binding protein (CIB/KIP/cal-
myrin) and DNA topoisomerase II-binding protein 1 (TopBP1)
suggest a role for EDD in cellular DNA damage response
pathways (Henderson et al, 2002; Honda et al, 2002). The
binding of these proteins to EDD is mediated via the HECT
domain. Therefore, it would be of interest to study the
possible implications of these interactions for translational
control by Paip2.

A Paip2 mutant, 4KR, which cannot be ubiquitinated by
the traditional manner of isopeptide bond formation, only
stabilizes the protein to 46% of control levels (Figure 3C).
Only one of the four lysine residues lies in the PAM2 domain
(Figure 3C). Mutagenesis studies of peptides binding to the
PAM2 domain from Paip2 have been published (Kozlov et al,
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2004). While this lysine of PAM2 is not important for PABC
domain interaction with Paip2, it is expected that ubiquitina-
tion of this residue would abrogate PABC binding. We exam-
ined the interaction between PABP and HA-Paip2 4KR mutant
by co-immunoprecipitation experiments, and found it similar
to HA-Paip2 WT (data not shown). Using the in vivo ubiqui-
tination assay, we also examined the ubiquitination of HA-
Paip2 4KR mutant, and found that it is still ubiquitinated in
293 cells albeit to a lesser extent as compared to HA-Paip2
WT (data not shown). This raises the possibility that the
N-terminal amino group is also a site of ubiquitination
(Ciechanover and Ben-Saadon, 2004; Coulombe et al, 2004;
Kuo et al, 2004). Interestingly, EDD was recently identified as
a member of the UBR family of proteins, which recognize
N-terminal degrons (Tasaki et al, 2005). Although the second
amino acid of Paip2 is lysine, which is a destabilizing amino
acid in the N-end rule pathway and so might be recognized by
EDD, the UBR E3s classically ubiquitinate substrates on an
internal lysine residue (Chau et al, 1989). It remains possible
that there are additional pathways leading to Paip2 degrada-
tion. This hypothesis is favored by the observations that (a)
proteasome inhibitors do not completely stabilize Paip2; (b)
that EDD depletion only partly restores Paip2 stability and (c)
that deletion of the PAM2 motif destabilizes Paip2 (Figures
3A, B, 6B and 7D; data not shown).

Paipl and eRF3 have also been reported to interact with
PABP through their PAM2 motifs (Hoshino et al, 1999;
Khaleghpour et al, 2001b; Roy et al, 2002; Uchida et al,
2002). However, we demonstrate that Paipl and eRF3 are
not degraded in PABP-knockdown cells (Figure 1B). This
result was not predicted since the PAM2 motifs within
Paipl and eRF3 are similar to that in Paip2 and would be
expected to bind to EDD. It may be that the PAM2 motif is not
sufficient for degradation of these proteins or that an addi-
tional yet unknown factor is required for specific ubiquitina-
tion of Paipl and eRF3. Alternatively, Paipl and eRF3 may be
stabilized by interacting with other proteins. Indeed, Paip1 is
known to interact with eIlF4A (Craig et al, 1998) and eRF3
with eRF1 (Hoshino et al, 1999).

In conclusion, we have described a novel mechanism
whereby protein stability is mediated by competition between
an E3 ubiquitin ligase and a functional partner (PABP) for a
specific binding site, such as the PAM2 motif of Paip2. This
may be an example of a hitherto unrecognized widespread
mechanism for coordinately regulating protein levels, and
in the case of PABP, could serve as a feedback mechanism to
control its activity in the cell.

Materials and methods

Cell culture and transfection

HeLa S3 and 293T cells were grown in Dulbecco’s modified Eagle’s
medium (DMEM, Gibco) supplemented with 10% fetal bovine
serum (Gibco) and penicillin/streptomycin solution (Gibco) in 5%
CO,. DNA transfection was performed using Lipofect AMINE Plus
reagent (Invitrogen) following the manufacturer’s protocol.

Plasmids

Full-length Paip2 (Khaleghpour et al, 2001b) was subcloned into
pcDNA3 with a hemagglutinin (HA) tag to generate pcDNA3-HA-
Paip2. pcDNA3-HA-elF4E was described previously (Pyronnet et al,
1999). Mutations in Paip2 were generated by site-directed mutagen-
esis of HA-Paip2 with the QuikChange site-directed mutagenesis kit
(Stratagene), according to the manufacturer’s protocol. The plasmid
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encoding the firefly luciferase, pSP72-LUC-A, was described
previously (Imataka et al, 1998).

Chemicals
MG132, Lactacystin, PSI and E64d were obtained from Calbiochem.
Compounds were dissolved in DMSO and used at the concentra-
tions indicated. Velcade (PS-341/Bortezomib) was obtained from
Millennium Pharmaceuticals, through Pierre Laneuville (McGill
University).

Antibodies and Western blotting

The following antibodies were used: rabbit polyclonal anti-PABP
(Imataka et al, 1998), rabbit polyclonal anti-Paipl (Craig et al,
1998), rabbit polyclonal anti-Paip2 (Khaleghpour et al, 2001b),
mouse monoclonal anti-eIF4E (BD Biosciences Pharmingen), rabbit
polyclonal anti-phospho-elFAE (Ser209) (Cell signaling), rabbit
polyclonal 4E-BP (Cell signaling), rabbit polyclonal anti-phospho-
4E-BP1 (Ser65) (Cell signaling), rabbit polyclonal anti-elF4AI
(Ferraiuolo et al, 2004), rabbit polyclonal anti-eRF3 (Hoshino
et al, 1999), rabbit polyclonal anti-EDD (Oughtred et al, 2002),
mouse monoclonal anti-HA (Berkeley Antibody Company), mouse
monoclonal anti-p-Actin (Berkeley Antibody Company), anti-
ubiquitin (Sigma; U5379), rabbit polyclonal anti-GST (Amersham
Pharmacia). Western blot analysis was performed as previously
described (Ferraiuolo et al, 2004; Roy et al, 2004).

Northern blotting

Total RNA was isolated using Qiagen RNAeasy kit according to the
manufacturer’s protocol. For Northern blots, 20 ug of total RNA was
resolved on a 1.2% agarose/formaldehyde gel, transferred onto a
Hybond-N membrane (Amersham Pharmacia), and probed with a
32p.]abeled random-primed DNA probe derived from the Paip2 open
reading frame.

Immunoprecipitation

For the crosslinking of anti-Paip2 antibody to protein A beads, 25 pl
of anti-Paip2 antibody was incubated with 300ul of protein A
Sepharose (Amersham Biosciences) in a final volume of 10ml
containing 0.2M triethanolamine-HCl (pH 9.0). Antibody and
beads were then crosslinked in 20 mM dimethyl pimelinediimidate
(DMP; Sigma) for 1h at room temperature. The reaction was
stopped by washing with 0.2 M ethanolamine-HCI (pH 8.0). Cells
were lyzed in buffer A (20 mM HEPES-KOH (pH 7.6), 100 mM KClI,
1mM DTT, 0.1 mM EDTA, 10% glycerol and 0.1% Nonidet P-40).
For immunoprecipitations, cell extracts (0.5-1mg of protein) were
incubated with anti-Paip2 antibody crosslinked to protein A beads
(bed volume of 30 ul) in a 300 pl total volume for 3 h at 4°C. Beads
were washed four times in 1ml of cold buffer A. Proteins were
eluted with 2 x Laemmli sample buffer, boiled for 5min, and
processed for Western blotting.

References

Adams J (2001) Proteasome inhibition in cancer: development of
PS-341. Semin Oncol 28: 613-619

Bonifacino JS, Cosson P, Klausner RD (1990) Colocalized
transmembrane determinants for ER degradation and subunit
assembly explain the intracellular fate of TCR chains. Cell 63:
503-513

Callaghan MJ, Russell AJ, Woollatt E, Sutherland GR, Sutherland
RL, Watts CK (1998) Identification of a human HECT family
protein with homology to the Drosophila tumor suppressor
gene hyperplastic discs. Oncogene 17: 3479-3491

Campanero MR, Flemington EK (1997) Regulation of E2F through
ubiquitin-proteasome-dependent degradation: stabilization by
the pRB tumor suppressor protein. Proc Natl Acad Sci USA 94:
2221-2226

Chau V, Tobias JW, Bachmair A, Marriott D, Ecker DJ, Gonda DK,
Varshavsky A (1989) A multiubiquitin chain is confined to
specific lysine in a targeted short-lived protein. Science 243:
1576-1583

Ciechanover A, Ben-Saadon R (2004) N-terminal ubiquitination:
more protein substrates join in. Trends Cell Biol 14: 103-106

1942 The EMBO Journal VOL 25| NO 9 | 2006

Ubiquitination assay
In vivo or in vitro ubiquitination assays were carried out as detailed
in Supplementary data.

In vitro transcription and RNA transfection

In vitro transcription of capped firefly luciferase (Fluc) mRNA was
described previously (Imataka et al, 1998; Svitkin et al, 2001). For
RNA transfections, the Fluc RNA (200ng) were transfected into
HeLa cells using DMRIE-C reagent (Invitrogen) or Lipofectamine
2000 (Invitrogen) following the manufacturer’s protocol. Cells were
harvested 6h post-transfection and luciferase activity was mea-
sured using the luciferase assay kit (Promega).

Small interfering RNA (siRNA) transfections

All siRNA duplexes were designed as 21-mers with 3’-dTdT
overhangs (Elbashir et al, 2002). siRNAs were purchased from
Dharmacon. The sequences of the siRNAs are as follows: siPABP#1,
5-AAGGUGGUUUGUGAUGAAAAU-3'; siPABP#2, 5-AACUAAGACC
AAGUCCUCGCU-3’; siPABP#2 INV, 5-AAUCGCUCCUGAACCAGA
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INV was used as a control. siRNA transfections were performed as
described previously (Costa-Mattioli et al, 2004; Ferraiuolo et al,
2004). All experiments were carried out with siPABP#1, except
where otherwise indicated.

Protein chemistry

PABC expression and purification, NMR spectroscopy, ITC measure-
ments and SPR-based biosensor analysis were carried out as
described in Supplementary data.

Supplementary data
Supplementary data are available at The EMBO Journal Online.
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