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p73 is a p53-related transcription factor with fundamental roles
in development and tumor suppression. Transcription from two
different promoters on the p73 gene results in generation of tran-
scriptionally active TAp73 isoforms and dominant negative ΔNp73
isoforms with opposing pro- and anti-apoptotic functions. There-
fore, the relative ratio of each isoform is an important determinant
of the cell fate. Proteasomal degradation of p73 is mediated by
polyubiquitination-dependent and -independent processes both
of which appear, thus far, to lack selectivity for the TAp73 and
ΔNp73 isoforms. Here, we describe the characterization of another
transcriptional target of TAp73; a ring finger domain ubiquitin li-
gase p73 Induced RING 2 protein (PIR2). Although PIR2 was initially
identified a p53-induced gene (p53RFP), low abundance of PIR2
transcript in mouse embryonic fibroblasts of TAp73 KO mice com-
pared with WT mice and comparison of PIR2 mRNA and protein
levels following TAp73 or p53 overexpression substantiate TAp73
isoforms as strong inducers of PIR2. Although PIR2 expression was
induced by DNA damage, its expression did not alter apoptotic re-
sponse or cell cycle profile per se. However, coexpression of PIR2
with TAp73 orΔNp73 resulted in an increase of the TA/ΔNp73 ratio,
due to preferential degradation of ΔNp73. Finally, PIR2 was able to
relieve the inhibitory effect of ΔNp73 on TAp73 induced apoptosis
following DNA damage. These results suggest that PIR2, by being
induced by TAp73 and degrading ΔNp73, differentially regulates
TAp73/ΔNp73 stability, and, hence, it may offer a therapeutic ap-
proach to enhance the chemosensitivity of tumor cells.
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TP73 is a member of the p53 family of transcription factors im-
plicated in development and tumor suppression (1). In addi-

tion to the presence of alternative splicing at the 3′ end of mRNA,
leading to generation of several different isoforms, the TRP73
gene contains two promoters coding for isoforms with or without
the transactivation domain, TAp73 and ΔNp73, respectively (2).
The ΔNp73 isoforms have a very important regulatory role as,
for example, they exhibit dominant negative activity toward the
tumor suppressor functions of both TAp73 and p53. This in-
hibitory function depends on either dominant negative competi-
tion for DNA binding sites (3, 4) or on oligomerization of ΔNp73
with TAp73 isoforms and p53 (5, 6). Moreover, overexpression of
ΔNp73 confers chemoresistance to cancer cell lines (7, 8) and
increased levels of ΔNp73 in primary tumors has been shown
to correlate with poor prognosis (6, 9). The regulatory loop is
completed by transcriptional activation of ΔNp73 by both TAp73
and p53 (10–12). Therefore, accumulating evidence supports the
fact that an imbalance between TAp73 and ΔNp73 protein levels
may be of great importance in both tumorigenesis and resistance
to chemotherapy.
In response to genotoxic stress, TAp73 rapidly accumulates due

to reduced degradation along with increased stabilization due to
acetylation by p300, tyrosine phosphorylation by c-abl, and PML
interaction (13–16). Following accumulation, and owing to its struc-

tural similarity to p53, TAp73 binds to p53-responsive elements to
activate target genes to induce cell cycle arrest, senescence, or ap-
optosis (2, 17, 18). Theapoptotic function of p73 is further enhanced
through a transcription-independent pathway, which involves pro-
teolytic cleavage by activated caspases and mitochondrial localiza-
tion (19). In contrast, in response to DNA damage,ΔNp73 isoforms
are preferentially degraded by an unknown mechanism, thus eli-
minating their dominant negative effects and allowing TAp73 and
p53 to exert their proapoptotic activities (20). Even though TAp73
and ΔNp73 show a clear differential degradation, the molecular
mechanism underlying this difference is still unknown. A better
understanding of these mechanisms will be crucial to the design of
other cancer therapies.
We previously performed a microarray analysis to identify the

transcriptional targets of p73 (21). Among these, we identified
a ring finger domain ubiquitin ligase variously named as in be-
tween ring finger domain containing protein 2 (IBRDC2), ring
finger protein 144b (RNF144b), and p53 induced ring finger
protein (p53RFP). This protein was originally shown to regulate
the stability of p21, and the human sequence is located on 6p22.3
with the accession number AK096832. The sequence is shown in
Fig. S1, together with the high degree of sequence conservation
of the orthologs from Drosophila and zebrafish to man. Fig. S1
also shows the structure of the protein as well as cellular local-
ization. Because, in our hands, the protein is not induced by p53,
we refer to it as p73-Induced Ring Protein 2 (PIR2), and, in the
present study, we characterize the functional consequences of its
p73-mediated transactivation.
Consistent with PIR2 expression being regulated by TAp73,

MEF’s from TAp73 KOmice have significantly lower steady state
levels of PIR2. We have generated a PIR2-specific antibody and
shown that PIR2 protein expression is induced in response to
DNA damage without a significant change in the apoptotic re-
sponse or cell cycle profile. Coexpression of PIR2 with TAp73
or ΔNp73 resulted in preferential degradation of the ΔNp73
isoform in an ubiquitin-dependent manner, with a resulting in-
crease in the TA/ΔNp73 protein ratio. Correspondingly, coex-
pression of PIR2 together with ΔNp73 relieved the inhibitory
effect of ΔNp73 on TAp73 mediated apoptosis. These results
suggest that PIR2, by differentially regulating TAp73 and ΔNp73
protein stability, may both promote apoptosis of tumor cells and
enhance their chemosensitivity. PIR2 is therefore a therapeutic
target, and agents that enhance its activity may usefully comple-
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ment existing therapies particularly in chemoresistant tumors
expressing high endogenous levels of ΔNp73.

Results
TAp73 Induces Expression of the Ring Finger Protein PIR2. To test the
possibility that p73 is able to transcriptionally induce PIR2, as
originally suggested by the microarray analysis, we used SaOS-2
cells expressing TAp73 or ΔNp73 under the control of a tet-
inducible promoter (22). Under normal conditions these cells
express only low levels of PIR2 transcripts. Following induction
of TAp73, but not ΔNp73, expression, PIR2 levels increased
significantly as detected by real-time and semiquantitave–RT-
PCR (Fig. 1A and Fig. S2A). By real-time PCR, PIR2 mRNA
was increased 14-fold within 24 h of TAp73 induction (Fig. 1A).
Induction of p53 expression in the SaOS-2-p53-inducible cell
line did not cause any change in the PIR2 mRNA level (Fig. S2 B
and C). To further evaluate transcriptional activation of PIR2 ex-
pression by TAp73, we cloned regions −690/+ 47 and −1068/+47
of the PIR2promoter into the pGL3 basic reporter plasmid. TAp73
expression resulted in a 60-fold induction of the short promoter
region, whereas the longer promoter showed less activity, suggest-
ing the presence of an inhibitory site/sites between−1068 and−690.
ΔNp73 failed to activate both the long and the short promoter
regions as detected by luciferase assays (Fig. S2D).
Serial deletions from−690 to−211 resulted in a decrease of p73

transcriptional activity on the PIR2 promoter, probably due to
a progressive deletion of responsive promoter elements (Fig. 2E).
A further deletion up to −148 almost totally abolished tran-
scriptional activity, suggesting that the region spanning nucleotide
−211/−148 harbored the p73 responsive elements. Nucleotide
sequence analysis of this region identified a full p73 responsive
element located at position −169. Mutating the CAGG residues
at position −163 to TTAA and CAAG residues at position −153
to TTAA (Mut I and II, respectively) by site directed mutagenesis
produced a profound reduction of p73 transactivation activity
indicating this region as the major p73 binding site on the PIR2
promoter (Fig. 1B). To confirm that PIR2 is a bona fide target of

TAp73, we measured PIR2 levels in the embryonic fibroblasts
(MEF) of TAp73 WT and KO mice by real-time PCR. The 70%
reduction in PIR2 levels in TAp73 KOMEFs compared with WT
MEFs, suggested that TAp73 is an important regulator of PIR2, at
least in MEFs (Fig. 1C).
To study PIR2 and its induction by p73 at the protein level, we

generated an antibody against PIR2. The antibody was reactive
with HA-tagged overexpressed PIR2 protein (Fig. S3A). To con-
firm the specificity of this antibody, we used various approaches.
First, we performed semiquantitative–RT-PCR to analyze PIR2
expression levels in different lines and compared this with the
presence or absence of PIR2 antibody reactive proteins byWestern
blotting (Fig. S3A). High levels of PIR2 transcripts in MDA-MB-
231 and MDA-MB-468 cells correlated well with the presence of
a protein migrating at a similar rate to HA-tagged PIR2. Likewise
no protein band was detected in SHSY5Y and K562 cells, which
do not have detectable levels of PIR2 transcripts. Furthermore,
transfection of both MDA-MB-231 and MDA-MB-468 cells with
siRNA against PIR2 resulted in reduction of the PIR2-antibody
reactive protein level (Fig. S3B). The size of the PIR2 antibody
responsive band was calculated to be 40 kDa on a semilogarithmic
graph and this correlatedwith the expected size of the PIR2 protein
(Fig. S3C). Together these results clearly demonstrated that the
antibody generated against PIR2 is highly specific.
Next, we investigated if induction of TAp73 expression would

result in accumulation of PIR2 protein in SaOS-2 cells. During the
course of 72 h of TAp73 induction, PIR2 protein levels pro-
gressively increased (Fig. 1D). We also investigated the relative
effects of TAp73 and ΔNp73 on PIR2 expression at the protein

Fig. 1. p73 induces PIR2 expression. (A) Induction of PIR2 by TAp73. TAp73-
SaOS-2 tet-on cells were treated with doxycyclin (dox) and cells were col-
lected at the indicated time points. Quantitative analysis of PIR2 induction
was performed by real-time PCR. The PIR2 mRNA level was up-regulated
approximately 14-fold compared with basal level following 24–48 h of
TAp73 expression. Induction of PIR2 detected by semiquantitative PCR is
shown in the box. (B) TAp73 transactivates PIR2 promoter. Point mutations
targeting the −211/−148 region caused a marked reduction of transcrip-
tional activity of p73 on PIR2 promoter. (C) Expression of PIR2 in TAp73 KO
MEFs. TAp73 KO MEFs have reduced PIR2 transcript compared with WT
counterparts. cDNA from WT and TAp73 KO MEFs were used to quantitate
PIR2 mRNA level by real-time PCR. (D) TAp73 induces PIR2 protein expres-
sion. Induction of PIR2 was also evident at protein level in TAp73 inducible
SaOS-2 cells. PIR2 protein was detected in TAp73 expressing cells, whereas
the uninduced cells had no detectable PIR2 protein.

Fig. 2. PIR2 expression modulates TAp73α and ΔNp73α protein levels. (A)
Effect of PIR2 expression on endogenous TAp73α was analyzed by using
HCT116 cells stably transfected with the plasmid harboring PIR2 cDNA under
the control of a doxycylin-regulated promoter (tet-on PIR2-HCT116). PIR2
expression resulted in twofold induction of TAp73α expression. (B) TAp73α
protein levels during DNA damage. Tet-on PIR2-HCT116 cells were treated
with 100 μM etoposide for 24 h in the presence or absence of PIR2. En-
dogenous TAp73α accumulation was more evident in cells expressing PIR2.
(C) ΔNp73α-SaOS-2 tet-on cells were transfected with the myc-PIR2 plasmid,
and 24 h after transfection cells were induced to express ΔNp73. Cells were
harvested 24 or 48 h after induction, and total cell lysate was used to assess
p73 levels by Western blotting. Less ΔNp73α protein was detected in cells
that express PIR2. All Western blots were subjected to densitometric analysis
and results were normalized based on actin expression levels and reported in
graphical form (Right).
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level. To this end, we transfected H1299 cells with the indicated
plasmids and assessed PIR2 protein levels by Western blotting.
As expected, ΔNp73 failed to induce PIR2 expression, whereas
TAp73 (both α and β isoforms) induced PIR2 expression effi-
ciently (Fig. S3D), further supporting the hypothesis that TAp73
is a strong inducer of PIR2.
To demonstrate the in vivo efficiency of TAp73 to induce

PIR2 at protein level, we first determined the specificity of our
antibody in mouse by silencing PIR2 in MEFs with siRNA. As
shown in Fig. S3E, silencing of PIR2 resulted in reduction of the
antibody reactive protein, indicating that the antibody is reactive
with mouse PIR2. Mouse PIR2 migrated at a slightly slower rate
compared with human PIR2 (Fig. S3E). Comparison of PIR2
levels in different mouse tissues revealed that PIR2 is highly
expressed in brain (Fig. S3F). We compared PIR2 levels in the
cortex of TAp73 WT and KO mice and showed that the absence
of TAp73 results in reduction of PIR2 protein levels (Fig.S3G).

PIR2 Expression Modulates p73 Protein Stability. Toassess functional
consequences of PIR2 expression, we generated PIR2-inducible
HCT116 cells. These cells express TAp73α as the predominant
endogenous p73 isoform (19). Following induction of PIR2 ex-
pression for 48 h, we detected a slight increase in TAp73α levels
(Fig. 2A). However, accumulation of TAp73α became much more
evident following induction of DNA damage by etoposide and was
further increased in HCT116 cells expressing PIR2 (Fig. 2B). This
result suggested the presence of a positive feedback loop where,
following DNA damage, TAp73 increases its stability via a tran-
scriptional target. To analyze the effect of PIR2 expression on
ΔNp73, we used ΔNp73-inducible SaOS-2 cells. Expression of
PIR2 resulted in a reduction in ΔNp73 levels, compared with con-
trol cells, both 24 or 48 h after induction (Fig. 2C). Indeed, coex-
pression of PIR2 and TAp73 in H1299 cells resulted in an increase
in TAp73 protein levels (Fig. S4A), whereas coexpression of PIR2
and ΔNp73 resulted in a striking decrease in ΔNp73 levels (Fig.
S4B). This suggests that PIR2 expression may differentially regu-
late the relative abundance of TAp73 and ΔNp73 proteins. These
changes were only seen at the protein level, as PIR2 expression did
not change the mRNA level of either p73 isoform (Fig. S4C).

PIR2 Can Bind to p73 Isoforms and Affect Their Stability. Next, we
sought to investigate the mechanism by which PIR2 exerts dif-
ferential effects on TAp73α and ΔNp73α levels. To this end, we
first tested whether PIR2 can bind to p73 isoforms. A coimmu-
noprecipitation assay, following expression of PIR2 with TAp73α,
β, and γ or ΔNp73α in H1299 cells revealed a strong interaction
between ΔNp73α and PIR2 (Fig. 3A, lanes 7–8). TAp73 isoforms
were also able to bind to PIR2, although TAp73α and β bound
with a much lower affinity (Fig. 3A, lanes 1–2). The results were
confirmed with a reverse coimmunoprecipitation, where TAp73α
and ΔNp73α were pulled-down and the interacting amount of
PIR2 was analyzed (Fig. S5).
The binding affinities of the different p73 isoforms to PIR2

correlated well with their stability, as PIR2 expression resulted in
reduced amounts of TAp73γ and ΔNp73α isoforms (Fig. 3B).

PIR2 Induces Ubiquitination of ΔNp73. Degradation of most short-
lived proteins by the 26S proteasomes is mediated by the ubiq-
uitin system, where ubiquitin is covalently conjugated to the
substrate protein in a multistep process (23). We therefore asked
if PIR2 targets ΔNp73 for degradation through the ubiquitin-
dependent proteasomal pathway. For this purpose extracts of
HEK293 cells transfected with plasmids expressing, HA-tagged
Ub (Ub-HA), Myc-tagged PIR2 (Myc-PIR2), and Flag-tagged
ΔNp73α were subjected to immunoprecipitation with anti-Flag
antibodies and detected by Western blotting for HA and Flag.
Myc-tagged Itch (Myc-Itch) was used as a positive control. As
shown in Fig. 4A, whereas PIR2 was able to ubiquitinate ΔNp73α

efficiently; no ubiquitinated TAp73α conjugates were detected
upon cotransfection with PIR2. Together these data indicate that
PIR2 induces ΔNp73 degradation by promoting its ubiquitination.
Furthermore, when PIR2 and ΔNp73α were coexpressed in

the presence of the proteasome inhibitor MG132, no change in
the ΔNp73α level was observed (Fig. 4B). We further confirmed
these results by measuring ΔNp73α half-life in the presence or
absence of PIR2 by a pulse chase assay using [35S]Met and Cys.
Although ΔNp73 levels declined progressively over 12 h in the
absence of PIR2, they do so significantly more rapidly when PIR2
is coexpressed (Fig. 4C). Together, these data suggest that PIR2
preferentially targets ΔNp73α for ubiquitination and proteasome-
mediated degradation.

PIR2 Expression Modulates the Apoptotic Response Following DNA
Damage. Although TAp73 is an important molecular mediator
of apoptosis induced by DNA damage, ΔNp73 confers chemo-
resistance to cancer cells (6, 7). Therefore, the ratio of the TAp73/
ΔNp73 isoforms is an important determinant of the response of
a cell to the DNA damaging agents. The opposite effect of PIR2
on TAp73 and ΔNp73 protein stability strongly suggested that
the main functional consequence of PIR2 expression might be
to alter the TAp73/ΔNp73 ratio and induce sensitivity to DNA
damaging agents.
This hypothesis led us first to investigate PIR2 expression fol-

lowing DNA damage. TAp73 accumulates rapidly following DNA
damage to induce cell cycle arrest or apoptosis (2, 18, 19). As PIR2
is a target of TAp73, treatment of cell lines with DNA damaging
drugs should also result in accumulation of PIR2. To test this, we

Fig. 3. PIR2 binds p73 and affects its stability. (A) PIR2 can bind TAp73γ and
ΔNp73α efficiently. HEK293 cells were transiently transfected to express
myc-PIR2 alone or in different combinations with HA-tagged TAp73α,
TAp73β, TAp73γ, or ΔNp73α. Cell extracts were immunoprecipitated with
anti-Myc antibody. The immune complexes were subjected to Western blot
analysis with anti-HA antibody. Aliquots of total cell extracts from un-
processed cells were directly subjected to immunoblot analysis with anti-HA
antibody or anti-myc antibody (input). (B) PIR2 expresion modulates TAp73γ
and ΔNp73α protein levels. Coexpression of PIR2 with TAp73α, TAp73β,
TAp73γ, or ΔNp73α resulted in detection of less TAp73γ or ΔNp73α protein.
H1299 cells were transfected with indicated plasmids and total protein was
used to assess p73 and PIR2 levels.
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treated MDA-MB-231 cells with different concentrations of eto-
poside or cisplatin and compared PIR2 levels by real-time PCR and
Western blotting. Both etoposide and cisplatin resulted in in-
duction of PIR2 expression (Fig. 5A, lanes 3, 5, 7, and 9 and Fig.
S6A). PIR2 induction also correlated with the increase in TAp73
levels in MDA-MB-231 cells (Fig. S6A). Furthermore, silencing of
endogenous TAp73 in MDA-MB-231 cells resulted in reduced
PIR2 protein levels (Fig. 5A).
To assess the functional consequence of PIR2 expression fol-

lowing DNA damage, we transiently transfected H1299 cells,
which do not express detectable levels of PIR2 protein (Fig. S6B),
with a plasmid encoding PIR2. Twenty-four hours after trans-
fection, we treated these cells with 100 μM cisplatin, 100 μM
etoposide, 100 mJ/cm2 UV-B, or 100 nM staurosporine. H1299
cells transfected with the control vector showed 30, 25, 20, and
40% mitochondrial membrane depolarization 24 h after treat-
ment with cisplatin, etoposide, UV, and staurosporine, respec-
tively (Fig. S6C). Cells that expressed PIR2 showed a very similar
mitochondrial membrane depolarization profile, suggesting that
PIR2 is not playing a direct role in apoptosis under these con-
ditions. Treatment of H1299 cells with low concentrations of
apoptosis inducing drugs resulted in alterations in the cell cycle
profile (Fig. S6C). Similarly, PIR2 overexpression did not modify
the effect of these drugs on cell cycle profile (Fig. S6C). To further
investigate the effect of PIR2 expression on cell cycle or apo-
ptosis, we silenced endogenous PIR2 in MDA-MB-231 cells by
short-interfering RNA (siRNA) and treated these cells with
staurosporine or cisplatin. Although treatment of MDA-MB-231
cells with these drugs resulted in up-regulation of PIR2 expres-
sion, siRNA successfully reduced PIR2 protein level in all treat-
ments (Fig. S6D). The levels of apoptosis and the cell cycle profile

of the cells transfected with siRNA were comparable to those of
cells transfected with scrambled RNA (scr) (Fig. S6E). In con-
clusion, PIR2 expression per se has no direct impact on cell cycle
or apoptosis under either normal or stress conditions.
The significant up-regulation of PIR2 by TAp73 without a change

in the apoptotic potential of the cells or cell cycle profiles, further
supported the hypothesis that the biological function of PIR2 may
be the fine-tuning of the TAp73/DNp73 ratio in response to stress.
To test this, HeLa cells were transfected with plasmids expres-

sing TAp73, ΔNp73, and PIR2 in different combinations. Forty-
eight hours after transfection cells were treated with cisplatin, UV,
or staurosporine. Expression of ΔNp73 or PIR2 did not have any
synergetic effect on baseline apoptosis caused by the treatment
(Fig. 5B). However, expression of TAp73 augmented apoptosis by
60%, 90%, and 40% in the case of cisplatin (lane 4), UV (lane 10),
and staurosporine (lane 16), respectively. Expression of ΔNp73
together with TAp73 conferred resistance to TAp73 mediated
sensitization to the treatments (lanes 5, 11, and 17) but PIR2
coexpression neutralized this effect by restoring the proapoptotic
activity of TAp73 (lanes 6, 12, and 18).

Discussion
Although the p53 protein is mainly inactivated in human cancers
through mutations, it is theoretically possible that TA isoforms of
p73 could assume its apoptotic function, because TAp73 has been
shown to be a genuine tumor suppressor (2). However, transcrip-
tion of apoptotic genes by TAp73 is inhibited by ΔNp73, which
is highly expressed in many cancers (7, 8), thus compromising
the potential proapoptotic role of TAp73. This suggests that it is
the ratio of TAp73/ΔNp73, which is important in determining the
sensitivity of individual cancers to apoptosis induction and thus
their chemosensitivity. In cell lines, DNA damage leads to a more
rapid decline in ΔNp73 than TAp73 expression, although the un-

Fig. 4. PIR2 induces ubiquitin mediated degradation of ΔNp73α. (A) PIR2
ubiquitinates ΔNp73. HEK293 cells were transiently cotransfected with ex-
pression plasmids for Ub-HA, Flag-TAp73α, Flag-ΔNp73α and Myc-PIR2. Myc-
Itch was used as a positive control. Forty-eight hours after transfection, cells
were treated with MG132 and then collected. Lysates were subjected to IP
using an anti-Flag antibody. Immune complexes were revealed with anti-HA
antibody. (B) MG132 blocks PIR2 mediated ΔNp73 degradation. H1299 cells
were transfected as in A in the ratio of 1:4. Cells were incubated with 10 μM
MG132 for 6 h before harvesting. (C) 35S pulse chase of ΔNp73: effect of PIR2
on protein half-life. H1299 cells were transfected as in B. Forty-eight hours
after transfection, cells were labeled for 1 h and chased for the indicated
times. Levels of ΔNp73 were evaluated at the indicated time points. Following
immunoprecipitation, autoradiography was performed; ΔNp73 bands were
quantified and results normalized to both incorporation at time 0 and to
total immunoprecipitated HA-p73 protein. The results of three independent
experiments (**P < 0.001, *P < 0.05) are represented. A representative ex-
ample of a 35S pulse-chase experiment showing autoradiographic andWestern
blotting results for HA-tagged ΔNp73α in the absence and presence of over-
expressed myc-tagged PIR2 is shown (Left).

Fig. 5. PIR2 modulates apoptotic response. (A) Induction of PIR2 following
DNA damage in MDA-MB-231 cells is p73 dependent. MDA-MB-231 cells
were transfected with scrambled (scr) or short-interfering RNA (siRNA)
against p73. Twenty-four hours after transfection, cells were treated with
10 μM or 20 μM etoposide (etop) or cisplatin (cpt) for 24 h. PIR2 and p73
levels were measured by Western blotting. (B) PIR2 reverts ΔNp73 inhibition
on TAp73 induced death. HA-TAp73 (1 μg), ΔNp73 (2 μg), and PIR2 (8 μg)
expression plasmids were transfected to HeLa cells as indicated. Thirty-six
hours after transfection, the medium was changed and cells were treated
with 100 μM cisplatin (9 h), 20 mJ/cm2 UV (6 h), or 20 nM staurosporine
(16 h). Cells were collected and subjected to flow cytometric analysis to
detect mitochondrial membrane depolarization.
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derlying molecular mechanisms are not well understood. Here, we
demonstrate that the ubiquitin ligase, PIR2, is induced by TAp73
and selectively degrades ΔNp73 and may provide one mechanism
whereby the TAp73/ΔNp73 ratio can be modulated.
p73 steady state protein levels are kept low under normal

physiological conditions through degradation by the 26S pro-
teasome, at least partly through the HECT-containing E3 ubiq-
uitin ligase Itch (24). This requires the interaction of the WW
domain of Itch with the PY region just before the SAM domain
of p73, and in particular the Y487 residue of TAp73. The same
interaction is conserved in p63 (25). Itch itself is directly regu-
lated by several interactors, including N4BP1 (13), JNK (26),
YAP (27). In addition to this major degradation pathway, the E3
ubiquitin ligase FBX045 can also target both TAp73 and ΔNp73
isoforms for proteasomal degradation mediated by the Nedd8/
cullin1/SCF complex (25). Another mechanism of p73 degrada-
tion involves the ubiquitin-independent 20S proteasomal path-
way, regulated by NAD(P)H quinone oxidoreductase 1 together
with NADH (26). Although the relative importance of each of
these pathways is still under evaluation, none of these mecha-
nisms explains the differential degradation of the TAp73/ΔNp73
isoforms. Under DNA damage, Itch is itself degraded, allowing
TAp73 stabilization, whereas ΔNp73 is rapidly degraded in an
Itch-independent fashion (13, 24). Thus, selective ΔNp73 deg-
radation remains an important open question.
Here we show that the PIR2 gene is up-regulated by TAp73

and selectively degrades ΔNp73. The sequence and domain struc-
ture of PIR2 (also known as RNF144b, IBRDC2, and p53RFP)
and alignments with its orthologs are shown in Fig. S1. Although
PIR2 has been previously described by two independent groups as
a modulator of cell cycle arrest and apoptosis (27, 28), in our ex-
perimental model PIR2was not induced by p53 overexpression and
did not induce cell cycle arrest or apoptosis when overexpressed.
We have quantified PIR2 induction by p73 by real-time PCR,

defined the p73 responsive elements on the PIR2 promoter and
measured PIR2 protein levels following overexpression of p73.
Moreover, we have shown that induction of PIR2 after DNA
damage inMDA-MB-231 cells was dependent on p73, as silencing
of p73 in these cells resulted in a significant reduction in PIR2
levels. We have also shown that PIR2 mRNA levels are lower in
TAp73KOMEFs and PIR2 protein levels are lower in TAp73KO
cortex. Together, these data suggest that TAp73 is an inducer of
PIR2 in vitro and in vivo.
Coexpression of PIR2 with TAp73α or ΔNp73α resulted in

preferential degradation of ΔNp73α, possibly due to differential
binding affinities of PIR2 to the different p73 isoforms. Indeed
when PIR2 was expressed with different N and C-terminal trun-
cated isoforms of p73, it showed a high binding affinity to TAp73γ
and ΔNp73α only. This suggests that TAp73α-PIR2 binding may
be inhibited due to conformational masking of the interaction site
resulting from interactions between the TA domain and the long
C-terminal sequence.
PIR2 expression did not result in degradation of TAp73α. On

the contrary, TAp73α protein was stabilized following PIR2 ex-
pression. Although this stabilization effect was less evident on

endogenous TAp73α in unstressed cells, at least four times more
TAp73α accumulated in PIR2-expressing cells exposed to DNA
damage compared with PIR2 negative counterparts. However, the
lack of interaction between TAp73α and PIR2 suggests an indirect
regulation of TAp73α stability by PIR2 following DNA damage.
These data support the hypothesis that PIR2 may have a key

function in regulating p73 function, through fine-tuning the TAp73/
ΔNp73 ratio (Fig. S7). In keeping with this, coexpression of PIR2
together with ΔNp73 relieved the inhibitory effect of ΔNp73 on
TAp73 mediated apoptosis. These results suggest that due to its
ability to differentially regulate of TAp73 and ΔNp73 protein sta-
bility, PIR2 may be a potential therapeutic target, especially in
tumors exhibiting increased ΔNp73 expression.

Materials and Methods
Cell Culture, Drug Treatments, and Transfections. All cells were grown as
recommended by ATCC. Lipofectamine-2000 reagent (Invitrogen) was used
for transfections. PIR2 inducible HCT116 stable cell lines were generated by
using the T-Rex system (Invitrogen). Apoptosis and cell cycle analysis was
assessed by flow cytometry using TMRE or PI staining, respectively, as de-
scribed previously (29). Cells were treated with etoposide, cisplatin, UV,
or staurosporine (Sigma) as indicated in figure legends. MG132 was from
Bio-Mol. Predesigned siRNA targeting PIR2 and p73 were purchased from
Ambion Ltd.

Plasmids and Luciferase Assay. Human PIR2 was cloned in pcDNA4/TO/myc-His
vector (Invitrogen). The putative promoter region of PIR2 was identified
by using PROSCAN and TSSG software, and the promoter regions were cloned
into the pGL3 basic reporter plasmid (Promega). Luciferase assays were per-
formed as described previously (30).

Antibodies and Immunoblot Analysis. The antibody against PIR2 was gener-
ated by using a C-terminal PIR2 peptide. Proteins were denatured, separated
on SDS polyacrylamide gels, and then transferred to nitrocellulose mem-
branes. Following protein transfer, blots were incubated in blocking solution
and then with a primary antibody for 1 h. Antibodies were used at dilutions:
1:1,000, anti-PIR2; 1:3,000, anti-p73-full length (31); 1:5,000, anti-HA-HRP
(Sigma); 1:500 anti-actin (Santa Cruz). Immunoreactive proteins were de-
tected using an enhanced chemiluminescence system (Pierce).

PCR. RNA extraction and cDNA synthesis were done as described before (32).
Equal amount of RNAwas used in cDNA synthesis and the quality of cDNAwas
tested by GAPDH amplification with the primer pair GF 5′ GGCTGAGAA-
CGGGAAGCTTGTCAT and GR 5′ CAGCCTTCTCCATGGTGGTGAAGA. Transcript
analysis was done with the following primers SQ-F 5′ ATGGGCTCAGCTG-
GTAGGC and SQ-R 5′ GTGTCCTGTTGCAGACTGT C. The primers used for real
time PCR were PIR2-278F: CCAGGGATTGAGGAGACTGAAG and PIR2-349R:
GCGAGATAGTGGAGCCTACCA.

Immunofluorescence. H1299 were transfected with full-length PIR2-myc
construct and plated on coverslips. Immunofluorescence was performed as
described previously (33). Slides were analyzed with a confocal laser micro-
scope (ZEISS LSM 510).
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