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The serine threonine kinase checkpoint kinase 2 (CHK2) is a DNA damage checkpoint protein important for the ATM-p53
signaling pathway. In addition to its phosphorylation, CHK2 is also ubiquitylated, and both post-translational modifications are
important for its function. However, although the mechanisms that regulate CHK2 phosphorylation are well established, those
that control its ubiquitylation are not fully understood. In this study, we demonstrate that the ubiquitin E3 ligase PIRH2
(p53-induced protein with a RING (Really Interesting New Gene)-H2 domain) interacts with CHK2 and mediates its
polyubiquitylation and proteasomal degradation. We show that the deubiquitylating enzyme USP28 forms a complex with PIRH2
and CHK2 and antagonizes PIRH2-mediated polyubiquitylation and proteasomal degradation of CHK2. We also provide evidence
that CHK2 ubiquitylation by PIRH2 is dependent on its phosphorylation status. Cells deficient in Pirh2 displayed accumulation
of Chk2 and enhanced hyperactivation of G1/S and G2/M cell-cycle checkpoints. This hyperactivation was, however, no longer
observed in Pirh2� /�Chk2� /� cells, providing evidence for the importance of Chk2 regulation by Pirh2. These findings
indicate that PIRH2 has central roles in the ubiquitylation of Chk2 and its turnover and in the regulation of its function.
Cell Death and Differentiation (2013) 20, 812–822; doi:10.1038/cdd.2013.7; published online 1 March 2013

PIRH2 (p53-induced protein with a RING (Really Interesting
New Gene)-H2 domain), also known as RCHY1, encodes for
an ubiquitin (Ub) ligase that is transcriptionally regulated by
p53.1 PIRH2 interacts with the active tetrameric form of p53,
mediates its ubiquitylation and regulates its turnover via Ub–
proteasome mechanisms.1,2 PIRH2 exerts its ubiquitylation
function in cooperation with the E2 Ub-conjugating enzyme
UbcH5b.1 A recent study indicated that PIRH2 negative
regulation of p53 is enhanced in the presence of the
ubiquitylation factor E4B.3 In addition to p53, other ubiquityla-
tion substrates have been also reported for PIRH2, including
c-Myc,4 p27kip1,5 e-COP,6 the signal recognition particle
receptor b subunit,7 the DNA polymerase eta8 and p73.9,10

The serine threonine kinase CHK2 (checkpoint kinase 2) is
a checkpoint effector important for the signaling of DNA
double-strand breaks and the activation of cell-cycle check-
points.11 In response to DNA damage, ataxia telangiectasia
mutated (ATM) phosphorylates CHK2 on its threonine 68
(T68) and allows it to interact with the FHA domain of another
CHK2.12–14 This dimerization of CHK2 leads to its autopho-
sphorylation on T383 and T387 and promotes its full
activation.15–17 CHK2 phosphorylates p53 on Serine 20
(S23 for mouse) in response to DNA damage and has also
other phosphorylation substrates, including PML, E2F1,
CDC25C and BRCA1, highlighting its importance in pro-
cesses such as DNA repair, cell-cycle arrest, apoptosis
and senescence.18 CHK2 is also involved in DNA repair via
the phosphorylation of Forkhead Box M1.19 In addition, in

collaboration with BRCA1, and independently of p53, CHK2 is
required for the normal progression of mitosis and chromo-
somal stability.20,21

Although Chk2 is phosphorylated and activated primarily by
the kinase ATM, it is also ubiquitylated; however, the
mechanism of this ubiquitylation remains poorly under-
stood.11 In this study, we report that PIRH2 interacts with
CHK2 and mediates its polyubiquitylation and proteasomal
degradation. Our data indicate that phosphorylation status of
CHK2 and Ub-specific-processing protease 28 (USP28) have
important roles in balancing PIRH2-mediated CHK2 ubiquity-
lation turnover. Consistent with the role PIRH2 has in the
regulation of CHK2 stability, its deficiency resulted in higher
levels of Chk2 protein and increased DNA damage induced
phosphorylation of its substrates. Thus, CHK2 ubiquitylation
by PIRH2 is important for the regulation of its turnover and
therefore represents an important regulatory mechanism for
the function of this kinase.

Results

Pirh2 deficiency leads to accumulation of Chk2 protein.
Immunohistochemistry analysis of the expression levels of
Chk2 in the spleen and thymus of Pirh2� /� mice and their
wild-type (WT) controls indicated elevated expression level
of Chk2 in Pirh2-deficient cells (Figures 1a and b). We next
examined the effect of Pirh2 deficiency on Chk2 expression
under DNA-damaging conditions. WT and Pirh2� /�
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splenocytes and thymocytes were subjected to 6 Gy of
g-irradiation and Chk2 expression was examined by western
immunoblotting at different time points post irradiation. Our
data indicated higher accumulation of Chk2 protein in
irradiated splenocytes and thymocytes from Pirh2� /� mice
compared with WT littermates (Figures 1c and d). As the
kinase ATM is central to the DNA damage response and
functions upstream of Chk2 in the DNA double-strand break
signaling cascade,22 we examined the effect of Pirh2
deficiency on its levels of expression and autophosphoryla-
tion (Ser1981). Western blot analysis indicated no significant
changes in the expression or autophosphorylation levels of
Atm both under untreated conditions or in response to
g-irradiation (Figure 1c). However, consistent with the
elevated expression level of Chk2 in irradiated Pirh2-deficient
cells, the phosphorylation levels of Chk2 substrates p53

(S23) and E2F1 were found higher post irradiation in
Pirh2� /� thymocytes compared with WT controls (Figures
1e and f). These data support the importance of Pirh2 in the
regulation of Chk2 turnover under normal conditions and in
response to DNA damage.

Pirh2-deficient cells display Chk2-dependent defects of
G1/S and G2/M cell-cycle checkpoints. Chk2 has impor-
tant roles in the activation of G1/S and G2/M cell-cycle
checkpoints in response to DNA double-strand breaks.22

Therefore, we wanted to determine whether its accumulation
in the absence of Pirh2 affects the activation of G1/S and
G2/M checkpoints. Pirh2� /� mouse embryonic fibroblasts
(MEFs) displayed elevated activation of the G1/S checkpoint
as indicated by the significantly reduced fraction of these
cells in S phase compared with WT controls in response
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Figure 1 Loss of Pirh2 leads to accumulation of Chk2. (a) Immunohiostochemistry analysis of the expression level of Chk2 in spleen of 10-week-old Pirh2� /� mice and
WT littermates. (Bar¼ 10mm). (b) Immunohiostochemistry analysis of the expression level of Chk2 in thymus of 10-week-old Pirh2� /� mice and WT littermates.
(Bar¼ 10mm). (c) Immunoblot (IB) analysis of the expression level of Chk2, Atm and pAtm (Ser1981) at different time points (h) post irradiation (6 Gy) of splenocytes from
Pirh2� /� mice and WT littermates. (d) IB analysis of the expression level of Chk2 in Pirh2� /� and WT thymocytes at different time points (h) post irradiation (6 Gy). (e) IB
analysis of the level of expression of Chk2 and its downstream substrate p53. WT and Pirh2� /� thymocytes were subjected to 6 Gy of irradiation, and the levels of Chk2, total
p53 and Ser23 phosphorylated p53 were assessed at different time points post irradiation. (f) Serine phosphorylation level of E2F1, a Chk2 substrate, in Pirh2-deficient cells.
WT and Pirh2� /� thymocytes were subjected to 6 Gy of irradiation, and cells were lysed 6 h later and immunoprecipitation (IP) performed using anti-E2F1 antibody.
Immunoprecipitates were subjected to IB analysis with anti-phosphoserine antibody. Data shown is representative of at least three independent experiments. IgG,
immunoglobulin G; WCL, whole-cell lysates
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to 10 Gy of g-irradiation (14.9%±4 versus 40%±6.9;
P¼ 0.018; Figures 2a and b). This enforced activation of
G1/S checkpoint in Pirh2� /� cells was no longer observed in
irradiated Chk2� /�Pirh2� /� MEFs (47.7%±2.7; P¼ 0.0015;
Figures 2a and b). Consistent with the role Chk2 has in G2/M
checkpoint activation, Pirh2� /� MEFs also displayed stronger
g-irradiation-induced activation of the G2/M cell-cycle check-
point as evidenced by the significantly reduced fraction of
these cells in M phase compared with WT controls
(30.85%±3.1 versus 18.1%±3; % P¼ 0.024; Figures 2c
and d). Interestingly, Chk2 deficiency in Pirh2� /� MEFs
restored their level of G2/M activation to a level similar to WT
controls (Chk2� /�Pirh2� /� MEFs versus WT MEFs;
P40.05; Figures 2c and d). Based on these data, we conclude
that increased Chk2 level in the absence of Pirh2 enforces the
activation of G1/S and G2/M cell-cycle checkpoints.

Pirh2 interacts with Chk2. To examine the mechanisms
that lead to the increased level of Chk2 proteins in the
absence of Pirh2, we first investigated the possible physical
interaction of these two proteins. Therefore, using HEK293T
cells, we expressed human PIRH2 alone or in the presence of
hemagglutinin epitope (HA)-tagged-WT or mutated (kinase
dead) Chk2. PIRH2 was readily co-immunoprecipitated by
anti-HA antibody in the presence of either HA-Chk2-WT or
HA-Chk2-kinase dead (Figure 3a). We also examined the
interaction of endogeneous Pirh2 and Chk2 using HEK293T
cells and thymocytes. Immunoprecipitation of human CHK2
brought down PIRH2 in HEK293T cells (Figure 3b). Murine
Chk2 was also detected in the Pirh2 immunoprecipitates from
WT but not Pirh2� /� thymocytes (Figure 3c).

We next examined whether Chk2 and Pirh2 directly
interact. Using in vitro GST pull-down assay, purified

Figure 2 Increased activation of G1/S and G2/M cell-cycle checkpoints in Pirh2� /� cells is abrogated by additional loss of Chk2. (a) Analysis of the effect of Pirh2 loss on
G1/S checkpoint activation. Early passage primary Pirh2� /� , Chk2� /�Pirh2� /� , Chk2� /� and WT MEFs were left untreated (UT) or irradiated with 10 Gy, and 18 h later
cells were pulsed with bromodeoxyuridine (BrdU) for 4 h. The percentage of cells in S-phase was determined by flow cytometry. A representative of at least three independent
experiments is shown. (b) Quantification of the percentage of cells remaining in S phase after irradiation relative to untreated controls. Data are presented as the mean±S.D.
of at least three independent experiments. Asterisk denotes statistical significance (Po0.05, Student’s t-test). (c) Analysis of the effect of Pirh2 loss on G2-M checkpoint
activation. Pirh2� /� , Chk2� /�Pirh2� /� , Chk2� /� and WT primary MEFs were irradiated with 2 Gy or left untreated, then allowed to recover for 1 h. Cells in M phase were
detected by staining with propidium iodide (PI) and phospho-H3 and flow cytometry. A representative of at least three independent experiments is shown. (d) Quantification of
the percentage of cells in M phase following irradiation relative to untreated. Data are presented as the mean±S.D. of at least three independent experiments. Asterisk
denotes statistical significance (Po0.05; Student’s t-test)
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recombinant hexahistidine epitope (His6)-tagged Chk2 and
GST-tagged PIRH2 proteins, we observed that Chk2 was
readily pulled down with PIRH2 (Figure 3d).

Collectively our data support direct physical interaction of
CHK2 and PIRH2 in mammalian cells.

Pirh2 polyubiquitylates Chk2 and mediates its protea-
somal degradation. Despite the compelling evidence for
the importance of ubiquitylation for the regulation of CHK2
stability,23–25 the mechanisms for this regulation remain to be
identified. Based on Chk2 interaction with Pirh2 and its
accumulation in the absence of this E3 ligase, we hypothe-
sized that Pirh2 might ubiquitylate Chk2 and regulate its

turnover. To test this hypothesis, we first used an intracellular
ubiquitylation assay and HEK293T cells expressing PIRH2,
HA-Chk2 and Myc-Ub. When HA-Chk2 proteins were
expressed at similar levels, the additional overexpression of
full-length PIRH2 significantly increased Chk2 polyubiquityla-
tion (Figures 4a and b and Supplementary Figure S1). By
contrast, Chk2 polyubiquitylation was reduced in the pre-
sence of the RING domain deleted PIRH2 (PIRH2DRing)
compared with full-length PIRH2 (Figure 4c and Supple-
mentary Figure S2a).

We next examined the effect of Pirh2 loss on the in vivo
level of Chk2 ubiquitylation. Thymocyte lysates were prepared
from WT and Pirh2� /� mice and were adjusted to contain
equivalent amounts of Chk2 protein to balance for the higher
Chk2 level in the absence of Pirh2. When the Chk2 proteins
immunoprecipitated from WT thymocytes were immuno-
blotted with anti-Ub antibody, we observed smears with
slower mobility (Figure 4d). These smears became more
pronounced when Chk2 was immunoprecipitated from WT
thymocytes treated with the proteasome inhibitor MG-132
(Figure 4d and Supplementary Figure S2b). By contrast, anti-
Ub antibody immunoblot analysis of immunoprecipitated
Chk2 from Pirh2� /� thymocytes indicated significantly
reduced smear intensity, even in the presence of MG-132
(Figure 4d and Supplementary Figure S2b).

To examine the ability of Pirh2 to directly ubiquitylate Chk2,
we performed in vitro ubiquitylation assays and assessed the
E3 ligase activity of GST-PIRH2 against His6-CHK2. Poly-
ubiquitylation of His6-CHK2 was observed only with the
additional presence of the GST-PIRH2 (Figures 4e and f
and Supplementary Figures S3a and b). This polyubiquityla-
tion was stronger in the presence of increasing concentration
of either PIRH2 or CHK2 (Figures 4e and f and Supplementary
Figure S3c).

Collectively, these data indicate that Chk2 is a substrate for
Pirh2-mediated ubiquitylation and that this ubiquitylation
leads to its proteasomal degradation.

Phosphorylation of Chk2 is critical for its ubiquitylation
by Pirh2. Chk2 stability is regulated by both ubiquitylation
and phosphorylation.23,26 Phosphorylation of human CHK2
on its S456 residue (S460 of mouse Chk2) regulates its
stability in response to DNA damage.26 We therefore
examined whether this Chk2 phosphorylation affects its
ubiquitylation by Pirh2. Mutation of S460 residue of mouse
Chk2 to alanine (SA mutant), to prevent phosphorylation of
this site, resulted in hyper-ubiquitylation of Chk2 (Figure 5).
In addition, mouse Chk2 carrying a substitution of S460
residue to aspartic acid (SD mutant), to mimic the phosphor-
ylation of this site, displayed a significantly lower level of
ubiquitylation by Pirh2 compared with the SA Chk2 mutant
(Figure 5).

We next performed pulse-chase analyses and examined
the effect of Pirh2 on the in vivo stability of Chk2. These
analyses indicated that expression in HEK293T cells of the
full-length PIRH2, but not its mutated form PIRH2DRING, leads
to decrease stability of HA-Chk2 proteins (Figures 6a and b).
In addition, our data indicated that S460A substitution of Chk2
promoted its degradation by PIRH2, whereas its S460D
substitution attenuated this degradation (Figures 6c and d).
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Together, these data indicate that the phosphorylation
status of Chk2 on S460 residue is critical for the regulation of
its turnover mediated by the E3 ligase Pirh2.

Cooperation of PIRH2 and USP28 in the control of CHK2
ubiquitylation and stability. It has been previously demon-
strated that Chk2 stability is regulated by the USP28.26,27 We

therefore hypothesized that PIRH2, CHK2 and USP28 may
form a complex and that through its deubiquitylase activities,
USP28 may restrain CHK2 ubiquitylation by PIRH2. To test
these hypotheses, we first expressed PIRH2, HA-Chk2 and
FLAG-USP28 in HEK293T cells and examined the ability of
these proteins to interact. Immunoprecipitation and western
blotting analyses indicated interactions of PIRH2, Chk2 and
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USP28 (Figure 7a and Supplementary Figure S4). We next
examined the effect of USP28 on PIRH2-mediated ubiquity-
lation of Chk2. Intracellular ubiquitylation assays
using HEK293T overexpressing PIRH2, HA-Chk2 and
FLAG-tagged USP28 indicated that USP28 decreased the
level of PIRH2-mediated ubiquitylation of Chk2 (Figure 7b).

To further confirm the importance of USP28 in counteracting
Chk2 ubiquitylation by PIRH2, we performed similar
intracellular ubiquitylation assays in the presence of the
catalytic-dead mutant USP28-C171A.27,28 In contrast to WT
USP28, its catalytic-dead form failed to significantly restrain
Chk2 ubiquitylation by PIRH2 (Figure 7c).
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Consistent with these data, elevated instability of Chk2
protein in the presence of PIRH2 was significantly rescued by
co-transfection of USP28 (Figures 7d and e). Collectively,
these data support a role for PIRH2 and USP28 in the
regulation of Chk2 ubiquitylation and turnover.

Discussion

The Ub–proteasome pathway is required for various cellular
processes, including DNA transcription, immune response,
cell cycle, cell death, DNA damage signaling and DNA
damage repair.29,30 The E3 ligase Pirh2 has been initially
reported to regulate the expression level of activated p53 via
its polyubiquitylation and proteasomal degradation.1,2 How-
ever, Pirh2 is not required for maintaining steady-state levels
of p53 under unstressed conditions.4,5,31

Similar to p53, the serine threonine kinase CHK2 has
important roles in response to stimuli that include DNA
damage and oncogenic activation and is an important
component of the ATM-p53 signaling pathway.18,32 Although
CHK2 is a stable protein with a half-time over 6 h,33,34 this
stability is reduced by a number of CHK2 mutations
associated with human malignancies, including testicular
tumors, lung tumors and tumors from Li–Fraumeni Syndrome
patients.35–38 Several lines of evidence suggest that in
addition to CHK2 phosphorylation its ubiquitylation also has
important role in the regulation of its stability.23,26,27 Both the
Ub E3 ligase Mdm2 and the acetyltransferase PCAF, which
also possesses an intrinsic E3 ligase activity, have been
reported to regulate CHK2 ubiquitylation and degradation.23

However, ubiquitylation of CHK2 and the regulation of its
turnover were independent of Mdm2 and PCAF E3 ligase
activities.23 Similarly, EDD was also reported to have a role in
the activation of CHK2; however, the ability of this Ub E3
ligase to mediate CHK2 ubiquitylation remains to be demon-
strated.39,40 A recent study has indicated the ability of the E3
ligase Rnf8 to ubiquitylate Chk2 and regulate its turnover.25

In this study, we provide evidence to support the importance
of the E3 ligase PIRH2 in mediating CHK2 ubiquitylation.
PIRH2 physically associated with CHK2 and mediated its
polyubiquitylation in vivo and in vitro. We also report that
CHK2 ubiquitylation by PIRH2 is important for the regulation
of its turnover. Expression of full-length PIRH2 protein, but not
its mutant form lacking E3 ligase activity, resulted in reduced
stability of CHK2 protein. In addition, and consistent with the
importance of Chk2 ubiquitylation by Pirh2 for its proteasomal
degradation, Pirh2-deficient cells displayed elevated expres-
sion level of Chk2 protein.

Ubiquitylation and phosphorylation processes are highly
interdependent, with many cases where phosphorylation of
proteins triggers their ubiquitylation41 (Figure 8). In response
to DNA double-strand breaks, the kinase activity of CHK2 is
upregulated following its phosphorylation by ATM and its
autophosphorylation.18 Phosphorylation of CHK2 is also
important for its protein stability. For instance, phosphoryla-
tion of human CHK2 protein on S456 (equivalent to
mouse S460), located in its kinase domain, is critical for the
regulation of its stability.23,26 Furthermore, in response to
genotoxic stress, CHK2 autophosphorylation on S379 (S383
for mouse Chk2) is required for its ubiquitylation by Cullin 1

containing E3 ligase complex and for its function in inducing
apoptosis.24 Data presented in this study provide evidence to
support the importance of phosphorylation of CHK2 for its
ubiquitylation and proteasomal degradation mediated by
PIRH2 (Figure 8). Although PIRH2 efficiently polyubiquity-
lated WT Chk2 and mediated its proteasomal degradation, the
phospho-mimic S460D mutant of Chk2 was resistant to
PIRH2-mediated polyubiquitylation and destabilization. Con-
versely, the inability of Chk2 to be phosphorylated on its S460
residue (S460A mutation) resulted in its hyper-ubiquitylation
and increased proteasomal degradation by PIRH2.

The kinase Chk2 is important for the activation of the G1/S
and G2/M cell-cycle checkpoints in response to DNA double-
strand breaks.18 Our observation that Chk2 ubiquitylation was
defective in the absence of PIRH2, leading to its increased
expression level, suggested the possibility that the accumu-
lated Chk2 in Pirh2-deficient cells may lead to enhanced
activation of G1/S and G2/M cell-cycle checkpoints. Indeed,
our data indicate higher activation of these cell-cycle
checkpoints in the absence of Pirh2. Interestingly, loss of
Chk2 in Pirh2� /� cells prevented the hyperactivation of these
checkpoints associated with Pirh2 deficiency. These data
suggest that the pronounced activation of G1/S and G2/M cell
checkpoints in Pirh2-deficient cells is associated with their
accumulated Chk2. Therefore, through its ubiquitylation of
Chk2 and the regulation of its turnover, Pirh2 emerges as an
important regulator of Chk2 physiological functions, including
in the activation of G1/S and G2/M checkpoints.

Collectively, our data indicate that PIRH2 regulates the
stability of CHK2 protein under unstressed conditions as well
as following CHK2 dephosphorylation post-genotoxic stress
(Figure 8). It is interesting to note that, in addition to PIRH2,
the E3 ligase RNF8 has also been shown to polyubiquitylate
CHK2 and mediate its proteasomal degradation in response
to DNA damage.25 The involvement of different E3 ligases in
the downregulation of CHK2 highlights the importance of the
regulation of the turnover of this checkpoint protein. We
propose that by ubiquitylating dephosphorylated CHK2, and
targeting it for proteasomal degradation, PIRH2 might
contribute to the shutdown of the DNA damage response.
We also conclude that, by regulating the turnover of CHK2 and
a number of other key proteins, including p53, p73 and
c-MYC, PIRH2 emerges as an E3 ligase that has important
roles, including in the DNA damage response and cancer.

Materials and Methods
Mice and MEFs. Pirh2� /� mice lacking exon 2 and 3 were previously
described4 and were in a C57BL/6 genetic background. Mice were genotyped
by PCR (primer sequences and PCR conditions available upon request).
Pirh2� /� mice were crossed to Chk2� /� mice42 to generate Chk2þ /�

Pirh2þ /� mutants. These double heterozygotes were subsequently intercrossed
to generate Chk2� /�Pirh2� /� , Pirh2� /� , Chk2� /� and WT MEFs from E13.5
embryos. All experiments were performed in compliance with the Ontario Cancer
Institute animal care committee guidelines.

Cell culture. MEFs and HEK293T cell lines were cultured in Dulbecco’s
modified Eagle’s medium (Gibco; Invitrogen, Burlington, ON, Canada) supple-
mented with 10% fetal bovine serum (FBS; Wisent, St-Jean-Baptiste, QC,
Canada). Thymocytes were cultured in RPMI1640 (Gibco) with 10% FBS.

Western blot and immunoprecipitation analysis. Proteins were
separated on 7.5, 10 or 12% Tris-Glysine SDS-PAGE home-made gels. For
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detection of Atm, proteins were separated on a 3–8% Tris-Acetate gradient
polyacrylamide gel (Invitrogen, Burlington, ON, Canada). The following antibodies
were used for Western blotting in 5% powdered milk in TBS-T: rabbit polyclonal
anti-p53 (FL393, Santa Cruz Biotechnology, Dallas, TX, USA), anti-phospho-p53
(Ser23; #9287, Cell Signaling), affinity purified anti-Chk2 (raised against murine
Chk230–47), anti-Atm (Cell Signaling, Danvers, MA, USA), anti-phospho-Atm
(Ser1981; Cell Signaling), anti-phospho-serines (Cell Signaling Technology), anti-
E2F1 (sc-193, Santa Cruz), anti-Pirh2 (BETHYL Laboratories, Montgomery, TX,
USA) and anti-b actin (Sigma, Oakville, ON, Canada).

HEK293T cells were transfected with expression plasmids encoding human
PIRH2 (pcDNA3-hPIRH2) and HA-tagged murine Chk2 (pcDNA3-HA-Chk2) using
the calcium phosphate method. Cells were lysed 48 h later in a solution containing
50 mM Tris-HCl (pH 7.4), 150 mM NaCl, 1% Triton-X, 1 mM PMSF, 400mM Na3VO4

and protease inhibitor cocktail tablet (Roche, Laval, QC, Canada). Lysates of
transfected HEK293T cells were centrifuged at 14 000� g for 10 min at 4 1C, and
the resulting supernatant was incubated with anti-HA antibody for 2 h at 4 1C.
Protein A-Sepharose (GE Healthcare, Mississauga, ON, Canada) that had been
equilibrated with the same solution was added to the mixture and the sample rotated
overnight at 4 1C. The resin was separated by centrifugation, washed four times with
ice-cold lysis buffer and then boiled in SDS sample buffer. Immunoblot analysis was
performed with anti-human PIRH2, anti-HA antibody (Y-11; Santa Cruz), anti-Ub
antibody (FK2; mouse monoclonal antibody; BIOMOL International (Plymouth
Meeting, PA, USA) and Covance, Princeton, NJ, USA), anti-FLAG M2 antibody
(Sigma), HRP-conjugated antibodies to mouse or rabbit immunoglobulin G

(1 : 10 000 dilutions, Cell Signaling) and an enhanced chemiluminescence system
(GE Healthcare).

Intracellular ubiquitination assay. HEK293T cells were transfected
using the calcium phosphate method. Expression plasmids encoding the full-
length human PIRH2 (WT) or a mutant lacking the ring finger domain (DR),
HA-tagged WT or mutant Chk2, Flag-tagged WT USP28 or USP28-(C171A)
(gifts from Dr. Elledge and Dr. Eilers) and Myc-tagged Ub were used for these
transfections. After 48 h, cells were lysed in a modified RIPA buffer ((2 mM Tris-
HCl (pH 7.5), 5 mM EDTA, 150 mM NaCl, 1% NP-40, 1% deoxycholate, 0.025%
SDS, 1 mM PMSF and protease inhibitor cocktail tablets (Roche)). Cell lysates
were centrifuged at 14 000� g for 10 min at 4 1C, and the resulting supernatant
was incubated with an affinity-purified rabbit polyclonal anti-Chk2 antibody for 2 h
at 4 1C. Protein A-Sepharose (GE Healthcare) that had been equilibrated with the
same solution was added to the mixture, which was then rotated overnight at 4 1C.
The resin was separated by centrifugation, washed four times with ice-cold lysis
buffer and then boiled in SDS sample buffer. Immunoblot analysis was performed
with anti-Ub (FK2; anti-mouse monoclonal antibody, BIOMOL International and
Covance) or anti-HA antibody (Y11; Santa Cruz), HRP-conjugated antibodies to
mouse or rabbit immunoglobulin G and enhanced chemiluminescence system.

In vivo ubiquitination assay. Thymocytes from 8-week-old WT and
Pirh2� /� mice were lysed in a modified RIPA buffer as described earlier. Cell
lysates were immunoprecipitated with affinity-purified rabbit polyclonal anti-Chk2
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antibody (first IP). The immunocomplexes were denatured in Laemmli’s sample
buffer (25 mM Tris pH8.3, 192 mM glycine, 0.1% SDS) to dissociate contaminant
proteins associated with Chk2 and reimmunoprecipitation (second IP) was
performed using anti-Chk2 antibody. The resin was separated by centrifugation,
washed four times with ice-cold lysis buffer and then boiled in SDS sample
buffer. Immunoblot analysis was performed with anti-Ub or anti-Chk2 antibodies,
HRP-conjugated antibodies to mouse or rabbit immunoglobulin G (1 : 5000
dilutions, Cell Signaling) and an enhanced chemiluminescence system (Amersham
Pharmacia, Baie d’Urfe, QC, Canada).

In vitro ubiquitylation assay. The ubiquitylation reaction was performed in
a volume of 20ml in a buffer of 50 mM Tris pH 7.6, 5 mM MgCl2, 2 mM ATP and
2 mM DTT. The reaction mixture contained recombinant human Ub-activating
enzyme E1 (50 ng), UBE2D2/UbcH5b (100 ng), Ub (5 mg), GST-PIRH2 (0.05–
0.5mg) and His6-tagged CHK2 (0.05–0.5mg). After incubation at 30 1C for 90 min,
the reactions were stopped by addition of SDS-PAGE sample buffer and resolved
on 7.5% SDS-PAGE gels. Ubiquitylated proteins were detected by western blot
using anti Chk2 and anti-Ub antibodies.

In vitro protein-binding assay. Recombinant proteins (1 mg of GST-
PIRH2 and 1 mg of His6-Chk2) were mixed at 4 1C in 100ml of protein-binding
buffer (25 mM HEPES at pH 7.4, 150 mM KCl, 2 mM MgCl2, 0.5% Triton X-100,
1 mM EGTA and 1 mg/ml BSA). Immunoprecipitation was then performed using
anti-Chk2 antibody, and the resulting precipitates were subjected to SDS-PAGE
and immunoblot analysis with antibodies to GST or His.

Pulse-chase analysis with cycloheximide. Cells were cultured with
cycloheximide at the concentration of 50mg/ml and incubated for various times.
Cell lysates were then prepared and subjected to SDS-PAGE. Immunoblot
analyses were performed using anti-HA and anti-PIRH2 antibodies.

Immunohistochemistry. Tissues fixed in 10% buffered formalin were
processed for paraffin-embedded sectioning at 5 mm and stained with hematoxylin
and eosin. Immunohistochemistry was performed using an anti-Chk2 antibody
raised against murine Chk2.30–47 Images were captured with HCX lenses on a
Leica DM4000B microscope (Wetzlar, Germany) equipped with digital camera
(Leica DC 300RF). Images were acquired using Leica Image Manager software.
All digital images were imported into Photoshop (Adobe, San Jose, CA, USA) and
adjusted for gain, contrast and gamma settings.

Recombinant proteins. His-tagged Chk2 was expressed in Escherichia coli
strain BL21 (DE3; Invitrogen) and purified using ProBond metal affinity beads
(Invitrogen). GST-tagged PIRH2 expressed in BL21 cells was purified by
glutathione-Sepharose beads (Roche).

G1/S checkpoint assay. Primary MEFs (passages 1–3) were either
untreated or irradiated (10 Gy) and left to recover for 16 h before pulsing with
10mM BrDU for 4 h. Cells were then fixed overnight with 70% ethanol and stained
with FITC-conjugated anti-BrDU antibody (e-Bioscience, San Diego, CA, USA)
and propidium iodide as previously described.43

G2/M checkpoint assay. Early passage primary MEFs (passages 1–3)
were left untreated or irradiated (2 Gy). One hour post irradiation, cells were fixed
with 70% ethanol overnight and then stained with FITC-conjugated anti-phospho
histone H3 (Ser10) antibody (Cell Signaling) and propidium iodide. Analysis of the
cells was performed using flow cytometry as previously described.43

Statistical analysis. The statistical significance of experimental data
(P-values p0.05) was determined using Graph Prism (Graph pad software, Inc
La Jolla, CA, USA) and ANOVA with or without Tukey–Kramer test.
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