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Cellular DNA damage triggers the DNA damage response pathway
and leads to enforcement of cell cycle checkpoints, which are
essential for the maintenance of genomic integrity and are acti-
vated in early stages of tumorigenesis. A special feature of prostate
cancer is its high incidence and multifocality. To address the
functionality of DNA damage checkpoints in the prostate, we
analyzed the responses of human primary prostate epithelial cells
(HPECs) and freshly isolated human prostate tissues to �-
irradiation. We find that �-irradiation activates the ataxia telan-
giectasia mutated-associated DNA damage response pathway in
the HPECs but that the clearance of phosphorylated histone H2AX
(�H2AX) foci is delayed. Surprisingly, �-irradiated HPECs were
unable to enforce cell cycle checkpoint arrest and had sustained
cyclin-dependent kinase 2 (Cdk2)-associated kinase activity be-
cause of a lack of inhibitory Cdk phosphorylation by Wee1A
tyrosine kinase. We further show that HPECs express low levels of
Wee1A and that ectopic Wee1A efficiently rescues the checkpoints.
We recapitulate the absence of checkpoint responses in epithelium
of ex vivo irradiated human prostate tissue despite robust induc-
tion of �H2AX. The findings show that prostate epithelium has a
surprising inability to control checkpoint arrest, the lack of which
may predispose to accrual of DNA lesions.

p53 � irradiation � cyclin-dependent kinase

The integrity of genomic DNA is challenged by genotoxic insults
originating from normal cellular metabolism or from external

sources. Cellular responses to DNA damage involve faithful dam-
age surveillance and checkpoint cascades enforcing cell cycle arrest,
thus facilitating damage repair, apoptosis, or cellular senescence
(1–4). The loss or alterations of genes involved in the damage
response pathways almost invariably lead to cancer and have been
found both in cancer susceptibility syndromes and in sporadic
tumors (4). Furthermore, the DNA damage surveillance pathways
are activated during early tumorigenesis presumably because of
uncontrolled replicative cycles (5, 6). The acute DNA damage
response includes activation of phosphatidyl inositol 3-kinase-
related damage sensor and transducer kinases ataxia telangiectasia-
mutated (ATM) and ATM and Rad3-related (ATR) phosphory-
lation of H2AX (�H2AX) and DNA damage foci formation (4, 7).
Activated ATM/ATR further propagates the damage signal by
phosphorylating and activating checkpoint effector kinases Chk2
and Chk1, leading to proteasome-mediated degradation of phos-
phatase Cdc25A (3, 8–10). The ATM/ATR–Chk2/Chk1 cascade
also functions in the phosphorylation and activation of p53 tumor
suppressor protein, resulting in transcriptional induction of
p21WAF1/CIP1 (hereafter p21) (11). After DNA damage, the cyclin-
dependent kinase (Cdk)–cyclin complexes are effectively inhibited
by p21 arresting the cells at G1/S and by down-regulation of Cdc25A
maintaining the Wee1A-mediated inhibitory tyrosine 15 (Tyr15)
phosphorylation on Cdk1/2, causing an intra-S and G2/M phase
arrest (9, 10). Defects in several of these molecules, including ATM,
Chk2, p53, and p21 can lead to an abrogated DNA damage

response, including defective cell cycle checkpoints, radioresistant
DNA synthesis, and cancer (3, 9, 12).

Prostate cancer is the most common noncutaneous malignancy
and the second leading cause of cancer mortality in men. Although
extensively investigated, we still have a very rudimentary under-
standing of the molecular mechanisms leading to the frequent
transformation of the prostate epithelium. Furthermore, even
though the importance of damage-inducible checkpoint pathways
has been recognized as one of the main barriers against tumor
formation, research on DNA damage pathways has not been
conducted in the prostate. This lack, in part, is the result of few
model systems, which include a limited number of established
prostate tumor cell lines and mouse models. Prostate tumor cell
lines contain numerous genetic changes and are thus unsuitable for
studies aiming to elucidate the primary causes for malignant
transformation. We therefore took an alternative approach and
chose to use primary cultures of human prostatic epithelial cells,
derived from radical prostatectomy specimens, as one of our model
systems. Four main cell types have been identified in prostatic
epithelium: basal cells, transit-amplifying cells, luminal epithelial
cells, and neuroendocrine cells. Primary cultures of human prostatic
epithelial cells (HPECs), established from prostatectomy speci-
mens, represent prostate progenitor or transit-amplifying cells.
These cells are thought to arise from pluripotent stem cells, they
express a combination of markers common to both basal and
luminal epithelial cells, they have limited self-renewal capacity, and
they are in the process of generating differentiated cell populations
but are not yet completely committed to a particular lineage
(13–15). A growing body of experimental evidence has implicated
the proliferating transit-amplifying cells as the cells of origin in
prostate cancer (15, 16). Thus, primary cultures of HPECs provide
an informative model system for studies into prostate tumorigen-
esis. In addition, we used a unique model of freshly isolated human
prostate tissues obtained from radical prostatectomies to verify our
in vitro findings.

This report establishes that the primary HPECs and prostatic
epithelium have an unexpectedly indulgent checkpoint surveillance,
as evidenced by the absence of inhibitory Tyr15 phosphorylation on
Cdk2, lack of p53 response, radioresistant DNA synthesis, lack of
G1/S and G2/M phase arrest, and presence of persistent �H2AX
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damage foci. We ascribe the absence of inhibitory Tyr15 phosphor-
ylation to low levels of Wee1A, a tyrosine kinase and negative
regulator of cell cycle progression (17–20). Ectopic Wee1A kinase
restored Cdk2-Tyr15 phosphorylation and efficiently rescued the
ionizing radiation (IR)-induced checkpoints in the HPECs. Be-
cause variability in the DNA damage responses has been shown to
underlie susceptibility to cancer, our results imply that a suboptimal
checkpoint arrest may greatly increase the accumulation of genetic
lesions in the prostate epithelia.

Results
HPECs Lack Multiple Checkpoints After Exposure to DNA Damage. To
investigate the cellular responses of HPECs to IR, we performed
flow cytometric analyses and monitored cell cycle distribution at
various time points. Checkpoint- proficient IR-treated WS1 human
diploid fibroblasts arrested initially in the S phase and subsequently
accumulated in the G2/M phase (Fig. 1A). Surprisingly, the cell cycle
profiles of IR-treated HPECs were similar to mock-treated cells,
indicating a failure to arrest in S or to accumulate in G2/M after IR
(Fig. 1A). Similarly, there was no increase in the sub-G1 fraction of
the cells, indicating a lack of apoptosis even at 48 h after IR (Fig.
1A). We then pulse-labeled exponentially growing mock- and

IR-treated HPECs and WS1 diploid fibroblasts with BrdU and
performed multiparameter flow cytometric analyses. A comparison
of cell cycle responses indicated that although the WS1 cells
presented proper intra-S and G2/M checkpoint enforcement after
IR, there were no corresponding responses in IR-treated HPECs
(Fig. 1B). We further performed BrdU pulse labeling of the
respective cells over an extended period. As expected, the S phase
fraction of WS1 cells was reduced by 50% after IR within 1 h,
whereas HPECs continued to enter and progress through the S
phase even at later time points (Fig. 1C). We further tested for the
presence of a possible G2/M phase arrest by using Ser10-
phosphorylated histone H3, a mitosis marker. Although in U2OS
osteosarcoma cells histone H3 Ser10 positivity decreased within 4 h,
there was no change in the HPECs, further confirming the absence
of G2/M phase arrest (Fig. 1D).

Early DNA Damage Signaling Is Intact in HPECs. To address whether
the lack of damage-induced checkpoints was the result of a defect
in DNA damage sensor and mediator molecules, we analyzed DNA
damage foci formation in IR-treated HPECs. For this purpose, the
cells were stained for �H2AX, Nbs1, and Rad50, which are early
markers of DNA lesions (2, 7). As shown in Fig. 2A, the early
damage response was intact, and �H2AX, Nbs1, and Rad50 redis-
tributed into nuclear foci after exposure to IR. To address whether
the lack of checkpoint enforcement reflects the rate of recovery
from the IR-induced damage, we investigated the number of
�H2AX foci-positive HPECs over a time course during which a
majority of damage is expected to be repaired (21) and used WS1
cells as a control. In WS1, cells the �H2AX foci were cleared by 12 h
(Fig. 2 B and C). Similar kinetics for clearance was observed in
Mv1Lu epithelial cells (data not shown). However, in HPECs the
clearance of �H2AX foci was significantly slower, and 36% of
IR-treated cells were still positive after 12 h compared with 13% of
mock-treated cells (Fig. 2 B and C). Even at 48 h after treatment,
the levels of �H2AX were still elevated by 1.5-fold compared with
mock-treated cells (data not shown). These results imply that the

Fig. 1. HPECs lack multiple checkpoints after exposure to DNA damage. (A)
HPECs and WS1 cells were mock- or IR-treated, and flow cytometric analysis
was performed. Results shown are representative of six separate experiments
of three HPEC strains. (B) HPECs and WS1 cells were mock- or IR-treated,
incubated for 4 h, and pulsed with BrdU for the last 30 min. Cells were stained
with an anti-BrdU-antibody (y axis) and propidium iodide (x axis). (C) After
mock or IR treatment, the cells were labeled with BrdU, and cells positive for
BrdU were analyzed by immunofluorescence. Error bars represent SD of
duplicate samples. The incorporation of BrdU in IR-treated relative to mock-
treated cells is shown. White bars, HPECs; gray bars, WS1 cells. (D) Cell extracts
were analyzed for the presence of Ser10-phosphorylated histone H3. GAPDH
was used as a loading control.

Fig. 2. Sustained DNA damage foci formation in IR-treated HPEC cells. (A)
HPECs were either mock- or IR-treated (1 Gy), incubated for 45 min, and
stained with antibodies against �H2AX, Nbs1, and Rad50 as indicated. Nuclei
were stained with Hoechst 33342. (Scale bar, 10 �m.) (B) Sustained �H2AX foci
in HPECs. HPECs and WS1 cells were either mock- or IR-treated (1 Gy), incu-
bated for the indicated times, and stained for �H2AX. DNA was stained with
Hoechst 33342, and the merged images are shown. (Scale bar, 50 �m.) (C)
Graphical presentation of data in B. Fold change in the number of cells positive
for �H2AX (�4 foci/cell) is shown. Three hundred cells were analyzed for each
time point, and the values represent mean of a duplicate experiment.
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lack of checkpoint enforcement may lead to persistent damage foci
formation in HPECs.

ATM-Directed Kinase Pathway Is Activated, but HPECs Display Sus-
tained Cdk2-Associated Kinase Activity After IR. We then analyzed
phosphorylation of ATM downstream targets, Chk2 and p53 (2, 3).
Both p53 and Chk2 were phosphorylated on their ATM target
residues, Ser15 and Thr68, respectively, within 2 h (Fig. 3A). How-
ever, despite a robust phosphorylation, there was no stabilization of
p53, as reported earlier (22). We could detect neither p53 tran-
scriptional activity nor activation of its target gene products p21 and
Mdm2 [supporting information (SI) Fig. 6]. As another indicator of
a functional ATM–Chk2 cascade, phosphatase Cdc25A was de-
graded (Fig. 3B). These results strongly suggest that the IR-induced
ATM-instigated cascade is operational in the HPECs. We next
analyzed the status of Cdk2-Tyr15 phosphorylation in HPECs and
as a comparison, U2OS cells after IR. As reported previously (9),
U2OS cells showed robust phosphorylation of Cdk2-Tyr15 after IR,
whereas this activity was absent in HPECs despite down-regulation
of Cdc25A (Fig. 3C). To address whether other types of genotoxic
insults have the capacity to trigger Cdk2-Tyr15 phosphorylation in
HPECs, we treated the cells with IR, UVC light, or hydroxyurea
and analyzed cell lysates for cyclin E-associated Cdk2-Tyr15. As
shown in Fig. 3D, there was no detectable Cdk2-Tyr15 phosphor-
ylation after any of these treatments in the HPECs, whereas it was
easily detectable in mock-treated U2OS cells that had a similar level
of cyclin E-associated Cdk2. Similarly, there was no increase in
Tyr15 phosphorylation of cyclin B-associated Cdk1 (Fig. 3E). To
relate further the absence of Cdk2-Tyr15 phosphorylation in DNA-
damaged HPECs to improper checkpoint responses, we analyzed
Cdk2 kinase activity in mock- and IR-treated HPEC and U2OS
cells. The levels of Cdk2-Tyr15 correlated with decreased Cdk2
activity in U2OS cells (9), whereas Cdk2 activity was intact in
HPECs after IR (Fig. 3F). Taken together, these results indicate
that unlike cells with proper DNA damage checkpoints, HPECs fail
to induce Cdk2-Tyr15 inhibitory phosphorylation, inactivate Cdk2,
and delay DNA synthesis in response to damage. Furthermore, the

lack of Cdk2-Tyr15 inhibitory phosphorylation was a common
defect after different types of genotoxic stresses in HPECs.

Ectopic Wee1A Kinase Restores Cdk-Tyr15 Phosphorylation and Check-
point Arrest in Response to IR. Wee1A protein kinase phosphory-
lates Tyr15 of cyclin-associated Cdks and has been implicated in cell
cycle transition and checkpoint control (17–20). The level of
Wee1A was almost undetectable in HPECs compared with several
other cell lines (Fig. 4 A and B). However, HPECs expressed p63
and p27 abundantly together with keratins specific for both basal
and luminal cells, further confirming that the HPECs represent
transit-amplifying cells (Fig. 4B) (15). To address whether the
absence of Wee1A is recapitulated in prostate tissues, we per-
formed immunohistochemical staining for Wee1A and in compar-
ison, for p63 and p27, present in prostate gland basal and luminal
cells, respectively (13, 23). Wee1A was coexpressed with p63 in the
basal cells but absent in the luminal compartment (Fig. 4B).
Although Wee1A, based on studies in yeast and cultured cell lines,
is considered as a nuclear protein, it was detected both in the
nuclear and cytoplasmic compartments of the basal cells.

To test whether the low levels of Wee1A result from the apparent
lack of proper p53 responses in HPEC, we treated the cells with
Nutlin-3, a p53 activator. However, whereas Nutlin-3a significantly
increased p53 levels and led to an arrest of the cells, the Wee1A
levels were unaffected, and no Tyr15 phosphorylation ensued in
response to IR (SI Fig. 7). Furthermore, the IR-induced G2
checkpoint was completely absent in Nutlin-3 and IR-treated
HPECs, and the cells showed complete withdrawal from S phase
(SI Fig. 7). Therefore, to address whether the level of Wee1A is
rate-limiting for Cdk2-Tyr15 phosphorylation, we ectopically ex-
pressed Wee1A in HPECs followed by mock or IR treatment.
Expression of Wee1A in mock- and IR-treated HPECs induced
Cdk2-Tyr15 phosphorylation, and this effect was further enhanced
by cotransfection of Cdk2 and Wee1A (Fig. 4C). Checkpoint-
proficient Mv1Lu epithelial cells that were used as a positive control
showed a robust increase in Cdk1/2-Tyr15 phosphorylation in
response to IR, which was further increased in Wee1A-transfected

Fig. 3. Sustained Cdk2-associated kinase activity in IR-treated HPECs despite functional ATM-Chk2–Cdc25A–pathway. (A) HPECs were either mock- or IR-treated,
and the levels of p53, p53-Ser15, Chk2, and Chk2-Thr68 were analyzed by Western blotting. GAPDH and �-tubulin were used as loading controls. (B) HPECs and
U2OS cells were mock- or IR-treated and incubated for the times shown. Cell lysates were precipitated (IP) with an anti-Cdc25A antibody followed by
immunoblotting for Cdc25A. (C) HPECs and U2OS cells were either mock- or IR-treated, and cellular lysates were precipitated with an anti-Cdk2 antibody followed
by immunoblotting analyses for Cdk2-Tyr15 and Cdk2. (D) Cell lysates from mock-, IR- (10 Gy, 2 h), UVC- (20 J/m2, 2 h) and hydroxyurea (HU)- (20 mM, 3 h) treated
HPECs and control U2OS cells were precipitated with an anti-cyclin E antibody. The levels of cyclin E-bound Cdk2 and Cdk2-Tyr15 were evaluated with respective
antibodies by Western blotting. (E) HPEC and WS1 cells were treated with IR followed by analysis for the levels and Tyr15 phosphorylation of cyclin B-associated
Cdk1. (F) U2OS and HPECs were mock- or IR-treated, and cellular lysates were precipitated with an antibody against Cdk2. Cdk2 was detected by Western blotting,
and Cdk2-associated kinase activity was analyzed by using histone H1 as a substrate. Phosphorylation of histone H1 was quantitated and is normalized to total
Cdk2 expression.
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cells (SI Fig. 8). However, ectopic expression of Wee1A did not
increase the levels of p53 or produce a p53 IR response (SI Fig. 9).

We then tested whether the cell cycle checkpoints could be
restored after ectopic expression of Cdk2 and Wee1A. Mock or
IR-treated transiently transfected HPECs were analyzed by flow
cytometry for Tyr15-positive cells. Tyr15 positivity was detected in
cells cotransfected with both Cdk2 and Wee1A, whereas in cells
transfected with each vector alone the level of Tyr15 was below
detection limit (Fig. 4D and negative data not shown). After IR, the
proportion of Tyr15-positive cells increased in the S and G2/M
phases by 50% compared with mock-treated cells (Fig. 4E). These
results are in line with a previous report showing that RNAi-
mediated down-regulation of Wee1 abolished Tyr15 phosphoryla-
tion and abrogated the adriamycin-induced G2 checkpoint in HeLa
cells (24).

The low levels of Wee1A (Fig. 4 A and B) and the related lack
of damage-induced Cdk2-Tyr15 phosphorylation (Fig. 3C) may
reflect its inappropriate regulation in HPECs. The exceedingly low
levels of Wee1A protein hindered the analyses of the half-life of

Wee1A protein in HPECs. Wee1A is down-regulated by protein
phosphorylation and consequent degradation by SCF�-TrCP E3-
ligase complex (25). Plk1 and Cdk1 phosphorylate Wee1A on Ser53

and Ser123, respectively, creating a phosphodegron recognized by
�-TrCP (25). Concordant with proteasome mediated degradation
of Wee1A, Wee1A was stabilized to a similar extent in HPEC and
U2OS cells by treatment with proteasomal inhibitor MG132 (Fig.
4F). To address whether the enhanced degradation of Wee1A leads
to altered DNA damage responses in HPECs, we transiently
transfected HPECs with wild-type (WT) Wee1A, Wee1A phos-
phodegron mutant (S53A/S123A) alone or in combination with
Cdk2, and appropriate transfection controls. After transfection,
cells were subjected to IR, precipitated with a Cdk2 antibody, and
analyzed for Tyr15 phosphorylation. Cdk2-Tyr15 phosphorylation in
response to IR was more pronounced in cells transfected with the
Wee1A mutant (S53A/S123A) than with WT Wee1A and was
further increased in cells cotransfected with Cdk2 and Wee1A
mutant (S53A/S123A) (Fig. 4G). These results indicate that the lack
of stress-induced Cdk2-Tyr15 inhibitory phosphorylation may be

Fig. 4. Ectopic Wee1A kinase restores Cdk-Tyr15 phosphorylation and cell cycle checkpoints in response to IR. (A) Western blotting analyses of Wee1A levels.
(B) Expression of Wee1A, p63, and p27 in prostate tissues and in HPECs. Histologically normal sections of prostate tissue or HPECs were stained for the expression
of the indicated proteins. (Scale bar, 50 �m.) (C) HPECs were transfected either alone or in combination with the expression vectors pAMC, Cdk2, and Myc-Wee1A
as indicated and incubated for 48 h. The cells were treated with IR, incubated for 2 h, and total cell lysates were prepared for the analysis of indicated proteins
or Tyr15-phosphorylated Cdk2 (asterisk marks a nonspecific band). Cdk2-Tyr15 phosphorylation was quantitated and normalized to total Cdk2. Cdk2-Tyr15 present
in control-transfected cells is set as 0. (D) HPECs were transfected with Cdk2 and Myc-Wee1A and were mock- (Left) or IR-treated (Right) as in C. The cells were
fixed and stained with a Cdk1/2-Tyr15-specific antibody and subjected to flow cytometry. The cell cycle distribution of Cdk1/2-Tyr15-positive cells is shown. The
threshold for Tyr15 positivity was set on the basis of signal present in pAMC control-transfected cells. (E) The change in the cell cycle distribution of
Cdk2-Tyr15-positive cells is indicated as follows: IR(S � G2/M)/Mock(S � G2/M). The experiment was performed with three different HPEC strains with similar
results. An average of two experiments is shown. (F) HPECs and U2OS cells were treated with 10 �M MG132 for 4 h followed by analysis for Wee1A by Western
blotting. Normalized Wee1A levels are shown. (G) HPECs were transfected either alone or in combination with the following plasmids: control, Cdk2, wild-type
Wee1A (wt), and Wee1A phosphodegron mutant (mut; S53A/S123A). GFP was used as a transfection control. Cells were IR-treated and analyzed for Cdk2-Tyr15,
Cdk2, and Wee1A. Cdk2-Tyr15 phosphorylation was quantitated and normalized to total Cdk2. Cdk2-Tyr15 present in control transfected cells is set as 1.
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related to the conditions under which Wee1A kinase is targeted to
phosphorylation on Ser53 and Ser123. Accordingly, expression of the
Wee1A mutant (S53A/S123A) eludes Cdk1-instigated proteasomal
turnover and triggers a more robust induction of Cdk2-Tyr15

phosphorylation compared with WT Wee1A.

Human Prostate Tissues Lack Cdk1/2-Tyr15 and p53 Responses to IR.
We then wished to confirm the checkpoint marker protein re-
sponses after IR damage in the human prostate. Fresh prostate
tissues derived from histologically normal peripheral zone of the
prostate were either mock- or IR-treated and stained for Cdk1/2-
Tyr15, �H2AX, p53, p21, and p63. There was no increase in
Cdk1/2-Tyr15 staining in IR-treated tissues, whereas �H2AX stain-
ing indicated a robust DNA damage response in the epithelium and
in stroma (Fig. 5 and SI Fig. 10A). p53 levels were low, and its
response to IR remained absent in the irradiated tissues (Fig. 5 and
SI Fig. 10B). Staining for �H2AX was also evident in a small
number of cells localized in areas of basal cell hyperplasia in
mock-treated tissues (Fig. 5). Furthermore, there was no increase
in p21 staining in IR-treated tissues, although it was detectable in
the mock-treated tissue (Fig. 5 and SI Fig. 10C). p63 staining was
used to mark basal cells and did not undergo any changes after IR
(Fig. 5). We cannot fully exclude that the tissue responses are
aberrantly regulated after prostatectomy and tissue preparation.
However, as another indication that the prostatic tissues maintain
viability and capacity to launch appropriate p53 responses, for
example, we treated the tissues with a Mdm2 inhibitor Nutlin-3a or
nuclear export blocker leptomycin B. In both cases, a robust
induction of p53 was detected (SI Fig. 11). These findings strongly
suggest that epithelium of fresh human prostate tissue lacks Tyr15

and p53 responses in consequence to direct and extensive DNA
damage.

Discussion
Using unique human cell and tissue models of the prostate, we
provide evidence here that the prostate epithelium has an unex-
pectedly indulgent checkpoint enforcement. We ascribe this defect
to dysregulation of Wee1A tyrosine kinase and p53 (22). The
regulation of Wee1A activity and its role in the DNA damage
response have been extensively studied in several organisms, but the
physiological cues that affect Wee1A levels or localization in
mammalian tissues remain unknown. The exceedingly low levels of
Wee1A in HPECs, its absence in the luminal epithelial cells, and
localization also in the cytoplasmic compartment of the prostate
gland basal cells are indicative of its selective regulation in the
physiological context. Although increased proteasomal turnover
appears to lead to down-regulated Wee1A in HPECs, it does not
exclude selective transcriptional repression in the epithelium. In-
terestingly, down-regulated Wee1A has been identified in a set of
genes predicting poor survival in breast, prostate, and lung cancer
(26). Furthermore, increased kinase activity of the major Wee1A
target, Cdk1, toward androgen receptor leads to increased andro-
gen receptor stability and activity and may thus increase androgen
responses in prostate cancer (27). Therefore the control of Wee1A
levels may be important not only in the normal epithelium but also
in prostate cancer.

Based on the findings here, the ability of Wee1A to phosphor-
ylate Cdk1/2 on Tyr15 seems essential in HPECs to instigate a S/G2
checkpoint arrest, whereas the down-regulation of Cdc25A was
insufficient to conserve Tyr15-phosphorylated Cdk2. Therefore, the
Tyr15 response appears to depend critically on the activity of
Wee1A. Hence, the low basal level of Wee1A in transit-amplifying
HPECs or in the luminal epithelial cells in the absence of protective
repair is likely to predispose these cells to genotoxic stress. Given
that Wee1A cytoplasmic translocation has been associated with its
inactivation (28) and that Wee1A was observed in the cytoplasm of
basal cells, it is possible that the lack of Cdk-Tyr15 responses in the
prostate basal and luminal cell compartments is caused by absent

or inactivated Wee1A. Presently, we find no evidence indicating
that the absence of p53 IR responses noted by us and others (22)
result from low levels of Wee1A. Conversely, reconstitution of p53
activity in HPECs was without effect on Wee1A nor generated an
IR-induced G2 arrest, indicating that they are uncoupled.

Fig. 5. Human prostatic epithelium lacks Cdk-Tyr15 phosphorylation and p53
responses. After prostatectomy, fresh peripheral zone prostate tissue cores
were obtained and sliced at 300 �m. Tissue slices were either mock- or
IR-treated and incubated for 4 h. Paraffin-embedded sections were stained for
Cdk1/2-Tyr15, �H2AX, p53, p21, and p63, and nuclei were counterstained with
Hoechst 33342. Images were captured at magnifications of �20 and �40 as
indicated and represent consecutive sections. (Scale bars, 50 �m.) Images
shown are representative of tissues from two prostates.
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Unlike cells with intact DNA damage responses, HPECs show
aberrations in multiple DNA damage checkpoints after exposure to
IR, as reflected by the absence of arrest in G1 and G2/M, uninter-
rupted synthesis of DNA, and lack of apoptosis. It is likely that
inadvertent regulation of both Wee1A and p53 contributes to these
defects. Furthermore, the slower clearance of DNA damage foci in
the presence of continuous replication is suggestive of persistent
DNA damage and/or replicative stress. Oxidative stress, for exam-
ple, through inflammatory processes, has been implicated in the
development of prostate cancer and is linked to frequent DNA base
lesions concordant with oxidative damage (29). Under these cir-
cumstances, cells and tissue environment can be exposed to abnor-
mal amounts of reactive oxygen species produced by inflammatory
cells. Because reactive oxygen species are known to induce DNA
damage, the surveillance mechanisms to preserve genomic integrity
are of extreme importance in an organ such as the prostate, not only
challenged by general genotoxic insults but also prone to these
organ-specific harmful conditions. The prevalence and multifocal
nature of prostate cancer, together with highly frequent DNA
structure alterations in normal prostate tissue (29), may result from
defective DNA damage checkpoints. In particular, inadequate
regulation of cell cycle checkpoints through Wee1A may increase
the risk of prostate cancer development.

Materials and Methods
For additional experimental procedures, see SI Methods.

Cell Culture and Radiation Treatment. Tissues were dissected from
radical prostatectomy specimens. None of the patients had
received prior chemical, hormonal, or radiation therapy. HPECs
were cultured in MCDB 105 medium (Sigma–Aldrich, St. Louis,
MO) with epithelial cell-specific supplements as described pre-
viously (30). Six HPEC strains used in this work were derived
from histologically normal tissue of the peripheral zone. Exper-
iments were performed with exponentially growing and subcon-
fluent primary cultures. The characteristic traits of primary
cultures of human prostatic epithelial cells have been described
previously (15). Briefly, HPECs represent prostate progenitor or
transit-amplifying cells and express a combination of markers
common to both basal (keratin 5, p63) and luminal epithelial
cells (keratins 8 and 18), have limited self-renewal capacity, and
are in the process of generating differentiated cell populations
but have not yet completely committed to a particular lineage.
These cells undergo permanent replicative senescence and do
not grow in soft agar or form tumors in nude mice. WS1 human

skin fibroblasts (CRL-1502) and U2OS osteosarcoma cells
(HTB96) were obtained from American Type Culture Collection
(Manassas, VA) and cultured according to the supplier’s rec-
ommendations. Cells were irradiated with 10 Gy, unless other-
wise indicated, by using a calibrated 137Cs �-ray source (BioBeam
8000; STS, Braunschweig, Germany).

Ex Vivo Prostate Tissue Cultures. Tissues were obtained with in-
formed consent and approval of the Stanford Institutional Review
Board. Fresh tissue representing histologically normal areas was
bored from radical prostatectomy specimens and sliced at 300 �m
with a Krumdieck precision tissue slicer (Alabama Research and
Development Corporation, Munford, AL). The tissue slices were
loaded onto titanium grids in six-well plates containing culture
medium and rotated on an inclined plane in a humidified tissue
culture incubator at 37°C. The tissue slices were treated with or
without IR (10 Gy) and incubated for 4 h. Subsequently, the tissue
slices were fixed, embedded in paraffin, and cut at 5 �m. The tissues
were then deparaffinized, rehydrated, and the antigens were re-
trieved in citrate buffer (pH 6.0 and pH 9.9, Antigen Retrieval
Solution; DakoCytomation, Carpenteria, CA) by using a micro-
wave oven. The slides were blocked in 5% milk/0.25% Triton
X-100/PBS/3% goat nonimmune serum (DakoCytomation) for 30
min. The primary antibodies and dilutions used were as follows:
p63, clones 4A4 and Y4A3 (1:100; Lab Vision, Fremont, CA); p53,
DO-7 (1:50; DakoCytomation); �H2AX, clone JBW301 (1:800;
Upstate Biotechnology, Lake Placid, NY); p21, C-19 (1:1,000;
Santa Cruz Biotechnology, Santa Cruz, CA); and Cdk1/2-Tyr15

(1:100; Cell Signaling Technology, Beverly, MA, and Calbiochem,
San Diego, CA). Alexa 594-conjugated secondary antibodies were
from Molecular Probes (Eugene, OR) and the tissues were coun-
terstained with 1 �g/ml Hoechst.
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