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mutation. Interestingly, the fad104-deficient mice died within
1 day of birth. All of the fad104-deficient pups at E18.5 were
breathing and moving just after caesarean section, suggesting that
the disruption of fad104 caused rapid postnatal death. It is well
known that the maintenance of blood glucose levels and the
thermoregulation have pivotal roles for survival of newborn pups
just after birth [27,28). However, as shown Fig. 2, fad104-deficient
neonates did not exhibit the abnormalities about blood glucose
level, body temperature, and BAT weight. In our previous reports,
fad104 was found to be highly expressed in white adipose tissue
(WAT). On the other hand, fad104 was also modestly expressed in
heart, kidney and lung [12]. Since little WAT is found in newborns,
it is possible that the postnatal lethality observed in fad104-
deficient mice is caused by a functional disorder of fad104 in organs
including the heart, kidney and lung. In order to elucidate the
cause of the rapid death after birth of fad104-deficient mice, a
pathological analysis of these organs is now ongoing.

Kuma et al. indicated that mice deficient for Atg5, which is
essential for autophagosome formation, die within 1 day at birth,
suggesting that autophagic degradation of proteins is important for
survival during neonatal starvation [29]. We attempted to examine
whether fad104 is involved in the regulation of autophagic activity.
During autophagy, microtubule-associated protein light chain
(LC3) is processed from the cytosolic form, LC3-], to the mem-
brane-bound form, LC3-IL. Since the amount of LC3-II correlates
with the number of autophagosomes, immnoblotting of endoge-
nous LC3 can be used to measure autophagic activity. Therefore, we
performed Western blotting analysis using the cell lysates prepared
from wild-type and fad104/~ MEFs under nutrition starvation.
Commercially available anti-LC3 antibody, which was employed
the detection of endogenous LC3 in MEFs was used [30]. However,
we could detect neither LC3-1 nor LC3-1l in the cell lysates prepared
from wild-type and fad1047- MEFs, whereas both LC3-1 and LC3-1l
proteins were detected in the cell lysate prepared from Hela cells
under starvation condition as described previously [31]. Although
we could not conclude whether fad104 is related to autophagic
activity in this study, it is necessary to elucidate the relationship
between fad 104 and autophagic activity by further analyses.

Although it is well known that the proteins containing the
fibronectin type 11l domain localize to the cell surface, the FAD104
localized to the ER, but not the plasma membrane. Therefore,
FAD104 may be a novel protein localized to the ER. The proteins
found in the ER have an important role of various cellular
functions. For example, calreticulin, a Ca?*-binding protein of the
ER, influences the cell spread and cell adhesion via the regulation
of c-Src activities and vinculin expression [32,33]. Therefore, we
next examined whether a novel gene, fad104, also is involved in
various cellular functions. Analyses of MEFs prepared from fad104-
deficient mice demonstrated fad104 to be crucial for cell prolifera-
tion, adhesion, spreading and migration.

As shown in Fig. 6, the disruption of fad104 caused the reduc-
tion of the increase of the cell numbers during 6 days after seeding.
This result indicates that the proliferation rate of fad 1047~ MEFs
was slightly attenuated than that of wild-type MEFs. Fad104-
deficient MEFs also exhibited a delay in cell adhesion and cell
spreading (Fig. 7). It is necessary to explore the mechanism which
fad104 regulates the cell proliferation.

Cell migration, cell spreading and adhesive properties are
regulated by continuous remodeling of the actin cytoskeleton. For
example, in cell migration, the actin structures are divided into three

steps; the lamelipodial actin network at the leading edge of the cell,
filopodial bundles beneath the plasma membrane, and contractile
actin stress fibers in the cytoplasm [34]. At the early stage of
adipocyte differentiation, the change to the actin organization is very
important. Kawaguchi et al. indicated that ADAM12, a disintegrin
and metalloprotease, altered the organization of the actin cyto-
skeleton and extracellular matrix by impairing the function of 1
integrin, and induced differentiation into mature adipocytes [35]. A
deficiency of fad104 dramatically reduces the formation of stress
fibers, strongly suggesting that fad104 also functions as a key
regulator of the actin cytoskeleton's organization, and may promote
adipogenesis in the early stages of the differentiation process.

Recently, Obholz et al. reported that a fibronectin type Il
domain containing 3a (FNDC3A) is necessary for adhesion between
spermatids and Sertoli cells, and the mutation of frdc3a is the
cause of male sterility in symplastic spermatids (sys) mice [36].
FNDC3a is closely related to FAD104, since FNDC3a also contains 9
repeats of the fibronectin type Il domain and transmembrane
domain. Itis of interest that FNDC3a is also necessary for mediating
adhesion during spermatogenesis. However, FNDC3a does not
have a RGD tripeptide sequence in any fibronectin type IIl domain
repeat sequence. In addition, the disruption of FNDC3a does not
cause postnatal death. Thus, although FAD104 and FNDC3a are
very similar, these two proteins might have distinct and different
roles in cellular functions and developmental processes.

In summary, the present study provided some new insights into
the functions of a novel gene, fad104, namely as essential for the
survival of newborns just after birth and as important for cell
proliferation, adhesion, spreading and migration. Although further
investigation is definitely needed, fad104 may play an important
role in the late stage of embryonic development or neonates after
birth via the regulation of cell proliferation, adhesion, spreading
and migration. Furthermore, it is possible that fad104 regulates
these cellular functions by altering the actin cytoskeleton's
organization. Although we have no information on how fad104
regulates the survival of neonates or adipocyte differentiation yet,
further analyses of fad104 would help us to understand not only
the signaling pathways at the early stage of adipocyte differentia-
tion but also the molecular mechanisms of survival after birth.
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Somatic mammalian cells possess well-established S-phase programs
with specific regions of the genome replicated at precise times. The
ATR-Chk1 pathway plays a central role in these programs, but the
mechanism for how Chk1 regulates origin firing remains unknown.
We demonstrate here the essential role of cyclin A2-Cdk1 in the
regulation of late origin firing. Activity of cyclin A2-Cdk1 was hardly
detected at the onset of S phase, but it was obvious at middle to late
S phase under unperturbed condition. Chk1 depletion resulted in
increased expression of Cdc25A, subsequent hyperactivation of cyclin
A2-Cdk1, and abnormal replication at early S phase. Hence, the
ectopic expression of cyclin A2-Cdk1AF (constitutively active mutant)
fusion constructs resulted in abnormal origin firing, causing the
premature appearance of DNA replication at late origins at early S
phase. Intriguingly, inactivation of Cdk1 in temperature-sensitive
Cdk1 mutant cell lines (FT210) resulted in a prolonged S phase and
inefficient activation of late origin firing even at late S phase. Our
results thus suggest that cyclin A2-Cdk1 is a key regulator of S-phase
programs.

Chk1 | DNA replication | molecular combing | ATR protein | checkpoint

D uplication of the eukaryotic genome is regulated by multiple
elements including initiation of DNA replication, rate of fork
progression, stability of replication forks, and the origin firing
program (1). Replication origins are fired in small groups that are
activated together within individual replication factories and thus
can be visualized as foci (2). Replication origins in a single repli-
cation factory are actually comprised of several candidate origins,
most of which are not normally used through the mechanism by
which firing of 1 origin inhibits activation of any other Mcm2-7
complexes within that factory (3). Thus, S-phase programs appear
to be regulated by 2 distinct levels of origin firing; one is the
sequential activation of replicon clusters characterized as visible
replication foci, and the other is the selection of 1 Mcm2-7 complex
around the ORC within a single replication factory.

The DNA replication checkpoint system was reported to be
involved in the origin firing program in vertebrate cells (4). In
analysis using Xenopus egg extract, ATR/Chkl was shown to
regulate the sequential activation of early and late replication
origins (5). Chk1 also regulates the density of active replication
origins during S phase of avian cells (6). Therefore, ATR/Chk1 may
be involved in the regulation of sequential activation of replicon
clusters and selection of origins within a single replication factory.
Chk1 has been shown to regulate the physiological turnover of
Cdc25A and its phosphatase activity, which in turn regulates several
cyclin-Cdk activities (7) that are prerequisite for origin firing
throughout S phase.

In budding yeast, CIb5-dependent Cdk activity is indispensable
for activation of late replication origins (8), suggesting the existence
of a specific transfactors for late origin activation in other eu-
karyotes. In fission yeast, however, clear late origins have not been
characterized (9) and replication origins fire stochastically (10, 11).
As for mammals, although almost half of origins are activated
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equally throughout S-phase progression (12), stable subunits of
chromosomes equivalent to replication foci maintain their replica-
tion timing from S phase to S phase (13).

In this article, we demonstrate that Chk1 depletion resulted in an
aberrant origin firing and a hyperactivation of cyclin A2-Cdk1 at
early S phase. Ectopic expression of cyclin A2-Cdk1AF induced
late origin firing at early S phase, and a loss of Cdkl activity
compromised activation of late origins at late S phase. Our results
thus suggested that cyclin A2-Cdk1 might function as a transregu-
lator of late origin firing in mammals.

Results

Chk1 Depletion Results in an Aberrant Origin Firing and a Hyperactivation
of Cydin A2-Cdk1 at Early S Phase. Chk1'°¥~ mouse embryonic
fibroblasts (MEFs) were infected with adenoviruses expressing
either LacZ or Cre and synchronized into Gy phase by serum
starvation (14). Chk1'*¥~ and Chk19/~ MEFs were then stimu-
lated by 15% serum and double-labeled with iododeoxyuridine
(IdU) and chlorodeoxyuridine (CIdU) at the indicated times, and
their spatiotemporal patterns of replication sites were examined.
The mammalian S phase is structured so that the sequential
activation of replicon clusters occurs at spatially adjacent sites (15).
This spatial relationship is maintained in Chk1'*¥~ MEFs (Fig. 14),
where 86.6 * 4.4 of foci showed colocalization visualized as yellow
color. In contrast, colocalization was detected only at 53.9 * 4.8 of
foci in Chk19%/~ MEFs (Fig. 1B), indicating that Chk1 depletion in
mammals resulted in the aberrant origin firing as observed in avian
cells (6). Molecular combing of single DNA molecules was per-
formed to visualize individual origin activation, measure the fork
elongation, and define replication structures (Fig. 1C and Fig. S1).
In asynchronized Chk1°¥~ MEFs infected with control LacZ
adenoviruses interorigin spacing (90.4 kb on average) was similar to
that in mock-infected cells. Chk1 depletion resulted in a clear
reduction in origin spacing (34.8 kb on average)(Fig. 1C Top).
Spatiotemporal pattern of replication sites could also be affected by
fork elongation. Chk1 depletion reduced the rate of fork elongation
throughout the labeling period (Fig. 1C Middle).

Double-labeling protocol also defines 5 classes of replication
structure as described (6). Chk1 depletion resulted in a significant
reduction in a proportion of consecutively elongating forks (class 1)
and an increase in number of new firing initiation during the first
(class 2) and second (class 4) labeling period (Fig. 1C Bottom). A
dramatic increase in the frequency of closely-spaced active origins
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Fig.1. Chk1depletion results in an aberrant S-phase program and an activation of cyclin A2-Cdk1 atearly S phase. (4) Chk1'¥~ and Chk 19¢/~ MEFs were synchronized
at quiescence by serum starvation and then released by the addition of 15% serum. Cells were harvested at the indicated times, and their cell cycle distributions were
analyzed by FACS. Replication sites were pulse-labeled for 15 min with 100 uM IdU and then for 15 min with 100 uM CldU, and analyzed with a Zeiss LSM5 confocal
fluorescence microscope. Typical patterns of replication sites at the indicated times are presented. High-power details are from the boxed areas shown. (Scale bars:
5 and 0.5 um in detail.) (B) Colocalization of IdU and CldU foci in Chk1'°¢~ and Chk19¢¥~ MEFs. Relative colocalization of IdU and CldU foci was determined as a
percentage of total foci in both cells (n > 30). Data are means * SD of at least 3 independent experiments. (C) Asynchronized Chk1'°¥~ MEFs were infected with the
indicated adenoviruses and double-labeled with IdU and CldU before harvesting at 28 h after infection. Replication structures were visualized by means of dynamic
molecular combing. Adjacent origins in replicon clusters (Ori to ori), fork elongation, and replication structure defined by ref. 6 were determined (n > 100). Frequency
histograms show the distribution of separation in distance (kbp), speed (kbp/min), and replication structure (1, elongating fork; 2, fork growing from 1 ori; 3, terminal
fusions; 4, isolated; 5, interspersed). (D) Asynchronized Chk 12~ MEFs were infected with adenoviruses expressing either LacZ or Cre. Cells were labeled with BrdU for
1 h before harvesting at 28 h after infection, and the cell cycle profiles were then analyzed by FACS. Early S-phase fraction indicated by bars was sorted, and nascent
DNA was enriched by immunoprecipitation using e-BrdU. The indicated genes were amplified by quantitative PCR, and the results are presented as a percentage of
mtDNA. Data are means + SD of at least 3 independent experiments. Statistical significance was assessed by Student's t test (+, P < 0.01). (E) Synchronized Chk1/o¥/~
MEFs as in A were harvested at the indicated times, and the lysates were subjected to immunoblotting by using the indicated antibodies or to an in vitro kinase assay
(KA) for cyclin A2-Cdk1 and cyclin A2-Cdk2 with HH1 (2 pg) as a substrate. (F) Synchronized Chk1 lox'~ and Chk 19e/~ MEFs as in A were harvested at the indicated times,
and the lysates were immunoprecipitated by using a-cyclin A2 antibodies after 3 times preabsorbance with a-Cdk2. The resultant immunoprecipitates (IP: cyclin A2)
or whole-cell extracts (WE) were subjected to immunoblotting or in vitro kinase assay as in £. Arrows indicate the fast (active) or slow (inactive) migrated bands of Cdk1.
An asterisk represents cell lysates from Chk1/o¥~ MEFs at 15 h.

(class 5) was observed. These observations suggest that loss of Chk1
frequently stalls and collapses active forks.

We next examined whether Chk1 regulates global sites of DNA
synthesis by quantitative ChIP using FACS-based cell sorting (16).
To avoid unexpected effects from gross changes in cell cycle profile
on this analysis, we analyzed Chk19¢/~ MEFs 28 h after adenoviral
infection, the time at which Chk1 was completely depleted, but the
cell cycle profile was almost the same as that of Chk1!°¥~ cells (Fig.
1D). Cells from the first third of S phase were collected (Fig. 1D
Left). Nascent (BrdU-containing) DNA was enriched by immuno-
precipitation using a-BrdU antibodies and amplified by quantita-
tive PCR with specific primers for cyclin D and a-globin for
early-replicating DNA and primers for amylase and B-globin for
late-replicating DNA. We also monitored amplification of mtDNA

Katsuno et al.

as a control, which replicates throughout the cell cycle and is equally
represented in nascent DNA preparations (16, 17). The relative
amounts of early replication (cyclin D and a-globin) in Chk19V~
MEFs were almost the same as those in Chk1!o¥~ cells, whereas
those of late replication (amylase and B-globin) in Chk19¢/~ MEFs
were significantly higher than those in Chk1'¥~ cells (Fig. 1D
Right). Given that 1 cell possesses ~1,000 copies of mitochondrial
genome, but they replicate throughout the cell cycle, relative
amplification of nascent DNA (=0.3) for early and late origins
appeared consistent.

Chk1 is phosphorylated during unperturbed S phase (18, 19),
which regulates the activity and stability of Cdc25 phosphatases,
leading to the inactivation of Cdks through increased phosphory-
lation of their Y15 residues (20). Thus, we speculated that Chk1

PNAS | March3,2009 | vol.106 | no.9 | 3185
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Fig.1. Chk1depletion resultsin an aberrant S-phase program and an activation of cyclin A2-Cdk1 at early S phase. (A) Chk 1'°¥~ and Chk 19¢/~ MEFs were synchronized

at quiescence by serum starvation and then released by the addition of 15% serum. Cells were harvested at the indicated times, and their cell cycle distributions were
analyzed by FACS. Replication sites were pulse-labeled for 15 min with 100 uM IdU and then for 15 min with 100 uM CidU, and analyzed with a Zeiss LSM5 confocal
fluorescence microscope. Typical patterns of replication sites at the indicated times are presented. High-power details are from the boxed areas shown. (Scale bars:
5 and 0.5 um in detail.) (B) Colocalization of IdU and CldU foci in Chk 19~ and Chk19eV~ MEFs. Relative colocalization of IdU and CldU foci was determined as a
percentage of total foci in both cells (n > 30). Data are means * SD of at least 3 independent experiments. (C) Asynchronized Chk1'°¢~ MEFs were infected with the
indicated adenoviruses and double-labeled with IdU and CidU before harvesting at 28 h after infection. Replication structures were visualized by means of dynamic
molecular combing. Adjacent origins in replicon clusters (Ori to ori), fork elongation, and replication structure defined by ref. 6 were determined (n > 100). Frequency
histograms show the distribution of separation in distance (kbp), speed (kbp/min), and replication structure (1, elongating fork; 2, fork growing from 1 ori; 3, terminal
fusions; 4, isolated; 5, interspersed). (D) Asynchronized Chk 1'°¥~ MEFs were infected with adenoviruses expressing either LacZ or Cre. Cells were labeled with BrdU for
1 h before harvesting at 28 h after infection, and the cell cycle profiles were then analyzed by FACS. Early S-phase fraction indicated by bars was sorted, and nascent
DNA was enriched by immunoprecipitation using a-BrdU. The indicated genes were amplified by quantitative PCR, and the results are presented as a percentage of
mtDNA. Data are means * SD of at least 3 independent experiments. Statistical significance was assessed by Student’s t test (+, P < 0.01). (E) Synchronized Chk1'o¥~
MEFs as in A were harvested at the indicated times, and the lysates were subjected to immunoblotting by using the indicated antibodies or to an in vitro kinase assay
(KA) for cyclin A2-Cdk1 and cyclin A2-Cdk2 with HH1 (2 pg) as a substrate. (F) Synchronized Chk1'°¢~ and Chk 19¢/~ MEFs as in A were harvested at the indicated times,
and the lysates were immunoprecipitated by using a-cyclin A2 antibodies after 3 times preabsorbance with o-Cdk2. The resultant immunoprecipitates (IP: cyclin A2)
or whole-cell extracts (WE) were subjected to immunoblotting or in vitro kinase assay as in E. Arrows indicate the fast (active) or slow (inactive) migrated bands of Cdk1.
An asterisk represents cell lysates from Chk1'e¥~ MEFs at 15 h.

(class 5) was observed. These observations suggest that loss of Chk1
frequently stalls and collapses active forks.

We next examined whether Chk1 regulates global sites of DNA
synthesis by quantitative ChIP using FACS-based cell sorting (16).
To avoid unexpected effects from gross changes in cell cycle profile
on this analysis, we analyzed Chk19</~ MEFs 28 h after adenoviral
infection, the time at which Chk1 was completely depleted, but the
cell cycle profile was almost the same as that of Chk1'°¥~ cells (Fig.
1D). Cells from the first third of S phase were collected (Fig. 1D
Left). Nascent (BrdU-containing) DNA was enriched by immuno-
precipitation using a-BrdU antibodies and amplified by quantita-
tive PCR with specific primers for cyclin D and a-globin for
early-replicating DNA and primers for amylase and B-globin for
late-replicating DNA. We also monitored amplification of mtDNA
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as a control, which replicates throughout the cell cycle and is equally
represented in nascent DNA preparations (16, 17). The relative
amounts of early replication (cyclin D and a-globin) in Chk19¢/~
MEFs were almost the same as those in Chk1'®¥~ cells, whereas
those of late replication (amylase and B-globin) in Chk19¢V~ MEFs
were significantly higher than those in Chk1'®¥~ cells (Fig. 1D
Right). Given that 1 cell possesses =~1,000 copies of mitochondrial
genome, but they replicate throughout the cell cycle, relative
amplification of nascent DNA (=~0.3) for early and late origins
appeared consistent.

Chk1 is phosphorylated during unperturbed S phase (18, 19),
which regulates the activity and stability of Cdc25 phosphatases,
leading to the inactivation of Cdks through increased phosphory-
lation of their Y15 residues (20). Thus, we speculated that Chk1
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regulates origin firing program through affecting certain cyclin—
Cdks activities. The band corresponding to Chkl was shifted
upward at 15 h and thereafter. This band shift was reversed by
phosphatase treatment, indicating that the modification was caused
by phosphorylation. Chk1 phosphorylation was also confirmed by
using phospho-specific antibodies to Chk1 at Ser-317 and Ser-345

ig. 1E).

Cyclin A2-Cdk1 activity was first detected at 15 h (middle
S phase) and increases thereafter. Cyclin A2-Cdk2 was de-
tected at 6 h (early S phase) and reached maximum at 18 h (Fig.
1E and Fig. S24). These results are consistent with the recent
report that cyclin A2 starts to form a complex with Cdk1 at
mid-S phase (21). Cyclin A2-Cdk1 activity was detected earlier
and enhanced in Chkl1d/~ MEFs when compared with
Chk1le¥~ MEFs (Fig. 1F), where immunodepletion of Cdk2
was equally achieved in both cyclin A2 immunoprecipitates
(Fig. S2B). Cyclin A2-Cdk2 activity was not apparently af-
fected by Chk1 depletion (Fig. S24). Intriguingly, the amount
of Cdc25A was highly elevated in Chk14/~ MEFs. Consistent
with this increase in amount of Cdc25A, fast mobility band
(active; Y15 dephosphorylation) and slow band (inactive; Y15
phosphorylation) of Cdkl protein were dominant in those
from Chk19¢/~ MEFs and Chk1!°~~ MEFs, respectively (Fig.
1F). Specificity of cyclin A2-Cdk1 activity was confirmed by
Cdk1 knockdown experiment, where cyclin - A2-Cdk1 activities
in both MEFs were significantly reduced after Cdk1 depletion
(Fig. 83). To further confirm the functional interaction be-
tween Chk1 and cyclin A2-Cdk1, Chk1!°¥~ MEFs were treated
with UV light, which phosphorylated Chkl in an ATR-
dependent manner. Chk1 phosphorylation was correlated with
the reduction of Cdc25A, the appearance of slow mobility band
of Cdkl protein, and inhibition of cyclin A2-Cdkl activity
(Fig. S4). Taken together, cyclin A2-Cdk1 is likely to be a
target of Chkl through regulation of Cdc25A.

Aberrant Origin Firing in Cells Expressing Cyclin A2-Cdk1AF Fusion
Protein. To examine the role of each cyclin-Cdk complex in the
origin firing program, we generated a cyclin A2-Cdkl fusion
construct. Because cyclin—Cdk activities are regulated mainly by the
phosphorylation of Y15, we generated a constitutively active mu-
tant (CdkAF) in which residues at inhibitory phosphorylation sites
were replaced with alanine and phenylalanine and therefore the
mutant was not affected by the Chk1-Cdc25 pathway. Recombi-
nant cyclin A2-Cdk2AF, cyclin A2-CdklAF, and cyclin Bl-
Cdk1AF complexes and the fusion proteins were examined for their
enzymatic kinetics by using histone H1 (HH1) and lamin B as
substrates. Dose-dependent increases in activities of both cyclin—
Cdks complex and their fusion proteins were observed (Fig. 24).
The kinetic values of these complexes were the same as those of the
fusion proteins (Table S1).

Expression of cyclin BI-Cdk1AF, but not cyclin A2-Cdk2AF or
cyclin A2-Cdk1AF, induced yH2AX foci in HeLa cells (Fig. 2B).
Amounts of cyclin BI-Cdk1AF, cyclin A2-Cdk1, and cyclin A2~
Cdk2 fusion proteins expressed at 24 h after infection were almost
equal to endogenous Cdk1 and Cdk2 proteins, respectively (Fig. 2C
and Fig. S5). Again, YH2AX was not detected by immunoblotting
in cells expressing cyclin A2-Cdkl or cyclin A2-Cdk2 fusion
protein.

Expression of cyclin A2-Cdk1AF and cyclin A2-Cdk2AF fusion
protein at the endogenous level did not appear to affect the gross
progression of S phase (Fig. 34) although they arrested the cell cycle
at M phase because of their inability to be degraded by APC-C at
mitosis and thus mitotic exit was inhibited. The expression of cyclin
A2-Cdk1AF fusion protein caused the a ce of late replica-
tion sites during early S phase when cells were double-labeled with
1dU and CIdU (Fig. 3B). Dynamic molecular combing revealed that
expression of cyclin A2-Cdkl1AF fusion protein reduced origin
spacing (75.0 kb on average), whereas that of cyclin A2-Cdk2AF
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Fig. 2. Enzymatic kinetics of cydin-Cdk fusion proteins. (A) Baculoviruses
expressing cyclin A2 together with those expressing Cdk2 or Cdk1 (Complex)
or those expressing cyclin A2-Cdk2, cyclin A2-Cdk1, or cyclin B1-Cdk 1 fusion
protein (Fusion) were used to infect insect cells. Their complexes or fusion
proteins were purified and subjected to an in vitro kinase assay using lamin B
(2 ug) or HH1 (2 ug) as a substrate or subjected to immunoblotting by using
Cdk2 or Cdk1 antibodies (IB). (B) HeLa cells were infected with adenoviruses
expressing the indicated proteins 24 h before fixing and immunostained with
a-yH2AX antibodies. Their nuclei were counterstained with DAPI. As a positive
control, cells infected with adenoviruses expressing LacZ were treated with IR
(10 Gy). (Magnifications: 100X.) (C) HeLa cells were infected with adenoviruses
expressing either cyclin A2-Cdk 1AF or cyclin A2-Cdk2AF fusion proteins. Cells
were harvested at the indicated times, and the lysates were subjected to
immunoblotting using a-Cdk1 (Upper Left), a-Cdk2 (Upper Right), or a-yH2AX
antibodies (Lower). As a control, HeLa cells were treated with bleomycin for
24 h (20 pg/mL).

did not (113.0 kb on average)(Fig. 3C Top and Fig. S6). Unlike Chk1
depletion, expression of cyclin A2-Cdk2AF did not cause signifi-
cant changes in the proportion of abnormal replication structures
(Fig. 3C Bottom). Taken together, these results suggested that cyclin
A2-Cdk1 had a specific role in the origin firing program.

ChIP analysis revealed that considerable enrichment of early-
and late-replicating DNA was specifically observed in the early and
late S-phase fractions of control LacZ cells, respectively (Fig. 3D).
Ectopic expression of cyclin A2-Cdk1AF resulted in the dramatic
increase in replication of late origins in early S-phase fractions, but
that of cyclin A2-Cdk2AF did not apparently affect it.

Cdk1 Is Required for Proper Timing of Origin Firing. FT210 cells possess
a temperature-sensitive Cdkl gene product (22). FACS analysis
revealed a 2-h-longer S phase in FT210 cells compared with the
parental FM3A cells (Fig. 44). S-phase progression of FT210 cells
at a permissive temperature was almost the same as that of FM3A
cells. The progression of the spatiotemporal pattern of DNA
replication sites in FM3A at the nonpermissive temperature was
almost the same as in HeLa cells or MEFs. In contrast, the specific
pattern of DNA replication sites observed in late S phase showing
a few large internal foci was hardly detected in FT210 cells even at
late S phase at nonpermissive temperature (Fig. 44). Loss of Cdk1
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collected, and replication firing at the indicated origins was analyzed by ChiP analysis (Lower) as in Fig. 1D. Data are means * SD of at least 3 independent experiments.

Statistical significance was assessed by Student’s t test (+, P < 0.01).

resulted in a significant increase in origin spacing (104.7 kb on
average) when compared with control cells (78.6 kb on average)
(Fig. 4B Top and Fig. S6). Loss of Cdk1 did not cause changes in
the proportion of replication structures, further supporting the
notion that Cdkl is not involved in the stabilization of replication
forks.

ChIP analysis revealed that replication patterns of early S-phase
fractions in both cells were very similar, whereas replication of late
origins in late S-phase fraction from FT210 cells was specifically
impaired (Fig. 54 Right). Cdk2 activity during S phase in FT210
cells appeared the same as that in FM3A cells (Fig. S7). Collectively,
these results suggested that Cdk1 activity is involved in the proper
timing of late origin firing.

Finally, we attempted to determine the molecular basis by which
cyclin A2-Cdk1 regulates origin firing program. In Xenopus and
yeast systems, it was reported that cyclins, Cdk1 specifically, interact
with the origin recognition complexes (ORCs) (23, 24). To examine
whether the specific interaction of Cdkl to ORCs is conserved
among mammals, we performed ChIP analysis with a-Cdk1 and
a-Cdk2 antibodies. Both Cdk1 and Cdk2 were detected at genes
replicating early, whereas Cdk1 was specifically detected at genes
replicating late (Fig. 5B). Relative binding of Cdkl and Cdk2
appeared somewhat low, presumably because of an asynchronous
cell cycle. These results suggested that the specific binding of Cdk1
to late origins may also be involved in the regulation of origin firing
programs.

Discussion

Conditional Chkl knockout MEFs revealed that Chkl plays an
important role in the regulation of origin firing at 2 distinct levels
in mammals, namely activation of origins within a single replication
factory and activation of replicon clusters (Fig. 1.4-D). Consistent
with our observations, it was very recently proposed that Chkl
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suppresses initiation in both inactive, later-firing clusters and active
clusters, and the former is more strongly repressed (25). We then
successfully showed that expression of cyclinA2-Cdk1AF fusion
proteins activated origin firing at both levels as Chk1 depletion did
(Fig. 3 B-D). The expression patterns of Cdk1 and cyclins during S
phase and the enhancement of their activities in response to Chk1
depletion are also consistent with our conclusions (Fig. 1 E and F).
The most striking evidence for the involvement of Cdkl in DNA
replication is the fact that inactivation of Cdk1 in mammalian cells
resulted in a prolonged S phase accompanied by ineffective firing
of late replicon clusters and reduced the density of active origins
(Figs. 4 and 54). Although our present results clearly demonstrate
that cyclin A2-Cdk1 is involved in the regulation of late origin
firing, functioning downstream of Chk1, we cannot rule out the
possibility that cyclin A2-Cdk2 has a redundant function. Hocheg-
ger et al. (26) reported that Cdk1 activity was essential for DNA
replication initiation when Cdk2 was depleted in chicken DT40
cells. When Cdk2 was present, Cdk1 inhibition did not delay S phase
or block centrosome duplication. In this regard, DNA replication in
DT40 cells appears complete within a shorter period (8 h) when
compared with mammalian cells (10 h at 37 °C). Therefore, it is
possible that DT40 cells possess a strong Cdk2 activity, presumably
because of a loss of functional p53 that reduces the level of p21 Cdk
inhibitor, and the high Cdk2 activity may compensate for the loss
of Cdk1 activity in the context of S-phase control. In agreement
with this notion, both Cdk1 and Cdk2 were recently reported to be
involved in the control of DNA replication and replication origin
firing under unperturbed S phase in the Xenopus system (27). It was
also suggested that Cdkl and Cdk2 must have different activities
toward the genuine substrates involved in DNA replication al-
though one kinase alone is minimally sufficient to promote sub-
stantial DNA replication.

Neither cyclin A2-Cdkl1 nor cyclin A2-Cdk2 appeared to be
involved in the stabilization of replication forks during S phase
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Fig.4. Prolonged S phase in temperature-sensitive Cdk 1 mutant FT210 cells. (A)
FT210 and the parental FM3A cells were synchronized at M phase by nocodazole
(0.5 pg/mL, 16 h) and then released at an either permissive (33 °C) or nonpermis-
sive (39 °C) temperatures. Cells were then harvested 3 h after release (time 0) and
at various times thereafter. Their replication sites were analyzed (n > 300) as in
Fig. 3B. Data are means of at least 3 independent experiments. (B) Asynchronized
FM3A and FT210 cells were shifted at 39 °C for 4 h. Cells were then harvested and
subjected to molecular combing. Adjacent origins in replicon clusters (Ori to ori),
fork elongation, and replication structure were determined (n > 100) asinFig. 1C.

when replication structures were assessed by dynamic molecular
combing technology (Fig. 3C). This idea was further supported by
the observations that ectopic expression of cyclin A2-Cdk1AF and
cyclin A2-Cdk2AF failed to induce DNA damage (Fig. 2 B and C).
These findings present a clear contrast to the case with Chkl
depletion in which stability of replication forks during S phase was
strikingly reduced. Therefore, Chkl likely regulates the fork sta-
bility in a manner independent of cyclin-Cdk activities.

Cdk activities have both positive and negative roles during S
phase, namely to initiate DNA synthesis and prevent rereplication.
A quantitative model has proposed for explain the biphasic effects
of Cdks (28). In addition to a quantitative model, the accessibility
of Cdk to substrates could play a role in the regulation of the
S-phase program. Studies in Xenopus and yeast systems suggested
that Cdk1 specifically interacts with ORC and phosphorylates the
components more efficiently than Cdk2 although this interaction is
proposed to be involved in prevention of rereplication (23, 24). We
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Fig. 5. Impaired late origin firing in temperature-sensitive Cdk1 mutant
FT210 cells. (A) Asynchronous FM3A and FT210 cells were shifted at 39 °C for
4 h. Cells were pulse-labeled with BrdU (25 uM) for 1 h and sorted into early
(E) or late (L) fractions. Replication firing at the indicated origins was analyzed
by ChIP analysis as in Fig. 3D. Data are means * SD of at least 3 independent
experiments. Statistical significance was assessed by Student's t test (*, P <
0.01). Filled bars indicate FM3A cells; empty bars indicate FT210 cells. (B)
Asynchronous FM3A cells were cultured at 33 °C and harvested. Cell lysates
were subjected to ChIP analysis as described in Materials and Methods. Data
are means =+ SD of at least 3 independent experiments. Statistical significance
was assessed by Student's t test (+, P < 0.01).

found that Cdk1 could bind to both early and late origins but Cdk2
failed to bind to late origins (Fig. 5B). Thus, Cdk1 could potentially
activate early origin firing. This notion is supported by the fact that
Cdk1 could complement the Cdk2 function of S-phase initiation in
Cdk2-depleted cells (26). However, because neither ectopic expres-
sion of cyclin A2-Cdk2AF nor cyclin A2-Cdk1AF resulted in the
further enhancement of early origin activation (Fig. 3D), activation
of endogenous cyclin A/E-Cdk2 at the S-phase onset appeared to
be sufficient for early origin firing. Furthermore, given that the
majority of endogenous Cdk1 and Cdk2 existed in soluble fractions
(Fig. S8), the origin activation program appeared to be regulated
not only by induction of Cdks and their binding to prereplicative
complex components, but also by alternative ways such as complex
formation with cyclins or regulation of inhibitory phosphorylation
of Cdks. In this regard, it was very recently reported that Cdk1
started to form a complex with cyclin A2 after cyclin A2-Cdk2
complexes reached a plateau in mid S phase (21). Taken together,
our results suggest that cyclin A2-Cdk1 may regulate origin firing
program through both its specific accessibility to late origins and
regulation of Cdk1 activity at late S phase.

In conclusion, the present results indicate that ATR/Chk1-cyclin
A2-Cdk1 controls the activation of late replication origins and the
density of active origins in mammals. Similar regulation was re-
ported in a budding yeast system in which CIb5-Cdk1 was required
for late origin firing (8). Taken together, these results suggest the
existence of conserved mechanisms for the temporal program of
origin activation among a number of eukaryotes.
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Materials and Methods

Antibodies. Antibodies used in this study were as follows: a-CDK2 (sc-748; Santa
Cruz), a-Cyclin A2 (sc-751; Santa Cruz), a-Cdc2 (sc-54; Santa Cruz), a-Cyclin B1
(sc-245; Santa Cruz), rat o-BrdU (ab6326; Abcam), mouse a-BrdU (347580; BD),
a-yH2AX (05-636; Upstate), a-rabbit IgG HRP (NA934; GE Healthcare), a-mouse
IgG HRP (NA931; GE Healthcare), Alexa Fluor 555-conjugated goat a-mouse IgG
(A-21422; Invitrogen), and Alexa Fluor 488-conjugated rabbit a-rat IgG (A-21210;
Invitrogen).

Cell Culture and Double Labeling with IdU and CidU. HeLa cells, Chk1'%¥~ MEFs,
Chk19eV~ MEFs, FM3A, and FT210 cells were cultured as described (14, 29). For
analyses of origin firing programs, cells were incubated with 100 uM IdU for 15
min, then 100 uM CidU for 15 min, fixed with 4% paraformaldehyde, and
permabilized. Cellular DNA was denatured in 1.5 M HCl and stained as reported
(6). The spatiotemporal patterns of replication were analyzed by counting at least
300 cells by 2 individuals under blinded conditions.

Dynamic Molecular Combing and immunofluorescent Detection. Genomic DNA was
prepared and combed onto the silanated cover slips as described (30) with
modifications as detailed (31). A total of 2 X 106 cells were pulse-labeled for 20
min with 100 uM |dU, washed with PBS twice, and pulse-labeled for 20 min with
100 M CidU. For preparation of genomic DNA, to remove the mitochondrial
genome the nuclei were extracted with buffer A [250 mM sucrose, 20 mM Hepes
(pH 7.5), 10 mM KCl, 1.5 mM MgClz, 1 mM EDTA (pH 8.0), 1 mM EGTA (pH 6.8), 1
mM DTT, 0.1 mM PMSF] before resuspension into low-melting point agarose.
Combed DNA molecules were heat-denatured in 50% formamide, 2 X SSC at
72 °C for 12 min. For immunodetection of labeled DNA, denatured DNA mole-
cules were incubated with mouse a-BrdU mAb (1:5) and rat a-BrdU mAb (1:25) for
1 h at 37°C. After washing with PBS and 0.05% Tween 20 for 5 min 3 times, DNA
molecules were incubated with Alexa Fluor 555-conjugated goat a-mouse IgG
(1:500) and Alexa Fluor 488-conjugated rabbit a-rat 19G (1:500) for 30 min at 37°C.
All antibodies were diluted in blocking solution [1% (wt/vol) blocking reagent in
PBS, 0.05% Tween 20]. After washing with PBS and 0.05% Tween 20 for 5 min 3
times, coverslips were mounted in VECTASHIELD (Vector Laboratories). To esti-
mate the extension of DNA molecules, coverslips were prepared with A-DNA, and
then the DNA molecules were stained with 6.7 mM YOYO-1 at 25°C for 1 h.
YOYO-1-stained DNA molecules measured 21 + 0.9 pm. As the virus genome is
48.5 kbp, the extension of DNA moleculesis 2.32 * 0.11 kbp/um. DNA fibers were
examined with a Zeiss Axioplan 2 MOT with a 63X Plan-APOCHROMAT (NA 1.4)
objective lens, equipped with MicroMAX CCD camera (Princeton Instruments).
Fluorescent signals were measured by using MetaMorph version 6.1 software
(Universal Imaging).

Construction of Cydin A2-Cdk1, Cydin A2-Cdk2, and Cydin B1-Cdk1 Fusion Vectors.
For subcloning of full-length mouse Cdk1 and Cdk 1AF, either cDNAs from mouse
MEFs or pcDNA3.1Cdk1AF were used as a template. The PCR products were
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digested with EcoRl and Notl and subcloned into pcDNA3.1Myc/HisA vector
(Invitrogen). For subcloning of full-length mouse Cdk2 and Cdk2AF, either cDNAs
from mouse MEFs or pcDNA3.1Cdk2AF were used as a template. For preparation
of cyclin A2-Cdk1, cyclin A2-Cdk2, and cyclin B1-Cdk 1 fusion constructs, sets of
primers and mouse cDNA derived from MEFs as a template were used. The PCR
products were digested with BamHl and EcoRl and subcloned into
pcDNA3.1Cdk 1MycHisA or pcDNA3.1Cdk2Myc/HisA vectors. The primer sets
used are listed in Table S1.

Purification of Recombinant Cyclin-Cdk Fusion Proteins. pcDNA3.1cyclin A2-Cdk1,
pcDNA3. 1cyclin A2-Cdk2, pcDNA3.1cyclin B1-Cdk1, and their AF mutants were
digested with BamHI and Pmel. The fragments were subcloned into pVL1392
vector and transfected into 5f9 cells. 5f9 cells infected with baculoviruses express-
ing cyclin—Cdk fusion proteins or coinfected with the individual cyclins and Cdks
were lysed with immunoprecipitation kinase buffer (7) containing a mixture of
protease inhibitors. The fusion proteins and cyclin-Cdk complexes were purified
by ProBond Resin (Invitrogen) and used for the in vitro kinase assay.

Preparation of Adenoviruses Expressing Cyclin-Cdk Fusion Proteins. The BamHI-
Pmel fragments of cyclin-Cdk fusion constructs were subcloned into pENTER
vector (Invitrogen) predigested with BamHI and EcoRV. pENTERcyclin—-Cdks and
PENTERcyclin-CdkAFs were then subcloned into pAdCMV vectors according to
the manufacturer’s instructions (Invitrogen). pAdcyclin-Cdks and pAdcyclin-
CdkAFs were transfected into 293A cells (Invitrogen).

ChIP Assay. Asynchronized Chk119¥~ MEFs, Chk19¢/~ MEFs, Hela cells infected
with adenoviruses expressing cyclin A2-Cdk 1AF or cyclin A2-Cdk2AF, and mouse
FM3A or FT210 cells were labeled with 25 uM BrdU before cell sorting. Cells were
then sorted into early and late S-phase fractions by using a cell sorter (BD). At least
60,000 cells were collected during each phase and used for the chromatin prep-
aration. Nascent DNA was enriched by immunoprecipitation using a-BrdU anti-
bodies asreported (16) and subjected to quantitative PCR with the ABI PRISM7000
system using Power SYBR Green PCR Master Mix (Applied Biosystems). Primers
used for PCR are listed in Table 51. As a control, mtDNA in BrdU-containing DNA
was also amplified, and the results were presented as a percentage of mtDNA. For
Cdk1 and Cdk2 bindings to origins, FM3A cells were cultured at 33 °C, and ChiP
analysis was performed with a-Cdk 1 and a-Cdk2 antibodies as described (14). The
results were presented as a percentage of input.
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Abstract

Background: Peroxisome proliferator-activated receptor-y (PPAR-vy) is expressed in certain human cancers. Ligand-induced PPAR-y
activation can result in growth inhibition and differentiation in these cancer cells; however, the precise mechanism for the anti-proliferative
effect of PPAR -y ligands is not clear. Methods: In this study, we examined the expression of PPAR-y in human prostate cancer and the effect of
two PPAR-y ligands, 15 deoxy-A'*'“-prostaglandin J2 (15d-PGJ2) and troglitazone, on prostate cancer cell growth. Results: PPAR-y is
frequently over-expressed in androgen independent prostate cancer cell lines and human prostate cancer tissues (22 of 47; 47%). Both 15d-
PGJ2 and troglitazone inhibited proliferation and DNA synthesis of prostate cancer cell lines in a dose-dependent manner, and slightly
increased the proportion of cells with S-phase DNA content. Prostate specific antigen (PSA) promoter reporter assays showed that troglitazone
and 15d-PGJ2 down-regulated androgen stimulated reporter gene activity in prostate cancer cell lines LNCaP. Interestingly, LNCaP with
troglitazone dramatically suppressed PSA protein expression without suppressing AR expression. Conclusions: Taken together, these results

suggest that PPAR-y ligands may be a useful therapeutic agent for the treatment of prostate cancer.
© 2008 International Society for Preventive Oncology. Published by Elsevier Ltd. All rights reserved.

Keywords: PPAR-vy; Ligand; Prostate cancer

1. Introduction

Prostate cancer is the most common cancer among men
and the second leading cause of male cancer death [1].
Although surgical resection or radiotherapy is potentially
curative for localized disease, advanced prostate cancer is
associated with a poor prognosis. Conventional chemother-
apy and radiotherapy are of limited effectiveness. Blockade
of androgen stimulation often leads to either a partial or full

Abbreviations: 15d-PGJ2, 15-deoxy-A'>'“-prostaglandin J2; AR,
androgen receptor; DHT, S5alpha-dihydrotestosterone; FACS, fluores-
cence-activated cell sorter; PPAR, peroxisome proliferator-activated recep-
tor; PSA, prostate specific antigen.

* Corresponding author. Tel.: +81 52 853 8266; fax: +81 52 852 3179.

E-mail address: hashi@med.nagoya-cu.ac.jp (H. Yoshihiro).

remission; however, subsequent relapse often occurs and the
disease re-emerges within a few years in a poorly
differentiated, androgen-independent form. The shortage
of curative therapies for advanced disease has provided
impetus for the development of novel therapies.

Peroxisome proliferator-activated receptor (PPAR) is a
member of the steroid hormone receptor superfamily
involved in ligand-inducible regulation [2-5]. There are
three types of PPARs: PPAR-a, PPAR-B, and PPAR-y. All
PPAR isoforms require heterodimerization with the retinoid
X receptor for optimal DNA binding and transcriptional
activity [6].

PPAR-y is an important molecule for adipocyte
differentiation and is over-expressed in adipose tissue
[7,8]. In addition to adipose tissue, PPAR-y expression is

0361-090X/$30.00 © 2008 International Society for Preventive Oncology. Published by Elsevier Ltd. All rights reserved.
doi:10.1016/j.cdp.2008.05.008
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detected in a wide variety of cancer cells [9-13]. The
receptor requires ligand activation, and several ligands have
been identified including synthetic antidiabetic thiazolidi-
nedione (TZD) drugs and natural ligands such as 15d-PGJ2
[14]. Troglitazone is a TZD that has been widely used for
insulin-resistant diabetes mellitus, and has been identified
as a specific ligand for PPAR-y [15-17]. In cancer cells,
PPAR-y activation by its high affinity ligands can inhibit
cell proliferation [18,19]. Thus PPAR-y is involved in not
only lipid metabolism but also cellular proliferation in
cancer cells. Therefore, it is suggested that PPAR-vy is a
possible molecular target for cancer treatment. Although
increasing evidence has established that PPAR-y activation
induces growth arrest in cancer cells, the molecular
mechanism of the growth inhibition by PPAR-y ligands
is not well understood. Some researchers have recently
demonstrated that the cyclin-dependent kinase inhibitor
may be a crucial molecule in the cell growth inhibition by
PPAR-vy ligands in human cancer cells [18-21]. In this
study, we show that PPAR-y is expressed in human prostate
cancer, and that ligand activation of this nuclear hormone
receptor inhibits prostate cancer cell proliferation and
activity of androgen-responsive gene, such as prostate
specific antigen (PSA).

2. Materials and methods
2.1. Cells and samples

Prostate cancer cell lines (LNCaP, PC-3, and DU145)
were obtained from the American Type Culture Collection
(Rockville, MD). PC-3 and DU145 were maintained in
Dulbecco’s modified eagle’s media (DMEM) with 10%
FCS. LNCaP was grown in RPMI1640 with 10% FCS. 15-
deoxy-A'>'*-prostaglandin J2 (15d-PGJ2) and troglita-
zone (Sigma Chemical Co.; St. Louis, MO) were
dissolved in a solution containing 50% dimethyl sulfoxide
(DMSO) and 50% ethanol and applied to cells at a
concentration of <0.1% of the media volume. Prostate
cancer tissue and adjacent normal prostate tissue (n = 47)
were surgically obtained after informed consent from
patients, and were fixed by a standard ‘ method for
immunohistochemistry.

2.2. Cell growth assay (cell viability assay)

For experiments, each prostate cancer cell line was
plated at a density of 2 x 10° cm™2. One day later (at day
0), the medium was changed to the maintenance medium
with 15d-PGJ2 or troglitazone. Adherent cells were
harvested by trypsinization and collected by centrifuga-
tion. Nonadherent cells were collected from spent media
by centrifugation. Cell pellets were resuspended in 100 pl
of fresh media, and trypan blue solution (Sigma) was
added at a ratio of 1:1. Viable cells were counted by

trypan blue exclusion using a hemocytometer as a
percentage of a total of 500 cells. Each experiment was
carried out in quadruplicate and repeated at least three
times.

2.3. Cell cycle analysis

After treatment with ligands at varying concentrations
(described in Table 2), cells were washed with chilled
phosphate-buffered saline (PBS) and kept on ice in
phosphate-buffered saline containing 2 mM ethylenediami-
netetraacetate (EDTA) (Sigma Chemical Co.) for 10 min.
Cells were collected using a cell scraper, suspended in PBS,
and fixed with 0.25% paraformaldehyde (Sigma Chemical
Co.). Fixed cells were washed once with PBS, incubated
with 100 mg of RNase A (Sigma Chemical Co.) in PBS
containing 0.2% Tween 20, and stained with 50 mg/ml of
propidium iodide (Sigma Chemical Co.). Cell cycle analysis
was performed with a fluorescence-activated cell sorter
(FACS) Calibur flow cytometer (Becton Dickinson, Mans-
field, MA). The percentage of cells in the GO/G1, S and G2/
M phases of the cell cycle was determined using the Modfit
LT software program (Verity Software House Inc., Topsham,
ME). "

2.4. DNA synthesis inhibitory assay

Cell proliferation was determined by measurement of
tritiated thymidine incorporation during DNA synthesis via
a radioactive assay as described previously [22]. All cells
were treated with 0, 2.5, and 10 uM 15d-PGJ2 or 0, 5, and
20 pM toglitazone for 24 h. Additionally these cells were
incubated with tritiated thymidine (1 mCi/ml) solution for
24 h prior to harvesting. ‘

2.5. Western blot analysis

Total cell lysates were prepared by boiling cells in
sodium dodecylsulfate (SDS) sample buffer after treatment
with 15d-PGJ2 and troglitazone. Samples were equalized to
20 pg/lane and run on a 12% SDS-polyacrylamide gel.
Proteins were transferred to nitrocellulose membranes (Bio-
Rad). Blocked membranes were incubated overnight with
either anti-PPAR-y polyclonal antibody (Santa Cruz; 1:2000
dilution), anti-AR polyclonal antibody (Santa Cruz; 1:500
dilution), anti-PSA polyclonal antibody (Santa Cruz; 1:500
dilution), or anti-B-actin polyclonal antibody (Santa Cruz;
1:500 dilution). Three 10-min washes in Tris-buffered saline
(TBS)-Tween 20 (20 mM Tris-HCl, 137 mM NaCl, and
0.1% Tween 20, pH 7.6) were carried out between antibody
steps, followed by incubation with antirabbit secondary
antibody conjugated to horseradish peroxidase (Amersham;
1:2000 dilution) for 1 h at room temperature. The signals
were detected by enhanced chemiluminescence (Amer-
sham). The stripping procedures were performed using
standard methods.
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2.6. Immunohistochemistry

Immunohistochemical staining was performed with the
Vectastatin avidin-biotin peroxidase complex kit (Vector,
Burlingame, CA). Formalin-fixed, paraffin-embedded speci-
mens were sectioned onto microscope slide at a thickness of
3 wm, and then deparaffinized in xylene and rehydrated in
graded ethanol. Endogenous peroxide was blocked with
0.3% hydrogen peroxide in methanol for 30 min. Sections
were reacted with the primary antibody (Santa Cruz; anti-
PPAR-y polyclonal antibody diluted at 1:500) for 24 h at 4

Q1°C, washed with PBS, and incubated with biotinylated

secondary antibody for 30 min at room temperature,
followed by treatment with the avidin-biotin peroxidase
complex (DAKO) for 30 min at room temperature. Sections
were washed with PBS, and peroxidase activity was
visualized with 0.03% 3,3'-diaminobenzidine tetrahy-
drochloride containing 0.06% H>O, in ammonium acetate
—citric buffer. Sections were counterstained with hematox-
ylin. For each slide, the extent and intensity of staining with
PPAR-y antibody was graded on a scale of 0-3+ by two
blinded observers on two separate occasions using coded
slides, and an average score was calculated.

2.7. Transfections and luciferase assay

LNCaP cells were incubated in RPMI 1640 with 10%
FBS until 50-70% confluency. Cells were transfected with
PSA promoter luciferase reporter gene using the Lipofecta-
mine plus (Gibco) under serum-free conditions. A pCMV-B-
galactosidase vector was included as an internal control for
efficiency of transfection. Following transfections, cells
were incubated in RPMI1640 with 10% charcoal-stripped
fetal bovine serum FBS either with or without 10-9 M

@ 5

(B)

Salpha-dihydrotestosterone (DHT) and either with or
without ligands for PPAR-y for 72 h. Cells were collected
with tissue lysis buffer. Luciferase activity of the cell lysates
was measured by luminometry, and activities were normal-
ized by B-galactosidase activities. All transfection experi-
ments were carried out in triplicate wells and repeated
separately at least three times.

3. Results

3.1. Expression of PPAR-y in prostate cancer cell lines
and human prostate tissues

‘We initially examined the expression levels of PPAR-y in
prostate cancer cell lines using Western blot analysis
(Fig. 1A). We found variable levels of PPAR~y protein with
moderate expression seen in the androgen independent cell
lines, PC-3 and DU145, and low expression in the androgen-
dependent cell line, LNCaP. Expression levels were
corrected for differences in protein loading according to
probing with antibody to B-actin. In addition, we evaluated
the expression levels of PPAR-y in human prostate tissues by
immunohistochemistry. Tumor area was expressed at a
significant level; in contrast, non-tumor prostate area was
expressed at a very low or negligible level (Fig. 1B and
Table 1).

3.2. PPAR-y ligands inhibit proliferation of prostate
cancer cells

Each prostate cancer cell line was plated at a density of
2 x 10° cm™2 and incubated in the maintenance medium
with 15d-PGJ2 or troglitazone. The effect of each ligand on

Fig. 1. Expression of PPAR-y in prostate cancer cell lines and human prostate tissues. (A) Western blot analysis of PPAR-y in prostate cancer cell lines Lysates
were extracted from four prostate cancer cell lines. The Iysates were electrophoresed, blotted on membrane, and reacted with a specific antibody to PPAR~y. The
antibody was removed from the membrane and incubated with an antibody to B-actin. Expression levels were corrected for differences in protein loading
according to actin probing. (B) Immunohistochemistry for PPAR-Y in prostate cancer. Weak expression of immunoreactive PPAR-y was found in non-tumor
area (left: x400). In contrast, we found significant expression of immunoreactive PPAR-vy in tumor area (right: x400).
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230
Table 1 ) ) troglitazone for 48 h, at which time cell cycle changes were 231
Immunobiistochemisy of FPAR-~y in buman prostate cancer paticnts studied by FACS analysis. These cell lines showed no 232
Intensity Positive (%) ~ Total samples significant increase in the proportion of cells in the GO-G1 233
+ 4 e+ phase and the apoptotic phase of cell cycle. All cell lines 234
Tumor 5 13 4 22 (46.8%) 47 showed mild accumulation of cells in the S-phase at 48 h 235
Non-tumor 6 0 0 6 (12.8%) 47 post-treatment with 15d-PGJ2 and troglitazone compared 236
Tissues were obtained from the center of grossly recognizable nodules of with control cells (Table 2). 11
prostate cancer. The formalin-fixed, paraffin-embedded tissue sections were
deparaffinized, rehydrated and subjected to immunohistochemistry study 3.5. PPAR-y ligands down-regulate PSA promoter 238
with anti-PPAR-y anﬁbody (1:200 dilution, Santa Cruz) according to activity in LNCaP cell
standard protocols._'l‘he s’(mning' mtenmty was scored on a 0-3 scale from 239
riegative (o strong immunoreactiviey: To explore potential mechanisms by which PPAR-y 240
212 ligands inhibited levels of PSA as androgen-responsive 241
213 the growth response of the cells was determined by a cell gene, we analyzed the effect of 15d-PGJ2 and troglitazone 242
214 viability assay using trypan blue. Low concentrations of on the ability of DHT to transactivate the PSA promoter. The 243
215 troglitazone (5 uM) and 15d-PGJ2 (2.5 pM) blocked cell LNCaP prostate cancer cells were cultured with DHT after 244
216 proliferation on all prostate cancer cell lines (Fig. 2). being transfected with the PSA promoter luciferase reporter. 245
The reporter activity increased about 17-fold as compared 246
217 3.3. PPAR-y ligands inhibit DNA synthesis of prostate with nontreated control LNCaP cells. This result was 247
cancer cells consistent. with previous observations. When cells were 248
218 treated with both troglitazone and DHT, luciferase activity 249
219 To confirm the effect of PPAR-y ligands on cell dramatically reduced by 65% compared with DHT alone 250
220 proliferation, the incorporation of tritiated thymidine into (Fig. 4). 251
221 DNA was measured in a radioactive DNA synthesis assay. R
222 As shown in Fig. 3, treatment with 15d-PGJ2 or troglitazone 3.6. Effect of PPAR-y ligands on PSA, AR, and PPAR-y 252
223 decreases DNA synthesis significantly in all prostate cancer expression in LNCaP cell
224 cell lines at 24 h post-treatment. 253
Cytoplasmic PSA protein expression was studied by 254
225 3.4. PPAR-y ligands treatment causes S-phase cell Western blot analyses of LNCaP cells cultured with or 255
arrest in prostate cancer cells - without troglitazone and DHT for different durations 256
226 (Fig. 5). LNCaP cells constitutively expressed PSA protein, 257
227 Because of the profound inhibition of cellular prolifera- and when these cells were incubated with DHT, PSA 258
228 tion caused by PPAR-y ligands, we wanted to determine expression increased 1.7-fold after 48h of culture. 259
229 whether the cell cycle was altered. LNCaP, PC-3, and Troglitazone suppressed PSA expression induced by DHT 260
230 DU145 were treated with 10 uM 15d-PGJ2 or 20 pM at each time point. For example, at day 2, troglitazone 261
Table 2 emg
Cell cycle analysis of prostate cancer cell lines treated with PPAR-y ligands
Proportion of cells
GO/G1 S G2M Apoptotic
LNCaP
Control 72.23 +£2.08 321+£023 24.57+1.86 1.21+£0.13
15d-PGJ2 (10 pM) 68.37 £ 0.71 15.17 £ 0.11 16.81 £ 0.78 1.77 £0.35
Troglitazone (20 p.M) 7422 +1.74 9.47 £0.34 16.32 + 0.62 0.94 +0.26
PC-3
Control 54.18 + 0.48 2452 +0.18 21.31 + 0.60 2.17 £ 0.53
15d-PGJ2 (10 pM) 47.16 = 1.59 39.71 +0.58 13.14 £0.70 465+ 171
Troglitazone (20 pM) 58.13 £243 31.69 +£3.12 10.18 + 1.08 2.93 + 042
DU145
Control 53.56 + 1.24 17.26 £ 1.17 29.20 £ 0.12 3.52+0.88
15d-PGJ2 (10 pM) 3527+ 459 4438 £ 545 20.15 +2.33 6.46 + 1.26
Troglitazone (20 M) 56.14 + 5.41 29.73 + 1.76 1434+ 0.97 3.19+0.79

Cells were treated with 10 uM 15d-PGJ2 or 20 pM troglitazone for 48 h. The effect of these ligands on the proportion of cells in each phase of the cell cycle was
determined. Data shown is representative of three experiments. Values are mean + S.D.
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Fig. 2. Effects of PPAR-v ligands on prostate cancer cell analyzed by cell number. After being platedat2 x 10° cm™? in the maintenance medium (described in
Section 2), cells were incubated in maintenance medium with 15d-PGJ2 or troglitazone on the following day. The number of viable cells was counted by trypan

blue exclusion using a hemocytometer. Data are shown as mean of the triplicate dishes.
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toglitazone for 24 h. Additionally, cells were incubated with tritiated
thymidine (1 mCi/ml) solution for 24 h prior to harvesting. The amount
of synthesized DNA was measured by the method described in Section 2
(n =3); bars, S.D.

suppressed PSA levels by 70% as compared with cells .

cultured with DHT alone. Moreover, we examined levels of
AR in LNCaP to determine whether troglitazone suppresscd
PSA through inhibition of AR expression. Troglitazone did
not significantly affect levels of AR expression compared
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Fig. 4. Effect of PPAR-y ligands on transcriptional activity of PSA
promoter in LNCaP cells. LNCaP cells were transfected with PSA-Luc.
DHT (10~° M) either with or without PPAR-vy ligand (15d-PGJ2: 10 uM,
troglitazone: 20 pM) was added. pCMV-B-galactosidase vector was
cotransfected for normalization. S.D.s from three or more repetitions of
the experiment are shown. TP < 0.05 as determined by Student’s ¢ test
difference compared with DHT alone.

24 48 Time (h)

DHT (10°M)
Trgz (10°M)

Control
+
+
+
+

: M PSA
05 (Relative value)
. AR
(Relative value)
PPAR-y
(Relative value)

B-actin
(Relative value)

Fig. 5. Western blot analysis of PSA, AR, PPAR-y and b-actin in LNCaP
cells treated with troglitazone. Cells were incubated in medium with 10%
charcoal-striped FBS for 24 h before the addition of 10~° M DHT either
with (+) or without (—) 10~> M troglitazone. After the addition of reagents,
cells were incubated for 24 and 48 h. Control: cell lysates harvested before
the addition of reagents. The relative abundance of band intensity was
measured by densitometric scanning.

with LNCaP cells cultured with DHT alone. Furthermore,
neither DHT nor troghtamne affected levels of PPAR-y

(Fng)

4. Discussion

PPAR-vy belongs to the nuclear steroid receptor super-
family, which includes receptors for steroids, thyroid
hormone, retinoid acid and vitamin D. These receptors
are critical for cellular growth and differentiation [2,3].
Previous studies have reported that PPAR-y ligands activate
PPAR-y expressing cells including adipocytes, fibroblasts,
myoblasts, and help to induce terminal differentiation.
PPAR-y forms a heterodimeric complex that functions as a
central regulator of adipocyte differentiation [7,8]. PPAR-y
is activated by several prostanoids, prostaglandin-like
molecules, and arachidonic acid metabolites [3]. Moreover,
PPAR-y ligands induce growth arrest through apoptosis in
macrophages and endothelial cells [23]. It has also been
reported that PPAR-vy ligands can inhibit growth of several
cancer cells in vitro and in vivo [24-26].

Our Western blot data show that the three prostate cancer
cell lines studied here, as well as prostate cancer tissues
expressed PPAR-y. We tested the hypothesis that prostate
cancer cells that express PPAR-y may be inhibited in their
proliferation by PPAR-y ligands. We studied the effects of
low and high dose treatments of the PPAR-y ligands, 15d-
PGJ2 and troglitazone on parameters of cell proliferation in
three prostate cancer cell lines, LNCaP, PC-3 and DU145.
Low concentrations of troglitazone (5 uM) and 15d-PGJ2
(2.5 pM) blocked cell proliferation and suppressed DNA
synthesis on all prostate cancer cell lines (Figs. 2 and 3). In
addition, we have utilised the selective PPAR-y antagonist
GW9662 to elucidate the involvement of PPAR~y in the
growth inhibitory effects observed. The inhibitory effects
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exerted by PPAR-y ligands were not reversed by the addition
of the GW9662 (supplementary data). Our findings
demonstrate that the effects induced by 15d-PGJ2 and
troglitazone in the prostate cancer cell lines are PPAR-y
independent. The levels of PPAR-y expression varied
significantly amongst the prostate cancer cell lines examined
and these differing levels did not associate with the observed
growth inhibition. All prostate cancer cell lines showed
accumulations of cells in the S-phase after 48 h of treatment
with PPAR~y ligands and no significant increase in the
proportion of cells in the GO-G1 phase and the apoptotic
phase of cell cycle (Table 2). However, the androgen-
dependent cell line, LNCaP, exhibited a lesser effect than the
androgen independent cell lines DU145 and PC-3. LNCaP
cells grow very slowly in culture and therefore may not have
completed an entire cell cycle before the effects of PPAR-y
occur. The completion of cell cycle events in an orderly
manner, from the G1 stage to DNA replication in S-phase or
from the G2 stage to mitosis, is controlled by many factors,
which act as checkpoints to ensure that no mistakes occur
[27]. Therefore, in addition to carrying out FACS analysis to
study the cell cycle, we also studied changes in the protein
expressions of certain cell cycle regulating factors over the
time course of 15d-PGJ2 treatment. The cell cycle regulators
studied were p53, p21 and p27 all are involved in controlling
various checkpoints in the cell cycle. However, no changes
were observed in the expression levels of any of these
proteins over the time period in which cell cycle amrest
occurred (supplementary data).

Additional experiments explored whether PPAR ligands
could also inhibit androgen-induced production of PSA.
Exposure of LNCaP cells simultaneously to DHT and
troglitazone resulted in inhibition of accumulation of PSA
protein compared with exposure to DHT alone, as shown by
Western blotting (Fig. 5). Reprobing of the Western blot
showed that the down-regulation of PSA expression was not
mediated through down-regulation of androgen receptor
(AR). Because troglitazone is able to inhibit transactivation
of a number of secondary signaling pathways, it may be
either inhibiting coactivators or stimulating corepressors of
the activated AR. A recent report has shown that activated
AR requires coactivators for efficient expression of
androgen-responsive genes [28,29]. Another less likely
hypothesis comes from studies that have shown that
induction of immediate early genes such as c-Jun and c-
Myc can be mediated by PPAR-y ligands and complexes of
c-Jun and c-Fos can disrupt transactivation of the ARs
[30,31]. Additional studies are clearly required to elucidate
the actual mechanism by which PPAR-y ligands mediate
their antiandrogen activities.

The anti-proliferative effects of PPAR-y ligands cannot
totally be explained by inhibition of the androgen-signaling
pathway. Prior studies show that PC-3 cells, which have a
nonfunctional, mutated AR, are inhibited in their prolifera-
tion in vitro and in vivo by PPAR-v ligands [32]. In addition,
studies by others as well as ourselves have demonstrated

that cancer cells from a variety of tissues including colon,
breast, fat, and stomach can be inhibited in their
proliferation by PPAR-y ligands; and these cancers are
not under androgen control. This would be congruent with
the hypothesis that PPAR-y ligands are affecting key
cofactors of activated signaling pathways in these trans-
formed cells.

In this study, we demonstrate that PPAR-y ligands
inhibited proliferation of human prostate cancer cells and
transactivation of PSA, suggesting that troglitazone inhib-
ited PSA induction by a mechanism other than down-
regulation of the AR. Taken together, these ligands may
represent a useful adjuvant therapy for prostate cancer,
particularly for patients who have minimal residual disease
after surgery or radiotherapy with curative intent.
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Chk1 is an essential kinase for maintaining genome integrity and cell cycle checkpoints through
phasphorylating several downstream targets. Recently, we demonstrated that Chk1 is also required for
cell proliferation in somatic cells under unperturbed condition through regulating transcription of sev-
eral genes. Here, we show that Chk1 is required for S phase progression and RNR2 is a critical downstream
target of genes transcriptionally regulated by Chk1. Hence, although RNR2 expression reached maximum
at S phase in the presence of Chk1, Chk1 depletion arrested the cell cycle at S phase and reduced RNR2
expression at both mRNA and protein levels. Ectopic expression of RNR2 failed to rescue the S phase
arrest observed in Chk1 depleted cells, suggesting the presence of an additional Chk1-target(s) for com-
pletion of S phase other than RNR2. Therefore, our results suggest that Chk1 is required for DNA replica-

tion at least through regulating RNR2 gene transcription.

© 2008 Elsevier Inc. All rights reserved.

Progression through the cell cycle is regulated carefully to
avoid proliferation or mitosis when adverse conditions exist, such
as DNA damage and DNA replication fork stalling [ 1-3). Abnormal
DNA structures are rapidly sensed and transduced to mediators by
either the ATR or ATM PI3-kinase related protein kinases (PIKK)
[4,5]. One such mediator is Chk1 kinase that is essential for cell
cycle arrest upon DNA damage or DNA replication fork stalling
through phosphorylating Cdc25 phosphatases [6,7]. In addition to
its role as a checkpoint mediator, Chk1 is a constitutively active
enzyme and associates with chromatin under unperturbed condi-
tion [8,9]. Chk1 phosphorylates histone H3 at threonine 11 (T11)
around the promoter regions of cell cycle regulatory genes includ-
ing cyclin B1 and Cdk1 [10], which accelerate recruitment of GCN5
histone acetyltransferase and subsequent acetylation at lysine 9
(K9) [11]. Increased acetylation of K9 leads to transcriptional acti-
vation.

Ribonucleotide reductase (RNR) is essential for de novo syn-
thesis of deoxyribonucleotides (ANTPs), which are required for
DNA replication and repair [12,13]. Most eukaryotic RNRs are com-
posed of two essential and non-identical homodimeric subunits,
a large subunit (R1) and a small subunit (R2) [12,14}. The former
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subunit contains the catalytic site and allosteric regulatory site for
both enzyme activity and specificity by binding nucleotide triphos-
phates [12]. The latter subunit contains a non-heme iron center
essential for catalysis. p53-Inducible R2 (53R2) {15}, a homolo-
gous R2 protein, is also capable of forming an active RNR complex
together with the R1 protein [16].

In mammalian cells, the transcription of the R1 and R2 genes is
cell cycle dependent, being undetectable in GO/G1 and maximum
in S phase [17,18]. The S phase-specific expression of R1 genes is
characterized as four different promoter elements, b, a, Inr, and g
[19]. Although transcription factor YY1 binds to b and a elements,
the cell cycle specific expression is mainly regulated via Inr and
g elements. In contrast to R1, the S phase specific expression of
R2 is relatively complicated. In mouse cells, S phase-specific tran-
scription of R2 gene requires a repressive E2F-binding site and a
promoter-activating region [20]. Interestingly, mutation of the
E2F-binding site leads to premature promoter activation in G1 and
increase promoter activity. Given that the R1 protein has a long
half-life, and its level is apparently constant [21,22] and that the R2
protein is rapidly degraded in mitosis by APC-C [23,24], RNR activ-
ity and thus DNA replication are mainly dependent on the level of
R2 protein.

In this study, we found that Chk1 depletion results in incomplete
S phase, suggesting that Chk1 may be required for transcription
of some essential genes for DNA replication. To address this ques-
tion, we examined changes in the transcription of known genes
involved in S phase progression after Chk1 depletion in MEFs. Only
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RNR2 among genes tested was drastically reduced following loss of
Chk1. Therefore, our results suggest an essential function of Chk1
in DNA replication at least through activating RNR2 gene transcrip-
tion.

Materials and methods

Cells and culture condition. Chk1%%/~ MEFs were generated as
described previously [10] and were cultured in DMEM supple-
mented with 10% FBS.

Immunoblotting. Cells were lysed as described previously [10],
and extracts were subjected to immunoblotting using anti-Chk1
(sc8408; Santa Cruz), anti-RNR2 (sc10844; Santa Cruz), anti-RNR1
(sc11733; Santa Cruz) antibodies.

Northern blotting. Total RNA was extracted using ISOGEN (Wako)
and northern blotting was performed as described previously [25].
32p.labeled fragment of RNR2 and RNR1 was used as a probe.

Cell cycle analysis. Cells were incubated with 10uM BrdU for
30min, harvested, washed once in PBS and fixed with in 70% etha-
nol. Cells were prepared for FACS analysis as described previously
[26].

Real time PCR. Real-time PCR was carried out with single-
stranded c¢DNAs prepared with the SuperScript First-Strand Syn-
thesis System (Invitrogen, Carlsbad, CA, USA). Briefly, total RNA
from each sample after transfection was reverse-transcribed
with Oligo-DT primer. PCR reactions were performed with Power
SYBR Green PCR Master Mix and 7500 Fast Real-Time PCR System
(Applied Biosystems, Foster City, CA, USA). Seuence-Specific
primers ‘were designed by Primer3 software (http://frodo.wi.mit.
edu/cgi-bin/primer3/primer3_www.cgi) as follows; GAPDH, AAC
TITGGCATTGTGGAAGG and GGATGCAGGGATGATGTTCT, Asf1, CAG
GCCATTTTACCTTCAGC and GGCTGAGCTTGTITTCTGGAC, MCM4,

GACCCTCAGGATGAGGCATA and GGGGCATGATGGTACTATGG,
Cdc25C, AAAGACAGGGCTCTGAACCA and TGGTGAAGCATGGGAC
AGTA, RNR1, GGTCGTGTCCGAAAAGTTGT and GTTCTGCTGGTTG
CTCTTCC RNR2, CGTTGTCTTTCCCATCGAGT and CTCTCATCGGG
TTTCAGAGC, Cdc7, GCCCTGCAGAGAAACTCATC and GTTTCCCTC
ATCACGCTGTT, Cdc6, TTTCGGAAGTTGATGGGAAC and GGGTCAA
AAGCAGCAAAGAG Orcl, ACTGCCATACCCAACCATGT and CAGCA
CGTCATTCTGGCTAA, Orc2, TTTGTGCCTTCCTTITCTGC and CCCA AG
CCATAAAGCACAAT, Wee1, GAGAGCTGGAGGACGACTTG and CAGAA
AGTAGGCGGTCGAAG, Cdc45, GTTCCTGCCTACGACGACAT and CTC
TTCCTGTTTCGCTCCAC. GAPDH primer was used as an internal con-
trol. Real-Time PCR was carried out, in duplicate, by 40 cycles of
95°C for 10sec and 60°C for 1min. Productions of the expected
amplification fragments without unanticipated products and prim-
ers were confirmed by melting-curve analysis. To determine the
relative amounts of the products, we used the comparative Ct
(threshold cycle) method according to the instructions supplied by
Applied Biosystems. Conventional PCR was performed with the Ex-
Tagq system (Takara Bio Inc., Shiga, Japan).

Immunohistochemical analysis. Chk19%/~ MEFs were infected
with adenoviruses expressing either Cre or LacZ (negative control).
Immunohistochemical analyses using anti-RNR1 and anti-RNR2
antibodies were performed as described previously [3].

Results and discussion
Loss of Chk1 resulted in incomplete DNA replication

Recent findings that Chk1 is a histone H3-T11 kinase unravel a
mechanism underlying DNA damage-induced transcriptional repres-

sion. In this concept, Chk1 is an essential for transcription of some
genes under unperturbed condition. Actually, Chk1 depletion in
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Fig. 3. Specific reduction in RNR2 protein in Chk1 depleted MEFs. Chk17ex/- MEFs were harvested at the indicated times after infection of adenoviruses expressing LacZ or Cre.
The resultant whole cell extracts and total RNA were prepared and subjected to immunoblotting (IB) using the indicated antibodies or northern blotting (NB) analysis using
RNR2 or RNR1 probes. (B) Immunohistochemical analysis of RNR2 and RNR1 in Chk1 depleted cells. Chk1"°* MEFs were infected with adenoviruses expressing either LacZ
or Cre. Three days after infection the resultant cells were fixed and stained with anti-RNR2 or anti-RNR1 antibodies. Cells were also counterstained with DAPL
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