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Deregulation of Cyclin-Dependent Kinase 2 Activity
Correlates With UVC-Induced Apoptosis
in Chinese Hamster Ovary Cells
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Abstract Progression through the cell cycle relies on the activities of cyclin-dependent kinases (Cdk), which in turn
are modulated by inhibitory proteins such as p21“2"/<P? that are induced when genomic damage occurs. In this study,
we show that exposure of normal mammalian cells, such as NIH3T3 fibroblasts, to UVC (25 J/m?, at 254 nm) induces the
expression of p21 without causing significant apoptosis, whereas similar treatment of Chinese hamster ovary (CHO-K1)
cells with UVC causes apoptosis without inducing p21. The absence of p21 in UV-irradiated CHO-K1 cells is
accompanied by the deregulation of Cdk2 activity. The elevation of Cdk2 activity correlates with the increase of UV-
induced apoptosis, which can be suppressed by small-molecule Cdk2 inhibitors such as roscovitine and pyrrolidine
dithiocarbamate. The results of this study suggest that the deregulation of Cdk2 activity may be critical to UV-induced

apoptosis in CHO-KT1 cells. J. Cell. Biochem. 97: 824-835, 2006. © 2005 Wiley-Liss, Inc.
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- cyclin-dependent kinase 2

In mammalian cells, exposure to ultraviolet
(UV) radiation leads to the damage of cell-
ular constituents, resulting in complex cell
responses that include the induction of genes
and the perturbation of various signaling path-
ways [Bender et al., 1997; Schwarz, 1998]. If
damaged constituents in UV-irradiated cells
cannot be repaired, cells are likely to die via
the process of apoptosis. Apoptosis, which is
widely observed in different types of cells in
various organisms, has a unique morphological
cell death pattern characterized by chromatin
condensation, membrane blebbing, and DNA
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fragmentation [Kerr et al., 1972; Ellis et al.,
1991].

We have previously reported that UVC irradi-
ation (at 25 J/m?) causes significant apoptosis in
Chinese hamster ovary cells (CHO-K1) [Tzang
etal., 1999b] and expression of the p21Wa/1/CirD)
gene is absent despite the induction of p53 and
gadd45 in the UV-irradiated cells [Tzang et al.,
1999a]. p21WafVCiPD j5 an universal inhibitor
of cyclin-dependent kinases (Cdks), which is
induced during DNA damage [Harper et al.,
1993; Xiong et al., 1993; Dulic et al., 1994,
Michieli et al., 1994]. p21Wafl/CipD 4et5 by
binding to cyclin—Cdk complexes, and inhibit-
ing their activity; it has been shown to be
involved in cell-cycle arrest at the G; phase,
presumably to allow time for the repair of
damaged DNA [Gu et al., 1993; Harper et al.,
1993; Xiong et al., 1993; Nakanishi et al., 1995].
Ectopic overexpression of human p21Wafl/cipD
markedly increased the survival rates of UV-
irradiated CHO-K1 cells [Tzang et al., 2002].
However, Cdk activities in UV-irradiated CHO-
K1 cells remain uninvestigated and the identity
of the Cdk involved in UV-induced apoptosis of
CHO-K1 cells is still unclear.
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In the present study, we demonstrate
that Cdk2 but not Cdk4 activity is elevated in
UV-irradiated CHO-K1 cells. The elevated
Cdk2 activity correlates well with the increase
of UV-induced apoptosis during the time course
after UV irradiation. Inhibition of Cdk2 activity
with chemicals such as roscovitine or pyrroli-
dine dithiocarbamate also suppresses the UV-
induced apoptosis. A plausible signal pathway
from the elevation of Cdk2 to the programmed
cell death is hypothesized.

MATERIALS AND METHODS
Chemicals

Pyrrolidene dithiocarbamate (PDTC), glu-
tathione (GSH), and bpr-buthionine-[S,R]-sul-
foximine (BSO) were obtained from Sigma
(St. Louis, MO), and roscovitine was from
Calbiochem (San Diego, CA).

Cell Cultures

CHO-K1 and NIHS3T3 cells were originally
obtained from the American Type Culture
Collection (Manassas, VA). The CHO-K1 and
NIHS3TS3 cells were maintained in 1x McCoy’s
5A medium (Sigma) and 1x DMEM medium
(Gibeco, Grand Island, NY), respectively, sup-
plemented with 10% fetal calf serum, penicillin
(100 U/ml), streptomycin (100 pg/ml), and 0.03%
glutamine, and were cultured at 37°C in a water-
saturated atmosphere containing 5% COs.

UV Irradiation

Cells were washed with 1x PBS, and were
exposed in uncovered dishes to UV using a
germicidal lamp (254 nm, Sankyo Denki Co.,
Tokyo, Japan) in a UV box at dose of 25 J/m?.
The dose of UV irradiation was calibrated with a
UV radiometer (UVP, Inc., San Gabriel, CA).

Western Blot Analysis

Western blot analysis was performed accord-
ing to a standard protocol. Briefly, proteins
were separated by SDS-—polyacrylamide gel
electrophoresis, transferred to PVDF mem-
branes, and then probed with antibodies,
such as p21Wafl/CiPD  (5c.6264; Santa Cruz
Biotechnology, Santa Cruz), Cdk2 (sc-6248;
Santa Cruz), cyclin A (sc-596; Santa Cruz),

cyclin D1 (sc-8396; Santa Cruz), Cdk4 (sc-260;
Santa Cruz), actin (sc-1616; Santa Cruz), and
phosphorylated Rb (R6275; Sigma). To detect
the Ab—Ag complexes, an ECL detection kit
(Amersham, Arlington Heights, IL) was used
according to the instructions of the manufac-
turer.

Flow Cytometric Analyses of Apoptosis

Apoptosis was assayed using flow cytometric
analysis either of the sub-G; population or of
cells stained with Annexin V. (i) Sub-G;: flow
cytometric analysis of sub-G; cells was done
according to a standard protocol. In brief, cells
(~ 2 x 10°) were fixed in 70% alcohol for 12—16 h
at —20°C. The fixed cells were then incubated
with RNase (10 pg/ml) and propidium iodide (PI,
50 pg/ml) at room temperature for 30 min prior
to cell-cycle analysis with a flow cytometer
(FACScan, Becton Dickinson, Franklin Lakes,
NdJ). (ii) Annexin V staining: Procedures for
double staining of PI and Annexin V were used
as described previously [Vermes et al., 1995].
Cells (about 1 x 10°), after treatment and two
washes with PBS, were incubated in buffer
(10 mM HEPES/NaOH, pH 7.4, 140 mM NaCl,
2.5 mM CaCly) containing FITC-Annexin V
and PI (both at 1 pg/ml) for 5 min at room
temperature in the dark before analysis.

CHO-K1
UV (25 J/m?)
unt. 4 8 12 24 (h)
L p21

A D S - o

NIH3T3
UV (25 J/m?)
unt. 4 12 24 (h)

8
et

— —— — — — [ UL

Fig. 1. Induction of p21™al/CiPD is not detected in CHO-K
cells after UV treatment. Levels of p21™V"/“PV yere examined
by Western blot analysis in CHO-K1 and NIH3T3 cells at various
time intervals (4-24 h) after UV treatment. Actin is used as a
loading control. (unt=untreated cells).
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Fig. 3. Elevation of Cdk2 activity in UV-irradiated CHO-K1 cells. A: Kinase activity assays (H1, upper
panel) of Cdk2 in CHO-K1 and in NIH3T3 cells at the indicated time intervals after UV irradiation. Amounts
of Cdk2 immunoprecipitated during the assay were monitored by Western blotting with an anti-Cdk2
antibody as a loading control (bottom). B: Summary of quantitative analysis of Cdk2 activity. Data are
expressed as means + SE of at |least three independent experiments.

DNA Fragmentation Assay

The DNA fragmentation assay was per-
formed as described previously [Kondo et al.,
1995]. In brief, cells after treatment were
incubated in lysis buffer (10 mM Tris-HCI,
10 mM EDTA, and 0.2% Triton X-100, pH 7.5)
for 10 min on ice. DNA in the supernatant after
centrifugation (12,000g at 4°C for 30 min) of the
lysis mixture was purified using standard

procedures. The DNA samples were separated
by electrophoresis on 1.5% agarose gels for the
fragmentation assay.

Cdk Kinase Assay

Cdk2 or Cdk4 proteins were immunoprecipi-
tated using the anti-Cdk2 or anti-Cdk4 anti-
bodies and Protein A Sepharose (Amersham).

Fig. 2. UV induces apoptosis in CHO-K1 but not in NIH3T3 cells. At 24 h after UV irradiation, cells were
harvested for measurement of apoptosis by (A) flow cytometric analysis, (B) DNA fragmentation analysis. The
sub-G; fraction is marked with arrows. Quantitative analysis of sub-G; at 24 h after UV irradiation is
summarized in the appended table. Data are shown as means = SE of at least three independent experiments.
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Fig. 4. Increase of phosphorylated-Rb in UV-irradiated CHO-K1 cells. A: Western blot analysis of Rb (p-Rb,
hypophosphorylated-Rb; pp-Rb, hyperphosphorylated-Rb) and other cell cycle-related proteins (cyclin A,
D1, and Cdk2). Cdk2 activity (H1) is shown as a control. B: Correlation of Cdk2 activity (open circles) and
apoptosis (sub-G;, close circles) with time following UV treatment (25 )/m?).
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Cdk2 or Cdk4 activities in the precipitated
fractions were measured using histone H1 as
an in vitro substrate in the presence of y-?P
ATP, as described previously [Hiromura et al.,
1999]. Contents of precipitated Cdk2 or Cdk4
were monitored by Western blotting using
the anti-Cdk2 or Cdk4 antibodies as loading
controls.

Measurement of Intracellular Reactive
Oxygen Specie (ROS)

Intracellular oxidant levels were determined
using 2,7-dichlorodihydrofluorescein (HoDCF),
which is oxidized in cells to the fluorescent
dichlorofluorescein [Yang et al., 2001]. Cells
were incubated with HoDCF-diacetate (Molec-
ular Probes, Eugene, Oregon) at 25 uM for
30 min at 37°C and were then washed with ice
cold PBS. Measurements were performed by
flow cytometric analysis with excitation at
488 nm and emission at 526 nm.

A -UV

+UV

RESULTS

Deregulation of Cdk2 Activity Is Associated With
UV-Induced Apoptosis in CHO-K1 Cells

Previously, we have shown that p21®af/cpD)

mRNA was not detected in UV-irradiated CHO-
K1cells[Tzangetal., 1999a]. The absence of p21
expression was confirmed at the protein level by
the Western analysis (Fig. 1), which shows that
CHO-K1 cells, in contrast to the control NTH3T3
cells, have no p21 induction over the 24 h time
course following UV irradiation. Moreover,
CHO-K1 cells, but not NTH3T3 cells, underwent
UV-induced apoptosis 24 h after the UV irradia-
tion, as measured by the sub-G; fraction
(Fig. 2A) or by the DNA ladder (Fig. 2B).

Since p21 is an inhibitor of Cdks, it is of
interest to see the effect upon Cdk activity when
p21is absent in UV-irradiated cells. Indeed, the
activity of Cdk2 was markedly elevated in UV-
irradiated CHO-K1 cells 24 h following UV
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Fig. 5.

Roscovitine inhibits UV-induced apoptosis in CHO-K1 cells. Cells were treated after UV irradiation

with or without 180 uM roscovitine for 24 h and were harvested for measurement of apoptosis by (A) flow
cytometric analysis, (B) DNA fragmentation analysis. The sub-G; fraction is marked with an arrow.
(Rose = roscovitine). [Color figure can be viewed in the online issue, which is available at www.interscience.

wiley.com.]
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Fig. 6. PDTC inhibits UV-induced apoptosis in CHO-K1 cells. Cells were treated after UV irradiation with
or without 5 mM PDTC for 24 h and were harvested for measurement of apoptosis by (A) DNA fragmentation
analysis, (B) apoptotic analysis using a flow cytometer with Pl and Annexin V staining. C: Kinase activity
assay of Cdk2 at 12 and 24 h after UV irradiation with or without 5 mM PDTC. [Color figure can be viewed in
the online issue, which is available at www.interscience.wiley.com.]
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irradiation (Fig. 3A). Such an elevation of Cdk2
activity was not detected in NIH3T3 cells,
where the activity of Cdk2 declined steadily
after UV treatment (Fig. 3B), in agreement with
the time course of p2l1 induction in those
cells (Fig. 1). Consistent with the notion that
Cdk2 phosphorylates the tumor suppressor
Rb protein, the elevation of Cdk2 activity in
UV-irradiated CHO-K1 cells was accompanied
by an increase in Rb protein in its hyperpho-
sphorylated state (Fig. 4A). The correlation
between Cdk2 activity and UV-induced apopto-
sis is clearly indicated in the plot shown in
Figure 4B.

Inhibition of Cdk Activity Is Accompanied by
the Suppression of UV-Induced Apoptosis

To determine if the deregulation of Cdk
activity is essential to the UV-induced apoptosis
in CHO-K1 cells, we used roscovitine (a small
molecule Cdk inhibitor) to test if inhibition of
Cdk activities suppresses UV-induced apoptosis
in CHO-K1 cells. Indeed, treatment with ros-
covitine clearly suppressed the UV-induced
sub-G; fraction and the DNA fragmentation of
CHO-K1 cells at 24 h following UV irradiation
(Fig. 5A,B). Such suppression was not detected
in cells treated with DMSO, the solvent control.

Interestingly, the antioxidant PDTC also
effectively suppressed the UV-induced apopto-
sis of CHO-K1 cells, measured by the DNA
ladder (Fig. 6A) and by cells stained for Annexin
V (Fig. 6B, compare the lower corners at the
right, with or without the drug). Moreover, the
UV-induced elevation of Cdk2 activity was
clearly inhibited by PDTC (Fig. 6C). To deter-
mine if the suppression of UV-induced apoptosis
by PDTC was due to the effect of anti-oxidation,
we performed similar experiments with GSH.
GSH failed to suppress the UV-induced apopto-
sis (Fig. 7B, 26.6% of sub-G;), although GSH
reduced the level of reactive oxygen species
(ROS) similar to PDTC (Fig. 7A, see the arrows
leftward for the reduction of ROS). BSO, an
inhibitor of endogenous GSH synthesis,
increased ROS (Fig. 7A, arrow rightward for
the increase of ROS) and did not enhance
the UV-induced apoptosis (Fig. 7B, 22.9% of
sub-Gy). Thus, the suppression of UV-induced
apoptosis by PDTC is not likely due to its anti-
oxidant effect. Taken together, the inhibition of
Cdk activity is accompanied by the suppression
of UV-induced apoptosis.

Cdk4 Activity Is Not Induced in
UV-Irradiated CHO-K1 Cells

We showed above that Rb protein was foundin
its hyperphosphorylated state in UV-irradiated
CHO-K1 cells. Since Rb protein can be phos-
phorylated by Cdk2 and by Cdk4/6, it is of
interest to determine if Cdk4/6 activities are
involved in phosphorylating Rb. Figure 8 shows
that the activity of Cdk4 did not change during
the time course following UV irradiation.
Similar results were found for Cdk6 (data not
shown). Thus, the increase of hyperphosphory-
lated Rb in UV-irradiated CHO-K1 cells is more
likely due to the increase in Cdk2 activity
and Cdk4/6 is probably not involved in the
UV-induced apoptosis of CHO-K1 cells. This is
consistent with the observation that ectopic
expression of human p16™¥42 did not suppress
UV-induced apoptosis in CHO-K1 cells (data
not shown).

DISCUSSION

When CHO-KI1 cells are irradiated with UVC
at 25 J/m?, about 20% of the cells are apoptotic
24 h later, whereas when NIH3T3 cells are
treated in the same manner, less than 2% of
them are apoptotic at 24 h. The Cdk inhibitor,
p21, is induced in UV-irradiated NITH 3T3 cells,
but cannot be detected in CHO-K1 cells. This
study addressed the relationship between activ-
ities, specifically Cdk2, and UV-induced apop-
tosis in CHO-K1 cells, and we show that Cdk2
activity and UV-induced apoptosis are closely
correlated. We demonstrate that Cdk2 activity
is elevated following UV-irradiation of CHO-K1
cells, and that suppression of Cdk2 activity with
roscovitine or PDTC results in the reduction of
UV-induced apoptosis. These data are consis-
tent with our previous observation that ectopic
expression of human p21 inhibits UV-induced
apoptosis [Tzang et al., 2002]. We therefore
hypothesize that deregulation of Cdk2 may lead
to apoptosis. Deregulation of Cdk2 may initially
result in excessive activation of the transcrip-
tion factor E2F via the phosphorylation of Rb.
Our data show that levels of hyperphosphory-
lated Rb are greatly increased in UV-irradiated
CHO-K1 cells. Increase in hyperphosphory-
lated Rb would favor the release of E2F from
the inhibitory binding of Rb and thus increase
E2F activity. Excessive activation of E2F may
cause apoptosis by p53-dependent or p53-inde-
pendent routes [DeGregori et al., 1997; Dong
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Fig. 8. Noelevation of Cdk4 activity is seen in UV-irradiated CHO-K1 cells. Cdk4 activity in CHO-K1 cells
at the indicated time intervals after UV irradiation was assayed (upper panel). Levels of Cdk4
immunoprecipitated during the kinase assay were monitored by Western blotting with an anti-Cdk4

antibody as a loading control (bottom).

et al., 1999, 2002; Elliott et al., 2001]. One of
those routes involves the induction of p144FF,
which in turn inhibits Mdm2 and as aresult, the
stability of p53 is enhanced and p53 accumu-
lates.

Although the accumulation of p53 was
detected in UV-irradiated CHO-K1 cells (data
not shown), whether p53 plays a role in the
UV-induced apoptosis of CHO-K1 cells is
unclear. Nevertheless, a preliminary study
using CHO-K1 cells transfected with a plasmid
expressing mutant p53 (273478~ Hi%) to compro-
mise the functions of wild-type p53 exhibited a
similar extent of UV-induced apoptosis as did
the parental cells (data not shown).

As mentioned earlier, overexpression of E2F
may also lead to apoptosis via p53-independent
routes. Induction of p73 by E2F has been related
to certain types of DNA-damage induced apop-
tosis. A recent study showed that p73 might also
be induced by UV [Lin et al., 2004]. We are
currently testing the possible role of p73 in the
UV-induced apoptosis of CHO-K1 cells.

It was noted that roscovitine caused accumu-
lation of Go/M (Fig. 5A). The effect of roscovitine
has also been observed by others [Meijer et al.,
1997]. It has been known that roscovitine
inhibits activities of Cdk2 as well as Cdc2 (or
Cdk1) with almost equal efficiency. Inhibition of

Cdc2 activity results in Go/M accumulation.
Therefore, roscovitine in our study, very likely,
inhibited both Cdk2 and Cdc2 activities. Thus,
the reduction of UV-induced apoptosis by
roscovitine might be attributed to the inhibition
of Cdk2 and/or Go/M arrest. However, our
previous studies have shown that Go/M arrest
is ineffective to avoid UV-induced apoptosis
[Tzang et al., 2002]. Cells pre-treated or imme-
diately post-treated with colcemid are not more
resistant to UV-induced apoptosis; in fact the
apoptosis is exaggerated [Tzang et al., 2002].
Studies by others also show that Go/M arrest
does not protect cells from apoptosis [e.g.,
Hayashi et al.,, 2004]. Hence, the reduced
apoptosis by roscovitine (Fig. 5) was more likely
related to the inhibition of Cdk2 activity, but not
the result of Go/M arrest.

Although the elevation of Cdk2 activity has
been shown to be involved in apoptosis induced
by various stresses [Gil-Gomez et al., 1998;
Levkau et al.,, 1998; Hakem et al., 1999;
Hiromura et al., 1999, 2002; Adachi et al.,
2001], the elevation of Cdk2 observed in our
study represents a slightly different scenario.
The UVC-induced elevation of Cdk2 in CHO-K1
cells happens quite early following UV irradia-
tion, whereas most stress-induced elevations of
Cdk2 occur later after treatment as the result of

Fig. 7. Inhibition of PDTC on UV-induced apoptosis in CHO-
K1 cells is not due to the antioxidant effect of PDTC. A:
Measurement of intracellular ROS content with DCF-DA staining
analysis. ROS levels were measured at 2 h after treatment with
5 mM PDTC, 5 mM GSH, or at 24 h with 100 pM BSO. ROS
content in untreated cells (shaded histogram) was reduced by
PDTC and GSH (histogram left-shifted) and was increased by
BSO (histogram right-shifted). B: Cells after UV irradiation were

treated with or without drugs for 24 h and were harvested
for measurement of apoptosis by flow cytometric analysis. The
sub-G; fraction is marked with arrows. Summary of the quan-
titative analysis of apoptosis are shown as means=+SE of at
least three independent experiments. [Color figure can be viewed
in the online issue, which is available at www.interscience.
wiley.com.]
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the degradation of p21 by caspase during
apoptosis [Levkau et al., 1998; Adachi et al.,
2001].

The results concerning the effect of ROS in
UV-induced apoptosis deserve some discussion.
We did not find a significant elevation in ROS
levels after UV irradiation (data not shown) and
our present data donot support the involvement
of ROS in UV-induced apoptosis of CHO-K1
cells. Nevertheless, our study might be limited
to a certain aspect of anti-oxidation by thiols
(GSH), and other endogenous scavengers, such
as catalase or superoxide dismutase, were not
tested in our study. ROS are a family of oxygen-
centered species, including superoxide anions,
hydroxyl radicals, singlet oxygen, and hydrogen
peroxide. GSH may not be as effective as
catalase to eliminate hydrogen peroxide.

In this study, the antioxidant PDTC inhibited
UV-induced apoptosis. Although not all antiox-
idants possess anti-Cdk2 activity, the finding
with PDTC raises a concern that the effective-
ness of chemotherapy may be compromised by
co-administering antioxidant drugs such as
PDTC with anticancer drugs such as cisplatin.
Our preliminary study indicates that co-treat-
ment of PDTC with cisplatin weakened the
cytotoxicity of cisplatin (data not shown).

It is of interest that Cdk4 activity is appar-
ently not involved in the UV-induced apoptosis.
Interestingly, levels of cyclin D1 protein are
greatly elevated following UV treatment
(Fig. 4A). The elevation of cyclin D1 may be
indirectly related to the elevation of Cdk2
activity, which in turn releases the E2F activity.
It has been shown that cyclin D1 is also among
the many targets of E2F [Fan and Bertino, 1997;
Inoshita et al., 1999].

Our present study suggests that the UV-
induced apoptosis in CHO-K1 cells required
Cdk2 and was pb53-independent. Apoptosis
independent of p53 has been reported in many
different systems. For instance, the genotoxins-
induced apoptosis occurs without the involve-
ment of p53 in fibroblasts that have a defect in
various DNA repair pathways [reviewed by
Kaina, 2003]. Besides Cdk2, factors such as
interferon regulatory factor-1, c-Jun NH,-term-
inal kinase, Ca®", or p73 have also been shown
to be essential for p53-independent apoptosis
[e.g., Tamura et al., 1995; Hayashi et al., 2004;
Zou et al.,, 2004; Flinterman et al., 2005].
Regardless of the difference in the signals
involved, the p53-independent apoptosis even-

tually would trigger the activation of endogen-
ous mitochondrial damage pathway and/or the
activation of the membrane death-receptors
pathway [reviewed by Kaina, 2003].

In summary, deregulation of Cdk2 activity is
closely correlated to UV-induced apoptosis in
CHO-K1 cells, which do not express p21™af/
‘Pl Qur study suggests that modulation of
Cdk2 activity may be used as a target for
chemotherapy.
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