1016

et al., 1997]. HCV genotype is an important predictor of
response to interferon-alpha and ribavirin combination
therapy [Hnatyszyn, 2005]. The route of transmission
and serological reactivity are other factors which may
differ among different HCV genotypes [Dhaliwal et al.,
1996]. However, ‘it is uneclear, whether or not  HCV
genotypes differ in their pathogenicity [Zein, 2000].

One hundred seventy million people worldwide
estimated to be infected with HCV are at a risk of
developing progressive liver disease and death due to
infection with HCV [WHO, 19991.-According to different
reports, the prevalence of HCV in Egypt ranges
from 11% to 14% of the general population, with 5=
7 million people with active infection (have detectable
HCV RNA) [Abdel-Wahab et al., 1994; Arthur et al.,
1997; Abdel-Aziz et al.; 2000].By these estimates, Egypt
is considered to be the country with the highest
prevalence rate of HCV in the world with a majority of
genotype 4 [Frank et al.; 2000].

Few data are available regarding the molecular
epidemiology: of HCV in south Egypt. The aim of this
study was to extend the mid-core and NS5B database for
HCV strainsgisolated from HCV-infected patients resid-
ing in south Egypt with respect to the clinical and
virological characteristics of the isolates examined.

PATIENTS AND METHODS

Patients

Serum samples were collected from August to October
2007 from 151 eonsecutive chronic liver digease patients
seen in affiliated hospitals of Sohag University Hospital
and South Egypt Cancer Institute. Amongthe 151 patients
with  hepatitis, 30 were assigned into asymptomatic
carrier group, 86 into a liver cirrhosis group, and 35 into
an HCC group. Anti-HCV was detected in a total of 126/
151 (83.4%); 25/30 (83.3%) in the asymptomatic carrier
group, 68/86 (79.1%) in the liver cirrhosis group, and 33/35
(94.3%) in the HCC group. In addition to the specimens
collected consecutively, sera were collected also from 41
patients with diagnosed chronic hepatitis C. The clinical
classification of the patients infected with HCV was based
upon (1) measurement of serum alanine aminotransferase
(ALT), (2) ultrasound examination, and (3) detection of a
serological tumor marker (alpha fetoprotein for the
diagnosis of HCC). The asymptomatic carrier group
include . patients with = anti-HCV  with normal . liver
enzymes for more than 6 months with minimal or no
symptoms. Patients with liver cirrhosis were diagnosed
clinically by the presence of splenomegaly, ascites, and
other peripheral signs of portal hypertension together
with ultrasonographic findings such as a shrunken, coarse
texture liver with enlarged portal and splenic veins. A
total of 167 anti-HCV-positive samples belonged to
patients from three governates in south Egypt, 93 samples
from the Sohag governate (467 km from Cairo), 45 samples
from the Assuit governate (375 km south of Cairo), and
29 samples from the Qena governate (600 km south of
Cairo).
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Serological Methods

Serum samples were examined for anti-HCV, hepatitis
B surface antigen, anti-HBc, and anti-HBs by chemilu-
minescence enzyme immunoassay using commercial
assay kits (Fujirebio, Inc., Tokyo, Japan). Hepatitis C
core” antigen (HCVcAg) was measured using enzyme
immunoassay (Fujirebio; Inc.) [Aoyagi et al.,, 1999].

Detection of the HCV RNA

Viral RNA. extraction was carried out with a Sepa-
Gean RV-BN. Nucleic acid : extracting: kit (Sanko
Junyaku Co. Ltd:; Tokyo, Japan) following the manu-
facturer’s protocol.. The. extracted RNA was reverse
transcribed into ¢cDNA using SuperScript-II RNAse H
Reverse Transriptase (Invitrogen Corp:; Carlsbad, CA)
and random hexamer primers (Takara Shuzo, Co: Ltd.;
Tokyo, Japan) as described previously [Ohno et al;
1997]. Confirmation of HCV RNA was performed by
amplifying partial genome of the 5-non-coding region
according to the protocol described previously [Takeuchi
et al., 1999].

Sequencing and Phylogenetic Analysis

For genotyping the HCV isolates, PCR was used to
amplify parts of both the structural (core/El) and non-
structural (NS5B) coding regions of the HCV. [Tanaka
et al, 2002]. The sequencing reaction of the amplified
products was performed with the Prism Big Dye (Pekrin-
Elmer Applied Biosystems, Foster City, CA) in an ABI
3100 DNA automated sequencer according to the manu-
facturer’s protocol. ‘Sequences were aligned with the
CLUSAL X software program [Thompson et al,, 1994].
The phylogenetic trees were constructed by neighbor
joining method with Tamura-Nei distance correction
model using online tools in the HCV database [Shin-I
et al., 2008]. Bootstrap values were determined on 1,000
resampling tests in the HCV database. The sequences of
other HCV isolates used for the phylogenetic analysis were
retrieved from the DDBJ/EMBIL/GenBank sequence data-
base and are indicated by their accession number in
the phylogenetic tree. The nucleotide sequence
data reported in this article will appear in the DDBJ/
EMBIL/GenBank sequence databases with accession
numbers: AB470005-AB470069, AB470243—AB470255,
and AB470103-AB470215. Statistical analysis was per-
formed with Fisher’s exact probability test and an
independent #-test for continuous variables using the
SPSS software package (SPSS, Chicago, IL). P-values
(two-tailed) less than 0.05 were considered statistically
significant.

RESULTS

Demographic and Clinical Characteristics
of the Patients With Chronic Liver Disease

Figure 1 summarizes the detected rates of hepatitis
markers and coinfection patterns among the clinical
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Fig. 1. Incidence of hepatitis markers among patients with progressive liver diseases.

groups studied; asymptomatic carriers (n= 30), liver
cirrhosis (n=86), and HCC (n=35). Anti-HCV and
HBsAg were detected in 25/30 (83.3%) and 5/30 (16.7%)
of the asymptomatic carriers, respectively. In the liver
cirrhosis group, anti-HCV was detected in 64/86 (74.4%),
HBsAg was detected in 8/86 (9.3%); and simultaneous
presence of both markers was detected in 4/86 (4.7%).
Ten patients (11.6%) in the liver cirrhosis group were
negative serologically for both anti-HCV and HBsAg
and were designated as non-B: hepatitis and non-C

hepatitis, respectively. In the HCC group, anti-HCV was
detected in 33/35 (94.3%), whereas the remaining two
patients (5.7%) were negative for both anti-HCV- and
HBsAg and were designated as non-B hepatitis and non-
C hepatitis.

Table I summarizes the baseline features of the
167 patients infected with HCV subdivided into four
clinical groups: 25 asymptomatic carriers, 41 chronic
hepatitis, 68 liver cirrhosis, and 33 patients with HCC.
Patients in the HCC group were older than patients in

TABLE I. Description of the Patients Infected With HCV Stratified by Their Clinical Characteristics

Asymptomatic Chronic hepatitis Liver cirrhosis

Total (n=167) carrier (n = 25) m=41) (n=68) HCC (n=33) Pvalue
Age® 47.5+11.8 29.8:47.0*% 434+6.7 52,54 7.8 59,04 8.6% <0.006
Gender. (male) 116:(69.4) 16 (64) 32 (78) 41 (60.2) 27 (81.8) NS
ALT (U/L* 42.7+285 284+16.2% 423 +17.1 42.83:29.6 70.8 +42.1% <0.005
AST QU/L)®* 64.9+46.0 29.6+9.8* 63.5+34.2 75.4£53.8 86.1+£47.2% <0.0001
HCVeAg (fmol/L)®  434.2'(0.1-19,654) = 463 (0.1-12,549.8)  1,162.5 (5.0-19,654)  409.6 (0.1-13,219.2)" 741.6 (50.7--7,703.8) NS
HCV RNA® 139.(83.2) 19 (76) 38(92.1) 56:(82.4) 26 (78.8) NS
HBsAg® 5(3.0) 0 1@2.4) 4(5.9) 0 NS
Anti-HBs® 33 (19.8) 6 (24) 9 (22) 10 (24.4) 8(24.2) NS
Anti-HBc® 97 (58.1) 12 48) 20 (48.8) 49(72.1) 24 (72.7) 0.023
2Mean + SD.
bMedian (range).
“Positive number (%).
*P<0.05.
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the other clinical groups. Similarly, patients with liver
cirrhosis were significantly older when compared
to asymptomatic carriers and patients with chronic
hepatitis. Male predominance was observed in all
groups with a maximum in the HCC group (81.8%)
and minimum in the liver cirrhosis group (60.2%,
P =0.041). Ninety-seven (58.1%) patients infected with
HCV were also positive for anti-HBc. The prevalence of
anti-HBc was significantly higher in the HCC and liver
cirrhosis groups with:72% when compared to chronic
hepatitis 48.8% and asymptomatic carriers 58.1%
(P <0.05, Table I). Anti-HBs was detected in 19.8%
(33/167) of patients infected with HCV with no signifi-
cant difference found between the studied groups.

Detected HCV viremic cases tended toward a higher
rate in the chronic hepatitis group 92.7% (38/41)
compared to the asymptomatic carrier group (92.7%
vs. 76%, P = 0.072), and a similar trend was observed in
the HCVcAg level when the clinical groups were
compared. To investigate the association between viral
markers and progression of liver disease, 38 asympto-
matic carrier and chronic hepatitis cases were compared
to 38 age-sex-matched liver cirrhosis and patients with
HCC (Table IT), The prevalence of anti-HBc was the only
significant difference between the two groups, with a
higher rate in patients with progressive liver diseases
(P =0.038). HCV genotypes were determined in 65/76 of
the age-sex-matched groups. Although no significant
difference in the prevalence of HCV genotypes was
found between: the non-progressive and progressive
liver disease groups, 4m and 4o were detected only in
the latter group, and 1g prevalence was higher also in
the latter, that is, patients with progressive liver
disease:

Phylogenetic Analysis of the Core/El and NSG6B
Regions and Determination of the HCV
Genotype/Subtype

Among the 167 anti-HCV-positive cases, HCV RNA
positivity was examined by 5’UTR-targeted PCR (detec-
tion limit 1,000 copies/ml); in total 139 (83.2%) cases
were positive and subjected to determination of HCV
genotype by amplification, direct sequencing, and
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phylogenetic analysis based on the NS5B and/or the
E1 regions. The HCV genotype was determined in a
total of 129 (92.8%) of the 139 HCV RNA-positive cases.
In 75/129 (58.1%), HCV phylogenetic. analyses of the
nucleotide sequences were available in both the core/E1
and NS5B regions simultaneously. In these 75 patients,
no discrepancy was observed regarding the genotyping
results as obtained by the phylogenetic analysis of both
regions (E1 and NS5B), excluding possibility of presence
of recombinant strains within these cases (Table I1I).

In the NS5B phylogeny, 89.7% (70/78) of samples were
clustered with genotype 4 whereas 10.3% (10/78) were
clustered with genotype 1g. Bootstrap values for all
subtypes within genotype 4 was more than 75%, being
lowest in the subtype 4a (BV = 79%). Eight samples were
clustered with genotype lg strains of Egyptian origin
with BV of 100% (Fig. 2A). In the core/E1 phylogeny, BV
was 99% for genotype 4a; 100% for genotypes 4n, 41, 4o,
and 4m; and 99% for genotype 1g (Fig. 2B). Inspection
of the NS5B and core/El trees indicated no specific
clustering by geographic regions in Egypt.

HCV Genotypes/Subtypes Among Different
Governates in South Egypt

A total of 129 HCV samples which were genotyped
were used to analyze the geographical distribution
of HCV variants. Seventy-eight isolates belonged
to the population’ studied in the Sohag governate,
39 isolates were from the Assuit governate population,
and 12 isolates belonged to patients from the Qena
governate. In south Egypt; the predominant genotype
was HCV-4a (104/129, 80.6%), followed by genotype 1g
(7.8%), genotype 41 (4.7%), then 4n (4.1%), and 46 (1.6%).
Genotypes 4m and 4f were rarely found and were
detected in 0.8% for each genotype. HCV genotype 4a
was the predominant genotype in the Sohag governate
and was detected in 88.5% (69/78) of the population
studied, followed by genotype 1g (6.4%). Sporadic cases
of infection with subtypes of genotype 4 (other than
genotype 4a) were also observed including genotype 4o
(2.6%), genotype 4f (1.3%), and genotype 4m (1.3%).

In the Assuit governate, HCV genotype 4a was
observed in 64% (25/39), that is less frequently than in

TABLE II. Comparison Between Non-progressive and Progressive Liver Disease in Age and Gender-Matched Groups

Non-progressive liver Progressive liver dis-

Total (n=76) disease (=238 esase (n=38) P-value
Age® 456148 449454 46,3141 Matched
Gender (male)® 50.(65.8) 29:(76.3) 21(55.3) Matched
Asymptomatic carrier/chronic  hepatitis/liver 6/32/30/8 6/32/0/0 0/0/30/8 :
cirrhosis/HCC
Anti-HB¢ 40 (52.6) 15 (39.5) 25(65.8) 0.038
Schistosora Ab" 57 (80.3) 34 (89.5) 23/33 (70) NS
HCV-RNA 69:(90:8) 36.(94.7) 33:(86.8) NS
HCV genotype”
4a 50/65 (76.9) 26/35 (74.3) 24/30 (80) NS
4n 4/65 (6.2) 4/35 (11.4) 0 NS
41 4/65(6.2) 4/35 (11.4) 0 NS
4m 1/65:(1.5) 0 1/30°(3.3) NS
40 2/65.(3.1) 0 2/30:(6.6) NS
ig 4/65 (6.2) 1/35(2.9) 3/30 (10) NS
“Mean + SD.
BN (%)
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TABLE III. Genotyping Results as Determined by Sequence and Phylogenetic Analysis of the E1 and NS5B Regions

Classification based on NS5B

Classification based on E1 1g 4a 4n 41 4o 4m 4f ND Total
1g 8 2 10
4a 59 32 91
4n 2 2 4
4] 4 1 5
4o 1 1 2
4m 1 1
4f 1 1
ND 13 1 1 15
Total 8 72 3 5 1 1 39 129

the Schag governate, genotype lg found in 12.8%,
genotype 41 in 10.3%, and genotype 4n in 12.8%. Only
two genotypes were detected in patients from the Qena
governate and they were genotype 4a (10/12, 83.3%) and
genotype 41 (2/12, 16.7%) (Fig. 3). A significant differ-
ence in HCV genotypes. distribution was. observed
between patients from the Sohag and Assuit governates,
where incidence of infection with HCV genotype 4a was
higher in the Sohag governate (P=0.002). Infection
with genotypes 41 and 4n was significantly higher in the
population studied from the Assuit governate compared
to the Sohag governate (P = 0.003, 0.011 respectively).

Clinical and Virological Characteristics of the
Determinant HCV Genotypes/Subtypes

Clinical and virological characteristics were com-
pared between patients infected with different variants
of HCV; 104 cases infected with genotype 4a, 15 cases
infected with genotype non-4a (including six cases with
41, five cases with 4n, two cases with 40, and one case
with 4f, one with 4m), and 10 cases infected with HCV
genotype 1g (Table IV). The mean age was similar
between patients infected with different HCV geno-
types. More patients among those infected with HCV-4a
had liver cirrhosis than among patients infected with
non-4a; More patients among those infected with (non-
HCV-4a) had chronic hepatitis than among patients
infected with: HCV-4a. Interestingly, two cases were
found to be infected with genotype 40 and both cases
were patients with HCC. A significantly higher level of
HCVcAg was observed in patients infected with HCV
genotype 4a (median, range; 939.5, 24.7—13,219.2 fmol/
L), compared to-patients infected with genotype 1g
strains  (median; range; 203.1, 5.0-924.4 fmol/L)
(P <0.0001).

DISCUSSION

Genotype analysis of HCV within a defined population
is ‘an important issue in the study of the evolution of
HCV infection in different geographical regions besides
its importance for: the development of an effective
vaccine [Pybus et al., 2001; Cantaloube et al; 2005]. In
addition, evidence supporting the differential pathoge-
nicity of HCV subtypes has emerged in many studies. To
the best of our knowledge, this is the first study
concerned with the genetic diversity of HCV, and the

clinical and virological characteristics of HCV infection
in south Egypt.

Genotype 4 strains belonged to different subtypes
including 41, 4n, 4o, with solitary isolates of 4f and 4m
together with the predominant genotype 4a in the
population studied from south Egypt. Studies on the
epidemic history of HCV in Egypt have indicated an
exponential spread of the infection, occurring from the
1940s through 1980s; a period coinciding with mass
campaigns of parenteral treatment for schistosomiasis
[Tanaka et al., 2004, 2006]. This explosive epidemio-
logical spread of HCV was also responsible for the
simultaneous  digsemination of multiple lineages of
genotypes 4 and 1 [Pybus et al, 2003]. Genovese
et al. [2005] indicated also the unexpected diversity of
genotype 4 in a population studied in Alexandria
in. north-central Egypt compared to another study
[Simmonds, 2004; Genovese et al.; 2005]. However,
the second most frequent subtype in the Alexendria
study population was 4m (11% of cases), while that in
the present study in: patients from south Egypt was
41(5% of HCV genotype 4); and genotype 4m was the less
observed genotype in this cohort study. Genotype 1 was
less frequent and only HCV genotype 1g was detected
and observed in a considerable prevalence of the
genotyped ‘samples examined from this cohort. Ina
previous study where 68 blood donor specimens were
selected from geographically distinet: governates and
analyzed phylogenetically genotype 1g was detected in
5/68 (7.4%), three of these five patients were from south
Egypt [Ray et al.,; 2000].

The HCV prevalence throughout Egypt is associated
directly with the amount of intravenous tartar emetic
used to control schistosomiasis in the period; 1950—
1980. The lowest rates were observed in Cairo and
Alexendria (<8%), the highest in rural areas of the Nile
Delta [Lower Egypt (>15%)], and intermediate preva-
lerice (8=16%) in rural areas along the Nile south of
Cairo (Middle and Upper Egypt) [Abdel-Aziz et al, 2000;
Nafeh et al,; 2000] which is the geographical area
representing the samples collected in the current study.
Geographical differences in the distribution of the HCV
subtype was observed ‘also between the Assuit and
Sohag governates as represented by the presence of a
high proportion of HCV subtypes 1g, 41, and 4n in the
former governates. The difference in the variability
between the two governates might be explained by the
fact that the Assuit governate, which is the largest town

J. Med. Virol. DOI 10.1002/jmv
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in southern Egypt, lies geographically in the Middle
Egypt, while the Sohag governate is in the Upper Egypt.
In Middle and Lower Egypt, intravenous tartar emetic
was used more extensively and for several years longer
to treat Schistosomiasis than it was in Upper Egypt
[Arthur et al., 1997; Frank et al., 2000]. The high level of
viral heterogeneity may be related to the high level of
exposure to reinfection [Argentini et al., 2000].
Examining the association between HCV subtypes
and liver diseases, a higher incidence of cirrhosis was
observed in patients with HCV-4a (45.2%) than HCV-
non-4a (13.3%), whereas HCV genotypes 41 and 4n, 4f,
and 4m (non-4a) were more prevalent in patients with
chronic hepatitis. Genotype 4o circulates in regions
geographically distant from each other in Egypt [Ray
et al,, 2000]. In this study, genotype 40 was detected in
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2/129 (1.6%). Interestingly both cases with genotype 40
were included in the HCC group. Abdel-Hamid et al.
[2007] was the first to report the novel association
between HCC and cluster subtype 40 as indicated by the
significantly higher frequency of HCC in patients
infected with subtype 40 than those infected with other
subtypes. This novel association is not explained by the
older age as the mean age in the two groups HCC with 40
versus HCC with the non-4o0 subtype was not different
[Abdel-Hamid et al., 2007]. The data associating the
HCV genotype with clinical and histological charac-
teristics within HCV-infected patients are conflicting.
The present study revealed a significant association
between infection with HCV genotype 4n/41 and chronic
hepatitis. Definite evidence for a differential pathoge-
nicity of HCV genotypes has been limited by several
factors, including the naturally long duration of HCV-
related liver disease and the cohort effects in the
circulation of viral types. However, a recent case—
control study established a definite association between
chronic infection with HCV genotype 1b and the high
risk of cirrhosis [Osella et al., 2001]. Another report also
indicated that all patients who developed cirrhosis in
<10 years were infected with genotype 1b [Kurbanov
et al., 2003].

Measurement of HCVcAg is specific, sensitive, and
suitable for the detection of viremia in HCV-infected
subjects. In the present study, there was a significantly
lower level of HCVcAg in patients infected with
genotype 1g compared to those infected with genotype
4a. The same result was also observed even after
adjusting the compared clinical groups. In a previous
report, a lower level of HCVcAg was observed in
specimens with genotype 4 compared to genotype 1
[Agha et al.,, 2004]. A possible explanation for this
discrepancy between the present study and previous
study was the difference in the studied groups, as the
previous study included only blood donors with genotype
1b when the HCVcAg level was compared. On the other
hand, the mean level of HCVcAg in genotype 4 was
similar to that in the previous study [Agha et al., 2004].

In conclusions, genetic diversity in HCV was detected
in the present cohort study in south Egypt. Increasing
evidence of differences in the clinical and virological

TABLE IV. Clinical Characteristics of the Patients Infected With HCV Stratified by the HCV Genotypes

Genotype 4
Total (n=129) 4a (n=104) Non-4a (n=15) 1g (n=10) P-value

Age® 49.1+11.2 49.1+114 49.24+10.7 48.4+99 NS
Gender (male) 91 (70.5) 70 (67.3) 12 (80) 9 (90) NS |

T (IU/L)* 43.4:t289 40.8i278 60.1+30.8 43.0 +£31.0 0.049
AST au/m)® 8.5 +48.3 2.1+43.3 05+6 73.6 +46 0.035¢
HCV-cAg (fmol/L)° 897.2 (5.0—19,654) 939.5 (24.7—13,219.2) 2,354.8 (59.4-19,654.2) 203.1 (5.0-924.4) <0.0001°¢
Asymptomatic cayrier 16 (12.4) 16 (15.4) 0 0 NS
Chronic hepatl\gls 36 (27.9) 24 (23.1) 8(53.3) 4 (40) 0.025¢
L1ve1;]c1rrh051s 54 (41.9) 47 (45.2) 2 (13.3) 5 (50) 0.023¢
HC 23 (17.8) 17 (16.3) 5(33.3) 1(10)
“Mean + SD.
N (%).

“Median (range).

dPatients infected with HCV genotype 4a versus patients infected with HCV-4 non-subtype 4a.
°Patients infected with HCV genotype 4a versus patients infected with 1g.
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characteristics of the isolated strains between different
genotypes/subtypes has been introduced in the present
study. The data highlight the need for further studies
exploring the HCC mortality burden within different
districts in Egypt; a country with the highest HCV
prevalence in the world. There is also a need for a case—
control study to investigate the trends in the association
of HCC development with infection by HCV genotype 4o0.
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A balanced deoxyribonucleotide (INTP) supply is essen-
tial for DNA repair. Here, we found that ribonucleotide
reductase (RNR) subunits RRM1 and RRM2 accumu-
lated very rapidly at damage sites. RRM1 bound physi-
cally to Tip60. Chromatin immunoprecipitation analyses
of cells with an I-Scel cassette revealed that RRM1 bound
to a damage site in a Tip60-dependent manner. Active
RRM1 mutants lacking Tip60 binding failed to rescue an
impaired DNA repair in RRM1-depleted G1-phase cells.
Inhibition of RNR recruitment by an RRM1 C-terminal
fragment sensitized cells to DNA damage. We propose
that Tip60-dependent recruitment of RNR plays an es-
sential role in dNTP supply for DNA repair.

Supplemental material is available at http://www.genesdev.org.
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Maintenance of the optimal intracellular concentrations
of deoxyribonucleotides (ANTPs) is critical not only for
faithful DNA synthesis during DNA replication and
repair, but also for the survival of all organisms. Ribonu-
cleotide reductase (RNR), composed of a tetrameric com-
plex of two large catalytic (RRM1) subunits and two small
subunits (RRM2 or 53R2), catalyzes de novo synthesis of
dNTPs from the corresponding ribonucleotides (Reichard
1993). This reaction is the rate-limiting process in DNA
precursor synthesis and is regulated by multiple complex
mechanisms, including transcriptional and subcellular
localization regulation of RNR (Nordlund and Reichard
2006). In order to duplicate their chromosomal DNA,
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mammalian S-phase cells possess 15-20 times more
dNTP pools than resting quiescent cells, whereas whole
dNTP pools were almost unchanged after DNA damage,
suggesting the presence of a unique mechanism that
supplies a sufficient quantity of dNTPs at repair sites
(Hakansson et al. 2006). DNA synthesis must function
properly in both repair and replication (dNTP concentra-
tions in fibroblasts were estimated to be as follows: ~0.5
LM in GO/Gl-phase cells, and ~10 uM in S-phase cells,
given that the average volume of a fibroblast is 3.4 pL)
(Imaizumi et al. 1996). Although the amount of dNTPs
required for DNA repair is small, their concentration
during DNA synthesis is critical because DNA poly-
merase involved in DNA repair (Kraynov et al. 2000;
Johnson et al. 2003) has similar kinetic affinities for
dNTPs (~10 uM) to those involved in DNA replication
(~10 pM) (Dong and Wang 1995). Therefore, the dNTPs
might be compartmentalized close to the damage sites
during the DNA repair process. In this study, we show
that, in mammals, both RRM1 and RRM2 rapidly accu-
mulated at double-strand break (DSB) sites in a Tip60-
binding-dependent manner.

Results and Discussion

In order to understand the mechanisms by which dNTPs
are sufficiently supplied at DNA damage sites in mam-
mals, we first examined changes in the subcellular
localization of RRM1 and RRM2 subunits after ionizing
irradiation (IR) irradiation. Although both RRMI1 and
RRM2 predominantly localized in the cytoplasm as
reported previously (Pontarin et al. 2008), we also
detected trace, but significant, signals of both proteins
in chromatin fraction (see Fig. 1C; Supplemental Fig.
S4A-D). After removing soluble RNR proteins by de-
tergent extraction, we found that RRM1 and RRM2
proteins formed nuclear foci that colocalized with
yH2AX (Fig. 1A). RRMI1 nuclear foci were not evident
without DNA damage (Supplemental Fig. S1A) or after
RRM1 depletion by siRNA (Supplemental Fig. S1B).
Ultravioulet A (UVA) microirradiation resulted in the
accumulation of RRM1 and RRM2 along microirradiated
lines as early as 5 min after treatment (Fig. 1B). These
accumulations were also observed when cells were not
subjected to detergent extraction or preincubation with
BrdU (Supplemental Fig. S2A,B), but were significantly
compromised when R1 expression was knockdown by
siRNA (Supplemental Figs. S2C, S4B), excluding the
possibility that accumulated signals at DSB sites were
artifacts during cell-staining processes. These results
indicated that RNR, at least in part, was rapidly recruited
to DSB sites.

In order to determine the molecular basis underlying
RNR recruitment at the sites of DSBs, we performed
yeast two-hybrid screening using RRM1 as a bait. Of a total
of 5 X 10° transformants from a HeLa cell cDNA library,
45 positive colonies were confirmed to be lacZ-positive.
They contained overlapping ¢cDNAs derived from three
genes: RRM2 and 53R2 (both encoding a small subunit of
RNR|), and another encoding Tip60 histone acetyltransfer-
ase (Tip60). Small C-terminal RRMI1 deletion mutants
(A761-C and A781-C) failed to bind Tip60, but retained the
ability to bind to RRM2 (Supplemental Fig. S3A). In
contrast, the N-terminal truncation mutant of Tip60
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Figure 1. Tip60-dependent recruitment of RNR at DSB sites. (A)
HelLa cells were exposed to IR at 1 Gy, subjected to in situ detergent
extraction after 5 min, and immunostained with the indicated
antibodies. Bars, 5 um. (B) GM02063 cells were subjected to UVA
microirradiation and immunostained with the indicated anti-
bodies after 5 min. RRM1 or RRM2 and yH2AX signals are shown
in green and red, respectively, in merged images. Bars, 10 um. (C} IR-
irradiated HeLa cell lysates treated with the indicated siRNAs were
fractionated as described in the Materials and Methods. (Left panels)
The fractions were subjected to immunoblotting using the indicated
antibodies. (Right panel) The RRM1 bands were quantitated, and the
results are presented as percentages of S1 fraction, Data are mean +
standard deviation (n = 3). (D) Sf9 lysates expressing RRM1-HA,
RRM2, or GST-His-Tip60 were subjected to GST pull-down or HA
pull-down assays using the indicated antibodies. (E) Chromatin frac-
tions from IR- or mock-treated HeLa cells (after 5 min) were solu-
bilized with micrococcal nuclease. The solubilized extracts were
immunoprecipitated with anti-Tip60 antibodies or control IgG. The
resulting precipitates and a 10% input (1/10 Input) were immuno-
blotted with the indicated antibodies. (F) The affinity-purified Tip60
complexes, as described in the Materials and Methods, were sub-
jected to immunoblotting using the indicated antibodies. (G)
GMO02063 cells were treated with control, Tip60, or GEP siRNAs
and then subjected to UVA microirradiation as in B.

(TC2) could interact with RRM1, but no mutant with any
additional truncation of TC2 was able to do so (Supple-
mental Fig. S3B). Full-length Tip60 failed to bind full-
length RRM2 (Supplemental Fig. S3C). We generated the
C-terminal fragment of RRM1 (amino acids 701-792) with
a SV40 nuclear localization signal (NLS-RC1-HA) and
examined its ability to bind Tip60 in vivo and in vitro.
NLS-RC1-HA, but not a control NL-GFP-HA fragment,
was detected in the anti-Myc immunoprecipitates when
transiently coexpressed with Tip60-Myc (Supplemental
Fig. S3D). Purified MBP-fused RC1 produced in Escher-
ichia coli was capable of binding to GST-Tip60 expressed
in insect cells (Supplemental Fig. S3E). Both A761-C and
A781-C failed to bind chromatin, further confirming that
the binding of RRM1 to chromatin required its interaction
with Tip60 (Supplemental Fig. S3F).

Similarly to Chkl (Niida et al. 2007; Shimada et al.
2008), endogenous RRM1 was present in cytosolic (S1),
nucleoplasmic (S2), and chromatin-bound (P2) fractions
(Supplemental Fig. S4A). Tip60 existed predominantly in
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the chromatin-bound fraction (P2). Both RRM1 and Tip60
proteins in this fraction were partly solubilized by treat-
ment with micrococcal nuclease (Mnase), suggesting that
they associated with chromatin. RRM1 knockdown
showed a significant decrease of RRM1 protein levels in
both soluble and chromatin-bound fractions (Supplemen-
tal Fig. S4B). IKKa and Orc2 were detected predominantly
in soluble and chromatin fractions, respectively, indicat-
ing that cell fractionation was done successfully. Ectopic
RRMI-HA present in the chromatin fraction was in-
creased when Tip60-Myc-His was coexpressed, although
a low level of RRM1-HA was detected in the absence of
Tip60-Myc-His, presumably due to the presence of en-
dogenous Tip60 (Supplemental Fig. S4C). The amounts of
RRMI1 and Tip60 bound to the chromatin were not af-
fected by DNA damage (Supplemental Fig. S4D). How-
ever, depletion of Tip60 resulted in a reduction in the
amount of RRM1 on chromatin (Fig. 1C). Taken together,
chromatin binding of RRM1 appeared to be Tip60-
dependent. RRM1-HA, but not the RRM2 subunit alone,
formed a complex with GST-His-Tip60 in insect cells
(Fig. 1D, left panels). RRM2 also formed a complex with
GST-His-Tip60 in a manner dependent on the presence of
RRMI-HA. Consistently, accumulation of RRM2 at DSB
sites was compromised when RRM1 was depleted (Sup-
plemental Fig. S2D). Immunoprecipitations using anti-
HA antibodies demonstrated that RRM1-HA bound to
both RRM2 and GST-His-Tip60 (Fig. 1D, right panels).
RRMI and RRM2 were detected in the precipitates of
anti-Tip60 antibodies from the solubilized chromatin,
even in the absence of DNA damage (Fig. 1E). To further
confirm the interaction between RNR and Tip60, we
purified the Tip60 complex from Hela cell nuclear
extracts expressing Flag-HA Tip60 as reported previously
(Tkura et al. 2000, 2007). RRM1 and RRM2, as well as
PAF400/TRRAP as a positive control (Murr et al. 2006),
were detected in Tip60 complex from extracts with or
without DNA damage (Fig. 1F). Tip60 knockdown by
siRNA or shRNA abrogated accumulation of RRM1 along
with microirradiated lines (Fig. 1G; Supplemental Fig.
S2E). These results suggested that RRM1 recruitment at
DSB sites was Tip60-dependent.

To determine precisely whether RRM1 was recruited
at the site of DNA damage, we generated Ku-deficient
mouse embryonic fibroblasts (MEFs) in which a single
DSB was introduced after infection with adenoviruses
expressing I-Scel. This DSB was not rapidly repaired by
nonhomologous end-joining, making it easy to detect pro-
teins accumulating at this DSB site by chromatin immu-
noprecipitation (ChIP) analysis (STEFKu70~/~phprt-DR-
GFP) (Fig. 2A; Pierce et al. 2001). Introduction of the DSB
was confirmed by Southern blotting (Supplemental Fig.
S5). ChIP analyses revealed a substantial increase in the
binding of RRM1 as well as Rad51 and Tip60 to a DNA
break site. An increase in acetylation of histone H4 was
also observed at the damage site (Fig. 2B|). These were not
seen on infection with control LacZ. Tip60 depletion by
two independent siRNAs resulted in a loss of RRMI1
binding to a DSB site, as well as a reduction in acetylation
of histone H4 (Fig. 2C). A mutant Tip60 lacking histone-
acetylating activity could recruit RRM1 to the DSB site
similarly to wild-type RRM1 (Supplemental Fig. SG6A).
Inhibition of ATM, ATR, and DNA-PK by caffeine did
not affect RRM1 recruitment (Supplemental Fig. S6B).
These results further supported the notion that complex



Downloaded from genesdev.cshlp.org on May 16, 2010 - Published by Cold Spring Harbor Laboratory Press

A Promoter riobe C s 4 e
53
Purg 5 O kScel
e | g 23 i i o
cup 4t t chip 5
Primer EcoRl Scel  EcoRl  Primer 1
(F2-R2) <+ 26kb—>  (6000F-B000R)
B 3 —> SIRNAY Tip60-1 Tip60-2 Control Tip60-1 Control
12 AAM1 AcH4
10 n,1z
35 O Scel sIRNA: Control Tip60-1 Contral Tipgo-2
::, 6 Adeno: LZ k-Scel LZ I-Scel LZ I-Scel LZ I-Scel
54 ﬂ-ﬂ Tip6o S e es - SRES ..
2 | S -
0 ﬂ Orc2 g s Sy
RadS51Tip60 RRM1 AcH4 [ - "
Binding
C429s Tips0  RRM2
C4298 T ZE00
A741-C I = * 3 280
4\761-786—’\ 7 + =§° .Gl:
A776CA781-C I - AXXC ~ + z E 2
A781-786 + o+ 0 S
RAM2 Tips0 w EI?BSA’SIJ“S.Ylbz GsT
. |12 G 3,
v s 5
% b 2,
o ICR G %y z
""‘ 4 /P 6
F oS- o O~ wT AT7scaTsi-C
pull down nput AT76C -
wt A776C , AT776C wt 4781-C

A781-C 4781-C

RAMI-HA e Sbems
GST-Tips0 FM

Figure 2. RRMI is recruited at DSB sites in a Tip60-dependent
manner. (A) Map of the I-Scel cassette construct containing the
I-Scel site, the probe for Southern blotting, and a set of primers for
the ChIP assay. (B) STEFKu70~/~phprt-DR-GFP cells infected with
I-Scel adenoviruses were subjected to ChIP analysis using the in-
dicated antibodies as described in the supporting Materials and
Methods. Data are shown as percentages of increases in PCR prod-
ucts from cells expressing I-Scel (I-Scel) relative to those from cells
expressing Lac Z (LZ). Data are mean * standard deviation (n = 3).
(C) STEFKu70~/~phprt-DR-GFP cells were transfected with two
independent Tip60 siRNAs (Tip60-1 and Tip60-2) or control siRNA.
ChIP analysis was performed as in B. (Bottom panels) Aliquots of
cell lysates were subjected to immunoblotting using anti-Tip60
antibodies. (D) The constructs used are schematically represented,
and the specific interaction between RRM1 mutants and Tip60
was assayed using yeast two-hybrid screening. (E) An in vitro RNR
assay of complexes containing wild-type or various RRM1 mutants
was performed as described in the Materials and Methods. (Black
bars) —HU; (white bars) +HU (10 mM). Data are mean * standard
deviation (n = 3). (F) Sf9 lysates expressing GST-His-Tip60 and the
indicated RRM1-HA were subjected to GST pull-down assay using
the indicated antibodies. (G) Knockout-knock-in STEFKu70~'~phprt-
DR-GFP cells expressing wild-type or A776CA781-C RRMI1-HA
were generated by transfection with vectors for either wild-type or
A776CA781-C RRMI and then with RRM1 siRNA. Expression vec-
tors of wild type and A776CA781-C contain mutations in a specific
sequence targeted by siRNA. (Top panel) Cells were subjected to
ChIP analysis using anti-HA antibodies as in B. (Bottom panels)
Aliquots of cell lysates were subjected to immunoblotting using the
indicated antibodies.
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formation between RNR and Tip60 is required for re-
cruitment of RNR to sites of DNA damage.

We then examined if RNR recruitment at damage sites
was required for effective DNA repair. We first generated
RRMI1 mutants that lack the ability to bind Tip60 but
retain RNR activity. Given that the C-terminal CXXC
motif of RRM1 is important for RNR function (Zhang
et al. 2007), we constructed RRM1 mutants containing
the CXXC motif but lacking Tip60-binding ability (A761-
786 and A776CA781-C) (Fig. 2D). Wild-type RRM1 or its
mutants were coexpressed with RRM2 in insect cells, and
the resultant complexes were subjected to an in vitro
RNR assay (Fukushima et al. 2001). RNR complexes con-
taining wild-type, A761-786, and A776CA781-C RRM1

RNR at DNA damage sites

retained hydroxyurea (HU)-sensitive RNR activity (HU is
a specific RNR inhibitor], whereas an inactive C429S
mutant or GST protein as a negative control did not show
RNR activity (Fig. 2E). The specific activity of RNR con-
taining wild-type, A761-787, and A776CA781-C RRM1
(~50 nmol/mg per minute) was similar to that reported
previously (Guittet et al. 2001), confirming the reliability
of our results. The A776CA781-C mutant failed to form
a complex with GST-Tip60 (Fig. 2F). ChIP analysis using
RRM1 knockout-knock-in STEFKu70~/~phprt-DR-GFP
cells revealed that the A776CA781-C mutant failed to
accumulate at the DSB site (Fig. 2G). These results in-
dicated that direct interaction of RRM1 to Tip60 is re-
quired for triggering its accumulation at the DSB site.

A comet assay revealed that DNA damage in cells was
repaired efficiently within 1 h in the absence of HU.
However, treatment with HU, and RRM1 or RRM2
depletion, resulted in an impairment of DNA repair
(Fig. 3A,B). RNR activity was thus essential for effective
repair. Ectopic expression of wild-type RRM1 with mu-
tations in a specific sequence targeted by siRNA effec-
tively rescued the impaired DNA repair in cells depleted
of endogenous RRM1 (Fig. 3C). In contrast, ectopic expres-
sion of C429S, A761-786, and A776CA781-C RRM1 failed
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Figure 3. Recruitment of active RNR at DNA damage sites is
a prerequisite for effective DNA repair. (A) HeLa cells were treated
with (open bars) or without (filled bars) 2.5 mM HU, exposed to IR (4
Gy), and subjected to a comet assay as described in the Materials and
Methods. The results were obtained by counting at least 50 cells
per sample in three independent experiments. (B) HeLa cells were
transfected with a control (filled bars) or RRM1 or RRM2 siRNA
(open bars), and DNA repair was evaluated as in A. Cell lysates were
subjected to immunoblotting using the indicated antibodies. (C)
HeLa cells were transfected with or without (filled bars) either wild-
type (gray bars), C429S (open bars), A776CA781-C (dotted), or A761—
786 (hatched) RRM1. RRM1-transfected cells were then transfected
with RRM1 siRNA. Expression vectors of wild type and various
RRMI mutants contain mutations in a specific sequence targeted by
siRNA. DNA repair activity and expression of RRM1 were examined
as in B. (D) Knockout-knock-in HeLa cells expressing wild type or
A776CA781-C RRM1-HA were exposed to IR, and cell lysates were
subjected to immunoblotting as in C.
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to do so. ATM was activated independently of Tip60
binding to RNR, but this activation was enhanced and
prolonged in cells expressing A776CA781-C, presumably
due to impaired DNA repair (Fig. 3D). It is therefore
conceivable that recruitment of active RNR at DNA
damage sites is a prerequisite for effective DSB repair,
but not for activation of checkpoint signaling. Tip60 is
also known to participate in transcriptional regulation of
several genes. Neither RRMI1 nor RRM2 proteins were
affected by Tip60 depletion or overexpression (Supplemen-
tal Fig. S7), indicating that the effect of Tip60 did not result
from changes in RRM1 and RRM2 expression.

ChIP analyses revealed that NLS-RC1-HA specifically
inhibited RRM1 binding, but did not affect Rad51 or
Tip60 binding, or increase H4 acetylation at the DSB site
in STEFKu70~'~phprt-DR-GEFP cells (Fig. 4A). Expression
of NLS-RC1-HA suppressed accumulation of endogenous
RRMI1 at DNA damage sites (Supplemental Fig. S8A,B),
but did not affect the foci formation of 53BP1 at DSB sites
(Fig. 4B), or complex formation and activity (Supplemen-
tal Fig. S9A,B) of endogenous RNR. However, cells
expressing NLS-RC1-HA, but not NLS-GFP-HA, had

A

NLS-  NLS-
Control  RC1-HA GFP-HA

NLS-
Vector: GFP-HA control
Adeno: LZ I-Scel

NLS-
Vector: RC1-HA control

Adeno: LZ I-Scel 53BP1

e e
NLS-RCI-HA e i NLS-GFP-HA ol e

fractin emmemm——" y-H2AX

8 8 uZ
ss P O +Sest | porge
$ $
s Iy
Y e
s 5 DK --
0
c RA3d51 Tips0 RAM1 AcH4 9 RadS1 Tip60 RAMI AcHd D NLS-RC1-HA
NLsnc:m'A : NLS-GFP-HA e 100
10/ el | =10 o Tet- T . & = f)
E' D"“E: O Tets ._.:-;- §‘°
i LH A T TS E
LER AR L |practin s—— 5 1 ® Tet-
TR 0651 2 23 O Tet+
Time (h) Time (h) 0.1
E _ o1 2 3 4
30[mWT ] ]
ENDAC 160 NLS-GFP-HA
2 =10
K -
£ %0 s 1 2 £ 10
3 J Time (h) g
fE:O o gzo o s S1| @re-
17}
Mrgleate G:: E10) O Tet+
= Ru'eoo 05 1 2 “o 1 2 s
2N 4N 2N 4N Time (h) IR (Gy)

Figure 4. Inhibition of recruitment of RNR at DSB sites by ectopic
expression of NLS-RC1-HA abrogates DNA repair and sensitizes
cells to DNA damage. (A) STEFKu70~/~phprt-DR-GEFP cells express-
ing NLS-RC1-HA (SV40 NLS-RC1 fragment, 701-792 amino acids)
or NLS-GFP-HA (GFP fragment, 1-93 amino acids) were subjected
to ChIP analysis as in Figure 2B. (Top panels) Cell lysates were
subjected to immunoblotting using the indicated antibodies. (B, left
panels) Tet-on HeLa cells expressing NLS-RC1-HA or NLS-GFP-HA
were treated with or without tetracycline (1 pg/mL), exposed to IR
(4 Gy), and subjected to immunostaining with the indicated anti-
bodies and a comet assay as in Figure 3A. (Right panels) IR-untreated
lysates were subjected to immunoblotting using the indicated
antibodies. (C) Asterisk (*) represents nonspecific bands. (D) These
cells were exposed to the indicated dose of IR, and a quantitative
colony formation assay was performed 8 d after treatment. Data are
mean * standard deviation (n = 3). (E) Knockout-knock-in HeLa
cells expressing either wild-type (filled bars) or A776CA781-C (open
bars) RRM1-HA were synchronized as described in the Materials and
Methods. Synchronized cells were then released into G1 phase or
S phase (time —3) and exposed to IR (4 Gy) 3 h after release (time 0).
(Right panels) DNA repair was evaluated as in A. (Left panels) Cell
cycle distributions are presented.
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unrepaired DNA in the tail at 2 h (Fig. 4C). A quantitative
colony formation assay was used to examine the DNA
damage sensitivity of cells expressing NLS-RC1-HA. In-
duction of NLS-RC1-HA sensitized cells to IR (Fig. 4D).

Given that levels of ANTP pools are higher during S phase
than during G1 phase (Hakansson et al. 2006), recruitment
of RNR at damage sites may function at a specific phase of
the cell cycle where dNTP pools are low. To address this
issue, we synchronized cells at S phase or G1 phase by
arrest and release of thymidine or nocodazole, respectively.
Recruitment of wild-type RRM1 at a DSB site was observed
at both G1 and S phase (Supplemental Fig. S10). However,
a comet assay revealed that A776CA781-C failed to rescue
the impaired DNA repair in RRMI1-depleted cells at G1
phase, but not at S phase (Fig. 4E). Consistently, RRM1
mutation of Tip60 binding slightly sensitizes cells to
Zeocin (Supplemental Fig. S11A), which causes DNA
strand breaks, but not to MMC (Supplemental Fig. S11B),
which can cause interstrand cross-linking repaired mainly
at S-G2 phase. Intriguingly, this G1-phase-specific impair-
ment of DNA repair was restored when excess amounts of
dADP, dGDP, dCDP, and dUMP (250 p.M) were supplied in
the culture medium (Supplemental Fig. S12). These results
suggested that recruitment of RNR was required specifi-
cally for effective DNA repair in cells with low levels of
dNTPs.

The present study suggests that the RNR recruitment
to DSB sites likely provides mechanistic insights into the
regulatory events that ensure a balanced supply of ANTPs
during mammalian DNA repair. RNR appears to form
a complex with Tip60 independently of DNA damage.
Thus, it is possible that the RNR-Tip60 complex might
have an alternative function, such as regulation of tran-
scription. In response to DNA damage, regulation of the
RNR subunit by Wtml and Difl in budding yeast is
radically different in terms of cellular localization (Lee
and Elledge 2006; Lee et al. 2008) from that observed in
the present study; however, important changes in the
subcellular localization of RNR might be conserved.
Given that Tip60 is a key regulator of DNA damage
responses, the concomitant recruitment of RNR at dam-
age sites suggests the presence of a synthetic regulatory
mechanism for DNA repair in mammals.

Materials and methods

Antibodies

Antibodies used were as follows: a-Rad51 (Ab-1, Oncogene Research
Products), a-RRM1 (sc-11733 and sc-11731, Santa Cruz Biotechnologies),
a-HA (11 666 606 001, Roche Applied Sciences; and PM002, MBL), a-Myc
(sc-40 and sc-789, Santa Cruz Biotechnologies), o-RRM2(sc-10844, Santa
Cruz Biotechnologies), a-GST (sc-459, Santa Cruz Biotechnologies),
a-Chkl (sc-8408, Santa Cruz Biotechnologies), a-IKKa (sc-7182, Santa
Cruz Biotechnologies), a-Orc2 (sc-13238, Santa Cruz Biotechnologies),
a-ATM (sc-23921, Santa Cruz Biotechnologies), a-ATMp1981 (no. 4526,
Cell Signaling), a-acetylated histone H4 (no. 06-866, Upstate Biotechnol-
ogies), and a-phospho-histone H2AX (411-pc-020, TREVIGEN; and 05-636,
Upstate Biotechnologies). Anti-Tip60 rabbit polyclonal antibodies were
generated by immunization with recombinant GST-His-Tip60 produced in
insect cells, and the serum obtained was affinity-purified using a GST-His-
Tip60 column.

Two-hybrid interaction assays

The pGBKT7-RRM1 plasmid was generated by insertion of the full-length
human RRM1-encoding sequence. pGBKT7-RRM1 was transformed into
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the yeast strain AH101 and mated with yeast Y187 pretransformed with
a HeLa cell cDNA library (BD Biosciences). The deletion mutants of
RRM1 and Tip60 were amplified by PCR using specific sets of primers.
Primer sequences are supplied in the Supplemental Material.

Affinity purification of Tip60 complex

Affinity purification of Tip60 complex was performed as described pre-
viously (Tkura et al. 2000, 2007). For the induction of DNA damage, cells
were y-irradiated (12 Gy) after centrifugation.

In situ detergent extraction and immunofluorescence analysis

Immunofluorescence on paraformaldehyde-fixed cells was performed
according to a previous report (Green and Almouzni 2003), using the
indicated antibodies.

Microirradiation

Microirradiation was performed as described previously (Ikura et al. 2007).
In brief, GM02063 cells were maintained on the microscope stage in
a Chamlide TC live-cell chamber system (Live Cell Instrument) at 37°C.
Microirradiation was performed using an LSM510 confocal microscope
(Carl Zeiss). Sensitization of cells was performed by incubating the cells
for 20 h in medium containing 2.5 pM deoxyribosylthymine and 0.3 pM
bromodeoxyuridine (Sigma), and then staining with 2 pg/mL Hoechst
33258 (Sigma) for 10 min before UVA microirradiation. The 364-nm line of
the UVA laser was used for microirradiation (three pulses at 30 uW).
Samples were examined with a Zeiss Axioplan 2 equipped with a charge-
coupled device camera AxioCam MRm controlled by Axiovision software
(Zeiss).

Knockdown experiments

Hela cells or STEFKu70~/~phprt-DR-GFP cells were transfected with
either control siRNA (Silencer Negative Control #1, Ambion 4611),
siRNAs for human Tip60 (sc-37966, Santa Cruz Biotechnologies), mouse
Tip60-1 (sc-37967, Santa Cruz Biotechnologies), mouse Tip60-2
(D-057795-02-0010, Dharmacon), or RRM1 (GGAUCGCUGUCUCUAA
CUUtt) using Lipofectamine 2000 reagent (Invitrogen).

Subcellular fractionation and Mnase treatment

Subcellular fractionation was performed according to a previous report
(Mendez and Stillman 2000). The isolated chromatin fraction (1 X 10°
cells) was treated with Mnase (15 U) for 30 min at 37°C.

Establishment of STEFKu70~'~ cells containing
a phprt-DR-GFP cassette

The phprt-DR-GFP vector (10 p.g) was linearized with Pvul and transfected
into STEFKu707~/~ cells. Cells were selected with 1.25 pg/mL puromycin
for 12 d, and single colonies were screened by Southern blotting using
puromycin cDNA as a probe. Clones having only one copy of the phprt-
DR-GFP cassette were used for experiments.

Establishment of Tet-on HeLa cells expressing NLS-RC1

pcDNA4/TO-NLS-RC1 (10 p.g) was linearized with Xhol and transfected
into HeLa T-Rex cells (Invitrogen). Positive clones were selected with
Zeocin (250 pg/mL) and Blastcidin (5 pg/mL) for 12 d and screened by
immunoblotting using anti-HA antibodies for the detection of NLS-RC1
induction in the presence of tetracycline (1 p.g/mL).

Generation of adenoviruses expressing I-Scel endonuclease

The full-length I-Scel fragment harboring the CAG promoter and poly
A signal was subcloned into pAd/PL-DEST (Invitrogen). Adenoviruses
expressing I-Scel were generated according to the manufacturer’s protocol
(Invitrogen).

RNR at DNA damage sites

ChIP assay

A population of STEFKu70~/~cells (1 X 107) containing phprt-DR-GFP
cells infected with adenoviruses expressing I-Scel was cross-linked with
1% formaldehyde for 10 min at 37°C. ChIP assays were performed
essentially as described (Shimada et al. 2008). Precipitated DNA was
resuspended in 50 pL of water and analyzed by quantitative real-time PCR
with the ABI PRISM7000 system using Power SYBR Green PCR Master
Mix (Applied Biosystems) as described (Katsuno et al. 2009). Primers used
for detection of the I-Scel break site were indicated in Figure 2A. As an
internal control for normalization of the specific fragments amplified,
mouse GAPDH locus was amplified using whole genomic DNAs with
mGAPDH-F and mGAPDH-R. Primer sequences are supplied in the
Supplemental Material.

Comet assay

Alkaline comet assays were performed using a Trevigen’s Comet Assay kit
(4250-050-k) according to the manufacturer’s instructions. DNA was
stained with SYBR Green, and slides were photographed digitally (Nikon
Eclipse E800 lens and Fuji CCD camera). Tail moments were analyzed as
reported previously (Park et al. 2006) using TriTek Comet Score Freeware.

Measurement of DNA damage sensitivity

Tet-on HeLa cells expressing NLS-RC1-HA or NLS-GFP-HA were irradi-
ated with varying doses of IR in the presence or absence of doxycycline
(1 pg/mL), and then washed with PBS. Eight days after an additional
incubation, surviving colonies were counted, and their relative numbers
were expressed as percentages of the untreated cells (n = 3).

RNR assay

Insect cells were coinfected with baculoviruses expressing wild-type
RRMI or its mutants, and with those expressing wild-type RRM2. RNR
complexes were immunopurified, and their activities were determined
according to a method reported previously (Fukushima et al. 2001).
Amounts of wild-type RRM1 protein or its mutant proteins were de-
termined by SDS-PAGE and used for calculating specific activities.

Cell cycle synchronization

For synchronization of cells at S phase, knockout-knock-in HeLa cells
expressing wild-type or A776CA781-C RRM1-HA were first synchronized
at the G1/S boundary by exposure to 2.5 mM thymidine for 16 h, and then
released into S phase by wash-out of thymidine with PBS and the addition
of 20% FBS containing DMEM. Cells were then exposed to IR 3 h after
release. For synchronization of cells at G1 phase, knockout-knock-in
HeLa cells were synchronized at M phase by exposure to 100 ng/mL
nocodazole for 16 h and released into G1 phase by wash-out of nocodazole
with PBS and addition of 20% FBS containing DMEM. Cells were then
exposed to IR 3 h after release.
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Proper progression of mitosis requires spatio-temporal regulation of protein phospharylation by orches-
trated activities of kinases and phosphatases. Although many kinases, such as Aurora kinases, polo-like
kinases (Plks), and cyclin B-Cdk1 are relatively well characterized in the context of their physiological
functions at mitosis and regulation of their enzymatic activities during mitotic progression, phosphatases
involved are largely unknown. Here we identified a novel protein tyrosine phosphatase containing

Keywords: domain 1 (Ptpcd 1) as a mitotic phosphatase, which shares sequence homology to Cdc14. Immunofluo-
ggzg;f:tr;i rescence studies revealed that Ptpcd1 partially colocalized with y-tubulin, an archetypical centrosomal
Mitosis marker. Overexpression of this phosphatase prevented unscheduled centrosomal amplification in
Polo-like kinases hydroxyurea arrested U20S cells. Intriguingly, Ptpcd 1-associated and colocalized with polo-like kinase
Cytokinesis 1(Plk1). Hence, overexpression of Ptpcd1 rescued prometaphase arrest of Plk-1 depleted cells, but
Cdc14 resulted in aberrant cytokinesis as did as Plk1 overexpression. These results suggested that Ptpcd1 is

involved in centrosomal duplication and cytokinesis.

© 2009 Elsevier Inc. All rights reserved.

Faithful transmission of genetic information relies on the coordi-
nated regulatory system of the cell cycle [1]. In higher eukaryotes,
mitosis involves many dynamic processes at chromosomes, includ-
ing condensation and segregation, both of which are mainly regu-
lated by protein phosphorylation and dephosphorylation [2].
Proper segregation of chromosomes requires centrosomal matura-
tion, separation, spindle formation and alignment of chromosomes
[2,3]. Centrosome is the major microtubule organizing center in ani-
mal cells composed of two centrioles, which are barrel shaped struc-
tures with nine triple microtubules and a pericentriolar matrix
responsible for nucleating microtubules and organizing mitotic
spindles for bipolar separation of sister chromatids [4,5]. The identi-
fication of several centrosome-associated protein kinases has pro-
posed the concept that multiple regulatory phosphorylation
pathways tightly control centrosome cycle during cell cycle [6-8].
Around G1/S transition, a procentriole forms adjacent to each paren-
tal centriole and continues growing during S phase. At the onset of
mitosis, the two centrosomes separate and the daughter centriole
matures and instructs mitotic spindle formation [4]. In post-mitotic
cells, centrosome migrates to the cell surface and one of the centri-
oles differentiates into a basal body that nucleates microtubules to
form a cilium [5].

Polo-like kinases (Plks) regulate a multitude of several mitotic
processes, including centrosome duplication, maturation [9], bipo-
lar spindle formation [10], microtubule/kinetochore interactions,
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and cytokinesis [11,12]. Spatio-temporal coordination of Plks
activities is achieved through binding to phosphorylated docking
proteins with distinct subcellular localizations, such as centro-
somes, kinetochore, and the midzone [12,13]. At early mitosis,
Cdk1 creates the phosphorylated docking sites on the substrates
[1], whereas Plks create their own docking sites on other partners
after inactivation of Cdk1 [1,12,13]. In budding yeast, some parts of
mitotic function of Plks appear to be mediated by Cdc14p. Cells
lacking Cdc14p are unable to exit from mitosis, with defects in
both movement of chromosomes to the spindle poles and elonga-
tion of anaphase spindles [14]. Mammalian cells possess two
Cdc14 paralogue, Cdc14A and Cdc14B, identified based on their se-
quence similarity to Cdc14p [15]. Recent studies suggested that
Cdc14A and Cdc14B might be involved in distinctive cellular func-
tions; the former functioned in centrosomal separation and cytoki-
nesis [3,16], and the latter in centrosomal duplication and
microtubule stabilization [17]. However, Cdc14B deficient cells
were viable and lacked apparent defects in chromosome segrega-
tion and cytokinesis [18], suggesting that alternative phospha-
tase(s) might be capable of complementing the mitotic functions
of Cdc14B. Here, we identified Ptpcd1 as a possible functional iso-
zyme of mammalian Cdc14B that is genetically linked to PIk1.

Materials and methods

Cloning of Ptpcdl. The complete ORF of Ptpcd1 (corresponding
exactly to AW456874; No. NM 207232 and MGI: 2145430) was
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amplified by PCR using mouse brain cDNA library as a template
with the following primer set: 5-ATG GCG CAG GAG TCT TGC
CA-3’ and 5’-TCA GGA GAG GCT GCT GTC CTT TTT GC-3'. The PCR
product was subcloned into pCR II-TOPO (Invitrogen). pcDNA3.1-
Myc/HisPtpcd1 was then generated by subcloning of the Kpnl/NotI
fragment into pcDNA3.1Myc/His vector. The KpnlI/NotI fragment
was amplified by PCR using pCRII-TOPOPtpcd1 as a template with
a set of primers; 5'-TTT GAA TTC GCC ACC ATG TCG TCC GGG GCC
AAG GAG-3’and 5’-AAA TCT AGA GGG CAG AGG GGT CCC GTT-3'.
pcDNA3.1PIk1-HA was generated by subcloning of EcoRI/NotI frag-
ment from pET23d-Plk1 (kind gift from Dr. Nishida) into
pcDNA3.1HA.

Cell culture. HeLa and U20S cells were cultured and maintained
in Dulbecco’s modified Eagle’s medium (Invitrogen) supplemented
with 10% fetal bovine serum as described previously [19]. Noco-
dazole and hydroxyurea were purchased from Sigma.

Knockdown experiments. Plasmid transfections were performed
using FuGENES transfection reagent (Roch) according to manufac-
turer’s instruction. Stealth siRNAs for Plk1 (Invitrogen) or control
(Invitrogen) were transfected using lipofectamin 2000 (Invitrogen).

Immunoblotting. Antibodies used in this study were anti-c-myc
(sc-789; Santa Cruz, sc-40; Santa Cruz), anti-pTyr-Cdk1 (9111; Cell
signaling), anti-cyclin B1 (GNS1; Santa Cruz), anti-Plk1 (35-200;
upstate), anti-HA (12CA5; Roch), anti-y-tubulin (T3559; Sigma)
and anti-oa-tubulin (Sigma). Whole cell extracts were prepared as
described previously [20] and were subjected to immunoblotting.
For IP-immunoblotting, U20S cells were cotransfected with Plk1-
HA, along with Ptpcd1-myc or empty pcDNA3.1. Cells were har-
vested in RIPA buffer (10 mM Tris-HCl, pH7.5, 150 mM Nacl,
0.5% Triton X-100, 1% sodium deoxycholate and complete protease
inhibitor tablets (1/10 ml) (Roch). The lysates (200 pig) were incu-
bated with anti-myc antibodies (5 1g) or mouse normal IgG as a
control at 4 °C for 1 h and then precipitated with 20 pl of protein
G beads. The resultant precipitates were separated by SDS-PAGE
and then analyzed by immunoblotting.

Microtubule regrowth assay. Cells on coverslips were treated
with 4 mM nocodazole for 30 min at 37 °C, followed by replace-
ment with normal medium. Cells were fixed at —20 °C with meth-
anol and immunostained for immunofluorescence microscopy was
performed as described previously [21].

Immunofluorescence analysis. Secondary antibodies for immuno-
fluorescence microscopy were Cy3 (Jackson immunoresearch),
Alexa 594 and Alexa 488 (Molecular probes). Cells on coverslips
were fixed in 4% PFA for 10 min at RT and then permeabilized with
0.25% Triton X-100 in PBS. Blocking was done in 5% normal goat
serum (Convac) containing 1% Triton X-100. Fixed cells were incu-
bated with antibodies in blocking for 1 h at RT. DNA was counter-
stained with DAPI (2 mg/ml). For centrosomal staining, cells were
fixed with methanol at —20 °C for 10 min.

Results and discussion

Ptpcd 1 is a centrosomal phosphatase that regulates centrosomal
duplication during S phase

Immotile primary cilium is a centriole-based organelle that con-
sists of microtubule pairs located at the plasma membrane [22]. The
fact that a cilium is differentiated from centrosomes after mitosis
has suggested that the function and structures of cilia are regulated
by similar mechanisms to those of centrosomes [23]. Indeed, Nek2
and Aurora A kinases are involved in the regulation of both centro-
somes and cilia functions [24]. Ptpcd 1 was originally identified as a
dual specificity protein phosphatase highly expressed in mouse ci-
lia [25]. We therefore speculated that Ptpcd 1 might be involved in
the regulation of centrosomal function. Ptpcd 1 encodes a 721 ami-

no acid protein with a predicated molecular weight of 82 kDa. Se-
quence analysis of Ptpcd1 revealed the significant homology with
yeast Cdc14p with coiled coil domain at its carboxyl terminal, RXXL
motif (a putative APC/C binding motif), several nuclear localization
signals (Suppl. Fig. 1A), and a putative nuclear export signal (Suppl.
Fig. 1B). To examine whether Ptpcdl functions at centrosomes,
Ptpcd1-myc was transfected into HeLa cells. In interphase cells, sig-
nals corresponding to Ptpcd1 were detected at both cytoplasm and
nucleus with one or two closely spaced dots. Importantly, these dot
signals were localized adjacent to, but not overlapped with, the sig-
nals from y-tubulin, a centrosomal protein, raising the possibility of
its centriolar localization (Fig. 1A). This centrosomal enrichment of
Ptpcd1 was observed from interphase to anaphase, whereas it was
hardly detected at telophase where most of the immunoreactivity
was detected at midbody. This spatio-temporal localization in rela-
tion to cell cycle conveyed that Ptpcd1 might be a novel centro-
somal-related phosphatase.

In certain transformed cells, such as U20S cells, prolonged S
phase arrest by hydroxyurea (HU) causes uncoupled centrosomal
duplication from cell cycle with multiple rounds of centriole dupli-
cation in the absence of DNA replication and mitotic division
(Fig. 1B, upper panel) [15]. In order to examine whether Ptpcd-1
plays a role in the regulation of centriole duplication, Ptpcd1 were
overexpressed into U20S cells in the presence of 4 mM HU for 72 h.
Ptpcd 1 expression inhibited HU-induced centriole over duplica-
tion (Fig. 1B, lower panel). Majority of control U20S cells possessed
more than single centrosome when cells were treated with HU. In
contrast, 60% of Ptpcd 1 expressing cells possessed single centro-
some (Fig. 1C). These results clearly indicated that overexpression
of Ptpcd1 suppressed uncoupled centrosomal duplication during S
phase. Given that Cdk activity regulates centrosomal duplication
during S phase, we asked whether Ptpcd1 affect inhibitory phos-
phorylation of Cdc2 at Y15, which is regulated at centrosomes dur-
ing S to G2 phase. Cdc2 phosphorylation at Y15 slightly decreased,
whereas expression of cyclin B1 was not affected by Ptpcd1 expres-
sion (Fig. 1D).

Ptpcd1 associates with Plk1 and is involved in the regulation of mitotic
progression

PIk1 regulates centrosomal functions at multiple levels, such as
centrosomal stabilization, nucleation, duplication, microtubule sta-
bilization, and cytokinesis [9-13]. Therefore, Ptpcd1 might be in-
volved in Plk1-dependent regulation of centrosome functions. To
examine this possibility, we first asked whether Ptpcd1 physically
interact with Plk1. PIk1-HA and Ptpcd1-myc were co-transfected
into HeLa cells and the cell extracts were immunoprecipitated with
anti-myc antibodies. PIk1-HA as well as Ptpcd1-myc was readily
detected in the myc-immunoprecipitates, indicating that Plk1-HA
was capable of forming a complex with Ptpcd1-myc (Fig. 2A).
Immunocytochemical analysis revealed colocalization of ectopi-
cally expressed Ptpcd1-myc with endogenous Plk1 (Fig. 2B).
Intriguingly, Ptpcd1-myc appeared to accumulate and colocalize
with Plk1 at mid-body in telophase cells. These results suggested
that Ptpcd1 might also function in cytokinesis as Plk1 did [1]. To ad-
dress this question, we examined the effect of Ptpcd1 overexpres-
sion on mitotic progression. Aberrant cytokinesis in the form of
fused or intercellular o-tubulin bridges was apparent in cells
expressing Ptpcd1 (Fig. 3A and C). Hence, an increase in the number
of cells with multiple nuclei was observed when Ptpcd1 was over-
expressed (Fig. 3B and C). These results suggested that Ptpcd1 as
well as Plk1 as reported played an important role in cytokinesis.

In addition to cytokinesis, PIk1 was reported to stabilize micro-
tubule organization [10,12]. Therefore, we then asked if Ptpcdl
expression affect the microtubule stabilization. HeLa cells were
transfected with pcDNA3.1Ptpcd1-myc and treated with nocodaz-
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ole, a microtubule depolymerizing agent. Overexpression of
Ptpcd1-myc significantly stabilized microtubule organization
when it was evaluated by staining with a-tubulin (Fig. 3D). Inter-
estingly, it also enhanced microtubule regrowth after nocodazole
washout. Thus, the effect of Ptpcd1-myc expression on microtu-
bules stabilization was similar to that of Plk1 expression, further
suggesting that Ptpcd1 functioned in Plk1-regulatory networks.
In addition, these results also showed that the centrosomal locali-
zation of Ptpcd1 was independent of microtubules nucleation be-

cause centrosomal signals of Ptpcd1 could still be detected after
microtubules depolymerization with nocodazole.

Overexpression of Ptpcd1 is capable of complementing prometaphase
arrest in Plk1 depleted cells

We finally determined the genetic orientation between Plk1
and Ptpcd1. Endogenous Plk1 was depleted by the transfection of
the specific siRNAs (D-1 and D-2) for Plk1. Immunoblotting using
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anti-Plk1 antibodies revealed that transfection of D-1 and D-2 re-
sulted in a significant reduction in PIk1 protein, whereas that of
control siRNA did not (Fig. 4A). PIk1 depletion results in prometa-
phase/metaphase arrest [1], presumably due to impaired centro-
somal separation, centrosome fragmentation, and microtubules
destabilization, which consequently activate spindle checkpoints.
Prolonged prometaphase arrest in Plk1 depleted cells ultimately
appeared to induce apoptosis (Fig. 4B and Suppl. Fig. 2). Intrigu-
ingly, ectopic expression of Ptpcd1 in Plk1 depleted cells rescued
the prometaphase/metaphase arrest and stabilized microtubules
(Suppl. Fig. 2), but resulted in aberrant cytokinesis as was observed
in Ptpcd1 expressing cells (Fig. 3C). These results indicated that

Ptpcd1 at least in part functioned downstream of Plk1. Consistent
with this notion, Ptpcd1 possessed four consensus serine residues
for a PIk1 phosphorylation site (Fig. 4C) [26]. In this regard, Cdc5, a
yeast homolog of Plks, regulated Cdc14p phosphorylation and its
subcellular localization to ensure mitotic exit [14,27].

In summary, based on our observation in this study, it is possi-
ble that Ptpcdl together with Plkl may regulate the centriole
duplication cycle as well as cytokinesis by modulating the phos-
phorylation status of some proteins, suggesting the conserved
mechanism from yeast to mammalian by which Cdc5-Cdc14 axis
regulates mitotic exit [1,14,27]. A similar counterbalance of kinase
and phosphatase activities was also proposed in Nek2 and PP1a
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that governed centrosome splitting [4]. Although centrosomal and
mitotic functions of mammalian Cdc14B had been described
[15,17], Cdc14B deficient cells were viable and lacked apparent de-
fects in chromosome segregation and cytokinesis [8], suggesting
that alternative phosphatase(s) is being capable of complementing
the mitotic functions of Cdc14B. Taken together with the fact that
Ptpcd1 shared some sequence homology with Cdc14B, our results
proposed that Ptpcd 1 might act as a functional isozyme to Cdc14B.
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