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a b s t r a c t

Ribonucleotide reductase (RNR), which consists of R1 and R2 subunits, catalyzes a key step of

deoxyribonucleoside triphosphate (dNTP) synthesis for DNA replication and repair. The R2

subunit is controlled in a cell cycle-specific manner for timely DNA synthesis and is

negatively regulated by p53 in response to DNA damage. Herein we demonstrate that

the presence of excess R2 subunits in p53(�/�) HCT-116 human colon cancer cells protects

against DNA damage and replication stress. siRNA-mediated stable knockdown (>80%) of

excess R2 subunits has no effect on proliferative growth but results in enhanced accumula-

tion of g-H2Ax and delayed recovery from DNA lesions inflicted by exposure to cisplatin and

Triapine. This accentuated induction of g-H2Ax in R2-knockdown cells is attributed to

reduced ability to repair damaged DNA and overcome replication blockage. The lack of

excess R2 subunits consequently augments chk1 activation and cdc25A degradation, caus-

ing impeded cell progression through the S phase and enhanced apoptosis in response to

DNA damage and replication stress. In contrast, the level of R1 subunits appears to be

limiting, since depletion of the R1 subunit directly activates the S phase checkpoint due to

replication stress associated with impaired RNR activity. These findings suggest that excess

R2 subunits facilitate DNA damage repair and recovery from replication stress through

coordination with the S phase checkpoint in the absence of functional p53. Thus, the level of

the R2 subunit constitutes an important determinant of the chemosensitivity of cancer cells

and serves as a potential target for enhancement of DNA-damage based therapy.
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1. Introduction

Ribonucleotide reductase (RNR) catalyzes a critical step in the

enzymatic reactions involved in the conversion of ribonucleo-

side diphosphates (NDPs) to their corresponding deoxyribo-

nucleoside diphosphates (dNDPs) by reduction of the hydroxyl

group at the C-20 position of the ribose moiety [1]. The active

form of RNR is believed to be a heterotetramer consisting of

two R2 (44 kDa) and two R1 (88 kDa) subunits [1]. The R2

subunit contains a tyrosyl free radical and an iron center

required for the enzymatic reaction [2,3]. The R1 subunit

contains a pair of sulfhydryl groups at the catalytic site

essential for the reduction of the NDPs, as well as two

independent allosteric sites that regulate the catalytic activity

and substrate specificity [1].

In mammalian cells, the cell cycle-specific variation of the

R2 subunit plays an important role in the regulation of overall

RNR activity for timely DNA synthesis. The level of the R2

subunit of RNR begins to rise in late G1 and reaches the highest

level during the S phase, while the level of the R1 subunit of

RNR remains relatively constant throughout the cell cycle [4–

6]. The fluctuation of the R2 protein level is attributed to

transcriptional up-regulation during S phase, as well as

proteasome-mediated degradation of the protein when cells

enter mitosis [7,8]. A marked increase in RNR activity during

the S phase coincides with the S-phase specific elevation in the

R2 subunit [4,6,9]. Thus, the R2 subunit has been considered to

be limiting for RNR activity.

In contrast, evidence from a variety of studies has

demonstrated that the R2 subunit is not limiting for RNR

activity. The addition of exogenous purified R1 subunits, but

not R2 subunits, to cell-free extracts causes a marked

stimulation of measurable RNR activity [10–13]. Various

hydroxyurea-resistant cell lines containing a high level of

overproduced R2 subunits exhibit only a modest increase in

RNR activity and dNTP pools, with the same S phase-specific

regulation of the R2 subunit as parental cells [6,7,10]. There-

fore, the elevated level of R2 subunits, which can be

excessively produced during the S phase, is not strictly

coordinated with an increase in RNR activity required for

DNA synthesis. It has been reported that overexpression of the

R2 subunit in cooperation with activated oncogenes causes

malignant transformation [14,15]. Overexpression of the R2

subunit has also been demonstrated to result in reduced

radiosensitivity by enhancing repair of IR-induced DNA

damage [16].

The integrity of the genome and the progress of DNA

replication are constantly monitored by a set of checkpoint

kinase cascades that respond to DNA damage and stalled DNA

replication. Activation of checkpoint pathways promotes the

delay of cell cycle progression, presumably allowing any

required repair to take place before commencement of DNA

replication and mitosis [17]. DNA double-stranded breaks

(DSBs) and arrested DNA replication forks prompt the

activation of members of the phosphatidylinositol kinase-

related protein family, ATM (ataxia telangiectasia-mutated)

and ATR (ATM and Rad3-related) [18,19]. ATM and ATR

mediate the phosphorylation at serine 139 near the C-terminal

of the histone H2A variant H2Ax in chromatin flanking DSBs

[20,21]. This process is essential for the recruitment of MDC1,
53BP1, and BRCA1 to sites of DNA damage to facilitate repair

[17,22].

In addition, activated ATM and ATR act directly to

propagate checkpoint signals through the phosphorylated

activation of their downstream kinases, chk1 and chk2 [23,24].

Chk1 and chk2 block the G2/M transition by phosphorylating

and inhibiting cdc25C, a phosphatase promoting the activa-

tion of cdc2/cyclin B for mitotic entry [23,25]. In response to

DNA damage or replication stress, chk1 and chk2 also mediate

the S phase checkpoint through phosphorylation and degra-

dation of cdc25A, which prevents the activation of cdk2/cyclin

E [26,27].

The involvement of RNR in DNA damage repair has been

elucidated relatively recently by the discovery of p53R2, a

homologue of the R2 subunit. p53R2 is targeted by the p53-

dependent checkpoint pathway through transcriptional acti-

vation in response to DNA damage [28,29]. Concomitantly, the

level of R2 subunits is progressively repressed in a p53-

dependent manner [28,30,31], which serves to stop replicative

DNA synthesis. Hence, p53R2 is able to form RNR with the R1

subunit to supply dNTPs for DNA repair during p53-dependent

G1 arrest [32]. However, considering that about one-half of all

human cancers harbor mutant p53, the ability of these

malignant cells to support DNA damage repair may be

compromised due to a deficiency in p53R2 induction. Whether

alternative sources of dNTPs or R2 subunits are utilized to

support DNA repair in this scenario remains unclear.

We have previously demonstrated that, in response to DNA

damage, HCT-116 human colon cancer cells lacking p53 do not

exhibit the degradation of the R2 protein as manifested by

their wild-type p53 counterparts [31]. Furthermore, short

hairpin/short interference RNA (sh/siRNA)-mediated stable

knockdown of the R2 subunit leads to increased sensitivity of

these cells to both DNA damaging agents and RNR inhibitors.

These findings suggest that the R2 subunit of RNR is also

involved in the supply of dNTPs for DNA damage repair

especially in the absence of p53R2 induction. In the present

study, we examined the functional importance of RNR

subunits and further investigated the role of the R2 subunit

in the ability of p53-deficient cancer cells to support DNA

damage repair. The relationship between the abundance of

the R2 subunit and the S phase checkpoint was also

elucidated. We have found that the presence of excess R2

subunits functions coordinately with the S phase checkpoint

to contend with DNA damage and to alleviate replication

stress.
2. Materials and methods

2.1. Cell culture and reagents

p53-null, p53(�/�) HCT-116 human colon cancer cells was a

gift from Dr. Bert Vogelstein (Johns Hopkins University,

Baltimore, MD). Vector (pooled total population) and indivi-

dual R2-knockdown p53(�/�) HCT-116 cell clones were

established by stable transfection with the vector (pZZeomU6)

and R2-sh/siRNA expressing (pZZeomU6-R2-siRNA) con-

structs, respectively, and maintained in the selective marker

Zeocin as described previously [31]. All cell lines were cultured
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in McCoy’s 5A medium supplemented with 10% fetal bovine

serum and penicillin–streptomycin antibiotics. To determine

growth kinetics, cells were trypsinized and counted using a

Multisizer II/Coulter Counter (Beckman-Coulter). Cisplatin

was purchased from EMD Biosciences (San Diego, CA).

Triapine was synthesized by methodology previously

described by Liu et al. [33].

2.2. Generation of sh/siRNA and transient transfections

Human R1 shRNA was derived from the 19 base sequence of

human R1 cDNA GCTGCAACCTTGACTACTA (349–367, Gen-

Bank accession number BC006498). The control shRNA was a

non-targeting sequence shRNA derived from the 19 base non-

mammalian sequence of Euglena gracilis chloroplast genome

GCGCGCTTTGTAGGATTCG (88–106, GeneBank accession

number X70810). shRNA was generated by in vitro transcrip-

tion of a DNA oligonucleotide consisting sequentially of an 8

base sequence complementary to the T7 promoter, a 19 base

sense sequence of targeted cDNA/mRNA, a 9 base spacer

TTCTAGAGA, and a 19 base inverted antisense sequence. The

oligonucleotide was annealed with a T7 promoter oligo and

filled-in with a Klenow fragment to form the DNA template

that was transcribed using a MessageMuter shRNAi produc-

tion kit (Epicentre, Madison, WI). The shRNA produced was

further purified by phenol/chloroform extraction/ethanol

precipitation and by Micro Bio-spin 6 columns (Bio-Rad,

Hercules, CA). For transient transfections with shRNA, cells

were plated in 6-well plates, incubated for 24 h, and

transfected with 100 nM of shRNA using an Oligofectamine

transfection reagent (Invitrogen, Carlsbad, CA) according to

the manufacturer’s protocol. Transfected cells were incubated

for appropriate times before assays.

2.3. Cytidine 50-diphosphate (CDP) reductase assay

The activity of ribonucleotide reductase was assayed by

determining the reduction of [14C]-CDP as described [11,12].

One millilitre of packed cells was suspended in 1 ml of 0.05 M

HEPES (pH 7.2) containing 1.0 mM dithiothreitol, sonicated,

and centrifuged at 21,000 � g for 1 h. The cell-free supernatant

was collected and quick frozen in an acetone–dry ice bath. CDP

reductase activity was measured in an assay mixture (0.10 mCi,

0.05 mM [14C]-CDP, 4 mM magnesium acetate, 1 mM dithio-

threitol, 16 mM sodium phosphate, 1 mM ATP) with 25 ml of

cell-free supernatant at 35 8C for 30 min in triplicate. The

reactions were terminated by heating and treating with snake

venom. [14C]-dCDP was separated from [14C]-CDP on Dowex-1-

borate columns, and aliquots of eluant were collected for

measurement of radioactivity by liquid scintillation spectro-

metry.

2.4. Western blot analysis and immunoprecipitation

Both procedures were performed as described previously [31],

with a modification in which 0.5 mM Na3VO4 was added to the

cell lysis buffer to minimize the loss of phosphorylated

protein. Gel images were quantified by densitometry with

ImageQuaNT software (Molecular Dynamics). Anti-R2 (E-16),

chk1 (G-4), cdc25A (F-6), and PCNA (C-20) antibodies were
purchased from Santa Cruz (Santa Cruz, CA). Anti-R1 (AD203)

antibody was from Chemicon (Temecila, CA). Anti-actin (20–

33) antibody was from Sigma–Aldrich (Saint Louis, MO). Anti-

g-H2Ax (Ser-139; JBW301) and H2Ax antibodies were obtained

from Upstate (Lake Placid, NY). Anti-phospho-chk1 (Ser-345)

antibody was from Cell Signaling (Beverly, CA). Anti-PARP

antibody was from Roche (Indianapolis, IN).

2.5. Flow cytometry for cell cycle analysis, apoptosis assay,
and g-H2Ax staining

To determine the cell cycle distribution, 1 � 106 cells were

collected and fixed/permeabilized with 70% ethanol for at least

1 h. Subsequently, samples were incubated with 1 mg/ml of

RNase I at 37 8C for 30 min, stained with 50 mg/ml of propidium

iodide (Sigma–Aldrich) for 1 h, and analyzed by flow cytome-

try. For apoptosis assays, 2 � 105 cells were suspended in

Annexin-binding buffer and stained with Alexa Flour 488

annexin V (Vybrant Apoptosis Assay kit #2; Molecular Probes,

Eugene, OR) according to the manufacturer’s instructions.

Samples were immediately assayed by flow cytometry for

levels of annexin V-positive apoptotic cells. To detect the cell

populations positive for g-H2Ax, 5 � 105 cells were fixed,

permeabilized, stained with FITC-conjugated anti-phospho-

H2Ax (Ser139) antibody using an H2Ax phosphorylation kit

(Upstate) following the manufacturer’s protocol. Cells were

then washed and resuspended in PBS containing 50 mg/ml of

RNase I and 10 mg/ml of propidium iodide for 30 min prior to

analysis by flow cytometry.

2.6. Measurement of cisplatin-induced DNA lesions

Cells were plated and incubated for 24 h prior to treatment

with various concentrations of cisplatin for 6 h. Cells were

then harvested and total genomic DNA isolated using a DNA

isolation kit (Roche) according to the manufacturer’s instruc-

tions. Purified genomic DNA was quantified by spectro-

photometry. PCR amplification of a 13.5 kb human b-globin

gene [34] was conducted using an Expand long template PCR

system kit (Roche). Fifty microlitres of the PCR reaction

contained 150 ng of genomic DNA, 500 mM of each dNTP,

300 nM of each b-globin gene primer (forward 50-GCACTGGCT-

TAGGAGTTGGACT-30 and reverse 50-CGAGTAAGAGAC-

CATTGTGGCAG-30), 1% DMSO, 1 � PCR buffer containing

2.75 mM MgCl2, and 3.75 units of Expand enzyme mix. The

PCR conditions consisted of an initial denaturation at 93 8C for

3 min, 10 cycles of 93 8C for 15 s, 65 8C for 30 s, 68 8C for 11 min,

and 18 cycles of 93 8C for 15 s, 65 8C for 30 s, and 68 8C for

11 min plus 20 s increments after each cycle, followed by a

final extension at 65 8C for 7 min. The PCR products were

resolved on a 0.8% agarose gel stained with ethidium bromide.

The bands were quantified using a Bio-Rad gel documentation

system with QuantityOne software (Bio-Rad). The frequency of

DNA lesions was calculated by a Poisson distribution [35]: DNA

lesions/13.5 kb segment of b-globin gene = �ln (AD/AC), where

AD is the amount of PCR product amplified from the cisplatin-

damaged DNA template and AC is the amount of PCR product

amplified from the vehicle-treated control DNA template. The

frequency was converted and expressed as the number of

lesions/10 kb of genomic DNA.
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2.7. DNA synthesis assay

Cells were plated into 6-well plates and incubated for 24 h

prior to transfection with shRNA as described above. Subse-

quently, cells were labeled with 20 nCi/ml of [14C]-thymidine

(Moravek, Brea, CA) for 24 h. The medium was then replaced

with non-radioactive-containing McCoy’s 5A complete med-

ium in which cells were incubated for various times. Prior to

harvesting, cells were pulse-labeled with 1 mCi/ml of [3H]-

thymidine (Moravek) for 1 h. Following washing twice with

ice-cold PBS, once with ice-cold 10% trichloroacetic acid, and

twice with ice-cold PBS, cell monolayers were solubilized with

400 ml of 0.2 N NaOH. One hundred microlitres of lysate were

applied onto a Whatman GF/A filter disk and air-dried. DNA

synthesis was determined by the ratio of [3H]/[14C] measured

by scintillation spectrometry, and expressed as a percentage

of the value of a non-targeted shRNA-transfected control at

each time point.

2.8. Quantification of dNTP levels

Cellular deoxyribonucleoside triphosphates were quantified

using an enzymatic assay based upon the DNA polymerase-

catalyzed incorporation of deoxyribonucleotide into DNA as

described previously [31]. Cells were transiently transfected

with shRNA and incubated for 48 h. Approximately 1 � 106

cells were collected for the assay.
3. Results

3.1. p53(S/S) HCT-116 cells contain an excessive level of
the R2 subunit of RNR for proliferative growth and RNR
activity

p53(�/�) HCT-116 human colon cancer cells were transfected

with the vector and R2-knockdown constructs [31] followed by

selection with Zeocin to generate stable clones expressing R2-

siRNA. Fourteen clones were expanded into stable cell lines.

Clones 1, 4, 5, and 9 displayed pronounced reductions (>80%)

in R2 protein levels compared to that of vector-transfected

cells (Fig. 1A). The growth rates of R2-knockdown cells were

determined by monitoring the increase in cell number over a

6-day period under normal growth conditions. Clone 4 R2-

knockdown cells, selected as a representive clone, exhibited

growth kinetics comparable to that of vector transfected cells

(Fig. 1B). Vector and all R2-knockdown clones exhibited a

doubling time of approximately 22 h during the logarithmic

phase of cell growth.

Because stable knockdown of the R2 subunit resulted in

enhanced sensitivity to cisplatin [31], R2-knockdown clones 1,

4, and 9 were examined for the level of H2Ax phosphorylation

at Ser-139 (g-H2Ax) as a measure of DSBs (DNA double-

stranded breaks) which are generated when replication forks

encounter cisplatin–DNA crosslinks [36,37]. Following 24 h of

exposure to cisplatin, clones 1, 4, and 9 all exhibited an

enhanced level of g-H2Ax compared to vector transfected cells

(Fig. 1C). The levels of PCNA (proliferating cell nuclear antigen),

a marker of cell proliferation, remained unchanged in these

clones. These findings indicate that stable knockdown of the
R2 subunit does not affect normal proliferative growth but

results in augmented DNA damage inflicted by exposure to

cisplatin.

To determine whether R2-knockdown influenced RNR

enzymatic activity, an in vitro cell-free assay of CDP reductase

activity was performed (Fig. 1D). The addition of exogenous R1

subunit, but not of exogenous R2 subunit, to the cell-free

extract has been shown to significantly augment RNR activity

[11,12]. The lysate of R2-knockdown cells exhibited a modest

decrease in RNR activity compared with that of vector cells

(Fig. 1D). A significant increase in RNR activity (p < 0.01) was

observed in the lysate of vector cells when an excess amount

of the R1 subunit was added to the assay. In contrast,

considerably less of an increase in RNR activity was detected

in the lysate of R2-knockdown cells following the addition of

excess R1 subunit. These findings suggest that the level of the

R2 subunit is in excess for RNR activity in p53(�/�) HCT-116

cells.

The effects of R2-knockdown on the composition of RNR

subunits were also investigated through analysis of co-

immunoprecipitation of RNR subunits. Western blot analyses

of total protein showed that the level of the R2 protein was

lower in R2-knockdown cells than in vector cells; whereas, R1

protein levels were comparable in both cell lines (Fig. 1E).

Using an antibody against the R1 subunit to immunoprecipi-

tate the RNR complex, a reduced amount of the R2 subunit was

pulled down with the R1 subunit in R2-knockdown cells. In the

reciprocal immunoprecipitation with an antibody against the

R2 subunit, the amount of R1 subunits co-precipitated with R2

subunits was minimally reduced in R2-knockdown cells

despite a marked reduction in R2 subunits being pulled down.

These results suggest that a functional RNR complex is

constituted possibly with a reduced amount of the R2 subunit

when the level of R2 subunit is substantially abrogated.

3.2. Abrogation of excess R2 subunit leads to enhancement
of H2Ax phosphorylation and the S phase checkpoint in
response to DNA damage and replication blockage

To explore the relationship between the level of the R2

subunit and the DNA damage/replication stress response, the

time course of g-H2Ax accumulation and chk1 activation was

examined following exposure of cells to cisplatin and

Triapine. DNA damage and replication stress elicit the

activation of chk1 as evidenced by ATM or ATR-mediated

phosphorylation of serine-317 and 345 [38]. Chk1 is required

to activate the S phase checkpoint through the phosphoryla-

tion and degradation of cdc25A in response to DNA damage

[26,27]. The increase in chk1 phosphorylation at serine-345

was detected by western blot analysis. Both vector and R2-

knockdown cell lines exhibited a time-dependent increase in

H2Ax and chk1 phosphorylation following cisplatin treat-

ment (Fig. 2A). The induction became very prominent at 24 h,

with the response of R2-knockdown cells being the most

pronounced. Replication stress also promotes the phosphor-

ylation of H2Ax in an ATR-dependent manner [21]. Following

exposure to the RNR inhibitor Triapine [31,39], a relatively

faster increase in H2Ax and chk1 phosphorylation was

observed (Fig. 2B). R2-knockdown cells also displayed a

greater increase in these responses than vector cells.



b i o c h e m i c a l p h a r m a c o l o g y 7 3 ( 2 0 0 7 ) 7 6 0 – 7 7 2764
The levels of g-H2Ax accumulation were also corroborated

quantitatively using flow cytometry. After 24 h of exposure to

cisplatin, the population of g-H2Ax-positive R2-knockdown

cells was significantly greater than that of vector cells (Fig. 2C
Fig. 1 – The R2 subunit of RNR is in excess for proliferative grow

transfected with the control and the R2-siRNA vectors and sele

obtained and the levels of the R2 subunit were assessed by we

demonstrate approximately equal loadings. A vector control an

each clone is normalized against its respective actin protein leve
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growth conditions. The numbers of cells were counted from ali

means W S.E. from at least three independent experiments. (C) St

24 h and analyzed for the levels of g-H2Ax, PCNA, and actin by w

cell-free extracts with and without the addition of exogenous R1

Data are the means W S.E. from three independent experiments

between samples using the Student–Newman–Keuls multiple c

immunoprecipitates with an anti-R1 antibody (middle), and im

native cell lysates were assessed for the levels of R1 and R2 pro
and D). The level and kinetics of g-H2Ax accumulation were

consistent with those of chk1 phosphorylation, indicating that

cisplatin-induced DNA damage was responsible for the

checkpoint activation.
th and RNR activity in p53(S/S) HCT-116 cells. (A) Cells were

cted for stable clones. Fourteen stable cloned lines were

stern blot analysis. Actin protein levels were used to

d 13 single cell clones are shown. The R2 protein level in

l and expressed as a percentage of vector control cells. Only

lls (clone 4) were cultured for up to 6 days under normal

quots at various time points as indicated. Data are the

able clones 1, 4, and 9 were treated with 20 mM cisplatin for

estern blotting. (D) CDP reductase activity was measured in

subunit. Partially purified R1 subunit alone had no activity.

. The p values are shown for the significant differences

omparison test. (E) Total protein (upper),

munoprecipitates with an anti-R2 antibody (lower) from

tein by western blotting.



Fig. 2 – Stable knockdown of excess R2 subunits augments phosphorylation of chk1 and H2Ax, and degradation of cdc25A in

response to DNA damage and replication blockage. (A) Cells (clone 4) were treated with 20 mM cisplatin, collected at the

indicated time points, and analyzed for the levels of R2, phospho-chk1 (Ser345), chk1, g-H2Ax (phospho-Ser139) and actin

by western blotting. (B) Cells were treated with 1 mM Triapine and at the indicated time points assayed for protein levels as

described in A. (C) Cells were treated with 20 mM cisplatin for 24 h, then fixed and stained with anti-g-H2Ax antibody and

propidium iodide for analysis by flow cytometry. A window was set to determine the percentage of the g-H2Ax-positive

population in a total of 200,000 cells analyzed. (D) A bar graph is presented to demonstrate the comparative results shown

in C. Data are the means W S.E. from three independent experiments. (E) Cells were exposed to 20 mM cisplatin or 1 mM

Triapine for 24 h and assayed for the levels of cdc25A, phospho-chk1, chk1, and actin by western blotting. Similar results

were obtained with clones 1 and 9.
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The degradation of cdc25A subsequent to chk1 activation

was also examined to confirm the activation of the S phase

checkpoint. Both vector and R2-knockdown cells exhibited a

decrease in the level of cdc25A corresponding to an increase

in chk1 phosphorylation when treated with cisplatin or

Triapine for 24 h (Fig. 2E). These results suggest that the

presence of excess R2 subunits protects against cisplatin-

inflicted DNA damage and Triapine-induced replication
blockage, thereby mitigating the S phase checkpoint activa-

tion.

3.3. Excess R2 subunits alleviate cisplatin-induced g-H2Ax
formation by facilitating DNA damage repair

To determine whether excess R2 subunits contributed to the

repair of cisplatin-elicited DNA damage, the accumulation of



Fig. 3 – Excessive R2 subunit attenuates the accumulation

of cisplatin-inflicted DNA damage and facilitates

recovery from cisplatin-induced DNA lesions. (A) Cells

(clone 4) were exposed to the indicated concentrations of

cisplatin for 6 h and harvested. DNA was then isolated for

PCR amplification of the 13.5 kb b-globin gene. The levels

of PCR products were quantified by densitometry

following agarose gel electrophoresis. The amplification

efficiency was expressed as a percentage of vehicle-

treated controls. The data are the means W S.E. from 9 to

12 independent experiments. (B) Cisplatin-induced DNA

lesions are presented as the frequency per 10 kb DNA

region. The data were calculated using a Poisson

distribution by converting the percentage of

amplification shown in A into the number of DNA

lesions. (C) Cells were treated with the indicated

concentrations of cisplatin for 2 h and then allowed to

recover in cisplatin-free medium for 24 h. Cells were then

collected for analysis of the levels of g-H2Ax, H2Ax,
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DNA adducts in cells exposed to cisplatin was measured.

Exposure of cells to cisplatin predominantly causes the

formation of 1,2-intrastrand crosslinks, as well as some minor

adducts, including interstrand and 1,3-intrastrand crosslinks

of DNA [40]. The presence of these DNA lesions hinders the

DNA polymerase from replicating the damaged DNA template

during PCR amplification [35,41]. To assess the extent of

cisplatin-induced damage to DNA, PCR amplification over a

13.5 kb segment of the b-globin gene was conducted using

genomic DNA obtained from cells exposed to cisplatin for 6 h.

A progressive decrease in the amplification of the b-globin gene

occurred with increasing concentrations of cisplatin using

DNA isolated from vector and R2-knockdown cells (Fig. 3A).

The degree of amplification of the DNA from R2-knockdown

cells was significantly lower than that from vector cells at

concentrations of cisplatin of 120 and 160 mM. In addition, the

number of DNA lesions produced by cisplatin in R2-knock-

down cells was at least two-fold greater than that occurring in

vector cells (Fig. 3B). The results are consistent with the finding

of elevated g-H2Ax levels, indicating that a substantial

increase in accumulation of cisplatin-induced lesions occurs

when excess R2 subunits are abrogated.

To further ascertain whether R2-knockdown hampered the

repair of DNA damage, cells were pulsed with a range of

concentrations of cisplatin for 2 h and then allowed to recover

for 24 h in the absence of cisplatin. The levels of g-H2Ax and

chk1 phosphorylation were determined by western blot

analysis to monitor the outcome of recovery from cisplatin-

induced DNA lesions. R2-knockdown cells displayed a

pronounced increase in g-H2Ax in a concentration-dependent

manner (Fig. 3C). In contrast, vector cells almost completely

recovered from cisplatin-induced DNA damage, except for a

residual level of g-H2Ax detected at the highest concentration

of cisplatin employed. The increase in chk1 phosphorylation

corresponded closely with that of g-H2Ax, indicating that the

degree of checkpoint activation paralleled the extent of un-

repaired DNA damage. These findings confirm the expectation

that ablation of excess R2 subunits decreases the ability of

cells to repair cisplatin-induced lesions, thereby delaying

recovery from DNA damage.

3.4. R2 knockdown prolongs the S phase block in response
to DNA damage and replication stress

To relate the above findings to alterations in the cell cycle

distribution, the DNA content of cells challenged with DNA

damage and replication stress was analyzed by flow cytome-

try. R2-knockdown cells exhibited a cell cycle distribution

comparable to that of vector cells under normal growth

conditions (Fig. 4A). After exposure to cisplatin for 24 h, both

cell lines exhibited a loss of the G1 peak and an increase in the

number of cells in S phase. At 48 and 72 h of exposure to

cisplatin, an increased proportion of vector cells progressed to

the G2/M phase, while a substantial fraction of R2-knockdown

cells remained arrested in S phase over the course of cisplatin

treatment (Fig. 4B). Treatment with Triapine caused both cell

lines to arrest at very early S phase, with vector cells
phospho-chk1, and chk1 by western blotting. Similar

results were obtained with clones 1 and 9.



Fig. 4 – Abrogation of excessive R2 subunit prolongs the S phase blockage caused by DNA damage and stalled replication. (A)

Cells (clone 4) were exposed to 30 mM cisplatin or 1 mM Triapine, collected at the indicated time points, fixed, and stained

with propidium iodide for analysis of DNA content by flow cytometry. A representative result is shown. The area under the

solid lines represents vector cells and the grey-shaded area represents R2-knockdown cells. (B) The cell cycle distribution of

the S phase population is presented for the results in A. Data are expressed as a percentage of the total number of cells

analyzed by flow cytometry at the indicated time points. Similar results were obtained with clones 1 and 9.
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progressing slightly faster than R2-knockdown cells. At 48 h of

exposure to Triapine, most vector cells overcame the S-phase

block and returned to a somewhat normal cell cycle distribu-

tion. In contrast, a majority of R2-knockdown cells remained

arrested in S phase. A rebounding increase in the proportion of

S phase vector cells at 72 h may result from the overall

reduction in both G1 and G2/M populations caused by Triapine

(Fig. 4B). These results agree with the finding of exacerbated

checkpoint responses in R2-knockdown cells treated with

cisplatin and Triapine. Abrogation of excess R2 subunits

causes a prolonged blockage at the S phase checkpoint in

response to DNA damage and replication stress.

3.5. R2-knockdown cells exhibit enhanced apoptosis
following DNA damage and replication blockage

We have demonstrated that abrogation of excess R2 subunit

caused an increase in sensitivity to DNA damaging and RNR

inhibitory agents [31]. In addition, cisplatin- and Triapine-

induced S phase blockage was accompanied by an increase in

the sub-G1 population beginning at 48 h (Fig. 4A). Therefore,

the effects of R2-knockdown on the apoptotic response to DNA

damage and replication stress were investigated. Poly(ADP-

ribose) polymerase (PARP) cleavage was assessed following

treatment with cisplatin and Triapine. After exposure to

cisplatin for 72 h, an 89 kDa apoptotic fragment resulting from

the cleavage of PARP [42] was detected in both vector and R2-

knockdown cells (Fig. 5A). R2-knockdown cells displayed a
greater level of PARP cleavage than vector cells. Treatment

with Triapine for 72 h also caused a pronounced increase in

the 89 kDa apoptotic fragment of PARP in R2-knockdown cells,

while a slight increase in PARP cleavage occurred in vector

cells (Fig. 5B).

Progression of an increase in apoptosis was monitored by

annexin V binding to phosphatidylserine (PS) translocated to

the outer leaflet of the plasma membrane [43]. A time-

dependent increase in annexin V-binding to both vector and

R2-knockdown cells occurred following exposure to cisplatin

and Triapine. R2-knockdown cells exhibited a greater increase

in apoptosis than vector cells after 48 and 72 h exposure to

cisplatin (Fig. 5C). Likewise, Triapine produced a pronounced

increase in the apoptotic fraction of R2-knockdown cells

compared to that of vector cells at these time points (Fig. 5D).

These findings support the notion that prolonged blockage at S

phase due to R2-knockdown leads to augmented apoptosis in

response to DNA damage and replication stress.

3.6. Depletion of the R1 subunit elicits replication stress
and checkpoint responses

Depletion of the R1 subunit was initially carried out by stable

transfection with an R1-knockdown construct. However, none

of selected surviving clones exhibited a reduction in the R1

protein (data not shown). Thus, transient transfection of cells

with an R1-targeted shRNA was employed to circumvent this

problem. Following transfection, cells were monitored for



Fig. 5 – Stable knockdown of excessive R2 subunit enhances cisplatin- and Triapine-induced apoptosis. (A) Cells (clone 4)

were treated with 30 mM cisplatin for 72 h, collected, and assayed for PARP (113 kDa) cleavage into an apoptotic PARP

fragment (89 kDa) by western blotting. The antibody used recognizes both full length PARP and the cleaved fragment. (B)

Cells were treated with 1 mM Triapine for 72 h and collected for analysis of PARP cleavage as described in A. (C) Cells were

exposed to 30 mM cisplatin and collected at the indicated time points for analysis of annexin V binding by flow cytometry.

The percent apoptosis/annexin V-positivity is presented as the difference between drug-treated cells and vehicle-treated

controls at each time point. Data are the means W S.E. from three independent experiments. (D) Cells were exposed to 1 mM

Triapine and collected at the indicated time points for analysis of annexin V binding by flow cytometry as described in C.

Similar results were obtained with clones 1 and 9.
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checkpoint activation as a diminution in the R1 protein

progressed (Fig. 6A). At 24 h post-transfection, phosphoryla-

tion of chk1 rose slightly when the levels of R1 began to

decline. When R1 levels were further diminished at 48 h, the

increases in chk1 phosphorylation became evident in vector

cells and markedly enhanced in R2-knockdown cells. The

levels of g-H2Ax at 48 h post-transfection were also examined

by flow cytometry (Fig. 6B). Both vector and R2-knockdown

cells exhibited an increase in an g-H2Ax-positive population

corresponding to the increase in chk1 phosphorylation caused

by R1 knockdown.

To determine whether R1 knockdown induced the S

phase checkpoint, the rate of DNA synthesis following

transfection with R1-shRNA was measured (Fig. 6C). Trans-

fection with R1-shRNA led to a reduction in DNA synthesis of

both vector and R2-knockdown cells as a function of time.

The reduction in DNA synthesis of R2-knockdown cells was

greater than that of vector cells over 72 h of measurement

following transfection. Vector cells responded initially with

an increase in DNA synthesis at 24 h followed by a decline at

48 and 72 h.

The effects of R1 knockdown on RNR activity were

evaluated through determination of changes in dNTP pools

at 48 h when a substantial level of R1 knockdown occurred

(Fig. 6D). Among all of the dNTPs, the levels of dATP were

the most responsive to R1 knockdown. Stable R2-knock-

down cells exhibited a low dATP level compared to vector
cells. Transient R1 knockdown also produced a marked

decrease in the dATP level in vector cells and a further

reduction in the dATP level in R2-knockdown cells. In

addition, R1 knockdown caused an increase in dCTP and

dTTP levels in R2-knockdown cells in a fashion opposite to

the response of dATP levels. We have found that the dATP

level is the only dNTP remaining persistently depressed

following inhibition of RNR activity in HCT-116 cells

(unpublished observations). Thus, the results collectively

indicate that depletion of the R1 subunit induces replication

stress and the S phase checkpoint as a result of impaired

RNR activity. Abrogation of excess R2 subunits renders RNR

more susceptible to R1 knockdown and therefore exacer-

bates checkpoint responses.
4. Discussion

The level of R2 subunits, which fluctuates in a cell cycle-

dependent fashion, is thought to be limiting for the

enzymatic activity of RNR [4,6,9]. The level of RNR activity

has been shown to correlate strongly with the rate of

proliferation of tumor cells [44,45]. Our findings in p53(�/�)

HCT-116 cells, however, favor the concept that the increasing

amount of R2 subunits which occurs during S phase can

exceed the level of RNR activity required for proliferative cell

growth. Thus, the cellular growth rate of p53(�/�) HCT-116



Fig. 6 – Transient knockdown of the R1 subunit causes replication stress and activates the S phase checkpoint. (A) Cells

(clone 4) were transiently transfected with 100 nM non-targeted shRNA or R1-shRNA, collected at the indicated time points,

and analyzed for the levels of R1, R2, phospho-chk1, chk1, and actin by western blotting. (B) Cells were transiently

transfected with 100 nM non-targeted shRNA or R1-shRNA for 48 h. Cells were then collected, fixed, and stained with anti-

g-H2Ax antibody and propidium iodide for analysis by flow cytometry as described in Fig. 2C and D. Data are the

means W S.E. from three independent experiments. (C) Cells were transiently transfected with 100 nM non-targeted shRNA

or R1-shRNA and then incubated with [14C]-thymidine for 24 h. Cells were pulsed for 1 h with [3H]-thymidine and thereafter

assayed for thymidine incorporation at the indicated time points. DNA synthesis following R1-shRNA transfection is

expressed as a percentage of the [3H]/[14C] ratio from non-targeted shRNA transfected cells at each time point. Data are the

means W S.E. from three independent experiments. (D) Cells were transfected with 100 nM non-targeted shRNA or R1-

shRNA and harvested at 48 h post-transfection. The individual levels of dNTPs were measured as described in Section 2.

Data are the means W S.E. from three independent experiments. Similar results were obtained with clones 1 and 9.
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cells is not affected by a substantial level of knockdown of the

R2 subunit (>80%). We speculate that the excess R2 subunits

may be functionally dormant when existing RNR activity is

sufficient to support cell proliferation under normal growth

conditions.

The existence of excess R2 subunits is also demonstrated

by an in vitro assay in which RNR activity of the cell lysate can

be significantly increased by the addition of exogenous R1, but

not of R2 protein [11,12] (Fig. 1D). Stable knockdown of the R2

subunit attenuates the increase in RNR activity caused by the

addition of the R1 subunit. Other lines of evidence are also

available to support our finding of an abundance of the R2

subunit. The studies of Shao et al. [46] have demonstrated that

reconstituted RNR activity in vitro is dependent on the

concentration of the R1 subunit. Maximum activity of RNR

is achieved when the molar ratio of the R2 subunit is five times

more than that of the R1 subunit. Another recent report also

shows that almost two times more R2 subunit than R1 subunit

is detected in S-phase-enriched cells [47].

The active form of RNR has long been regarded as a

heterotetramer consisting of two R1 and two R2 subunits.
However, our immunoprecipitation study demonstrates a

possibly reduced ratio of R2 to R1 subunits in the RNR complex

of R2-knockdown cells compared to that of vector cells.

Kashlan and Cooperman [48,49] have proposed active forms of

RNR existing as R1 dimer, tetramer, and hexamer complexed

with altered stoichiometry of R2 subunits. We speculate that

excess R2 subunits promote the formation of R26R16 for

optimal enzymatic functions and activity. Abrogation of

excess R2 subunits possibly leads to an increase in the

formation of R22R16, an active form of RNR still capable of

supporting proliferative DNA synthesis. Recently, Rofougaran

et al. [50] have independently arrived at a similar conclusion

using gas-phase electrophoretic mobility macromolecular

analysis.

The excessive level of R2 subunits also has a physiological

relevance in DNA damage repair during S phase progression.

The S phase checkpoint has recently been delineated as an

important safeguard against genotoxic insults during the

most vulnerable period of the cell cycle [51]. In response to

DNA damage and stalled replication, at least two branches

of signaling pathways, the ATM/ATR-mediated cdc25A
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degradation cascade and ATM-mediated NBS1 phosphoryla-

tion, jointly initiate the S phase checkpoint by transiently

inhibiting the firing of replication origins [26,27,52,53]. It has

been suggested that these pathways also promote the

recovery from stalled replication by coordination with the

DNA repair machinery [54]. Our results indicate that excess R2

subunits are required to support the process of DNA repair,

such as nucleotide excision repair and homologous recombi-

nation, during the progression of S phase. Hence, R2-knock-

down cells sustain accumulating cisplatin-induced DNA

lesions, thereby exhibiting accentuated and prolonged S

phase checkpoint responses. These consequences are strongly

associated with enhanced sensitivity [31] and apoptosis in R2-

knockdown cells exposed to cisplatin. Further investigation is

needed to define the mechanism employed for the involve-

ment of excess R2 subunits in DNA repair.

In contrast to the R2 subunit, the R1 subunit appears to be

limiting for RNR activity and proliferative cell growth. We have

conducted stable transfection of p53(�/�) HCT-116 cells with

an R1-siRNA construct and observed a 94% reduction in

clonogenic survival. Cells stably transfected with an R2-siRNA,

however, exhibited only a 34% decrease in clonogenic survival

(data not shown). These results suggest that stable knockdown

of R1 subunits is potentially lethal to cells. Furthermore, our

findings demonstrate that transient knockdown of the R1

subunit elicits the S phase checkpoint, an indicator of

replication stress, due to a direct impact on the RNR activity

required for the support of replicative DNA synthesis. The R1

subunit contains the catalytic mechanism and the critical

regulatory properties to control overall enzymatic activity for

balanced dNTP pools [1]. Thus, R1 subunits are indispensable

for a functional RNR complex that generates the necessary

RNR activity to maintain DNA synthesis for proliferative

growth.

Our findings not only elucidate the involvement of the R2

subunit in DNA repair but also have important implications

in the response of human malignancies to DNA damage-

based therapeutic interventions. Thus, cancer cells lacking

wild-type p53 functions can only be arrested at S and G2/M

checkpoints to repair damaged DNA with dNTPs supplied

predominately by RNR containing the R2 subunit. In contrast,

following DNA damage, normal tissues undergo p53-depen-

dent G1 arrest and degradation of the R2 subunit to permit

induced p53R2 to engage in DNA repair. Thus, abrogation of

excess R2 subunits after DNA damage may produce pre-

ferential cytotoxicity to p53-deficient or mutant cancer cells

with relatively less impact on normal tissues. However,

clinically used hydroxyurea and the newly developed, more

potent agents that target the R2 subunit, such as Triapine and

Trimidox, indiscrimately inhibit both the R2 and p53R2

subunits [46]. Pharmacological and molecular strategies that

target the R2 subunit rather than p53R2 appear to have

greater promise in preferentially destroying p53-mutant

cancer cells. Therefore, it would be useful to continue

searching for small molecules that preferentially inhibit

the R2 subunit. In addition, molecular approaches such as the

use of antisense agents, which are currently undergoing

clinical evaluation, and of the in vivo delivery of siRNA

against the R2 subunit may prove useful in combination with

DNA damage-based therapies.
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