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To investigate drug mechanisms of action and identify molec-
ular targets for the development of rational drug combinations,
we conducted synthetic small interfering RNA (siRNA)-based
RNAIi screens to identify genes whose silencing affects anti-can-
cer drug responses. Silencing of RRM 1 and RRM2, which encode
the large and small subunits of the human ribonucleotide reduc-
tase complex, respectively, markedly enhanced the cytotoxicity
of the topoisomerase I inhibitor camptothecin (CPT). Silencing
of RRM?2 was also found to enhance DNA damage as measured
by histone y-H2AX. Further studies showed that CPT up-regu-
lates both RRM1 and RRM2 mRNA and protein levels and
induces the nuclear translocation of RRM2. The checkpoint
kinase 1 (Chkl) was up-regulated and activated in response to
CPT, and CHEKI down-regulation by siRNA and small mole-
cule inhibitors of Chkl blocked RRM2 induction by CPT.
CHEK1 siRNA also suppressed E2F1 up-regulation by CPT, and
silencing of E2F1 suppressed the up-regulation of RRM?2. Silenc-
ing of ATR or ATM and inhibition of ATM activity by KU-55933
blocked Chkl activation and RRM2 up-regulation. This study
links the known components of CPT-induced DNA damage
response with proteins required for the synthesis of ANTPs and
DNA repair. Specifically, we propose that upon DNA damage,
Chkl activation, mediated by ATM and ATR, up-regulates
RRM?2 expression through the E2F1 transcription factor. Up-
regulation in RRM2 expression levels coupled with its nuclear
recruitment suggests an active role for ribonucleotide reductase
in the cellular response to CPT-mediated DNA damage that
could potentially be exploited as a strategy for enhancing the
efficacy of topoisomerase I inhibitors.

Two water-soluble DNA topoisomerase 1 (Top1)?inhibitors,
derived from camptothecin (CPT), are in clinical use; topote-
can, for the treatment of ovarian and lung cancers, and irinote-
can, for colorectal cancers. Further CPT derivatives and non-
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CPT Topl inhibitors are in preclinical development as
anticancer agents (1-3). Despite the fact that camptothecins
are highly targeted agents with Top1 as their sole cellular target,
the response of cancer cells to the inhibition of Top1 by camp-
tothecins is highly variable and remains for the most part unde-
fined (2, 4, 5). One of the critical mechanism for the antiprolif-
erative activity of camptothecins is the generation of
replication-associated DNA double-strand breaks by collisions
between replication forks and drug-stabilized Topl cleavage
complexes (6, 7), which results in phosphorylation of histone
H2AX (8) that can be detected as histone yH2AX foci (9, 10).

Synthetic siRNA-based RNAi screening is emerging as a
powerful approach to revealing the determinants of cellular
responses to drugs. Using a synthetic siRNA-based RNAi
screen to identify genes whose silencing affects the activity of
CPT, we found that RNAi against RRM 1 and RRM?2, both ribo-
nucleotide reductase genes, markedly enhanced the cytotoxic-
ity of CPT.

The ribonucleotide reductase (RNR) enzyme complex is
essential for the de novo synthesis of deoxyribonucleotides
(ANTPs) precursors for DNA synthesis. RNR catalyzes the
reduction of ribonucleoside diphosphates to deoxyribonucleo-
side diphosphates and maintains a highly regulated and bal-
anced pool of ANTPs for DNA replication and repair. A failure
in the control of ANTP levels leads to cell death or genetic
abnormalities (11, 12).

In mammals, RNR is an heterodimeric tetramer composed of
two identical large subunits RRM1 and two identical small sub-
unit RRM2 (11). Each RRM1 subunit contains an active site
(controlling enzyme activity) and an allosteric site (controlling
substrate specificity by binding nucleoside triphosphates). Each
RRM2 subunits contains a non-heme (binuclear) iron center
and a stable tyrosyl free radical. Both are essential for catalysis
(11). Recently, an additional small subunit has been found,
RRM2B (p53R2), which is induced by p53 and can substitute for
RRM2 to form a highly active RNR complex involved in DNA
repair (for review, see Ref. 11).

RNR activity is closely regulated during the cell cycle, peak-
ing in S-phase. In yeast, expression of the large subunit RNR1
fluctuates more than 10-fold during the cell cycle, whereas the
small subunit RNR2 mRNA levels show only a 2-fold change. In
mammalian cells, RRM2 protein levels begin to rise in late G;
and reach their highest level during S-phase, whereas the levels
of RRM1 remain relatively constant throughout the cell cycle.
Fluctuations in RRM2 protein levels have been attributed to
both transcriptional up-regulation during S-phase and protea-
some-mediated degradation as cells enter mitosis (11).
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DNA damage also regulates RNR activity. In budding yeast
RNR up-regulation (14, 15) depends on the protein kinases
Mecl and Rad53. Mecl initiates Rad53 activation by
phosphorylating Rad53, and Rad53 is further activated by auto-
phosphorylation. Activated Rad53 up-regulates RNR by phos-
phorylating Dunl, another protein kinase (16). Activated
(phosphorylated) Dun1 up-regulates RNR by at least two routes
(see Fig. 7). The first is through phosphorylation of Smll (17,
18), which dissociates Smll from RNR and de-represses the
activity of RNR (19, 20). The second route by which Dunl up-
regulates RNR is through phosphorylation of Crtl, which dis-
sociates Crtl from the RNR promoter and de-represses RNR
gene transcription (21). Thus, in budding yeast, the DNA dam-
age response kinases Mec1-Rad53-Dunl act as positive regula-
tors of RNR both at the transcriptional and post-transcriptional
levels.

In mammalian cells evidence is limited regarding the regula-
tion of RNR by the orthologs of the yeast Mecl and Rad53,
ATM/ATR and Chk1/Chk2, respectively (22, 23). Nevertheless,
the mammalian Crt1 ortholog, Rfx1, has been found to bind to
the RNR2 gene and block its transcription (14). Meanwhile,
RNR genes contain E2F binding sites and could be activated at
the transcription level by E2F1 overexpression in quiescent
cells before the induction of S-phase (13, 24). E2F1 activity is
also up-regulated in response to CPT (25). A recent study also
provided evidence for RNR2 regulation by Chkl for S-phase
progression (23). Ataxia telangiectasia (AT) cells are also defi-
cient in activating p53R2 compared with normal wild type cells
(26, 27). Our present findings indicate that up-regulation of
RRM2 transcription in response to DNA damage in human
cells involves an ATR/ATM-Chk1-E2F1 pathway, which is
reminiscent of the Mecl-Rad53-Dunl pathway in budding
yeast (see Fig. 7).

EXPERIMENTAL PROCEDURES

Cell Lines and Chemicals—MDA-MB-231 breast cancer cells
and HCT-116 colorectal cancer cells were obtained from the
Developmental Therapeutics Program (NCI, National Insti-
tutes of Health, nci.nih.gov) and were maintained in RPMI 1640
medium containing 10% fetal bovine serum. All siRNAs were
obtained from Qiagen Inc. (Germantown, MD). CPT was
obtained from Sigma. UCN-01 was obtained from the Develop-
mental Therapeutics Program. CHIR124 was a kind gift from
Chiron Corp. KU-55933 was a kind gift from KuDOS Pharma-
ceuticals Ltd. (Cambridge, UK). CPT and KU-55933 were pre-
pared at 10 mMm in DMSO. UCN-01 and CHIR124 were pre-
pared at 1 mMm in DMSO. Drug stock solutions were separated
into aliquots at —20 °C. All drugs were diluted to desired con-
centrations in full medium immediately before each experi-
ment. The final DMSO concentrations did not exceed 0.1%.

siRNA Screening—The CPT chemosensitization RNAi
screen was performed using a library of synthetic siRNAs tar-
geting ~400 genes associated with cancer and using a previ-
ously described multiplexed siRNA screening strategy (see
Martin et al. (28) for details). Multiplexes comprised six siRNAs
corresponding to three unique gene targets (two siRNAs per
gene). Multiplexes were evaluated at a final concentration of 60
nM (10 nM of each individual siRNA) in a 96-well-plate format.
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Only the interior 60 wells were used. Transfections were per-
formed by precomplexing siRNA (6 pmol) with Oligofectamine
lipid transfection reagent (Invitrogen) in 50 ul of serum-free
RPMI in individual plate wells for 30 min at ambient tempera-
ture. MDA-MB-231 cells (4500) were added in 50 wl of RPMI
supplemented with 10% fetal bovine serum to yield transfection
mixtures consisting of 60 nMm total siRNA in RPMI with 5% fetal
bovine serum. This final mixture was incubated at ambient
temperature for 45 min before being placed at 37 °C in a humid-
ified atmosphere containing 5% CO,. The library was screened
in duplicate (halfintended to receive CPT treatment and halfto
establish siRNA multiplex basal activity). After 48 h the
medium was removed, and 100 ul of fresh medium containing
either CPT (=EC,,, 0.1% DMSO) or vehicle only (0.1% DMSO)
was added, and the cells incubated for an additional 48 h at
37 °C. After this time, cell viability was assayed (Cell Titer Blue
Reagent, Promega, Madison, WI). Plate median values were
used for normalization. Multiplexes were assayed in duplicate.
For deconvolution studies, the two siRNAs targeting a given gene
were evaluated as a pair, each used at 10 nm, and compared with
cells transfected with negative control siRNA (siNeg) (20 nm).

Gene-specific RNAi and Transfection—For RNA analysis,
transfections were performed as described for screening,
except that 2500 cells were seeded. Unless otherwise stated,
after 48 h the medium was removed, 100 ul of fresh medium
containing CPT (1 um, 0.1% DMSO) was added, and the cells
were incubated at 37 °C for 24—-72 h depending on the end
assay. For protein analysis, transfections were performed in
6-well plates with Oligofectamine reagent. Cells transfected
with negative control siRNA were used for comparison. The
target sequences for the experimental siRNAs are listed in sup-
plemental Table 1.

Bromodeoxyuridine Incorporation—After 30 min of pulse-
labeling with 50 umol/liter bromodeoxyuridine (BrdUrd,
Calbiochem), cells were collected and stained with fluorescein
isothiocyanate-conjugated anti-BrdUrd antibody (BD Bio-
sciences). Cells were resuspended in 500 ul of propidium iodide
(PI) solution (50 wg/ml PIand 50 wg/ml RNase A) and analyzed
with a FACScan flow cytometer (BD Biosciences).

RNA Analysis—Gene-specific transcript levels were meas-
ured using a branched DNA-based assay (QuantiGene Reagent
System, Panomics, Fremont, CA) in single or multiplex for-
mats. The single gene assay format has been described previ-
ously (28). In this study probes corresponding to RRM 1, RRM?2,
or CTNNBI (control) and human cyclophilin (PPIB) (for nor-
malization) (Panomics) were used. The multiplex format
(Quantigene® Plex assay, Panomics) was performed using a
custom-designed panel consisting of 20 different XMAP®
beads, each conjugated with a probe set corresponding to a
different mRNA. The mRNAs assayed included genes associ-
ated with this study (RRM2, RRM1I, E2F1, CHEKI, CHEK2,
ATM, and ATR). Bead identity was used to identify each mRNA
species, and the fluorescent signal from each bead (Bioplex,
Bio-Rad) was used to quantify the amount of RNA.

Western Blot—Protein levels were measured by Western blot
with corresponding specific primary antibodies, including
those against RRM2, Chk1, and E2F1 (Santa Cruz, CA), phos-
phorylated-H2AX (y-H2AX) (Upstate/Millipore), RRM1

VOLUME 284 +-NUMBER 27-JULY 3, 2009


http://www.jbc.org/cgi/content/full/M109.003020/DC1
http://www.jbc.org/cgi/content/full/M109.003020/DC1

ATM-/ATR-Chk1-E2F 1-dependent Up-regulation of RRM2

- Difference in Normalized Cell Viability
50
ES -
2 30 . o
=z -
' Tl
E 10 THIEILEE
& 4
o107
Q -
[= 23
§ 30 Multiplexes A-G
2 '||$__1_>
o
%0 siRNA Multiplex
B. . e
Camptothecin Sensitization
120
= v ¥ 0nMCPT
£100 1 B EC50 CPT
> C
£8 80
Qo
S .2 607
32 a0
SF
& 201
“§=5 za: ESE 24a%
T @ Q8w <Eo T 913
s 5 5 F L I uw [is Q o
L I I I J
Multiplex C Multiplex E Multiplex F Multiplex G

FIGURE 1. siRNA multiplex screen and follow-up deconvolution analysis. A, results from the CPT chemo-
sensitization RNAi screen conducted in MDA-MB-231 breast cancer cells. The y axis represents the normalized
activity of each siRNA multiplex in the presence of CPT (EC,,) minus the normalized activity of each siRNA
multiplex in the absence of CPT. Plate median values were used for normalization. B, deconvolution of the top
seven sensitizing multiplexes (designate A-G), with values greater than 2 S.D. from the median, identified RRM1
and RRM2 as gene targets whose silencing significantly enhanced the cytotoxicity of CPT. Targets known to be
associated with cellular response to CPT-induced DNA damage were also identified (BRCAT and ATR) (33).
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FIGURE 2. The effect of RRM2 knockdown on DNA replication and cell cycle. MDA-MB-231 cells were transfected with
80 nM RRM2 siRNA or treated with 5 mm HU for 24 h. A, representative FACScan analyses after pulse-labeling with BrdUrd.
BrdUrd was added in the last 30 min of treatment. BrdUrd and Plincorporation are plotted on the y and x axes, respectively.
Gated regions defined from the control cells without BrdUrd (data not shown) were used to calculate BrdUrd incorpora-
tion relative to total positive signal. B, knockdown of RRM2 protein levels with RRM2 siRNA; siNeg, negative control
siRNA. GAPDH, glyceraldehyde-3-phosphate dehydrogenase. G, representative FACScan analyses with Pl staining.

Immunofluorescence ~ Assays—
MDA-MB-231 cells plated in four-
well chamber slides (Nalgene Nunc
International, Rochester, NY) were
used to study the subcellular local-
ization of RRM2. After drug treat-
ment, cells were fixed for 20 min
with 4% paraformaldehyde in phos-
phate-buffered saline (PBS) (pH 7.4)
and washed twice with PBS. After
incubation for 20 min with 70% eth-
anol and washing with PBS, the cells
were incubated in blocking buffer
(8% bovine serum albumin in PBS)
for 1 h before incubation for 2 h with
primary antibodies against RRM2
(Santa Cruz, CA). Slides were incu-
bated for an additional 1 h with
the Alex488-conjugated secondary
antibody (Alexa Fluor® 488 donkey
anti-goat IgG, Molecular Probes/In-
vitrogen). After three washes in
PBS, cells were stained with 0.5
pg/ml PI and 100 pg/ml RNaseA
(Sigma) for 15 min in the dark.
Finally, slides were washed with PBS
for three times and mounted with
Vectashield anti-fade mounting
media (Vector Laboratories, Inc.,
Burlingame, CA). Images were
taken using a Nikon Eclipse TE-300
confocal microscope.

Statistical Analyses—All the data
are represented as mean values =*
S.D. The significance of differences
between means was assessed by the
Student’s ¢ test, with p < 0.05 being
considered statistically significant.

RESULTS

RRM1 and RRM?2 Gene Silencing
Enhances CPT Cytotoxicity—Early
studies of CPT showed this com-
pound was cytotoxic to breast can-
cer cell lines (29); however, adverse
in vivo side effects and/or drug
resistance due to overexpression of
ABCG2 (30, 31) have limited the
clinical development of the CPT
derivatives as main line treatments
for breast cancer. Recent studies
have, however, reconsidered the
potential of CPT in treatment of
advanced breast cancer alone and in
combination with other chemo-

(Chemicon/Millipore), glyceraldehyde-3-phosphate dehydro- therapeutic agents (32). A rational approach to determining
genase, and phosphorylated-Chk1(Ser-317) (Cell Signaling). additional pathways that could be used to improve the applica-
Shown are the representative data from separate experiments.  tion of Topl inhibitors in advanced breast cancer could be
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revealed by RNAI screening in an appropriate model system.
The breast cancer MDA-MB-231 cell line is frequently used as
a cellular model of triple-negative, basal-like breast cancer as it
lacks expression of the estrogen receptor, progesterone recep-
tor, and ERBB2 (HER2/Neu). A multiplex siRNA-based RNAi
screen (28) was performed in the MDA-MB-231 to identify
genes that modulated the activity of CPT (Fig. 14). A duplicate
screen showed good correlation (r = 0.8, data not shown).
Deconvolution of the top sensitizing siRNA multiplexes iden-
tified RRMI and RRM?2 as genes whose silencing not only
affected cell viability alone but also significantly enhanced the
cytotoxicity of CPT (multiplexes C and G, Fig. 1B). As expected
(33), BRCA1 and ATR knockdowns also produced CPT sensi-
tization (multiplexes E and F, respectively). This screen also
identified gap junction protein 81 (G/BI), a member of the con-
nexin family of proteins, as an additional gene whose silencing
enhances CPT toxicity. Notably, connexin proteins have been
linked to mechanisms of cell death (34). However, this target
was not pursued further in the context of this study.

DNA Replication under RRM2 Knockdown—HU inactivates
RNR by targeting specifically the RRM2 subunit (35). In con-
trast to RRM2 knockdown (Fig. 1B), HU is known to protect
from the cytotoxicity of CPT (7, 36). To clarify the difference
between the effects of HU and RRM2 silencing on CPT cyto-
toxicity, a BrdUrd incorporation assay was used to detect the
DNA replication in cells treated with HU or with RRM2 siRNA.
Five mm HU blocked DNA replication totally after 24 h of treat-
ment (Fig. 24). On the other hand, although the RRM2 protein
level was knocked down with siRNA (Fig. 2B), only limited
effects on cell cycle distribution were produced. siRNA against
RRM2 produced an increase of S-phase cells but without fully
arresting DNA synthesis as most cells in S-phase continued to
incorporate BrdUrd (Fig. 2C). Thus, RRM2 knockdown, unlike
HU, only partially reduced DNA synthesis.

RRM?2 Induction by CPT Treatment—Because in yeast cells,
the two RNR genes encoding the small (RNR2) and large
(RNR3) subunits are both up-regulated at the transcriptional
level in response to DNA damage (15), we hypothesized that
CPT could also up-regulate the mammalian RNR genes, which
may form part of the basis for the sensitization to CPT seen
after RNAi against the RNR genes. To assess this possibility we
examined the protein and mRNA levels of RRM1 and RRM2
after treatment of MDA-MB-231 cells with CPT. At the protein
level both RRM2 and RRM1 were induced, and RRM2 showed
the greatest increase after CPT addition (Fig. 3A4). At the mRNA
level, RRM?2 expression was induced ~2.5-fold, and RRM1 was
induced about 1.8-fold, 24 —48 h post-CPT addition (Fig. 3B).
RRM1 and RRM2 induction was also observed in the human
colon carcinoma cell line HCT-116 (Fig. 3C).

Because the RRM2 induction after CPT treatment was more
pronounced than the RRM1 induction, and because of the reg-
ulatory role of the RNR2 subunit in the DNA damage response
of yeast, we choose to focus our subsequent studies on RRM2.
Immunofluorescence assays were performed to further exam-
ine the RRM2 induction by CPT at different time points up to
24 h. The overall RRM2 fluorescence signal per cell rose with
drug exposure time, and RRM2 induction was already detecta-
ble after 1 h of CPT treatment (Fig. 3D). Moreover, subcellular
localization analyses showed translocation of RRM2 from cyto-
plasm to nucleus in CPT-treated cells. Compared with the
untreated control, the population of cells with nuclear RRM2
signal after CPT treatment increased from 7 to 37% (Fig. 3E).
Those data confirmed the induction of RRM2 expression in
response to CPT and revealed nuclear translocation of RRM2,
consistent with the potential role of RRM2 in the DNA repair of
Topl-induced DNA damage.

CHEK1, E2F1, ATM, or ATR Gene Knockdown Suppresses the
Transcriptional Up-regulation of RRM?2 after CPT Treatment—
To probe the DNA damage response mechanisms underlying
the transcriptional up-regulation of RRM2 induced by CPT, we
investigated the effects of RNAi targeting RRM2, E2F1, CHEK,
CHEK2, ATM, and ATR on the expression of those genes in the
absence and presence of CPT. Each siRNA showed high effi-
ciency silencing of the corresponding target gene expression in
the absence (and presence) of CPT. As seen in Fig. 4, besides
RRM?2, silencing of CHEK1, E2F1, ATM, or ATR all partially
suppressed the up-regulation of RRM2 by CPT. However,
CHEK? silencing had no effect on the RRM2 induction. The
silencing of CHEK1 also suppressed the up-regulation of E2F1
expression, and silencing of ATM and ATR blocked both
CHEKI and E2F1 up-regulation at transcription level. Together
these results suggested that ATM and ATR regulate RMM?2 via
CHEK1 and E2F1.

RRM?2 Up-regulation Is Dependent on Chkl—In yeast cells,
Rad53 regulates the expression of the ribonucleotide reductase
small subunit RNR?2 in response to DNA damage (37-39), but
in mammalian cells the regulation of RRM2 is still unclear. Of
the mammalian homologues of Rad53, Chkl, and Chk2, only
the silencing of CHEK1 suppressed the transcription up-regu-
lation of RRM2 in response to CPT, whereas CHEK? silencing
had no effect (Fig. 4). Therefore, we investigated the relation-
ship between Chkl and RRM2 in MDA-MB-231 cells treated
with CPT. Fig. 5 shows that Chk1 was activated by CPT. Indeed,
phosphorylated-Chkl (Chk1-Ser-317) increased upon CPT
treatment (Fig. 54). Both the Chkl inhibitors UCN-01 and
CHIR124 decreased the up-regulation of RRM2 in response to
CPT, which suggested that Chk1 was involved in the up-regu-
lation of RRM2 in response to CPT treatment (Fig. 5B). This

FIGURE 3. Induction of RRM2 expression both at the protein and mRNA levels and nuclear translocation of RRM2 in response to CPT. A, time course of
RRM2 protein expression after CPT treatment in MDA-MB-231 cells. Left, representative result of Western blots; right, corresponding quantitation of RRM2
protein levels. GAPDH, glyceraldehyde-3-phosphate dehydrogenase. B, RRM2 mRNA induction by CPT (1 um for the indicated times) in MDA-MB-231cells.
C, RRM2 induction in human colon cancer HCT-116 cells treated with 1 um CPT. D, immunofluorescence detection of RRM2 in MDA-MB-231 cells treated with
CPT (1 umfor the indicated times). Left, representative confocal microscope images (X40), bar = 8 um; right, quantitation of average RRM2 fluorescence signal
per cell; the level in untreated cells was defined as 1. E, CPT-induced translocation of RRM2 from cytoplasm to nucleus. Left, representative immunofluorescence
confocal microscopy images (X 100), bar = 8 um; middle, quantitative distribution of the RRM2 and Pl signals in two representative cells using the Nikon Eclipse
TE-300 confocal microscope software as shown in the graphs; right, quantitation of the ratio of cells with nuclear RRM2 signals with or without CPT treatment.
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FIGURE 4. Gene expression after synthetic siRNA transfection of MDA-MB-231 breast cancer cells in the absence (—) and presence (+) of CPT. mRNA
levels for each indicated gene were simultaneously measured in MDA-MB-231 cells transfected with either a control siRNA-siNeg (gray bars) or the stated
experimental siRNA, indicated at the top of each column (open bars), using a custom designed multiplex branched DNA assay (Panomics Inc., Freemont, CA).
The expression of each mRNA (RRM2, CHEK1, E2F1, ATM, ATR, and CHEK2) was normalized to cyclophilin B (PPIB) mRNA levels. Cells were treated with CPT (ECs,)
or vehicle only (DMSO) 48 h post-siRNA transfection, and RNA levels were assessed 24 h later. Data are shown as the mean = S.D. of three independent
transfections, except for siATR.1, where transfections were conducted in duplicate. t tests (two tailed, unpaired, equal variance) were used to compare siNeg
versus siExperimental treatments; *, p < 0.05; **, p < 0.01; ***, p < 0.001. The framed histograms correspond to the homologous siRNA and mRNA; the
percentage silencing siExperimental versus siNeg is shown for each gene target. Arrows indicate changes discussed under “Results.”

was further confirmed by knockdown experiments with siRNA,
which showed an attenuation of the up-regulation of RRM2 by
CHEKI1 knockdown (Fig. 5C). CHEKI knockdown also

enhanced the y-H2AX response to CPT. Taken together, those
experiments demonstrate that the up-regulation of RRM2
induced by CPT is Chkl-dependent and may have a protective
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FIGURE 5. Chk1- and E2F1-dependent induction of RRM2 and suppression of yH2AX. A, inhibition of RRM2 induction and enhancement of y-H2AX
after RRM2 knockdown. One day after transfection with 80 nm RRM2 siRNA or negative control siRNA (siNeg), MDA-MB-231 cells were treated with 1 um
CPT for 24 h. Proteins were detected by Western blotting (left). Right, quantitation of y-H2AX protein levels based on the data of two independent
Western blotting experiments; the level in CPT-treated siNeg-transfected cells was defined as 1. GAPDH, glyceraldehyde-3-phosphate dehydrogenase.
B, inhibition of RRM2 and E2F1 induction and activation of y-H2AX by the Chk1 inhibitors UCN-01 or CHIR124. MDA-MB-231 cells were pretreated with
UCN-01 (300 nm) or CHIR124 (100 nm) for 1 h before the addition of CPT for 24 h. Left, Western blotting. Right, quantitation of RRM2 protein levels based
on three independent Western blotting experiments. C, Chk1 knockdown inhibits RRM2 up-regulation by CPT and activates y-H2AX. One day after
transfection with 80 nm Chk1 siRNA, MDA-MB-231 cells were treated with 1 um CPT for 24 h. Left, Western blotting. Right, quantitation of RRM2 and E2F1
protein levels based on three independent Western blotting experiments. Statistical significant difference was shown between siChk1+CPT and
siNeg+CPT.D, E2F1 knockdown reduces RRM2 up-regulation and activates y-H2AX. One day after transfection with 80 nm E2F 7 siRNA, MDA-MB-231 cells
were treated with 1 um CPT for 24 h. Left, Western blotting. Right, quantitation of RRM2 protein levels based on two independent Western blotting
experiments. Statistical significant difference was shown between siE2F1+CPT and siNeg+CPT. Standard t tests were used for statistical analyses; *, p <
0.05; **, p < 0.01.
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effect as inactivation of Chkl enhances CPT-induced DNA
damage (9, 40).

The ChkI-dependent RRM2 Up-regulation Is Mediated by
E2F]1—Because the RNR gene is one of the transcriptional tar-
gets of the replication- and stress-associated transcription fac-
tor E2F1 (13, 24) and because E2F1 has been involved in the
DNA damage response through its phosphorylation by ATM
and Chk2 (41, 42), we investigated in more details the role of
E2F1 in the up-regulation of RRM2 in response to CPT. After
our finding that E2F1 increased at the mRNA level under expo-
sure to CPT (Fig. 4), we examined E2F1 response at the protein
level. Fig. 5 (B-D) shows enhanced E2F1 protein signal in cells
treated with CPT. To determine the effect of E2F1 on the RRM2
up-regulation, knockdown of E2F1 with siRNA was then intro-
duced. We had already found that E2FI silencing suppressed
RRM?2 transcriptional up-regulation in response to CPT (Fig.
4). E2F1 knockdown also blocked the up-regulation of RRM2 at
the protein level (Fig. 5D). These data demonstrate that RRM2
up-regulation in response to CPT is regulated by E2F1.

The next set of experiments was done to examine the rela-
tionship between Chkl and E2F1 in the RRM2 up-regulation.
After siChk1 silencing, E2F1 base-line expression was reduced
at the protein level (Fig. 5C), and the up-regulation of E2F1 by
CPT was reduced both at the mRNA (Fig. 4) and protein levels
(Fig. 5C). Together, our data indicate that the regulation of
RRM2 expression is mediated by Chk1l-dependent up-regula-
tion of E2F1.

ATM and ATR Are Required for RRM2 Up-regulation during
CPT Treatment—As the data above showed that Chk1 acted as
akey operator for RRM2 up-regulation after CPT treatment, we
next tested the role of ATR and ATM, the upstream regulatory
kinases of Chkl. In yeast cells, Mecl and Rad53 activate the
downstream checkpoint kinase Dun1, which leads to the tran-
scriptional induction of the RNR genes (21). The homologue of
Mec1 in mammalian cells, ATR, is well known as the immediate
upstream regulator of Chk1 in the DNA damage response (43, 44).
Consistent with the possibility that ATR acted as an upstream
regulator of Chkl, we found that ATR down-regulation by siRNA
reduced RRM2 up-regulation (Fig. 6, A and B). This result is also
consistent with ATR as one of the genes whose down-regulation
by siRNA sensitized cells to CPT (Fig. 1).

Cross-talks are also likely between the upstream phospha-
tidylinositol 3-kinases (ATM, ATR, and DNA protein kinase)
and their downstream kinases (Chkl and Chk2) (44), and it is
well established that ATM is rapidly and strongly activated
upon cellular exposure to CPT (9, 45). Evidence that ATM
could act upstream from Chk1 and affect RRM2 up-regulation
was first obtained at an mRNA level. Indeed, as previously
shown in Fig. 4, silencing of ATM suppressed the up-regulation
of RRM2 at the transcriptional level as well as repressed the
induction of CHK1 and E2F1. At the protein level, ATM down-
regulation with siRNA was also found to decrease the RRM2
and Chk1 activations (Fig. 6, C and D). Furthermore, using the
ATM inhibitor KU-55933 (46), we found that RRM2 induction
was reduced by inhibition of ATM activity. Together, those
data demonstrate that ATM inhibition attenuates the CPT-
elicited RRM2 up-regulation, which indicates that both ATM
and ATR function as upstream regulators of Chkl and are
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FIGURE 6. ATR- and ATM-dependent induction of RRM2 and impact on
y-H2AX induction. A, ATR knockdown reduces RRM2 up-regulation. Neg,
negative control siRNA. B, quantitation of RRM2 protein levels based on data
obtained in two independent experiments. C, ATM knockdown inhibits RRM2
up-regulation by CPT. D, quantitation of RRM2 protein levels based on data
obtained in two independent experiments. £, inhibition of RRM2 induction by
the ATM inhibitor, KU-55933. Cells were pretreated with KU-55933 (10 um) for
1 h before the addition of CPT (1 um for 24 h). Proteins were detected by
Western blotting. F, quantitation of RRM2 protein levels based on data
obtained in two independent experiments. KU refers to KU-55933. Standard t
tests were used for statistical analyses; *, p < 0.05; **, p < 0.01.

involved in the RRM2 up-regulation in response to Topl-in-
duced DNA damage.

RRM2 Up-regulation Limits DNA Damage Induction by CPT
Measured by y-H2AX—Phosphorylation of histone H2AX on
serine 139 (referred to as y-H2AX) is a sensitive marker for
DNA damage (8), and we had previously shown that CPT as
well as the indenoisoquinolines (non-CPT Top1 inhibitors) are
potent inducers of replication-associated DNA double-strand
breaks that can be identified with y-H2AX (9, 47). Under condi-
tions where RRM2 protein expression was attenuated by down-
regulation of RRM2 by siRNA, y-H2AX was significantly
increased (Fig. 5A4). Similarly, inhibition of Chkl with UCN-01 or
CHIR124 (Fig. 5B) or siRNA (Fig. 5C), inhibition of E2F1 with
siRNA (Fig. 5D), and down-regulation of ATR by siRNA (Fig. 6A)
all enhanced the y-H2AX response to CPT. This y-H2AX
enhancement by down-regulation of RRM?2 is consistent with the
enhanced sensitivity of cells subjected to RNAI screening (Fig. 1).
Together, these data suggest that RRM2 induction limits CPT-
induced DNA damage and allows DNA repair.

DISCUSSION

A multiplex siRNA screen was performed in the breast can-
cer cell line MDA-MB-231 to identify genes that modulate the
activity of CPT. This strategy has previously been used to
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streamline screen size and identify gene targets that signifi-
cantly affect the growth of MDA-MB-231 cells (28). In this
study the screening of 135 multiplexes corresponding to ~400
genes identified several that significantly sensitized cells to
CPT. A deconvolution of active multiplexes identified known
and novel modulators of CPT activity. Included were BRCAI,
ATR, RRM1, and RRM?2 (Fig. 1). Because BRCAI (48) and ATR
(49) gene alterations have previously been established to sensi-
tize mammalian cells to CPT (33), we focused our studies on the
ribonucleotide reductase subunits, especially the small subunit
RRM2. This screen also identified G/B1, a member of the con-
nexin family, as an additional gene whose silencing enhances
CPT toxicity. Notably, connexin proteins have been linked to
mechanisms of cell death (34). However, this target was not
pursued further in the context of this study.

The sensitizing effects of the RRM2 (and RRM1) knockdown
(Fig. 1) was rather unexpected based on the prior studies that
established that the RRM2 inhibitor HU protects from the cyto-
toxicity of CPT (7, 36). Our interpretation for this differential
response to the chemical inhibitor (HU) and RRM2 knockdown
is that DNA replication is only partially attenuated after the
knockdown of RRM2, whereas it is completely blocked by HU
(Fig. 2). As the DNA damages induced by CPT is mostly
dependent on DNA replication in cancer cells, the total block of
DNA replication by HU or aphidicolin prevents the conversion
of CPT-induced Topl cleavage complexes into DNA damage
(50, 51). Thus, the maintained DNA synthesis under RRM2
knockdown allows the formation of replication-mediated DNA
damage by CPT but incapacitates DNA repair. Thus, the
greater damage in cells undergoing RRM2 knockdown, as dem-
onstrated by enhanced y-H2AX response to CPT (Fig. 44),
indicates the importance of RRM2 for DNA repair.

Our study shows transcriptional activation of RRM2 in
response to CPT (Fig. 3), which to our knowledge has not been
reported before. Because it is well established that CPT acti-
vates Chk1 after its phosphorylation by ATR (52, 53) (Fig. 6), we
tested whether Chk1 activation was linked to RRM2 up-regu-
lation. This turned out to be the case, as inhibition of Chkl by
siRNA or chemical inhibitors (UCN-01 and CHIR124) (10)
blocked CPT-induced RRM2 induction measured at the mRNA
(Fig. 4) and protein levels (Fig. 5, B and C). UCN-01 has inde-
pendently been shown to inhibit the accumulation of RRM2
mRNA and to block RRM2 induction in response to hydroxyu-
rea (14). Thus, Chk1 appears to be a key regulator for the induc-
tion of RRM2 in response to DNA damage in human cells.

The effect of Chkl on RRM2 appears mediated by E2F1, a
known transcription activator of RRM2, required for S-phase
progression (13) (Fig. 5, B and C). Silencing of E2F1 reduced
RRM2 induction both at the mRNA (Fig. 4) and protein levels
(Fig. 5D). Thus, our results suggest that activation of Chk1 by
Topl-mediated DNA damage induces E2F1-mediated tran-
scriptional activation of RRM?2 (Fig. 7). Whether the upstream
function of Chk1 on E2F1 in the regulation of RRM2 is direct or
indirect still remains to be investigated. Further studies are
warranted to determine whether Chkl might activate E2F1 by
phosphorylation, by stabilizing E2F1 polypeptide levels, by
transcriptional activation, or via pRB protein as in the ATM/
Chk2 pathway (41, 42). Our data also show that both ATM and
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FIGURE 7. Scheme of RRM2 induction after CPT treatment. Briefly, DNA
damage induced by Top1-DNA covalent complex (TopTcc) induces the acti-
vation of Chk1, mediated by ATM and ATR, which up-regulates RRM2 expres-
sion through the transcription factor E2F1.

ATR are upstream kinases of Chk1 (Fig. 6). Thus, it is plausible
that both ATR (52, 53) and ATM (this study) act as upstream
activators of Chkl, which then up-regulates RRM2 through
E2F1 activation (Fig. 7).

Our findings suggest a parallel framework between the well
established regulatory pathways for RNR activation in response
to DNA damage in budding yeast (17-21) and in mammalian
cells (Fig. 7). It also reveals differential regulation of the small
RNR subunits between mammalian and yeast cells. Indeed, in
normal yeast cells the small RNR subunits RNR2 and RNR4 are
concentrated in the nuclear compartment, whereas the large
subunit, RNR1, is cytoplasmic. In response to DNA damage,
yeast RNR2 and RNR4 translocate to the cytoplasm and bind
RNR1 to form an active complex (54). In contrast, in mamma-
lian cells both the large and small RNR subunits RRM1 and
RRM2, respectively, are cytoplasmic in the absence of DNA
damage, where they form active RNR tetramers that synthesize
dNTPs, which are transported to the nucleus for DNA replica-
tion (55, 56). Our study shows RRM2 translocation from the
cytoplasm to the nucleus in response to CPT (Fig. 3E). In agree-
ment with our finding, RRM2 nuclear translocation has also
been reported after UV treatment in human tumor cells (57).
Thus, further investigations are warranted to elucidate the dif-
ferential subcellular distribution of RNR between human and
yeast cells.
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We also demonstrate the importance of RNR regulation for
the DNA repair of Topl-mediated DNA damage induced by
CPT. Indeed, yH2AX formation is markedly enhanced in
RRM2-downregulated cells (Fig. 5). We also found that inhibi-
tion of Chk1 either with siRNA or drugs enhanced yH2AX (Fig.
5), which is consistent with data obtained in other cells lines
exposed simultaneously to CPT and Chkl inhibitors (9, 45).
Thus, the well known enhancement of yH2AX by Chk1 inhibi-
tion (9, 10, 40) could in part be related to defective induction of
RRM2 by Chkl inactivation (Figs. 5 and 6). This finding pro-
vides a novel mechanistic rationale for the observed synergism
between inhibitors of Topl and Chk1 (40, 58, 59).

Increasing evidence demonstrates the importance of the
small ribonucleotide reductase subunit RRM2 for the cell sur-
vival in response to DNA damage. RRM2 protein levels increase
after exposure to ionizing irradiation in human tumor cells and
RRM?2 overexpression confers resistance to infrared, which
appears mediated by enhanced DNA repair during G, (60). Our
study shows a key role for RRM2 in response to Top1l-mediated
DNA damage induced by CPT, as inhibition of RRM2 expres-
sion enhanced the killing of MDA-MB-231 cells exposed to
CPT (Fig. 1). The role of RRM2 in cell survival can be extended
to other forms of DNA damage as short hairpin RNA-mediated
reduction of RRM2 also resulted in an increased sensitivity to
cisplatin in HCT116 cells (61). Whether the sensitization of
cells to DNA damage by RRM2 reduction is solely due to reduc-
tion of ANTP synthesis is questionable. Indeed, although some
studies have shown that RNR activity is closely related to RNR
subunit expression (11), other data suggested a lack of tight
correlation between RRM2 expression and RNR activity (62).
Consistent with the latter, the potent RNR inhibitor hydroxyu-
rea protects cells from the cytotoxicity induced by CPT or TPT
(7, 36) (data not shown), which is the opposite to the sensitiza-
tion obtained with RRM2 siRNAs (Fig. 1). The protective effect
of hydroxyurea has been attributed to a lack of conversion of
Topl cleavage complexes into DNA double-strand breaks by
prevention of replication fork collisions (6, 7).

RNR has been considered as an anti-cancer molecular target
for some time; in particular, antisense approaches against
RRM2 have been pursued, and more recently RRM2 has been
tested as a target for siRNA-based therapy (63— 66). This study
suggests that combining treatment with Topl inhibitors may
be enhanced if rationally combined with approaches that
inhibit the activity of the ribonucleotide reductase proteins.
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