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Abstract

Rev7p has been suggested to play an important role in
regulating DNA damage response in yeast, and recently, the
human homologue (i.e., MAD2B) has been identified, which
shares significant homology to the mitotic checkpoint protein
MAD2. In this study, we investigated whether MAD2B played a
key role in cellular sensitivity to DNA-damaging anticancer
drugs by suppressing its expression using RNA interference in
nasopharyngeal carcinoma cells. Using colony formation
assay, we found that suppression of MAD2B conferred
hypersensitivity to a range of DNA-damaging agents, especial-
ly DNA cross-linkers, such as cisplatin, and ;-irradiation. This
effect was associated with reduced frequencies of spontaneous
and drug-induced mutations, elevated phosphorylation of
histone H2AX, and markedly increased chromosomal aberra-
tions in response to DNA damage. In addition, there was also a
significant decrease in cisplatin-induced sister chromatid
exchange rate, a marker for homologous recombination-
mediated post-replication repair in MAD2B-depleted cells.
These results indicate that MAD2B may be a key factor in
regulating cellular response to DNA damage in cancer cells.
Our findings reveal a novel strategy for cancer therapy, in
which cancer cells are sensitized to DNA-damaging anticancer
drugs through inactivation of the MAD2B gene. (Cancer Res
2006; 66(8): 4357-67)

Introduction

The precise replication of the genome and the maintenance of
its integrity are vital for survival and prevention of various
diseases, including cancer (1). A family of low fidelity DNA
polymerases, such as Pol D, Pol L, Pol n, Rev1, and Pol ~ , which
mediate translesion DNA synthesis (TLS), are responsible for
mutations generated by spontaneous and mutagen-induced DNA
damage in yeast (2–4). Studies in yeast showed that Pol ~ consists
of two subunits (Rev3p and Rev7p), and Pol ~ activity is estimated
to be responsible for at least 60% of spontaneous base
substitution mutations in yeast (5, 6). Recent studies using
chicken DT40 cells null for Rev3 or Rev7 showed increased
chromosomal aberrations, showing that defects in translesion

synthesis may cause genomic instability in vertebrate cells (7, 8).
Indeed, disruption of Rev3 in mouse was embryonic lethal (9–11),
and increased double-strand breaks (DSB) and chromosomal
aberrations were also observed in Rev3�/� mouse embryonic
cells, supporting the essential role of Pol ~ in maintaining geno-
mic stability in mammalian cells (12). Recently, it was reported
that inactivation of Rev3 in cultured human cells by antisense
RNA led to reduction of the frequency of UV-induced mutations
and increased chemosensitivity to an anticancer drug (cisplatin),
suggesting that human Rev3 may have similar functions to its
yeast counterpart (13). Although human homologue of yeast
Rev7p has been identified, its function is poorly known. Inte-
restingly, its amino acid sequence shares 53% similarity to a key
mitotic checkpoint protein mitotic arrest deficient 2 (MAD2);
therefore, it is named MAD2-like 2 (MAD2L2) or MAD2B (14, 15).
Recently, we found that the MAD2-mediated mitotic checkpoint
was essential for DNA damage–induced apoptosis in nasopha-
ryngeal carcinoma cells (16). In addition, evidence of interaction
between MAD2B and MAD2 suggests a role of MAD2B in regu-
lating MAD2 stability or activity (15). Therefore, MAD2B has been
proposed to function as an adaptor between DNA damage repair
and mitotic checkpoint (17).
Several lines of evidence also suggest that human MAD2B and

MAD2 have related functions in regulating mitotic checkpoint
and the activity of anaphase-promoting complex (APC; ref. 18).
In vitro studies have shown that the Xenopus homologue of
MAD2B binds to and inhibits CDC20-APC and CDH1-APC, a
ubiquitin ligase controlling chromosome segregation and mitotic
exit (19, 20). In addition, in papillary renal cell carcinoma cells,
restoration of MAD2B nuclear localization by overexpression of
PRCC protein could increase the mitotic checkpoint function in
response to nocodazole, a microtubule-disrupting agent (21).
Several independent studies based on yeast two-hybrid technol-
ogy have shown that MAD2B interacts with other proteins, such
as adenovirus death protein, trichosanthin, and metalloprotease
disintegrin MDC9 (22–24), suggesting that MAD2B might play
multiple roles in addition to TLS in the regulation of cell
growth.
In this study, we set out to define the roles of MAD2B in

human cancer and to investigate if it would be a key regulator of
cellular response to chemotherapeutic drugs and DNA-damaging
agents in particular. We knocked down the expression of MAD2B
gene in five nasopharyngeal carcinoma cell lines by RNA
interference (RNAi) and studied the cellular sensitivity to a range
of anticancer drugs, cellular response to DNA-damaging agents,
and mitotic checkpoint control. We found that down-regulation
of MAD2B in human nasopharyngeal carcinoma cells conferred
hypersensitivity to DNA-damaging anticancer drugs, which was
associated with multiple defects in DNA damage tolerance. Our
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results reveal a new strategy to improve the treatment efficiency
of DNA-damaging agents through down-regulation of MAD2B
expression in cancer cells.

Materials and Methods

Cell culture and transfection. Five nasopharyngeal carcinoma cell

lines [CNE1, CNE2 (16), CNE3, HONE1 (25), and TW01 (26)] were

maintained in RPMI 1640 (Sigma, St. Louis, MO) supplemented with

2 mmol/L L-glutamine and 5% (v/v) fetal calf serum at 37jC. pLentiviral
vector containing short hairpin interfering RNA (shRNA) against MAD2B

mRNA (5V-GATGCAGCTTTACGTGGAAGA-3V, 705-725) sequence (pLenti-

shMAD2B) was constructed using BLOCK-iT Lentiviral RNAi Expression

System (Invitrogen, Carlsbad, CA). Stable transfectants were generated

from CNE3, CNE1, CNE2, TW01, and HONE1 cells from a pool of >20

positive clones (which were selected by blasticidin at concentrations of

2, 2.5, 2.5, 4, and 9 Ag/mL, respectively). A vector expressing control

shRNA sequence (5V-GCGTATTGCCTAGCATTAC-3V), which has no signif-

icant homology to any coding sequences in human genome, was used as a

vector control. Transfectants were grown for a maximum of 10 passages

before retrieving fresh cells from frozen stock, although MAD2B protein

levels of cells expressing shMAD2B remained undetectable over 15

passages.

Colony formation assay. Detailed experimental procedures have been

described previously (16). Briefly, 500 cells were plated in six-well plates,

resulting in 100 to 150 colonies per well after culturing for f2 weeks.

Cisplatin, carboplatin, taxol, mitomycin c (Calbiochem, La Jolla, CA),

vincristine, 5-fluorouracil (David Bull Laboratories, Victoria, Australia),

chlorethamine, melphalan (Sigma), doxorubicin (EBEWE, Unterach, Aus-

tria), or hydrogen peroxide (BDH, Poole, United Kingdom) were added,

respectively, 24 hours after plating, and colonies that consisted of >50 cells

were scored and compared with the solvent-treated controls. Cells were also

g-irradiated using a g-Cell 1000 Elite machine at the dose rate of 10 Gy/min.
The energy source was 137Cs. Two wells were used for each drug

concentration, and five drug concentrations were tested for each

experiment. Each experiment was repeated at least thrice, and each

survival curve showed the means and SD of at least three independent

experiments. Plating efficiency was calculated by counting the number of

colonies formed in the control wells divided by number of cells plated then

multiplied by 100.

Western blotting. Experiments were carried out as previously described

(16). Briefly, cell lysates were prepared by suspending cell pellets in lysis

buffer [50 mmol/L Tris-HCl (pH 8), 150 mmol/L NaCl, 1% NP40, 0.5%

deoxycholate, and 0.1% SDS], including proteinase inhibitors (1 Ag/mL
aprotinin, 1 Ag/mL leupeptin, and 1 mmol/L phenylmethylsulfonyl fluoride)
and phosphatase inhibitors (10 mmol/L sodium fluoride and 5 mmol/L

sodium orthovanadate). Protein concentration was measured using

DC Protein Assay kit (Bio-Rad, Hercules, CA). An equal amount of protein

(20 Ag) was loaded onto an SDS-polyacrylamide gel for electrophoresis and
then transferred on a polyvinylidene difluoride membrane (Amersham,

Piscataway, NJ). The membrane was then incubated with primary

antibodies for 1 hour at room temperature against cyclin B1 (D-11),

CDC20 (H-175; 1:500; Santa Cruz Biotechnology, San Diego, CA), MAD2B

(1:1,000; Transduction Laboratories, Lexington, KY), CDH1 (DH01; 1:1,000;

NeoMarker, Fremont, CA), cleaved caspase-3 (1:500; Cell Signaling

Technology, Beverly, MA), or g-H2AX (Ser139; 1:2,000; Upstate Biotechnology,
Lake Placid, NY). After incubation with appropriate secondary antibodies,

signals were visualized by enhanced chemiluminescence Western blotting

system (Amersham). Expression of actin was also assessed as an internal

loading control using a specific antibody (1:2,000; Santa Cruz Biotech-

nology). Caspase-3 inhibitor Z-DEVD-FMK (Calbiochem) was used at a

concentration of 50 Amol/L.
Bromodeoxyuridine incorporation assay. For bromodeoxyuridine

(BrdUrd) staining, cells grown on coverslips were treated with 10 Amol/L
BrdUrd (Sigma) for 1 hour before fixation in ice-cold 70% ethanol for

20 minutes. Coverslips were rinsed in PBS, incubated in 2 mol/L

hydrochloric acid for 20 minutes, and neutralized in 0.1 mol/L borate
buffer (pH 8.5) for 5 minutes twice. After blocking in 0.1% bovine serum

albumin (BSA) in PBS, cells were incubated with the mouse monoclonal

anti-BrdUrd antibody (Roche, Mannheim, Germany). After washing several

times in PBS, fluorescein-conjugated goat anti-mouse IgG secondary
antibody (1:50) was added for 45 minutes, and the cells were counter-

stained with 5 Ag/mL propidium iodide for 5 minutes. At least 600 cells

were counted from three random fields captured by Bio-Rad Radiance

2100 confocal microscopy under �100 magnification in each experiment,
and the percentage of BrdUrd-positive cells was calculated. Each experi-

ment was repeated at least thrice, and error bars indicate the SD of the

means.

Immunofluorescent staining of ;-H2AX. CNE1 or HONE1 cells
(2 � 104) were plated onto 24-well plates, containing 12-mm coverslips

(IWAKI, Tokyo, Japan). Cells were treated with a range of cisplatin doses

(0.167, 0.5, and 1.67 Amol/L) or g-irradiated (1, 2, and 4 Gy) and fixed in
4% paraformaldehyde in PBS at 24 hours after treatment for 10 minutes.

Cells were washed thrice in PBS and permeabilized in 0.1% Triton X-100

for 5 minutes. After blocking in 1% BSA in PBS for 20 minutes, cells were

incubated with monoclonal anti-phosphorylated(Ser139)-H2AX (g-H2AX)
antibody (1:200; Upstate Biotechnology) for 2 hours. Fluorescein-conjugated

goat anti-mouse IgG secondary antibody (1:50) was added for 45 minutes.

Cellular DNA was counterstained with 4V,6-diamidino-2-phenylindole
(DAPI). Fluorescent signals were visualized with a Zeiss Axiophot
microscope (Carl Zeiss, Inc., Thornwood, NY) and photographed using

Spot RT digital camera and associated software (Diagnostic Instrument,

Sterling heights, MI). At least 500 cells were counted from three random
fields under �200 magnification for each experiment, and the percentage of
cells containing >10 fluorescent foci was calculated. Each experiment was

repeated at least thrice, and the SD of the means was used as error bars.

P < 0.05 was considered statistically significant as determined by Mann-
Whitney U test.

Terminal deoxynucleotidyl transferase–mediated nick-end labeling

staining. CNE1 or HONE1 cells (2 � 104) were plated onto 24-well plates,

containing 12-mm coverslips (IWAKI). Cells were treated with a range of

cisplatin doses (0.167, 0.5, and 1.67 Amol/L) or g-irradiation (1, 2, and 4 Gy)
and fixed in 4% paraformaldehyde in PBS at indicated time points after

treatment for 30 minutes. In situ cell death detection kit, Fluorescein, was

used to detect apoptotic cells according to the manufacturer’s instructions

(Roche Diagnostics, Indianapolis, IN). At least 500 cells were counted from

three random fields under �100 magnification for each experiment, and the
percentage of terminal deoxynucleotidyl transferase–mediated nick-end

labeling (TUNEL)–positive cells was calculated. Each experiment was

repeated thrice, and the SD of the means was used as error bars. P < 0.05

was considered statistically significant as determined by Mann-Whitney

U test.

Determination of mitotic index. Detailed experimental procedures
were described in our previous studies (27, 28). Briefly, cells were grown on

chamber slides and treated with 50 nmol/L nocodazole and collected at

every 6 hours post-exposure time for 42 hours. The cells were fixed in cold

methanol/acetone (1:1) for 5 minutes and stained with DAPI. The presence
of condensed nuclear DNA indicates mitotic cells. To measure the mitotic

index (percentage of viable cells arrested in mitosis), at least 500 cells were

counted for each experiment using fluorescence microcopy under �200
magnification, and the data points represent the average results from three
independent experiments.

Cell cycle analysis. Nocodazole release experiments was done as

described previously (29). CNE1 or HONE1 cells (1.5 � 106) were plated onto
10-cm culture dishes for 24 hours. After treatment with 330 nmol/L

nocodazole (Sigma) for 16 hours, mitotic arrested cells were collected by

shaking off gently, washed twice in PBS, and released into prewarmed fresh

medium. Cells were collected at different time points for flow cytometry
and Western blot analysis. Flow cytometric analysis was done on an EPICS

profile analyzer and analyzed using the ModFit LT2.0 software (Coulter,

Miami, FL) as described previously (16).

Hypoxanthine phosphoribosyltransferase mutation assay. The
frequency of cisplatin-induced mutation at hypoxanthine guanine
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phosphoribosyl transferase (HPRT) locus was measured as described
before (13, 30). Briefly, the cells were grown in RPMI containing 1� HAT

supplement (100 Amol/L hypoxanthine, 0.4 Amol/L aminopterin, 16 Amol/L
thymidine; Life Technologies, Gaithersburg, MD) for 14 days to reduce the

number of preexisting 6-thioguanine-resistant and HPRT-deficient
mutants. To test the cisplatin-induced mutagenesis, HONE1 cells

(2 � 106) were grown in 75-cm2 flasks for 2 days. Cells were exposed to

three doses of cisplatin (8.33, 16.67, and 33.33 Amol/L) for 1 hour, washed
twice in fresh medium, and cultured for another 14 days. Cells (1 � 105)
were replated into each of five 100-mm tissue culture dishes, and

20 Amol/L 6-thioguanine (Sigma) was added 24 hours later. After 14 days,
colonies that consisted of >50 cells were scored, and the frequency of

6-thioguanine resistant mutants was calculated from the equation:
frequency of 6-thioguanine resistant mutants = a / [b(5 � 105)], where

a is the number of colonies present in the five 6-thioguanine treated

dishes, and b is the cloning efficiency.
To measure the rate of spontaneous generation of 6-thioguanine-

resistant mutants, HONE1 cells (1 � 105) were cultured in a 25-cm2 flask

in 5 mL of RPMI and allowed to proliferate for 4 days. The frequencies of

6-thioguanine-resistant mutants were measured as described above. Cells
(1 � 105) were subcultured into a new flask and proliferated for 4 days,

and the frequency of 6-thioguanine-resistant mutants was measured again.

The process was repeated for a total of thrice. Population doubling was

calculated from the equation: population doubling = (ln[total number of
cells] � ln[number of cells plated � plating efficiency]) / ln2. The rate

of spontaneous generation of resistant mutants was the observed

frequency of resistant mutants as a function of population doubling.
Each experiment was repeated at least thrice, and the SE was used as

error bar. P < 0.05 was considered statistically significant as determined

by Mann-Whitney U test.

Chromosome breakage analysis. To analyze chromosome breakage,
cells were treated with a single dose of cisplatin (1.67 Amol/L) or

g-irradiated (1 Gy) and harvested at 12 hours after treatment with colcemid
(0.1 Ag/mL) added 3 hours before harvest. Metaphase spreading was done
as previously described (31). Briefly, harvested cells were incubated in 0.8%
(w/v) sodium citrate solution for 15 minutes at 37jC and fixed in 5% ( final

concentration) methanol/acetic acid (3:1) for 10 minutes at 37jC. The cells
were collected by centrifugation and washed five times in methanol/acetic

acid (3:1). The cells were dropped onto clean slides and dried in a warm

(50jC) water bath. The cells were stained with DAPI in PBS for 5 minutes,
washed in PBS thrice, and mounted in DakoCytomation fluorescent
mounting medium (DAKO, Glostrup, Denmark). For chromosome aberra-

tions, only breaks in single chromatid arms (chromatid break) were scored.

A minimum of 100 metaphases were scored from three independent

experiments. The results were expressed as mean number of chromosomal
aberrations per metaphase with SE shown.

Sister chromatid exchange analysis. Sister chromatid exchange (SCE)
was measured as described previously by a modified fluorescence-

plus-Giemsa technique (32). Briefly, 4 � 105 of HONE1 cells were plated
in 60-mm culture dishes for 24 hours at about 40% confluence. Cells were

then cultured in the presence of 20 Amol/L BrdUrd for 44 hours with

0.1 Ag/mL colcemid (Sigma) added 3 hours before harvest. A range of
cisplatin doses (0.167, 0.5, and 1.67 Amol/L) were added 12 hours before

harvest. Metaphase spreading was done as described above. The cells were

stained with 10 Ag/mL Hoechst 33342 in Sorensen’s solution (pH 6.8) for

15 minutes followed by exposure to ‘‘black light’’ (k = 365 nm) for 1 hour
using Blak-ray UV lamp (UVP, Inc., Upland, CA). The cells were stained

with 5% Giemsa in Sorensen’s solution (pH 6.8) for 10 minutes, washed in

distilled water, and air-dried. A minimum of 100 metaphases were scored

blind from each experiment, and three independent experiments were
done. The results were expressed as mean number of SCE per metaphase

with SE shown.

Results

Inactivation of MAD2B in nasopharyngeal carcinoma cells.
To study the function of MAD2B in human cancer cells, we first
knocked down the MAD2B gene expression in five nasopharyngeal
carcinoma cell lines (CNE1, HONE1, CNE3, TW01, and CNE2). As
shown in Fig. 1A , MAD2B expression was significantly suppressed
in all five cell lines stably transfected with a shRNA against MAD2B

Figure 1. Influence of MAD2B inactivation
on cell cycle distribution, proliferation, and
plating efficiency in nasopharyngeal
carcinoma cell lines. A, Western blot
analysis of MAD2B expression in five
nasopharyngeal carcinoma cell lines
(CNE1, HONE1, CNE3, TW01, and CNE2)
stably expressing either control shRNA or
shMAD2B. Note that transfection of
shMAD2B completely abolished MAD2B
expression in all five cell lines. B, flow
cytometric analysis of CNE1 and HONE1
cells expressing control or MAD2B shRNA.
C, BrdUrd (BrdU ) incorporation rate
between cells expressing control or
MAD2B shRNA. D, plating efficiency of
cells expressing shMAD2B was reduced
compared with control cells. *, P < 0.01;
**, P < 0.001.
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(shMAD2B) compared with the control cells expressing an
irrelevant shRNA (control shRNA). Down-regulation of MAD2B
did not affect cell cycle distribution as examined by flow cytometry
(Fig. 1B) or cell proliferation rate as shown by BrdUrd incor-
poration (Fig. 1C), except a small reduction in proliferation rate in
HONE1 cells. In contrast, the cells expressing MAD2B shRNA
showed significantly reduced plating efficiency (Fig. 1D), suggesting
that MAD2B deprivation might promote spontaneous apoptosis.
These results suggested that silencing of MAD2B expression alone
did not have a significant effect on cell cycle distribution or cell
proliferation.

MAD2B is required for DNA damage tolerance. In yeast,
Rev7p interacts tightly with Rev3p and drastically increases its
catalytic activity to synthesize DNA over damaged bases (33). To
study if silencing of MAD2B could modulate cellular sensitivity to
chemotherapeutic drugs, we examined the clonogenicity of cells
with differential MAD2B status in response to genotoxic treatment
by colony formation assays. Six types of anticancer drugs were
used, including DNA cross-linking agents (cisplatin and carbopla-
tin), DNA-alkylating agents (melphalan, chlorethamine, and
mitomycin c), ionizing radiation (g-rays), topoisomerase II
inhibitor (doxorubicin), anti-metabolite (5-fluorouracil), hydrogen
peroxide (H2O2), and microtubule-disrupting agents (vincristine
and taxol). Interestingly, silencing of MAD2B rendered cells
generally more sensitive to DNA-damaging agents especially cis-
platin and g-irradiation, as well as melphalan, chlorethamine, and
mitomycin c, but not to drugs with different mechanisms of action,
such as 5-fluorouracil, hydrogen peroxide, taxol, and vincristine
(Fig. 2A). Figure 2B summarized the D10 values of the anticancer
agents for CNE1 and HONE1 cells expressing control or MAD2B
shRNA.
To test if the shMAD2B-induced hypersensitivity to DNA-

damaging agents was due to activation of apoptotic death, we
analyzed the expression of cleaved caspase-3 using Western
blotting. After treatment with a relatively low dose of cisplatin or
g-irradiation, a time-dependent increase in the amounts of cleaved
caspase-3 was observed in MAD2B-depleted CNE1 cells (Fig. 2C,
top and middle). Similar results were also obtained in the same
cells treated with three doses of cisplatin (0.167, 0.5, and 1.67 Amol/L)
or g-irradiation (1, 2, and 4 Gy) for 24 hours (Fig. 2C, bottom). To
further confirm that shMAD2B sensitized cells to DNA-damaging
agents through activation of apoptosis, TUNEL staining was done.
Significantly increased number of TUNEL-positive cells was
observed in MAD2B-depleted CNE1 cells after treatment with
cisplatin or g-irradiation in a time-dependent and dose-dependent
manner (Fig. 2D). Thus, inactivation of MAD2B in nasopharyngeal
carcinoma cells led to hypersensitivity to certain types of
anticancer agents, especially DNA cross-linkers, such as cisplatin,
through activation of apoptosis.

Loss of MAD2B reduces mutation rates at HPRT locus. In
yeast studies, mutants of Rev gene family members, such as Rev1,
Rev3 , and Rev7 , are defective in TLS, leading to reduced mutation
rates in response to DNA damage (34). In cultured human
fibroblasts, overexpression of antisense RNA targeting Rev1 or
Rev3 transcript also results in a reduction in the frequency of
UV-induced or cisplatin-induced mutations (13, 35, 36), indicating
that the human Rev genes may have similar functions to their yeast
counterparts. To further understand the molecular mechanism
responsible for the shMAD2B-induced chemosensitization, we
studied if down-regulation of MAD2B expression had an effect on
mutagenic TLS. HPRT assay was done to assess the rates of
spontaneous and cisplatin-induced generation of 6-thioguanine-
resistant mutants, which reflect the mutation frequencies at the
HPRT locus (37). Figure 3A shows the frequencies of spontaneous
generation of 6-thioguanine-resistant mutants were significantly
reduced in HONE1 cells expressing low levels of MAD2B compared
with those observed in control cells.
To study if MAD2B inactivation also reduced the frequency of

DNA damage–induced mutations at the HPRT locus, cells were
treated with three doses of cisplatin (8.33, 16.67, and 33.33 Amol/L)
for 1 hour followed by a 2-week culture, and then the frequencies of
6-thioguanine resistant mutants were measured. The frequencies of
6-thioguanine-resistant mutants induced by cisplatin were signif-
icantly reduced in the cells expressing low levels of MAD2B
compared with control cells with all doses tested (Fig. 3B). That is
to say, MAD2B inactivation significantly reduces frequencies of
both spontaneous and cisplatin-induced mutations at the HPRT
locus. These results implicate the importance of human MAD2B for
DNA damage tolerance or TLS.

Accumulation of phosphorylated histone H2AX in MAD2B-
depleted cells. DSB can be directly produced by ionizing
radiation, such as g-rays (38). Phosphorylation of histone H2AX
(g-H2AX) at Ser134 is an early response to DSB that occurs within
seconds and could be cytologically visible as ‘‘foci’’ (39, 40).
Therefore, analysis of g-H2AX foci provides one quantitative
method to monitor the presence of DSB and the associated
repairing activity (41). To investigate if the shMAD2B-induced
hypersensitivity to DNA-damaging agents was attributed at least
in part to impairment in DNA repair, we did immunofluorescent
staining of g-H2AX. Under untreated condition, silencing of
MAD2B resulted in an increase of cells containing >10 g-H2AX
foci compared with control cells (representative photos were
shown in Fig. 4A , top and quantitated in Fig. 4B). The difference
between the cells with differential MAD2B levels became even
more prominent when cells were g-irradiated at 24 hours time
point (Fig. 4A, middle and B). To further confirm these results,
immunoblotting with g-H2AX antibody was done to compare the
relative levels of g-H2AX after g-irradiation between cells

Figure 2. Sensitivity of MAD2B-depleted nasopharyngeal carcinoma cells to anticancer drugs. A, colony-forming ability of CNE1 cells expressing control or MAD2B
shRNA after continuous exposure to various chemotherapeutic drugs with different mechanisms of action. Note that down-regulation of MAD2B conferred
hypersensitivity to DNA cross-linking agents (cisplatin and carboplatin), ionizing radiation (g-rays), alkylating agents (melphalan, chlorethamine, and mitomycin c), and
topoisomerase II inhibitor (doxorubicin) but not to 5-fluorouracil, hydrogen peroxide, and microtubule disrupting agents (taxol and vincristine). Points, mean of three
independent experiments; bars, SD. B, a table summarizing the D10 values of anticancer agents used against CNE1 and HONE1 cells expressing control or
MAD2B shRNA. *, P < 0.01. C, time-dependent expression of cleaved caspase-3 after exposure to a single dose of cisplatin (0.5 Amol/L, top ) or g-irradiation
(1 Gy, middle ) in CNE1 cells. Note that the expression levels of cleaved caspase-3 were significantly higher in the shMAD2B-expressing cells than in control cells in
response to the same dose of cisplatin and g-rays. Bottom, dose-dependent expression of cleaved caspase-3 in CNE1 cells expressing control or MAD2B shRNA. Note
that the levels of cleaved caspase-3 were significantly higher in shMAD2B-expressing cells in response to three doses of cisplatin or g-rays. D, TUNEL staining of
CNE1 cells expressing control or MAD2B shRNA after treatment with cisplatin or g-irradiation. Note that the number of TUNEL-positive cells was significantly higher in
MAD2B-depleted cells after exposure to a single dose of cisplatin (0.5 Amol/L) or g-irradiation (1 Gy) in a time-dependent manner (top ) or after exposure to three
doses of cisplatin or g-rays for 24 hours (bottom ). Columns, mean of three independent experiments; bars, SD. *, P < 0.01; **, P < 0.001.

Role of MAD2B in DNA Damage Tolerance

www.aacrjournals.org 4361 Cancer Res 2006; 66: (8). April 15, 2006

Research. 
on April 13, 2017. © 2006 American Association for Cancercancerres.aacrjournals.org Downloaded from 

http://cancerres.aacrjournals.org/


expressing high and low levels of MAD2B. Consistently, we found
that g-H2AX levels were dramatically increased in cells expressing
shMAD2B in both untreated condition and after g-irradiation
(2 Gy) at the 24-hour time point (Fig. 4C). To exclude the con-
tribution of apoptotic DNA fragmentation to the g-H2AX levels,
caspase-3 inhibitor (50 Amol/L Z-DEVD-FMK) was added to
the cells 1 hour before treatment with cisplatin (0.5 Amol/L) or
g-irradiation (2 Gy), and the g-H2AX levels were detected at
6 hours after the treatments. At this time point, g-H2AX levels
were also increased in MAD2B-depleted cells compared with
control cells (Fig. 4D ). Thus, down-regulation of MAD2B
expression led to an increase in g-H2AX, indicating that loss of
MAD2B resulted in accumulation of DSB in response to
endogenous or exogenous DNA damage.

Lack of MAD2B is associated with sister chromatid breaks.
Unrepaired DSB is detrimental to cells because it may induce
chromosomal aberrations, leading to programmed cell death or
tumorigenesis (42). Therefore, next we studied if the MAD2B
inactivation-induced chemosensitization was associated with
increased chromosomal aberrations. Chromosome spreading was

done on HONE1 cells expressing differential levels of MAD2B, and
chromosome aberrations were assessed in the untreated and
treated cells with a single dose of g-irradiation (1 Gy) or cisplatin
(1.67 Amol/L). It was found that, in untreated condition, a
significantly increased amount of single chromatid breaks was
observed in cells expressing shMAD2B (shMAD2B: 0.3 F 0.071 per
metaphase versus control shRNA: 0.1 F 0.043 per metaphase;
P < 0.01; Fig. 5B). The difference was more obvious after treatment
with cisplatin (0.82 per metaphase F 0.13 versus 0.38 F 0.09 per
metaphase; P < 0.01; Fig. 5B, left) or g-irradiation (3.94 F 0.36 per
metaphase versus 0.54 F 0.11 per metaphase; P < 0.001; Fig. 5A and
B, right). Thus, the hypersensitivity to DNA damage–induced
apoptosis in the cells with low levels of MAD2B is correlated with
increased sister chromatid breaks.

Inactivation of MAD2B impairs homologous recombination
in response to DNA damage. Studies in chicken cells
null for Rev1, Rev3 , or Rev7 genes suggest that Rev family proteins
participate in homologous recombination–mediated post-
replication repair (PRR), which uses intact sister template for
repairing DSB (8, 43). In light of this, we investigated the frequency
of SCE to assess the homologous recombination events. It was
found that in the untreated cells, down-regulation of MAD2B
slightly increased the SCE events per cell (Fig. 6A , 1 and 2), and
such observation was similar to that observed in chicken DT40
cells null for Rev3 or Rev7 (8, 44). After exposure to cisplatin for 12
hours, a marked induction of SCE was observed in the control
HONE1 cells (Fig. 6A , 1 and 3 and Fig. 6B , top). In contrast, the
induction of SCE by cisplatin was diminished in MAD2B-
inactivated HONE1 cells (Fig. 6A , 2 and 4 and Fig. 6B , bottom).
The difference was progressively more dramatic as the concen-
trations of cisplatin were increased (Fig. 6C). Hence, inactivation of
MAD2B inhibited the induction of SCE in response to DNA damage.

Effect of MAD2B inactivation on mitotic checkpoint.
Several studies have shown that in Xenopus , MAD2B is able to
inhibit APC, the ubiquitin ligase that controls chromosome
segregation and mitotic exit through inhibition of its activators
CDC20 and CDH1 (18–20). To determine whether down-
regulation of MAD2B is influential on mitotic checkpoint control,
asynchronous cells expressing control or MAD2B shRNA were
treated with nocodazole, a microtubule destabilizer, and mitotic
indices were compared. We found that there was no difference in
mitotic response between the cells with or without MAD2B
protein at six time points tested (Supplementary Fig. S1A). In
addition, similar percentages of cells undergoing mitotic arrest
were observed when five doses of nocodazole were examined
(Supplementary Fig. S1B). These results were confirmed by flow
cytometric analysis (Supplementary Fig. S1C), in which no
significant difference in the percentage of G2-M cells was found
between the cells with or without MAD2B. Hence, the function of
MAD2B in mitotic checkpoint control is very different from that
of MAD2 in human cancer cells. To further study the role of
MAD2B in mitotic response and to investigate if depletion of
MAD2B could cause premature mitotic exit in human cells, the
nasopharyngeal carcinoma cells with or without MAD2B were
synchronized at mitosis by nocodazole treatment, and the mitotic
cells were collected by shake-off, washed, and then replated in
fresh medium. Western blot analysis showed that both cell types
had similar levels of steady-state cyclin B1 (a substrate of CDC20-
APC), CDC20 (a substrate CDH1-APC), and CDH1 (which
mediates its own degradation; ref. 45) during mitotic exit (Supple-
mentary Fig. S1D ; the relative amount of cyclin B1 was shown in

Figure 3. Depletion of MAD2B reduces mutation frequency at the HPRT locus.
A, frequency of spontaneous generation of 6-thioguanine-resistant mutants.
Note that HONE1 cells expressing shMAD2B exhibited significantly
reduced frequency of 6-thioguanine-resistant mutants compared with cells
expressing control shRNA. B, frequency of cisplatin-induced generation of
6-thioguanine-resistant mutants. After a 1-hour exposure to three doses of
cisplatin (8.33, 16.67, and 33.33 Amol/L) and another 2-week culture, the
frequency of 6-thioguanine-resistant mutants was measured. Note that
cisplatin-induced generation of 6-thioguanine-resistant mutants was significantly
reduced in HONE1 cells expressing shMAD2B compared with control cells in all
cisplatin doses tested. Columns, mean of three independent experiments;
bars, SE. *, P < 0.01; ** P < 0.001.
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the graphs). Similar results were also obtained in the other three
cell lines (data not shown). These data suggested that down-
regulation of MAD2B in nasopharyngeal carcinoma cells did not
significantly affect the expression and degradation of mitotic
regulators.

Discussion

In this study, we provided the first evidence that silencing of
MAD2B expression in human nasopharyngeal carcinoma cells led
to increased cellular sensitivity to DNA-damaging anticancer drugs.
In addition, the shMAD2B-induced hypersensitivity was associated
with reduced spontaneous and DNA damage–induced mutagene-
sis, defective DNA repair, and subsequent activation of apoptosis,

suggesting that similar to its yeast counterpart Rev7p, human
MAD2B plays an essential role in DNA damage tolerance in cancer
cells. Our findings implicate a novel therapeutic target for
chemosensitization of human cancer cells.

Roles of MAD2B in TLS. Yeast Rev7-null mutant exhibits a
reduced rate of mutations induced by DNA-damaging agents (46).
In this study, we showed that loss of MAD2B led to reduced rates
of spontaneous and cisplatin-induced mutations at the HPRT locus
(Fig. 3). Consistent with previous findings on human Rev3 and Rev1
(7, 8), this reduction in mutation rates likely reflects a failure in
cellular response to DNA damage, which might lead to more
dramatic changes, such as chromosomal breaks, thereby causing
genome instability. In keeping with this idea, we also showed that
down-regulation of MAD2B expression in human nasopharyngeal

Figure 4. Elevation of g-H2AX expression level in cells depleted of MAD2B. A, immunofluorescent staining of g-H2AX (green ) in CNE1 cells expressing control or
MAD2B shRNA before treatment (top ) or 24 hours after treatment with g-irradiation (2 Gy; middle ) or cisplatin (0.5 Amol/L; bottom ). Nuclei were stained with
DAPI (blue ). Images were photographed at the same exposure time under a �20 objective with a SPOT camera. Note that high % MAD2B shRNA expressing cells
showed combination of punctate or homogenous g-H2AX staining pattern after exposure to g-rays and cisplatin, respectively. B, quantitation of cells containing
>10 g-H2AX foci 24 hours after g-irradiation treatment. Note that higher percentages of shMAD2B-expressing CNE1 (top ) and HONE1 (bottom ) cells showed
accumulated g-H2AX foci compared with control cells. Columns, mean of three independent experiments in which 600 cells were counted in each experiment; bars, SD.
**, P < 0.001. C, Western blot analysis of g-H2AX expression after treatment with cisplatin or g-irradiation in CNE1 and HONE1 cells. Note that the basal level of
g-H2AX was higher in shMAD2B-expressing cells and was increased further in response to cisplatin and g-irradiation. D, Western blot analysis of g-H2AX expression
after treatment with cisplatin or g-irradiation in the presence of caspase-3 inhibitor. Caspase-3 inhibitor (50 Amol/L Z-DEVD-FMK) was added 1 hour before treatment.
Note that the g-H2AX levels were significantly higher in shMAD2B-expressing cells compared with control cells after treatment for 6 hours.
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carcinoma cells conferred hypersensitivity to a wide range of
DNA-damaging agents (Fig. 2). This indicates that MAD2B is
required for DNA damage tolerance in human cancer cells in a
manner similar to its yeast and chicken counterparts. Although we
did not have any direct evidence to show that MAD2B directly
participates in TLS, previously, it has been shown that MAD2B can
undergo homodimerization and form a stable complex with the
TLS polymerase subunits Rev1 and Rev3 (15, 47, 48). In addition,
MAD2B contains a HORMA domain, which has been suggested to
be responsible for protein-protein interaction, oligomerization, and
binding to chromatin (49). Furthermore, in the present study, the
fact that decreased SCE rate was observed in the MAD2B-depleted
cells in response to cisplatin and g-irradiation (Fig. 6) suggests a
role of MAD2B in TLS in human cancer cells. However, the precise
role of MAD2B in regulation of TLS as well as how loss of
MAD2B affects cellular response to DNA damage merits further
investigation.

MAD2B and DNA repair. Repair of DNA DSB, which can be
caused by ionizing radiation or DNA cross-linking agents, requires
two distinct pathways (i.e., nonhomologous end joining and
homologous recombination; ref. 40). We presented several lines of
evidence in support of the notion that MAD2B may be critically
involved in DNA DSB repair through homologous recombination.
First, MAD2B inactivation in nasopharyngeal carcinoma cells
caused accumulation of g-H2AX foci after exposure to g-rays or
cisplatin (Fig. 4). Second, depletion of MAD2B reduced cisplatin-
induced SCE (Fig. 6). Finally, loss of MAD2B increased the
prevalence of chromosomal breaks (Fig. 5) and increased cellular
sensitivity to DNA-damaging agents g-rays and cisplatin (Fig. 2).
Previously, suppression of the expression of the other two Rev
genes (Rev1 and Rev3) in human cells has also been reported to

reduce cisplatin-induced homologous recombination (13, 50),
implicating that these error-prone TLS polymerases are also
required for PRR mediated by homologous recombination.
Consistent with previous findings on Rev1 and Rev3 (7, 8), a
reduced rate of DNA damage–induced SCE in MAD2B-depleted
cells likely represents a failure in homologous recombination and
PRR, which might cause more dramatic changes, such as
chromosomal breaks, leading to genome instability.
The molecular mechanisms by which TLS intersects with

homologous recombination remain to be understood. Notably,
efficient cross-linking and DSB repair require the combined actions
of TLS and homologous recombination in chicken DT40 cells
(7, 8, 44, 51). However, in response to a base-damaging agent
(4-nitroquinoline-1-oxide), increased SCE is seen when TLS is
defective (8, 44). This evidence suggests that mammalian cells may
preferentially use TLS rather than homologous recombination to
response to DNA damage, which has recently been suggested
to contribute to loss of heterozygosity (LOH) and genomic insta-
bility (52).

MAD2B and mitotic checkpoint control. Previous studies
from Xenopus and yeast systems suggest that MAD2B plays a role
in the regulation of cell cycle progression through the inhibition of
CDH1-APC (19–21). In this study, we used RNAi to deplete MAD2B
protein in human nasopharyngeal carcinoma cells, whose compe-
tency of mitotic checkpoint has been shown to correlate with the
level of MAD2 (27). To our surprise, complete knockdown of
MAD2B expression in five nasopharyngeal carcinoma cell lines did
not affect the rate of cell proliferation, mitotic exit, or competency
of mitotic checkpoint (Fig. 1; Supplementary Fig. S1). In stark
contrast, reduced expression or disruption of MAD2 results in the
loss of mitotic checkpoint (27, 53, 54), suggesting that MAD2B may

Figure 5. DNA damage–induced chromosomal
aberrations in HONE1 cells expressing high or low level
of MAD2B. A, representative photos of HONE1 cells
expressing control or MAD2B shRNA 12 hours after
exposure to g-irradiation (1 Gy). Arrows, individual
chromosome break. Note that chromosome breaks
were significantly more prevalent in shMAD2B
expressing cells. B, quantitative analysis of
chromosomal aberrations of HONE1 cells expressing
control or MAD2B shRNA after exposure to cisplatin
(1.67 Amol/L; left ) or g-irradiation (1 Gy; right ).
Columns, mean of three independent experiments in
which 100 cells were counted blind; bars, SE.
*, P < 0.01; **, P < 0.001.
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play a differential role to MAD2 in mitotic checkpoint control in
human cancer cells. Although direct interaction between MAD2
and MAD2B has been reported (15, 17), it is also possible that
MAD2 and MAD2B might act independently in regulation of
mitotic checkpoint control in certain cell types, such as
nasopharyngeal carcinoma cells. It has been shown previously in
human papillary renal cell carcinoma cells that expression of PRCC
protein enhanced the mitotic checkpoint, probably via restoration
of nuclear localization of MAD2B protein (21). Whether the
seemingly contradictory observations reflect a cell type–specific
function of MAD2B requires further experimentation on additional
cell types. Moreover, ectopic expression of green fluorescent
protein–tagged MAD2B in the nasopharyngeal carcinoma cells
used in this study showed that the majority of MAD2B protein was
located in the nucleus (data not shown), and this pattern was
different from that in papillary RCC cells where MAD2B was mainly
localized in the cytoplasm. It would be of interest to study the
differential subcellular localization and activity of MAD2B in
various cell lines.
Recently, an alternatively spliced isoform of MAD2 (i.e., MAD2h)

has been described in gastric cancer cells (55). Overexpression of
MAD2h was found to confer cellular resistance to Adriamycin,
which was associated with reduced drug uptake and decreased
MAD2 expression. Despite the similar names between MAD2B and
MAD2h, they are significantly different in sequence and function

(55). Unlike MAD2h, MAD2B modulates neither the expression
levels of MAD2 nor the MAD2-induced mitotic checkpoint control
in human cancer cells. Because the function of MAD2B or MAD2h
is far from clear, further studies are required to elucidate their roles
in response to chemotherapeutic drugs.

MAD2B and sensitivity to DNA-damaging anticancer drugs.
The MAD2B gene is located at the short arm of chromosome 1p36
(14). Interestingly, LOH in this region has been reported in many
types of cancers, including nasopharyngeal carcinoma (20-40%;
refs. 56, 57), testicular cancer (40%; refs. 58, 59), breast cancer (60%;
ref. 60), and neuroblastoma (25%; ref. 61). In addition, decreased
MAD2B mRNA expression has recently been documented in
neuroblastoma compared with normal tissues (62), suggesting that
down-regulation of MAD2B may be a frequent event in certain
cancers. In the present study, we showed that underexpression or
silencing of MAD2B drastically increased cellular sensitivity to
DNA-damaging agents in nasopharyngeal carcinoma cells (Fig. 2).
Based on our analysis, impaired TLS (Fig. 3) or defective PRR
mediated through homologous recombination (Fig. 6), which may
lead to accumulation of DNA DSBs and activation of apoptosis,
could be one explanation for the observed hypersensitivity.
Although our results are generally in support of a role for MAD2B
in DNA damage response, we can not exclude other possibilities,
including the effects on non-DNA targets and/or drug uptake/
accumulation. In this connection, additional investigations are

Figure 6. Inactivation of MAD2B attenuates DNA damage–induced SCE. A, representative images of SCE metaphases of HONE1 cells expressing control
shRNA (1 and 3) or shMAD2B (2 and 4) before and after exposure to cisplatin (1.67 Amol/L) for 12 hours. Arrows, individual SCE events. B, distribution of SCE
frequency per cell in HONE1 cells expressing control shRNA (top ) or shMAD2B (bottom) before (open columns ) or after (solid columns ) treatment with cisplatin
(1.67 Amol/L) for 12 hours. Note that the induction of SCE in cells expressing shMAD2B was significantly attenuated. C, dose-dependent SCE frequency in HONE1 cells
expressing control shRNA or MAD2B shRNA after treatment with a range of cisplatin doses (0.167-1.67 Amol/L) for 12 hours. One hundred metaphases were scored
blind in each experiment, and data were generated from three independent experiments and the mean numbers were calculated. Columns, mean; bars, SE.
*, P < 0.05; **, P < 0.001.
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required to elucidate which mechanistic aspects of drug action are
truly responsible for the observed sensitization of MAD2B-depleted
cells to the subset of chemotherapeutic agents tested in our study.
Our results are also supported by a previous study that the LOH at
chromosome 1p36 in breast cancer seems to be an indicator for
good prognosis (60), suggesting that down-regulation of MAD2B
expression might be a biomarker for cellular response to certain
chemotherapeutic drugs. Currently, we are examining if decreased
MAD2B expression in nasopharyngeal carcinoma patients is
correlated with clinical response to radiotherapy and whether it
could be used as an indicator to identify potentially responsive
patients. On the other hand, our results also indicate that
suppression of MAD2B expression in cancer cells might be an

alternative strategy to induce chemosensitization. Nevertheless,
further analysis based on our findings might lead to the
development of a novel strategy to improve treatment efficiencies
of certain anticancer drugs.
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