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Triple negative breast cancer cell lines have been reported to be resistant to the cyotoxic effects of temozolomide
(TMZ). We have shown previously that a novel protein, human homolog of Xenopus gene which Prevents Mitotic
Catastrophe (hPMC2) has a role in the repair of estrogen-induced abasic sites. Our present study provides evidence that
downregulation of hPMC2 in MDA-MB-231 and MDA-MB-468 breast cancer cells treated with temozolomide (TMZ)
decreases cell survival. This increased sensitivity to TMZ is associated with an increase in number of apurinic/
apyrimidinic (AP) sites in the DNA. We also show that treatment with another alkylating agent, BCNU, results in an
increase in AP sites and decrease in cell survival. Quantification of western blot analyses and immunofluorescence
experiments reveal that treatment of hPMC2 downregulated cells with TMZ results in an increase in g-H2AX levels,
suggesting an increase in double strand DNA breaks. The enhancement of DNA double strand breaks in TMZ treated
cells upon downregulation of hPCM2 is also revealed by the comet assay. Overall, we provide evidence that
downregulation of hPMC2 in breast cancer cells increases cytotoxicity of alkylating agents, representing a novel
mechanism of treatment for breast cancer. Our data thus has important clinical implications in the management of
breast cancer and brings forth potentially new therapeutic strategies.

Introduction

Temozolomide (TMZ) is an oral, alkylating agent that effi-
ciently crosses the blood-brain barrier and has demonstrated effi-
cacy in the treatment of various tumors, including metastatic
melanoma and glioblastoma multiforme.1,2 It has also been
tested in patients with metastatic breast cancer and prostate can-
cer but inherent drug resistance has resulted in no clinical bene-
fit.3,4 As a result, alkylating agents like TMZ are currently not as
widely used in the management of breast cancer as they are in gli-
omas and melanomas; however, the possibility of overcoming
resistance would make these agents useful additions to the che-
motherapeutic management of breast cancer.

The antineoplastic efficacy of TMZ is dependent on its ability
to methylate DNA, primarily at O6–guanine, N7-guanine and
N3-adenine.5 The O6-methylguanine adduct is repaired by the
DNA repair enzyme, O6-methylguanine methyltransferase
(MGMT). As a result, MGMT is a well-known mechanism of
resistance to alkylating agents. Attempts have been made to inac-
tivate MGMT with the use of inherently nontoxic pseudosub-
strates for the protein prior to administration of TMZ. In fact,

work by Clemons et al. has shown that O6-(4-bromothenyl) gua-
nine (PaTrin-2) is a potent inactivator of MGMT in the human
breast cell line, MCF7, and in xenografts in vivo.6

However, repair by MGMT is not the sole mechanism
responsible for resistance to alkylating agents. N7-methylguanine
and N3-methyladenine comprising ~80% of TMZ-induced
DNA lesions are recognized by DNA glycosylases and are sub-
strates of the base excision repair (BER) pathway.5,7,8 BER is the
predominant cellular mechanism that has evolved to repair small
DNA base lesions. In BER, damaged bases are removed by a
lesion-specific DNA glycosylase, generating abasic sites [apur-
inic/apyrimidinic (AP) sites].9 The abasic sites are recognized by
the apurinic/apyrimidinic endonuclease, APE1, which incises the
damaged strand, leaving 3’-OH and 5’-deoxyribose phosphate
groups. DNA polymerase b (pol b) fills in the single nucleotide
gap and the DNA ligase seals the final nick in the pathway.7,9

The cellular BER is rapid and efficient and it has been suggested
that resistance to the therapeutic effects of TMZ is in part due to
the robust repair by BER.10,11

The therapeutic efficacy of alkylating agents can be improved
by blockage of BER. This includes modulating DNA glycosylase
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expression,12 blocking abasic site repair11,13 or by inhibition of
Poly (ADP-ribose) polymerase 1 (PARP-1) by PARP inhibi-
tors.14,15 PARP-1 is one of a family of enzymes that synthesize
poly(ADP-ribose) and is known to function in BER by recruiting
essential mediators to single-strand break intermediates.16 A vari-
ety of molecules have been developed to inhibit the action of
PARP-1, thereby inhibiting efficient BER.17 These inhibitors are
currently being tested alone or in combination with chemothera-
peutic agents in the treatment of metastatic breast cancer and
melanoma.18,19

Our present study focuses on the role of AP sites; the most
common damage induced by alkylating therapeutic agents in
TMZ cytoxicity. Previous work has shown that treatment with
TMZ resulted in an increase in the number of AP sites in the
DNA of colon and breast cancer cells.11,12 In addition, the cyto-
toxicity of TMZ was further enhanced by addition of methoxy-
amine (MX), a BER inhibitor that covalently binds AP sites to
form methoxyamine-bound AP (MX-AP) sites.11,13 These MX-
AP sites are resistant to recognition and repair by AP endonu-
cleases, and persistence of these lesions generates single and dou-
ble strand DNA breaks in the DNA eventually leading to cell
death.

We have shown previously that a novel protein, human
homolog of Xenopus gene which Prevents Mitotic Catastrophe
(hPMC2), also known as RNA exonuclease 4 homolog
(REXO4) has a role in the repair of estrogen-induced abasic
sites.20 hPMC2 along with estrogen receptor b (ERb) is required
for tamoxifen-induced upregulation of the antioxidative gene
Quinone Reductase (QR) at the Electrophile Response Element
(EpRE).21 However, we also observed that downregulation of
hPMC2 in MCF10A breast epithelial cells resulted in a signifi-
cant increase in the number of AP sites.20

In this study we determined if TMZ-induced cytotoxicity was
enhanced by downregulation of hPMC2 in triple negative breast
cancer cells. MDA-MB-231 and MDA-MB-468 cells have been
reported to be resistant to the cyotoxic effects of TMZ.22,23

Treatment with TMZ in hPMC2 downregulated cells resulted in
an increase in the number of AP sites as well as a decrease in cell
survival. We also observed a concomitant increase in DNA dou-
ble strand breaks in hPMC2 downregulated cells treated with
TMZ. Overall, downregulation of hPMC2 is an effective strategy
to increase the sensitivity of TMZ-treated breast cancer cell lines.
Our data thus has important clinical implications in the manage-
ment of breast cancer and brings forth potentially new therapeu-
tic strategies.

Results

Enhanced temozolomide-induced toxicity in hPMC2
downregulated cells

It has been shown previously that treatment with TMZ
resulted in an increase in the number of AP sites in the DNA in
colon cancer cell lines.11 An increase in the number of AP sites is
a marker for DNA damage.24 The AP sites resulting from

damage to the deoxyribose moiety of DNA will lead to aldehydic
forms of DNA lesions which, if not repaired, are promutagenic.

We have shown previously that a novel protein, human
homolog of Xenopus gene which Prevents Mitotic Catastrophe
(hPMC2), also known as RNA exonuclease 4 homolog
(REXO4) has a role in the repair of estrogen-induced AP sites.20

We had observed that downregulation of hPMC2 in non-tumor-
igenic MCF10A breast epithelial cells resulted in a significant
increase in the number of AP sites. As a result, we determined
the effect of TMZ-induced cytotoxicity in hPMC2 downregu-
lated breast cancer cells.

MDA-MB-231 breast cancer cells were transfected with syn-
thetic hPMC2 miRNAs that targets the hPMC2 3’-UTR and
analyzed via Western blot for hPMC2 levels. Our results shown
that transfection with miRNA resulted in downregulation of
hPMC2 levels when compared to control miRNA transfected
cells (Figs. 1A and B). The downregulation of hPMC2 appears
specific because we did not observe downregulation of a related
gene, Interferon-stimulated gene product of 20 kDa (ISG20), a
protein that belongs to the same exonuclease family as hPMC239

Cells were then treated with TMZ for 24 hours and a biotiny-
lated aldehyde-reactive probe (ARP) was used to detect the AP
sites. Our results revealed that treatment with TMZ led to an
increase in the number of AP sites. In addition, TMZ treatment
of hPMC2 downregulated cells led to a 4-fold increase in the
number of AP sites relative to the control cells (Fig. 1C).

Several studies have shown that treatment with increasing
amounts of TMZ is cytotoxic, resulting in decrease in survival of
colon, breast and ovarian cancer cells; however most of these
studies used millimolar (mM) amounts of TMZ to observe cyto-
toxic effects.6,10,11,22,25 Studies using colon cancer cells have
revealed that treatment with TMZ is cytotoxic, and the effect is
potentiated by methoxyamine (MX) or PARP inhibitors.11,26

Work by Trivedi et al. has shown that MDA-MB-231 breast can-
cer cells are relatively insensitive to TMZ and sensitivity is
increased by overexpression of N-methylpurine DNA glycosylase
(MPG) or by loss of DNA polymerase b (pol b).22 In addition,
Clemons et al. performed MTT assays with MCF7 breast cancer
cells and showed that TMZ is cytotoxic, resulting in decrease in
cell survival.6 In addition, the authors used micromolar (mM)
concentrations of TMZ to observe cytotoxicity and the effect was
potentiated with PaTrin-2, a guanine inhibitor that inactivates
MGMT. Overall, these studies show that cytotoxic effects of
TMZ in cancer cells is potentiated with the addition of agents
that block BER.

We first examined the survival of MDA-MB-231 cells in
response to increasing concentrations of TMZ. We observed at
IC50 of about 1 mM. Our dose response is similar to the effect
observed by Clemons et al. with MCF7 cells.6 In order to deter-
mine the effect of hPMC2 downregulation on TMZ-induced
cytotoxicity, we performed the MTT assay in MDA-MB-231
cell lines with micromolar (mM) concentration of TMZ. Our
results revealed that treatment with 250 mM TMZ resulted in a
20% decrease in survival of breast cancer cells relative to control
(Fig. 1D). We observed a similar decrease in survival in hPMC2
downregulated cells. However, treatment of hPMC2
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downregulated cells with
TMZ revealed a dramatic
decrease in survival of the
cells by nearly 80% relative
to control (Fig. 1E). Over-
all, our results indicated
that TMZ induced cyto-
toxicity is effectively
enhanced in hPMC2
downregulated cells.

In order to validate our
findings in the MDA-MB-
231 cell line, we used
MDA-MB-468, another
breast cancer cell line. We
used miRNA to downregu-
late hPMC2 levels as con-
firmed by protein gel blot
analyses (Fig. 2A). Our
results with the AP site
assay revealed that, as in
MDA-MB-231 cells, the
number of AP sites
increased 3-fold in hPMC2
downregulated cells treated
with TMZ relative to con-
trol cells (Fig. 2B). In
addition, MTT assays also
revealed that treatment of
hPMC2 downregulated
cells with TMZ resulted in
a decrease in survival of
cells by nearly 80% relative
to control cells indicating
that TMZ-induced cyto-
toxicity was enhanced in
hPMC2 downregulated
cells (Fig. 2C).

Enhanced BCNU-
induced toxicity in
hPMC2 downregulated
cells

1,3-bis-(2-chloroethyl)-
1-nitrosourea (BCNU) is a
FDA approved chemother-
apeutic agent. Like TMZ,
BCNU has been used in
the treatment of gliomas
and in patients with brain
metastasis from breast
tumors.27 Although treat-
ment with BCNU resulted
in decreased survival of
MCF7 cells, clinical trials
for treatment of breast

Figure 1. Enhanced temozolomide-induced toxicity in hPMC2 downregulated MDA-MB-231 cells. MDA-MB-231 cells
were transfected with control or hPMC2 miRNAs (clones 2236 and/or 2315) and analyzed via (A) RT-PCR for hPMC2 and
ISG20 levels. Cellswere transfectedwith amix of bothmiRNA clones. Transcript levels are expressed relative toGAPDH control
and are based on 3 independent experiments. (B) Western blot for hPMC2 levels. Blots were probed with actin as a loading
control. Image shown is a representative protein gel blot of 3 independent experiments. Quantification of hPMC2 expression
in MDA-MB-231 cells. hPMC2 expression in control cells was given an arbitrary value of 1 and hPMC2 expression in downre-
gulated cells was plotted relative to control. Error bars indicate SEM of 3 independent experiments. (C) Control and hPMC2
downregulated MDA-MB-231 cells were either untreated or treated with 250 mM TMZ for 24 hours. Genomic DNA was iso-
lated from cells and a biotinylated Aldehyde-Reactive Probe (ARP) was used to detect the abasic sites. Error bars indicate
SEM of 2 independent experiments with triplicates for each treatment. a, significance (P< 0.05) vs. untreated cells; b, signifi-
cance (P< 0.05) vs. control transfected cells with the same treatment. (D) MDA-MB-231 cells were either untreated or treated
with increasing concentrations of TMZ for 48 hours andmaintained for aweek.MTT assaywas performed and the bars repre-
sent the fold change in% survival relative to untreated cells. Error bars indicate SEMof 2 independent experimentswith tripli-
cates for each treatment. (E) Control and hPMC2 downregulated MDA-MB-231 cells were either untreated or treated with
250 mM TMZ for 48 hours and maintained for a week. MTT assay was performed and the bars represent the fold change in
% survival. Error bars indicate SEM of 2 independent experiments with triplicates for each treatment. a, significance (P <

0.05) vs. untreated cells; b, significance (P< 0.05) vs. control transfected cells with the same treatment.
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cancers indicate low patient response to BCNU.28 BCNU, like
TMZ, produces a wide spectrum of modified bases that can be
converted to AP sites by reaction with DNA glycosylases. The

predominant DNA
adducts involve alkylation
at N7 of guanine and these
lesions are substrates for
BER.29,30 As a result,
BCNU resistance is associ-
ated with enhanced capac-
ity for repairing AP sites.29

Our results revealed
that treatment of MDA-
MB-231 cells with BCNU
resulted in a significant
increase in the number of
abasic sites (Fig. 3A).
Treatment of hPMC2
downregulated cells with
BCNU led to a 2-fold
increase in number of AP
sites relative to control.
Treatment with 50 mM
BCNU resulted in a 50%
decrease in survival of
MDA-MB-231 cells
(Fig. 3B). With hPMC2
downregulated cells, we
observe a similar decrease
in survival. However,
treatment of hPMC2
downregulated cells with
BCNU revealed a decrease
in survival of the cells by
nearly 80% relative to
untreated control cells.
Overall, our results indi-
cate that BCNU induced
cytotoxicity is effectively
enhanced in hPMC2
downregulated cells.

Treatment with MX
results in a decrease in
detectable AP sites

Methoxyamine (MX) is
a BER inhibitor that cova-
lently binds to AP sites to
form methoxyamine-
bound AP (MX-AP)
sites.31,32 MX-AP sites are
structurally modified AP
sites resistant to cleavage
by AP endonucleases. The
persistence of MX-AP sites
leads to cell death and as a

result, MX has been used to improve the therapeutic efficacy of
alkylating agents.11,13 We used MX in order to confirm that
TMZ-induced cytotoxicity was due to an increase in number of

Figure 2. Enhanced temozolomide-induced toxicity in hPMC2 downregulated MDA-MB-468 cells. Control and
hPMC2 downregulated MDA-MB-468 cells were analyzed via Western blot for hPMC2 levels. (A) Proteins were
extracted from cells and processed for western blot analyses. Blots were probed with actin as a loading control.
hPMC2 expression in control cells was given an arbitrary value of 1 and hPMC2 expression in downregulated cells
was plotted relative to control. Error bars indicate SEM of 3 independent experiments. (B) Control and hPMC2 downre-
gulated MDA-MB-468 cells were either untreated or treated with 125 mM TMZ for 24 hours. Genomic DNA was iso-
lated from cells and a biotinylated ARP was used to detect the abasic sites. Error bars indicate SEM of 2 independent
experiments, with triplicate values for each treatment. a, significance (P < 0.05) vs. untreated cells; b, significance (P <
0.05) vs. control transfected cells with the same treatment. (C) Control and hPMC2 downregulated MDA-MB-468 cells
were either untreated or treated with 125 mM TMZ for 48 hours and maintained for a week. MTT assay was performed
and the bars represent the fold change in % survival. Error bars indicate SEM of 2 independent experiments with tripli-
cates for each treatment. a, significance (P < 0.05) vs. untreated cells; b, significance (P < 0.05) vs. control transfected
cells with the same treatment.
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AP sites. ARP and MX have a similar reactivity with the aldehyde
group in AP sites, and as a result, they competitively bind to the
AP sites in the DNA.33 Using the ARP assay, we measured the
detectable AP sites produced as a result of treatment with TMZ
and/or transfection with hPMC2 miRNA. Because ARP detects
only free AP sites and not MX-AP sites, treatment with MX
would result in a decrease in detectable AP sites. Our results with
MDA-MB-231 cells revealed that co-treatment with MX reduced
detectable AP sites in each of the experimental condition (Fig. 4).
This is not due to the decrease of AP sites but to the occupancy of
AP sites by MX, rendering them unavailable for ARP. This fur-
ther supports that the observed TMZ-induced cytotoxicity in
hPMC2 downregulated cells can be attributed to an increase in
AP sites.

Downregulation of hPMC2 is associated with increases
in DNA double-strand breaks

Enzymes such as the human AP endonuclease (APE1), the
major AP endonuclease are known to catalyze the removal of aba-
sic sites and avert potential mutagenic effects of oxidative dam-
age.34 In order to ensure that the levels of APE1 were not
affected by hPMC2 downregulation, we tested the level of
expression of APE1. Western blot analyses in MDA-MB-231
cells reveal that the level of expression of APE1 is not affected
either by downregulation of hPMC2 or treatment with TMZ
(Fig. 5A).

H2AX, a histone protein is rapidly phosphorylated in Ser139
when DNA breaks are introduced in mammalian cells.35 As a
result, detection of g-H2AX is useful in monitoring the induc-
tion of DNA damage response pathways. It has been previously
shown that accumulation of TMZ-induced BER intermediates
triggers the g-H2AX-mediated DNA damage response.10,11 As a
result, we tested the levels of g-H2AX by western blotting in con-
trol or hPMC2 downregulated cells treated with TMZ. Our
results revealed that as expected, treatment of control

Figure 3. Enhanced BCNU-induced toxicity in hPMC2 downregulated
MDA-MB-231 cells. (A) Control and hPMC2 downregulated MDA-MB-
231 cells were either untreated or treated with 50 mM BCNU for
24 hours. Genomic DNA was isolated from cells and a biotinylated ARP
was used to detect the abasic sites. Error bars indicate SEM of 2 indepen-
dent experiments with triplicates for each treatment. a, significance (P <

0.05) vs. untreated cells; b, significance (P < 0.05) vs. control transfected
cells with the same treatment. (B) Control and hPMC2 downregulated
MDA-MB-231 cells were either untreated or treated with 50 mM BCNU
for 48 hours and maintained for a week. MTT assay was performed and
the bars represent the fold change in % survival. Error bars indicate SEM
of 2 independent experiments with triplicates for each treatment. a, sig-
nificance (P < 0.05) vs. untreated cells; b, significance (P < 0.05) vs. con-
trol transfected cells with the same treatment.

Figure 4. Treatment with MX results in a decrease in detectable AP
sites. Control and hPMC2 downregulated MDA-MB-231 cells were either
untreated or treated with 250 mM TMZ for 24 h. A parallel set of control
and hPMC2 downregulated cells with and without TMZ was treated with
12.5 mM MX. Genomic DNA was isolated from cells and a biotinylated
ARP was used to detect the abasic sites. Black columns in the bar graph
represent number of AP sites in cells with or without TMZ treatment
while the white columns represent the number of AP sites due to MX
treatment with or without TMZ. The bracket represents the decrease in
the number of detectable AP sites due to MX treatment. Error bars indi-
cate SEM of 2 independent experiments with triplicates for each treat-
ment. a, significance (P < 0.05) vs. untreated cells; b, significance
(P < 0.05) vs. control transfected cells with the same treatment.
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Figure 5. TMZ-induced increase in DNA damage in hPMC2 downregulated MDA-MB-231 cells. MDA-MB-231 cells were transfected with hPMC2
miRNA and were either untreated or treated with 250 mM TMZ for 24 hours and analyzed via Western blot for APE1, g-H2AX, and actin levels. (A) Repre-
sentative protein gel blot of APE1 and actin levels of 2 independent experiments. (B) Representative western blot of g-H2AX and actin levels of 2 inde-
pendent experiments. (C) Quantification of g-H2AX expression in MDA-MB-231 cells. g-H2AX expression in control cells was given an arbitrary value of 1
and g-H2AX expression in downregulated cells was plotted relative to control. Error bars indicate SEM of 2 independent experiments. a, significance
(P < 0.05) vs. untreated cells; b, significance (P < 0.05) vs. control transfected cells with the same treatment. (D) Cells were analyzed using comet assay.
Results are expressed in terms of the Olive Moment, which is the summation of each tail intensity integral value, multiplied by its relative distance from
the center of the head and divided by the total comet intensity.
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MDA-MB-231 cells with TMZ resulted in an increase in
g-H2AX levels (Figs. 5B and C). We also observed that TMZ
treatment in hPMC2 downregulated cells resulted in a 3-fold
increase in g-H2AX levels compared to control untreated cells
(Figs. 5B and C). Because g-H2AX is well known as a marker of
DNA double-strand breaks, increased levels of g-H2AX repre-
sents the augmentation of DNA double strand breaks in hPMC2
downregulated cells treated with TMZ. The enhancement of
DNA double strand breaks in TMZ treated cells upon downre-
gulation of hPCM2 is also revealed by the comet assay (Fig. 5D).

Expression of hPMC2 in human breast tissue
We then determined if hPMC2 is a viable target for breast

cancer therapy by assessing hPMC2 protein expression in human
breast cancers. Tissue microarrays containing normal breast and
breast cancer tissue were stained for hPMC2 (Fig. 6). The mea-
sured outcomes were hPMC2 intensity and percent. We also
considered the product of the 2 (specifically, intensity x percent /
10). We find (as shown in Table 1) a marginally significant mean
difference in hPMC2 intensity between tumor and normal tissue
(p D 0.06). No significant mean differences were found for
hPMC2 percent or the product of percent and intensity. Regard-
less, our data showing expression of hPMC2 in human breast
tumors makes it a good target for the development of agents that
can enhance the TMZ-induced cytotoxicity.

Discussion

Our studies provide evidence that downregulation of hPMC2
increases TMZ- and BCNU-induced cytotoxicity in breast can-
cer cells. This increased sensitivity to TMZ and BCNU in
hPMC2 downregulated cells is associated with an increase in the
number of AP sites resulting in double strand DNA breaks in the
DNA. This is confirmed by protein gel blot and immunofluores-
cence experiments that reveal an increase in g-H2AX, a marker
of DNA double strand damage.

Alkylating agents like TMZ and BCNU are a major class of
chemotherapeutic drugs; however, intrinsic drug resistance to
these agents is the most common cause of treatment failure.2,13,36

Efforts to overcome drug resistance by targeting specific DNA
repair pathways have yielded promising results. Inactivation of
MGMT with O6-benzylguanine (BG) potentiated the sensitivity
to alkylating agents such as TMZ and BCNU.37,38 However, this
treatment is limited by a narrow therapeutic index due to severe
myelosuppression.37 As with other targeted therapies, agents that
block a single pathway are not completely effective as tumors
maintain a complex machinery to repair DNA lesions induced
by therapeutic agents. As a result, there is a constant need to
develop new drugs to improve therapeutic efficacy.

One of the most common damage induced by alkylating
agents is the formation of abasic sites. Previous work has shown
that treatment with either TMZ or BCNU resulted in an increase
in the number of AP sites in colon and breast cancer cells.11,12 In
addition, sensitivity was enhanced by the addition of MX, a BER
inhibitor that forms MX-AP sites. MX has been shown to

potentiate the cytotoxic effects of TMZ and BCNU in colon can-
cer cells and xenografts11,13 and sensitivity to TMZ in breast
cancer cells.12

In this present work, we have focused on hPMC2 and its role
in the repair of AP sites. We have shown that downregulation of
hPMC2 in 2 breast cancer cell lines, MDA-MB-231 and MDA-
MB-468, increases the cytotoxicity of TMZ and BCNU.
Increased sensitivity was associated with a significant increase in
the number of AP sites suggesting an accumulation of toxic BER
intermediates. The removal of AP sites is accomplished by APE1,
which cleaves DNA adjacent to the AP sites. In general, AP sites
are repaired rapidly and efficiently in mammalian cells by BER.39

However, a substantial increase in number of AP sites in hPMC2
downregulated cells treated with TMZ/BCNU could result in an
“imbalance” that could outrun the downstream steps that handle
toxic BER intermediates and repair DNA. It has been shown pre-
viously that TMZ-induced AP sites can lead to single-strand and
double strand breaks in the DNA that are cytotoxic.10,11 Quanti-
fication of our western blot analyses revealed that there was an
increase in g-H2AX levels when hPMC2 downregulated cells
were treated with TMZ. H2AX is phosphorylated in response to
double-strand breaks; as a result, the increase in g-H2AX is likely
due to an increase in unprocessed AP sites that in turn caused

Figure 6. hPMC2 expression in human breast tissue samples. Sections
obtained from normal breast and breast tumors were stained for endog-
enous hPMC2 protein.

Table 1. Means and paired t-test p-values for hPMC2 expression in 48
matched pairs

Mean

Measure Tumor Normal Difference(T-N) StdDev of Difference P-Value

Intensity 2.2 1.9 0.3 1.1 0.06
Percent 33.2 34.8 ¡1.5 24.9 0.71
Product 7.9 8.0 ¡0.5 8.4 0.97
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DNA strand breaks. Overall, the increased sensitivity observed in
hPMC2 downregulated cells treated with either TMZ or BCNU
was associated with a significant increase in AP sites and double
strand breaks suggesting an accumulation of toxic BER inter-
mediates. This high-level production of toxic intermediates could
eventually lead to cell death.

TMZ has demonstrated efficacy in the treatment of various
tumors, including gliomas and melanomas; however, it has been
ineffective in treatment of breast cancer in the clinic. Breast can-
cer is the most commonly diagnosed cancer in women, account-
ing for 23% of cases.40 However, despite several advances,
30–40% of women will be diagnosed with metastatic cancer and
eventually succumb to the disease. Recent retrospective studies
suggest that triple-negative breast cancer (TNBC), lacking estro-
gen receptor (ER), progesterone receptor (PR) and human epi-
dermal growth factor receptor 2 (HER2) are particularly sensitive
to DNA-damaging chemotherapy with alkylating agents.41 Our
studies reveal that downregulation of hPMC2 potentiates the
sensitivity of alkylating agents by increasing AP sites and DNA
double strand breaks. These findings implicate hPMC2 as a tar-
get in the development of therapeutic approaches for increasing
cellular sensitivity to alkylating agents.

Materials and Methods

Tissue culture
MDA-MB-231 and MDA-MB-468 breast cancer cells were

obtained from American Type Culture Collection and main-
tained as previously described.42 The cells were transfected with
control or hPMC2 miRNAs using FuGene HD transfection
reagent as described previously.20 Control miRNA encodes
miRNA for LacZ (b-galactosidase). After 48 hours, cells were
treated with TMZ for 24 hours. Cells were harvested and the
whole cell lysates were analyzed by protein gel blotting.

Drugs
Temozolomide and BCNU (Sigma, MO, USA) were pre-

pared fresh before use. Methoxyamine (Sigma, MO, USA) was
stored as 2.5 M stock at ¡20�C for a maximum of 1 month.

Western blot analysis
Total protein from cells was extracted using M-PER Mamma-

lian Protein Extraction reagent (Thermo Fisher Scientific, Rock-
ford, IL) and analyzed via western blotting as previously
described.20 hPMC2 was detected using an antibody generated
in the Montano laboratory. The g-H2AX antibody was obtained
from Millipore (MA, USA) and APE1 was obtained from Santa
Cruz Biotechnology (Santa Cruz, CA). The signal in each case
was detected with either Super Femto reagents (Thermo Fisher
Scientific, Rockford, IL) or ECL (GE Healthcare, Piscataway,
NJ) and signal intensities were normalized to their respective
actin loading controls. The chemiluminescence in each case was
quantified by using AlphaImager software (Proteinsimple, Santa
Clara, CA).

Reverse transcription (RT) PCR analyses

Cells were subjected to reverse transcription-PCR (RT-PCR)
analyses as previously described.43 The primers sequences used
were.

hPMC2

(forward)50-AGGGCAGAATTCTAGTGGGG-30

(reverse)50- TTCACCATGACGTACAGCCT-30

ISG20

(forward)50- GTACGACAAGTTCATCCGGC -30

(reverse)50- TCGTAGATTGTGTAGCCGCT -30

Detection of AP sites
Control or hPMC2 downregulated MDA-MB-231 or MDA-

MB-468 cells were treated with 250 mM TMZ or 50 mM
BCNU for 24 h. In case of MX treatment, 12.5 mM of MX was
also added to the cells for 24 h. DNA extraction was performed
with a DNA isolation kit produced by Dojindo Molecular Tech-
nologies (Rockville, MD, USA). Aldehyde-reactive probe label-
ing and quantification of abasic sites were performed with an AP
sites assay kit (Dojindo Molecular Technologies) as previously
described.20

MTT assay
Control or hPMC2 downregulated MDA-MB-231 or MDA-

MB-468 cells were plated in 96-well plates and treated with
TMZ or BCNU for 48 hours. The cells were then maintained
for a week and MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-diphe-
nyltetrazolium bromide) assay was performed as instructed by
the manufacturer (Sigma, MO, USA).

Comet assay
Control or hPMC2 downregulated MDA-MB-231 cells were

treated with either vehicle or TMZ for 24 hours. Cells were ana-
lyzed using CometAssay (Trevigen, Gaithersburg, MD, USA)
according to the manufacturer’s instructions. Comets were ana-
lyzed using CometScore software (TriTek, Sumerduck, VA,
USA).

Immunohistochemistry
Tissue array containing sections of human breast tumors and

matching normal breast tissues were obtained from US. Biomax
(Rockville, MD) and Cooperative Breast Cancer Tissue Resource
(CBCTR). We carried out immunohistochemical staining to
detect hPMC2 levels as previously described.44 The staining
score was the product of the intensity of HEXIM1 nuclear stain-
ing and percentage of hPMC2 positive cells. For statistical analy-
ses we use a one-sample (paired) t-test to test the null hypothesis
of a mean difference (tumor minus normal for each individual)
equal to zero.
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