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Epidemiological and animal studies indicate that selenium
supplementation suppresses risk of colorectal and other can-
cers. Themajority of colorectal cancers are characterized by a
defective DNA mismatch repair (MMR). Here, we have
employed the MMR-deficient HCT 116 colorectal cancer cells
and the MMR-proficient HCT 116 cells with hMLH1 comple-
mentation to investigate the role of hMLH1 in selenium-in-
duced DNA damage response, a tumorigenesis barrier. The
ATM (ataxia telangiectasia mutated) protein responds to clas-
togens and initiates DNA damage response. We show that
hMLH1 complementation sensitizes HCT 116 cells to methyl-
seleninic acid, methylselenocysteine, and sodium selenite via
reactive oxygen species and facilitates the selenium-induced
oxidative 8-oxoguanine damage, DNAbreaks, G2/M checkpoint
response, and ATM pathway activation. Pretreatment of the
hMLH1-complemented HCT 116 cells with the antioxidant
N-acetylcysteine or 2,2,6,6-tetramethylpiperidine-1-oxyl or the
ATM kinase inhibitor KU55933 suppresses hMLH1-dependent
DNA damage response to selenium exposure. Selenium treat-
ment stimulates the association between hMLH1 and hPMS2
proteins, a heterodimer critical for functional MMR, in a man-
ner dependent on ATM and reactive oxygen species. Taken
together, the results suggest a new role of selenium inmitigating
tumorigenesis by targeting theMMRpathway, whereby the lack
of hMLH1 renders theHCT 116 colorectal cancer cells resistant
to selenium-induced DNA damage response.

Selenium is an essential nutrient widely distributed in or-
ganic forms in certain foods and inorganic forms in soil. Sele-
nium exerts its anticarcinogenic effects mainly through seleno-
proteins at nutritional levels and through seleniummetabolites,

including reactive oxygen species (ROS),3 at supranutritional
levels (1, 2). Animal and epidemiological studies strongly impli-
cate selenium as an effective chemoprevention agent against
colon cancer (3–6); however, the Nutritional Prevention of
Cancer Trial and the recent Selenium and Vitamin E Cancer
Prevention Trial reported mixed results on the efficacy of sele-
nium in suppressing prostate cancer (7–9). Whatever the rea-
son, the molecular mechanism by which selenium mitigates
colorectal tumorigenesis is largely unknown.
The majority of colorectal cancers are characterized by

microsatellite instability due to a defective MMR system (10,
11). The MMR system senses DNA base mismatch after
DNA replication and provokes repair, checkpoint and apopto-
tic responses (12). Among the many human MMR proteins,
hMLH1 (human MutL homologue-1) and hPMS2 (human
post-meiotic segregation protein-2) form a complex that rec-
ognizes and stabilizes mismatched DNA at an early stage and
facilitates the DNA damage response (13). Somatic mutations
in MMR genes and epigenetic silencing of hMLH1 expression
are observed in a significant portion of sporadic colorectal can-
cers (8, 14), whereas germ linemutations in hMLH1 account for
60% of the autosomal dominant nonpolyposis colon cancer.
Loss of both hMLH1 and hMSH2 (humanMutS homologue-2)
is associated with complete inactivation of MMR, whereas
defects in otherMMRproteins result in only partialMMRdefi-
ciency (15).
The G2/M checkpoint prevents damaged cells from entering

mitosis by coordinating DNA repair and/or apoptosis path-
ways. In response to DNA damage, hMLH1 can regulate G2/M
transition throughCdc2 protein (16), andATMkinase is impli-
cated in G2/M checkpoint response (17–19). Moreover, a link-
age between hMLH1 and ATM after DNA damage has been
demonstrated (20, 21). We have shown recently that selenium
compounds at doses � LD50 can activate DNA damage re-
sponse through ATM and ROS in noncancerous but not in
cancerous cells (22). In the current study, we hypothesized that
lack of a G2/M checkpoint response renders the hMLH1-defi-
cient HCT 116 cells resistant to selenium-induced DNA dam-
age response. By employing isogenic cell lines with or without
hMLH1 expression, we showherein that hMLH1 is required for
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selenium-induced DNA damage and G2/M checkpoint re-
sponse in a manner dependent on ATM kinase and ROS in
HCT 116 colorectal cancer cells.

EXPERIMENTAL PROCEDURES

Cell Cultures and Chemicals—HCT 116 human colorectal
adenocarcinoma cells complementedwith an empty vector or a
hMLH1-expressing vector (HCT 116�hMLH1) (23, 24), HeLa
cervical cancer cells (ATCC, Manassas, VA), and Caco-2 epi-
thelial colorectal adenocarcinoma cells (ATCC) were cultured
inDulbecco’smodified Eagle’smedium (Mediatech, Inc., Hern-
don, VA) supplemented with 10% fetal bovine serum (Atlanta
Biologicals, Lawrenceville, GA), penicillin (50 international
units/ml), and streptomycin (50 �g/ml). The engineered HCT
116 cells were maintained under the selection of hygromycin B
(250�g/ml, Invitrogen).MMR in theHCT 116 cells is defective
due to a loss of chromosome 3 where hMLH1 resides; hMLH1
complementation restores MMR function and the hPMS2
protein level (25). CCD 841 CoN normal human colon cells
(ATCC) were maintained in minimum Eagle’s medium (Medi-
atech, Inc., Manassas, VA) supplemented with 15% fetal calf
serum (Atlanta Biologicals), essential amino acids (1 ng/ml),
nonessential amino acids (1 ng/ml), vitamins (1 ng/ml), penicil-
lin (50 international units/ml), and streptomycin (50 �g/ml)
at 37 °C in a 5% CO2 incubator. Sodium selenite (Na2SeO3),
methylseleninic acid (MSeA), Se-methylseleno-L-cysteine
(MSeC), nocodazole (Noc), N-acetylcysteine (NAC), and
Tempo (2,2,6,6-tetramethylpiperidine-1-oxyl) were obtained
from Sigma-Aldrich, and all were dissolved in water except for
Noc (dissolved in DMSO). 3-[4,5-Dimethylthiazol-2-yl]-2,5-
diphenyltetrazolium bromide was from Calbiochem (La Jolla,
CA) and was dissolved in ethanol. The ATM kinase inhibitor
KU55933 was obtained from Tocris (Ellisville, MO) and dis-
solved in DMSO.
Cell Survival Assays—Four hours after being seeded into six-

well plates (300 cells/well), the cells were treated with Na2SeO3
(0–20 �M), MSeA (0–10 �M), and MSeC (0–500 �M). Follow-
ing 1 week of incubation, the colonies were fixed in 60% meth-
anol, stained with 0.5% crystal violet, and then counted under
a light microscope. A colony is defined as one containing �50
cells. Alternatively, cell survival was assessed by a 3-[4,5-di-
methylthiazol-2-yl]-2,5-diphenyltetrazolium bromide assay as
described previously (23, 24).
Immunoprecipitation and Immunoblotting Analysis—Im-

munoprecipitation and immunoblotting analyses were per-
formed as described previously (26, 27). Briefly, protein G-
agarose-precleared lysates were immunoprecipitated with
rabbit anti-PMS2 polyclonal antibodies (1:500, C-20, Santa
Cruz Biotechnology, Santa Cruz, CA) for 16 h at 4 °C. After
washing three times in lysis buffer and after heat denaturation,
proteins in the anti-PMS2 immunoprecipitates were separated
by SDS-PAGE and transferred to a PVDF membrane, followed
by sequential incubation with rabbit anti-MLH1 polyclonal
antibodies (1:1000, C-20, Santa Cruz Biotechnology), HRP-
conjugated secondary antibodies, and the chemiluminescent
reagents (SuperSignal, Pierce).Membranes were stripped using
the RestoreWestern blot stripping buffer (Pierce) when neces-

sary. ImageJ 1.43i (National Institutes of Health) was used to
quantify the immunoblot signals on exposed films.
Flow Cytometric Assay—Cell cycle analysis was performed

as described previously (22) with modifications. Briefly,
HCT 116 and HCT 116�hMLH1 cells were seeded into
10-cm dishes and treated with selenium compounds for 0–48
h, with or without pretreatment with KU55933 (10 �M), NAC
(10mM), or Tempo (2mM) for 24 h. Because G2/M cells tend to
detach from the culture dishes, cell culture medium from sele-
nium-treated cells were collected in an attempt to recover the
loosely attached cells. Phases of the cell cycle were determined
by flow cytometry (FACSCalibur cytometer with CELLQuest
Pro, Becton Dickson, San Jose, CA) along with the ModFit LT
software (version 3.0, Verity Software House, Topsham, ME).
We used calibration standards (Molecular Probes, Carlsbad,
CA) and a DNA QC particle kit (Becton Dickinson) to verify
instrument performance.
Immunofluorescence—Immunofluorescence analysis was

performed as described previously (22). Briefly, HCT 116 and
HCT 116�hMLH1 cells were grown on coverslips and incu-
batedwith selenium compounds for 0–24 h. Alternatively, cells
were pretreated with Noc (300 ng/ml) to capture cells in the
G2/M phase. The cells were washed in PBS, fixed in 4%
paraformaldehyde (in PBS) for 15 min, permeabilized in 0.3%
Triton X-100 at room temperature for 10 min, followed by
overnight incubation of the following antibodies at 4 °C: ATM
(1:500, clone Y170, Epitomics, Burlingame, CA), phospho-
ATM on Ser-1981 (pATM Ser-1981, 1:500, clone 10H11.E12,
Rockland, Gilbertsville, PA), DNA-PKcs (DNA-dependent
protein kinase catalytic subunit; 1:500, clone 18–2, Abcam,
Cambridge, MA), phospho-DNA-PKcs on Thr-2647 (pDNA-
PKcs Thr-2674, 1:500, Abcam), 8-oxoguanine (8-oxoG, 1:500,
Abcam), H2AX (1:500, Abcam), and phospho-H2AX on Ser-
139 (�H2AX, 1:500, clone 3F2, Abcam). Immunostaining was
visualized by a fluorescence microscope (AxioObserver 100,
Carl Zeiss, Oberkochen, Germany), and images were processed
by using deconvolution with the software AxioVision Release
4.7.2.0.
Statistics—The data were analyzed using the GraphPad

Prism 5.0 software (GraphPad Software, Inc., La Jolla, CA). Stu-
dent’s t test was applied to determine statistical significance
between the treatments. Unless indicated otherwise, the level of
statistical significance was set at p � 0.05.

RESULTS

hMLH1 Complementation Sensitizes HCT 116 Cells to Se-
lenium Compounds and Potentiates the Selenium-induced
DNA Oxidation and Breaks—Selenium-induced cell cycle
arrest and apoptosis in colon cancer cells has been well stud-
ied (28–30); however, a direct role of hMLH1 in selenium-
mediated DNA damage response has not been studied under
an isogenic background. To determine whether hMLH1
plays a role in the response of the cancerous cells to selenium
compounds, we first assessed sensitivity of HCT 116 and
HCT 116�hMLH1 cells to Na2SeO3 (Fig. 1A), MSeA (Fig.
1B), and MSeC (Fig. 1C) by colony formation assays. We
chose the selenium compounds because the organic MSeA
and MSeC are known to be very efficacious in suppressing
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tumors in animal models (31), yet Na2SeO3 is as effective as
the organic selenium compounds in activating early barriers
of tumorigenesis in cell models (22). Here, we found that
HCT 116�hMLH1 cells were significantly (p � 0.05) more
sensitive than HCT 116 cells to the three selenium com-
pounds in a dose-dependent manner. This observation was
confirmed by 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetra-
zolium bromide assays (supplemental Fig. S1) and sub G0/G1
cell profiles containing fragmented DNA (HCT 116�hMLH1
cells, 7–10%; HCT 116 cells, trace amount) after selenium
exposure (supplemental Fig. S2). Consistent with the notion
that selenium compounds can induce ROS formation (22,
32), addition of the antioxidant NAC and Tempo dramati-
cally suppressed the selenium-induced cell death in HCT
116�hMLH1 (Fig. 1, D–F) and HCT 116 cells (supplemental
Fig. S3) as evidenced by colony formation assays. The
expression of hMLH1 in the HCT 116�hMLH1 cells was
comparable to that in the hMLH1-proficient Caco-2 colo-
rectal cancer cells but was substantially lower than the HeLa
cervical cancer cells and higher than the noncancerous
CCD841 colorectal cells (supplemental Fig. S4). This suggests
that the hMLH1 expression in the HCT 116�hMLH1 cells is
not hyperexpressed and is at a physiological level.
We next determined the nature of DNA damage in the sele-

nium-treated colorectal cancer cells. The mutagenic 8-oxoG
oxidative DNA lesions can lead to GC 3 TA mutations and
DNA strand breaks if left unrepaired (33). H2AX is a phosphor-
ylation substrate of ATM, resulting in the expression of
�H2AX, a marker of DNA breaks. Analyses of immunofluores-
cence results indicated that 8-oxoG (Fig. 2, A and B) and

�H2AX (Fig. 2, C andD) in the nuclei were induced after treat-
ment with Na2SeO3 (2 �M), and the extent was much greater
(p � 0.05) in HCT 116�hMLH1 than in HCT 116 cells. Pre-
treating HCT 116�hMLH1 cells with the antioxidant NAC or
Tempo significantly (p � 0.05) reduced the Na2SeO3-induced
8-oxoG and �H2AX formation (supplemental Fig. S5). Alto-
gether, hMLH1 sensitizes HCT 116 cells to selenium com-
pounds in amanner dependent onROS and promotes oxidative
8-oxoG damage and DNA breaks.
hMLH1 Complementation Facilitates G2/M arrest in Sele-

nium-treated HCT 116 Cells—Previous results indicate a
selenomethionine dose-dependent cell cycle arrest in HCT
116 cells (29, 30). Here, we determined a role of hMLH1 in
selenium-induced DNA damage checkpoint response in
colorectal cancer cells. Flow cytometric analyses indicated a
time-dependent G2/M arrest 0–12 h after Na2SeO3 expo-
sure (2�M) (Fig. 3C) inHCT116�hMLH1, but not inHCT116
cells. The G2/M arrest in HCT 116�hMLH1 cells subsided at
24 and 48 h. Consequently, G0/G1 (Fig. 3A) and S (Fig. 3B)
populations were less abundant in HCT 116�hMLH1 than
in HCT 116 cells at 6 and 12 h. Similar patterns of cell cycle
profiles exist 0–48 h after cellular exposure with MSeA (2
�M) or Na2SeO3 (5 �M) (supplemental Fig. S6). The above
studies implicate hMLH1 in G2/M cell cycle arrest in seleni-
um-treated HCT 116 cells.
Selenium-induced G2/M Arrest in HCT 116�hMLH1 Cells

Depends on ATM Kinase Activity and ROS—We have shown
previously that selenium-induced DNA damage response in-
volves ROS and ATM (22). ATM activation initiates a cascade
of DNA damage responses, including G2/M arrest, to various

FIGURE 1. Sensitivity of HCT 116 cells and hMLH1-complemented HCT 116 cells to the selenium compounds and antioxidants. A–C, HCT 116 cells and
HCT 116�hMLH1 cells were cultured in six-well plates and treated with Na2SeO3, MSeA, or MSeC. D–F, HCT116�hMLH1 cells were pretreated with antioxidants
NAC or Tempo, followed by treatment with the selenium compounds. Cell survival was assessed by colony formation assay. The number of colonies in the
condition without selenium treatment was set as 100%. Values are mean � S.E. (n � 3). *, p � 0.05 compared with HCT 116�hMLH1 cells (A–C) or with
antioxidant treatments (D–F).
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types of DNA damage (17–19). Therefore, we treated HCT
116�hMLH1 cells sequentially with the ATM kinase inhibitor
KU55933, the antioxidant NAC, or the superoxide dismutase
mimic Tempo and Na2SeO3 (2 �M). The results showed that
pretreatment of the cells with KU55933 (Fig. 4A), NAC, or
Tempo (Fig. 4B) attenuated the selenium-inducedG2/M arrest.
KU55933, NAC, or Tempo alone did not impact on cell cycle
profiles in HCT 116�hMLH1 cells.

Selenium-induced ATM Pathway Activation Requires hMLH1
and Occurs Mainly in G2/M Phase—The above results suggest
that hMLH1 may mediate selenium-induced ATM pathway
activation in the G2/M phase. To test this hypothesis, we deter-
mined the expression ofG2/Mphase pATMSer-1981, a general
marker of ATM pathway activation (34), and pDNA-PKcs Thr-
2647 (phospho-DNA-PKcs on Thr-2647), a phosphorylation
event downstream of ATM kinase activation (35), in HCT 116

FIGURE 2. Complementing HCT 116 cells with hMLH1 potentiates selenium-induced DNA oxidation and breaks. HCT 116 and HCT 116�hMLH1 cells
were cultured on coverslips and treated with Na2SeO3 (2 �M) for 6 and 12 h, followed by immunofluorescence analyses of 8-oxoG and �H2AX. Ratios of nuclei
(DAPI staining) showing 8-oxoG staining (A and B) and ratios of cells expressing �H2AX (C and D) to cells expressing total H2AX are presented with their
respective S.E. values (n � 3). *, p � 0.05. A and C, representative pictures showing immunofluorescent signals of DAPI (blue), total H2AX (green), and �H2AX or
8-oxoG (red).

FIGURE 3. Complementing HCT 116 cells with hMLH1 restores G2/M arrest after selenium exposure. HCT 116 and HCT 116�hMLH1 cells were treated with
Na2SeO3 (2 �M), harvested at the indicated time points, and analyzed for cell cycle profiles by flow cytometry (n � 3). Cells in G0/G1 (A), S (B), and G2/M (C) phases
were quantified and presented. Values are mean � S.E. (n � 3). *, p � 0.05.
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and HCT 116�hMLH1 cells treated with Na2SeO3 (2 �M) with
or without pretreatment of the microtubule blocker Noc (300
ng/ml) for 16 h. This condition traps about 90% cells in G2/M
phase (36, 37). Immunofluorescence analysis showed that
pATM Ser-1981 (Fig. 5, A and B) and pDNA-PKcs Thr-2647
(Fig. 5, C and D) levels increased marginally in HCT 116 cells
after selenium exposure. In stark contrast, both the phosphor-
ylation events are substantially induced in HCT 116�hMLH1
6 and 12 h after the Na2SeO3 exposure. Furthermore, the
Na2SeO3-induced expression of pATM Ser-1981 and pDNA-
PKcs Thr-2647 were significantly enhanced by Noc treatment
in HCT 116�hMLH1 but not in HCT 116 cells. Noc treatment
alone did not induce expression of pATM Ser-1981 or pDNA-
PKcs Thr-2647. Pretreatment of HCT 116�hMLH1 cells with
NAC, Tempo, or KU55933 significantly (p � 0.05) attenuated
Na2SeO3-induced pATM Ser-1981 formation (supplemental

Fig. S7). Collectively, results from Figs. 4 and 5 show that the
hMLH1-dependent, selenium-induced G2/M arrest requires
ATMandROS, and theATMpathway activation occursmainly
in G2/M phase.
The Association between hMLH1 and hPMS2 Is Stimulated

by Selenium Treatment and Depends on ATM Kinase Activity
and ROS—At the early stage of MMR, hMLH1 and hPMS2
form a heterodimer to stabilizemismatchedDNA and facilitate
DNA damage response (13). Therefore, we performed co-im-
munoprecipitation experiment to determine whether the asso-
ciation between hMLH1 and hPMS2was altered after selenium
treatment.We found that treatment ofHCT116�hMLH1 cells
with Na2SeO3 (Fig. 6A) and MSeA (supplemental Fig. S8)
increases the amount of hMLH1 in the anti-hPMS2 immuno-
precipitates at 24 h in a dose-dependent manner. Reciprocal
co-immunoprecipitation was not achievable in our hands

FIGURE 4. Effects of ATM kinase activity and ROS on the hMLH1-dependent G2/M arrest after selenium exposure. HCT 116�hMLH1 cells were pretreated
with 10 �M KU55933 (A) and 10 mM NAC or 2 mM Tempo (B) for 24 h, followed by Na2SeO3 (2 �M) exposure for 12 h. Cell cycle profiles were analyzed as described
in the legend to Fig. 3.

FIGURE 5. hMLH1 mediates Na2SeO3-induced ATM pathway activation in G2/M. Undisturbed or G2/M-arrested (300 ng/ml Noc, 16 h) cells were treated with
Na2SeO3 (2 �M) for 0 –12 h prior to immunofluorescence analyses. Ratios of cells expressing pATM Ser-1981 (A and B) or pDNA-PKcs Thr-2647 (C and D) to cells
expressing total ATM or total DNA-PKcs are presented with their respective S.E. values. *, p � 0.05.
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using available anti-hMLH1 antibodies. Incubation of the
immunoprecipitates with ethidium bromide did not affect
the protein associations (supplemental Fig. S9), suggesting
that the protein-protein interaction was not due to DNA
bridging. Next, we determined whether ROS and ATM
kinase were involved in the increased hMLH1-hPMS2 inter-
action. Pretreatment with NAC (Fig. 6B), Tempo (Fig. 6C), or
KU55933 (Fig. 6D) prevented the hMLH1-hPMS2 association
inHCT116�hMLH1cellswith orwithout selenium treatment.
Similar to a previous report (25), the selenium compounds,
antioxidants, and KU55933 treatment had no effect on protein
levels of hMLH1 or hPMS2 (Fig. 6, A–D and supplemental
Fig. S8). Taken together, selenium treatment stimulates
hMLH1-hPMS2 association in a manner dependent on ATM
kinase and ROS.

DISCUSSION

In this study, we have identified hMLH1 as a selenium
target for ATM-dependent G2/M arrest in colorectal cancer
cells and provided insight into the resistance of the cancer
cells to selenium treatment. Selenium may mitigate colorec-
tal tumorigenesis at various stages by different mechanisms.
Our recent study provides evidence that selenium com-
pounds at lowdoses can activate anATM- andROS-dependent
senescence response, an early barrier of tumorigenesis, in the
noncancerous CCD841 but not the cancerous HCT 116 colo-
rectal cells (22). The current study describes an essential role of
hMLH1 in the ATM-dependent DNA damage response in the
G2/Mphase ofHCT116 cells exposed to relatively high doses of
selenium. We show that hMLH1 complementation sensitizes
HCT 116 cells to selenium-induced oxidative and broken DNA

damage and stimulates the ATM-dependent G2/M checkpoint
response in HCT 116 cells. After selenium exposure, the ATM-
dependent DNA damage response promotes the hMLH1-
hPMS2 association that is critical to initiateMMR.Without the
hMLH1-depenedent ATM pathway activation, the cancerous
HCT 116 cells fail to effectively transmit the selenium-induced
oxidative DNA damage signal to checkpoint and cell death
pathways. Consequently, the colorectal cancer cell may prolif-
erate with unrepaired DNA damage and exacerbate the intrin-
sic genome instability.
How does hMLH1 complementation sensitizeHCT 116 cells

to selenium-induced cell killing effect? Although the primary
function of MMR is to correct errors arising during DNA rep-
lication, MMR proteins are known to strongly enhance cellular
and genetic toxicity of several chemotherapeutic agents (38,
39). Metabolism of selenium compounds at chemopreventive
or therapeutic doses are known to induce ROS formation and
the subsequent oxidative DNA base modifications and breaks
in cancerous cells, including HCT 116 cells (22, 32, 40–45).
MMR may mediate selenium-induced DNA breaks by two
mechanisms. Firstly, themodel of futileMMRcycle depicts that
the generation of single-stranded breaks and gaps after the first
S-phase can be converted into DNA DSBs by replication fork
collapse when the unrepaired DNA lesions enter the next cycle
of S-phase (38, 39). Secondly, recognition and processing of
DNA damage by MMR proteins may directly induce DNA
DSBs (46, 47). Because the selenium-induced �H2AX forma-
tion appears as fast as 8-oxoG formation, our study favors the
latter scenario in which hMLH1 plays a signaling but not repair
role in recognizing and processing the selenium-induced

FIGURE 6. Selenium treatment increases hMLH1-hPMS2 association in a manner dependent on ATM and ROS. A, HCT 116 and HCT 116�hMLH1 cells
were treated with Na2SeO3 (2 �M) for 24 h. B–D, HCT 116�hMLH1 cells were pretreated with NAC (10 mM), Tempo (2 mM), or KU55933 (10 �M) for 24 h, followed
by Na2SeO3 (2 �M) exposure for 24 h. The lysates were immunoprecipitated (IP) using anti-IgG or anti-PMS2 antibodies, followed by immunoblotting using the
indicated antibodies. The amount of hMLH1 associated with anti-hPMS2 immunoprecipitates was estimated based on the band intensity of the inputs. The
related ratios in cells without selenium treatment were set as 1 and were presented as S.E. values. *, p � 0.05; **, p � 0.01 compared with no Na2SeO3 treatment.
Inputs contained 5% of the amount of lysates used for immunoprecipitation.
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oxidative DNA damage in G2/M phase. The hMLH1-hPMS2
complex may be recruited to the region containing 8-oxoG,
and its intrinsic nuclease activity may process the oxidatively
modified DNA into breaks (48). Similarly, in the cellular
response to the carcinogenic chromium, the MMR signaling
complexes MSH2-MSH3 and MSH2-MSH6 contribute to a
rapid formation of chromium-induced DNA DSBs (47). Con-
sequently, the selenium-inducedHCT116�hMLH1cells accu-
mulate the unrepaired and highly toxic DNA breaks, arrest in
G2/M phase, and enter the cell death pathway.

The ATM kinase is crucial in the response to DNA breaks
and then transmits the signal to downstream substrates for S
and G2/M arrest and/or cell death. An hMLH1-dependent
ATM pathway activation has been demonstrated (20, 21), and
cells deficient in MMR have defective G2/M arrest after DNA
DSBs (16). As discussed above, the hMLH1-hPMS2 complex
may rapidly process oxidative DNA damage into DNA breaks,
which in turn activates the ATM kinase. Similar to chromium-
induced DNA DSBs (46), the selenium-induced lesions are
found primarily in G2/M phase. The nature of the DNA DSB
induction by chromium and selenium is not totally understood,
but this may involve cell cycle-specific assembly of DNA DSB-
sensing protein complex such as the endonuclease-containing
Mre11/Rad50/Nbs1 complex that can be recruited to damaged
site in the S and G2 phase (49). In particular, theMre11/Rad50/
Nbs1 complex interacts with hMLH1 in G2 phase after the for-
mation ofO(6)-methylguanine induced by the chemotherapeu-
tic agent temozolomide (50). Whatever the attribution, the
hMLH1-dependent DNADSB induction by seleniummay acti-
vate ATM kinase in G2 phase, which in turn signals apoptosis
pathway through key players such as p53, a prominent phos-
phorylation substrate of ATM (51). Interestingly, immunohis-
tochemistry analysis of colorectal cancer samples reveals that
expression of ATM is associated with cancer survival (52).
What does the increased association between hMLH1 and

hPMS2 in HCT116�hMLH1 cells after selenium exposure
implicate? To the best of our knowledge, this is the first report
showing an increased association between hMLH1 and hPMS2
after DNA damage. hPMS2 is not expressed in the hMLH1-
deficientHCT116 cells, suggesting the requirement of hMLH1-
hPMS2 complex for functionalMMR in colorectal cancer cells.
Interestingly, ATM has been shown to interact with and possi-
bly phosphorylates hMLH1 (53). Consistent with this notion,
we found the increased hMLH1-hPMS2 association by sele-
nium treatment is dependent on ATM kinase activity. ATM
activation after DNA damage may stimulate hMLH1-hPMS2
association as observed in the case of an increased association
between hPMS2 and p73 protein in the apoptotic response to
cisplatin-induced DNA damage (25). Moreover, hMLH1 and
hPMS2 both exhibit nuclear import and export signal domains,
but hMLH1-hPMS2 dimerization masks the export peptides
located at the C terminus (54). It is conceivable that ATM
kinase activity facilitates the association between hMLH1 and
hPMS2 and also confines the complex in the nucleus for effi-
ciently sensing and processing the selenium-induced oxidative
DNA damage.
In animal tumor models, MSeA and MSeC are more effica-

cious than Na2SeO3 in suppressing chemical-induced tumori-

genesis (31). Nonetheless, LD50 of HCT 116�hMLH1 cells by
MSeC is 100-fold higher than that by MSeA or Na2SeO3. Cul-
tured cells lack a lyase and other enzymes necessary for conver-
sion of MSeC to more effective downstream seleniummetabo-
lites (55, 56). Therefore, future studies employing selenium
compounds in cultured cells for chemoprevention perspectives
should avoid using MSeC.
Altogether, we propose that the hMLH1-hPMS2 complex

senses and processes selenium-induced oxidative DNA dam-
age and transmits the signal to ATM kinase, leading to the
activation of G2/M checkpoint and death pathways. None-
theless, other kinases such as DNA-PKcs also can be in-
volved in the hMLH1-dependent sensitivity to seleniumcom-
pounds. Because pDNA-PKcs Thr-2647 induction by DNA
DSBs requires ATM (35), hMLH1 may mediate the selenium-
induced formation of pDNA-PKcs on Thr-2647 via ATM. In
HCT116cells, lossofafunctionalMMRcompromisestheATM-
dependent G2/M checkpoint response and contributes to
resistance to selenium compounds and tolerance to aberrant
DNA adducts. Consequently, cells may avoid apoptosis and
enter mitosis with persistent DNA damage, exacerbating ge-
nome instability in the cancer cell. Although the majority of
colorectal cancer progressively losesMMR function, activation
of the hMLH1-dependent G2/M checkpoint response by sele-
nium is a promising therapeutic target in precancerous or
hMLH1-expressing colorectal cancer cells. Along with our
recent publication (22), we propose that selenium compounds
can differentially activate DNA damage response at various
stages of colorectal tumorigenesis. In the initiation stage, DNA
damage induced by selenium compounds at sublethal doses
activates a senescence response (22), thus stifling cancer pro-
gression at a very early stage. During the promotion and pro-
gression stages of tumorigenesis, selenium compounds at lethal
doses halt cells in the G2/M phase and promote cell death in a
hMLH1-depdenent manner. The identification of the hMLH1-
dependent activation of ATMDNA damage response provides
mechanistic insight into selenium chemoprevention on colo-
rectal cancer and suggests a promising molecular pathway for
selectively killing of cancer cells by selenium.
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