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Current published data suggest that DNA mismatch repair
(MMR) triggers prolonged G, cell cycle checkpoint arrest after
alkylation damage from N-methyl-N'-nitro-N-nitrosoguani-
dine (MNNG) by activating ATR (ataxia telangiectasia-Rad3-
related kinase). However, analyses of isogenic MMR-proficient
and MMR-deficient human RKO colon cancer cells revealed
that although ATR/Chkl signaling controlled G, arrest in
MMR-deficient cells, ATR/Chkl1 activation was not involved in
MMR-dependent G, arrest. Instead, we discovered that disrupt-
ing c-Abl activity using STI571 (Gleevec™, a c-Abl inhibitor) or
stable c-Abl knockdown abolished MMR-dependent p73« sta-
bilization, induction of GADD45« protein expression, and G,
arrest. In addition, inhibition of c-Abl also increased the survival
of MNNG-exposed MMR-proficient cells to a level comparable
with MMR-deficient cells. Furthermore, knocking down
GADD45« (but not p73a) protein levels affected MMR-depend-
ent G, arrest responses. Thus, MMR-dependent G, arrest
responses triggered by MNNG are dependent on a human
MLH1/c-Abl/GADD45« signaling pathway and activity. Fur-
thermore, our data suggest that caution should be taken with
therapies targeting c-Abl kinase because increased survival of
mutator phenotypes may be an unwanted consequence.

DNA mismatch repair (MMR)? proteins detect and repair
mismatched bases or unpaired loops in DNA. Defects in MMR,
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primarily due to acquisition of mutations in both copies of the
human (h) MLHI (mutL homolog-1) or MSH2 (mutS homo-
log-2) genes (1-3), are directly linked to hereditary nonpolypo-
sis colon cancer. A subset of sporadic colorectal cancers also
lack MMR due to loss of hMLH1 protein expression caused by
promoter hypermethylation (4). Cells deficient in MMR pres-
ent work defects in G, cell cycle checkpoint arrest responses
and display increased resistance to the lethal effects of specific
DNA-damaging agents, such as N-methyl-N'-nitro-N-ni-
trosoguanidine (MNNG), 6-thioguanine (6-TG), 5-fluoro-2’-
deoxyuridine (FdUrd), cisplatin, and temozolomide (5). Theo-
retically, MMR-dependent G, arrest responses allow time for
cells to repair mutagenic lesions created by these agents prior to
cell entry and transit through mitosis. On several levels, MMR
functions as a potent mutational avoidance system. Conversely,
cells lacking MMR have a mutator phenotype as a result of
failure to detect DNA lesions and subsequent absence of G,
arrest and apoptotic responses (6, 7), resulting in a greatly
increased colon cancer risk (8).

MNNG causes a spectrum of specific DNA lesions, including
methylation of dG at the O°-position in dG:dC base pairs.
These DNA lesions are mutagenic because replication over
O°-methylguanine base pairs causes preferential pairing with
Thy. Fortunately, mutagenic O®-methylguanine:Thy mispairs
are excellent MMR substrates (9); however, the exact signal
transduction processes that regulate G, arrest responses
remain ill defined. It is not clear if MMR signals arrest and cell
death directly or if DNA replication is required in the context of
newly synthesized DNA for signaling and cell death via DNA
double-strand breaks (DSBs).

Two main theories have been proposed to explain MMR-de-
pendent G, arrest and lethality responses to specific DNA dam-
age in human cancer cells (6). In the futile cycle theory, MMR
detects DNA lesions and creates DSBs due to futile cycles of
repair or repair-replication fork collision. However, blocking
signaling events emitted from MMR-lesion complexes may
affect cell cycle and apoptotic “cleanup processes,” but not
lethality resulting from unrepaired DSBs. In the signaling the-
ory, MMR acts as a DNA damage sensor, directly signaling G,

AT, ataxia telangiectasia; shp73, p73a shRNA; shGADD45«, GADD45«
shRNA; shABL, c-Abl shRNA; shSCR, scrambled shRNA; GST, glutathione
S-transferase; Gy, grays; JNK, c-Jun N-terminal kinase.
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arrest and cell death. Preventing these signaling pathways
would ablate G, arrest and apoptosis and cause damage
tolerance.

Redundant pathways promote G, arrest after DNA damage
in human cells. G, arrest can be mediated by DNA damage
activation of ATM (Ataxia telangiectasia mutated) or ATR
(Ataxia telangiectasia-Rad3-related kinase) phosphatidylinosi-
tol 3-like kinases. These kinases phosphorylate and activate p53
and downstream Chk1 and Chk2 checkpoint kinases. Activated
Chkl or Chk2 can phosphorylate the Cdc25C phosphatase at
Ser®'®, thereby inhibiting Cdc25C activity by 14-3-3-mediated
cytoplasmic sequestration. This prevents Cdc25C from
dephosphorylating Cdc2 at Tyr'®, a main factor preventing the
initiation of mitosis in mammalian cells. The phosphorylation-
mediated functional activation of the p53 tumor suppressor by
the ATM/Chk2 and/or ATR/Chkl pathway leads to its tran-
scriptional regulation of several downstream genes involved in
cell cycle checkpoint arrest, including p21, GADD45a (growth
arrest- and DNA damage-inducible-45«), and 14-3-3c (10).
MMR-dependent GADD45« protein increases, in particular,
were shown after FdUrd exposure (5), and GADD45« can
mediate G, arrest by direct binding to and inhibiting Cdc2 (10).

Despite numerous indirect studies suggesting activation of
specific pathways by MMR that might control G, arrest, a
detailed analysis of MMR-dependent versus MMR-independ-
ent G, arrest responses has not been completed. MMR was
reported to preferentially stimulate the ATR/Chkl or ATM/
Chk2 pathway in cells after exposure to methylating agents
such as 6-TG, MNNG, and temozolomide, the clinical equiva-
lent to MNNG (11). p38a MAPK was also linked to MMR-
mediated G, arrest after temozolomide treatment. Inhibition of
the proposed hMLH1/p38a pathway, by small interfering RNA
(siRNA) or p38a inhibitors, abrogates MMR-dependent G,
arrest (12). However, activation of this pathway appears to be
independent of either Chkl or Chk2 phosphorylation/signal-
ing. Exposure of human cells to cisplatin can also stimulate
MMR-dependent activation of the c-Abl/p73« pathway, lead-
ing to apoptosis (13). However, a link between MMR-depend-
ent c-Abl kinase activation and G, arrest was not examined.

Using MMR-deficient human RKO colon cancer cells (lack-
ing hMLH1 protein expression) corrected by single replace-
ment and expression of hMLH1 protein at endogenous wild-
type (WT) levels, we found that the ATR/Chkl pathway was
activated after MNNG treatment; however, its downstream
phosphorylation of Chkl was not MMR-dependent because
equivalent consensus site Chkl phosphorylation was noted
regardless of MMR status. Furthermore, expression of domi-
nant-negative ATR in WT MMR cells did not affect G, arrest or
cell death responses, indicating that MMR does not signal
through ATR.

Instead, we provide data in this and our accompanying article
(41) showing that MMR-dependent G, arrest is controlled by
hMLH1/c-Abl/GADD45a signaling. Although MNNG stimu-
lated both ATR/Chkl and hMLH1/c-Abl/GADD45« signaling
pathways that can mediate G, arrest, only c-Abl-mediated sig-
naling was activated and regulated the more prolonged MMR-
dependent G, arrest response. These data support the theory of
a direct role for MMR signaling to provide time or induce cell
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death (41) at the G, checkpoint to correct or eliminate cells
containing mutagenic DNA lesions induced by MNNG
exposure.

MATERIALS AND METHODS

Chemicals, Reagents, and Cell Treatments—MNNG (Sigma)
was dissolved in Me,SO as a 100 mm stock solution and stored
at —20 °C. 6-TG (Sigma) was dissolved in 0.1 N NaOH, and 1
mM stock solutions were stored at —20 °C. STI571 (Gleevec™,
Novartis, East Hanover, NJ) was dissolved in water at 5 mm, and
stock solutions were stored at —20°C. PD166326, a c-Abl
inhibitor, was synthesized by us and dissolved at 10 mM in
Me,SO. Exposure of cells to IR was performed using a '*’Cs
irradiator (6). Cells were treated with ultraviolet (UVB) radia-
tion at 50 J/m>.

Cell Culture—MMR-deficient human HCT116 (parental)
colon cancer cells and an isogenic MMR-corrected HCT116
3-6 derivative (corrected for hMLH1 expression by microcell
transfer of an extra chromosome 3) were provided by Dr. C. R.
Boland (Baylor College, Dallas, TX). BRCA1 (breast cancer-
associated gene 1) and WT HCC1937 corrected cells were
obtained from Dr. K. Yamane (Case Western Reserve Univer-
sity, Cleveland, OH). hMLH1-deficient RKO cells were trans-
fected with cytomegalovirus-driven full-length hMLH1 cDNA
(obtained from Drs. A. Buermeyer and R. M. Liskay (Oregon
Health Sciences University, Portland, OR), and clones were iso-
lated in G418 (400 pg/ml) by limiting dilution. Clone RKO7
expressed hMLH1 protein levels comparable with WT cells,
whereas clone RKO6 contained the hMLH1 expression vector,
expressed neo® without stable hMLH1 or hPMS2 protein
expression, and served as a negative control. U20S-derived sta-
ble cells that conditionally regulate FLAG-tagged ATR-WT or
kinase-dead ATR (ATR-KD) levels by doxycycline were pro-
vided by Drs. P. Nghiem and S. L. Schreiber (Harvard Univer-
sity) (14). Normal human fibroblasts (N2936B) and fibroblasts
(AT2052) from ataxia telangiectasia (AT) patients were
obtained from the NIGMS Human Genetic Mutant Cell Repos-
itory (Camden, NJ). Human ATM-deficient fibroblast YZ5 and
pEBS7 cells (provided by Dr. Yosef Shilo) were stably trans-
fected with ATM-WT and an empty vector, respectively.
Mouse MEF1-1 (Gadd45a*'*) and MEF11-1 (Gadd45a~'")
cells were provided by Dr. Al Fornace (Georgetown University,
Washington, D. C). and grown as described (15). All cells were
maintained in Dulbecco’s modified Eagle’s medium (Cambrex
Bio Science, Walkersville, MD) with 10% fetal bovine serum
(HyClone, Logan, UT) supplemented with penicillin (10 units/
ml) and streptomycin (10 units/ml) in a humidified 95% air and
5% CO, atmosphere. All cells used were mycoplasma-free.

MMR Status—Comparative genomics was used to evaluate
the microsatellite instability (MSI) status in RKO6 versus RKO7
cell lines. Arrays manufactured by NimbleGen (Madison, W)
were hybridized with RNA-free DNA extracts of RKO6 and
RKO7 cell lines in duplicate, along with a Promega total human
standard. Each array contained seven copies of 53,735 unique
probes, including WT, single-mismatch, double-mismatch,
and deletion probes for all possible 1-mer through 6-mer
repeats and their complements. This array also contained seven
copies of poly(A) and poly(T) probes ranging from 29-mer to
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47-mer in length to specifically measure MSI. Total poly(A)/
poly(T) amplification of the genome at ~3900 loci, dramati-
cally more than the five poly(A) mononucleotide markers
(BAT-25,BAT-26,NR-21, NR-24, and MONO-27), was used to
measure MSI (16). The data were robust multiarray analysis
(RMA)-normalized; specificity was confirmed using mismatch
probes; and two replicates for each of a total of 126 poly(A) and
126 poly(T) probes were averaged. The relative total poly(A)/
poly(T) content was measured as a ratio of averages for RKO6
and RKO7 cell line genomes.

Stable Short Hairpin RNA (shRNA) Knockdown—Human
p73a shRNA (shp73; RHS3979-95754010), GADD45a shRNA
(shGADD45a; RHS3979-9629535), and c-Abl shRNA (shABL;
RHS1764-9493323) lentiviral and retroviral vectors were pur-
chased from Open Biosystems (Huntsville, AL). Stable shRNA
knockdown clones were generated by infecting RKO6 or RKO7
cells with Polybrene-supplemented medium obtained from
Phoenix packaging cells transfected with viral ShRNA vectors
targeting p73a, GADD45q, and c-Abl. Stable scrambled
shRNA (shSCR) controls were also generated. Individual clones
were isolated in medium containing both puromycin (1 pg/ml)
and G418 (400 pg/ml) by limiting dilution and screened for
targeting protein levels. All experiments were performed with-
out antibiotics.

Transient siRNA Knockdown—Transient SMARTpool
siRNA targeting ATR in MMR™ RKO?7 cells or a scrambled
control (Srcll) was purchased from and used as directed by
Dharmacon (Lafayette, CO). ATR expression was monitored by
Western blotting (supplemental Fig. 1B). After transfection (48
h) when ATR levels were significantly knocked down and
scrambled shRNA-transfected cells expressed basal ATR levels,
cells were treated with MNNG and analyzed for G, arrest and
apoptosis.

Colony-forming Ability Assays—Survival was assessed by col-
ony-forming ability using standard techniques, wherein colo-
nies of >50 normal-appearing cells were counted (6). Isogenic
cells were treated for 1 h with MNNG or continuously with
6-TG for 67 days. Pretreatment with STI571 or other c-Abl
inhibitors consisted of a 2-h pretreatment prior to MNNG (1 h)
exposure.

Cell Cycle Analyses—Human cells were synchronized by
growth to >95% confluence and maintained for 48 h in Dulbec-
co’s modified Eagle’s medium containing low serum (0.1% fetal
bovine serum). To initiate synchrony, confluent cells were
trypsinized and reseeded at 1:15 in 10% fetal bovine serum-
containing Dulbecco’s modified Eagle’s medium. MNNG was
added 16 h after release, corresponding to a time prior to S
phase initiation, and beyond the p53-mediated G; checkpoint
(5). Pretreatment with the STI571 inhibitor occurred 2 h prior
to MNNG exposure (10 um, 1 h). At various times post-treat-
ment, cells were fixed and treated with RNase A (100 wg/ml)
and propidium iodide (50 ug/ml in phosphate-buffered saline)
overnight at 4 °C. Cells were then analyzed on a Coulter Epics
XL flow cytometer (Beckman Coulter, Inc., Fullerton, CA).
MPM-2 staining was performed to distinguish G, and M phases
of the cell cycle as described (5). Quantification of cell cycle
populations was assessed using ModFit LT Version 3.0 software
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(Verity Software House, Topsham, ME). The results presented
were from three or more independent experiments.

Immunoblot and c-Abl Kinase Activity Analyses—Human
cells were synchronized and treated with MNNG, and whole
cell extracts and Western blots were prepared (5). Antibodies to
hMLH1 (Ab-2), h(MSH2 (Ab-1), hPMS2 (Ab-1), ATR (Ab-2),
and c-Abl (Ab-1) were obtained from Oncogene Research
Products (Boston, MA). Anti-cyclin B; (H-20), anti-GADD45«
(H-165), anti-Cdc2 (C-19), anti-Chk1 (FL-476), and anti-Chk2
(A-12) antibodies were purchased from Santa Cruz Biotechnol-
ogy (Santa Cruz, CA). All phospho-specific antibodies were
purchased from Cell Signaling (Beverly, MA): phospho-Chk1
(Ser?*®, Ser®'”, and Ser®*®), phospho-Chk2 (Thr®®), and phos-
pho-Cdc2 (Tyr'®). Antibodies for p738 (259A) and p73a
(5B429), B-actin (AC-15), and glyceraldehyde-3-phosphate
dehydrogenase (6C5) were from Imgenex Corp. (San Diego,
CA), Sigma, and Calbiochem, respectively. Appropriate horse-
radish peroxidase-conjugated anti-mouse or anti-rabbit IgG
secondary antibodies (Santa Cruz Biotechnology) and Super-
Signal chemiluminescence substrate (Pierce) were used for
detection. Signals were detected using Fuji RX medical x-ray
film.

Nonradioactive c-Abl kinase assays were performed as
described (SignaTECT, Promega) with modifications. Cell
extracts were prepared as described (5) with addition of two
phosphatase inhibitor mixtures (sc-45044 and sc-45045, Santa
Cruz Biotechnology). GST-Abltide peptide (~28 kDa; Upstate
Biotechnology, Lake Placid, NY) was used as a high affinity
c-Abl substrate; GST-Abltide contains the sequence
EAIYAAPFAKKK, identical to GST-CRK. Kinase reactions
were initiated with cell extracts (5 ug) and Abltide substrate (1
pg) for 30 min. Separate c-Abl kinase reactions using purified
protein were performed as controls. Extracts were resolved and
visualized by Western blotting, and membranes were probed
using an anti-phosphotyrosine antibody (PY99, Santa Cruz Bio-
technology), normalized by Ponceau S staining.

Statistics—All experiments described were performed in
triplicate with representative images shown. Quantification of
protein levels or c-Abl kinase activities was performed by scan-
ning x-ray films and analyzing scans using NIH Image ] soft-
ware. Statistical significance was determined using paired Stu-
dent’s £ tests.

RESULTS

Restoration of hMLHI Expression and MMR Function in
MMR-deficient RKO Cells—RKO cells lack hMLH]1 expression
due to promoter hypermethylation (4). AMLH1 expression was
restored by stably transfecting RKO cells with cytomegalovi-
rus-driven hMLH1 cDNA. Two separate clones designated
RKO6 (MMR ™), which remained deficient for hAMLH1 expres-
sion, and RKO7 (MMR™), which expressed hMLH1 protein
levels equivalent to MMR-proficient HCT116 3-6 cells (Fig. 1A4)
corrected by chromosome 3 microcell fusion (6, 7), were iso-
lated and chosen for further investigation. RKO7 (MMR™) cells
showed stable hPMS2 protein levels; hMLH1 and hPMS2 are
binding partners (MutLa) that require each other for stability.
Notably, hMLH]1 protein was not expressed in MMR-deficient
RKOG6 cells, as found in parental RKO cells. Using a compara-
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FIGURE 1. Re-expression of hMLH1 and MMR restoration increase the
sensitivity of MMR-deficient RKO cells to MNNG or 6-TG exposure. Paren-
tal RKO cells were transfected with cytomegalovirus-driven hMLH1 cDNA,
and clones were isolated by limiting dilution. A, Western blots show re-ex-
pression of hMLH1 and hPMS2 stabilization in RKO7 cells to a level similar to
that in HCT116 3-6 cells (5). hMSH2 and glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH) levels served as a loading controls. MMR™ HCT116 and
MMR™ HCT116 3-6 cells served as negative and positive controls, respec-
tively. Shown are survival assays of MMR™ RKO6 and HCT116 cells and
matched hMLH1-expressing MMR™ RKO7 and HCT116 3-6 cells exposed to
MNNG (um, 1 h) (B) or after continuous 6-TG (um) exposure (C). Data are the
means * S.E. *, p < 0.05; **, p < 0.01.

tive genomic hybridization array-based method, the MSI status
of the RKOG6 versus RKO7 genome was quantitatively measured
at ~3900 poly(A)/poly(T) sites within the human genome. A
>2.3 *= 0.1-fold reduction of poly(A)/poly(T) content in the
RKO?7 genome relative to the RKO6 genome was observed, thus
confirming its restoration to a more MSI-stable genome.

To determine whether re-expression of hMLH1 in RKO7
and RKO6 cells was functional, survival was assessed after
MNNG or 6-TG exposure. RKO7 (MMR™) cells were signifi-
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cantly more sensitive than RKOG6 cells to each agent (p < 0.001)
(Fig. 1, B and C). RKO7 cells were as sensitive as HCT116 3-6
(MMR™) cells after MNNG exposure, whereas RKO6 cells were
as resistant as hMLH1-deficient HCT116 P cells (Fig. 1B).
RKO?7 cells were also more sensitive than RKO6 (MMR ") cells
to 6-TG (p < 0.001) (Fig. 1C). These results demonstrated that
restoration of MMR by exogenous hMLH1 expression in RKO7
cells enhanced their sensitivity to MNNG or 6-TG. In contrast,
MMR-deficient RKO6 and HCT116 P cells were resistant and
damage-tolerant.

Expression of hMLHI Restores MMR-dependent G, Arrest
Responses—To determine whether the RKO clones established
above (Fig. 1A) were concomitantly corrected for MMR-de-
pendent G, arrest responses (6, 7), we synchronized cells as
described under “Materials and Methods,” treated them with
MNNG (5 puMm for HCT116 and 10 um for RKO, 1 h) at the
indicated times (16 h after synchronous release) (Fig. 24), and
examined their cell cycle profiles as described (6, 7). In response
to MNNG, both MMR ™ and MMR ™~ cells showed an initial G,
arrest response 20 h after MNNG exposure. Thereafter, MMR-
deficient RKOG6 cells rapidly progressed through the cell cycle.
In contrast, MMR-corrected RKO?7 cells exhibited a prolonged
G, arrest response (6, 7). However, because these cells were
synchronized, we noted that, contrary to other groups (17),
MNNG-dependent G, arrest occurred within the first round of
replication after treatment. Differential cell cycle G, arrest was
also observed in matched RKO clones following continuous
exposure to 2.5 uM 6-TG (data not shown).

Changes in expression of cyclin B, and Cdc2 protein levels
were examined to confirm differential G, arrest responses in
MMR-proficient versus MMR-deficient cells. Elevated levels of
cyclin B, corresponding to the relative number of cells in G,,
were observed in MNNG-treated MMR-competent cells (Fig.
2B). The activity of Cdc2, a G, cyclin-dependent kinase,
depends on its association with cyclin B, and its phosphoryla-
tion of specific amino acid residues (18, 19). In particular, the
specific phosphorylation of Tyr'® inhibits its activity, prevent-
ing cells from migrating through G, to M phase of the cell cycle.
Using an antibody that specifically recognizes phosphorylated
Tyr" of Cdc2, we noted enhanced levels of Cdc2 Tyr'® phos-
phorylation in MMR-proficient cells, corresponding directly to
higher levels of G,-arrested cells (Fig. 2B). In contrast, total
cellular Cdc2 levels were constant throughout the cell cycle.
B-Actin served as a loading control, with constant levels noted.

We originally noted that p53 was preferentially stabilized
in MNNG-, 6-TG-, or IR-treated MMR-proficient cells, a
response later confirmed by others (6, 20). Using an antibody
specific for p53 phosphorylated at Ser'®, we showed that MMR-
proficient HCT116 3-6 and RKO?7 cells displayed elevated p53
Ser'® phosphorylation and stabilized p53 levels compared with
isogenic MMR™ cells (41). Interestingly, p21 (an inhibitor of
cyclin-dependent kinase and a well characterized p53-depend-
ent downstream gene) displayed similar induction levels irre-
spective of MMR status after MNNG treatment (41). Neverthe-
less, selective MMR-dependent p53 phosphorylation (and
stabilization) was theorized to be a result of upstream signaling
by phosphatidylinositol 3-like kinases such as ATM and its
related kinase ATR, as well as their downstream checkpoint
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FIGURE 2. Enhanced G, arrest in synchronized MMR-proficient cells after MNNG exposure. MMR™ and
MMR™ HCT116 and RKO cells were synchronized and exposed to MNNG (5 or 10 um, respectively; 1 h) at 16 h
post-release, and samples were prepared for flow cytometry and Western analyses at the indicated times.
A, percentage of G,/M cells by fluorescence-activated cell sorter analyses. B, Western analyses of cyclin B;,
Cdc2, phospho-Cdc2 (Tyr'?), and B-actin expression. C, Western analyses of phosphorylated and total Chk1 and
Chk2 levels. Data are the means =+ S.E. of three or more independent experiments. *, p < 0.05; **, p < 0.01. UT,

untreated.

kinases Chkl and Chk2, respectively. We therefore examined
the potential involvement of the ATM/Chk2 and ATR/Chk1
signaling pathways in MMR-dependent G, arrest responses
after MNNG exposure.

ATR can activate Chkl and ATM can activate Chk2 by phos-
phorylating specific amino acid residues (21). Using antibodies
that specifically recognize these phosphorylated forms of Chk1
and Chk2, we found that both RKO6 and RKO?7 cells displayed
equivalent Chkl phosphorylation levels at Ser**®, Ser®!”, and
Ser®*® in response to MNNG (Fig. 2C). Notably, no phospho-
rylation of Chk2 at Thr®® was observed in either cell line after
MNNG exposure. Interestingly, parental HCT116 cells
appeared to have much greater overall levels of Chk2 compared
with MMR-corrected HCT116 3-6 cells. The overall protein
levels of Chk1 and Chk2 remained constant throughout the cell
cycle, with no increases in phosphorylation of either Chk1 or
Chk2 in synchronized untreated control cells (data not
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(i =

mal human fibroblast (N2639B)
cells after MNNG exposure (10 um,
1h) (supplemental Fig. 14). We also
explored the role of ATR in G,
arrest responses using U20S cells
containing  doxycycline-inducible
ATR-WT or ATR-KD (Fig. 3B). As
with ATM deficiency (Fig. 3A4), loss of functional ATR due to
ATR-KD expression did not influence G, arrest responses com-
pared with U20S cells expressing ATR-WT after various
MNNG doses (Fig. 3, C-E). These data are consistent with the
lack of differential MMR-dependent downstream Chkl and
Chk2 phosphorylation responses (Fig. 2) and strongly suggest
that neither ATM nor ATR influences G, arrest after MNNG
exposure. In contrast, loss of functional ATR greatly affected
IR-induced G, arrest responses, as well as G, arrest induced by
UVB light (14). Results with ATR-KD were confirmed using
siRNA oligomer knockdown of ATR, wherein no significant
change in MNNG-induced G, arrest was noted in MMR™
RKO7 ATR siRNA cells (where ATR levels were knocked down
by ~85%) compared with MMR™* RKO7 cells exposed to
scrambled siRNA oligomers (supplemental Fig. 1, B and C).
c-Abl Kinase Is Required for MMR-dependent G, Arrest—Be-
cause MMR-dependent activation of c-Abl kinase after cispla-
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We also performed these experi-
ments by treating cells with 5 or 10
um STI571 for 16 —24 h using previ-
ously published procedures (sup-
plemental Fig. 2, A and B) (25). Con-
sistent with data in Fig. 4 (4 and B),
we found that, at these lower con-
centrations of STI571, MNNG-in-
duced MMR-dependent G,/M
checkpoint responses were abro-
gated. These data further support a
role for MMR-activated c-Abl activ-
ity in these checkpoint responses.
Because STI571 can inhibit other
tyrosine kinases in addition to
c-Abl, we tested another c-Abl/Src
kinase inhibitor, PD166326, which
was developed to overcome STI571
resistance (24). Similar to STI571,
pretreatment of MMR™ cells with
PD166326 (5 uM, 2 h) preferentially
abrogated MMR-dependent G,
arrest after MNNG exposure.
Treatment with either STI571 or
PD166326 alone had no effect on
the cell cycle. These findings
showed that pretreatment with
either STI571 or PD166326 abro-
gated MMR-dependent G, arrest
and strongly suggest that c-Abl
kinase is critical for MMR-depend-
ent G, arrest signaling.

Although STI571 is more specific
for c-Abl than for other tyrosine
kinases in vivo, it may inhibit related
enzymes at higher doses (e.g. plate-
let-derived growth factor, Src, and
c-Kit) (24). Therefore, we also
employed a genetic approach using
stable shRNA to specifically knock
down c-Abl protein levels and enzy-

FIGURE 3. MMR-dependent G, arrest responses are not mediated by ATM or ATR. A, AT pEBS7 (ATM /") or
corrected YZ5 (ATM*/*) human fibroblasts with identical doubling times were synchronized, exposed to IR
(0.75 Gy) and MNNG (10 um, 1 h) at 16 h post-synchronization, and analyzed for G, arrest responses. UT,
untreated. B, doxycycline (Dox) induction of FLAG-tagged ATR-WT or dominant-negative ATR-KD was con-
firmed in U20S cells. NS, nonspecific band for loading. C-F, asynchronous cells from B were exposed to 1.5, 5.0,
or 10 um MNNG for 1 h or to IR (10 Gy), respectively. G, arrest responses were monitored at various times.

Changes in G, arrest were noted only after IR exposure (10 Gy). *, p < 0.05.

tin exposure was reported previously (23), we examined a role
for its activation in MNNG-induced G, arrest. Pretreatment of
isogenic MMR™’~ RKO cells with the c-Abl inhibitor ST1571
(Gleevec™) (25 um, 2 h) prior to MNNG exposure dramati-
cally abrogated subsequent G, arrest responses (Fig. 4A4); The
BCR-ABL inhibitor STI571 was designed to target the BCR-
ABL fusion gene product or Philadelphia translocation that
causes >90% of chronic myelogenous leukemia (24). Interest-
ingly, STI571 did not abrogate the more transient G, arrest
responses observed at 20 h in MMR-deficient cells (Fig. 4A).

AUGUST 1, 2008« VOLUME 283 +NUMBER 31

matic activity. We generated iso-
genically matched MMR-proficient
and MMR-deficient RKO cell lines
expressing specific ShRNA targeting
c-Abl  (shABL) or scrambled
sequence (shSCR) (Fig. 54). Nota-
bly, hAMLH1 protein levels were not
affected in RKO7-shABL or RKO7-shSCR clones (Fig. 5A).
RKOG6-shABL clone 2 and RKO7-shABL clone 27 had the great-
est c-Abl knockdown, with <60% and <80% reduced protein
levels, respectively. The c-Abl-deficient (shABL) and shSCR-
containing RKO7 cells were then examined for differences in
MNNG-induced G, arrest (Fig. 5B). Further time course exam-
ination of all clones revealed that loss of c-Abl protein and
activity resulted in loss of G, arrest responses (Fig. 5C). Collec-
tively, these results suggest that c-Abl plays an important and
specific role in MMR-dependent G, arrest responses to
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FIGURE 4. Pharmacological inhibition of c-Abl abrogates MMR-depend-
ent G, arrest. Synchronized isogenic MMR™ and MMR™ RKO cells were pre-
treated for 2 h with STI571 or PD166326 at the indicated doses prior to MNNG
exposure (10 um, 1 h). A, time course of G, arrest in synchronized isogenic
MMR™ and MMR™ RKO cells mock-treated or treated with STI571 (25 um, 2 h),
MNNG (10 um, 1 h), and STI571 (25 um, pretreatment for 2 h) + MNNG (10 um,
1 h). B, time course of G, arrest in synchronized MMR™ and MMR™ RKO cells
mock-treated or treated with PD166326 (5 um, 2 h), MNNG (10 um, 1 h), and
PD166326 (5 um, pretreatment for 2 h) + MNNG (10 um, 1 h). *, p < 0.05; **,
p < 0.01. UT, untreated.

MNNG. Furthermore, c-Abl does not play a role in the more
transient MMR-independent G, arrest responses observed,
which are probably mediated by ATR/Chk1 signaling.
Stabilization of p73a, Expression of GADD45c, and
Enhanced c-Abl Tyrosine Kinase Activity after MNNG Treat-
ment Are MMR-dependent—We then sought direct evidence
for MMR-dependent c-Abl activation. The p53 homolog p73«
is a known downstream responsive gene controlled by c-Abl
(26), and c-Abl-dependent stabilization of p73« after cisplatin
exposure requires functional MMR (13). Stabilization during
exposure to specific DNA-damaging agents is dependent on
c-Abl-mediated phosphorylation at Tyr®® of p73a (27). We
examined p73a expression in MMR ™ RKO6 and MMR ™" RKO7
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FIGURE 5. c-Abl knockdown by shRNA abrogates MMR-dependent G,
arrest after MNNG exposure. MMR™ RKO6 and MMR™ RKO7 cells were
knocked down for c-Abl expression using pShag2-c-Abl shRNA (shABL) or
pShag2-scrambled shRNA vector containing noncoding nonsense
sequences (shSCR). A, Western blot analyses of c-Abl, hMLH1, hPMS2, and
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) protein expression in
isogenic MMR* and MMR™ RKO cells stably expressing shSCR or shABL
sequences. Glyceraldehyde-3-phosphate dehydrogenase levels were moni-
tored forloading. B, G, arrest response at the 24-h time point and apoptosis at
the 96-h time point in synchronized isogenic MMR™ RKO6, MMR™ RKO7, and
MMR* RKO7-shABL-27 clones after MNNG exposure (10 um, 1 h). UT,
untreated. C, time course of G, cell cycle checkpoint arrest responses in syn-
chronized RKO6 and RKO7-shABL knockdown clones after MNNG exposure
(10 um, 1 h). *, p < 0.05; **, p < 0.01.

cells after MNNG treatment (10 um, 1 h) by Western analyses
(Fig. 6A). We noted a MMR-dependent increase in p73a
expression 8 —56 h post-treatment in MMR™ RKO7 cells, but
only a transient increase in p73a protein stabilization at 8 h in
MNNG-treated RKO6 cells. Interestingly, MNNG-induced
p73a protein stabilization mirrored G, arrest responses, with
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FIGURE 6. MMR-dependent increases in p73« stabilization, GADD45«
expression, and c-Abl-mediated kinase activity after MNNG treat-
ment. Synchronized isogenic MMR™ and MMR™ RKO cells were exposed
to MNNG (10 uMm, 1 h), and the time courses of proteins and c-Abl activities
were monitored at the times indicated. A, Western blot analyses of p73«,
GADD45¢, and B-actin protein expression. UT, untreated. B, analyses of
c-Abl activities from isogenic MMR™ and MMR™ RKO cells exposed to
MNNG (10 um, 1 h). C, the relative levels of phosphotyrosine expression of
a GST-Abltide (ABL) peptide were monitored, quantified, and graphed.
Ponceau S staining of membranes displayed loading of the GST-Abltide
peptide substrate. MMR™ HCT116 3-6 cells treated with cisplatin (CDDP;
25 um, 24 h) or mock-treated cells were used as positive and negative
controls, respectively, for p73a stabilization and c-Abl kinase activation.

increases prior to peak G, levels. Thus, p73a was preferentially
stabilized in an MMR-dependent manner after MNNG expo-
sure. Cisplatin (25 pum, 24 h) and mock-exposed HCT116 3-6
cells were used as positive and negative controls, respectively,
for p73a stabilization as described (13).

Prior work from our laboratory showed that GADD45« lev-
els were elevated in MMR-proficient cells after FdUrd exposure
(5). GADD45a was previously implicated in G, arrest regula-
tion, making it a likely candidate in controlling MMR-depend-
ent G, arrest (10). We therefore determined whether
GADD45a expression was differentially expressed in isogenic
MMR*’~ RKO cells after MNNG exposure. As we previously
found after FdUrd exposure (5), MMR-dependent induction of
GADD45a levels was noted after MNNG exposure (Fig. 6A4).
MMR-dependent GADD45« induction was also observed in
isogenic HCT116 3-6 versus HCT116 cells after MNNG expo-
sure (data not shown). Although minor transient increases in
both p73a and GADD45« expression were also noted in MMR-
deficient cells after MNNG treatment, these experiments
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clearly demonstrate the MMR dependence of expression for
each of these proteins.

Because stabilization of p73a after cisplatin treatment is
attributed to MMR-dependent increases in c-Abl tyrosine
kinase activity (13), we wanted to determine whether c-Abl
kinase activity was directly activated in an MMR-dependent
manner after MNNG exposure. We therefore assessed the rel-
ative levels of c-Abl kinase activities by measuring phosphoryl-
ation at a specific recognition protein sequence within the
GST-Abltide peptide. c-Abl activities were measured in syn-
chronized MMR™ RKO6 and MMR™ RKO?7 cells before and
after MNNG exposure. Enhanced GST-Abltide tyrosine phos-
phorylation in MMR-proficient cells treated with either cispla-
tin (25 um, 24 h) or MNNG (10 uMm, 1 h) was noted (Fig. 65;
quantified in C). As with p73« stabilization, the levels of c-Abl
kinase activity, judged by tyrosine phosphorylation, correlated
with G, arrest responses in MMR™ RKO7 cells (Fig. 2). In con-
trast, MMR™ RKOG6 cells showed transient increases in c-Abl
activity from basal levels at 8 h (Fig. 6, B and C), and these
corresponded with transient increases in p73a and GADD45«
protein expression (Fig. 64) and G, arrest (Fig. 2).

To determine whether MMR-dependent p73« stabilization
and GADD45a induction in response to MNNG were depend-
ent on c-Abl kinase, we examined mock- or MNNG-treated
RKO7-shSCR or RKO7-shABL-27 cells or RKO7-shSCR cells
pretreated with STI571 (25 um, 2 h). Decreased p73a and
GADD45a protein levels concomitant with decreased c-Abl
and G, arrest responses were noted in shABL-27 knockdown
RKO7 cells (Fig. 7A). Furthermore, STI571 pretreatment of
RKO7-shSCR (shown) or parental RKO7 (not shown) cells
greatly suppressed p73a and GADD45a expression (Fig. 7A)
and c-Abl activity (Fig. 7B) after MNNG treatment (10 um, 1 h).
As expected, STI571 also inhibited c-Abl activity in cisplatin-
exposed MMR™ HCT116 3-6 cells (Fig. 7B). These data further
support a role for MMR-dependent activation of c-Abl activity
that controls GADD45a and p73a downstream gene expres-
sion to potentially regulate G, arrest and cell death.

GADDA45a, But Not p73a, Regulates MMR-dependent G,
Arrest—Because upstream MMR-dependent activation of
c-Abl appears to regulate p73a and GADD45«a levels, we
explored the functional roles of p73a and GADD45«a in MMR-
dependent G, arrest responses to MNNG. We generated
knockdown cells using shRNA lentivirus specific for p73« (Fig.
8A) or GADD45a (shGADD45«) (Fig. 8C). RKO6-shp73 clone
15 and RKO7-shp73 clone 4 had the greatest p73a knockdown,
with 90% reduced protein levels each compared with shSCR-
containing RKO cells. Surprisingly, silencing p73« failed to
abrogate MMR-dependent G, arrest despite its pro-survival
effects on apoptosis and survival (Fig. 8B) (41). Thus, knocking
down p73« in RKO7 cells significantly abrogated the apoptotic
and lethality responses to MNNG without affecting MMR-de-
pendent G, arrest. These data are the first to demonstrate
uncoupling of the MMR-dependent G, arrest signaling from
lethality.

In contrast, reduction of GADD45« levels affected both G,
arrest and lethality. RKO6-shGADD45« clone 1 and RKO7-
shGADD45a clone 2 had the greatest GADD45a knockdown,
with <70% and <80% reduced protein levels, respectively.
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FIGURE 7. c-Abl inhibition, by STI571 or genetic silencing, suppresses
MMR-dependent p73« stabilization, GADD45« expression, and c-Abl-
mediated kinase activity after MNNG treatment. At various times, cell
lysates were simultaneously prepared for Western blot and c-Abl kinase activ-
ity analyses from synchronized isogenic MMR* RKO7-shSCR and MMR™
RKO7-shABL-27 stable knockdown cells after MNNG treatment (10 um, 1 h). A
portion of the cells were pretreated with STI571 (Gleevec™, 25 um, 2 h) prior
to MNNG exposure. A, Western analyses of p73a, GADD45«, and B-actin pro-
tein expression. UT, untreated. B, Western blot (WB) analyses of the relative
phosphotyrosine levels of GST-Abltide (ABL). Ponceau S staining was used for
GST-Abltide peptide loading. HCT116 3-6 cells were treated with cisplatin
(CDDP; 25 uMm, 24 h) or left untreated as positive and negative controls,
respectively.

Silencing GADD45« significantly abrogated MMR-dependent
G, arrest responses to MNNG (p < 0.05) (Fig. 8D and supple-
mental Fig. 3), as well as apoptosis and survival (41). These data
strongly suggest that MMR-dependent G, arrest responses to
MNNG are regulated by GADD45« and not by p73a.
Inhibition of c-Abl Kinase Activity Reverses MMR-dependent
Sensitivity to MNNG—The findings above indicate that c-Abl
plays a role in MMR-dependent G, arrest and p73« stabiliza-
tion. To determine whether c-Abl also plays a role in MMR-de-
pendent cell survival after MNNG treatment, MMR " RKO7-
shABL cells were pretreated with 25 um STI571 prior to
MNNG exposure (10 uM, 1 h). STI571 decreased sensitivity
to MNNG preferentially in MMR-proficient cells (Fig. 94). To
confirm these results, we examined whether isogenic c-Abl
shRNA knockdown cells were more resistant to MNNG treat-
ment (Fig. 9B) than RKO7-shSCR or parental MMR™ RKO7
cells. We found that MMR"™ RKO7-shABL-27 and RKO7-
shABL-34 cells were significantly more resistant to MNNG,
similar to STI571. In contrast, the sensitivities of MMR™
RKO6-shABL-2 and RKO6-shABL-30 cells were not affected
compared with RKO6-shSCR or parental cells after MNNG
exposure. Finally, we treated RKO7-shABL-27 and RKO7-
shABL-34 cells with low doses of STI571 (=5 um). Silencing
c-Abl protein expression by shRNA was predicted to make
these cells more responsive (i.e. survive better) after STI571
doses (Fig. 9C). Indeed, c-Abl kinase knockdown cells were
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FIGURE 8. c-Abl-mediated stabilization of GADD45¢, but not p73¢, reg-
ulates G, arrest responses in MMR™ cells after MNNG treatment. A, gen-
eration of p73a knockdown RKO6 and RKO7 clones. RKO6 (clones 11, 12, and
15) and RKO7 (clones 4, 12, and 18) clones expressing stable shp73 or a con-
trol shSCR vector were generated. Note that p73 levels were not affected in
knockdown clones. GAPDH, glyceraldehyde-3-phosphate dehydrogenase.
B, specific knockdown of p73a does not abrogate G, arrest responses to
MNNG (10 um, 1 h). UT, untreated. C, generation of GADD45« knockdown
RKO6 and RKO7 clones. RKO6 (clones 1, 2,and 4) and RKO7 (clones 2, 3,and 4)
clones expressing stable shGADD45a or a control shSCR vector were gener-
ated. D, RKO7-shSCR, RKO7-shGADD45«-2, and RKO7-shGADD45a-3 clones
were exposed to MNNG (10 um, 1 h) and assessed for G, arrest. Specific knock-
down of GADD45« abrogated G, arrest responses to MNNG. *, p < 0.05.

spared by 1-5 um STI571, whereas control RKO7-shSCR cells
required 5—15-fold greater STI571 levels (i.e. 15-25 um). Thus,
STI571 was more efficacious at lower doses in c-Abl shRNA
knockdown cells than in RKO7-shSCR cells (Fig. 9C).

DISCUSSION

MMR senses and repairs damaged lesions, but also appears
to directly activate cell cycle arrest signaling pathways. The
long-held theory that cells arrest at specific checkpoints, such
as in G,, to allow time for repair of mutations prior to cell cycle
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FIGURE 9. c-Abl inhibition, by STI571 or genetic silencing, suppresses
MMR-dependent lethality after MNNG treatment. A, survival assays of
isogenic MMR™* and MMR™ RKO cells pretreated with STI571 (25 um, 2 h)
and exposed to varying doses of MNNG (um, 1 h). B, survival of isogenic
MMR* and MMR™ RKO-shSCR clones compared with c-Abl knockdown
shABL clones exposed to various MNNG doses (um, 1 h). C, survival of
MMR* RKO7 and MMR™ RKO7-shABL knockdown clones pretreated with
various STI571 doses (uMm, 2 h) prior to MNNG exposure (10 um, 1 h).

progression appears to be very applicable to MMR processes.
MMR-dependent G, arrest and elimination of severely dam-
aged cells by apoptotic responses clearly result in mutational
avoidance in human MMR™ cells that is several orders of mag-
nitude lower than that in matched MMR ™ cells (28). To under-
stand the signal transduction processes involved in these muta-
tional avoidance processes, we functionally reconstituted
MMR in hMLH1-deficient RKO cells. Stable hMLH1 re-ex-
pression in synchronized RKO cells restored MMR-dependent
G, arrest and sensitivity to MNNG. For the first time, using
both genetic and pharmacological approaches, we elucidated a
role for c-Abl kinase in G, arrest responses in MMR " cells after
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MNNG treatment. Disrupting c-Abl kinase (a) abrogated
MMR-dependentG,arrest, (b) decreased expressionof MMR-
dependent GADD45a protein and p73« stabilization, and (c)
abrogated MMR-dependent lethality (i.e. damage tolerance)
in response to MNNG. Our data provide the first evidence
that MMR-dependent G, arrest responses are dependent on
c-Abl activation. Our results suggest that futile cycling may not
be a means to MMR-dependent cell death because DNA breaks
created by processing DNA lesions by MMR would be
upstream from c-Abl/p73« activation. Abrogating c-Abl activ-
ity or p73a levels should not have affected MMR-mediated
DNA single-strand breaks or DSBs and therefore lethality, as
predicted (5, 6). Abrogating c-Abl, GADD45¢, and, even more
s0, p73a leads to damage tolerance and increased survival, pre-
sumably without affecting MMR activity. These data suggest
that if DNA single-strand breaks or DSBs are being created by
MMR processing of damage, they do not mediate G, arrest
and/or lethality. Thus, MMR appears to detect specific, poten-
tially mutagenic MNNG-induced DNA lesions and selectively
signals to c-Abl kinase to regulate G, arrest, apoptosis (41), and
lethality. c-Abl activation causes GADD45a up-regulation,
which we propose is a major determinant in MMR-dependent
G, arrest, suggesting that MMR directly signals this checkpoint
response, leading to cell death (Fig. 8) (41). Notably, inhibition
of c-Abl by STI571 exposure or stable c-Abl shRNA knock-
down resulted in increased MNNG resistance, raising the ques-
tion of whether DSBs are formed because MMR processes are
not affected. Preliminary assays using comet assays suggest that
DSBs are formed via MMR-dependent processes, but are not
affected by STI571 or c-Abl knockdown.

Although alink between MMR and c-Abl activation has been
made for MMR-dependent apoptosis mediated by p73« after
cisplatin exposure (13), the link to G, arrest has not. c-Abl
kinase can phosphorylate Tyr® of p73« protein, stabilizing it in
amanner similar to p53. Cisplatin also activates ATM, which, in
turn, stimulates c-Abl, leading to p73a accumulation (13). p73«
accumulation then directly stimulates apoptosis.

The mechanism by which MMR-dependent c-Abl mediates
increases in GADD45a expression and how GADD45a con-
trols both G, arrest and apoptosis remain unknown. MMR-de-
pendent GADD45« protein expression was originally shown
after FdUrd or 5-fluorouracil exposure (5). These responses
occurred in the first cell division after drug exposure, wherein
MMR directly detected fluoro-Ura:Gua mispairing (5). Overex-
pression of GADD45a can mediate G, arrest by direct binding
and inhibiting Cdc2 (10). Loss of GADD45« leads to defective
G, checkpoint signaling after DNA damage (10). Here, we
established a link between GADD45a and MMR/c-Abl signal-
ing. GADD45a« can directly signal to p38« kinase (MAPK) after
DNA damage and oncogenic transformation by Ras (29). We
believe that this puts p38a stress kinase downstream from
MMR/c-Abl/GADD45a signaling. p38« activity was previously
linked to MMR-mediated G, arrest in response to temozolo-
mide (an MNNG analog) (12). Thus, p38a may well be part of
the c-Abl-mediated G, arrest pathway. Indeed, blocking G,
arrest by p38« inhibition has no effect on Chkl phosphoryla-
tion after temozolomide treatment (12), similar to our results
after MNNG exposure (Fig. 2C). Indeed, both p38a and Chkl
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signal transduction pathways contribute separately, but
equally, to MMR-dependent temozolomide-induced G, arrest
(30). Thus, we theorize that p38« kinase is downstream not
only from c-Abl, but also from GADD45«. More direct evi-
dence for involvement of GADD45« in MMR-dependent
lethality is shown in the accompanying article (41).

Early onset BRCAL is a potential candidate protein that
could bridge the gap between MMR and c-Abl signaling to
control GADD45« induction. BRCA1 has been proposed to
play a dual role in G, arrest and homologous DSB repair.
BRCA1 can be phosphorylated and activated after genotoxic
stress, allowing it to act as a transcription factor for several
downstream genes, including GADD45«. Thus, MMR-de-
pendent GADD45« induction (Fig. 64) may be a result of
BRCA1 activation, linked to c-Abl activity in response to
MMR signaling. Evidence of a role for BRCA1 in MMR-de-
pendent signaling, independent of ATR or Chk1 for lethality,
was reported recently (31). BRCA1 can be activated by ATM
kinase after a DSB, disrupting its interaction from a stable
inactive complex with c-Abl (32). This allows both proteins
to separate and become active. A direct interaction between
MMR and BRCA1 was noted (33), and BRCA1 can physically
interact with hMSH2 and two of its binding partners,
hMSH3 and hMSHS6 (34). BRCA1 and hMSH2 are part of a
proposed multiprotein complex involved in DNA damage
recognition and repair, known as BASC (BRCA1-associated
genome surveillance complex) (35). Recently, Yamane et al.
(31) noted a minor role for BRCA1 in MMR-dependent G,
arrest signaling, similar to our own findings (supplemental
Fig. 4); however, caution should still be taken in attributing a
role for BRCA1 in MMR-specific processes without more
detailed investigations.

Recently, Kim et al. (25) found that c-Abl may physically
interact with hMLH1; however, they failed to evaluate how this
interaction might affect cell cycle and apoptotic responses.
They also determined that MMR activates the JNK/MAPK sig-
naling cascade after MNNG exposure; however, these results
are not surprising because MMR-dependent activation of the
c-Abl/JNK pathway has previously been observed after cispla-
tin exposure (36). A direct interaction between c-Abl and
hMSHS5 has also been shown (37). In fact, a single point muta-
tion (Y823H) in hMSHS5, acting similarly to loss of hMSH2,
results in damage tolerance to MNNG or temozolomide (38).
Because the hMSH4-hMSHS5 heterodimer is involved in Holli-
day junction recognition and resolution (39), hAMSH4-hMSH5
may stabilize and preserve a meiotic bimolecular DSB repair
intermediate. How MMR-specific c-Abl kinase activation par-
ticipates in these processes will require further research.

The dramatic pro-survival effects achieved by inhibiting
c-Abl kinase activity using STI571 or c-Abl kinase silencing on
MNNG-dependent cytotoxicity have major clinical implica-
tions. Others have demonstrated that c-Abl inhibition by
Gleevec™ can protect cells from DNA-damaging agents,
including H,O,, Ara-C, and curcumin (40). Collectively, these
results suggest that caution should be taken in clinical protocols
that combine STI571 (or other c-Abl/Src inhibitors) with che-
motherapeutic agents that are modulated by MMR (e.g. cispla-
tin, 5-fluorouracil, and temozolomide).

21392 JOURNAL OF BIOLOGICAL CHEMISTRY

Acknowledgments—We thank Paul Nghiem for U20S cells. We are
indebted to Drs. Scott Remick and James K. V. Willson for STI571. We
are grateful to Drs. Cheng-Ming Chiang, Lindsey Mayo, James K. V.
Willson, Robert Bachoo, Marty Veigl, David Sedwick, Jake Jacob-
berger, and Shigemi Matsuyama for helpful discussions.

REFERENCES

1. Papadopoulos, N., Nicolaides, N. C., Wei, Y. F., Ruben, S. M., Carter, K. C.,
Rosen, C. A., Haseltine, W. A., Fleischmann, R. D., Fraser, C. M., Adams,
M. D,, Venter, J. C., Hamilton, S. R,, Petersen, G. M., Watson, P., Lynch,
H. T, et al. (1994) Science 263, 1625-1629
2. Buermeyer, A. B., Deschenes, S. M., Baker, S. M., and Liskay, R. M. (1999)
Annu. Rev. Genet/ 33, 533-564
3. Fishel, R,, Lescoe, M. K,, Rao, M. R. S, Copeland, N. G, Jenkins, N. A,,
Garber, J., Kane, M., and Kolodner, R. (1993) Cell 75, 1027—-1038
4. Veigl, M. L., Kasturi, L., Olechnowicz, ]., Ma, A., Lutterbaugh, J. D., Peri-
yasamy, S., Li, G.-M., Drummond, J., Modrich, P. L., Sedwick, W. D., and
Markowitz, S. D. (1998) Proc. Natl. Acad. Sci. U. S. A. 95, 8698 —8702
5. Meyers, M., Wagner, M. W., Hwang, H.-S., Kinsella, T.]., and Boothman,
D. A. (2001) Cancer Res. 61, 5193-5201
6. Davis, T. W., Patten, C. W.-V., Meyers, M., Kunugi, K. A., Cuthill, S,,
Reznikoff, C., Garces, C., Boland, C. R., Kinsella, T.]., Fishel, R., and Booth-
man, D. A. (1998) Cancer Res. 58, 767-778
7. Hawn, M. T., Umar, A, Carethers, J. M., Marra, G., Kunkel, T. A., Boland,
C. R, and Koi, M. (1995) Cancer Res. 55, 3721-3725
8. Lynch, H. T., and Smyrk, T. (1996) Cancer 78, 1149 -1167
9. Acharya, S., Foster, P. L., Brooks, P., and Fishel, R. (2003) Mol. Cell 12,
233-246
10. Wang, X. W., Zhan, Q., Coursen, J. D., Khan, M. A, Kontny, H. U,, Yu, L.,
Hollander, M. C., O’Connor, P. M., Fornace, A. J., Jr., and Harris, C. C.
(1999) Proc. Natl. Acad. Sci. U. S. A. 96, 37063711
11. Adamson, A. W, Beardsley, D. I, Kim, W.-]., Gao, Y., Baskaran, R., and
Brown, K. D. (2005) Mol. Biol. Cell 16, 1513-1526
12. Hirose, Y., Katayama, M., Stokoe, D., Haas-Kogan, D. A., Berger, M. S., and
Pieper, R. O. (2003) Mol. Cell. Biol. 23, 83068315
13. Gong, J., Costanzo, A., Yang, H.-Q., Melino, G., Kaelin, W. G., Levrero, M.,
and Wang, J. Y. . (1999) Nature 399, 806 —809
14. Nghiem, P., Park, P. K, Kim, Y.-s., Desai, B. N., and Schreiber, S. L. (2002)
J. Biol. Chem. 277, 4428 — 4434
15. Hollander, M. C., Sheikh, M. S., Bulavin, D. V., Lundgren, K., Augeri-
Henmueller, L., Shehee, R., Molinaro, T. A., Kim, K. E., Tolosa, E., Ashwell,
J. D., Rosenberg, M. P., Zhan, Q., Fernandez-Salguero, P. M., Morgan,
W.F., Deng, C.-X., and Fornace, A.]. (1999) Nat. Genet. 23, 176 —184
16. Bacher, ]. W., Flanagan, L. A., Smalley, R. L., Nassif, N. A., Burgart, L. J.,
Halberg, R. B., Megid, W. M., and Thibodeau, S. N. (2004) Dis. Markers 20,
237-250
17. Stojic, L., Mojas, N., Cejka, P., di Pietro, M., Ferrari, S., Marra, G., and
Jiricny, J. (2004) Genes Dev. 18, 1331-1344
18. Fesquet, D., Labbé, J. C., Derancourt, J., Capony, J. P, Galas, S., Girard, F.,
Lorca, T., Shuttleworth, J., Doree, M., and Cavadore, J. C. (1993) EMBO J.
12,3111-3121
19. Gould, K. L., Moreno, S., Owen, D.]., Sazer, S., and Nurse, P. (1991) EMBO
J. 10, 3297-3309
20. Duckett, D. R, Bronstein, S. M., Taya, Y., and Modrich, P. (1999) Proc.
Natl. Acad. Sci. U. S. A. 96, 12384 —12388
21. Kim, S.-T., Lim, D.-S., Canman, C. E., and Kastan, M. B. (1999) J. Biol.
Chem. 274, 37538 —37543
22. Jeggo, P. A., and Lobrich, M. (2006) DNA Repair 5, 1192-1198
23. Nehme, A., Baskaran, R,, Aebi, S., Fink, D., Nebel, S., Cenni, B.,, Wang, J. Y.].,,
Howell, S. B., and Christen, R. D. (1997) Cancer Res. 57, 3253—-3257
24. Burgess, M. R, and Sawyers, C. L. (2006) Sci. World J. 6, 918 =930
25. Kim, W.-J., Rajasekaran, B., and Brown, K. D. (2007) J. Biol. Chem. 282,
32021-32031
26. Yuan, Z.-M., Shioya, H., Ishiko, T., Sun, X., Gu, J., Huang, Y., Lu, H,,
Kharbanda, S., Weichselbaum, R., and Kufe, D. (1999) Nature 399,
814-817

VOLUME 283-NUMBER 31+AUGUST 1, 2008


http://www.jbc.org/cgi/content/full/M709953200/DC1

27.

28.
29.

30.
31.

32.

33.

34.

AUGUST 1, 2008« VOLUME 283 +NUMBER 31

Vella, V., Zhu, J., Frasca, F., Li, C.-Y., Vigneri, P., Vigneri, R., and Wang,
J. Y. . (2003) J. Biol. Chem. 278, 25151-25157

Loeb, L. A. (1997) Science 277, 1449 —1450

Tront, J. S., Hoffman, B., and Liebermann, D. A. (2006) Cancer Res. 66,
8448 — 8454

Hirose, Y., Katayama, M., Berger, M. S., and Pieper, R. O. (2004) /. Neuro-
surg. 100, 1060 -1065

Yamane, K., Schupp, J. E., and Kinsella, T. J. (2007) Cancer Res. 67,
6286 —6292

Foray, N., Marot, D., Randrianarison, V., Venezia, N. D., Picard, D., Perri-
caudet, M., Favaudon, V., and Jeggo, P. (2002) Mol. Cell. Biol. 22,
4020-4032

Paull, T. T., Cortez, D., Bowers, B., Elledge, S. J., and Gellert, M. (2001)
Proc. Natl. Acad. Sci. U. S. A. 98, 6086 —6091

Wang, Q., Zhang, H., Guerrette, S., Chen, J., Mazurek, A., Wilson, T.,

Role of c-Abl in MMR-dependent G, Arrest Responses

35.

36.

37.

38.
39.

40.

41.

Slupianek, A., Skorski, T., Fishel, R., and Greene, M. 1. (2001) Oncogene 20,
4640 — 4649

Wang, Y., Cortez, D., Yazdi, P., Neff, N., Elledge, S. J., and Qin, J. (2000)
Genes Dev. 14, 927-939

Nehme, A., Baskaran, R., Nebel, S., Fink, D., Howell, S. B., Wang, J. Y., and
Christen, R. D. (1999) Br. J. Cancer 79, 1104-1110

Yi, W., Lee, T.-H., Tompkins, J. D., Zhu, F., Wu, X., and Her, C. (2006)
Cancer Res. 66, 151-158

Bawa, S., and Xiao, W. (2003) Gene (Amst.) 315, 177-182

Snowden, T., Acharya, S., Butz, C., Berardini, M., and Fishel, R. (2004) Mol.
Cell 15, 437-451

Kamath, R, Jiang, Z., Sun, G., Yalowich, J. C., and Baskaran, R. (2007) Mol.
Pharmacol. 71, 61-72

Li, L. S.,, Morales, J. C., Hwang, A., Wagner, M. W., and Boothman, D. A.
(2008) J. Biol. Chem. 283, 2139421403

JOURNAL OF BIOLOGICAL CHEMISTRY 21393



