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Abstract

Mismatch repair (MMR) deficiency gives rise to cisplatin resistance and can lead to poor
prognosis in cancers. Various models have been proposed to explain this low level of resistance
caused due to loss of MMR proteins. We have shown that MMR proteins are required to maintain
cisplatin interstrand cross-links (ICLs) on the DNA leading to increased cellular sensitivity. In our
previous studies, we have shown that BER processing of the cisplatin ICLs is mutagenic.
Polymerase B (PolB) can generate mismatches which leads to the activation and the recruitment of
mismatch repair proteins. In this paper, we distinguished between the requirement of different
downstream MMR proteins for maintaining cisplatin sensitivity. We show that the MutSa
(MSH2-MSHS6) heterocomplex is required to maintain cisplatin sensitivity, whereas the Mutsp
complex has no effect. These results can be correlated with the increased repair of cisplatin ICLs
and ICL induced DNA double strand breaks (DSBs) in the resistant cells. Moreover, we show that
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MLHZ1 proficient cells displayed a cisplatin sensitive phenotype when compared with the MLH1
deficient cells and the ATPase activity of MLHL is essential to mediate this effect. Based on these
results, we propose that MutSa as well as the downstream MMR pathway proteins are essential to
maintain a cisplatin sensitive phenotype as a consequence of processing Polf induced mismatches
at sites flanking cisplatin ICLs.
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1.1 Introduction

The DNA mismatch repair (MMR) system which is involved in the post replicative repair of
mismatches plays a crucial role in the maintenance of genomic stability [1]. In addition to
the recognition of mismatches, MMR proteins have also been involved in the recognition
and processing of DNA damage inflicted by a number of chemotherapeutic agents like
cisplatin, carboplatin, alkylating agents and 5-Fluorouracil [2-6]. The MMR pathway is
composed of recognition proteins with MSH2 as a common partner in two heterocomplexes
namely MutSa (MSH2-MSH®6) and MutSp (MSH2MSH3) [7]. MutSa is required for the
repair of base-base mismatches and one base pair insertion deletion loops (IDLs). On the
other hand, MutSp carries out the repair of IDLs with single or multiple base pairs. The
mismatch recognition step is followed by the recruitment of downstream MMR proteins
including MutLa (MLH1-PMS2), Exonuclease I, DNA polymerase § and DNA ligase.

MMR has also been shown to participate in the DNA damage response after treatment with
certain chemotherapeutic agents. Loss of MMR proteins has been associated with resistance
to a number of anti-cancer agents (e.g., alkylating agents and cisplatin) [5, 6]. Various
models have been proposed for the possible role of MMR in maintaining drug sensitivity.
Adducts formed by alkylating agents can result in the generation of mismatched bases. It has
been suggested that MMR proteins take part in futile cycles of repair of these mismatches in
the daughter strand. The resulting strand breaks signal apoptosis and loss of this function can
give rise to drug resistance [8-10]. In addition, MMR proteins have been shown to directly
signal the DNA damage, eventually resulting in cell death [3, 11]. These studies, however,
did not differentiate between the different types of DNA adducts that are formed by
cisplatin, namely intrastrand adducts which are formed within the same DNA strand versus
interstrand crosslinks (ICLs) which are formed between adjoining strands of DNA. MutSa
proteins have been shown to recognize cisplatin intrastrand adducts [10]. In addition, MutSP
was found to be one of the proteins that interact with cisplatin ICLs [12]. However, the exact
role of MSH3 in the processing of cisplatin adducts has not been clearly evaluated.

Recent studies have shown that MSH3 is required for the repair of DNA double strand
breaks (DSBs) induced during cisplatin and oxaliplatin treatment [13, 14]. Thus, the MMR
pathway has been shown to be required for the sensitization of colorectal cancer cells to
cisplatin and oxaliplatin, and this effect is believed to be independent of the canonical MMR
processing. However, other studies have shown that MSH3 proficient cells, which were
more resistant to chemotherapy, expressed higher levels of NER proteins which could
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explain the reason for increased resistance [15]. Thus, the exact role of MSH3 in modulating
platinum cytotoxicity remains to be determined.

In our previous studies, we have shown that loss of base excision repair (BER) and MMR
proteins gives rise to resistance to cisplatin and these two pathways take part in the same
mechanistic pathway to mediate cisplatin sensitivity [16, 17]. In the absence of these
proteins, increased repair of cisplatin ICLs was observed which leads to decreased cellular
cytotoxicity. We also showed that this mechanism is dependent upon the low fidelity of
DNA polymerase p (Polf), which leads to mis-incorporation of bases and generation of
mismatches at sites flanking a cisplatin ICL. This mismatch in turn activates the MMR
pathway. In this report, we distinguish between the requirement of different downstream
MMR proteins to mediate this effect, and we show that in contrast to previous studies, there
is a clear distinction between the initial MMR recognition heterocomplexes. MutSa is
required to maintain cisplatin sensitivity while MutSp plays no role at least in breast cancer
cell lines and mouse embryonic fibroblasts in mediating cisplatin cytotoxicity. Moreover, we
show that the ATPase activity of MLHL is required for maintaining a cisplatin sensitive
phenotype highlighting the importance of the MMR pathway in the non-productive
processing of cisplatin ICLs and not just shielding of the DNA damage by MutSa.

1.2 Materials and Methods

1.2.1 Chemicals and Antibodies

Cisplatin, oxaliplatin and myricetin were purchased from Sigma-Aldrich. All other
chemicals and reagents were from standard suppliers. Antibodies directed against MSH3,
MSH6 and MLH1 were from BD Pharmigen and a-tubulin was from Sigma-Aldrich. For
the stock preparation, cisplatin and oxaliplatin were diluted in 1X PBS and vortexed
vigorously until the drug dissolved completely. The stock concentration was 1 mM.
Cisplatin was prepared fresh before each experiment. Stock solutions for oxaliplatin were
stored at —80 °C for up to 6 months and thawed at room temperature (RT) when needed.

1.2.2 Cell lines

The human breast adenocarcinoma MDA-MB-231 cells were grown in RPMI 1640
containing 10% FBS and geneticin (700ug/ml). MDA-MB-231 Polf knockdown cells (Polf3
lentiviral ShRNA) were grown in the presence of 0.5ug/mL puromycin. The development
and characterization of the MDAMB-231/PolB-KD cells were described previously [18].
MLH1-null HCT116 cells were used for complementation with wtMLH1 and its S44L and
S44P ATPase mutants. A site-specific mutagenesis was performed using the QuikChange
multi site-directed mutagenesis kit from Stratagene. MLH1 constructs were inserted into the
pQCXIN retroviral vector. Infected cells with stable expression of the vector sequences were
selected in the presence of geneticin [19]. The HCT116 cells were grown in DMEM F-12
media with 10% FBS, antibiotics and 600 ug/ml of geneticin. The DLD-1 and DLD-1 + chr
2 cells were kindly provided by Dr. Thomas Kunkel (NIH) and were maintained in DMEM
F-12 media with 10% FBS, antibiotics. The chromosome complemented DLD-1 + chr 2
cells were maintained in 400 ug/ml of geneticin.
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1.2.3 shRNA transfection

Mission shRNA plasmid bacterial stocks directed against human MSH6 and MSH3 were
obtained from Sigma Aldrich. The plasmid DNA was purified using a plasmid purification
maxi prep kit from Qiagen. Lentiviral particles were packaged using 293FT cells with the
help of 3™ generation packaging plasmids PMD2G, PMDLG/RRE and PRSV/RRE.
Lipofectamine 2000 reagent (Invitrogen) was used for the transfection of the plasmid DNA.
The media was changed after 24 hrs of transfection. The viral particles were harvested 48 hr
and 72 hr after the transfection by centrifugation followed by filtration through 0.2 micron
filters. The viral stocks were stored as aliquots at —80°C for future use. At the time of the
experiment, the viral stocks were used along with polybrene (Sigma Aldrich) for the knock
down of proteins of interest. Cells were harvested at the 72 hr timepoint post transduction to
check for protein and transcript expression.

1.2.4 siRNA transfection

ON-TARGET plus SMART pool siRNAs specific for human MSH3 and MLH1 were
purchased from Dharmacon RNAI technologies, Thermo Scientific. The non-targeting
control siRNA was used as a control for non-specific effects. SiRNA transfection was
carried out as per the manufacturer’s protocol. Briefly, the cells were plated in 6 well plates
in the antibiotic free media. At the time of transfection, the cell density was maintained at
60-70% and two transfections were done with an interval of 24 hrs. Dharmafect transfection
reagent 1 and 4 were used for MEFs and MDA-MB-231 cells, respectively. The cells were
harvested at 48 and 72 hr timepoints after transfection for the detection of protein and
transcript expression.

1.2.5 Western blot analysis

Cells were harvested at 96, 120 and 144 hrs after the infection, washed with PBS and lysed
in lysis buffer (10 mM Tris pH 8.0, 120 mM NacCl, 0.5% NP-40, 1mM EDTA) containing
protease inhibitors (0.5 M phenyl methyl sulphonyl fluoride PMSF, 1mg/ ml Leupeptin and
1 mg/ml pepstatin A). The proteins were separated on 8% SDSpolyacrylamide gels and
transferred onto Immobilon-P transfer membranes (Millipore). After blocking (2% non-fat
dry milk), the membranes were probed with primary antibodies recognizing human MLH1,
with a-tubulin as a loading control. The membranes were incubated with appropriate
secondary antibodies and the signal was detected by using Enhanced chemiluminescence
detection system.

1.2.6 Real time PCR for the measurement of transcript levels

At indicated post-transfection time points, cells were harvested and pelleted. RNA was
isolated using TRIzol reagent (Invitrogen) by standard procedures. The total RNA was
reverse transcribed using MMLYV reverse transcriptase enzyme (Invitrogen) as per the
manufacturer’s protocol. The transcript levels were quantified using iQ SYBR green
supermix (Bio-Rad) in iCycler iQ System, with GAPDH as an endogenous control. The
percent transcript knockdown was determined from 2"22CT values as previously described
[17].
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1.2.7 Colony survival assay

Cells (~500) were treated with increasing concentrations of cisplatin for 2 hr. After
treatment, fresh medium was added and the cells were allowed to grow for 7-14 days.
Colonies were fixed with 95% methanol and stained with 0.2 % crystal violet. Colonies with
=50 cells were counted and colony survival was expressed as the ratio of the average
number of colonies in drug treated cells versus control cells x 100. The experiment was
done in triplicates for each drug concentration.

1.2.8 Alkaline comet assay

Alkaline comet assay was used to analyze the repair of cisplatin ICLs as described [20, 21].
Cell suspensions (~10000 cells) were embedded on a microscopic slide, lysed and incubated
in ice-cold alkaline solution for 20 min to allow the DNA to unwind. Electrophoresis was
carried out for 30 min at 28 V, 300 mA. Slides were neutralized and stained with SYBR
green (Invitrogen). The comets were scored using a Nikon epifluorescence microscope. At
least fifty cells were analyzed per slide using Komet Assay Software 5.5F (Kinetic Imaging,
Liverpool, UK). The data was expressed as the percentage of crosslinks that remained at that
particular time point normalized to 100% at O hr post treatment. This time point corresponds
to 2 hr post cisplatin treatment.

1.2.9 Immunofluorescence

Double-strand break (DSB) repair was assessed by monitoring the nuclear y-H2AX foci by
immunofluorescence. Cells were fixed using 4% paraformaldehyde, permeabilized and
probed with monoclonal anti y-H2AX antibody (1:500, Millipore). The images were
visualized using a Nikon Eclipse T2000-U microscope. Foci were counted in at least 200
cells at each time point per condition in each cell line and results are expressed as % yH2AX
foci positive nuclei.

1.2.10 ELISA

The rate of repair of cisplatin intrastrand adducts was assessed by ELISA using a specific
monoclonal antibody against cisplatinintrastrand adducts (ICR4, kindly provided by Michael
J. Tilby, University of Newcastle, UK). Cells were treated with cisplatin for 2 hrs and were
harvested at 0-72 hr timepoints. Genomic DNA was isolated using QIAGEN DNeasy blood
and tissue kit. The DNA was coated on 96 well Profoldin DNA binding ELISA plates and
probed with ICR4 antibody. The plates were washed to remove any unbound antibody
followed by incubation with HRP conjugated goat anti-rat secondary antibody
(Calbiochem). After addition of TMB (1 step ultra TMB-ELISA, Thermo Scientific), the
reaction was stopped with 2M sulfuric acid and absorbance was measured at 450 nm
(Spectramax M5 plate reader, Molecular Devices). The % intrastrand adducts were
calculated using OD 450 nm reading. The % of adducts at 0 hr time point were normalized
to 100% intrastrand adducts in each cell line.

1.2.11 MTS assay

Cells (~10,000) were plated in 96 well plates and were treated with cisplatin for 2 hrs. The
media was changed to complete media and the cells were allowed to incubate for 72 hrs
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after the treatment. MTS assay was performed as per the manufacturer’s protocol.
(Promega). Briefly, the MTS dye was added to the plate, followed by incubation for 2-3 hrs
at 37°C. The absorbance was measured at 490 nm and the survival was expressed by
normalizing untreated cells to 100%. The experiment was done in triplicate for each drug
concentration.
1.3 Results

1.3.1 Requirement of different MMR recognition heterocomplexes to maintain cisplatin

sensitivity

To differentiate between the role of MutSa and MutSp in mediating cisplatin sensitivity,
colony survival assays were performed. Using wild type and Polp deficient MDA-MB-231
cells, we knocked down MSH3 or MSH6 using shRNA directed against these proteins. The
knockdown efficiency was analyzed at both protein and transcript levels using western blot
analysis and real time PCR, respectively (Supplementary Figure S1). The level of
knockdown was found to be 80-90 % compared to the controls. In addition we also checked
for the expression of MSH3, MSH6 and MSH2 in absence of MSH3 and/or MSH6
(Supplementary Figures 2 A-F). Using clonogenicity assays, we found that MSH6 deficient
cells were resistant to cisplatin as compared to the wild type cells (Figure 1A). Loss of Polp
also gave rise to cisplatin resistance, which is consistent with our previous results [16,17].
However, down regulation of MSH® in Polp deficient cells did not give rise to any additive
increase in the degree of resistance reinforcing our previous observations of an epistatic
relationship between BER and MMR proteins in mediating cisplatin cytotoxicity. In support
of these studies, we also performed colony survival assays using MSH6 deficient DLD-1
and MSH6 proficient DLD-1 + chr 2 cells after cisplatin treatment. MSH6 deficient cells
displayed a cisplatin resistant phenotype compared to MSH6 proficient cells indicating that
MSHE6 is required to mediate cisplatin sensitivity (Figure 1B). The expression of MSH2,
MSH3 and MSH6 in these cells is shown in Supplementary Figure 3. In addition, we also
performed clonogenic assays using MSH3 knockdown cells, and we observed that down
regulation of MSH3 had minimal effect on cisplatin cytotoxicity. Similar to the wild type
cells, MSH3 deficient cells maintained a cisplatin sensitive phenotype (Figure 1C).
Comparable results were observed in wild type mouse embryonic fibroblasts and in Polf3
null cells no additional cisplatin resistance was observed following MSH3 knockdown
(Supplementary Figure S4). This data is consistent with MSH3 having no role in mediating
cisplatin sensitivity. Also, knockdown of both MSH3 and MSH6 together gave rise to a ~ 2
fold resistant phenotype in response to cisplatin similar to MSH6 knockdown and MSH6
depleted cells alone (Figure 1D). These data indicate that MSH®6 is required for mediating
sensitivity whereas, MSH3 does not influence cisplatin cytotoxicity at least in the cell lines
used in this study. These data along with our previous studies showing loss of MSH2 results
in cisplatin resistance implicate MutSa in mediating cisplatin efficacy and not MutSp [17].

Previously, we have shown that BER and MMR processing of ICLs is dependent upon the
unique structure produced by the cisplatin ICL. This distorted structure is unique to cisplatin
with respect to the distortion surrounding the ICL. For this reason, we studied cell viability
in response to oxaliplatin in MSH3 and MSH6 knockdown cells using MTS assays
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(Supplementary Figure S5A and S5B). Cell survival studies showed no difference in the
oxaliplatin cytotoxicity highlighting the fact that the role of MMR proteins in modulating
chemo sensitivity is specific to cisplatin and carboplatin. In support of these studies,
Zdraveski et al have shown that the oxaliplatin adducts are not recognized by MMR proteins
[22].

1.3.2 Differential role of MMR recognition proteins in cisplatin ICL repair

Enhanced DNA repair has been shown to be a major mechanism for the development of
cisplatin resistance [23]. MMR proteins have been shown to bind to the cisplatin GG
intrastrand adducts [9, 10]. In our previous studies, we have shown that down-regulation of
MSH2, which is a common partner in MutSa and MutSp heterocomplexes, does not
influence the rate of repair of cisplatin intrastrand adducts [17]. Thus, based on our previous
observations, we did not expect MSH3 and MSH6 to be involved in the repair of cisplatin
intrastrand adducts. As the repair of intrastrand adducts was expected to be unaffected, we
hypothesized that the rate of repair of cisplatin ICLs influences cisplatin cytotoxicity. For
this reason, we studied cisplatin ICL repair using modified alkaline comet assay in MSH3 or
MSH6 knockdown cells. The alkaline comet assay is modified using hydrogen peroxide to
generate a fixed level of DNA strand breaks [17, 24]. During electrophoresis, these strand
breaks migrate to form a comet tail.

However, presence of ICLs in DNA hinders the migration of DNA strands giving rise to a
shorter tail. The comparison between the olive tail moments of H,O, alone treated and H,O,
plus cisplatin treated cells allows to calculate % of ICLs remaining in the DNA.

Using this assay, we observed increased repair of cisplatin ICLs over the time course of 0—
72 hr in all cell types with no difference in the repair rate up to the 24 hr time point. At the
48 hr and 72 hr time point, however, we observed increased repair of cisplatin ICLs in Polf
deficient cells consistent with our previous studies [16, 17]. MSH6 knockdown in both WT
and Polp deficient cells showed increased repair of cisplatin ICLs as compared to WT cells
treated with control sShRNA suggesting the involvement of MSH6 in cisplatin ICL
processing (Figure 2A). Moreover, we did not see any additive increase in the repair
capacity in the absence of both MSH6 and Polf. In addition, we also performed similar
assays using MSH3 shRNA and in contrast to MSH6 knockdown cells, following MSH3
knockdown, we did not see any change in the repair rate of cisplatin ICLs in these cells
(Figure 2B). It should be noted that the modified alkaline comet assay used in this report is
sensitive to the initial unhooking of the ICL from the double stranded DNA and therefore,
this assay can represent the involvement of MMR proteins in the initial stages of ICL repair.
Thus, these data suggest that MSH6 interferes with or inhibits the repair of cisplatin ICLs
whereas MSH3 does not participate in the cisplatin ICL processing which leads to similar
rates of ICL repair in WT and MSH3 knockdown cells. Moreover, increased repair rates
have been shown to be one of the mechanisms of cisplatin resistance and poor prognosis and
these data correlate well with the cisplatin cytotoxicity profile after down regulation of these
proteins (Figure 1).

Furthermore, cisplatin ICL processing leads to the generation of DNA DSBs. The ATM
kinase recognizes the DSBs and causes phosphorylation of a histone variant H2AX at serine
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139. This causes recruitment of downstream DSB repair proteins. The phosphorylated
vH2AX proteins form distinct nuclear foci and can be studied using an immunofluorescence
assay. In this assay, we observed induction of yH2AX foci and a decrease in YH2AX
positive cells from 24 hr to 72 hr time points. The Polp deficient cells showed decreased
percentage of foci positive cells at 48 hr and 72 hr as compared to WT cells consistent with
our previous report [16]. However, MSH6 knockdown cells also showed decreased
percentage of foci positive cells and therefore, increased repair of cisplatin induced DSBs as
compared to the WT cells (Figure 2C). These data validate the inhibitory role of MSH6 in
the processing of cisplatin ICLs. However, in contrast to some of the other studies done in
colorectal cancer cells lines [13, 14], MSH3 knockdown cells did not show any change in
the phosphorylation status of yH2AX when compared to the WT breast adenocarcinoma cell
lines used in this study (Figure 2D). These results suggest that unlike MSH6, loss of MSH3
does not affect the repair of cisplatin ICLs and likely not the repair rate of cisplatin ICL
induced DSBs.

1.3.3 MutL homolog 1 plays a key role in maintaining cisplatin sensitivity

MLH1 is the human homologue of the E. coli MMR gene MutL. The MMR pathway
involves recognition of a base mismatch or insertion/deletion loop by a MutS homolog
followed by recruitment of a MutLa heterodimeric complex consisting of MLHZ1 and PMS2
[7]. To understand the importance of MLH1 in mediating cisplatin cytotoxicity, we knocked
down MLH1 using siRNA in MDA-MB-231 cell lines. The knock down efficiency was
found to be 80-90% (Supplementary Figure S6A, S6B). Colony survival assays were
performed to address the effect of MLH1 down-regulation on the cell viability in response to
cisplatin (Figure 3A). MLH1 knock down in WT cells showed ~2 fold resistance to cisplatin
as compared to the control cells. However, MLH1 knock down in Polf deficient cells did
not give rise to any additional increase in cisplatin resistance indicating an overlapping role
of these two proteins in the same mechanistic pathway to mediate cisplatin sensitivity. To
understand the mechanism of resistance, we checked for the effect of MLH1 knockdown on
the repair rates of cisplatin DNA adducts. We performed enzyme linked immunosorbent
assay using a monoclonal antibody specific for cisplatin GG adduct, which is a major
intrastrand adduct formed by cisplatin [16, 17]. Knockdown of BER and MMR showed no
difference in the repair of cisplatin intrastrand adducts indicating that these pathways do not
influence the repair rate of cisplatin GG adducts (Figure 3B). As cisplatin intrastrand adduct
repair was unaffected, we checked for the repair of cisplatin ICLs. Modified alkaline comet
assay was used to evaluate the rate of ICL repair from 0-72 hr after cisplatin treatment.
Down-regulation of Polp showed decreased percentage of ICLs at 48 hr and 72 hr time
points. MLH1 has shown to be required for signaling DNA damage in response to psoralen
crosslinks [25]. In these studies using cisplatin, depletion of MLH1 in the WT as well as
Polp deficient cells resulted in increased repair of cisplatin ICLs (Figure 3C). In addition,
similar results were observed in an immunofluorescence assay where MLH1 KD cells
showed increased repair of cisplatin ICL induced DSBs as compared to the WT cells (Figure
3D). These results indicate that increased repair of cisplatin ICLs accounts for the cisplatin
resistant phenotype seen in these cells. Furthermore, we observed similar levels of ICL
repair in the absence of both BER and MMR pathways as compared to the knockdown of
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MMR and BER alone. These data suggest an epistatic relationship of these two pathways in
the mediating cisplatin sensitivity.

1.3.4 ATPase activity of MLH1 is essential for cellular sensitivity to cisplatin

We have shown that BER and MMR play an epistatic role in mediating cisplatin sensitivity
[17]. This overlapping role is dependent upon BER processing and the error prone nature of
Polp to generate a mismatch flanking a cisplatin ICL, thereby leading to activation of the
MMR pathway. Our results indicate that the complete knockdown of MLH1 gives rise to a
cisplatin resistant phenotype, suggesting that a functional downstream MMR pathway is
essential to maintain cellular sensitivity to cisplatin. Next, to confirm the involvement of
MMR and the actual processing of the mismatch we utilized human colon cancer cell lines
that are deficient in the MLH1 ATPase activity (Figure 4A). The HCT116 cells are deficient
in MLH1 and MSH3. These cells were reconstituted with WT MLH1, S44L and S44F
ATPase mutant MLH1. Owing to a point mutation that affects the serine 44 residue in the
ATPase domain, these cells are deficient in MMR activity. We utilized these cells lines to
differentiate between the effects of MLH1 binding to the MSH complexes at the mismatch
as opposed to the role of MLH1 in actual MMR processing of the mismatch.

We studied the expression of these mutants and it was found to be similar at both the protein
and the transcript level (Figure 4B and 4C). After that, we checked the effect of these
mutations on cisplatin cytotoxicity using an MTS assay. The MLH1 deficient empty vector
cells showed a cisplatin resistant phenotype as compared to the MLH1 proficient WT cells
consistent with our previous results. Moreover, The MLH1 ATPase mutant cells also
showed a cisplatin resistant phenotype indicating the importance of the ATPase activity of
MLHZ1 in mediating cisplatin sensitivity (Figure 4D). In contrast, using mouse embryonic
fibroblasts, previous studies have shown that loss of ATPase activity still maintains
sensitivity to cisplatin, highlighting the genetic basis for the direct DNA damage signaling
by MMR proteins [26, 27]. Our studies in human cells, however, showed that this activity is
essential for cellular sensitivity, indicating that different ATPase mutations can have a
differential effect on cisplatin cytotoxicity. Furthermore, we did not see any significant
difference in the survival profiles of these cells in response to oxaliplatin (Supplementary
Figure S5C). These results suggest that these effects are specific to cisplatin and can be
attributed to the unique structure produced by cisplatin ICLs.

To understand the mechanism of resistance and to appreciate the events taking place near
the ICLs, we studied how these ATPase mutations affect the repair of cisplatin ICLs. We
used a modified alkaline comet assay to study the repair rates of ICLs up to the 72 hr time
point after cisplatin treatment. MLH1 deficient empty vector cells showed increased repair
of cisplatin ICLs at the 48 hr and 72 hr time point. Moreover, the MLH1 ATPase mutant
cells also showed increased repair of cisplatin ICLs at both the 48 hr and 72 hr time points
as compared to the MLH1 proficient WT cells (Figure 5A). In addition, in an
immunofluorescence assay MLH1 deficient empty vector cells and MLH1 ATPase mutant
cells also showed increased repair of cisplatin ICL induced DSBs as compared to the WT
MLH1 proficient cells (Figure 5B). These results indicate that the ATPase activity of MLH1
is essential to maintain cisplatin ICLs in the DNA and therefore, this increased repair can be
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correlated with the resistant phenotype observed in the cell survival studies. Next, we
wanted to assess whether MSH6 and MLH1 work within the same pathway to mediate
cisplatin cytotoxicity. Hence, we knocked down MLH1 in MSH6 deficient DLD-1 cells and
MSHS6 proficient DLD-1 + chr 2 cells and assessed the degree of protein knock down
(Supplementary Figure S6C). We did not see any additional change in the degree of
resistance in the absence of both MSH6 and MLH1 as compared to the knockdown of
MSH6 and MLH1 alone (Figure 5C). These results suggest that MLH1 is recruited
downstream of MSH6 and an entire MMR pathway is essential for mediating cisplatin
sensitivity.

We hypothesize that this role of MLH1 is dependent on the generation of a mismatch due to
BER processing. To understand whether MMR and BER pathways play an overlapping role
in these ATPase mutant cells, we inhibited BER in HCT116 cells using myricetin. Myricetin
is a small molecule inhibitor of the repair function of apurinic/apyridiminic endonuclease 1
(APE1) (Supplementary Figure S7). Pretreatment with myricetin gave rise to a cisplatin
resistant phenotype in MLH1 proficient WT cells, consistent with our previous findings.
However, when we used MLH1 deficient empty vector cells and MLH1 ATPase mutant
cells, both of which are already resistant to cisplatin, myricetin pretreatment did not give rise
to any additive increase in the degree of resistance. These results suggest that MMR
processing occurs downstream of BER and these two pathways play an epistatic role in
mediating cisplatin cytotoxicity. In conclusion, our results suggest that downstream MMR
pathway activation plays a critical role in mediating cisplatin cytotoxicity. In addition, the
ATPase activity is essential for the processing of the mismatch near the ICL region and this
MMR processing hinders the productive repair of cisplatin specific ICLs and thus, gives rise
to a cisplatin sensitive phenotype.

1.4 Discussion

The role of MutS and MutL homologues in the repair of cisplatin ICLs has been previously
studied using psoralen ICLs [25, 28]. However, the role of individual MMR proteins in the
processing of cisplatin ICLs remains to be determined. Cisplatin forms ICLs that have a
unique structure compared to other platinum agents as well as other cross-linking agents. As
a consequence, cisplatin treatment leads to the recruitment of different DNA repair proteins
and initiation of different DNA repair pathways. Previously, we have shown a novel
mechanism of crosstalk between BER and MMR pathways in response to cisplatin ICLs.
The cisplatin ICL structure involves the flipping out of the cytosine residues, making these
structures prone to undergo oxidative deamination. These deamination events can lead to the
conversion of cytosine residues to uracil in the DNA flanking the cisplatin ICL. Uracil acts
as a substrate for the initiation of the BER pathway. BER processing adjacent to the cisplatin
ICLs involves error prone DNA synthesis by Polp [16]. The low fidelity nature of Polp can
generate mismatches that can lead to activation of the MMR pathway [16, 17]. We have
shown the increased recruitment of the MMR protein MSH2 on BER processed cisplatin
ICL DNA substrates as compared to unprocessed substrates [17]. The aim of this work was
to understand the requirement of downstream MMR proteins in mediating cisplatin
sensitivity. It was anticipated that this information will help us to further understand the
crosstalk between the BER and MMR pathways near the cisplatin ICL site. Furthermore, it
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will help us to elucidate the role of MMR proteins in the complex process of cisplatin ICL
DNA repair. Repair of ICLs is a complicated process and the exact mechanism of cisplatin
ICL repair and how different repair proteins play a role is still not completely understood.
From a clinical point of view, increased repair of ICLs has been shown to be associated with
resistance to chemotherapy drugs and poor prognosis of cancer [29, 30]. Therefore,
understanding this mechanism of cisplatin ICL repair and evaluating the role of different
proteins in these pathways becomes clinically relevant.

Recently, it was shown that MSH3 is involved in the repair of cisplatin ICL induced DNA
DSBs [13, 14]. In contrast, Vaismann et al have shown that MSH3 deficiency does not have
any significant effect on cisplatin or oxaliplatin cytotoxicity [31]. Consistent with these
studies, when we knocked down MSH3 in breast adenocarcinoma cell lines, we did not see
any effect on cisplatin or oxaliplatin cytotoxicity indicating that MSH3 does not influence
platinum cytotoxicity at least in the cell lines used in this study. These observations suggest
that MSH3 deficient cells should still retain sensitivity to cisplatin-based chemotherapy.
Depletion of MSH3 in Polp deficient cells did not give rise to a cisplatin sensitive phenotype
indicating that MSH3 is not essential and does not play any significant role in maintaining
cisplatin sensitivity. In addition, MSH6 knockdown cells showed a cisplatin resistant
phenotype consistent with the literature [31, 32]. Furthermore, MSH6 down-regulation in
Polp knock down cells did not give rise to any additive increase in cisplatin resistance,
indicating that these proteins play an overlapping mechanistic role and are required to
maintain cisplatin sensitivity.

In accordance with the cell survival studies, we wanted to elucidate the mechanism of
cisplatin resistance in these cells. Increased repair of adducts from the DNA has been shown
to be one of the major mechanisms of cisplatin resistance [23, 33]. MSH2 forms a common
partner in MutSa (MSH2-MSH6) and MutSp (MSH2-MSH3) heterocomplexes. Previously,
we have shown that lack of MSH2 does not affect the repair rate of cisplatin intrastrand
adducts [17]. For this reason, we did not expect MSH3 and MSH6 to affect cisplatin
intrastrand adduct repair. As the repair of intrastrand adducts remains unaffected, we
checked the repair kinetics of cisplatin ICLs. In MSH3 knockdown cells, we did not see any
change in the repair rate of cisplatin ICLs as well as ICL-induced DSBs. Zhu and Lippard
have shown that MutSp is one of the proteins that bind specifically to cisplatin ICLs [12],
indicating that the MSH2-MSH3 complex might play some role in the repair of cisplatin
ICLs. However, based on our observations, MSH3 is not essential, as lack of MSH3 did not
affect cellular response to cisplatin within our experimental conditions. Our previous studies
show that Pol  driven mutagenesis is responsible for generation of a mismatch near ICL
sites. As MutSa complex i.e. MSH2-MSH® are required to process a single base mismatch,
differential recognition patterns of MutSa and MutSPB might be responsible for differential
requirement of MSH6 and MSH3 in mediating cisplatin cytotoxicity. MSH6 deficiency has
been known to cause cisplatin resistance [31]. Various models have been proposed to
explain the resistance mechanism. There have been studies that link futile cycles of
mismatch repair of cisplatin intrastrand adduct with increased sensitivity [10]. Some other
studies have shown that MSHG is essential to signal apoptosis. Yang et al have shown that
MSH6 T1219D missense mutation causes the loss of mismatch repair function while
retaining ability to signal apoptotic response followed by treatment with DNA damaging
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agents [32]. As compared to MSH6 knockout cells these mutants remain sensitive to
cisplatin indicating that MMR proteins play a vital role in sensing and signaling the cell
death. These studies have been attributed to all kinds of adducts formed by cisplatin overall.
However, we found that MSH6 knockdown resulted in the increased repair of cisplatin ICLs
and ICL induced DNA double strand breaks. It will be interesting to study whether MSH6
T1219D mutation has any effect on cisplatin ICL repair. Biochemical understanding of
whether this mutant protein can sense the mismatch and whether it stays bound to the
damaged site can provide useful information for the sensitive phenotype displayed by these
cells in response to cisplatin. In conclusion, our results suggest that the drug sensitizing
effects of MMR proteins are dependent on the processing of cisplatin ICLs and not
intrastrand adducts. Also, MutSa and not MutSp is required to maintain a cisplatin sensitive
phenotype. MutSa and MutSP recognize and process different mismatch repair substrates
[34]. This difference in substrate recognition of MutSa and MutSp may be responsible for
their differential role in mediating cisplatin cytotoxicity. Single base mismatches generated
by Polp driven mutagenesis might be responsible for the recruitment of MutSa near the ICL
sites and its role in maintaining a cisplatin sensitive phenotype.

Inactivation of MLH1 has been shown to give rise to cisplatin resistance [26]. In our studies,
knockdown of MLH1 in Polf deficient cells did not give rise to any additional increase in
the degree of resistance, suggesting that these two proteins are involved in the same
mechanism to mediate cisplatin cytotoxicity. The difference in the sensitivities could be
correlated with the difference in the repair rates of cisplatin ICLs and ICL induced DSBs.
These results suggest that following MutSa binding to a Polf} induced mismatch at a
cisplatin ICL site, the downstream MMR processing events are required to maintain
cisplatin sensitivity. We hypothesized that the MMR pathway tries to repair the mismatch
that is generated due to error prone DNA synthesis by Polf at a cisplatin ICL. This
mismatch repairing ability is dependent upon the ATPase domain of MLH1, and this activity
is essential for the initiation of the repair processes that recruit downstream DNA repair
proteins and facilitate the removal of the mismatch. To understand the importance of these
processes in response to cisplatin, we utilized MLH1 ATPase mutant cell lines. MLH1
missense mutations form about 65% of all the MMR mutations associated with HNPCC
syndrome [35]. Many of these mutations occur in the ATPase domain of this protein giving
rise to MMR deficiency and a high level of microsatellite instability [36]. S44F mutations in
the ATPase domain have frequently been associated with the HNPCC syndrome [35]. S44 is
a critical amino acid residue for MLH1 function as 18 out of 19 possible substitutions gave a
loss of MMR activity [36]. This residue has no known biochemical function but it is located
in the conserved ATP binding motif I. Mutations in this region are predicted to dislocate a
conserved glutamic acid residue (E34) which is important for ATP binding and hydrolysis
[36]. In cell lines used in these studies, these mutations did not have any significant effect on
the level of mutant MLH1 protein. The absence of ATPase activity led to a cisplatin
resistant phenotype, indicating that the mismatch repairing ability is essential to maintain a
cisplatin sensitive phenotype. Previous studies have shown that the MLH1 G67R mutation
still retains drug sensitivity despite having a defect in the repair capacity [26]. The G67R
MLH1 mutation is located within the ATP binding motif 11 and also results in compromised
MMR [26, 41]. Unlike S44F, however, the G67R substitution decreases stability of MLH1,
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reduces its nuclear accumulation and appears to disrupt its interactions with the PMS2
endonuclease in human cells [41]. The studies with G67R pointed toward a role for MLH1
in the activation of processes that directly signal apoptosis. The futile cycle model involves
the futile repair of the mismatch generated in response to alkylating agents, which gives rise
to strand breaks ultimately leading to cell death [8]. In our studies, the MLH1 deficient and
MLH1 ATPase mutant cells showed a resistant phenotype in response to the alkylating agent
MNNG, where the expression of MGMT in the ATPase mutant cells was comparable to that
in the WT cells (data not shown). On the other hand, the second model involves the role of
MMR proteins as DNA damage sensors to directly signal apoptosis in response to alkylating
and platinating agents [11, 26, 27, 32, 37]. PMS2 binds to MLH1 and forms MutLa. This
complex is involved in all MMR processes. In response to cisplatin treatment, PMS2 has
been shown to interact with p73 to signal apoptosis [38, 39]. ATP binding to MLH1 has
been shown to enhance the interaction between MLH1 and PMS2 [40]. Consistent with
other studies [41], the S44 ATPase mutations in MLH1 did not have any effect on the
stability of PMS2 (Supplementary Figure S8A) suggesting that the signaling function of
PMS2, if any, remains unaffected. Our studies suggest that the MMR protein binding near
the cisplatin ICL site blocks the productive repair of cisplatin ICLs and in turn results in a
sensitive phenotype. The ATPase mutant MLH1 protein lacks the repair capacity but retains
its function as a DNA damage sensor. Cell survival studies in the ATPase mutant cell lines
show that this activity is essential for mediating cisplatin cytotoxicity. This would predict
that either MLH1 does not have any DNA damage signaling role in response to cisplatin
ICLs or ATPase mutants are not sequestered at the damage site long enough to trigger DNA
damage signaling as they are unable to repair the damage. These are possibilities that can be
examined in future studies. The current study shows that MLH1 ATPase S44L and S44F
mutations behave differently as compared to the MLH1 ATPase G67R mutation studied
before, suggesting that the different MLH1 ATPase mutations respond differently to
cisplatin therapy.

Initially we set out to differentiate between the futile repair cycle model and the direct DNA
damage-signaling model involving MMR proteins in response to cisplatin ICLs. However,
one caveat here is that the specific domains in the MMR proteins that are required for
sensing and signaling DNA damage are still unclear. Therefore, we still cannot make any
clear conclusions about the role of direct signaling by MMR proteins in the development of
cisplatin resistance. However, considering that the MMR deficient ATPase mutants showed
increased cisplatin resistance, the mismatch repair ability and MMR processing near the
cisplatin ICL sites appears to play a crucial role in maintaining cisplatin sensitivity. When
we looked at how these mutations affect ICL repair by using an alkaline comet assay, we
found that these mutant cells as well as MLH1 null cells showed increased repair of cisplatin
ICLs and ICL-induced DSBs. These results suggest that the repair activities by MMR
proteins or the MMR processing near the ICL are essential to maintain ICLs on the DNA
and therefore, to maintain a cisplatin sensitive phenotype. This increased repair of ICLs can
be due to reduced binding of the MLH1 mutant proteins at these sites due to an inability to
process and repair the mismatch. This, in turn, results in increased repair of cisplatin ICLs
through an enhanced accessibility of NER and HR proteins to the ICL site. On the other
hand, the increased repair of ICLs could also be due to increased expression of NER and HR
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proteins involved in the repair of ICLs. In accordance, some recent studies have shown that
the increased resistance in the MSH3 proficient cells is the result of increased expression of
XPF and ERCC1 proteins known to be involved in ICL repair [15]. In addition, various
studies have shown that increased expression of these proteins is responsible for the
development of cisplatin and oxaliplatin resistance [42, 43]. To rule this out, we assessed the
expression of XPF and ERCC1 proteins for a period of 0 to 72 hr after cisplatin treatment in
MLH1 ATPase mutant cells. We did not see any change in the expression levels of these
proteins in cisplatin treated (Supplementary Figure S8B) or in untreated cells (data not
shown), which suggests that enhanced HR and NER protein expression is not responsible for
the cisplatin resistance observed. In addition, we also checked for expression of XPF in the
absence of MSH3 after cisplatin treatment. We did not see any significant change in the
expression patterns of XPF followed by transient MSH3 knockdown (Supplementary Figure
S9). These studies indicate that as the MMR proteins process the Polp induced mismatches
near the cisplatin ICL site, they block productive ICL repair and give rise to cisplatin
sensitivity. In turn, the lack of MMR proteins provides enhanced accessibility to cisplatin
ICL DNA repair proteins, which results in increased repair of cisplatin ICLs and
development of cisplatin resistance.
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Refer to Web version on PubMed Central for supplementary material.
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Highlights

1. MSH6 deficiency gives rise to increased ICL repair and cisplatin resistance.

MSH3 deficient cells remain sensitive to cisplatin.

Lack of MLH1 leads to enhanced ICL repair and cisplatin resistance.
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ATPase activity of MLH1 is required to maintain a cisplatin sensitive
phenotype.

5. A functional MMR pathway is essential to maintain cisplatin sensitivity.
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Figure 1. Cisplatin cytotoxicity in MSH6 and MSH3 knockdown cells
(A) Colony survival assay in MDA-MB-231 wildtype (WT) cells or following MSH6

knockdown: Control (closed circles), MSH6 (open triangles), Polf (closed squares) and Polf3
MSH6 KD (open circles). (B) Colony survival assay in DLD-1 (open circles) and DLD-1 +
chr2 cells (closed circles) (C) Colony survival assay in MDA-MB-231 cells following
MSH3 knockdown: Control (closed circles), MSH3 (open triangles), Polf (closed squares)
and Polp MSH3 KD (open circles). (D) Colony survival assay in MDA-MB-231 cells
following a double knockdown of MSH3 and MSH6: WT control (closed circles), MSH3
+MSH6 KD in WT cells (open triangles), Polp KD control (closed squares) and MSH3
+MSH®6 KD in Polp KD cells (open circles). ShRNA transfected cells were treated with
increasing doses of cisplatin and cytotoxicity was determined by colony survival assay as
described in Materials and Methods. Results are represented as mean + SD from 3
independent experiments.
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Figure 2.
Repair of cisplatin ICLs in MDA-MB-231 cells. (A) MSH6 KD (B) MSH3 KD in MDA.-

MB-231. Cells were treated with cisplatin for 2 hrs and comet assays were performed as
described in Materials and Methods at different time intervals (0, 24, 48 and 72 hr) to assess
ICL levels. The data was collected using komet 5.5 software. The percentage of ICLs
present at each time point was calculated using olive tail moments. Results are represented
as mean + SD of three independent experiments. Statistical analysis was performed by
student’s t test and comparisons are made between wildtype and proficient cells vs deficient
cells. NS — non-significant; * - P< 0.01. Repair of cisplatin ICL induced DSBs in MDA-
MB-231 (C) MSH6 KD (D) MSH3 KD. Cells were treated with cisplatin for 2 hrs and
immunofluorescence was performed as described in Materials and Methods at different time
intervals (0, 24, 48 and 72 hr). A minimum of 200 cells were analyzed for each time point.
The percentage of YH2AX foci positive cells at each time point was calculated. Results are
represented as mean + SD of three independent experiments. Statistical analysis was
performed by student’s t test and comparisons are made between wildtype and proficient
cells vs deficientcells. NS—nonsignificant;*-P<0.05.
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Figure 3. Effect of MLH1 knockdown on cisplatin cytotoxicity and repair
(A) Colony survival assays in WT and Polp deficient MDA-MB-231 cells with MLH1 KD.

(B) ELISA for cisplatin GG intrastrand adduct repair in MLH1 KD MDA-MB-231 cells.
Cells were treated with cisplatin for 2 hrs and genomic DNA was extracted at the indicated
time points. ELISA was performed using an antibody specific for cisplatin GG intrastrand
adduct and the percentage of GG adducts remaining was calculated as described. Results are
represented as mean + SD of three independent experiments. Statistical analysis was
performed by student’s t test and comparisons are made between wildtype and proficient
cells vs deficient cells. NS — non-significant (C) Cisplatin ICL DNA repair using alkaline
comet assay performed in WT and Pol  deficient MDA-MB231 cells as described
previously. (D) Immunofluorescence assay for yH2AX assessing DSB repair in WT, MLH1
KD and Polp deficient MDA-MB-231 cells.

DNA Repair (Amst). Author manuscript; available in PMC 2016 November 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Sawant et al.

Page 22

A
ATPasc MutS binding PMS2 binding
N= domain domain domain = C
S44L
S44F

B MLHI protein Expression in HCT116 cells C MLH]1 Transcript levels in HCT116 cells

140

. Empty " TAAF
WT B S44L S44F § 120k
- . -
| hi=|
100F
i 2
S wk
9
E
Z 40 F
[
g 20k
D MTS Assay 0

Empty WT S44L S44F
veclor

- I.'Jl"glrpr}' vector
- W

== 5441

=0- 544F

% Survival
z
-

) 20 40 60 80 100

Cisplatin (pM)

Figure 4. MLH1 ATPase mutants in mediating cisplatin cytotoxicity
(A) Schematic of MLH1 ATPase mutant, (B) Western blot analysis and (C) real time PCR

were performed to check the expression levels of MLH1 protein and transcript. (D) MTS
assays were performed in HCT116 cells using increasing concentrations of cisplatin for 2
hrs. WT cells (closed circles), Empty vector (closed squares), S44L cells (open squares) and
S44F cells (open circles). Results are represented as mean + SE from 3 independent
experiments.
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Figure 5. Repair of cisplatin ICLs in HCT116 MLH1 ATPase mutant cells
(A) Alkaline comet assay was performed as previously described to assess cisplatin ICL

DNA repair. (B) Repair of DSBs in HCT116 cells was measured using an
immunofluorescence assay with an antibody specific for yH2AX as previously described
Materials and Methods. (C) MLH1 was knocked down in DLD-1 and DLD-1 + chr 2 cells
using siRNA transfection: DLD-1 control (open circles), MLH1 KD in DLD-1 cells (closed
squares), DLD-1 + chr 2 control (closed circles) and MLH1 KD in DLD-1 + chr 2 (open
triangles). Colony survival assays were performed as described previously.
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