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ABSTRACT 

Mismatch repair (MMR) proteins participate in cytotoxicity induced by specific 

genotoxic agents, including cisplatin (CDDP, cis-diamminedichloroplatinum(II)), a 

cancer chemotherapeutic drug utilized clinically to treat a variety of malignancies.  The 

MMR protein complex MutSα (consisting of the MSH2 and MSH6 proteins) binds to 

CDDP-DNA adducts and initiates MMR protein-dependent cell death in cells treated 

with CDDP; however, the molecular events underlying this death were previously 

unclear.  MMR proteins have been suggested to be important in clinical responses to 

CDDP; as such, a clear understanding of the mechanisms of CDDP-induced, MMR 

protein-dependent cell death is critical.   

This study demonstrates a CDDP-induced pro-death signaling mechanism which 

is dependent upon the MMR proteins MSH2 and MSH6.  This signaling mechanism 

employs the tyrosine kinase c-Abl, as well as the pro-death signaling molecules 

cytochrome c, caspase-9 and caspase-3.  CDDP induces unique conformational changes 

in the yeast MutSα complex, suggesting a possible mechanism for the engagement of 

pro-death signaling machinery.  Furthermore, signaling via the pro-apoptotic p53 and p73 

proteins, as well as double-strand break and replicative stress respondents ATM, γH2AX 

and Chk1 occurs independently of MMR protein status upon treatment of cells with 

CDDP, suggesting that these proteins are not involved in CDDP-induced, MMR protein-

dependent cytotoxic signaling.  This study additionally reveals evidence for an MMR 

protein-dependent S phase arrest in CDDP-treated cells, which is temporally associated 

with MMR protein-dependent death.   
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Findings presented in this study are the first indication of a required signaling 

mechanism in CDDP-induced, MMR protein-dependent cytotoxicity.  This distinct 

signaling pathway defines a critical contribution of MMR proteins to the control of cell 

death.  This work has clinical implications in the usage and efficacy of CDDP in cancer 

treatment.  
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CHAPTER 1 

INTRODUCTION 

 The human DNA mismatch repair (MMR) system of proteins performs diverse 

functions in the cell.  As the name would suggest, a primary function of these proteins is 

to correct base pairing errors that occur during DNA replication.  As such, defects in 

MMR proteins render cells hypermutable, and cellular MMR protein defects are found in 

a number of sporadic and hereditary cancers.  In addition to their function in repair, 

MMR proteins participate in preventing recombination between homeologous DNA 

sequences and the generation of immune diversity.  MMR proteins also have a role in 

initiating cell death and cell cycle arrest in response to certain DNA damaging agents.  

Elucidation of the role of MMR proteins in the induction of cell death in response to a 

particular DNA damaging chemotherapeutic drug, cisplatin, is the focus of this study.   

 

Mismatch Repair (MMR) 

 MMR proteins facilitate the repair of two different classes of DNA replication 

errors: base-base mismatches and insertion-deletions loops (IDLs).  In doing so, these 

proteins improve the fidelity of replication 100-1000 fold (1).  Three central steps occur 

in MMR, and are conserved from prokaryotic to eukaryotic organisms: recognition of the 

pairing error, excision of the error-containing DNA, and repair resynthesis. 

 

Prokaryotic MMR 

 The prokaryotic mechanism of MMR is well characterized and provides a 

simplified paradigm for eukaryotic MMR.  Briefly, MMR is initiated in bacteria by the 
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MutS protein.  MutS is a DNA-binding ATPase, and homodimers of this protein function 

as the primary mismatch recognition complex (2, 3).  Binding of a mismatch causes 

conformational changes and ATP hydrolysis in MutS, which promotes interaction of 

MutS with a secondary MMR protein homodimer consisting of MutL, a molecular 

matchmaker in prokaryotic MMR.  MutL recruits and activates MutH, an endonuclease 

capable of nicking DNA at unmethylated adenines within GATC sites.  In performing 

this function, MutH enables the MMR system to discriminate between newly synthesized 

DNA, which is temporarily unmethylated (and contains the “incorrect” base), and the 

parental, methylated DNA strand.  MutH nicks the newly synthesized strand within 1 

kilobase 5’ or 3’ of the mismatch, allowing loading of the helicase UvrD by MutL, which 

unwinds DNA at the nick site.   Binding of ssDBP, a single strand binding protein, serves 

to stabilize the reaction and protect the parental DNA strand from degradation.  UvrD 

activity also facilitates degradation of the incorrectly paired DNA strand, which can be 

accomplished by several exonucleases: RecJ, ExoI, ExoVII or ExoX.   DNA polymerase 

III then resynthesizes the strand accurately and DNA ligase seals the nick, fulfilling the 

prokaryotic MMR reaction (for recent reviews of prokaryotic MMR, see 4, 5, 1).   

 

Eukaryotic MMR: Proteins 

 Eukaryotic MMR is not as well understood as prokaryotic MMR, and is 

considerably more complex, although several recent studies have clarified the players and 

events involved in the process.  The essential processes of MMR are conserved from the 

prokaryotic to the eukaryotic system.  Three eukaryotic MutS homologs perform error 

recognition: MSH2 (MutS homolog 2), MSH6 and MSH3.  These proteins are 
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functionally and structurally similar to bacterial MutS (3, 6).  MSH2 and MSH6 

heterodimerize to form the predominant mismatch recognition complex, named MutSα, 

which performs functions similar to a homodimer of bacterial MutS.  This complex binds 

and initiates the correction of base-base mismatches, of which there are eight (G-G, G-T, 

G-A, T-T, T-C, A-A, A-C, C-C).  A secondary recognition complex, MutSβ (which 

consists of MSH2 and MSH3), is responsible primarily for correcting insertion-deletion 

loops (IDLs) of up to four bases, although there is some degree of substrate overlap 

between the two complexes (7).  For simplicity, the section of this introduction dealing 

with MMR will focus primarily on the repair of mismatches by MutSα. 

 The predominant secondary complex in MMR is MutLα, which consists of the 

MLH1 (MutL homolog 1) and PMS2 (post-meiotic segregation protein 2).  This 

heterodimer performs similar functions in eukaryotic repair to those performed in 

prokaryotic repair by a homodimer of bacterial MutL, although MutLα has additional 

responsibilities in eukaryotic MMR.  These five players (MSH2, MSH6, MSH3, MLH1 

and PMS2) are responsible for performing the majority of DNA mismatch repair in the 

eukaryotic cell.  Tertiary MMR proteins MLH3 and PMS1 are thought to have minor 

roles in MMR (5). 

 Structurally, each MSH protein consists of five distinct domains: the DNA 

binding domain (domain I), the connector domain (II); the core domain (III); the clamp 

domain (IV); and the ATPase domain (V).  These domains can be observed in the 

structural model presented in Figure 1.  The DNA binding domain forms mismatch-

specific DNA contacts and interacts with the DNA backbone.  The clamp domains of  
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Figure 1  Structure of MutS.  Computational structural model of E. coli MutS bound to a 

1,2-d(GpG) CDDP adduct.  Domains are indicated by colour: blue, subunit A/ 

purple, subunit B: DNA binding domain (I); green: connector domain (II); 

yellow: core domain (III); orange: clamp domain (IV) and red: ATPase/dimerization 

domain (V).  DNA is shown in light and dark purple. Subunit A of MutS is the bacterial 

equivalent of eukaryotic MSH2; subunit B is the bacterial equivalent of eukaryotic 

MSH6.  Originally published in (12). 
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MSH2 and MSH6 also allow non-specific binding of MutSα to the DNA backbone.  The 

connector and core domains are thought to facilitate conformational changes in the 

protein induced by DNA binding and ATPase (6).  The ATPase domains of MSH2 and 

MSH6 interact to form composite sites for ATP binding and hydrolysis in each protein 

(3, 6). 

  

Eukaryotic MMR: Error Recognition and Initiation of Repair 

 Binding of MutSα to DNA results in a coordination of the structure of the DNA 

binding domains of the heterodimer (3, 6).  It is hypothesized that MutSα slides along 

DNA “searching” for a pairing error.  This may be facilitated in part by PCNA, a 

component of DNA replication machinery, which can physically interact with MSH6 and 

PMS2 (8, 9).   

 Recently, a model has been proposed for MutSα error recognition which suggests 

that DNA bending by MutSα may play a role in determination of a pairing error and 

initiation of MMR.  Studies employing atomic force microscopy (AFM) have 

demonstrate that when bound to homoduplex DNA (correctly paired DNA), bacterial 

MutS “bends” DNA at an angle in the range of ~45-60° (10).  When bound to 

heteroduplex DNA (DNA containing a mismatch or IDL), MutS is bound to a population 

of unbent DNA.  This has lead to the hypothesis that MutSα bends homoduplex DNA 

while searching for a mismatch; upon encountering the mismatch, MutSα forms specific 

interactions with mismatched DNA which facilitate unbending of the DNA (10, 11).  
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This unbending step may act a mismatch verification/MMR initiation step in the process 

of repair.      

MutSα interacts with a mispaired base via relatively few specific contacts.  Lesion 

specific interactions between MSH2/MSH6 and the mispaired base occur in an 

asymmetric fashion, with only MSH6 making specific contact with the mispair (6).  In 

the crystal structure of human MutSα bound to a G-T mismatch, only two conserved 

residues within the DNA binding domain of MSH6 make mispair specific contacts: a 

hydrogen bond between Glu434 of MSH6 and the mispaired T, and a base stack between 

mispaired T and MSH6 Phe432 (6).  These interactions are confirmed by the crystal 

structures of Taq and E. coli MutS interactions with a pairing lesion (3), and their 

importance in MMR is demonstrated by yeast mutational analysis (12).   

 Binding to a mismatch drives conformational changes in the MutS complex (13, 

14).  These conformational changes promote ATP binding and hydrolysis by MutSα (13-

15).  ATP binding and hydrolysis by both MSH2 and MSH6 are required for efficient 

MMR (16, 17).  This ATPase activity promotes further conformational changes which 

allow MutS to interact with repair machinery; ATP stimulates the interaction of MutSα 

and MutLα (18).  ATPase activity can also alter mismatch binding by MutSα, increasing 

mobility of the complex away from DNA (see below) (13-16, 19-20).  This ATP binding 

and hydrolysis step completes the recognition/initiation stage of MMR. 

 

Eukaryotic MMR: Repair Excision and Resynthesis 

 Following determination of a mismatch by MutSα, the protein complex assumes a 

conformation which signals repair.  Human mismatch repair, like prokaryotic MMR, 
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requires a nick on the newly synthesized DNA strand 5’ or 3’ to the mismatch for the 

purposes of strand discrimination and initiation of excision of the incorrect strand (7).  It 

is currently unclear how MutSα discriminates between the newly synthesized strand and 

parental strand when determining the “incorrect” base.  In the prokaryotic MMR reaction, 

the MutH protein “nicks” DNA at unmethylated GATC sequences, effectively directing 

initiation of strand excision on the newly synthesized strand containing the mispair (1).  

To date, no eukaryotic homolog of MutH has been identified.  This has led to the 

suggestion that strand discrimination may be performed via association of MutSα/MutLα 

with replication machinery, such that DNA ends created via leading and lagging strand 

synthesis can act as the “nick” required for the MMR system of proteins to distinguish 

the DNA strand with the incorrectly paired base.   This hypothesis is supported by 

evidence that MutSα and MutLα physically interact with DNA replication machinery via 

interaction with PCNA and RFC, and colocalize at replication foci (8, 9, 21).  An MSH6 

mutant that abolishes interaction between MSH6 and PCNA attenuates MMR strongly 

(9). 

 Several recent studies have clarified the necessary components involved in 

excision of the mispaired DNA and resynthesis of correct DNA.  Studies using purified 

proteins have reconstituted the MMR reaction in vitro (7, 22).  Using reporter plasmids 

containing a G-T mismatch, these studies indicate that the 5’ to 3’ repair reaction (repair 

directed by a nick 5’ to the mismatch) requires only MutSα, exonuclease 1 (EXO1) and 

polymerase δ (7).  Lack of the helicase HMGB1 or the single-stranded DNA binding 

protein RPA, which have been suggested to perform the functions of prokaryotic UvrD 

and ssDBP in eukaryotic MMR, weakened the reaction, but did not abolish it completely 
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(7).  Interestingly, a loss of both HMGB1 and RPA strongly attenuated repair, suggesting 

that these proteins have some functional overlap in MMR.  A lack of PCNA or RFC had 

no effect on the in vitro reaction (7).   

 Interestingly, MutLα is not strictly required for 5’ to 3’-directed MMR in vitro.  

As such, a role for this protein in MMR was unclear.  Cells deficient for MutLα 

components are deficient for MMR, compared to wildtype cells (23, 24).  Studies using 

reconstituted in vitro systems have revealed that while MutLα is not strictly required for 

the 5’ to 3’ repair reaction, it does direct mismatch-provoked 5’ to 3’ EXO1-mediated 

excision, preventing improper excision of homoduplex DNA and allowing proper 

termination of excision after the mismatch is excised, a function aided by RPA and 

HMGB1 (7).  Additionally, MutLα is required for 3’ to 5’ repair (22).  It was originally 

unclear as to how 3’ to 5’ nick-directed excision would occur, as EXO1 is a 5’ to 3’ 

exonuclease.  Despite this, reconstituted systems containing EXOI could perform 3’ to 5’ 

excision (22).  It has since been demonstrated that the MutLα component PMS2 has 

endonucleolytic activity, and can facilitate excision in a 3’ to 5’ manner in MMR (25).   

When a DNA nick is 3’ to the mismatch, MutLα-mediated incision of the mispaired 

strand 5’ to the mismatch allows loading and 5’ to 3’ EXO1 activity to excise mismatch-

containing DNA (25).  This reaction requires RFC and PCNA, suggesting the possibility 

that interaction with replication machinery at a free DNA end may stimulate 

endonuclease activity of MutLα (25). 

Despite a knowledge of the players involved in eukaryotic MMR, the precise 

mechanism by which MMR proteins direct excision and resynthesis of a mispaired strand 

is currently unclear.  A clear issue in the nick-directed mechanism of MMR is 
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reconciliation of the fact that a nick up to 1kb away from a mismatch can direct repair 

excision and resynthesis.  It seems likely that MMR proteins leave the site of a mismatch 

to communicate with machinery necessary for strand discrimination, excision and 

resynthesis.  This idea is supported by the fact that ATPase activity by MutSα promotes 

bidirectional translocation of the complex away from the mismatch (15, 20, 26), where it 

conceivably encounters a strand break and further repair machinery, triggering excision 

and resynthesis of the appropriate strand.   

 While substantial questions exist regarding the human MMR reaction, current 

data supports a mechanism in which recognition of a mismatch by MutSα is 

accomplished by MutSα-induced bending and unbending.  Mismatch recognition induces 

a program of conformational changes in MutSα, which promote ATPase activity and 

further conformational changes.  These conformational changes promote interaction with 

MutLα and translocation of the MutSα/MutLα complex away from the mismatch.   In a 

model proposed by Zhang et al. (7) and Jiricny (5), ATPase activity of the MutSα/MutLα 

complex promotes movement of the complex away from the mismatch in a bidirectional 

manner to the site of a replication-generated DNA break, where it may encounter 

PCNA/RFC.  Here, the complex may recruit the helicase HMGB1, which begins 

unwinding the DNA at the site of the break. When the break/nick encountered is 5’ to the 

mismatch, MutSα then recruits EXOI to the site of the break, where it commences 

degradation of DNA in a 5’ to 3’ direction (with RPA stabilizing the ssDNA of the 

parental strand).  MutLα inhibits EXOI activity after the mismatch is excised.  It is 

presently unclear how MutLα inhibits EXOI after the nuclease has excised the mismatch, 

although it has been theorized that this may be related to continuous loading/translocation 
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of MutSα/MutLα complexes at the site of a mismatch.  Once the mismatch is excised, 

complexes no longer load and cannot recruit EXOI to the DNA, effectively terminating 

the reaction (7).  Polymerase δ fills the gap in DNA created by EXOI in an error-free 

manner and DNA ligase I can seal the nick (7).  When a DNA nick/break is encountered 

3’ to the mismatch, endonuclease activity of MutLα is required to generate a nick 5’ to 

the mismatch, which allows degradation of mismatch-containing DNA in a 5’-3’ 

direction, possibly terminating after encounter with a replication-generated nick 3’ to the 

mismatch. 

  

Repair Phenotypes of Human Cells Deficient for MMR Proteins 

 Human cells deficient for MSH2, MSH6, MSH3, MLH1 or PMS2 have 

diminished capacity to repair DNA replication errors.  MSH2, MLH1 and PMS2 defects 

render cells almost completely deficient for repair of base-base mismatches or IDLs; 

restoration of these proteins restores the ability of these cells to repair mismatches and 

IDLs (27-29).  This indicates that these proteins are primary players in the correction of 

these DNA pairing errors.  MSH6 and MSH3 heterodimerize with MSH2 to form the 

lesion recognition complexes MutSα and MutSβ, respectively.  MSH3/MSH6-deficient 

cells cannot repair mismatches or IDLs; restoration of MSH6 to MSH3/MSH6-deficient 

cells results in the ability to repair mismatches, and a subset of IDLs (30).  Restoration of 

MSH3 to MSH3/MSH6-deficient cells does not restore ability to correct mismatches, but 

does restore the ability to repair IDLs (31).  This data suggests that the MSH3-containing 

MutSβ complex has a role primarily in repairing IDLs, while the MSH6-containing 
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complex MutSα has overlapping function in the repair of mismatches and IDLs.  This 

observation has been confirmed in an in vitro system (7).   

 An additional hallmark of MMR protein defects is microsatellite instability 

(MSI), which occurs due to expansion or contraction of DNA at microsatellite regions of 

DNA.  MSI likely occurs due to the lack of repair of IDLs that arise during DNA 

replication of these regions, due to polymerase “slippage”.  Cells deficient for MSH2, 

MSH6, MSH3, MLH1 and PMS2 demonstrate MSI, compared to wildtype counterparts 

(23, 27, 29-31).  Interestingly, restoration of MSH6 to MSH6/MSH3-deficient cells 

prevents MSI in these cells (31), confirming functional overlap between MSH6 and 

MSH3 in repairing IDLs. 

 

Repair Phenotypes and Cancer Predisposition in MMR Protein-Deficient Mice 

 Knockout mice have been generated for all five of the primary MMR proteins.  

All of these are viable, although all but the Msh3 knockout are cancer-prone.   Mice 

lacking Msh2, Mlh1 and Pms2 experience significantly reduced survival, compared with 

wildtype animals, due to a cancer predisposition in the knockout mice (16, 24, 32-34).  

Tissues from these mice display MSI, demonstrating the potential importance of MSI as a 

marker for MMR protein defects.  These mice predominantly develop lymphomas and 

intestinal tumours, although the spectrum of tumours varies somewhat between animals.  

Interestingly, Msh3-deficient mice are not tumour-prone, and have the same lifespan as 

wildtype mice (35), while Msh6 knockout mice display a cancer predisposition and 

markedly reduced survival, compared to wildtype mice (19, 35-36).  Msh6 knockout 

mice do not demonstrate MSI, indicating the likelihood that Msh3 can collaborate with 
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Msh2 in these mice to correct IDLs, but cannot fully complement Msh6 in correcting all 

MMR protein-addressed errors and preventing tumour formation.  This animal data 

indicates the importance of MMR proteins as tumour suppressors. 

 

Clinical Impact of MMR Protein Defects 

 In vitro and in vivo data suggests that MMR proteins function primarily as tumour 

suppressors, preventing the accumulation of mutations due to replication errors.  Not 

surprisingly, MMR protein defects are observed in sporadic and hereditary cancers.   

 MMR protein defects, low levels of MMR proteins or MSI have been observed in 

a variety of sporadic cancers, including colon, ovarian, germ cell, endometrial, cervical, 

breast and esophageal cancers, among others (4, 37-43). 

Individuals with germline MMR gene mutations are predisposed to a number of 

cancer syndromes.  Germline MMR gene mutations underlie the hereditary cancer 

syndrome, Lynch syndrome (also known as hereditary non-polyposis colorectal cancer 

(HNPCC)).  A patient is classified as having Lynch syndrome if he/she is diagnosed with 

a colorectal or Lynch-associated cancer (including ovarian, endometrial and biliary, 

cancer) prior to age 50, and has a family history of these tumours which extends back 

multiple generations (for Lynch syndrome guidelines, see  refs. 44-45).   Lynch syndrome 

is estimated to account for up to 5% of all colorectal cancer (46).  The spectrum of 

tumours observed in patients with germline MMR protein defects has lead to the 

classification within two groups: Lynch I and Lynch II.  Lynch I describes patients with 

only colorectal tumours, while Lynch II refers to patients who have extra-colonic 

tumours (most frequently, these are endometrial tumours).   
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Patients with suspected Lynch syndrome are tested for MMR defects, which are 

the molecular basis for the syndrome.  Typically, individuals with an MMR gene 

germline mutation on one allele must experience a second inactivating mutation on the 

wildtype allele to experience tumorigenesis associated with these cancer syndromes.  

Lynch syndrome is predominantly associated with MSI and defects in MSH2, MLH1 and 

MSH6.  Mutations in MSH2, MLH1 and MSH6 account for approximately 95% of known 

Lynch syndrome-associated mutations, with  MLH1 mutations accounting for ~50% of 

these, MSH2 ~40% and MSH6 ~10% (4).   

 Muir-Torre syndrome (MTS) is a more rare MMR protein defect-associated 

hereditary disorder characterized by sebaceous gland tumours associated with internal 

tumours of the Lynch syndrome spectrum.  High-grade MSI is found in virtually all MTS 

tumours (45, 47), indicating that MMR defects contribute to the formation of these 

tumours.  Interestingly, the distribution of MMR gene mutations in MTS is altered 

compared to those seen in Lynch syndrome.  92% of germline MMR gene mutations are 

found in MSH2, while only 8% are found in MLH1 (compare to Lynch distribution, 

above) (45).  It is unclear why this spectrum is altered in MTS, or why MTS patients 

suffer from sebaceous gland tumours, when most Lynch syndrome patients do not.  

 Finally, MMR protein-defects are associated with a rare hereditary disorder in 

which patients are predisposed to early-onset brain and colonic tumours, known as Turcot 

syndrome type 1.  MSH2, MSH6, MLH1 and PMS2 germline mutations can be found in 

tumours from patients with this syndrome (48-49).   
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  As described, MMR protein defects are found in both hereditary and sporadic 

cancers.  Due to the mutator phenotype of MMR protein-deficient cells, it is likely that 

inactivating mutations in MMR genes can represent an early step in carcinogenesis. 

 

Additional Functions of Primary MMR Proteins 

 In addition to their function in repair, MMR proteins function in a number of 

other cellular processes.  One such process is homologous recombination (HR).  HR is 

utilized in the repair of DSBs and certain types of DNA damage.  MMR proteins prevent 

strand exchange in HR between similar, but not identical sequences (known as 

homeologous sequences).  Cells from Msh2-knockout mice allow HR of homeologous 

sequences, while cells from Msh2-wildtype mice prevent this occurrence (32).  

Additionally, bacterial cells deficient for MutS, MutL or MutH show increased 

homeologous recombination (50).  MMR proteins bind mispairs generated by HR 

between homeologous sequences; this may promote disruption of HR branch migration 

(5). 

 MMR proteins also play a role in triplet repeat expansion in Huntington disease 

(HD), a neurodegenerative disorder.  Expansion of CAG repeats in the HD gene is 

associated with the severity of neurodegeneration in the disease.  A hallmark of cellular 

MMR protein defect is expansion or contraction of DNA at microsatellite regions of 

DNA (23, 27).  The MMR system of proteins has been implicated in triplet repeat 

expansion in HD.  Somewhat paradoxically, the presence of wildtype Msh2 generates a 

decrease in stability at the CAG repeat located in HD in mice (51).  A functional MMR 

system of proteins also destabilizes triplet repeats in E. coli (52).  This paradoxical effect 
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has been suggested to occur due to the fact that expansion of repeats may generate large 

loop structures in DNA.  These would be a substrate for MMR proteins, but may be too 

large for efficient MMR.  The bound MMR proteins may block correct processing of 

these lesions, allowing their persistence and expansion of repeat sequences (5). 

 Studies also suggest a role for MMR proteins in immune diversity/B cell 

development.  Mice deficient for a component of the MMR system of proteins 

paradoxically demonstrate a decrease in somatic hypermutation in the variable region of 

immunoglobulin (53-54).  This may be due to binding of MutSα to U-G mispairs and 

stimulation of the error-prone polymerase ε (6, 55), although contribution of MMR 

proteins to immune diversity is not yet fully understood. 

 

Roles of MMR Proteins in Responding to DNA Damage 

 In addition to the aforementioned functions, MMR proteins can initiate cytotoxic 

signaling, cell cycle arrest and cell death in cells that have been exposed to specific types 

of DNA damage.  This seemingly paradoxical role for MMR proteins has important 

implications in treatment of tumor cells with cancer chemotherapeutic drugs. 

 

MMR Protein Deficiency and Tolerance to Cancer Chemotherapeutic Drugs  

 In human cells, deficiency or defect in components of MutSα or MutLα render 

cells more tolerant to the cytotoxic effects of a number of different types of DNA 

damage, compared to wildtype cells.  Table 1 describes the requirement for a functional 

MMR system of proteins in cytotoxicity induced by a number of agents.  As can be 

noted, a number of agents induce cytotoxicity regardless of MMR protein status.  These  
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Table 1  Dependency of select agents on functional MMR proteins for cytotoxicity.  A 

list of select agents whose cytotoxicity is enhanced in MMR protein-proficient cells, 

compared to MMR protein-deficient cells.  See List of Abbreviations for full names of 

abbreviated drugs. 
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Agents Inducing MMR Protein- Reference 
Dependent Cytotoxicity  
  
CDDP 56-60 
MNNG 23, 27, 56, 61-62 
6-TG 63-65 
Carboplatin 57, 59 
TMZ 66 
Mitoxantrone 67 
Epirubicin 67 
UV-B 68 
Agents Inducing MMR Protein-   
Independent Cytotoxicity  
  
Oxaliplatin 57-58 
Transplatin 57 
Mitomycin C 56 
Melphalan 56, 59 
CCNU 56 
UV-A 56 
Gemcitabine 67 
Docetaxel 67 
IR 56, 65 
Paclitaxel 59 
Staurosporine 61 
Perfosfamide 59 
Tamoxifen 63 
Conflicting/Controversial Data   
Regarding Dependency of MMR  
Proteins for Cytotoxicity  
  
Doxorubicin 59, 63, 67 
Etoposide 56, 59, 66, 67 
Topotecan 67 
Irinotecan 67 
Camptothecin 56, 67 
5-FU 59, 69-71 
H2O2 72-73 
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drugs include agents which induce cell death independently of DNA damage, including 

staurosporine, paclitaxel and docetaxel, as well as some DNA damage-inducing agents, 

including UV-A and ionizing radiation (see Table 1 for references).  While the role of 

MMR proteins in cell death induced by a number of DNA damaging agents and stresses 

is debated, studies exhaustively support a role for MMR proteins in cell death induced by 

three types of drugs: methylating agents, 6-thioguanine (6-TG) and cisplatin (CDDP).   

 The predominant systems used to study the role of MMR proteins in cell death 

induced by various agents have been “paired” cell lines, in which human cancer cell lines 

with a defective MMR protein have wildtype protein restored via introduction of a 

chromosome containing a wildtype copy of the defective MMR gene.  These cells are 

then compared to the original, MMR protein-deficient cell line to assess MMR protein 

dependency.  These systems have been used to assess the roles of MSH2, MSH6, MSH3 

and MLH1 in cell death induced by various agents.  More recently, MMR protein-

deficient cell lines containing plasmids which stably or inducibly complement the MMR 

protein defect have been used to assess MMR protein-dependency.  Importantly, MMR 

protein-dependent cytotoxic responses to methylating agents, 6-TG and CDDP are 

relatively consistent across cell systems, presenting a clear picture of the magnitude of 

MMR protein-dependent cell death induced by each of these agents.  MMR protein-

deficient cells are 1.5- to 5-fold more tolerant to the effects of CDDP, 3- to 10-fold more 

tolerant to the effects of 6-TG and can be over 100-fold more resistant to the cytotoxic 

effects of methylating agents, compared to MMR protein-proficient cells (see Table 1).  

Defects in MMR proteins MSH2, MSH6 and MLH1 cause similar degrees of resistance 

in responding to CDDP or methylating agents (for example, MLH1- and MSH2-deficient 
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cells demonstrate similar tolerance to the cytotoxic effects of CDDP compared to cells in 

which these proteins have been restored (2.1-fold and 1.8-fold, respectively, as reported 

in (57)).  This suggests that these proteins collaborate to induce cell death in response to 

specific DNA damaging agents.  It is unclear why some drugs are more dependent upon 

MMR proteins for cytotoxicity than others, but the differing magnitudes of MMR 

protein-dependent cytotoxicity induced by these drugs suggests that MMR proteins may 

engage multiple molecular mechanisms of cytotoxicity, dependent upon the nature of 

DNA damage.   

In addition to human cells, mouse embryonic fibroblasts (MEFs) engineered to 

lack MMR proteins are also more tolerant to the cytotoxic effects of CDDP, 6-TG and 

MNNG.  MEFs deficient for MSH2, MSH6 or MLH1 are strongly defective for cytotoxic 

response to CDDP, 6-TG and the methylating agent MNNG (16, 19, 24, 32, 60).  

Utilizing these cells, several studies have demonstrated a role for MMR proteins in 

response to chemotherapeutics in vivo.  Msh2+/+ murine teratocarcinomas implanted into 

nude mice show a strong response to CDDP, while Msh2-/- tumours show little response 

in mice treated with CDDP (16).  Additionally, mice possessed of tumours derived from  

Msh2+/+ embryonic stem (ES) cells and treated with CDDP experienced significantly 

reduced tumour volume compared to CDDP-treated mice with Msh2-/- tumours (74).  This 

last study demonstrated the specificity of the MMR protein-dependent cytotoxic response 

for CDDP in vivo, as mice implanted with the same tumours did not experience an Msh2-

dependent decrease in tumour size when treated with oxaliplatin, a CDDP-related 

compound which does not induce MMR protein-dependent cytotoxicity in human cell 

lines treated in culture (Table 1). 



 21 

Of potential clinical importance, experiments have demonstrated that when MMR 

protein-proficient and -deficient cells are mixed in culture, treatment with CDDP, 6-TG 

or carboplatin promotes the enrichment of MMR protein-deficient cells, while treatment 

of mixed populations with paclitaxel, oxaliplatin, melphalan, perfosfamide or tamoxifen 

do not (63, 74-75).  This suggests that treatment of a mixed population of MMR protein-

proficient and -deficient cells with drugs that induce MMR protein-dependent 

cytotoxicity can result in selection for a MMR protein-deficient population.  This has 

important clinical ramifications, as MMR protein-deficient cells are hypermutable, and 

CDDP and methylating agents can be mutagenic as well cytotoxic; as such, selection for 

MMR protein-deficient cells could result in the presence of a more aggressive population 

of tumour cells.   

 In addition to their role in mediating cytotoxic effects induced by specific types of 

DNA damage, cells treated with certain agents induce MMR protein-dependent cell cycle 

arrest.  Low doses of methylating agents induce a strong G2 phase cell cycle arrest in 

MSH2- and MLH1-proficient cells; in contrast, cells deficient for these proteins do not 

arrest and appear to continue to cycle (61, 76-77).     

 A significant amount of data supports a role for MMR proteins in DNA damage 

responses induced by certain genotoxic insult, specifically, that which is induced by 

methylating agents, 6-TG and CDDP.  Differing magnitudes of cytotoxic responses 

suggest possible activation of multiple signaling mechanisms by MMR proteins, 

dependent upon the nature of the recognized lesion.  
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Impact of MMR Protein Defects on Clinical Responses to Chemotherapeutic Drugs 

 Stemming from preclinical data demonstrating a role for MMR proteins in 

mediating cytotoxicity and cell cycle arrest in cells treated with specific DNA damage-

inducing cancer chemotherapeutics, a growing amount of evidence indicates a role for 

MMR proteins in responding to DNA damaging cancer chemotherapeutics in a clinical 

setting. 

 

Methylating Agents/6-TG 

 Limited evidence from retrospective clinical studies suggests a role for MMR 

proteins in clinical responses to methylating agents and 6-TG.  A small study 

demonstrated that treatment of glioblastoma with the methylating agent temozolomide 

(TMZ) results in a decrease in immunohistochemical staining of MSH6 in 41% post-

treatment, recurrent tumours, compared to pretreatment tumour samples (78).  

Additionally, this study found that MSH6 mutations could not be detected in any 

pretreatment glioblastomas (n=40), but were present in 3/14 recurrent glioblastomas.  

This suggests that TMZ may select for small population of cells which are MSH6-

defective, and that this small population may be more aggressive in recurring, as well as 

resistant to methylating agent-based chemotherapy.  This idea is supported by enrichment 

data in vitro (see above).  A more recent work (79) found, in contrast, that MSI was not 

more prevalent in recurrent glioblastomas, compared to newly diagnosed malignancies.  

The discrepancies between these studies are presently unclear.  An association between 

pretreatment MMR protein levels or MSI and response to methylating agent-based 

chemotherapy has not been made. 



 23 

An interesting recent study has suggested that thiopurine-induced MMR protein 

defects may contribute to transplant-related acute myeloid leukemia (AML).  Organ 

transplant patients were found to have a significantly increased risk of developing AML 

than non-transplant individuals (80).  This was correlated with dosage of azathioprine, a 

thiopurine immunosuppressant which patients receive in conjunction with 

transplantation.  As described previously, MMR-deficient cells are resistant to cytotoxic 

effects of the thiopurine 6-TG (Table 1).  As such, it is hypothesized that thiopurine may 

select for MMR protein-defective immune cells; the hypermutagenic phenotype of these 

cells could, in turn lead to the generation of leukemias.  This hypothesis was supported 

by the finding that 7 of 7 AMLs from azathioprine-treated transplant patients studied 

displayed MSI (80). 

 

CDDP 

 CDDP is a cancer chemotherapeutic used to treat a variety of different cancers, 

including testicular, ovarian, cervical, head and neck, and non-small cell lung cancer.  

CDDP demonstrates particular efficacy in treating testicular/germ cell tumours (GCTs), 

such that over 80% of patients with GCTs will survive the disease (81).  Evidence from a 

number of retrospective clinical studies suggests that MMR proteins play an important 

role in patient response to CDDP.  Several studies have been performed which examined 

IHC staining against MSH2 and/or MLH1 or MSI in tumour samples from patients with 

known outcomes after CDDP-based chemotherapy.  These studies demonstrate that levels 

of MMR proteins are reduced in ovarian and esophageal tumor samples following 

CDDP-based chemotherapy (43, 75, 82), suggesting CDDP-induced selection in the 
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tumour for MMR protein-defective cells.  Low levels of MMR proteins post-

chemotherapy seem to be predictive of lower overall survival in a certain subset of 

tumors (esophageal cancer), but not others (ovarian, non-small cell lung cancer) (43, 82-

83).  In the case of esophageal cancer, patients exhibiting low MLH1 staining in post-

treatment tumour tissue had a 5-year survival of 19%, while patients exhibiting high 

MLH1 staining had a 5-year survival of 41% (43).  Several recent studies examining 

MMR protein levels and MSI in germ cell tumors from patients receiving platinum-based 

chemotherapy suggest a prognostic value for pre-chemotherapy MMR protein status in 

these tumors.  A small study which examined MSI in responsive and refractory (to 

CDDP-based chemotherapy) germ cell tumours showed that 3 out of 8 (38%) refractory 

tumours demonstrated MSI in samples obtained before treatment, compared with 0 of 

100 responsive tumours demonstrating MSI prior to treatment (84).  A second study 

examining MMR protein staining and MSI in germ cell tumours prior to treatment with 

CDDP-based chemotherapy suggested that low MMR protein staining and, more 

strongly, MSI, may be associated with decreased time to tumour recurrence and lowered 

survival (85).  A recent study which examined MMR protein levels and MSI in 

unselected or resistant germ cell tumours (GCTs) found that high MSI (MSI at ≥ 2 out of 

8 tested loci) is found in 26% of resistant tumours, while 0% of unselected, responsive 

tumours displayed MSI (86).  This study also determined that 24% and 12% of resistant 

tumours displayed low levels of MLH1 or MSH6, respectively, while 3% or 2% of 

unselected tumours displayed low levels of MLH1 and MSH6, respectively (86).  In 

addition, patients with high MSI trended toward longer progression-free survival (86).   
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These results suggest that MMR proteins may play an important role in cellular 

responses to genotoxic chemotherapy drugs, and that MMR protein status and/or MSI in 

pre- and post-chemotherapy tumours may provide a prognostic signature for certain 

tumour types, particularly in the case of CDDP-treated patients.  This potential clinical 

relevance underscores the need for an understanding of MMR protein-dependent 

mechanisms of CDDP-induced cell death.  

 

Initiation of DNA Damage Responses by MMR Proteins 

 Mechanistically, MMR proteins appear to function as sensors of not only DNA 

pairing errors, but also specific types of DNA damage.  Human MutSα, the primary 

lesion recognition complex in MMR, has been demonstrated to bind to cytotoxic lesions 

induced by methylating agents, 6-TG and CDDP.   

 The lesion responsible for the cytotoxic effects induced by methylating agents is 

the O6-methylguanine lesion (O6meG) (62).   MutSα binds this lesion preferentially over 

unadducted DNA (50, 87-88).  Interestingly, this binding can occur in the presence or 

absence of a mispaired T (i.e. MutSα binds O6meG-C- or O6meG-T-containing DNA) 

(50, 88).  A second methylating agent-induced lesion, O4methylthymine (O4meT) can 

also be recognized by MutSα (88).  

 MutSα can also bind to S6meT-G lesions induced by 6-TG.  6-TG becomes 

incorporated into the DNA and is methylated at the S6 position by S-adenosylmethionine 

(89).  S6meT-G pairs with C and T similarly, leading to frequent mispairing of the lesion 

and establishing a substrate for MutSα, although MutSα can bind to S6meT-G in the 

presence or absence of a mismatch (90).  As such, 6-TG induces lesions that are very 
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similar to those induced by methylating agents, and for the remainder of this introduction, 

6-TG will be classified as a methylating agent. 

 In addition to binding lesions induced by methylating agents, MutSα binds to 

CDDP adducts.  CDDP interacts with DNA after it becomes aquated, and chlorine groups 

of the molecule are replaced by water.  CDDP binds primarily to the N7 position of 

purines, and the major products of DNA cisplatination are 1,2-intrastrand crosslinks 

between purine N7 atoms in the dinucleotide sequences of d(GpG) (65%) and d(ApG) 

(25%), with minor products including 1,3-intrastrand crosslinks between guanines in 

trinucleotide sequence and interstrand crosslinks between guanines on opposite strands 

(91).  MutSα binds to 1,2-d(GpG) CDDP crosslinks preferentially over homoduplex 

DNA (2, 88), but does not bind other CDDP adducts (1,2-d(ApG),  1,3-d(GpCpG) or 

interstrand d(GpC/GpC) (2)) or the 1,3-d(GpTpG) adduct of transplatin, an alternate 

conformation of CDDP (88).  This suggests an exquisite MutSα specificity for 1,2-

d(GpG) CDDP adducts.  Competition assays reveal an estimated MutSα binding constant 

10- to 30-fold less for a CDDP adduct than for a G-T mispair (2, 88).  This binding can 

occur in the presence or absence of a mispair across from the 1,2-d(GpG) adduct (2).  

Interestingly, placement of a mispaired base across from a CDDP lesion can result in 

increased MutS binding over that seen in binding of MutS to a simple mispair (2).  This is 

dependent largely upon the mispaired base and the orientation of mispair across from the 

CDDP adduct (2).  As such, it is possible that MutSα preferentially recognizes a 

subgroup of 1,2-d(GpG) CDDP crosslinks.    
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 As MutSα can bind to DNA damage induced by specific agents, and MMR 

protein-proficient cells are more sensitive to treatment with these agents, MMR proteins 

are suggested to act as sensors of DNA damage and initiators of cytotoxic signaling 

within the cell.  Two predominant hypotheses exist to explain the mechanism by which 

MMR proteins might initiate cytotoxic signaling.  The first is the “repair-dependent” 

hypothesis.  This hypothesis was first proposed by Goldmacher et al. (92).  In this model, 

erroneous DNA synthesis past a site of DNA damage results in a mispairing of the 

damaged base.  This mispair is a substrate for MMR; however, because the damage 

persists in the parent DNA strand, iterative “futile” cycles of repair excision and 

resynthesis of the daughter strand occur.  This response is expected to result in the 

generation of DNA double strand breaks (DSBs) which, in turn, could lead to cell death.  

As such, the repair function of the MMR proteins would be necessary for initiation of cell 

death after genotoxic insult.   

 The second hypothesis is the “repair-independent” hypothesis.  This hypothesis 

predominantly suggests a direct signaling mechanism of MMR protein-mediated 

initiation of a DNA damage signal, in which MMR proteins bind DNA damage and via 

direct interaction with downstream pro-death molecules promote initiation of a cytotoxic 

signaling cascade.  This hypothesis suggests that MMR capacity of these proteins may 

not necessarily be required in damage signaling.   

 Evidence for the repair-dependent hypothesis has come from a number of sources.  

The O6meG lesion frequently mispairs with T (93-94), and intrastrand CDDP adducts can 

be mispaired due to translesion synthesis (95), generating potential substrates for MMR 

proteins.  A recent study demonstrated that multiple rounds of excision and resynthesis 
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occur at O6meG-T sites, while only a single round of excision occurs at a G-T mispair 

(96).  Additionally, cell cycle arrest data suggests that MMR protein-dependent G2 phase 

arrest occurs only after a second round of replication in MNNG-treated cells (76-77).  

The repair-independent hypothesis suggests that an O6meG or CDDP lesion would be 

mispaired during the first round of DNA replication; futile cycles of repair excision and 

resynthesis would occur in the cell until the next round of DNA replication, which would 

generate a DSB, which would then initiate a DNA damage response.  As such, an MMR 

protein-dependent arrest following the second S phase after treatment would support the 

repair-independent hypothesis.  Structural data regarding the binding of MutSα to 

O6meG-T and signaling data have also suggested the possibility of this hypothesis for 

O6meG lesions (see below).  While current data indirectly suggests the possibility of 

repair-dependent “futile cycles” giving rise to cytotoxic signaling and cell death, no 

direct evidence exists to support this hypothesis.   

 There is also a substantial body of evidence supporting repair-independent 

initiation of cell death by MMR proteins.  Despite the fact that O6meG and CDDP lesions 

can give rise to erroneous pairing, MutSα can bind these lesions in the absence of a 

mispair in the daughter strand (2, 50, 88), suggesting that repeated cycles of repair may 

not be necessary to initiate a cytotoxic signal.  Additionally, MMR protein-dependent 

DNA damage signaling can occur rapidly in cells treated with MNNG and CDDP, well in 

advance of a second round of replication (60, 76, 87), suggesting that pro-death signaling 

is initiated prior to this.  Perhaps the most convincing evidence supporting the repair-

independent hypothesis comes from studies in which the effects of missense mutations in 

MMR genes on cytotoxic responses and repair capacity were studied.  Data generated in 
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this laboratory and by others demonstrates that point mutations affecting MMR proteins 

in yeast (12, 17, 97) or mouse cells (16, 19, 24) can attenuate MMR-mediated 

cytotoxicity without affecting MMR, and vice versa, effectively separating MMR 

protein-mediated repair and CDDP-induced cell death.  This data suggests that the repair 

function of the MMR proteins is not required for MMR proteins to induce cell death in 

response to CDDP.  The repair-independent hypothesis is also supported by the fact that 

MMR proteins physically interact with a number of DNA damage response mediators.  

MSH2 can physically interact with DNA damage response proteins Chk2, Chk1 and 

ATR, and MLH1 can physically interact with ATM and c-Abl (77, 98-100), among other 

proteins.  As such, it is possible that MMR proteins act as molecular scaffolds at the site 

of DNA damage, coordinating recruitment, interaction and activation of DNA damage 

response proteins. 

 While it is possible that MMR proteins initiate cytotoxic signaling by acting as 

molecular scaffolds (independently of repair function), it has also been hypothesized that 

MMR proteins may contribute to cell death by binding and inhibiting repair of specific 

types of DNA damage, thereby allowing these cytotoxic lesions to persist in DNA and 

generate a cytotoxic signal.  This hypothesis bears particular relevance in the case of 

CDDP.  Two primary mechanisms are utilized by the cell to address CDDP-DNA 

adducts: nucleotide excision repair (NER) and homologous recombination (HR).     

Although the MMR system of proteins can mediate the repair of DNA replication 

errors, it does not contribute to the repair of bulky lesions, which are addressed by the 

NER system (101).  NER identifies a wide variety of bulky lesions in DNA and facilitates 

the repair of these lesions (102).  It has been demonstrated that MMR proteins neither 
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inhibit nor stimulate NER of CDDP-adducted DNA (103-105).  As such, blockade of 

NER by MMR proteins to create irreparable CDDP lesions is unlikely to occur or to 

contribute to MMR protein-dependent initiation of cytotoxicity. 

While it seems unlikely that blockade of NER by MMR proteins results in 

initiation of a signal for MMR protein-dependent cell death, it is possible that inhibition 

of HR by MMR proteins may contribute to CDDP cytotoxicity.  MMR proteins can 

prevent homeologous recombination (32, 106-107), likely by binding to mispaired bases 

that arise during recombination of similar but not identical DNA sequences and inhibiting 

strand exchange between these sequences.  As MutSα binds the 1,2 d(GpG) CDDP 

adduct, it has been hypothesized that binding to a CDDP adduct by MutSα may prevent 

CDDP-induced recombination.  E. coli MutS can prevent strand exchange with a 

platinated molecule in vitro (108), suggesting that MMR proteins may interfere with 

recombination-mediated processing of CDDP lesions.  These data suggest a possible 

mechanism for MMR protein-dependent initiation of a cytotoxic signal, although 

considerable work needs to be performed to determine if this could be a means of 

generating a cytotoxic signal.   

Additionally, it has been hypothesized that binding of MutSα to a CDDP lesion 

might contribute to blockage of replication forks at the sites of these lesions, which could 

potentially result in cell cycle arrest and cytotoxic signaling.  MMR proteins can 

contribute to blockage of replication machinery at sites of CDDP adducts (95, 105); 

however, as with other potential mechanisms, establishing that this hypothetical 

mechanism could be responsible for the generation of an MMR protein-mediated 

cytotoxic signal will require more study.  As such, there are several possible mechanisms 
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by which MMR proteins could generate a cytotoxic signal without performing futile 

cycles of repair: by acting as molecular scaffolds, by preventing recombinative 

processing of cytotoxic lesions, or by blockade of replication machinery at the site of a 

cytotoxic lesion.   

 

 Structural data has provided interesting insight into the binding of MutSα to 

different lesions.  The crystal structure of human MutSα bound to an O6meG-T mispair 

was recently reported (6).  This structure showed that binding of MutSα to an O6meG-T 

compound lesion was structurally very similar to the binding of MutSα to a G-T mispair 

(6).  The methylated O6 of guanine does not appear to impose a restriction on the access 

of the Phe432 to base stack with the mispaired T, did not alter hydrogen bonding between 

Glu434 and the mispaired T and did not alter DNA bending by MutSα at the site of the 

mismatch (6).  While there is currently no crystal structure data available for MutSα 

bound to a CDDP-DNA substrate, research performed in collaboration with this 

laboratory has produced a computational model of E. coli MutS bound to 1,2-d(GpG) 

CDDP crosslink (12).  This modeling revealed that binding of MutS to a CDDP adduct 

induced structural changes in the MutS homodimer, compared with the structure of MutS 

bound to a mismatch, particularly in the DNA binding and ATPase domains of MutS.  It 

was suggested that of the two known mismatch-specific interaction residues, only the Glu 

residue is expected to interact with CDDP-adducted bases, forming hydrogen bonds with 

one or both adjacent guanines bound by the 1,2-d(GpG) CDDP crosslink (12).  The 

conserved Phe residue, which is essential for MMR (base stacking with a mispaired T in 

crystal structures of human MutSα bound to mismatch (6)) is dislocated at the site of a 



 32 

CDDP adduct, and does not interact with either crosslinked guanine (12).  This suggests 

that the Glu residue forms essential interactions with CDDP-DNA, while the Phe residue 

does not contribute to MutSα binding to this adduct.  This was confirmed by mutational 

analysis in yeast, in which the Phe was found to be dispensable for MMR protein-

dependent cell death, but required for efficient repair (12).  This is demonstration of a 

“separation of function” MMR protein mutant, in which repair capacity of MutSα is not 

required for MutSα-mediated response to CDDP.  Mutation of the conserved Glu residue 

abolished MMR protein-dependent CDDP cytotoxicity (12), confirming the importance 

of the reside in MutSα-mediated response to CDDP.  An altered program of MutSα DNA 

backbone contacts, compared to those seen in MutSα binding at a site of a mismatch, also 

appears to play a role in MMR protein-dependent cytotoxicity (12).  Interestingly, a 

recent study employing AFM to measure DNA bend angles in homo- and heteroduplex 

DNA bound by E. coli MutS suggests that the conserved Phe residue is important for 

mismatch specificity and unbending of DNA at a mismatch, while the conserved Glu is 

more important for initial DNA bending but not mismatch verification (11).  In 

conjunction with structural data, this may suggest that unbending of CDDP-adducted 

DNA by MutSα is not important in responding to a CDDP lesion.  As DNA “unbending” 

of a mismatch has been suggested to be important for verification of a mismatch by 

MutSα, the inability to unbend DNA after specific MutSα-lesion binding may provide an 

altered signal to the MutSα complex to induce a cytotoxic outcome. 

 Structural data and accompanying mutational analysis suggests differing 

structural responses of MutSα to different cytotoxic lesions.  Coupled with data presented 

above, this data suggests that an O6meG-T lesion may be a more likely candidate for a 
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“futile cycles” MMR-mediated response, while CDDP may be addressed by repair-

independent mechanisms.   

 

 Structural data and mutational analysis of the ATPase region of MutSα also 

suggests the possibility of a unique response by MutSα to DNA damage, as compared to 

mismatched DNA.  Computational structural modeling suggests distinct conformational 

changes in the ATPase region of E. coli MutS bound to a CDDP adduct, compared to the 

structure of MutS bound to mismatched DNA (12). Work with yeast Msh2 and Msh6 

ATPase domain missense mutants has confirmed that there are differing requirements of 

the ATPase regions of MutSα in responding to DNA damage, as opposed to repair 

response (17).  As previously described, binding and hydrolysis of ATP are required for 

repair (17).  A mutation in yeast or mouse cells affecting binding of ATP by Msh2 

diminishes repair in these cells substantially, but does not affect MMR protein-dependent 

cytotoxicity induced by CDDP, MNNG or 6-TG (16-17).  Interestingly, a yeast Msh6 

mutation affecting ATP binding by Msh6 attenuates both MMR protein-mediated repair 

and CDDP-induced cytotoxicity (17).  Mutations affecting residues within the ATP 

hydrolysis motifs of yMsh2 or yMsh6, as expected, have profound effects on MMR 

protein-mediated repair, but no effect on MMR protein-dependent CDDP cytotoxicity 

(17).  Cumulatively, this data suggests that, while ATP binding and hydrolysis by both 

MSH2 and MSH6 is required for repair function, only ATP binding by MSH6 is required 

for CDDP-induced, MMR protein-dependent cytotoxicity.  Interestingly, a mouse Msh2 

ATP binding mutant, which does not cause attenuation MMR protein-dependent cell 

death, does reduce ATP-mediated release of MutSα from DNA.  This suggests that 
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MutSα may remain bound to a CDDP adduct to initiate a cytotoxic response, while 

leaving a mismatch to facilitate repair (16).  This result was confirmed by a further study, 

which indicated that while addition of ATP strongly results in dissociation of E. coli 

MutS from a mismatch in vitro, addition of ATP does not substantially prevent release of 

MutS from CDDP-adducted DNA (14).  These data suggest persistent binding of MutSα 

to a CDDP adduct; in contrast, an ATP-mediated translocation of MutSα away from a 

mismatch occurs.  Interestingly, ATP hydrolysis by MutS in the presence of DNA 

containing a CDDP adduct resembles that of unadducted homoduplex DNA, and is 

significantly decreased from that observed when MutS was in the presence of 

mismatched DNA (14).  This data correlates with yeast mutational analysis which 

suggests that ATP hydrolysis by MutSα is important in repair, but not cytotoxic function 

(17).   

  

 Data described above clearly implicates MutSα as a sensor of O6meG and CDDP 

lesions and initiator of cell death in response to these lesions.  It is not fully clear as to 

how MMR proteins initiate a cytotoxic signal.  It is hypothesized that this could be 

accomplished by the MMR system by repair-independent or -dependent mechanisms. 

 Structural data and mutational analysis suggest that the interaction of MutSα with 

a CDDP adduct is very different from the interaction of MutSα with a mismatch.  Contact 

with CDDP is accomplished via altered MutSα contacts, which results in different 

ATPase requirements of the complex, possibly due to a unique pattern of conformational 

changes in MutSα induced by CDDP. This data strongly suggests the likelihood that 

MutSα generates a cytotoxic signal in response to CDDP via repair-independent 
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mechanisms.  As such, it is possible that MMR proteins act as molecular scaffolds, or 

block replicative/recombinative processes in initiating a cytotoxic signal.  MMR protein-

dependent initiation of a cytotoxic signal in response to an O6meG lesion is less clear, as 

structural, mutational and biochemical data provide evidence supporting both hypotheses.   

 

MMR Protein-Dependent Signaling in Cells Treated With Specific DNA Damaging 

Chemotherapeutic Drugs 

Cytotoxic Signaling Induced by DNA Damaging Agents 

 Exposure to DNA damaging chemotherapeutic drugs activates signaling cascades 

within cells that ultimately lead to cell death.  Defects in components of cytotoxic 

signaling pathways can render cells resistant to cell death induced by these agents; when 

these defects are found in tumour cells, they can lead to a failure of cancer chemotherapy 

and persistence of tumours.   

DNA damage is detected in cells by sensor proteins, which typically recognize 

specific types of damage and can transmit a damage signal to other proteins.  Sensor 

proteins include the DNA damage-activated kinases ATM and ATR, which bind to 

specific types of DNA damage and physically interact with/phosphorylate downstream 

proteins in damage signaling cascades (109).  As described above, the MMR protein 

complex MutSα acts as a sensor in the cytotoxic response to CDDP and methylating 

agents. 

Sensor proteins transmit the damage signal to further proteins, known as 

transducers.  This is followed by activation of signaling that commits a cell to death.  

Cells treated with DNA damaging agents frequently activate a cell death pathway 



 36 

mediated by the mitochondria.  This intrinsic death signaling pathway predominantly 

involves the coordinated activity of two groups of proteins: pro-death members of the 

Bcl-2 family which control the integrity of mitochondrial membranes, and members of 

the caspase family of cysteinyl proteases which proteolytically cleave intracellular 

substrates, giving rise to apoptotic morphology and destruction of the cell (110, 111).  

Pro-death Bcl-2 family members, such as Bax and Bak, target the outer mitochondrial 

membrane and cause the cytosolic release of pro-death factors residing within the 

mitochondria of unstressed cells (110).  Pro-survival Bcl-2 family members, such as Bcl-

2, Bcl-xL and Mcl-1 dimerize with pro-death Bcl-2 family members to prevent the release 

of pro-death mitochondrial factors.  Predominant among these factors is cytochrome c, 

whose cytoplasmic localization results in the formation of a caspase-activating platform 

known as the apoptosome (112).  In addition to cytochrome c, this complex includes the 

adaptor protein Apaf-1.  When formed, the apoptosome promotes the cleavage and 

activation of caspase-9 (113, 114).  Once activated, this apical caspase proceeds to cleave 

and activate caspase-3, the predominant effector protease of apoptosis. 

 There are a number of potential mechanisms involved in activation of 

mitochondrial signaling.  The most well-studied mechanism involves the tumour 

suppressor p53.  p53 is a pro-apoptotic protein which can induce intrinsically-mediated 

cell death via both transcription-dependent and -independent mechanisms.  Upon receipt 

of a cytotoxic signal from upstream mediators (transducers or sensors), p53 can act as a 

transactivator protein to promote upregulation of pro-apoptotic factors, including the pro-

death Bcl-2 family members PUMA and Bax (115), which act to induce activation of 

pro-death mitochondrial signaling.  In addition, p53 can act independently of its 
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transactivator function to induce mitochondrial signaling and apoptosis by translocating 

to the mitochondria and facilitating the dimerization and activation of pro-death Bcl-2 

family members (115).  The p53-related p73 protein is also activated in response to DNA 

damage and can induce death by transcriptional activation of similar genes to p53, 

including Bax (116).   

 Activation of mitochondrial signaling that does not involve p53/p73-dependent 

mechanisms is less clear.  There is evidence to suggest that phosphorylation of pro-

survival Bcl-2 family members can decrease their ability to bind pro-death Bcl-2 family 

members (117), indicating the potential for a kinase-dependent, p53/p73-independent 

mechanism of activating pro-death mitochondrial signaling.  Kinases such as c-Abl and 

p38MAPK can signal p53-independent pro-death mitochondrial signaling and 

cytotoxicity (118, 119), further indicating that mitochondrial cell death signaling can be 

activated in the absence of p53. 

 

 In addition to signaling cell death, DNA damaging agents frequently generate 

signaling leading to cell cycle arrest.  The relationship between cell cycle arrest and cell 

death in response to DNA damage is often unclear.  Cell cycle arrest is theorized to 

coordinate responses to DNA damage, such as DNA repair or cell death, preventing cells 

with damaged DNA from replicating.  Cell cycle arrest occurs at “checkpoints” in G1, S 

and G2 phases of the cell cycle. 

 Progression through the cell cycle is controlled by cyclins and cyclin-dependent 

kinases (CDKs) (109, 120).  Cyclins bind to CDKs and promote the kinase activity of 

these proteins.  Cell cycle arrest can result from diminished signaling of particular cyclin-
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CDK complexes.  Sensor, transducer and cell cycle arrest effector signaling regulates 

these alterations.  An example of this signaling is demonstrated by the damage induced 

kinases ATM and ATR.  ATM is a sensor of double strand breaks (DSBs) in DNA and is 

rapidly activated in response to these lesions, while ATR is activated primarily following 

replicative stress (28, 109).  In inducing cell cycle arrest, ATM and ATR phosphorylate 

primary transducer proteins Chk2 and Chk1, respectively, which can, in turn, 

phosphorylate the phosphatases Cdc25A and Cdc25C.  Phosphorylation of these proteins 

prevents activation of cyclin-dependent kinases CDK2 and CDK1 (109, 121-122), which 

can promote G1, S and G2/M phase arrest (109).  This described mechanism is somewhat 

simplified, but is representative of how a DNA damage signal can induce cell cycle 

arrest. 

 

Methylating Agents 

 A considerable amount is known about MMR protein-dependent signaling leading 

to cell cycle arrest and death in cells treated with methylating agents.  At low doses of the 

methylating agents MNNG and TMZ, an MMR protein-dependent G2 phase cell cycle 

arrest is induced.  Several studies have provided evidence detailing signaling leading to 

this arrest.  Treatment of cells with methylating agents induces an MMR protein-

dependent formation of ATR foci, phosphorylation of ATM, Chk1, Chk2, p38 and 

CDK1, degradation of Cdc25A and nuclear exclusion of Cdc25C (76-77, 87, 140).  

MMR protein-dependent G2 arrest can be attenuated by inhibition/knockdown of ATR, 

ATM, Chk2 or Chk1 (76-77), implicating ATR/ATM signaling in MMR protein-

dependent G2 arrest, although the magnitude of contribution to this arrest between the 
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ATM-Chk2 and ATR-Chk1 axes is debated (61, 76-77, 169).  p38 has also been 

suggested to be required for methylator-induced, MMR protein-dependent G2 arrest 

(140).  Additionally, a very recent report has suggested the involvement of c-Abl and 

GADD45 in methylator-induced, MMR protein-dependent G2 arrest (169).  Of interest, 

MutSα, MutLα, ATR and ATRIP form a complex and localize to DNA containing an 

O6meG-T lesion, but ATR and ATRIP do not localize to the site of a G-T mismatch (87).  

This suggests the possibility that MMR proteins may act as a scaffold at sites of an 

O6meG lesion, and indicates that binding of MutSα to different substrates can result in 

interaction with different cellular machinery. 

 Studies have also determined signaling mechanisms involved in methylator-

induced, MMR protein-dependent cytotoxic response.  This process requires signaling via 

the intrinsic/mitochondrial pathway of apoptosis (61-62).  The pro-death Bcl-2 family 

member Bax is upregulated in an MLH1-dependent manner following MNNG treatment 

(61), and caspase-9, caspase-3 and PARP are cleaved in an MSH6- and MLH1-dependent 

manner following treatment of cells with MNNG (61-62).  Signaling via these proteins 

matches temporally with initiation of death, and chemical inhibition of caspase signaling 

or Bcl-2/Bcl-xL overexpression attenuates the death (61-62).   

 In addition to pro-death mitochondrial signaling, it was very recently determined 

that MLH1-dependent apoptosis in cells treated with MNNG is weakly attenuated by 

knockdown or chemical inhibition of c-Abl, p73 or GADD45 (61).  Interestingly, p53 is 

phosphorylated and upregulated in an MMR protein-dependent manner in cells treated 

with methylating agents (61, 123-124); however, p53 is not required for methylator-

induced, MMR protein-dependent cell death (61, 123).  A novel gene product, MAPO1, 
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may also be required for MMR protein-dependent, methylator-induced death, although it 

is not entirely clear where this protein functions in a cytotoxic signaling cascade (125).  A 

number of other DNA damage signaling molecules are activated in an MMR protein-

dependent manner after treatment of cells with methylating agents.  The transcription 

factor c-Jun, which can mediate death induced by various forms of DNA damage, is 

rapidly phosphorylated in an MLH1-dependent manner following treatment of cells with 

MNNG (99).  This phosphorylation is mediated by the kinases ATM (but not ATR), c-

Abl, MEKK1, MKK4, and JNK (99).  While no functional outcome has been associated 

with this c-Jun signaling cascade, it is possible that players in this MMR protein-

dependent mechanism could contribute to activation of mitochondrial pro-death signaling 

and cell death in cells treated with methylating agents. 

 

CDDP 

 In contrast to methylating agents, MMR protein-dependent signaling in cells 

treated with CDDP is largely unknown.  Prior to this study, potential MMR protein-

dependent cell cycle arrest in cells treated with CDDP had not been assessed.  Previous 

studies have demonstrated that cyclin D1 levels and CDK2 kinase activity are decreased 

in an MLH1-dependent manner in CDDP-treated cells (126), suggesting that MMR 

proteins may regulate cell cycle arrest in cells treated with CDDP, although the functional 

significance of these alterations is unclear.   

 Only two proteins were previously suggested to play a role in CDDP-induced, 

MMR protein-dependent cytotoxicity: p73 and c-Abl.  p73 is a p53-related transactivator 

protein which induces cell death via transcription of pro-death genes, including the Bcl-2 
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family member Bax (116).  Increased levels of p73 have been associated with apoptosis, 

cytochrome c cytoplasmic localization and caspase-3 cleavage (116, 127).  p73 levels 

were previously shown to increase in cells treated with CDDP in an MLH1-dependent 

manner; this upregulation was temporally associated with CDDP-induced, MLH1-

dependent cell death.  This suggests that p73 plays a role in MMR protein-dependent 

responses to CDDP (60).  c-Abl is a tyrosine kinase whose activity is increased following 

treatment of cells with a variety of DNA damaging agents, including CDDP; this activity 

is required for cell death induced by a number of different types of DNA damage (118).  

In the same study that described MLH1-dependent p73 upregulation, c-Abl activity was 

shown to be increased in an MLH1-dependent manner in cells treated with CDDP (60)  

This activity was temporally associated with p73 upregulation and MLH1-dependent cell 

death. Subsequent studies also demonstrate c-Abl activity occurring in an MSH2- and 

MLH1-dependent manner following treatment of cells with CDDP (128-129).  

Interestingly, c-Abl-dependent phosphorylation at the Tyr99 residue of p73 has been 

demonstrated to facilitate stability of the protein (130, 131); as such, these proteins are 

hypothesized to collaborate to induce cytotoxic signaling and cell death in response to 

CDDP.  Despite this, the actual requirement for p73 and c-Abl in MMR protein-

dependent CDDP cytotoxicity is not known.  Of interest, p53 and p21 are also 

upregulated in cells treated with CDDP; however, this upregulation occurred 

independently of MLH1 status (60, 126).  This data suggests the potential that MMR 

proteins engage a cytotoxic signaling that includes c-Abl and p73, but not p53; however, 

the requirement for these proteins is not known. 
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 A recent study examined the involvement of a number of DNA damage responder 

proteins in MLH1-proficient and -deficient cells that had been treated with CDDP.  This 

study determined that ATM, Chk2, Chk1 and NBS1 are phosphorylated upon treatment 

of cells with CDDP independently of MLH1 status of these cells (28).  Additionally, 

levels of BRCA1, BRCA2, FANCD2 and RAD51 are altered independently of MLH1 

status in cells treated with CDDP (28).  As such, it is unlikely that these proteins 

contribute to CDDP-induced, MMR protein-dependent cell cycle arrest or cell death.  In 

addition, this data suggests the potential that CDDP induces engagement of altered 

signaling pathways by MMR proteins, compared to methylating agents, as ATM, Chk1 

and Chk2 are phosphorylated in an MMR protein-dependent manner following MNNG 

treatment (76-77). 

  

 While it is clear that MMR proteins specifically recognize CDDP adducts, and 

that there is an MMR protein-dependent cytotoxic response to this chemotherapeutic 

drug, much remains unclear about the MMR protein-dependent response to CDDP.  

Because CDDP is employed clinically to treat a variety of malignancies, and MMR 

protein status has been suggested to impact clinical responses to CDDP, knowledge of the 

molecular mechanism underlying this death is essential, and could provide valuable 

information about the treatment of cancer patients with CDDP.  As such, this study 

focused on determination of key mechanistic events in CDDP/MMR protein-induced cell 

death.  Based on limited studies of CDDP-induced, MMR protein-dependent signaling, it 

was hypothesized that MMR proteins signal cell death via a p73, c-Abl, and pro-death 

mitochondrial signaling mechanism.  Additional emphasis in this study was placed on 
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elucidating the mechanism of MMR protein-dependent initiation of cell death in response 

to CDDP, as well as highlighting potential differences in methylation- and CDDP-

induced, MMR protein-dependent cell death.   

  



 44 

CHAPTER 2 

MATERIALS AND METHODS 

Cell Lines and Chemicals   

Human endometrial carcinoma cell lines HEC59, HEC59(2), HHUA, HHUA(2) 

and human colon cancer cell lines HCT116 and HCT116(2) cells were a gracious gift of 

T. Kunkel (NIEHS).  HEC59, HHUA and HCT116 cells were maintained in DMEM F-12 

media (Gibco) containing 10% fetal bovine serum (FBS) and 15mM Hepes/L-glutamine, 

while HEC59(2), HHUA(2) and HCT116(2) were maintained in DMEM F-12 media 

containing 10% FBS, 15mM Hepes/L-glutamine and 400ug/ml G418.  C4-2 prostate 

cancer cells containing the pTet-On transactivator (C4-2T) were a gracious gift of G. 

Kulik (WFUSM) and were maintained in RPMI media (Gibco) supplemented with 10% 

Tet-free FBS (Clontech) and 400ug/ml G418.  HeLa cells were purchased from the Wake 

Forest Tissue Culture Core Laboratory (WFUSM) and maintained in DMEM F-12 media 

containing 10% FBS and 15mM Hepes/L-glutamine.  HEK 293T cells were a gracious 

gift of J. Wilkinson (WFUSM), and were maintained in DMEM media containing 10% 

FBS.  All cell lines were maintained at 37°C in a 5% CO2 atmosphere.  For experiments, 

paired cell lines were plated in DMEM F-12 media containing 10% FBS without 

antibiotic.  Cisplatin (Sigma) was dissolved in DMSO to a stock concentration of 0.2g/ml 

and stored in single-use aliquots at -80°C.  zVAD-FMK (MP Biomedicals) was dissolved 

in DMSO to a stock concentration of 20mM and stored in single-use aliquots at -80°C in 

the presence of a desiccating agent.  Staurosporine was purchased from Sigma and 

dissolved in DMSO to a concentration of 1mM and was stored at -20°C.  All treatment 

agents were further diluted in media prior to administration to cells.  Acetylsalicylic acid 
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(ASA) was purchased from Sigma and dissolved in EtOH to a concentration of 90mg/ml 

prior to each use.  Pervanadate (PV) was prepared fresh prior to each use to a 

concentration of 30mM by preparing a solution of 0.45% H2O2 and 12mM Na3VO4 in 

PBS and incubating this solution in the dark for 15min.  SB203580 and SB202190 were 

purchased from Calbiochem, dissolved in DMSO to a stock concentration of 0.01g/ml or 

0.002g/ml, respectively, and stored at -20°C.  Propidium iodide (PI) (Sigma) was 

dissolved in PBS to a concentration of 0.25mg/ml and stored protected from light at 4°C. 

 

Assessment of Cell Viability 

Cell viability was assessed by either 3-[4,5-dimethylthiazol-2-yl]-2,5-

diphenyltetrazolium bromide (MTT) assay or PI exclusion assay.  For MTT assays, 3x103 

cells/well were seeded into wells of 96-well plates and incubated overnight before 

treatment with indicated drugs.  At various times following treatment, MTT assays were 

performed using the Cell Proliferation Kit I (Roche Applied Science) as per manufacturer 

instructions.  Plates were read with a plate reader capable of utilizing wavelengths of 

560nm (MTT formazan product absorbance wavelength) and 650nm (reference 

wavelength) and analyzed with SoftMax software.  To calculate percent viability, raw 

absorbance values from 650nm were subtracted from those obtained at 560nm, and 

averaged plate blank (media alone) values were subtracted from these values.  Resulting 

values from triplicate wells were averaged to generate a final raw absorbance value.  

Untreated cells were considered 100% viable, and untreated final raw values were 

divided by final raw values obtained from treated wells to yield percent viability.   
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 For PI exclusion assay, cells were seeded at 2x105 cells/well into six-well plates 

and incubated overnight before treatment with drugs.  At various times following 

treatment, cells were harvested by trypsinization, transferred with media into 5ml round-

bottom tubes and centrifuged at 250xg.  Media was removed and the pellet was 

resuspended in PBS containing 2ug/ml PI.  A BD FACSCaliber flow cytometer was used 

to obtain PI fluorescence (FL3-H channel) and light scatter (FSC-H) values for 2x104 

cells/events.  WinList (Verity) software was utilized to plot event values and analyze 

viability.  To calculate percent viability, FL3-H values were plotted against FSC-H values 

and an arbitrary region was drawn around the bulk of events obtained from untreated 

samples (≥75% of total events).  Events within this region were considered viable cells.  

The region was maintained and applied to events from untreated and treated samples.  

Resulting values from duplicate wells were averaged to generate an average of events 

within the “viable region”.  Untreated samples were considered 100% viable, and 

untreated values were divided by values obtained from treated wells to yield percent 

viability.  Graphing and statistical calculations for all cell survival assays were performed 

using Prism software (GraphPad). 

 

Isolation of Whole Cell or Cytoplasmic Extracts and Immunoblot Analysis 

Cells were plated at 4x105c/dish in 60mm dishes, incubated overnight and treated 

with indicated drugs.  To obtain whole cell lysates, at various times post-drug treatment 

cells were scraped into media, which was transferred to a conical tube on ice and 

centrifuged at 250xg.  Cells were then washed with PBS and transferred to a 

microcentrifuge tube, centrifuged at 1000xg and the pellet stored at -80°C at least 
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overnight.  The cell pellet was resuspended in lysis buffer (50mM Tris pH 8.0, 5mM 

EDTA, 150mM NaCl, 0.5% NP-40, 1x Complete Protease Inhibitor (Roche 

Diagnostics)), sonicated and centrifuged at 18000xg to remove debris.  The supernatant 

containing cellular proteins was then removed to a clean microcentrifuge tube and protein 

concentration was assayed using the BCA Protein Assay Kit (Thermo Scientific).  

Lysates were stored at -80°C until use.  To obtain cytoplasmic fractions, cells were 

harvested at various times post-drug treatment by trypsinization, transferred with media 

into a conical tube and centrifuged at 250xg.  Cells were washed with PBS, transferred to 

a microcentrifuge tube and centrifuged at 1000xg.  The pellet was resuspended in 

extraction buffer (250mM sucrose, 70mM KCl, 1mM PMSF, 200ug/ml digitonin and 1x 

Complete Protease Inhibitor, all in PBS).  Cells were then incubated on ice 10min and 

centrifuged at 1000xg, and supernatant containing cytoplasmic proteins was removed to a 

clean microcentrifuge tube.  Extracts were stored at -80°C until use.  For immunoblot 

analysis, extracts were loaded onto either 4-20% or 16% tris-glycine pre-cast gels 

(Invitrogen) and proteins were separated by SDS-PAGE.  Proteins were then transferred 

to PVDF membranes (Millipore) and membranes were incubated in blocking buffer and 

treated with primary and secondary antibodies, as per manufacturer instructions.  

Detection of secondary antibodies was accomplished using ECL Plus Western Blotting 

Detection Reagents (GE Healthcare) and Fujifilm ImageReader LAS-300 exposure/image 

acquisition hardware and software.  Multi Gauge software (Fujifilm) was utilized to 

perform image preparation and densitometric analysis.  All densitometry data presented 

in the text was standardized to β-actin banding.  
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Antibodies 

Anti-MSH2 antibodies were purchased from BD Pharmingen (610360) or Santa 

Cruz Biotechnology (sc-494).  Anti-cleaved caspase-3 (9661), -cleaved caspase-9 (9505), 

-phospho-p73 (4665), -phospho-p38 (9215), -p38 (9212) and -phospho-Chk1 (2341) 

antibodies were purchased from Cell Signaling Technology.  Anti-PARP (556494), -

cytochrome c (556433), -p73 (558787), -MSH3 (611390), -MLH1 (551091) and -PMS2 

(556415) antibodies were purchased from BD Biosciences.  Anti-β-actin (A2066) and -

HA (H6533) antibodies were purchased from Sigma.  Anti-HSP60 (sc-13115) and -cyclin 

D1 (sc-20044) antibodies were purchased from Santa Cruz Biotechnology.  Anti-MSH6 

(IMG-80321) was purchased from Imgenex.  Anti-phospho-ATM (10H11.E12) antibody 

was purchased from Rockland.  Anti-p53 (OP43T) and anti-c-Abl (OP20) antibodies 

were purchased from Calbiochem.  Anti-γH2AX (07-164) antibody was purchased from 

Upstate.  Goat anti-mouse (170-6515) and -rabbit (170-6516) secondary antibodies were 

purchased from Bio-Rad.   

 

Caspase-3 Activity Assay 

Cells were seeded at 1.5x105c/well in six-well dishes, incubated overnight and 

treated with indicated drugs.  Cells were pretreated with 20uM zVAD-FMK 30min prior 

to treatment with CDDP as indicated.  At 72h post-CDDP treatment, cells were scraped 

into media, transferred to microcentrifuge tubes and pelleted at 1000xg.  Media was 

aspirated and cells were frozen at -80°C at least overnight.  The pellet was resuspended in 

100ul lysis buffer (50mM Hepes, pH 7.4, 150mM NaCl, 0.1% CHAPS, 0.1% NP-40, 

292mM sucrose, 2mM EDTA, 10mM DTT, 1mM PMSF and 1x Complete Protease 
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Inhibitor), incubated on ice for 10min and 50ul of cell lysate was added to a black-walled 

96-well plate.  50ul activation buffer (100mM Pipes, 0.2mM EDTA, 20% glycerol and 

10mM DTT) containing Ac-DEVD-AFC fluorogenic substrate (BioMol International) 

was added to each well and rate of substrate cleavage was assessed using an Omega 

POLARstar plate reader (BMG Labtech).  Protein concentrations for each sample were 

acquired using the Bio-Rad Protein Assay and relative fluorescent units/min values were 

standardized to mg protein per sample. 

 

Creation of HA-Bcl-2 Overexpressing Cell Lines 

HEK 293T cells were plated in 10cm dishes (5x106 cells/dish) and incubated 

overnight.  Media containing 25uM chloroquinone was added to these cells and calcium 

phosphate transfection was utilized to introduce plasmids encoding lentiviral components 

(pRRE, pRSV REV, HCMVG and FG9-HA-Bcl-2/hyg/GFP or FG9-hyg/GFP) to cells of 

viruses expressing HA-Bcl-2 or empty cassette (control virus). Viral component plasmids 

were a gracious gift of J. Wilkinson (WFUHS).  Transfected HEK 293T cells were 

incubated for 7h in a 7% CO2 atmosphere, then media was replaced with normal growth 

media and cells were incubated an additional 33h in 7% CO2.  26ug polybrene was then 

added to the media of transfected cells, and this media was collected in a syringe 

possessed of a 0.45um PVDF Millex-HV filter.  Media from transfected HEK 293T cells 

was then filtered onto HEC59 and HEC59(2) cells (one plate of transfected HEK 293T 

cells/two wells of a cell type in a 6-well dish, 1 x 105c/well) .  These target cells were 

incubated for 4h in 7% CO2 atmosphere, and then media was replaced.  Cells were 

incubated in 7% CO2 for an additional 72h and then expanded and removed to a 5% CO2 
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atmosphere.  Virally-infected target cells were selected for presence of integrated virus 

and maintained and assayed in growth media containing 200ug/ml hygromycin. 

 

Creation of Cell Lines Expressing shRNAs. 

shRNA sequences were designed for knockdown of p38 (shp38) and c-Abl 

(shAbl) with surrounding pSUPER/FG12 restriction cloning sequences.  The 

complementary sequences were as follows: shp38: 5’ GATCCCC 

ATGTGATTGGTCTGTTGGA TTCAAGAGA TCCAACAGACCAATCACAT 

TTTTTGGAAA 3’; 3’ GGG TACACTAACCAGACAACCT AAGTTCTCT 

AGGTTGTCTGGTTAGTGTA AAAAACCTTTTCGA 5’; shAbl: 5’ GATCCCC 

TCCACTTTTCGAGGCCCAG TTCAAGAGA CTGGGCCTCGAAAAGTGGAT 

TTTTGGAAA 3’; 3’ GGG AGGTGAAAAGCTCCGGGTC AAGTTCTCT 

GACCCGGAGCTTTTCACCT AAAAACCTTTTCGA 5’.  Oligonucleotides were 

ordered from Bioneer.  Complementary strands were annealed and ligated into 

BglII/HindIII-digested pSUPER plasmid (which contains H1 RNA polymerase III 

promoter).  pSUPER-shRNA plasmids were sequenced for the presence of correct 

shRNA sequence using M13 forward and reverse sequencing primers, then digested with 

XhoI/XbaI to liberate the H1 promoter/shRNA cassette.  This fragment was then ligated 

into XhoI/XbaI-digested FG12puro plasmid.  FG12puro-shRNA plasmids were then 

transfected into HEK 293T packaging cells along with lentiviral component plasmids as 

in the previous section.  Transfected HEK 293T supernatant was retrieved in a filtered 

syringe, as described above, and filtered into centrifuge tubes before centrifugation at 

21000xg in an SW27 swinging bucket rotor for 90min.  Supernatants were aspirated, and 
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the remaining viral pellet was resuspended in PBS overnight at 4°C.  Concentrated virus 

was then added to target HEC59, HEC59(2), HHUA or HHUA(2) cells in equal amounts, 

and cells were incubated in a 7% CO2 atmosphere as described above.  Virally-infected 

target cells were selected for presence of integrated virus and maintained in growth media 

containing 1ug/ml puromycin. 

 

Cell Cycle Analysis 

Cells were plated at 1 x 105c/well in 6-well dishes, incubated overnight and 

treated as indicated.  At various times post-treatment, cells were harvested by 

trypsinization, centrifuged at 250xg, washed with PBS, resuspended in 2ml 70% EtOH 

and stored at -20°C at least overnight.  Cells were then centrifuged at 250xg, washed with 

PBS, resuspended in PI solution (0.1M sodium chloride, 36mM sodium citrate, 

0.05mg/ml PI, 0.6% NP40 and 0.04mg/ml RNase in H20) and incubated at room 

temperature protected from light for 30min. A BD FACSCaliber flow cytometer was 

used to obtain PI fluorescence (FL2-H and FL2-A channels) and light scatter (FSC-H and 

SSC-H) values for 2x104 cells/events.  WinList (Verity) software was utilized to analyze 

fluorescence/DNA content for each event.  An arbitrary region was created around the 

bulk of events in a FSC-H vs. SSC-H plot to eliminate non-cell debris.  This region was 

then applied to a FL2-H vs. FL2-A plot and a region was created around the central axis 

to eliminate cell doublets/clusters.  Events in this region were then further visualized in a 

histogram depicting counts vs. FL2-A fluorescence, and arbitrary gates were created 

around <2N (sub-G1 DNA content), 2N (G1), >2N<4N (S), and 4N (G2) peaks in an 

untreated sample.  These regions were maintained and applied to events gathered from 
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treated samples.  Resulting values from duplicate wells were used to generate an average 

of events within each phase of the cell cycle.  Each experiment was performed in 

duplicate.  Graphing was performed using Prism software (Graphpad). 

 

Limited Trypsin Proteolysis 

Purified yeast Msh2/Msh6 (yMsh2/Msh6) protein and trypsin solution were 

gracious gifts of Dr. Tom Kunkel (NIEHS).  Oligonucleotide sequence 5’-GGT GGT 

GGT GGG CGT CTA GGC CTT CTA TTG AAG GAT GCA TGG TG-3’ and its 

complement with a G-T mismatch at the underlined position were purchased from 

Oligos, Etc.  Heteroduplex DNA was adducted with CDDP by incubating 100nM DNA 

with 22uM CDDP at 37°C for 16h.  For trypsin proteolysis reactions, 375 nmoles of 

yMsh2/Msh6 were incubated with heteroduplex DNA or heteroduplex/CDDP DNA in the 

presence or absence of 1 mM ATP, as indicated, in proteolysis buffer (20mM Tris-HCl 

(pH 7.5), 100mM NaCl, 1mM β-mercaptoethanol) in a total volume of 25ul.  Where 

indicated, 6ul of a 320ng/ml trypsin solution was added, and reactions were incubated at 

room temperature for 15min.  Reactions were stopped by boiling samples for 10min. 1x 

LDS loading buffer (Invitrogen) was added to each sample prior to loading into wells of a 

4-20% tris-glycine gel (Invitrogen), and protein fragments were separated by SDS-

PAGE.  To visualize banding patterns, gels were silver stained using the SilverQuest kit 

(Invitrogen) to manufacturer instructions, and images of the stained gel were acquired 

and prepared using an Epson 2450 PhotoScanner and Adobe Photoshop software.  
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CHAPTER 3 

RESULTS 

MMR protein status of cell lines used in this study.  To assess MMR protein-

dependent cytotoxicity and pro-death signaling events in cells treated with CDDP, the 

paired cell lines HEC59/HEC59(2) and HHUA/HHUA(2) were utilized.  HEC59 cells are 

heterozygous for two nonsense mutations in the MSH2 gene, which render the cells 

deficient for MSH2 protein (ref. 27, Figure 2, Lane 1).  HHUA cells contain homozygous 

missense mutations in MSH6 which render MSH6 inactive (30).  Additionally, HHUA 

cells contain a nonsense mutation in MSH3, such that the cells are deficient for MSH3 

(ref. 31, Figure 2, Lanes 3 and 4).  HEC59(2) and HHUA(2) contain wildtype copies of 

MSH2 and MSH6, which were stably restored via chromosome 2 transfer to HEC59 and 

HHUA cells (27, 30).  MMR protein status of these cell lines is shown in Figure 1.  

Restoration of chromosome 2 to HEC59 cells results in restoration of MSH2, MSH6 and 

MSH3 protein (Figure 2, Lanes 1 and 2).  Restoration of MMR proteins by chromosome 

transfer in HEC59 and HHUA cells has been demonstrated to restore MMR protein-

mediated functions in repair and sensitivity to specific types of DNA damage (27, 30, 

58).  These cells have been used extensively to study MMR protein-dependent cell death, 

and demonstrate magnitudes of CDDP- and MNNG-induced, MMR protein-dependent 

cell death similar to those seen in cell lines with a single MMR protein restored (56).  C4-

2T, a LNCaP derivative prostate cancer cell line previously determined to be deficient for 

MSH2 (132) was used as a negative control in this immunoblot for MSH2, MSH6 and 

MSH3 protein (Lane 5).  HeLa cells, which have previously been described as MMR-

proficient (133), were used as a positive control for these MMR proteins (Lane 6).  All  
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Figure 2  MMR protein status of cell lines utilized in this study.  Whole cell lysates were 

prepared from indicated cells and immunoblot analysis was performed using indicated 

antibodies. 
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cell lines contained similar levels of the secondary MMR proteins MLH1 and PMS2 

(Figure 2).  HEC59(2) and HEC59 cell lines will henceforth be referred to in the text as 

MSH2-proficient and -deficient, respectively, while HHUA(2) and HHUA cells will be 

referred to as MSH6-proficient and -deficient, respectively. 

 

Cisplatin induces MSH2/MSH6-dependent loss of cell viability.  To confirm 

previously described MMR protein-dependent sensitivity to CDDP, viability in cells 

treated with CDDP was assessed using two methods: the 3-[4,5-dimethylthiazol-2-yl]-

2,5-diphenyltetrazolium bromide (MTT) assay, which measures cellular mitochondrial 

activity, and the propidium iodide (PI) exclusion assay, which assesses cell membrane 

integrity.  Figure 3 and Table 2 show the results of MTT assays in which paired MMR 

protein-proficient and -deficient cell lines were treated with CDDP or staurosporine 

(STS).  In MSH2-proficient and -deficient cells treated with 25uM CDDP an MSH2-

dependent decrease in cell viability was observed beginning at 48h and continuing at 96h 

(Figure 3a).  Concentration-dependent exposure to CDDP, assayed at 96h, resulted in a 

CDDP dose-dependent, MSH2-dependent decrease in cell viability after treatment of 

MSH2-proficient and -deficient cells (IC50 (uM CDDP) 12±6.6 vs. 2.9±1.2, respectively; 

p<0.05; Table 2).  MSH6-proficient and -deficient cells behaved similarly (Figure 3b).  

An MSH6-dependent decrease in cell viability was noted, beginning at 48h and 

continuing at 96h when MSH6-proficient and -deficient cells were treated with 10uM 

CDDP.  MSH6-deficient cells were more tolerant than MSH6-proficient cells (IC50 (uM 

CDDP) 5.1±1.9 vs. 2.3±0.24, respectively; p<0.05; Table 1) when cells were treated with 

increasing doses of CDDP and assayed at 96h post-treatment.  Staurosporine (STS), a  
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Figure 3  MMR protein-dependent loss of cell viability in cells treated with CDDP.  

MSH2-deficient and -proficient cells (msh2 (□) and  MSH2 (■), respectively) or MSH6-

deficient and -proficient cells (msh6 (∆) or MSH6 (▲), respectively) were treated and 

incubated with indicated doses of CDDP or STS, and (a, b) MTT or (c) PI exclusion  

assays were performed at indicated times post-treatment.  Percent viability for each assay 

was calculated as described in Materials and Methods.  Values represent the mean of at 

least three independent experiments performed in triplicate (MTT) or duplicate (PI 

exclusion).  Bars indicate standard error of the mean for each value.  DMSO (CDDP/STS 

solvent) alone had no effect on cell viability (data not shown).  Originally published in 

(168). 
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Table 2  IC50 Values in CDDP-treated cells.  Calculations were performed using the 

results of at least three independent experiments performed in triplicate (MTT) or 

duplicate (PI exclusion).  aSD: standard deviation; b95% confidence limits; cfold 

difference comparing MSH2 or MSH6-proficient and -deficient cells, or MLH1-deficient 

cells complemented and uncomplemented with chromosome 2; d p-values indicate results 

of a two-sided paired t-test.  Originally published in (168). 
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MTT Assay     

Cell Line 

IC50 

[uM] SDa 95% CLb 

fold 

differencec p-valued 

msh2 12 6.6 9.2 - 12 

MSH2 2.9 1.2 2.5 - 3.1 4.1 <0.05 

      

msh6 5.1 1.9 3.2 - 7.6 

MSH6 2.3 0.24 1.8 - 2.9 2.2 <0.05 

      

mlh1 6.2 2.4 4.8 - 7.2 

mlh1 + chr.2 5.3 1.5 4.4 - 6.2 1.2 0.25 

      

PI Exclusion Assay   

Cell Line 

IC50 

[uM] SDa 95% CLb 

fold 

differencec p-valued 

msh2 17 2.9 15 - 19   

MSH2 11 1.6 9.5 - 13 1.5 <0.05 

      

msh6 9.8 2.4 8.0 - 12   

MSH6 6.1 0.40 5.0 - 7.2 1.6 <0.05 
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drug which induces cell death via DNA damage-independent mechanisms, caused an 

MMR protein-independent decrease in cell viability in both paired cell lines (Figures 3a 

and b), demonstrating the specificity of the MMR protein-dependent response for CDDP.  

Additionally, MTT assay data showed that the CDDP-related drugs oxaliplatin and 

transplatin induced an MSH2-independent decrease in viability, further demonstrating the 

high degree of specificity of the MMR protein-dependent cytotoxic response for CDDP 

(data not shown).  As a control for the addition of chromosome 2, which transfers a 

number of additional genes into complemented cells, MTT assays utilizing HCT116 and 

HCT116(2) cells were performed.  HCT116 is a human colon cancer cell line which is 

wildtype for MSH2 and MSH6 (but contains an MLH1 defect).  HCT116(2) cells contain 

a restored copy of chromosome 2, as in HEC59(2) and HHUA(2) cells, which does not 

complement the MLH1 deficiency (23).  When these cells were treated with increasing 

doses of CDDP and MTT assays were performed at 96h post-treatment, no significant 

difference in viability between HCT116 and HCT116(2) cells was found (IC50 (uM 

CDDP) 6.2±2.4 vs. 5.3±1.5, respectively; p>0.05, Table 2).  This demonstrates that 

MMR protein-dependent effects, not chromosome 2-dependent effects, are most likely 

responsible for the decreased viability in CDDP-treated HEC59(2) and HHUA(2) cells.  

To further confirm cell viability data, PI exclusion assays were performed after treating 

paired cell lines with CDDP.  Figure 3c shows MMR protein-dependent decreases in cell 

viability in a CDDP dose-dependent manner, such that at 96h, MSH2-deficient cells were 

more tolerant to the cytotoxic effects of CDDP than MSH2-proficient cells (IC50 (uM 

CDDP) 17±2.9 vs. 11±1.6, p<0.05, Table 2).  Similarly, MSH6-deficient cells were more 

tolerant of CDDP than MSH6-proficient cells (IC50 9.8±2.4 vs. 6.1±0.4, p<0.05, Table 2).  
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These results demonstrate a temporal and concentration-dependent MMR protein-

dependent decrease in cell viability in cells treated with CDDP. 

 

Trypsin proteolysis suggests altered conformational states of the yMsh2/yMsh6 

protein complex in the presence of different substrates.  The goal of this study was to 

gain a more advanced understanding of the molecular mechanism of CDDP-induced, 

MMR protein-dependent cell death.  As previously described, MutSα (consisting of 

MSH2 and MSH6) can bind to CDDP-adducted DNA.  Binding to a mismatch induces 

conformational changes in MutSα, which promotes ATPase activity of the protein 

complex.  This activity induces further conformational changes in MutSα which allows 

engagement of repair machinery.  Research performed in this laboratory previously 

determined that mutations altering residues within the DNA binding or ATPase domains 

of yeast MutSα affect repair function and CDDP cytotoxic response functions of MutSα 

differently (17).  As such, it was hypothesized that yeast MutSα would undergo different 

conformational changes after binding to a CDDP adduct, compared to binding to a 

mismatch. 

 To explore the possibility that MutSα undergoes different conformational changes 

in response to different DNA substrates, purified yMsh2/Msh6 protein was subjected to 

limited trypsin proteolysis in the presence of heteroduplex DNA (containing a G-T 

mismatch) or heteroduplex DNA containing a cisplatin adduct at the site of the mismatch, 

and protein fragments were separated by electrophoresis.  It was hypothesized that 

different banding patterns would be observed when yMsh2/Msh6 was incubated with  
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Figure 4  Limited trypsin proteolysis of yMsh2/Msh6 reveals distinct conformational 

changes in the presence of different DNA substrates and ATP.  Purified yMsh2/Msh6 

protein was incubated with substrate DNA in the presence or absence of ATP, as 

indicated, and trypsin proteolysis of yMsh2/Msh6 was performed as described in the 

Materials and Methods section.  Letters to the right of the image indicate location of 

distinct bands.  Image shown is representative of two independent experiments.  

Originally published in (17). 
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different substrates, due to conformational changes in the protein complex which would 

cause different trypsin cleavage sites on the protein to be exposed.  Figure 4 shows the 

results of this experiment.  Lane 1 shows yMsh2/Msh6 proteins in the absence of trypsin 

or substrate DNA.  Addition of trypsin protease digested the protein into smaller 

fragments c and e which are between 70 and 110 kDa in size (Lane 2).  In the presence of 

oligonucleotide DNA containing a G-T mismatch, there is an altered banding pattern, 

with the appearance of a, b, i, j and k bands, and persistence of c and e bands (Lane 3).  

This suggests that the presence of heteroduplex DNA induces conformational changes in 

MutSα, as predicted by structural data and biochemical data (3, 13).  Lane 4 shows that in 

the presence of cisplatinated heteroduplex DNA, bands a, b, c, i, j and k are strongly 

diminished, compared to Lane 3.  This suggests that differing conformations of the 

protein occur in the presence of different substrates (heteroduplex vs. heteroduplex-

CDDP DNA).   

 Next, ATP was added to the reactions described in Lanes 2-4.  ATP is required 

for mismatch repair and induces strong conformational changes in MutSα (13, 17).  Lane 

5 of Figure 4 shows that ATP alone strongly altered the conformation of yMsh2/Msh6, 

such that following digestion with trypsin, a disappearance of band e, strengthening of 

band c and appearance of bands a, b, f, g and h could be observed (compared to digested 

yMsh2/Msh6 in the absence of DNA and ATP, Lane 5 vs. Lane 2).  When yMsh2/Msh6 

was incubated with heteroduplex DNA and ATP, the b band was strengthened, while the 

intensity of the d band was decreased and the f band disappeared (Lane 6, compare to 

Lane 5).  Additionally, the banding pattern was substantially altered compared to that 

seen with digested yMsh2/Msh6 in the presence of heteroduplex DNA without ATP 
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(compare Lanes 6 and 2).  This data confirms that the presence of heteroduplex DNA and 

ATP induces conformational changes in MutSα. 

 Incubation of yMsh2/Msh6 with platinated DNA (Lane 7) resulted in an altered 

pattern of banding compared to Lane 6; bands a and b were strengthened, while the 

intensity of bands d, g and h was decreased.  As such, Figure 16 demonstrates that both 

heteroduplex and heteroduplex-CDDP DNA cause alterations in the conformation of 

yMsh2/Msh6 in the presence and absence of ATP; however, a common banding pattern is 

not observed, suggesting the possibility that yMsh2/Msh6 undergo different 

conformational changes when DNA is adducted with CDDP, compared to unadducted 

heteroduplex DNA.  As binding to mispaired DNA by MutSα has previously been shown 

to promote altered protein interactions of the complex (21), it is possible that CDDP-

induced conformational changes in MutSα could result in binding of pro-death signaling 

molecules in initiation of a cytotoxic response. 

 

CDDP induces upregulation of p73 and p53 independently of MMR protein status.  

In addition to elucidating possible mechanisms of initiation of cell death signaling by 

MutSα, a goal of this study was to determine key signaling components involved in 

signaling CDDP-induced, MMR protein-dependent cytotoxicity.  Prior to this study, p73 

was one of only two proteins, along with c-Abl, that had been implicated as a potential 

mediator of MMR protein-dependent cell death in cells treated with CDDP.  p73 is a p53-

related transactivator protein which induces cell death via increasing transcription of pro-

death genes, including the Bcl-2 family member Bax (116).  Increased levels of p73 have 

been associated with apoptosis, cytochrome c cytoplasmic localization and caspase-3 
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cleavage (116, 127).  p73 had been previously demonstrated to be upregulated in an 

MLH1-dependent manner in cells treated with CDDP (60).  Thus, it was hypothesized 

that p73 was a central signaling molecule in the CDDP-induced, MMR protein-dependent 

cytotoxic response.  To confirm MMR protein-dependent upregulation of p73, and 

establish a starting point for this study, p73 levels were assessed by immunoblot analysis 

in CDDP-treated MMR protein-proficient and -deficient paired cell lines.   Figure 5a 

shows that p73 was upregulated in MSH2-proficient and -deficient cells from 6h to 48h 

following CDDP treatment, compared to untreated cells; however, this upregulation was 

independent of MMR protein status.  Similarly, p73 was upregulated in CDDP-treated 

MSH6-proficient and -deficient cells independently of MMR protein status (Figure 5b).   

 In addition to examining overall levels of p73, phosphorylation of p73 at the Tyr99 

position following treatment of paired cell lines with CDDP was also examined by 

immunoblot analysis.  The tyrosine kinase c-Abl has been demonstrated to phosphorylate 

p73 at the Tyr99 residue, which promotes stabilization/upregulation of p73 (130, 131).  

Figures 5c and 5d show that CDDP did not induce p73 phosphorylation at Tyr99 in either 

set of paired cell lines, suggesting that p73 may not be regulated by c-Abl kinase after 

treatment of cells with CDDP.  As such, it is unlikely that phosphorylation of p73 at Tyr99 

contributes to stabilization of p73 in CDDP-treated cells.  Treatment of cells with 

pervanadate (PV), a phosphatase inhibitor, induced p73 phosphorylation in all cell lines, 

independently of MMR protein status (Figures 5c and d).  Together, this evidence 

suggests that, despite previous reports, p73 is not upregulated in an MMR protein-

dependent manner following treatment of cells with CDDP and, as such, is unlikely to be 

involved in CDDP-induced, MMR protein-dependent cell death.   
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Figure 5  CDDP induces MMR protein-independent p73 upregulation.  Cells were 

treated with CDDP (a-d) or PV (c, d) as indicated and whole cell lysates were prepared 

for immunoblot analysis.  Images shown are representative of at least three independent 

experiments (a), two independent experiments (c) or one experiment (b, d).  U, untreated. 
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 In addition to examining p73 levels, levels of the related pro-apoptotic protein 

p53 were also examined in paired cell lines treated with CDDP.  p53 functions as an 

inducer of cell death in response to a number of different types of DNA damaging-agents, 

including CDDP (60).  Following DNA damage, p53 levels are increased and p53 

becomes active (28, 134).  p53 was previously shown to be induced in cells treated with 

CDDP independently of the MMR status of these cells (60, 126).  To explore the 

potential involvement of p53 signaling in CDDP-induced, MMR protein-dependent cell 

death, p53 levels were examined by immunoblot in cells that had been treated with 

CDDP for 12, 24, 48 or 72h.  Figure 6 shows that in all cell lines tested, p53 levels were 

increased from 12 to 72h following treatment with CDDP, compared to untreated cells; 

however, this upregulation occurred independently of MMR protein status.  These results 

suggest that, while possibly playing a role in the MMR protein-independent cell death 

induced by CDDP, it is unlikely that p53 is involved in MMR protein-dependent response 

to CDDP.   

 

CDDP induces MSH2/MSH6-dependent cytochrome c relocalization to the 

cytoplasm.  To begin to understand the molecular mechanism of CDDP-induced, MMR 

protein-dependent cytotoxicity, the potential involvement of the mitochondrial pro-death 

signaling pathway in CDDP-induced, MMR protein-dependent cytotoxicity was 

investigated.  DNA damaging drugs, including CDDP, frequently induce the 

relocalization of cytochrome c from the mitochondria to the cytoplasm, where it 

promotes a caspase signaling cascade (135).  To determine the potential relevance of  
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Figure 6  p53 induction in cells treated with CDDP occurs independently of MMR 

protein status.  Cells were treated with CDDP as indicated and whole cell lysates were 

prepared for immunoblot analysis at indicated times post-drug treatment.  Images shown 

are representative of at least three independent experiments.  U, untreated.  Originally 

published in (168). 
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Figure 7  Cisplatin induces MMR protein-dependent relocalization of cytochrome c to 

the cytoplasm.  Cells were treated with (a, b) CDDP or (c) STS, as indicated and 

cytoplasmic isolates or whole cell lysates were prepared for immunoblot analysis at 

indicated times post-drug treatment.  Images shown are representative of at least three 

independent experiments.  U, untreated.  Originally published in (168).
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mitochondrial pro-death signaling in CDDP-induced, MMR protein-dependent cytotoxic 

signaling, the cytoplasmic presence of cytochrome c was analyzed by immunoblot after 

treatment of cell lines with CDDP for 24, 48 or 72h.  Figure 7 shows that cytochrome c 

relocalized to the cytoplasm in an MSH2- and MSH6-dependent manner, beginning at 

48h after cells were treated with CDDP and increasing at 72h post-treatment.  

Densitometric analysis indicated a 2.0- and 17-fold increase in cytoplasmic cytochrome c 

at 48 and 72h, respectively, in MSH2-proficient cells, compared to -deficient cells.  

Similarly, a 2.1- and 3.6-fold increase in cytoplasmic cytochrome c was noted at 48 and 

72h, respectively, in MSH6-proficient cells, compared to -deficient cells (Figure 7a, b).  

HSP60, a protein which is exclusively localized to the mitochondria, was used as a 

control for the quality of cytoplasmic extracts.  STS was used as a control to demonstrate 

specificity of the MMR protein-dependent response for CDDP, and to demonstrate the 

ability of cytochrome c to be relocalized to the cytoplasm in all cell lines after cellular 

insult.  Treatment of cell lines with STS induced MMR protein-independent cytoplasmic 

localization of cytochrome c (Figure 7c). These results indicate that cytochrome c is 

relocalized to the cytoplasm in cells treated with CDDP in an MMR protein-dependent 

manner, implicating mitochondrial pro-death signaling as the mechanism of CDDP-

induced, MMR protein-dependent cell death. 

 

CDDP induces cleavage of caspase-9, caspase-3 and PARP in an MSH2/MSH6-

dependent manner.   Localization of cytochrome c to the cytoplasm of cells promotes 

the cleavage and activation of caspase-9, which in turn can cleave and activate caspase-3.     
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Figure 8  Cisplatin induces MMR protein-dependent caspase-9 cleavage.  Cells were 

treated with (a, b) CDDP or (c) STS, as indicated and whole cell lysates were prepared 

for immunoblot analysis at indicated times post-drug treatment.  Images shown are 

representative of at least three independent experiments.  U, untreated.  Originally 

published in (168). 
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Cleaved caspase-3 can cleave a number of substrates (including poly(ADP-ribose) 

polymerase (PARP)), enforcing ultimate destruction of the cell.  The potential 

involvement of caspase-9 in CDDP/MMR protein-dependent signaling was examined by 

analyzing cleavage of the protein by immunoblot analysis.  Following treatment with 

CDDP, cleavage of caspase-9 showed dependence upon both MSH2 and MSH6 

beginning at 48h and increasing to 72h post-treatment (Figure 8).  Quantification of 

caspase-9 processing by densitometry revealed that MSH2-proficient cells display a 1.4- 

and 2.7-fold increase in caspase-9 cleavage at 48 and 72h, respectively, when compared 

to MSH2-deficient cells (Figure 8a).  Similarly, MSH6-proficient cells showed a 1.5- and 

2.3-fold increase in caspase-9 cleavage at 48 and 72h, respectively, when compared to -

deficient cells (Figure 8b).  Treatment of cells with STS induced MSH2- and MSH6-

independent cleavage of caspase-9 (Figure 8c).   

Caspase-3 is the predominant downstream effector of caspase-9.  Therefore, 

processing/activation of caspase-3 in CDDP-treated paired cell lines was examined.  

Immunoblot analysis revealed that in a manner similar to caspase-9, caspase-3 cleavage 

was impaired in both MSH2- and MSH6-deficient cells, beginning at 48h and increasing 

at 72h post-CDDP treatment.  Quantification of this data demonstrated that MSH2-

proficient cells displayed 1.7- and 3.4-fold increases in caspase-3 cleavage at 48 and 72h, 

respectively, when compared to -deficient cells (Figure 9a).  In MSH6-proficient cells, 

the amount of cleaved caspase-3 was increased 3.2- and 4.3-fold at 48 and 72h, 

respectively, compared to -deficient cells (Figure 9b).  As was the case for caspase-9 

processing, STS treatment resulted in MMR-protein independent cleavage of caspase-3, 

as shown in Figure 9c. 
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Figure 9  Cisplatin induces MMR protein-dependent caspase-3 cleavage.  Cells were 

treated with (a, b) CDDP or (c) STS as indicated and whole cell lysates were prepared for 

immunoblot analysis at indicated times post-drug treatment.  Images shown are 

representative of at least three independent experiments.  U, untreated.  Originally 

published in (168). 



 80 

 

 

 

 

a
48 7224U

37 -

14 -

110 -
MSH2

β-Actin

Cleaved Caspase-3

b
48 7224U

37 -

14 -

β-Actin

Cleaved Caspase-3

MSH6++++

h 25uM CDDP

h 10uM CDDP

U 12

β-Actin

Cleaved Caspase-3

MSH2

h 1uM STS

37 -

14 -

110 -

U 12

β-Actin

Cleaved Caspase-3

h 1uM STS

37 -

14 -

MSH6++

c



 81 

 

To confirm MMR protein-dependent activation of caspase-3, cleavage of PARP 

was assessed as an indication of caspase-3 activity.  Quantification of immunoblot 

analysis by densitometry revealed that MSH2-proficient cells displayed  2.0- and 3.6-fold 

increases in PARP cleavage at 48 and 72h, respectively, compared to -deficient cells 

(Figure 10a).  Similarly, MSH6-proficient cells exhibited 7.0- and 4.3-fold increases at 48 

and 72h, respectively, compared to -deficient cells (Figure 10b).  Treatment of cell lines 

with STS induced cleavage of PARP that was MMR protein-independent (Figure 10c).   

In order to further confirm the specificity of CDDP-induced, MMR protein-

dependent pro-death mitochondrial signaling, the effect of DMSO (the solvent used for 

CDDP) on caspase-3 cleavage was assessed in both paired cell lines.  Figure 11a shows 

that treatment of cells for 72h with a concentration of DMSO identical to that which is 

delivered to cells with 25uM (MSH2-proficient and -deficient cells) or 10uM (MSH6-

proficient and -deficient cells) CDDP had no effect on caspase-3 cleavage.  In addition, to 

confirm that chromosome 2-dependent effects are not responsible for the increase in 

caspase-3 activity observed in CDDP-treated HEC59(2) and HHUA(2) cells (compared 

to uncomplemented counterparts), HCT116 and HCT116(2) were treated with CDDP for 

72h and PARP cleavage was assessed by immunoblot analysis.  Figure 11b demonstrates 

CDDP-induced cleavage of PARP in both cell lines, which occurs independently of 

restoration of chromosome 2.  As such, it is likely that MMR protein-dependent effects, 

not chromosome 2-dependent effects, are responsible for pro-death mitochondrial 

signaling in cells treated with CDDP. 

 



 82 

 

 

 

 

 

Figure 10  Cisplatin induces MMR protein-dependent PARP cleavage.  Cells were 

treated with (a, b) CDDP or (c) STS as indicated and whole cell lysates were prepared for 

immunoblot analysis at indicated times post-drug treatment.  Images shown are 

representative of at least three independent experiments for (a, b) or one experiment for 

(c).  U, untreated.  Originally published in (168). 
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Figure 11  Effects of DMSO and chromosome 2 restoration on caspase-3 cleavage.  In 

(a), cells were untreated (U), treated with STS or treated with DMSO (in an equal 

concentration to the amount of DMSO that was delivered to cells during CDDP treatment 

(~0.004%)), as indicated, and whole cell lysates were prepared for immunoblot analysis 

at indicated times post-drug treatment.  In (b), cells were treated with CDDP as indicated 

and whole cell lysates were prepared for immunoblot analysis.  Images shown are 

representative of at least two independent experiments.  U, untreated.  (a) was originally 

published in (168). 
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Collectively, data from Figures 8-11 demonstrates that caspase-9/caspase-3 

signaling is activated specifically in an MMR protein-dependent manner following 

treatment of cells with CDDP, further implicating intrinsic pro-death signaling as the 

mechanism of CDDP-induced, MMR protein-dependent cell death. 

 

Caspase inhibition attenuates CDDP-induced, MSH2-dependent loss of cell viability.  

In order to assess the requirement for caspase signaling in MSH2-dependent sensitivity to 

CDDP, the pan-caspase inhibitor zVAD-FMK was utilized.  To test the efficacy of this 

inhibitor in blocking caspase-3 activity, a synthetic caspase-3 substrate was utilized 

which, upon cleavage, shows a measurable increase in fluorescence intensity.  Figure 12a 

demonstrates that low caspase-3 activity was observed in untreated MSH2-proficient and 

-deficient cells.  After treatment with CDDP, an increase in caspase-3 activity occurred in 

both cell lines, with a 2.0-fold increase in caspase-3 activity observed in MSH2-proficient 

cells, compared to -deficient cells.  This data demonstrates an MSH2-dependent caspase-

3 activity in CDDP-treated cells, confirming results obtained in immunoblot experiments 

examining cleavage of caspase-3 and PARP (Figures 9 and 10).  Upon pretreatment of 

cells with zVAD-FMK prior to CDDP treatment, a robust inhibition of caspase-3 activity 

was observed in both MSH2-proficient and -deficient cell lines, indicating the efficacy of 

the inhibitor in blocking caspase-3 activity (Figure 12a).  Next, PI exclusion assays were 

performed to determine the effects of caspase inhibition upon CDDP-induced, MSH2 

dependent cell death.  Pre-treatment with zVAD-FMK did not substantially impact 

CDDP-induced cytotoxicity in MSH2-deficient cells (Figure 12b, white bars, 42% vs.  
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Figure 12  Pretreatment of cells with caspase inhibitor zVAD-FMK attenuates CDDP-

induced caspase-3-like activity and MMR protein-dependent cytotoxicity.  MSH2-

deficient and -proficient cells (msh2 (□) and  MSH2 (■), respectively) were pretreated for 

30min with 20uM zVAD-FMK, where indicated, and treated and incubated with 25uM 

CDDP for indicated times prior to (a) caspase-3-like activity assay; or (b) PI exclusion 

assays.  Values represent the mean of four independent experiments performed in 

duplicate.  Bars indicate standard error of the mean for each value.  Numbers above bars 

indicate fold difference between MSH2 vs. msh2.  * indicates p<0.05, ** indicates 

p>0.05, as determined by two-sided paired t-test.  DMSO (CDDP and zVAD-FMK 

solvent) alone did not affect caspase-3-like activity, CDDP-induced cell death, or the 

protective effects of zVAD-FMK (data not shown).  Originally published in (168). 
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48% viability).  In contrast, pretreatment of MSH2-proficient cells with zVAD-FMK 

resulted in a substantial rescue from CDDP cytotoxicity (Figure 12b, black bars, 28% vs. 

44% viability).  This rescue resulted in a viability in CDDP/zVAD-treated MSH2-

proficient cells that was statistically identical to that seen in CDDP/zVAD-treated MSH2-

deficient cells (44% viability in CDDP/zVAD-treated MSH2-proficient cells vs. 48% 

viability in CDDP/zVAD-treated MSH2-deficient cells).  These data suggest that MSH2 

directly contributes to a CDDP-dependent cell death pathway that requires the 

involvement of caspase activation for its completion, and indicate engagement of a pro-

death signaling pathway by MMR proteins can be uncoupled from other mechanisms of 

CDDP cytotoxicity. 

 

Bcl-2 overexpression attenuates CDDP-induced, MSH2-dependent caspase-3 

cleavage and loss of cell viability.  Pro-survival Bcl-2 family members such as Bcl-2 

and Bcl-xL can act to prevent the release of pro-death factors, including cytochrome c, 

from the mitochondria (110).  The ratio of pro-survival Bcl-2 family members to pro-

death Bcl-2 family members, such as Bax, can dictate the fate of a cell that has been 

treated with DNA damage-inducing cytotoxic drugs (135).  As such, overexpression of 

Bcl-2 or Bcl-xL can block the activation of the pro-death mitochondrial signaling 

pathway and prevent cell death enforced via this pathway.  To further determine the 

requirement for pro-death mitochondrial signaling and assess the possible involvement of 

Bcl-2 family members in CDDP-induced, MMR protein-dependent cell death, Bcl-2 was 

stably overexpressed via lentiviral infection in MSH2-proficient and -deficient cell lines.  

Figure 13a shows that MSH2-proficient and -deficient cells infected with a lentivirus  
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Figure 13  Overexpression of Bcl-2 attenuates CDDP-induced caspase-3-cleavage and 

MMR protein-dependent cytotoxicity.  MSH2-proficient and -deficient cells (MSH2 and 

msh2, respectively) were infected with a HA-Bcl-2-expressing lentivirus (Bcl-2) or 

control lentivirus (C), selected for stable viral integration, and were untreated or 

incubated with 25uM CDDP for (a) 72h prior to collection of whole cell lysates for 

immunoblot analysis; or (b) 96h prior to PI exclusion assay.  Immunoblot images are 

representative of two independent experiments.  Values in (b) represent the mean of three 

independent experiments performed in duplicate, and bars indicate standard error of the 

mean for each value.  Numbers above bars indicate fold difference between MSH2 vs. 

msh2, as noted.  U, untreated.  
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expressing HA-Bcl-2 contained HA-tagged protein at the approximate molecular weight 

of Bcl-2 (26 kDa) in similar amounts.  MSH2-proficient and -deficient cells infected with 

a control lentivirus did not express HA-tagged protein.  Control cells and cells 

overexpressing Bcl-2 were treated with CDDP and assayed for caspase-3 cleavage by 

immunoblot analysis or for cell viability by PI exclusion assay.  Figure 13a shows that 

when control MSH2-proficient and -deficient cells were treated with CDDP for 72h, an 

increase in caspase-3 cleavage was noted in both cell lines, with a characteristic 2.5-fold 

increase in caspase-3 cleavage observed in MSH2-proficient cells, compared to -deficient 

cells (as assessed by densitometric analysis).  When Bcl-2-overexpressing MSH2-

proficient and -deficient cells were treated with CDDP, caspase-3 cleavage was abolished 

in both cell lines, and the difference between MSH2-proficient and -deficient cells was 

strongly attenuated (1.1-fold increase in MSH2-proficient cells, compared to -deficient 

cells).  As such, Bcl-2 overexpression blocked CDDP-induced, MMR protein-dependent 

mitochondrial signaling. 

 To determine if Bcl-2 overexpression would block CDDP-induced, MSH2-

dependent loss of cell viability, PI exclusion assays were performed using Bcl-2- 

overexpressing or control paired cell lines.  Treatment of MSH2-proficient and -deficient 

control cells with CDDP yielded a 1.5-fold MSH2-dependent decrease in cell viability 

(Figure 13b, left bars).  Treatment of MSH2-proficient and -deficient Bcl-2-

overexpressing cells with CDDP resulted in attenuation of MSH2-dependent sensitivity 

to CDDP, such that a 0.8-fold difference between MSH2-deficient and -proficient cells 

was observed (Figure 13b, right bars).   



 93 

 These findings demonstrate that CDDP-induced, MSH2-dependent activation of 

the pro-death mitochondrial signaling pathway and decrease in cell viability can be 

specifically attenuated by overexpression pro-survival Bcl-2. This indicates that 

mitochondrial pro-death signaling which utilizes pro-death Bcl-2 family members is 

required for CDDP-induced, MSH2-dependent cell death.    

 Interestingly, it was recently suggested that Bcl-2 can inhibit the repair activity of 

MSH2/MSH6 via multiple mechanisms (136-137).  This raises the possibility that Bcl-2 

may be exerting inhibitory effects on CDDP sensitivity by inhibiting MutSα directly, and 

not by acting to prevent release of mitochondrial signaling molecules.  It is clear, 

however, that Bcl-2-overexpression can block caspase-3 cleavage independently of 

MSH2 status (compare caspase-3 cleavage in CDDP-treated MSH2-deficient control and 

Bcl-2-overexpressing cells, Figure 13a).  Additionally, examination of MSH2 and MSH6 

levels in Bcl-2-overexpressing cells revealed that Bcl-2-overexpression did not affect 

levels of these proteins, in contrast to what had been described as a mechanism of Bcl-2-

mediated inhibition of the MMR protein system (Figure 13c).  As such, it is probable that 

Bcl-2 is acting as a direct inhibitor of pro-death mitochondrial signaling, not an inhibitor 

of MMR proteins, in attenuating CDDP-induced cell death. 

 

c-Abl knockdown abolishes CDDP-induced, MSH2-dependent caspase-3 cleavage 

and cell death.  Having implicated pro-death mitochondrial signaling in CDDP-induced, 

MMR protein-dependent cell death, it became of interest to determine factors which 

mediate CDDP-induced, MMR protein-dependent cytotoxic signaling upstream of the 

mitochondria.  As previously mentioned, p73 and c-Abl were the only proteins suggested 
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to be involved in CDDP-induced, MMR protein-dependent cell death, prior to this study.  

These proteins were shown to be upregulated (p73) or activated (c-Abl) in an MMR 

protein-dependent manner following treatment of cells with CDDP (60, 128-129), 

although their functional contribution to MMR protein-dependent cell death was not 

known.  p73 physically interacts with and can be phosphorylated by c-Abl (131); as such, 

it was assumed that these proteins function in a common pathway to mediate CDDP-

induced, MMR protein-dependent cell death.  Work in this study has indicated that p73 is 

unlikely to play a role in this death, and does not appear to be phosphorylated at c-Abl 

phosphorylation site Tyr99 (Figure 5).   

 Despite this, the possibility that c-Abl signaling may mediate CDDP-induced, 

MMR protein-dependent cell death remained.  In addition to an MMR protein-dependent 

c-Abl activation following treatment of cells with CDDP, c-Abl physically interacts with 

MLH1 (99), and c-Abl activity can play a role in activation of intrinsic pro-death 

signaling and cytotoxicity in response to DNA damage (118).  This data suggests the 

hypothesis that binding of CDDP by MSH2/MSH6 leads to activation of c-Abl, which in 

turn promotes activation of the pro-death mitochondrial pathway.  To test this, MSH2-

proficient and -deficient cells were infected with lentiviral vectors containing shRNA 

sequences designed to knockdown c-Abl (shAbl) or, as a control, LacZ (shLacZ).  Figure 

14a shows that shAbl reduced c-Abl protein in both MSH2-proficient and -deficient cells.  

This reduction was on the order of 60% in each cell line (65% reduction in MSH2-

deficient cells, 55% reduction in MSH2-proficient cells, compared to shLacZ-expressing 

cells, as assessed by densitometric analysis of immunoblot data).  Next, PI exclusion 

assays were performed to determine the effects of c-Abl knockdown on CDDP-induced,  
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Figure 14  c-Abl knockdown attenuates CDDP-induced, MSH2-dependent caspase-3 

cleavage and loss of cell viability.  MSH2-deficient (msh2) and -proficient (MSH2) cell 

lines were infected with lentiviral vectors containing shRNA sequences designed to 

knockdown c-Abl (shAbl) or LacZ (shLacZ) and selected for stable viral integration.  (a) 

Whole cell lysates from these cells were prepared for immunoblot analysis with indicated 

antibodies. These cells were then incubated with 25uM CDDP for indicated times prior to 

(b) PI exclusion assays; or (c) preparation of whole cell lysates for immunoblot analysis 

with indicated antibodies.  Values in (b) represent the mean of three independent 

experiments performed in duplicate.  Bars in (b) indicate standard error of the mean for 

each value, and numbers above bars indicate fold difference between MSH2 vs. msh2.  * 

indicates p<0.05, ** indicates p>0.05, as determined by two-sided paired t-test.  Images 

shown in (a) and (c) are representative of at least two independent experiments.  U, 

untreated. 
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MSH2-dependent cell death.  c-Abl knockdown did not substantially impact CDDP-

induced cytotoxicity in MSH2-deficient cells (Figure 14b, white bars, 41% vs. 38% 

viability).  In contrast, c-Abl knockdown in MSH2-proficient cells resulted in a 

substantial rescue from CDDP cytotoxicity (Figure 14b, black bars, 26% vs. 45% 

viability).  This rescue by c-Abl knockdown resulted in viability values in CDDP-treated, 

MSH2-proficient cells that were statistically identical to those seen in CDDP-treated 

MSH2-deficient cells (45% viability in shAbl/MSH2-proficient cells vs. 41% viability in 

shAbl/MSH2-deficient cells).  These data suggest that c-Abl is required for CDDP-

induced, MMR protein-dependent cytotoxicity.  To determine if c-Abl was acting 

upstream of the mitochondria to induce pro-death mitochondrial signaling, cleavage of 

caspase-3 in CDDP-treated shLacZ and shAbl paired cell lines was assessed by 

immunoblot analysis.  Figure 14c shows CDDP-induced caspase-3 cleavage in both 

shLacZ/MSH2-proficient and -deficient cell lines, with a 3.8-fold increase in caspase-3 

cleavage in MSH2-proficient cells, compared to MSH2-deficient cells.  c-Abl knockdown 

resulted in attenuated caspase-3 cleavage specifically in CDDP-treated MSH2-proficient 

cells (compare to shLacZ cell lines), resulting in a 0.9 -fold difference in caspase-3 

cleavage between CDDP-treated shAbl/MSH2-proficient cells and CDDP-treated 

shAbl/MSH2-defcient cells.   

 These data indicate that c-Abl is specifically required for CDDP-induced, MSH2-

dependent pro-death mitochondrial signaling and cell death.  These findings represent the 

first connection of an upstream molecule to mitochondrial signaling in MMR protein-

dependent death, regardless of drug, and further indicate engagement of a pro-death 
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signaling pathway by MMR proteins that can be uncoupled from other mechanisms of 

CDDP cytotoxicity. 

 

p38 is phosphorylated in an MMR protein-dependent manner upon treatment of 

cells with CDDP, but chemical inhibition or knockdown of p38 does not alter 

CDDP-induced, MMR protein-dependent cytotoxicity.  Another protein of interest in 

the search for mediators of CDDP-induced, MMR protein-dependent cytotoxic signaling 

was the kinase p38.   p38 can be activated in CDDP-treated cells, and can mediate 

CDDP-induced cell death (119, 138).  Additionally, p38 can be activated by c-Abl (139) 

and regulate G2 phase cell cycle arrest in an MLH1-dependent manner in TMZ-treated 

cells (140).  This data suggested that p38 might be a candidate pro-death signaling 

molecule in CDDP-induced, MMR protein-dependent cytotoxic signaling.  

Phosphorylation of p38 at Thr180/Tyr182 results in activation of the kinase (138); as such, 

phosphorylation of p38 at Thr180/Tyr182 was analyzed by immunoblot after 72h treatment 

of paired cell lines with increasing doses of CDDP.  Figures 15a and b show that p38 was 

phosphorylated in an MSH2- and MSH6-dependent manner in cells treated with CDDP.  

This phosphorylation was CDDP-dose dependent.  Acetylsalicylic acid (ASA), which has 

been previously shown to induce p38 phosphorylation (141), was used as a control to 

demonstrate specificity of MMR protein-dependent p38 phosphorylation for CDDP, and 

to demonstrate the ability of p38 to be phosphorylated in all cell lines after cellular insult.  

Treatment of cell lines with ASA induced MMR protein-independent p38 

phosphorylation (Figure 15c).  
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Figure 15  CDDP induces p38 phosphorylation in an MMR protein-dependent manner.  

Cells were treated with CDDP (a, b) or ASA (c) as indicated and whole cell lysates were 

prepared for immunoblot analysis.  Images shown are representative of at least two 

independent experiments (a, b) or one experiment (c).  U, untreated. 
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These results indicate MMR protein-dependent p38 phosphorylation in cells 

treated with CDDP, suggesting the potential of this kinase as a mediator of CDDP-

induced, MMR protein-dependent cell death.  Of note, while this result was repeated 

multiple times, more recent efforts to repeat MMR protein-dependent p38 

phosphorylation have proven unsuccessful, as p38 phosphorylation can be observed in all 

cell lines, regardless of MMR protein status, before and after CDDP treatment.  While it 

is unclear why results seen in Figure 15 cannot be repeated, recent work in the lab has 

suggested that p38 phosphorylation in untreated cells may be related to cell density 

and/or antibody quality. 

 To test the requirement for p38 in CDDP-induced, MMR protein-dependent 

cytotoxicity, MSH6-proficient and -deficient cells were infected with lentiviral vectors 

containing shRNA sequences designed to knockdown p38 (shp38) or, as a control, LacZ 

(shLacZ).  Densitometric analysis of immunoblot data shows that shp38 reduced p38 

protein in both MSH6-proficient and -deficient cells ~70%, compared to shLacZ/MSH6-

proficient and -deficient cells (Figure 16a).  PI exclusion assays were then performed to 

determine the effects of p38 knockdown on CDDP-induced, MSH6-dependent cell death.  

Figure 16b shows that p38 knockdown did not substantially impact CDDP-induced 

cytotoxicity in either cell line, compared to CDDP-treated shLacZ-expressing cells.  This 

suggests that, despite possible activation of p38 in an MMR protein-dependent manner in 

CDDP-treated cells, p38 does not contribute to CDDP-induced, MMR protein-dependent 

cell death.  It was possible that the lack of observed effect of p38 knockdown on CDDP-

induced cytotoxicity in shp38 cells was due to the ability of the remaining 30% of p38  



 102 

 

 

 

 

 

Figure 16  Chemical inhibition or knockdown of p38 does not affect CDDP-induced, 

MMR protein-dependent loss of cell viability.  MSH6-deficient (msh6) and -proficient 

(MSH6) cell lines were infected with lentiviral vectors containing shRNA sequences 

designed to knock down p38 (shp38) or LacZ (shLacZ) and selected for stable viral 

integration, and (a) whole cell lysates were prepared for immunoblot analysis.  In (b), 

these cells were incubated with 10uM CDDP for 96h prior to PI exclusion assays.  In (c), 

MSH2-deficient (msh2) and -proficient (MSH2) cell lines were untreated or incubated 

with 25uM SB203580 or SB202190 for 30min prior to CDDP treatment for 96h, at which 

time MTT assays were performed.  Values represent the mean of three independent 

experiments performed in duplicate (b) or at least two independent experiments 

performed in triplicate (c).  Bars indicate standard error of the mean for each value. 
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protein in shp38-expressing cells to carry out cytotoxic signaling in these cells, although 

it was previously demonstrated that lesser knockdown is sufficient to attenuate p38-

dependent cell death (142).  To address this, MSH2-proficient and -deficient cells were 

pretreated with the highly specific p38 inhibitors SB202190 and SB203580.  These 

inhibitors block the kinase activity of p38 with high specificity at low concentration (143-

144).  Cells pretreated with p38 inhibitors were further treated with CDDP and cell 

viability was assessed by MTT assay.  Figure 16c shows that pretreatment of MSH2-

proficient and -deficient cells with either inhibitor had a small inhibitory effect on 

CDDP-induced loss of viability in both cell lines; however, this was independent of 

MSH2 status, confirming that p38 does not contribute to CDDP-induced, MMR protein-

dependent cytotoxicity.  As such, the role of p38 in the CDDP response in these cells is 

currently unclear.  Of interest, chemical inhibition of p38 did not alter MSH2-dependent 

cell cycle arrest, indicating that p38 does not contribute to MMR protein-dependent cell 

cycle arrest (data not shown).  Further study may clarify a role for p38 in CDDP-treated 

MMR protein-proficient and deficient cells; however, it is unlikely this role is in 

mediating CDDP-induced, MMR protein-dependent cell death. 

 

ATM, Chk1 and γH2AX are activated independently of MMR status in cells 

treated with CDDP.  The potential role of the DNA damage respondents ATM and 

Chk1 in the response of paired cell lines to CDDP was next examined.  Examination of 

the activation of these proteins had the potential to yield a considerable amount of 

information.  As previously described, the “repair-dependent” hypothesis advanced to 

explain initiation of MMR protein-dependent cytotoxic signaling suggests that MMR 
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proteins facilitate the formation of double strand breaks (DSBs) after abortive cycles of 

repair of mismatched DNA paired with an adducted base.  A primary respondent to DSBs 

is the ATM protein.  Upon formation of DSBs, ATM is recruited to DNA and becomes 

activated via autophosphorylation at Ser1981 (145).  Thus, an indirect way to determine if 

MMR proteins contribute to the formation of DSBs after treatment of cells with CDDP is 

to examine phosphorylation status of this protein.  It has also been demonstrated that 

ATM and c-Abl physically interact following DNA damage and that ATM 

phosphorylates/activates c-Abl following exposure of a cell to DNA damage-inducing 

agents (146-147).  Furthermore, cells treated with the methylating agent MNNG activate 

ATM in an MMR protein-dependent manner (76) and ATM can physically interact with 

MLH1 (98).  As such, MMR protein-dependent phosphorylation of ATM in cells post-

CDDP treatment would: (1) indicate that MMR proteins promote DSB formation 

following CDDP treatment, suggesting the possibility of the repair-dependent hypothesis 

in initiation of cell death; (2) implicate a novel molecule in CDDP-induced, MMR 

protein-dependent cytotoxic signaling, potentially acting upstream of c-Abl, and; (3) 

suggest that MMR proteins utilize similar signaling molecules in responding to CDDP 

and methylating agents.  Activation of ATM was examined via immunoblot analysis of 

paired cell lines treated with CDDP, utilizing an antibody recognizing ATM 

phosphorylated at Ser1981.  Figure 17a shows that in both MSH2-proficient and -deficient 

cells, ATM phosphorylation occurs at 24h after treatment with CDDP; however, this 

phosphorylation is independent of MSH2 status.  This result suggests that while CDDP 

generates stresses which signal the activation of ATM, MMR proteins do not enhance or  
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Figure 17  ATM and Chk1 phosphorylation in cells treated with CDDP occurs 

independently of MSH2 status.  Cells were treated with CDDP as indicated and whole 

cell lysates were prepared for immunoblot analysis at indicated times post-drug 

treatment.  Images shown are representative of at least three independent experiments (b) 

or one experiment (a).  U, untreated. 
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 promote this signal, and that ATM is unlikely to be involved in the MMR protein-

dependent cytotoxic response to CDDP.   

 It has also been hypothesized that initiation of cytotoxic signaling by MMR 

proteins could be accomplished by blockage of replication machinery.  The ATR kinase 

is a primary respondent to replicative stress, which induces activation of the protein and 

phosphorylation of downstream proteins, including Chk1, which ATR can phosphorylate 

at Ser345 (148).  Chk1 phosphorylation occurs in an MMR protein-dependent manner 

following treatment of cells with MNNG, and ATR/Chk1 activity is required for MMR 

protein-dependent G2 arrest in MNNG-treated cells (76).  Additionally, ATR and Chk1 

physically can physically interact with MSH2 (77, 100).  Thus, MMR protein-dependent 

phosphorylation of Chk1 in cells post-CDDP treatment would: (1) suggest that MMR 

proteins promote replicative stress following CDDP treatment, which could, in turn, lead 

to initiation of cell death and; (2) suggest that MMR proteins utilize similar signaling 

molecules in responding to CDDP and methylating agents.  Activation of Chk1 was 

examined via immunoblot analysis of CDDP-treated MSH2-proficient and -deficient 

cells, utilizing an antibody recognizing Chk1 phosphorylated at Ser345.  Figure 17b shows 

that in both MSH2-proficient and -deficient cells, Chk1 was phosphorylated from 12h to 

72h post-treatment of cells with CDDP; however, this phosphorylation is independent of 

MSH2 status.  This result suggests, similarly to ATM, that while CDDP generates 

stresses which signal the activation of Chk1, MMR proteins do not enhance or promote 

this signal.  Thus, Chk1 (and possibly MMR protein-induced replicative stress) is 

unlikely to be involved in the MMR protein-dependent cytotoxic response to CDDP. 



 109 

 To confirm these results, phosphorylation of histone 2AX (H2AX, 

phosphorylated form: γH2AX) was examined in CDDP-treated paired cell lines by 

immunoblot analysis.  γH2AX is another primary cellular respondent to DSBs and 

commonly used marker for the identification of these lesions.  γH2AX is phosphorylated 

by ATM after ionizing radiation (149) and by ATR following replicative stress, such as 

UV or hydroxyurea (150).  Figure 18 shows that in both MSH2- and MSH6-proficient 

and -deficient cells, H2AX was phosphorylated in CDDP-treated cells; however, this 

phosphorylation was independent of MMR protein status.  This result suggests, similarly 

to what was observed with ATM and Chk1, that while CDDP generates stresses which 

signal the phosphorylation of H2AX, MMR proteins do not enhance or promote this 

signal. 

 

Differential cell cycle stage accumulation in CDDP-treated MSH2-proficient and -

deficient cells.  In cells treated with methylating agents, an MMR protein-dependent G2 

phase cell cycle arrest occurs (61, 76-77).  It was of interest to gain a more advanced 

understanding of the influence of MMR proteins on CDDP-induced cell cycle arrest, and 

to determine what role, if any, this arrest might play in MMR protein-dependent cell 

death.  As such, DNA content of CDDP-treated MSH2-proficient and -deficient cells was 

analyzed by flow cytometry.  Untreated cells displayed a cell cycle profile of ~60% of 

cells in G1, 20% in S and 20% in G2/M (Figure 19).  Upon treatment of cells with CDDP, 

very little effect was noted at 12h in either cell line (Figure 19).  24h post-treatment, 

fewer cells in both cell lines were found in G1; however, an MSH2-dependent increase in 

G1 cells is found from 24-48h (Figure 19a).  After 48h, the  
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Figure 18  H2AX phosphorylation in cells treated with CDDP occurs independently of 

MMR protein status.  Cells were treated with CDDP as indicated and whole cell lysates 

were prepared for immunoblot analysis at indicated times post-drug treatment.  Images 

shown are representative of at least two independent experiments.  U, untreated. 
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Figure 19  Evidence for CDDP-induced, MSH2-dependent cell cycle arrest.  MSH2-

deficient (msh2) and -proficient (MSH2) cell lines were incubated with 25uM CDDP for 

indicated times prior to collection for DNA content analysis.  DNA content analysis, 

from harvesting of cells from culture dishes to flow cytometry analysis, took ~1.5h.  

Values represent the mean of two independent experiments performed in duplicate.  Bars 

indicate the standard error of the mean for each value. 
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percentage of cells in G1 in both lines is reduced to ~15%, where it remains through 96h 

(Figure 19a).   

When cells in S phase were examined, an increased percentage of cells was found 

in S in both cell lines at 24h (Figure 19b).  After 24h, however, there is a progressive 

decrease in S phase cells in MSH2-deficient cells, from 38% at 24h to 15% at 72h.  

Strikingly, the percentage of MSH2-proficient cells in S phase increases after 24h, to a 

maximum of ~45% of cells at 36-60h post-CDDP.  After 60h, a decrease in S-phase cells 

is noted, which corresponds with CDDP-mediated loss of cell viability in these cells 

(Figure 3a).  This data suggests the possibility that MSH2 influences an S phase arrest in 

CDDP-treated cells. 

 In considering the G2/M phase in CDDP-treated MSH2-proficient and -

deficient cells, the percentage of MSH2-deficient cells in G2/M began to increase at 24h 

post-treatment and increased to 45% at 36h post-CDDP treatment, a percentage that was 

approximately maintained until 72h, at which time the percentage began to decrease 

(Figure 19c).  Of interest, the percentage of MSH2-proficient in G2/M phase does not 

increase after treatment of cells with CDDP, remaining between 13% and 17% from 12-

72h post-treatment (Figure 19c).   

 These data suggest the possibility that S phase arrest occurs in CDDP-treated 

MSH2-proficient cells, while CDDP-treated MSH2-deficient cells continue through S 

before arrest in G2/M.  This effect is specific for MSH2, and not transfer of chromosome 

2, as cell cycle analysis showed no increase in S phase content of CDDP-treated 

HCT116(2) cells, compared to HCT116 cells (data not shown).  As such, preliminary 

data suggests that CDDP induces an MSH2-dependent S phase cell cycle arrest.  This 
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potential arrest precedes the initiation of MSH2-dependent cell death (compare Figures 

19b and 3a), as MSH2-dependent S phase accumulation begins at approximately 36h 

post-CDDP, while MSH2-dependent loss of cell viability is first seen at 48h post-CDDP; 

as such, MSH2-dependent cell cycle arrest and cell death might be linked. 

 

Cyclin D1 levels are decreased in an MSH2-dependent manner following treatment 

of cells with CDDP.  The cell cycle is regulated primarily by complexes of cyclins and 

cyclin-dependent kinases (CDKs).  Levels of cyclins can be increased in preparation of 

movement from one phase of the cell cycle to the next, and decrease when that transition 

is achieved (120).  It had been previously demonstrated that levels of cyclin D1, which 

participates in movement of cells from G1 to S phase, are decreased in an MLH1-

dependent manner following treatment of cells with CDDP (126).  To confirm this result,  

and to determine if MSH2 can mediate alterations in cyclin levels following treatment of 

cells with CDDP, cyclin D1 levels in CDDP-treated MSH2-proficient and -deficient cells 

were examined by immunoblot analysis.  Figure 20 shows that similar levels of cyclin D1 

are present in asynchronous, untreated MSH2-proficient and -deficient cells.  Beginning 

strongly at 24h and continuing to 72h, an MSH2-dependent decrease in cyclin D1 was 

observed (Figure 20).  In contrast, levels of cyclin D1 were largely unaltered in MSH2-

deficient cells.  This data further implicates MMR proteins as mediators of cell cycle 

arrest in cells treated with CDDP. 
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Figure 20  Cisplatin induces an MSH2-dependent decrease in the levels of cyclin D1.  

Cells were treated with CDDP as indicated and whole cell lysates were prepared for 

immunoblot analysis at indicated times post-drug treatment.  Image shown is 

representative of two independent experiments.  U, untreated. 
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c-Abl knockdown does not attenuate CDDP-induced, MSH2-dependent S phase 

accumulation.  To determine the possible relationship between CDDP-induced, MSH2-

dependent cell cycle arrest and cell death, MSH2-proficient and -deficient cells in which 

c-Abl had been knocked down (Figure 14a) were treated with CDDP and cell cycle 

analysis performed at 72h post-treatment.  c-Abl knockdown attenuates CDDP-induced, 

MSH2-dependent loss of cell viability (Figure 14b) and functions to influence MSH2-

dependent activation of pro-death mitochondrial signaling in cells treated with CDDP 

(Figure 14c).  If S phase cell cycle arrest is required for MSH2-dependent death, it is 

possible that c-Abl could influence this arrest in the execution of cell death.  If this is the 

case, c-Abl knockdown would cause a decrease in the percentage of cells in S phase, and 

an increase in cells in G2/M, which is where MSH2-deficient cells accumulate following 

CDDP treatment (Figure 19).  In CDDP-treated shLacZ/MSH2-proficient and -deficient 

cells, a characteristic S phase accumulation was noted in MSH2-proficient cells, while 

G2/M phase accumulation was observed in MSH2-deficient cells (Figures 21a and b).  

Cell cycle analysis of CDDP-treated shAbl/MSH2-proficient and -deficient cells revealed 

that c-Abl knockdown did not result in a decrease in S phase cells, or a corresponding 

increase in G2/M-phase in MSH2-proficient cells (Figure 21).  This suggests that c-Abl 

does not directly regulate MSH2-dependent S phase accumulation.  Interestingly, there 

was an increase in S phase cells in CDDP-treated MSH2-proficient cells in which c-Abl 

had been knocked down.  This may be due to the fact that fewer MSH2-proficient cells 

are undergoing cell death when c-Abl is reduced (Figure 14b), and cells are remaining in 

S phase.  This would indicate that S phase accumulation may indeed precede CDDP-

induced, MSH2-dependent cell death, as predicted by the temporal nature of the two 
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MSH2-dependent responses in CDDP-treated cells (Figures 3a and 19b).  Although c-Abl 

is not required for MSH2-dependent S phase accumulation, it is possible that S phase 

accumulation is required for c-Abl activity.  Clearly, the relationship between CDDP-

induced, MSH2-dependent cell cycle arrest and cell death requires additional study. 
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Figure 21  c-Abl knockdown does not attenuate MSH2-dependent S-phase accumulation.  

MSH2-deficient (msh2) and -proficient (MSH2) cell lines containing shRNA sequences 

designed to knockdown c-Abl (shAbl) or LacZ (shLacZ) were incubated with 25uM 

CDDP for 72h prior to collection for DNA content analysis.  Values represent the mean 

of two independent experiments performed in duplicate.  Bars indicate the standard error 

of the mean for each value. 
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CHAPTER 4 

DISCUSSION 

 Defects in members of the MMR protein family cause a tolerance to the cytotoxic 

effects of CDDP, a cancer chemotherapeutic which is utilized to treat a variety of 

malignancies.  Prior to this study, the molecular events underlying this death were not 

clear.  This study demonstrates a mechanism for CDDP-induced, MMR protein-

dependent cell death.  As MMR protein defects can impact clinical responses to CDDP, 

the research presented in this study has the potential to impact the future usage of CDDP.   

This study demonstrates that in paired MSH2- or MSH6-proficient and -deficient 

cell lines, a subset of cell death induced by CDDP is dependent upon a functional MutSα 

MMR protein complex.  In the absence of functional MSH2 or MSH6 proteins, CDDP-

induced cytotoxicity is markedly decreased (Figure 3, Table 2), and the most pronounced 

MMR protein-dependent differences in viability are noted at 72 and 96h post-CDDP 

treatment.  This data corresponds with previous reports that demonstrated MMR protein-

dependent decrease in cell viability in cells treated with CDDP (Table 1).   

Research reported here indicates for the first time a required signaling mechanism 

in CDDP-induced, MMR protein-dependent cell death, and indicates that this mechanism 

is independent of other CDDP response pathways.  In cells treated with CDDP, an MMR 

protein-mediated activation of a pro-death mitochondrial signaling pathway is observed.  

Figures 7-10 show that cytochrome c cytoplasmic relocalization and caspase-9, -3 and 

PARP cleavage occur after treatment of cells with CDDP, beginning at 48h and 

continuing at 72h post-treatment of cells with CDDP.  The timing of the relocalization or 

activation of each of these molecules is consistent with their involvement in a common 
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pathway, and with the timing of MMR protein-dependent sensitivity to CDDP (Figure 3).  

This sensitivity is blocked by pretreatment of cells with the pan-caspase inhibitor zVAD-

FMK (Figure 12), underscoring the requirement for caspase signaling in MMR protein-

dependent cytotoxicity induced by CDDP.  As predicted by immunoblot data, 

employment of the caspase inhibitor had no significant effect on the sensitivity of MSH2-

deficient cells to CDDP, suggesting that this inhibitor specifically attenuates the MSH2-

dependent response.  Additionally, overexpression of pro-survival Bcl-2 abolishes 

CDDP-induced, MMR protein-dependent mitochondrial signaling and cytotoxicity 

(Figure 13).  Bcl-2 can act to prevent pro-death Bcl-2 family members, such as Bax, from 

acting at the mitochondria to facilitate the release of pro-death mitochondrial factors, 

such as cytochrome c (110).  Bcl-2-mediated blockage of MMR protein-dependent 

cytotoxicity suggests that pro-death Bcl-2 family members mediate this death, although 

the precise mechanism of pro-death Bcl-2 family member involvement in this death has 

not been directly examined.  As such, results from experiments utilizing caspase 

inhibition and Bcl-2 overexpression confirm the existence of a pro-death MMR protein-

dependent signaling pathway in cells treated with CDDP, which is independent of other 

mechanisms of CDDP cytotoxicity.  

Prior to this study, only two potential mediators of CDDP-induced, MMR protein-

dependent cell death had been identified: p73 and c-Abl.  p73 is a p53-related 

transactivator protein, and upregulation of this protein can induce an increase in 

transcription of pro-apoptotic genes, including Bax (116).  It was previously 

demonstrated that CDDP-induced upregulation of p73 occurs in an MLH1-dependent 

manner (60).  This upregulation was reported to begin at 12h and continued at 48h post-
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CDDP treatment.  Evidence presented in this study suggests that a rapid upregulation of 

p73 does indeed occur following treatment of cells with CDDP (within 6h); however, this 

upregulation occurs to an equal extent in both MMR protein-proficient and -deficient 

cells (Figure 5), indicating that MMR proteins do not promote p73 upregulation.  The 

discrepancy between this study and the original report is unclear, although, of note, work 

in this lab could not reproduce the results observed by Gong et al. (60) using MLH1-

proficient and -deficient cells (data not shown).  A more recent report by the same group 

demonstrated a smaller increase in p73 in MLH1-proficient cells, compared to -deficient 

cells, and also demonstrated substantial accumulation of p73 in CDDP-treated MSH2-

deficient HEC59 cells and MSH6-deficient HCT15 cells, although they did not compare 

CDDP-induced induction in these cells to complemented MSH2-proficient or MSH6-

proficient cells (151).  MLH1- and MSH2-deficient cells demonstrate similar tolerance to 

the cytotoxic effects of CDDP compared to cells in which these proteins have been 

restored (2.1-fold and 1.8-fold, respectively, as reported in (57)); this suggests that these 

proteins function in the same cytotoxic signaling pathway in cells treated with CDDP.  

As such, were p73 involved in the MMR protein-dependent cytotoxic signaling, it could 

be inferred that p73 should be upregulated in both an MSH2- and MLH1-dependent 

manner.  This does not appear to be the case. 

In contrast to p73, this study demonstrates an essential role for the tyrosine kinase 

c-Abl in CDDP-induced, MMR protein-dependent cell death and cytotoxic signaling.  c-

Abl was reported to be rapidly activated in CDDP-treated MSH2-proficient HEC59(2) 

and MLH1-proficient HCT116(3) cells, within 2h of treatment (~3-5-fold increase in 

activity (128-129)).  In contrast, no c-Abl activity was noted in CDDP-treated MSH2- or 
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MLH1-deficient paired cell lines, HEC59 and HCT116(2), respectively.  This effect is 

highly specific for CDDP, as the above reports demonstrated that treatment of MMR 

protein-proficient and -deficient cells with the related platinum compound oxaliplatin 

does not induce an MMR protein-dependent increase in c-Abl activity (129).   

This study demonstrates that knockdown of c-Abl results in a specific attenuation 

of CDDP-induced, MSH2-dependent cell death (Figure 14b).  Additionally, c-Abl 

knockdown specifically attenuated CDDP-induced, MSH2-dependent caspase-3 cleavage 

(Figure 14c), indicating that c-Abl acts upstream of the mitochondria in mediating MMR 

protein-dependent cytotoxic signaling.  The results presented in this study are in 

agreement with the data described previously indicating that c-Abl activity is specifically 

increased following treatment of cells with CDDP.   As such, findings presented in this 

study are a first demonstration of the requirement for c-Abl in CDDP-induced, MMR 

protein-dependent cell death, indicating a key player in this process.   

This is the first report to demonstrate signaling components required for CDDP-

induced, MMR protein-dependent cytotoxicity.  It had been previously demonstrated that 

an MSH6- and MLH1-dependent activation of caspase-9, caspase-3 and PARP occurs in 

cells treated with the methylating agent MNNG, and that this MMR protein-dependent 

death is at least partially blocked by pretreatment of cells with zVAD-FMK (61-62).  

Thus, it would appear that the execution stage of MMR protein-dependent cell death is 

dependent upon the activity of caspases regardless of the nature of the lesion recognized 

by MMR proteins; however, upstream events may differ depending upon the nature of the 

MMR protein-recognized lesion.  Findings by this laboratory and others suggests ATM 

and Chk1 are activated independently of MMR protein status upon treatment of cells with 
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CDDP (Figure 17, ref. 28), a finding in opposition to what is noted after treatment of 

cells with the methylating agent MNNG, which induces MMR protein-dependent 

activation of these proteins (76-77).  These findings indicate the possibility that MMR 

protein-dependent cytotoxic responses may engage differing signaling cascades prior to 

engagement of the mitochondria, dependent upon the nature of the recognized lesion, and 

indicate the value of studying MMR protein-dependent responses to different 

chemotherapeutic agents. 

 It is unclear how c-Abl activity may translate into activation of pro-death 

mitochondrial signaling.  Studies presented here indicate that MMR protein-dependent 

mitochondrial signaling begins between 24 and 48h after treatment of cells with CDDP 

(Figures 7-10).  It has been suggested that MLH1-dependent c-Abl activity is initiated 

from 12-48h following treatment of cells with CDDP (60); this would be consistent with 

the timing of MMR protein-dependent pro-death signaling observed in this study, 

although other groups have reported a more rapid MMR protein-dependent activation of 

c-Abl in CDDP-treated cells (128-129).  Further work is required to establish the timing 

of MMR protein-dependent c-Abl activation in cells treated with CDDP. 

 c-Abl activity can promote p73 upregulation (130, 131), suggesting that c-Abl 

relays a cytotoxic damage signal via p73.  Work in this study has demonstrated that p73 

is not upregulated in a MMR protein-dependent manner in CDDP-treated cells, and that 

CDDP does not induce phosphorylation of p73 at a known c-Abl phosphorylation site, 

Tyr99, which has been reported to facilitate stabilization of p73 (130, 131) (Figure 5).  It 

has been demonstrated that p73 can be upregulated in a c-Abl-independent manner (127); 

data presented here suggests this is likely to occur in the CDDP-treated cells.  As such, it 
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is not clear how c-Abl collaborates with other transducer molecules in promoting 

activation of pro-death mitochondrial signaling in the MMR protein-dependent response 

to CDDP.   c-Abl is able to regulate mitochondrial death signaling, as treatment of cells 

with ionizing radiation (IR) can induce c-Abl-dependent pro-death mitochondrial 

signaling and cell death (118).  c-Abl can also induce cell death independently of p53 

(146, 152), which corresponds with data in this study demonstrating that p53 signaling is 

unlikely to be utilized in CDDP-induced, MMR protein-dependent cell death (Figure 6).  

In considering potential p73- and p53-independent mechanisms of c-Abl-dependent cell 

death, a theoretical mechanism could involve the serine-threonine kinase PKCδ.  c-Abl 

can physically interact with and phosphorylate PKCδ following DNA damage, resulting 

in activation of PKCδ (118).  PKCδ activity is required for cell death induced by a variety 

of DNA damaging agents (118, 153).  A recent study described a requirement for both c-

Abl and PKCδ in CDDP-induced apoptosis in a hepatocarcinoma cell line (153).  This 

report also showed that CDDP induces physical interaction of c-Abl with PKCδ and the 

pro-survival Bcl-2 family member Bcl-xL at the mitochondria (153).  Interestingly, PKCδ 

was tyrosine phosphorylated and Bcl-xL serine phosphorylated at the mitochondria, 

suggesting the potential for c-Abl/PKCδ/Bcl-xL signaling (153).  As phosphorylation of 

Bcl-xL can result in increased pro-death mitochondrial signaling and cell death (117), this 

may suggest a potential avenue of study to determine the connection between c-Abl and 

pro-death mitochondrial signaling in CDDP-induced, MMR protein-dependent cell death. 

 It is also unclear how MMR proteins promote the activation of c-Abl after binding 

to a CDDP adduct.  The ATM kinase physically interacts with c-Abl and promotes 

activation of c-Abl following ionizing radiation (146-147).  Data generated in this study 
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(Figure 17a) and by others (28) suggests that ATM is activated in CDDP-treated cells 

independent of MMR protein status.  As such, ATM may not be an upstream activator of 

c-Abl in the CDDP-induced, MMR protein-dependent cytotoxic response.  It is possible 

that experiments examining MMR protein-bound proteins in CDDP-treated or untreated 

cells may generate information about potential mechanism of transfer of a CDDP damage 

signal from MMR proteins to c-Abl.  Interestingly, c-Abl can physically interact with 

MLH1 (99), suggesting the possibility of a MMR protein-mediated scaffolding effect 

facilitating the activation of c-Abl at sites of DNA damage. 

 

In addition to determining a signaling mechanism required for CDDP-induced, 

MMR protein-dependent cell death, this study also sheds light on questions regarding the 

initiation of a cytotoxic signal by MMR proteins.  Mechanistic details about MMR 

protein-dependent initiation of cell death have been unclear.  Two hypotheses are 

predominant in the field.  The first is the “repair-dependent” hypothesis, in which DNA 

synthesis past a site of DNA damage results in a mispairing of the damaged base.  This 

mispair is a substrate for MMR; however, because the damage persists in the parent DNA 

strand, iterative “futile” cycles of repair excision and resynthesis of the daughter strand 

occur.  This response is expected to result in the generation of DNA double strand breaks 

(DSBs) which, in turn, could lead to cell death.  The second hypothesis suggests a direct 

signaling mechanism of MMR protein-mediated initiation of a DNA damage signal, in 

which MMR proteins bind DNA damage and via direct interaction with downstream pro-

death molecules or blockage of recombinative and/or replicative processes initiate a 

cytotoxic signaling cascade.  The former hypothesis assumes that the repair capacity of 
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MMR proteins is required for MMR protein-dependent cell death, while the latter 

suggests that MMR capacity of these proteins may not necessarily be required in damage 

signaling.   

Work from this laboratory and others has demonstrated that point mutations 

affecting various domains of MMR proteins in yeast (12, 17, 97) or mouse cells (16, 19, 

24) can separate MMR protein-mediated repair and CDDP-induced cell death, suggesting 

that the repair function of the MMR proteins is not required for MMR proteins to induce 

cell death in response to CDDP.  Findings in this study indicate that yeast MutSα 

assumes different conformations in the presence of mismatched DNA and CDDP-

adducted DNA, resulting in altered ATP-induced conformational changes in MutSα 

(Figure 4).  These results have subsequently been confirmed by another group (14).  

Conformational changes in MutSα are required in repair for interaction with repair 

machinery and for mobility of MutSα away from the site of a mismatch (13).  Altered 

conformational changes in MutSα induced by a CDDP adduct may suggest the possibility 

of engagement of different cellular machinery (such as cytotoxic signaling molecules) 

when MutSα is in a CDDP-induced conformation.  Interestingly, it has been suggested 

that an altered pattern of ATP binding by MutSα is required for performance of cytotoxic 

function, compared to ATP binding required for repair (12, 17), and that ATP-induced 

translocation away from a CDDP adduct does not occur (14, 16, 19).  Results presented 

here demonstrate an altered conformational response of MutSα after the addition of ATP 

when MutSα is in the presence of a CDDP adduct, compared to when MutSα is in the 

presence of mispaired DNA (Figure 4).  This altered conformation of MutSα may 
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promote persistent binding to a CDDP adduct, instead of translocation from this adduct, 

where it may induce a different signaling cascade. 

Signaling data presented in this study also provides clues as to the initiation of 

cell death by MMR proteins.  Figures 17 and 18 show that the DSB responders ATM and 

H2AX are phosphorylated in an MMR protein-independent manner upon treatment of 

cells with CDDP, suggesting that MMR proteins do not promote the formation of DSBs 

in cells treated with CDDP.  These findings were confirmed during the course of this 

study by another group, lending strength to this data (28).  The repair-independent 

hypothesis suggests that MMR proteins generate a cytotoxic signal by facilitating the 

formation of DSBs via futile cycles of repair.  Data presented in this study indicates that 

MMR protein-proficiency does not promote DSBs in cells treated with CDDP, indicating 

that the repair-independent hypothesis of initiation may be more relevant in the MMR 

protein-dependent response to CDDP.  The repair-independent response has been 

suggested to include the hypothesis that MMR proteins may generate a cytotoxic signal 

via blockade of replication machinery.  This study shows that the replicative stress 

respondent Chk1 is phosphorylated in an MSH2-independent manner following treatment 

of cells with CDDP, suggesting that MMR proteins may not contribute to the blockage of 

replication machinery following treatment of cells with CDDP. 

Data presented in this study supports the idea that a repair-independent, direct 

signaling mechanism is utilized by MMR proteins in initiating death in response to 

CDDP.  Further study will be required to elucidate the precise mechanisms of MMR 

protein-dependent initiation of death signaling.   
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This study allows for the creation of a more advanced model detailing the 

mechanism of CDDP-induced, MMR protein-dependent cell death.  This model is 

presented in simplified form in Figure 22.  Previous work has shown that MutSα binds to 

1,2-d(GpG) CDDP adducts, both in the presence or absence of a mispair/compound 

lesion (2, 88).  This binding event induces lesion-specific conformational changes in the 

protein complex which, in turn, leads to specific requirements for ATP binding by MutSα 

(Figure 4, ref. 48).  ATP binding (possibly by MSH6 alone) results in further CDDP-

specific conformational changes (Figure 4, ref. 17).  Interaction with MutLα is necessary 

in the process of CDDP-induced, MMR protein-dependent cell death (Table 1, refs. 58, 

61), although it is unclear at what stage this occurs.  MutSα likely persists at the site of a 

CDDP adduct (14, 16, 19), which may allow for repair-independent initiation of a 

cytotoxic signal.  Cytotoxic signaling generated by MMR proteins proceeds through the 

kinase c-Abl (Figure 14), which likely phosphorylates substrates leading to action of pro-

death Bcl-2 family members at the mitochondria to promote release of cytochrome c into 

the cytoplasm (Figures 7 and 13).  Cytochrome c then facilitates formation of the 

apoptosome, which promotes cleavage and activation of caspase-9 which, in turn, cleaves 

and activates caspase-3.  Caspase-3 activity leads to cleavage of a number of substrates, 

facilitating destruction of the cell, completing CDDP-induced, MMR protein-dependent 

cell death. 

 

This study reveals an additional role for MMR proteins in responding to CDDP 

adducts.  Figure 19 presents the preliminary finding of a CDDP-induced, MMR protein-

dependent S phase arrest.  How MMR proteins might signal S phase arrest is, as yet,  



 132 

 

 

 

 

 

Figure 22  Proposed mechanism of CDDP-induced, MMR protein-dependent cell death. 
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unclear.  S phase arrest can be induced by replicative stress, leading to Chk1 

phosphorylation (122). Findings in this study suggest this is not the case in the MMR 

protein-dependent response to CDDP, as Chk1 is phosphorylated independently of MSH2 

status after treatment of cells with CDDP (Figure 17).  A recent study showed that 

treatment of cells with UV-B induced an MSH2-dependent S phase arrest (68).  This 

group suggested that this may be due to sequestration of PCNA away from replication 

machinery by MSH2, resulting in impaired DNA replication, although this was not 

tested.  c-Abl knockdown, which causes attenuation of CDDP-induced, MSH2-dependent 

cell death (Figure 14) did not affect CDDP-induced, MSH2-dependent cell cycle 

accumulation (Figure 21), suggesting the possibility that these MMR protein-mediated 

responses are functionally independent of each other.  Interestingly, c-Abl knockdown 

did result in an increased accumulation of MSH2-proficient cells in S phase, suggesting 

that S phase arrest may precede MMR protein-dependent cell death in cells treated with 

CDDP.  More work is required to elucidate the relationship between CDDP-induced, 

MSH2-dependent cell cycle arrest and cell death.  It would be of potential interest to 

synchronize MSH2-proficient and -deficient cells and treat with CDDP in various stages 

of the cell cycle, after which cell survival assays could be performed to determine if 

treatment of S phase cells with CDDP accelerates and/or potentiates MSH2-dependent 

cell death.  As such, investigations into the relationship between CDDP-induced, MSH2-

dependent cell cycle arrest and cell death could yield potential therapeutic strategies 

dictating timing of multiple doses in CDDP treatment and potential CDDP combinations.  

Of note, since the initiation of this work, a study by Pani et al. (28) confirmed results 
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presented in this study, demonstrating an MLH1-dependent S phase arrest in CDDP-

treated cells, although this S phase arrest was not observed in all systems tested.   

 

The results shown here demonstrating that MMR proteins engage a c-Abl/pro-

death mitochondrial signaling pathway in cells treated with CDDP have clinical 

implications.  CDDP is utilized to treat a number of cancer types; despite this, 

mechanistic details of CDDP-induced cytotoxicity are not yet fully understood.  A more 

advanced understanding of the mechanisms of CDDP-induced cytotoxicity will translate 

into improved predictions of patient response based on the presence/activity of pro-death 

signaling components; this, in turn, will allow the drug to be administered to patients in 

such a manner that its full benefits can be realized.   

Data presented in this study shows that CDDP/MMR-protein-dependent cell death 

proceeds independently of p53 signaling (Figure 6).  p53 is frequently mutated in human 

tumors; exploiting the MMR protein-dependent cytotoxic signaling pathway may be a 

strategy for attacking tumors with inactive p53 signaling.   

This study demonstrates the activation of a pro-death mitochondrial signaling 

cascade in an MMR protein-dependent manner in cells treated with CDDP. 

Overexpression of pro-survival Bcl-2 family members prevents the release of 

mitochondrial factors, such as cytochrome c, from the mitochondria and can inhibit 

intrinsically-mediated signaling and death (135).  Interestingly, two recent reports have 

suggested that overexpression of pro-survival Bcl-2 may result in the inhibition of MMR 

protein functions, via binding to MSH6 and disruption of the MutSα complex after cells 

are treated with a DNA damaging agent (136) or via a decrease in MSH2 mRNA/protein 
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via Bcl-2-mediated decrease in E2F1 activity (137).  Data presented here demonstrates 

that overexpression of Bcl-2 attenuates CDDP-induced MSH2-dependent cytotoxic 

signaling and cell death (Figure 13).  It is unclear if this is due to direct inhibition of 

MMR proteins, a blockage of pro-death signaling at the mitochondria, or a combination 

of both.  The level of Bcl-2 overexpression required to inhibit MMR protein function 

versus prevent the release of pro-death factors from the mitochondria has not been tested.  

Interestingly, MSH2 and MSH6 levels were unaffected by Bcl-2 overexpression in the 

paired cell lines utilized in this study (Figure 13c), contrasting what was previously 

reported (137) and suggesting that Bcl-2 may be acting exclusively to modulate pro-death 

mitochondrial signaling, with little direct effect on MMR proteins.   In any event, current 

data suggests the possibility that overexpression of pro-survival Bcl-2 family members 

may inhibit MMR protein-dependent cell death in cells treated with CDDP. 

Upregulation of pro-survival Bcl-2 family members and downregulation of pro-

death family members has been observed in a number of cancer types, and alterations in 

the levels of these proteins can affect clinical response to CDDP; for example, high levels 

of Bax are a favorable prognostic indicator for ovarian cancer patients receiving CDDP-

based chemotherapy (154), and high levels of pro-survival Bcl-xL have been associated 

with recurrent disease and shorter disease-free survival in ovarian cancer patients (155).  

Retrospective analysis of clinical tumor tissue samples has suggested the possibility that 

MMR protein levels and degree of MSI may be indicative of response and overall 

survival in patients receiving CDDP-based chemotherapy in a specific subset of cancer 

types (43, 84-86).  A combined examination of MMR and Bcl-2 family member protein 
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levels may yield a useful prognostic signature in certain tumor types that could better 

predict response and overall survival in patients treated with CDDP. 

This work also suggests therapeutic strategies that would lead to the more 

efficient elimination of both MMR-proficient and -deficient tumor cells.  With regard to 

the findings reported in this study, the most appropriate CDDP-based drug combinations 

would include a drug that exerts cytotoxic activity independently of MMR proteins and 

enforces cell death via mitochondrial/caspase-dependent signaling, so as to offset the 

absence of activation of this signaling pathway in MMR protein-defective cells, and 

possibly enhance the intensity of signaling in MMR protein-proficient cells.  It has been 

demonstrated that the microtubule inhibitor paclitaxel induces cell death independently of 

MMR protein status (59), and utilizes c-Abl and pro-death mitochondrial signaling to 

induce cell death (156-157).  Where possible, this drug might be appropriate in 

combination with CDDP to prevent the potential survival and expansion of tumor cells 

with MMR protein defects.  Importantly, paclitaxel treatment does not promote 

enrichment of MMR protein-deficient cells in a cell culture population, while CDDP and 

carboplatin do (63).  Of interest, a clinical study examining ovarian tumours receiving a 

chemotherapy regimen of both carboplatin and paclitaxel has suggested that 

prechemotherapy levels of MSI or MLH1 have no impact on overall response to 

treatment, supporting the possible existence of complementary cytotoxic effects induced 

by CDDP and paclitaxel (158).   

This study additionally suggests that a combination of CDDP with a drug that 

inhibits c-Abl/pro-death mitochondrial signaling may decrease the efficacy of CDDP.  

Gleevec (imatinib mesylate, STI571) is a novel small molecule which has come to 
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prominence in recent years by showing efficacy in treatment of a variety of cancers, 

particularly leukemia (159).  Gleevec was designed to inhibit the kinase activity of the c-

Abl fusion protein, Bcr-Abl, which occurs frequently in chronic myeloid leukemia 

(CML) (159), although it has become clear that Gleevec inhibits a number of other 

kinases.  Work presented in this study suggests that combining Gleevec and CDDP might 

have adverse effects on the cytotoxicity of CDDP, due to attenuation of MMR protein-

dependent cytotoxic signaling.  Phase I clinical trials in which Gleevec and CDDP are 

combined in a treatment regimen have recently been reported (160).  A study utilizing 

cultured head and neck squamous cell carcinoma cells suggested that combination with 

Gleevec potentiates the overall antiproliferative effect of CDDP, although, interestingly, 

combination with Gleevec attenuated CDDP-induced apoptosis and increased CDDP-

induced S phase arrest (161), similar to what has been detailed in this study in MSH2-

proficient cells in which c-Abl had been knocked down (Figures 14 and 21).  The overall 

benefit of CDDP/Gleevec combination reported in (161) may be due to off-target kinase 

inhibition by Gleevec, although this is unclear.  Despite this, the research presented here 

suggests that Gleevec/CDDP combinations may not be efficacious in the treatment of 

certain cancers, although more work would need to be performed to identify 

cancers/patients in which this would be the case. 

 

This study details a mechanism of CDDP-induced, MMR protein-dependent 

cytotoxic signaling which utilizes c-Abl, cytochrome c, caspase-9 and caspase-3.  

Progression of clinically relevant research in this field is necessary at this time.  Findings 

in this study strongly advise a thorough investigation into the prognostic value of pre- and 
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post-chemotherapy MMR protein status in patients treated with CDDP, with emphasis 

placed on patient response, recurrence, survival benefit and the study of a spectrum of 

tumors currently being treated with a variety of CDDP-based regimens.  The examination 

of the status of other proteins in combination with MMR proteins (such as Bcl-2 family 

members) may serve to enhance the predictive value of MMR protein status in CDDP-

based therapy, and may provide a prognostic signature to further predict the benefits of 

CDDP administration to specific patients. 
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APPENDIX 

Creation and Functional Assessment of Cell Lines Inducibly Expressing MSH2 

Abstract 

 Despite the knowledge that MMR proteins participate in cytotoxicity induced by 

numerous cancer chemotherapeutic drugs, and appear to have a role in clinical responses 

to these drugs, the impact of MMR gene missense mutations on MMR protein-mediated 

cytotoxicity is largely unknown.  As missense mutations account for ~20% of known 

cancer-associated MMR gene mutations, an understanding of the impact of these 

mutations on MMR protein-mediated cytotoxicity is necessary.  This study sought to 

examine the effects of clinically relevant MSH2 missense mutations on MMR protein-

mediated cytotoxic and repair functions, in order to (a) assess the impact of these 

mutations on the cytotoxic response to various chemotherapeutic drugs, and (b) to 

describe the potential relationship between repair and cytotoxic functions of MSH2.  To 

study the functional consequences of MSH2 missense mutations, MSH2-deficient cancer 

cell lines were utilized to create MSH2-inducible cell lines expressing wildtype or 

missense mutant forms of MSH2.  Cell lines inducibly expressing wildtype MSH2 were 

created; however, these cells were defective for MMR protein-mediated cytotoxicity after 

MSH2 protein was restored, forcing the ablation of this approach.  Construction and 

testing of cell lines, potential reasons for defective responses and future approaches to 

addressing the valuable questions posed by this study are discussed. 
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Introduction 

 As previously described, cellular MMR protein deficiency can contribute to 

resistance to the cytotoxic effects of chemotherapeutic drugs, such as CDDP, both in 

vitro and in vivo.  Emerging data indicates that this observed resistance may be clinically 

relevant, as MMR protein status dictates patient response to specific genotoxic drugs for 

a subset of cancer types.   

 To date, the role of MMR proteins in cellular responses to chemotherapeutic 

agents has largely been assessed by comparing responses of cells which are completely 

deficient for an MMR protein to responses in cells which are wildtype for that MMR 

protein.  The impact of MMR gene missense mutations on MMR protein-mediated 

cytotoxic function is largely unknown, and to date no studies have examined their 

potential impact in human cells.  Missense mutations are thought to comprise 

approximately 20% of known MSH2 mutations found in human cancers (4); as such, a 

more advanced knowledge of the impact of MMR gene missense mutations on MMR 

protein-mediated cytotoxic function could be important in predicting clinical responses to 

certain chemotherapeutic drugs.   

 Research performed in this laboratory and by others has indicated that clinically 

relevant MMR gene missense mutations (that is, mutations which have been reported to 

occur in human cancer) may strongly influence MMR protein-dependent cytotoxic 

function.  An interesting observation that has emerged during preliminary examinations 

of the impact of missense mutations on MMR protein function is that certain MMR gene 

missense mutations in yeast or mouse cells can cause impaired MMR protein-mediated 

cytotoxic function without affecting MMR protein-mediated repair, and vice versa (12, 
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16-17, 19, 97).  This is in contrast to cells completely deficient for a primary MMR 

protein, which exhibit impaired MMR-mediated repair AND cytotoxic functions.  These 

mutations are termed “separation of function” mutations, and are located in various 

domains of Msh2 and Msh6.  For example, yeast cells bearing an Msh6 F337A missense 

mutation (which alters a phenylalanine residue in the DNA binding domain of yMsh6 

that is known to interact with mismatched bases) had severely attenuated repair 

responses, compared to wildtype cells, but exhibited wildtype responses to CDDP 

treatment.  This indicates the potential that binding by MutSα to a CDDP adduct is 

altered compared to binding to a mismatch, and that MMR-mediated cytotoxic response 

does not require repair function of the MMR system of proteins.    

 Of clinical interest, this data suggests that a subset of tumours carrying MSH2 

missense mutations will remain responsive to treatment with chemotherapeutic agents, 

which may have important implications for cancer patients.  Additionally, human 

mutations that can affect repair function, but not cytotoxic function of these proteins, and 

vice versa, may provide definitive information about the nature of MMR protein-

dependent initiation of cell death, potentially clarifying the repair-dependent/independent 

hypotheses suggested for this initiation.  This indicates that the study of human MMR 

gene missense mutations could be important for not only MMR protein biology, but also 

clinical responses to DNA damaging chemotherapeutics.    

 The goal of this study was to investigate the effect of clinically relevant human 

MSH2 missense mutations on repair and cytotoxic functions of MSH2.  It was 

hypothesized that these mutations would affect both MMR protein-mediated functions, 

one function, or neither function.  To investigate this hypothesis, cancer cell lines 
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deficient for MSH2 were to be utilized to create cell lines inducibly expressing wildtype 

MSH2 or MSH2 missense mutants.  Missense mutations to be investigated were defined 

by yeast studies performed in this lab (12, 17, 97).  Clinically relevant MSH2 missense 

mutations which had the potential to be separation of function mutations were of 

particular interest.   

  

Materials and Methods 

Reagents 

Doxycycline (Dox) (Clontech) was dissolved in water to a concentration of 

1mg/ml, filter sterilized and stored protected from light at -20°C.  N-methyl-N'-nitro-N-

nitrosoguanidine (MNNG) was purchased from TCI America, dissolved in DMSO to 

100ug/ml and stored in single-use aliquots at -80°C.  O6-benzylguanine (O6-BG) was 

purchased from Sigma, dissolved in EtOH to a concentration of 50mM and stored at -

80°C.  Hoechst 33348, a gracious gift of C. Koumenis (WFUHS, U. Pennsylvania), was 

stored protected from light at -20°C.  AlexFluor 594 goat anti-rabbit (A11012) and 

AlexaFluor 488 goat anti-mouse (A11001) secondary antibodies for indirect 

immunofluorescence were purchased from Molecular Probes.   

 

Creation of MSH2-Inducible Cell Lines 

Cell lines inducibly expressing MSH2 were created utilizing the Tet-On system 

(Clontech) (162).  To create HEC59 cells inducibly expressing MSH2 or Firefly 

Luciferase (Luc), HEC59 cells were plated in 10cm dishes at 2 x 106 c/dish and 

transfected with pUHrT (containing the Tet-ON transactivator) and pPUR (conferring 
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puromycin resistance) plasmids using Lipofectamine 2000 (Invitrogen), as per 

manufacturer instructions.  pUHrT was a gracious gift of H. Bujard (ZMBH), while 

pPUR plasmid was a gracious gift of D. Seals (WFUHS).  After 48h, cells were replated 

in media containing 1ug/ml puromycin.  After suitable time for growth of resistant clones 

(~one week), single colonies were isolated via cloning cylinders, trypsinized and replated 

in 60mm dishes.  These cells were allowed to reach ~20% confluence (~one month) and 

were then passaged into multiple plates.  Clones were tested for Tet-ON transactivator 

activity by transiently transfecting pTRE-Luc plasmid, which expresses Firefly luciferase 

under the control of the tetracycline responsive element, in the presence or absence of 

3ug/ml Dox.  24h after transfection, cells were harvested and luciferase assay performed.  

Clone P3 was possessed of strong Tet-On activity in the presence of Dox, with little 

activity in the absence of the drug.  This clone was transfected with either pTRE-MSH2 

or pTRE-Luc and pTREhyg (to confer hygromycin resistance).  After 48h, cells were 

replated in media containing 1ug/ml puromycin and 100ug/ml hygromycin.  After 

suitable time for growth of resistant clones (~two weeks), colonies were isolated via 

cloning cylinders, trypsinized and replated in 60mm dishes.  These cells were allowed to 

reach ~20% confluence (~one month) and were then passaged into multiple plates.  To 

test for inducible expression of MSH2 or Luc, clones were treated with 3ug/ml Dox and 

whole cell lysates were prepared to assay inducible MSH2 expression or cells were 

prepared for luciferase assay to assay inducible Luc expression, as described below.  

Clones P3LM16 and P3FL4 were selected for further assays, exhibiting strong inducible 

expression of the MSH2 or Luc, respectively. 
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 C4-2T cells were developed in the laboratory of G. Kulik (WFUHS) and stably 

express the Tet-On transactivator.  To create C4-2T cells inducibly expressing MSH2, 

cells were grown to 80% confluence in 60mm dishes and transfected with pTRE-MSH2 

and pTREhyg, utilizing Lipofectamine 2000 to manufacturer instructions.  After 48h in 

normal growth media, cells were passaged into selective media containing 100ug/ml 

hygromycin.  After suitable time for growth of resistant clones (~three weeks), colonies 

were isolated via cloning cylinders, trypsinized and replated in 60mm dishes.  These cells 

were allowed to reach ~20% confluence (~one month) and were then passaged into 

multiple plates.  Cells were tested for inducible MSH2 expression as with HEC59 cells.  

Clone CM47 was selected for further assays, exhibiting strong inducible expression of 

the MSH2. 

 

Luciferase Assay 

Cells were plated at 6x105 c/well in wells of 6-well dishes and incubated with 

Dox for 24h, after which media was removed, cells were washed with PBS, covered with 

1x Promega Reporter Lysis Buffer and scraped into media.  Cells were then collected in a 

microcentrifuge tube, incubated at -80°C for 10min, thawed, vortexed and pelleted.  10ul 

of the supernatant was added to a luminometer tube and immediately prior to reading, 

100ul of Luciferase Reagent (Promega) was added to the tube.  The tube was vortexed 

briefly and relative unit values were attained via luminometer (Turner Designs). 
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Indirect Immunofluorescence 

Glass slides were placed in 10cm dishes and coated with 0.01% poly-L-lysine 

(Sigma) for 15min.  Poly-L-lysine was removed and slides were air-dried prior to UV 

light exposure inside a tissue culture hood for 15min.  150ul “drops” of media containing 

1x104 cells were then added to prepared slides.  Cells were incubated overnight at 37°C 

and then overlaid with media in the 10cm dish.  Cells were treated as indicated, after 

which slides were removed from media, washed thoroughly with PBS and overlaid with 

buffered formalin for 20min.  Cells were then washed thoroughly with PBS and stored in 

PBS at 4°C until use.  PBS was aspirated and cells were incubated in 0.5% TritonX (Bio-

Rad) in PBS for 10min.  Cells were then washed thoroughly with PBS and blocked with 

TBS-BGT (1x TBS, 0.5% BSA, 0.05% Tween20, 0.1% glycine, 0.00002% sodium azide 

in H2O) for 1h at room temperature.  Primary and secondary antibodies were diluted in 

TBS-BGT and applied to cells as per manufacturer instruction.  Cells were then washed 

thoroughly with TBS-BGT and incubated with Hoechst 33348 diluted in TBS-BGT as 

per manufacturer instruction for 5min.  Cells were again thoroughly washed with TBS-

BGT and slides were allowed to partially dry before the addition of Antifade preservative 

solution and covering of the slide with a coverslip.  Fluorescence images were acquired 

using an Olympus IX70 microscope equipped with a Q-Imaging Retiga 2000R camera 

and Image ProPlus 5.1 software (Media Cybernetics, Inc.).  Images were further prepared 

for presentation using Adobe Photoshop and Image J (NIH) software. 
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Results 

Creation of cell lines inducibly expressing MSH2.  In order to assess the functional 

consequences of MSH2 missense mutations, the MSH2-deficient cell lines HEC59 and 

C4-2T were utilized to create cell lines inducibly expressing wildtype and mutant MSH2.  

This approach was chosen for a number of reasons.  Levels of MSH2 protein are 

important to fulfillment of different functions.  Overexpression of MSH2 induces 

apoptosis (163) and low levels of MSH2 allow for accomplishment of repair function of 

the protein, but not for MSH2-dependent cell death in cells treated with MNNG (164).  

This indicates that properly regulated MSH2 levels are essential for appropriate MMR 

protein-mediated functions, and that exacting control of MSH2 levels is required to 

assess protein function; in particular, in being able to compare functional activities of 

wildtype and mutant forms of MSH2.  To this end, the Tet-On inducible system was 

chosen to study the functional impact of MSH2 missense mutations.  Briefly, the Tet-On 

system is based on two critical components, the tetracycline-controlled transactivator 

(pTet-On) and tetracycline-responsive element (pTRE), each of which are contained in 

individual plasmids.  The pTet-On plasmid expresses a gene encoding an inactive 

transcriptional activator.  When this transactivator binds doxycycline (Dox), it becomes 

active, and binds to the tetracycline-responsive element, which is contained within the 

pTRE plasmid.  This binding allows for the expression of gene “X”, contained within the 

pTRE plasmid downstream of the tetracycline-responsive element.  Thus, expression of 

the desired gene is “turned on” by adding Dox to cells possessed of the two components 

of the Tet-On system.  HEC59 and C4-2T cells were transfected with pTet-On and 

pTRE-MSH2 or pTRE-Luc plasmids, as indicated, and clones  
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Figure A1  HEC59 and C4-2 cells inducibly expressing MSH2.  Cell lines inducibly 

expressing MSH2 or Luc were created as described in Materials and Methods.  Cells were 

treated with Dox as indicated and whole cell lysates were prepared for immunoblot 

analysis (a, c) or luciferase assay (b) at various times post-drug treatment.  MSH2 

indicates HEC59(2) cells.  U, untreated.  RU, relative units. 
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inducibly expressing MSH2 or Luc were selected to test for wildtype responses to the 

chemotherapeutic drugs CDDP and MNNG, both of which induce MMR protein-

dependent cell death (ref. 56, Figure 3).  Figure A1a shows that a HEC59 cell line was 

created which inducibly expresses wildtype MSH2.  This cell line, named P3LM16, 

showed faint expression of MSH2 in the absence of Dox, suggesting a slightly “leaky” 

phenotype, although this amount of protein was only ~10% of the control HEC59(2) cell 

line.  HEC59(2) cells are HEC59 cells in which a copy of MSH2 has been restored via 

chromosome 2 transfer.  These cells can carry out MMR protein-dependent repair and 

cytotoxic functions (refs. 27, 57, Figure 3).  When P3LM16 cells were treated with 

increasing doses of Dox, MSH2 levels reached those observed in HEC59(2) cells at a 

dose of ~0.5ug/ml Dox (Figure A1a).  As expected, parental P3 cells (HEC59 cells which 

express the Tet-On transactivator but contain no pTRE response element) were deficient 

for MSH2.  Next, levels of MSH6 were examined in P3LM16 cells treated with Dox.  

HEC59 cells are MSH6-deficient (Figure 2), and this is thought to be due to the fact that 

MSH6 has been reported to be unstable in the absence of MSH2 (165).  As MSH6 is 

required for MMR protein-dependent cytotoxic response and repair functions (ref. 27, 

Figure 2), it was essential that MSH6 levels be restored to levels similar to those seen in 

control HEC59(2) cells.  Figure A1a shows that upon treatment of P3LM16 cells with 

Dox, MSH6 protein levels were increased; however, P3LM16 cells were never able to 

achieve MSH6 levels seen in HEC59(2) cells even at the significantly toxic dose of 

5ug/ml Dox (MSH6 level in P3LM16 was 24% of that observed in HEC59(2) when 

pretreated with 0.5ug/ml Dox, and 64% of that observed in HEC59(2) when pretreated 

with 5ug/ml Dox, by densitometric analysis).  This result confirmed that MSH6 requires 
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MSH2 for stability, but raised concerns that MMR protein-dependent cell death could be 

achieved.   

 In addition to developing an MSH2-inducible cell line, a control cell line 

inducibly expressing Firefly luciferase (Luc), named P3FL4, was also developed.  Figure 

A1b shows that in the absence of Dox, P3FL4 cells show very little luciferase activity, 

while treatment with increasing doses of Dox induced a dose-dependent increase in 

luciferase activity.  This cell line did not express MSH2 (Figure A4).  P3LM16 cells did 

not demonstrate any discernable luciferase activity when treated with similar doses of 

Dox, as expected (Figure A1b). 

 C4-2T cells were also used as a basis for an MSH2 inducible cell line.  Figure A1c 

shows that a C4-2T cell line was created which inducibly expresses wildtype MSH2.  

This cell line, named CM47, exhibited no detectable MSH2 protein in the absence of 

Dox; however, in the presence of 1ug/ml Dox, protein levels similar to those seen in 

HeLa cells (which are wildtype for MSH2 (Figure 2)) were observed and sustained from 

24 to 120h post-treatment.  These cells were then tested for restoration of MSH6 after 

Dox treatment.  Figure A1c shows that MSH6 is not restored in the presence of MSH2.  

As restoration of wildtype MSH2 can restore levels of MSH6 (Figure A1a), this suggests 

the possibility that a previously unknown defect in MSH6 exists in C4-2T cells. 

 The data presented in Figure A1 demonstrate the creation of cell lines capable of 

inducibly expressing wildtype MSH2 to wildtype levels; however, these cell lines exhibit 

incomplete (P3LM16) or nonexistent (CM47) restoration of MSH6, which may affect 

MMR protein-dependent functions. 
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P3LM16 and CM47 cells do not demonstrate increased sensitivity to CDDP in the 

presence of Dox.  Before proceeding to creation of cell lines inducibly expressing MSH2 

missense mutants, the functionality of cell lines inducibly expressing wildtype MSH2 in 

responding to specific cytotoxic agents was determined.  Studies presented in this body of 

research demonstrate that MSH2-proficient HEC59(2) cells are more sensitive to the 

cytotoxic effects of CDDP than MSH2-deficient HEC59 cells (Figure 3, Table 2).  As 

such, it was hypothesized that P3LM16 cells in the absence of Dox would be more 

tolerant to the cytotoxic effects of CDDP than P3LM16 cells that had been pretreated 

with Dox, restoring MSH2.  Figure A2 shows the results of MTT assays in which 

P3LM16, P3FL4 and CM47 cells were treated with CDDP in the presence or absence of 

Dox.  P3LM16 cells that were pretreated for 24h with increasing concentrations of Dox 

did not demonstrate an increased sensitivity to CDDP, compared to cells not treated with 

Dox (Figure A2a).  Sensitivity of P3LM16 cells to CDDP did not differ from that of 

P3FL4 cells, the control cell line inducibly expressing Luc, regardless of Dox treatment 

(Figure A2b).  Extended pretreatment of P3LM16 cells up to 72h with various 

concentrations of Dox did not increase sensitivity (data not shown).  Similarly, when 

CM47 cells were tested for sensitivity to CDDP in the presence or absence of Dox, no 

difference was observed in CDDP sensitivity regardless of Dox pretreatment (Figure 

A2c).  These results demonstrate that, despite restoration of MSH2 to “wildtype” levels 

in HEC59 and C4-2 cells, an increase in sensitivity to CDDP is not achieved. 

 

P3LM16 cells display low-level sensitivity to the methylating agent MNNG in the 

presence of Dox.  MMR protein-dependent cell death has also been  
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Figure A2  P3LM16 and CM47 cells are not more sensitive to CDDP in the presence of 

Dox.  P3LM16 or P3FL4 cells (a, b) or CM47 cells (c) were pretreated with Dox, as 

indicated, for 24h and then treated with CDDP for 96h, at which time cell viability was 

assessed by MTT assay.  Percent viability for each assay was calculated as described in 

Materials and Methods.  Values represent the mean of two independent experiments 

performed in triplicate (a, b) or three independent experiments performed in triplicate (c).  

Bars indicate standard error of the mean for each value.   
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Figure A3  Sensitivity of P3LM16 and CM47 cells to MNNG in the presence and 

absence of Dox.  P3LM16 or P3FL4 cells (a) or CM47 cells (b) were pretreated with 

Dox, as indicated, for 24h and then treated with MNNG for 96h, at which time cell 

viability was assessed by MTT assay.  Additionally, cells were pretreated with 10uM O6-

BG for 2h prior to MNNG treatment.  Percent viability for each assay was calculated as 

described in Materials and Methods.  Values represent the mean of two independent 

experiments performed in triplicate (a) or three independent experiments performed in 

triplicate (b).  Bars indicate standard error of the mean for each value. 
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demonstrated to occur in cells treated with the methylating agent MNNG (27, 56).   It 

was hypothesized that P3LM16 cells in the absence of Dox would be more tolerant to the 

cytotoxic effects of MNNG than P3LM16 cells that had been pretreated with Dox.  

Figure A3 shows the results of MTT assays in which P3LM16, P3FL4 and CM47 cells 

were treated with MNNG in the presence or absence of Dox.  CM47 cells that had been 

pretreated for 24h with Dox did not demonstrate an increased sensitivity to MNNG, 

compared to cells not treated with Dox (Figure A3b); however, when P3LM16 cells were 

pretreated with Dox and treated with increasing concentrations of MNNG, a subtle but 

reproducible increase in sensitivity was noted, when compared to P3LM16 cells in the 

absence of Dox or P3FL4 cells in the presence or absence of Dox (Figure A3a).  This 

data suggests the possibility of a low-level MMR protein-dependent response in P3LM16 

cells pretreated with Dox, as the difference of cell viability between P3LM16 cells in the 

presence and absence of Dox (1.7-fold difference at 10uM MNNG) differs greatly from 

the reported magnitude of difference between HEC59 and HEC59(2) cells (~50-fold at 

10uM (27)).  This data suggests that P3LM16 cells may exhibit a partial MNNG-induced, 

MSH2-dependent cytotoxic response in the presence of Dox. 

 

P3LM16 cells do not engage CDDP-induced, MSH2-dependent cytotoxic signaling 

in the presence of Dox.  To further understand the lack of MMR protein-dependent 

cytotoxicity in Dox-treated P3LM16 cells, caspase-3 cleavage was assessed by 

immunoblot analysis in CDDP-treated P3LM16 and P3FL4 cells in the presence or 

absence of Dox.  Treatment of cells with CDDP results in MSH2-dependent activation of 

pro-death mitochondrial signaling, and caspase-3 activity is a requirement in CDDP- 
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Figure A4  P3LM16 cells inducibly expressing MSH2 are defective for CDDP-induced, 

MMR protein-dependent caspase-3 cleavage.  P3FL4, P3LM16, MSH2-deficient HEC59 

(msh2) or  MSH2-proficient HEC59(2) (MSH2) cells were pretreated with Dox and/or 

CDDP, as indicated, and whole cell lysates were prepared for immunoblot analysis.  

Image shown is representative of two independent experiments. 
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induced, MSH2-dependent cell death (Figures 3, 7-11).  Figure A4 shows that 

pretreatment of P3LM16 cells with Dox restored MSH2 levels to those similar to control 

HEC59(2) cells; P3FL4 cells, as expected, did not exhibit any MSH2 regardless of Dox 

treatment.  Dox pretreatment alone had little discernable effect on caspase-3 cleavage.  

P3LM16 and P3FL4 cells exhibited similar low levels of caspase-3 cleavage after 

treatment with CDDP; however, no increase in caspase-3 cleavage was observed when 

either of these cell lines were pretreated with Dox.  This was in contrast to HEC59 and 

HEC59(2) cells, where an MSH2-dependent increase in caspase-3 cleavage was noted 

upon treatment of these cells with CDDP.  This data suggests that P3LM16 cells do not 

engage CDDP-induced, MSH2-dependent cytotoxic signaling after pretreatment with 

Dox.  This lack of activation of the pro-death signaling pathway is likely the reason 

MMR-dependent sensitivity to CDDP is not achieved in P3LM16 cells. 

 

MSH2 is properly localized in Dox-treated P3LM16 cells.  MSH2 and MSH6 are 

predictably localized primarily to the nucleus, whereby these proteins function to 

recognize DNA replication errors and specific types of DNA damage, and communicate 

with downstream machinery in either repair or cytotoxic responses.  As such, it was 

possible that MSH2 in P3LM16 was being improperly localized to the cytoplasm in these 

cells upon treatment with Dox, and that this in turn was preventing access of MutSα to 

CDDP lesions.  To determine if MSH2 was being mislocalized in P3LM16 cells 

following Dox treatment, MSH2 localization was examined by indirect 

immunofluorescence.   Figure A5 shows that MSH2 is localized predominantly to the 

nucleus in Dox-treated P3LM16 cells, similar to what was noted in control HEC59(2)  
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Figure A5  MSH2 is properly localized in P3LM16 cells.  MSH2-proficient HEC59(2) 

cells (MSH2) or P3LM16 cells that had been treated with Dox as indicated were prepared 

for immunofluorescence and imaged as described in Materials and Methods. 
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cells.  As such it is unlikely that mislocalization of MSH2 contributes to the lack of 

engagement of MSH2-dependent cytotoxic signaling and cell death induced by CDDP in 

Dox-treated P3LM16 cells. 

 

Discussion 

 The effects of missense mutations on MMR protein-dependent cellular functions 

are poorly defined.  As 20% of cancer-associated MSH2 mutations are missense 

mutations (4) and MMR proteins may play a role in clinical responses to chemotherapy, a 

functional assessment of the impact of MSH2 missense mutations is required.  Mutations 

that could potentially affect repair function, but not cytotoxic function of these proteins, 

and vice versa, could be extremely informative about the nature of MMR protein-

dependent initiation of cell death, potentially clarifying the repair-dependent/independent 

hypotheses suggested for this initiation.   

 The goal of this study was to investigate the effect of MSH2 missense mutations 

on repair and cytotoxic functions of MSH2.  It was hypothesized that these mutations 

would affect both MMR protein-mediated functions, one function or neither function.  To 

investigate this hypothesis, cancer cell lines deficient for MSH2 were utilized to create 

cell lines inducibly expressing wildtype MSH2 or MSH2 missense mutants.  Creation of 

cell lines inducibly expressing wildtype MSH2 was accomplished (Figure A1) in MSH2-

deficient HEC59 and C4-2 cell lines.  These cell lines were named P3LM16 and CM47, 

respectively.  In addition, a control cell line inducibly expressing Firefly luciferase was 

created utilizing HEC59 cells, and named P3FL4.   
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P3LM16 and CM47 cells were tested for the presence of MSH6 after Dox 

treatment to confirm previous reports that MSH6 is unstable in the absence of its binding 

partner MSH2 (165) and to ensure that MSH6 protein levels reached those known to be 

sufficient for MMR protein-mediated cytotoxic response.  It was found that restoration of 

MSH2 in P3LM16 cells also restored MSH6, and that increasing MSH2 correspondingly 

increased MSH6 (Figure A1a).  This result confirmed that MSH6 is indeed unstable in 

the absence of MSH2; however, despite restoration of MSH2 to levels required for MMR 

protein-dependent repair and cytotoxic functions, MSH6 did not reach levels seen in 

control HEC59(2) cells (Figure A1a).  In CM47 cells, restoration of MSH2 did not 

restore MSH6 protein (Figure A1c).  The initial report detailing MSH2 deficiency in 

LNCaP cells, the parental cell line of C4-2 cells, did not examine potential MSH6 

mutations or MSH6 protein levels (132).  This study suggests the probability that a 

previously unknown MSH6 mutation exists in these cells. 

Prior to creation of cell lines inducibly expressing MSH2 missense mutants, 

P3LM16 and CM47 cells were tested to ensure functionality in MMR protein-dependent 

cytotoxic response to CDDP and MNNG.  It was determined that CM47 cells did not 

exhibit decreased viability when treated with CDDP (Figure A2c) or MNNG (Figure 

A3b) in the presence of Dox, when compared to cells treated in the absence of Dox.  It is 

likely that lack of MMR protein-dependent cytotoxicity in cells treated with CDDP or 

MNNG is due to the inability of these cells to restore MSH6 protein after MSH2 protein 

levels have been restored.  This study and others have shown that MSH6 is required for 

MMR protein-dependent cytotoxic and repair functions (refs. 27, 30, 58, Figure 3, Table 

2). 
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When P3LM16 cells were tested for functionality in MMR protein-dependent 

cytotoxic response to CDDP and MNNG, an MSH2-dependent decrease in cell viability 

in cells treated with CDDP was not observed (Figure A2a, b); however, a subtle MSH2-

dependent sensitivity to MNNG was exhibited (1.7-fold difference in IC50 values between 

P3LM16 cells in the absence or presence of Dox, respectively; Figure A3a).  

Additionally, P3LM16 cells did not engage caspase-3 signaling in an MSH2-dependent 

manner after treatment of these cells with CDDP (Figure A4); caspase-3 activation is 

required for CDDP-induced, MSH2-dependent cell death (Figure 11).  Unlike the case of 

CM47 cells, it is not entirely clear why P3LM16 cells were unable to initiate a MMR 

protein-dependent cytotoxic response to CDDP, and only weakly initiate a MMR protein-

dependent cytotoxic response to MNNG.  The introduced MSH2 protein in these cells 

was found to be properly localized (Figure A5).  One possibility is that MSH6 levels 

must reach a certain threshold to become involved in MMR protein-dependent cytotoxic 

responses, and that this threshold was not achieved in P3LM16 cells, even at relatively 

high Dox concentrations.  HEC59(2) cells, which have MSH2 and MSH6 restored via 

chromosome transfer, are able to perform both MMR protein-dependent repair and 

cytotoxic functions (27, Figure 2); as seen in Figure A1a, MSH6 levels do not reach those 

seen in HEC59(2) cells.  Seemingly subtle changes in MSH2 protein levels can have 

large effects on MMR protein-dependent functions (163, 164).  As it is possible that 

MMR proteins mediate the cytotoxic response to methylating agents and CDDP via 

differing mechanisms (see Introduction section), it is possible that the partial response to 

MNNG is due to P3LM16 reaching a threshold of MSH2/MSH6 protein required to 
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partially perform methylator-induced cytotoxic function, while not reaching a threshold 

required for CDDP-induced, MMR protein-dependent cell death. 

An additional possibility as to why P3LM16 cells were largely unable to initiate 

an MMR protein-dependent cytotoxic response to CDDP is that the extended time the 

P3LM16 cell line spent in culture allowed for mutations to occur in key cytotoxic 

signaling proteins, resulting in interruption of MMR protein-dependent signaling after 

treatment of these cells with CDDP.   MMR protein defects promote hypermutability and 

expansion or contractions of microsatellite regions of DNA; microsatellites are found in 

the coding regions of pro-apoptotic genes including MSH6 and Bax (166-167).  HEC59 

cells are typically kept in culture for less than three weeks before being discarded to 

avoid accumulation of mutations; P3LM16 cells spent over four months in culture during 

the process of their establishment.  This possibility is supported by evidence that caspase-

3, which has been demonstrated to be a key component of MMR protein-dependent 

cytotoxic signaling in cells treated with CDDP, is not activated in P3LM16 cells treated 

with Dox (Figure A4).   

A third possible explanation as to the failure of P3LM16 cells to undergo MMR 

protein-dependent cell death could be that MSH2 (or MSH6) requires currently unknown 

post-translational modification in order to become fully functional.  When P3LM16 cells 

were pre-incubated with Dox for 72h prior to assay of CDDP-induced cytotoxicity, no 

additional sensitivity was noted in the presence of Dox (data not shown); as such, it is 

unlikely, but not impossible, that a required post-translational modification to MSH2 or 

MSH6 did not occur prior to addition of cytotoxic drugs. 
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Due to the inability to create inducible cell lines in which MSH2-dependent 

cytotoxic responses could be observed, this project was suspended prior to creation of 

cell lines inducibly expressing MSH2 missense mutants, as functionality comparisons to 

cells inducibly expressing wildtype MSH2 would not be possible to make.  There is 

certainly value and need in continuing to develop systems to study the effects of MSH2 

missense mutations.  Although this system could not be utilized to assess and compare 

the effects of MSH2 missense mutations on different functions of MMR proteins, it may 

still be possible to use these cells to study the effects of MSH2 missense mutations on 

MMR alone, which was not assessed in this study.  Valuable information was yielded by 

this study regarding the establishment of MMR-proficient cell lines.  This study would 

suggest that MSH6 should be sequenced prior to establishment of MSH2-proficient cell 

lines or artificially restored along with MSH2 in the creation of these lines to study MMR 

protein-dependent functions.   
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