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INTRODUCTION

The fidelity of DNA replication alone has an intrinsic error rate that is insufficient to maintain genomic integrity.  Post-replicative repair pathways decrease the error rate of replication to levels sufficient to maintain the genome; however, a loss of such repair activity can confer devastating phenotypic consequences in the form of cancer.  Indeed, successful repair of errors in DNA replication, specifically base mismatches and insertion/deletion loops (IDL) via DNA mismatch repair (MMR) is essential for suppressing high levels of mutations and increased cancer risk (1-6).  
DNA mismatch repair (MMR) is a chief component of the post replicative repair pathways, functioning to identify and repair DNA mismatches that have escaped proofreading (7).  In addition, MMR components are active in a variety of cellular roles beyond error correction, such as induction of apoptosis in response to DNA damage and controlling cell cycle checkpoints (8).  Loss of MMR activity results in increased spontaneous and DNA damage-induced mutation rates, reduced apoptotic responses, and is associated with carcinogenesis in a variety of spontaneous and hereditary forms of cancer. Thus an understanding of the structure and function of MMR components is essential for the continued advancement of cancer diagnosis and treatment methods.

The components of DNA MMR in E. coli have been identified, and their study has proved useful in understanding the mechanisms of eukaryotic MMR (9, 10).  A general pathway for MMR (Figure 1), developed primarily by in vitro reconstitution of the MMR pathway with purified E. coli proteins, includes three homodimeric proteins (MutS, MutL, MutH), and additional components. MutS is an ATPase that identifies and binds mismatches.  MutL forms a complex with MutS and is necessary to active the latent endonuclease, mutH.  MutH specifically cleaves the transiently unmethylated nascent DNA at GATC motifs, introducing a nick in the mismatch containing strand.  The nick can be in 5’ or 3’ orientation relative to the mismatch, and located up to approximately 1 kb away.  The excision step requires the helicase UvrD, single strand DNA binding protein (SSB) and a 5’ to 3’ or 3’ to 5’ single strand exonuclease.  Resynthesis is carried out by DNA polymerase holoenzyme, followed by DNA ligase, which seals the nick.  
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Figure 1.  General mismatch repair pathway.  Mismatches (base substitution or insertion/deletion loop) are recognized by the MutS family.  Proper strand discrimination (*) involves the MutL family. Excision is carried out by various exonucleases.  Resynthesis by replicative DNA polymerase restores the original sequence. 


The MMR pathway is generally conserved in eukaryotes; however, the homodimeric MutS and MutL complex have evolved into several heterodimers (Figure 2).  In mammalian MMR, the MutS family consists of two such heterodimeric complexes, MutSα (composed of MutS homolog (MSH) 2 and MSH6) and MutSβ (composed of MSH2 and MSH3).  While the specificities of the two complexes overlap somewhat, MutSα activity is specific to base/base mismatches and single basepair insertion/deletion loops (IDLs) and MutSβ appears to act preferentially towards larger IDLs (7).  The vast quantity of basepairs replicated during each round of DNA synthesis requires that the MutS family be extremely efficient in scanning and identifying mismatches (11); such specificity may require that MutS complexes recognize structural abnormalities associated with mismatches (12).

The MutL family is also present in eukaryotic MMR. In mammalian cells, three known heterodimeric complex exist: MutLα, MutLβ and MutLγ contain 1 subunit of MutL homolog (MLH) 1 and 1 subunit of PMS2, PMS1, and MLH3, respectively.  MutLα appears to be the primary MutL complex involved in MMR (See references in (7)).  Recent findings show that MLH3 from MutLγ is also active in MMR (13).  The MutLα complex interacts with MSH2 (14) and proliferating cell nuclear antigen (PCNA) (15), suggesting the formation of a ternary complex of MutSα and MutLα that signals downstream repair events.  
Unlike MMR in E. coli, the mechanism for strand discrimination has not been elucidated.  Interestingly, no homolog of MutH, which creates the strand signal needed for excision in E. coli, has been identified in eukaryotes. In vitro repair studies have successfully used DNA nicks to direct repair (16), suggesting that nicks in the post-replicated strand may play a role in directing MMR machinery. Several models of strand discrimination have been proposed in the literature, although a universally accepted model has not yet been established.

The exonucleases EXO1, as well as the proofreading activity of DNA polymerases Polδ and Polε have been implicated in excision; synthesis is carried out by the latter two proteins.  Of great importance to the MMR pathway is the multifaceted role of PCNA which appears to be involved at each step of MMR, possibly serving a scaffold for interacting components (17).   
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Figure 2.  MMR heterodimers and substrate specificities.  Interactions of MutL and MutS family proteins act on base substitutions, short (1 base) insertion/deletion loops (IDLs), and longer IDLs (2-16 nucleotide repeats).  MutLα and MutSα mediated repair is responsible for the majority of MMR activity in eukaryotes. Solid lines represent definitive interactions, dashed lines represent partial interactions.    


The recent reconstitution of eukaryotic MMR in vitro has provided insight into the essential components of MMR. MutSα or MutSβ, MutLα, RPA, EXO1, HMGB1, PCNA, RFC, polymerase δ, and ligase I are required for MMR activity. Consistent with previous studies, in vitro reconstituion shows that MutSβ acts more efficiently on long loop mismatches and does not contribute significantly to overall repair.  Interestingly, MutLα is only required for terminating excision in vitro, and repair with nicked 5’ directed substrates is proficient without MutLα. However, the requirement for the MutLα heterodimer in vivo is not disputed, and it may play a role in generating the strand discrimination signal and or in additional functions that have not been elucidated (18).  

The association of MMR with sporadic and hereditary cancers has greatly intensified research interests.  MMR genes are tumor suppressors, and deficiencies in MMR genes can produce a mutator phenotype.  Lynch syndrome (hereditary non-polyposis colorectal cancer, HNPCC) is one such hereditary cancer caused by inherited deficiencies in MMR.  Lynch syndrome is characterized by the presence of early-onset (20-40 years of age) colorectal carcinoma (19) and accounts for approximately 5-7% of the total colorectal (CRC) cancer burden. Mutations in MSH2 and MLH1 are associated with 90% of Lynch syndrome cases (20, 21).  

The study of MLH1 is especially important, as it is an essential MMR protein; some 50% of Lynch syndrome cancers harbor mutations in MLH1 (22). MLH1 is 756 amino acids in length and consists of an ATPase domain, a DNA binding domain, and a heterodimer interaction domain. Approximately 150 missense or nonsense mutations have been identified in MLH1 in various human cancers, along with over 100 deletion/insertion mutations (HGMD, online).  Several mutations in specific domains have been well established and correlated with MMR deficiency and cancer through specific pathogenic mechanisms; such studies provide a framework from which to analyze new MLH1 mutations.  Nonsense or misense mutations may destabilize MLH1, resulting in poor expression, or interfere with active sites of MLH1, resulting in inactivity.  Mutations may also confer upon MLH1 an inability to form stable heterodimers, such as with PMS2, the resultant decrease or extinction of MutLα is pathogenic. While some mutations have been clearly associated with Lynch syndrome, the mechanism of pathogenicity for many missense mutations can be difficult to predict.
In vitro studies have indicated that several mutations, including K616Δ (which results in a deletion of a lysine amino acid 616), drastically reduce the ability of MLH1 to bind PMS2 relative to wildtype protein (23), although this result is in dispute ((24), unpublished data).  Additionally, truncations in the C-terminus of MLH1 were recently shown to destabilize the MLH1/PMS2 interaction and disrupt MMR activity (25). Disruptions of the ATPase activity of MLH1, can also result in defective MMR (26).  

Regardless of mechanism, deficiency in MMR usually results in high levels of both microsatellite instability (MSI), resulting from uncorrected IDLs (1, 27, 28), and base substitution mutations, resulting from uncorrected base mismatches.  As such, MSI is a hallmark of MMR-deficient cancers such as Lynch syndrome (1-6).  Clinical diagnosis of Lynch syndrome is accomplished through the use of immunohistochemistry to detect expression of MMR proteins, and more importantly, screening for MSI. However, the detection of Lynch syndrome is complicated, in that there are typically no physical manifestations of the disease until well after carcinogensis has occurred (29).  Likewise, it is essential that MMR deficient cancers be identified early, as they may respond differently to chemotherapeutic agents (30).  Thus, the success of the aforementioned screening methods in properly identifying MMR deficient cancers such as Lynch syndrome is important.
Despite the prevalence of MSI in MMR deficient cancers, several MLH1 mutations (V716M, E578G, K618A) associated with Lynch syndrome cancers that do not display MSI have been identified ((31), personal communication); how these cancers arose in the absence of MSI and their mechanisms of pathogenicity is currently unknown and a matter of dispute in the literature ((32) and references therein). Recently, the MLH1 variant D132H, has been identified as a fourth mutation associated with Lynch syndrome without MSI (32). Among eukaryotes, the amino acid D132 is highly conserved among Mlh1 genes, suggesting an importance in MLH1 function.  Residing in the ATPase domain of MLH1, D132H may attenuate ATPase activity based on in vitro assays and modeling of the mutation on the crystal structure of MutL (32).  The existence of MLH1 mutants that appear not to cause elevated MSI is especially intriguing because of the wide use of MSI screening in detection of MMR deficient cancers. While the MLH1 variant D132H does not appear to be a prevalent MLH1 mutation in the United States (33), it accounts for a significant portion of HNPCC cases in Israeli populations, and likely others as well (32). 
The goal of this study was to examine the phenotypic effects of D132H in vivo to identify a mechanism of pathogenicity of this mutation. Several pathogenic mechanisms that account for the lack of MSI can be imagined.  First, D132H may preferentially repair IDLs, but not base/base mismatches, which would result in pathogenic base substitution mutations but not MSI; a role for the MutL family preferentially acting on different substrate types has recently been suggested (34). Alternatively, D132H may be poorly expressed in vivo through an inability to form a heterodimer with PMS2, or an inherent instability of MLH1 caused by the amino acid substitution, and this lowered expression could reduce MMR efficiency moderately such that MSI is not present at detectable levels.  Likewise, D132H may be expressed as well as wild type in vivo, but may have equally reduced repair activity on all substrates such that MSI is not detectable. Lastly, the D132H mutation may ability to trigger apoptosis in response to DNA damage or some other previously unidentified role of MMR without affecting the correction of replication errors. A modest effect on MMR activity would be consistent with the later age of cancer onset in patients with D132H.

As indicated above, evaluation of potential pathogenic mechanisms of MLH1 mutations requires analysis of a variety of MLH1 functions.  To do these functional studies, two approaches were used.  First, we transfected Mlh1 -/- mouse embryonic fibroblasts with hMLH1-D132H cDNA and isolated individual cell clones.  Expression of D132H in the clones was determined, and functional assays were performed on a single line with high expression.  Second, we transfected cells as above and pooled multiple clones, evaluating expression and functional characteristics of the mutant simultaneously.  The latter method, which has not been previously attempted, was validated by transfecting wildtype MLH1 and ensuring that MMR activity could be restored, despite chance occurance of non or low expressing subpopulations.  The pooling method was further bolstered by our observation that results from mutant studies with either approach generally agreed.  We also performed the assay on K616Δ expressing cells, for which a mechanism of pathogenicity has been proposed (23).  

In addition to cellular assays, we performed biochemical studies to determine if D132H has specificity for different substrates.  We generated cell-free protein extracts of MEFs expressing D132H or wildtype MLH1 protein and performed in vitro repair reactions (16, 35) with substrates containing a base mismatch or a dinucleotide loop-out that presumably model the replication errors leading to base substitution mutations  and MSI, respectively.  

In this study, we present results from cellular assays that indicate that D132H is on average expressed at levels similar to wildtype, is able to reduce mutation rates, and is sensitive to the DNA damaging agent 6-TG, suggesting that the D132H mutation is either not pathogenic or may confer a very modest effect on protein expression.  We also present preliminary results that D132H, at sufficient abundance, is active in vitro and repairs both base mismatch and loop substrates with the same efficiency as wildtype MLH1.  We describe the development of a novel screening assay for detection of pathogenic MLH1 mutations, and using this technique, demonstrate for the first time that poor expression of K616Δ results in deficient MMR in vivo. 

MATERIALS AND METHODS

Cell Culture


All cell culture assays in the present study were performed under a 5% CO2 atmosphere at 38ºC in sterile culture flasks (Greiner Bio-One, Longwood, Fl). Cellgro media and reagents (Mediatech Inc, Herndon, Va) were used exclusively unless otherwise specified. Generation of cell lines expressing wildtype or variant MLH1 proteins was performed via transfection of MC2A cells (see below for details), an mMLH1 -/- mouse embryonic fibroblast cell line derived previously (36).   Cells were maintained with 10% or 15% complete media (CM) (DMEM with 4.5 g/L L-glutamine, 1X non-essential amino acids, and 10% or 15% (v/v) fetal bovine serum (HyClone, Logan, UT), respectively).  Media for stable clonal lines contained 0.5 μg/mL gentamycin sulfate; media for pooled clonal lines contained 100 U/mL penicillin and 100 μg/mL streptomycin (Invitrogen, USA).  Media and buffers were sterilized with 0.22 micron vacuum filters prior to use.  Cell lines were stored in liquid N2, and all cell lines were passaged at least once prior to use in various assays.  

Expression Vectors


pCMV-Bam-Neo expression vectors, containing various hMLH1 cDNA inserts, were available in the lab and were prepared with methods similar to those described previously(25, 36). Cells transfected with vector are herein referred to as CMV.  Cells transfected with the wild-type hMLH1 cDNA are herein referred to as MLH1.  Cells transfected with the hMLH1-D132H cDNA (which results in a change of amino acid 132 from an aspartic acid to a histidine) are herein referred to as D132H.  Cells transfected with the hMLH- K616Δ cDNA (which results in a deletion of the lysine amino acid 616) are herein referred to as K616Δ.  
Functional Studies of MLH1-Expressing Clonal Cell Lines

Generation of Clonal Cell Lines


Prior to transfection, 20 μg of expression vector containing the desired MLH1 wildtype or variant cDNA was linearized with Xmn1 (Fermentas, Hanover, MD) in Y+/Tango buffer in a reaction volume of 200 μL according to manufacturers suggested protocol.  Linearized DNA was extracted via ethanol precipitation with 3M NaOAc pH 5.2, and resuspended in 20 uL TE Buffer; recovery was confirmed by analyzing a small aliquot of the final reaction on a 0.8% TAE agarose gel.  All gels performed for this study contained 0.5 μg/mL ethidium bromide (ETBR).   To generate clonal cell lines, MLH1 deficient MEF cells were transfected with linearized expression vector using a Gene Pulser Xcell electroporator (Bio-Rad, Hercules, Ca) as previously described (36). Briefly, 1x107 MC2A cells in 1mL 15% complete media were placed in a 0.4 cM gap electroporation cuvette (Bio-Rad, Hercules, Ca), mixed with digested vector DNA, and pulsed at 350 volts with a capacitance of 500 µFD for approximately 7 msec.  Following electroporation, surviving cells were immediately placed in 5 mL 37ºC 15% complete media, counted with a hemocytometer (Bright-Line 1492, Hausser Scientific Company, Horsham, PA), and plated at a density of 3x105 cells/dish in 6 150 cm2 tissue culture dishes containing 15% complete media.  Selection was achieved by supplementing the media with 400 µg/mL G-418 sulfate (Mediatech Inc, Herndon, Va) one day after transfection; cultures were refed with G-418 media approximately 5 days post transfection.  After allowing ample time for colony expansion and selection (approximately 10 days), 12 randomly selected colonies with good morphology were isolated and expanded as clonal cell lines.  They were subsequently maintained, unless otherwise noted, in 10% complete media without G-418 selection.  Freezer stocks and whole cell lysates were prepared after one round of cell passaging.  
Preparation of Whole Cell Lysates


Cells in a T75 flask at 50-80% confluency were washed with PBS (Mediatech Inc, Herndon, Va) and removed with 2 mL trypsin (0.5 g/L porcine trypsin in 137 mM NaCl, 5 mM KCl, 6 mM dextrose, 7 mM sodium bicarbonate, 0.7 mM EDTA, and 5 μM phenol red) and agitation for approximately 30 sec.  Depending on conditions and experimental needs, various aliquots of cells were passaged (usually 1:10). Remaining cells were then transferred to a 15 mL conical tube, pelleted at 1500 x g for 4 min in a 4ºC refrigerated centrifuge, resuspended in 5 mL cold PBS, pelleted, resuspended in 1 mL cold PBS, transferred to a  1.7 mL microcentrifuge tube, pelleted, and resuspended in an appropriate volume of PBS (~100 μl).  The resuspended cells were lysed by adding an equal volume of 2X lysis buffer (10 mM Tris-Cl (pH 6.8), 2% SDS, 40% glycerol, with Complete Mini EDTA-free protease inhibitor cocktail (Roche)), boiled for approximately 5 minutes, and stored at -80ºC until needed.  

SDS-PAGE and Western Blot

Protein concentrations of whole cell lysates were determined with a bicinchoninic acid assay (Pierce Biotechnology, Rockford, IL) using 1:10 diluted lysate samples according to manufactures suggested microplate assay protocol.  Data was collected on a SpectraMax UV Plate reader and analyzed with Excel software (Microsoft).   In general, protein gels were loaded with 20-30 μg total protein.  

To generate samples for SDS-PAGE and Western Blot, appropriate volumes of whole cell lysate and 2X or 6X SDS-PAGE loading buffer were mixed such that the final sample was 200mM TrisCl (pH 6.8), 400mM DTT, 8% SDS, 0.4% Bromophenol blue, and 50% glycerol; these samples were boiled at 95ºC for 5 minutes.  Samples were loaded onto 18-well Criterion 4–12%  XT Bis-Tris Gel with a broad range prestained protein standard and broad range unstained protein standard (Bio-Rad, Hercules, CA).  SDS-PAGE gels were run at 200 V for 55 min in a 1X MOPS buffer (Bio-Rad, Hercules, Ca).   Following SDS-PAGE, gels were soaked in transfer buffer (25 mM Tris, 250 mM glycine pH 7.4, 10% v/v Methanol) for 15 minutes.  Meanwhile, an Immobilon-P PVDF membrane (Millipore, Billerica, MA) was soaked in methanol for a few seconds, washed for five minutes in water, and soaked in transfer buffer for at least 10 minutes.  Transfer was performed by combining the protein gel with the membrane in a Criterion blotter (Bio-Rad, Hercules, CA) according to manufactures suggested protocol. Electrophoretic transfer of proteins to the membrane was accomplished with 100 V for 30 min or 60 min for wire or plate style transfer devices, respectively.  The Western blot (membrane) was washed for 1 hour in blocking solution (5% w/v powdered milk (7-11, Corvallis, OR) in TBST (90 mM NaCL, 1 mM KCl, 17 mM Tris, 0.1% Tween, pH 7.6)) and probed overnight at 4°C with 4 mL blocking solution containing anti-hMLH1 (51-1327 GR, BD Pharmingen, CA) and anti-mPMS2 (556415, BD Pharmingen, CA) monoclonal antibodies, both at a 1:500 dilution.  Unbound primary antibody was removed by washing blots in TBST with several changes of buffer for approximately 1 hour.  Secondary probing was performed for 1 hour in 18 mL blocking solution containing horseradish peroxidase (HRP)-conjugated goat anti-mouse IgG (Oncogene Research Products) at a 1:7,500 dilution with 1.2 μl Precision Streptactin-HRP Conjugate (Biorad Hercules, CA) added; washing, as above, was repeated.  After imaging (described below) blots were re-probed with 1:4000 diluted anti-GAPDH mouse antibody (CB1001, Calbabiochem, La Jolla, CA) and developed as described above.

Western Blot Data Acquisition and Analysis

Western blots were developed by soaking the blot in 10 mL of SuperSignal West Pico chemiluminescent agent (Pierce Biotechnology, Rockford, IL) for 3 minutes.  Images were collected by exposing the blot for approximately 45 minutes using a Chemi Genius Bio Imaging System with Gene Snap software (Synoptics LTD, Cambridge, England).  Densitometry analysis was performed with Gene Tools software (Version 3.06, Synoptics LTD, Cambridge, England).  

Measurement of Cytotoxic Response to 6-Thioguanine
Exponentially growing cell lines, derived via transfection as described above, that exhibited good morphology, expression, and stability were harvested with trypsin and counted with a hemocytometer.  Serial dilutions were made such that 300 cells in a volume of approximately 200-300 μl  could be plated into 12 P100 culture dishes containing 10 mL 15% CM.  Cells were grown overnight, and the following day the culture dishes were randomized to eliminate any bias from cell plating.  10 mM 2-amino-6-mercaptopurine (Sigma Chemical Co., St. Louis, MO) (6-TG) in 0.1 N NaOH stored at -20ºC was diluted into 15% CM to give stocks of 0 (containing no 6-TG), 1, 3, and 6 μM 6-TG.  Media from plates was aspirated and dosed with 7 mL of 6-TG containing media; 3 replicates were made for each of the four doses.  Following 24 hours exposure, plates were aspirated, washed with 5 mL PBS, refed with 15% CM, and allowed to grow until colonies were visible on the 0 dose plate (usually 8-10 days).  Colonies were fixed and stained by aspirating media and washing with 6% ethanol and 0.28% w/v methylene blue (Sigma Chemical Co., St. Louis, MO)).  Colonies of >100 cells were counted and data was expressed as % survival at varying doses of 6-TG. 
  Measurement of Forward Mutation Rate

Forward mutation rates, as described by Luria and Delbruck (37), were measured with fluctuation assays using the method of the mean (38) as previously described (39).  From a single, exponentially growing cell line, cells were harvested, counted, and diluted such that 500-1000 cells were plated into wells of a six well dish containing 1 mL 10% CM to generate 8-12 subcultures.  These subcultures were grown for 7-9 days until approximately 60% confluent, harvested with trypsin, and each was transferred to a T75 culture flask containing 15 mL 10% CM.  Flasks were grown for 2-3 days until approximately 60% confluent, harvested with trypsin, and counted.  To account for plating efficiency (average # surviving colonies/# cells plated) in analysis of mutation rates, dilutions were made such that 300 cells were plated into 2 separate P100 dishes containing 10 mL 15% CM; plating efficient plates were allowed to grow for 8-10 days, fixed and stained as above, and colonies >100 cells were counted.  To determine mutation rates, the contents of the expanded T75 flasks were divided equally and plated at a density of 0.8-1.0 x 106 cells/plate into P150 culture dishes containing 30 mL 15% CM with 1 mM ouabain (Sigma Chemical Co., St. Louis, MO), yielding 4-6 plates on average.  Cultures were refed 5 days later with 30 mL 15% CM with 1 mM ouabain.  Fixing and staining of colonies was performed approximately 12-14 days after initial plating into ouabain as described above for the cytotoxicity assay.  Mutation rates were calculated by counting the total number of ouabain resistant clones, and adjusting that number by the ratio of live colonies to plated cells from the plating efficiency measurements, which gives the number of oubain resistant colonies expected if plating efficiencies were 100%.  The adjusted number of oubain resistant colonies, along with the total number of cells plated, was entered into a custom BASIC program available in the lab and mutation rates were calculated.  The fluctuation assay was repeated twice, with 8 and 11 subcultures for the first and second repetitions, respectively.   

Immunohistochemistry

A 12 well dish with 10% CM was seeded with approximately 1 x 105 MEF cells per well and cultured overnight.  The next day, media was aspirated and cells were fixed (10% formalin in a buffered saline solution (VWR)) for approximately 10 minutes.  Endogenous peroxidases were destroyed by washing cells with 0.3% H2O2 in PBS for 10 minutes at room temperature.  Unless otherwise noted, immunohistochemistry staining was performed with reagents from the PK-6102 VECTASTAIN ABC kit for mouse IgG (Vector Labs, Burlingame, CA).  Membrane permeabilization and blocking of non-specific sites was achieved by washing cells with 1.5% normal horse serum and 0.05% Triton X-100 in PBS for 30 minutes with gentle agitation.  The blocking solution was aspirated and cells were probed overnight with primary antibody (0.5 μg/mL anti-hMLH1 (51-1327 GR, BD Pharmingen, CA), 1.5% normal horse serum, and 0.05% Triton X-100 in PBS) at 4°C.  Cells were then washed 3 times with PBS (5 min/wash), treated with secondary antibody (biotinylated horse anti-mouse IgG, from kit) diluted 1:500 in PBS for 1 hour with gentle agitation, washed as before, and bound with ABC complex for one hour according to the manufactures suggested protocol. Cells were washed as before, and developed for approximately 10 minutes with a 3,3’-diaminobenzidine/nickel solution  (SK-41000, Vector Labs, Burlingame, CA) according to the manufactures suggested protocol; the reaction was quenched by washing cells several times with PBS.  Counterstaining was performed by quickly washing cells twice with 70% ethanol, rinsing with an aqueous 0.5% w/v EosinY solution, and quickly washing with 95% ethanol twice.  In some case it was desirable to plate the cells on coverslips, which were affixed to slides by rinsing with xylene and affixing with microscopy mounting fluid. Images of stained cells were obtained with a Zeiss Axiovert 100S system and MetaMorph Imaging software (Molecular Devices Corporation, Downingtown, PA).

Functional Studies of MLH1-Expressing Pooled Cell Cultures
Pooling Assay with Wildtype MLH1: Validation of Methods
Two transfections were performed with pCMV-Bam-Neo expression vectors containing wildtype MLH1 cDNA with and without the MLH1 5’ UTR; transfections conditions were the same as described for generation of clonal lines, with some modifications.  Following transfection, cells were seeded into 10 P150 plates  per transfection, and after 14 days of growth in G-418 selection, 3 plates were selected at random. Each of the selected plates per transfection set (6 total) were individually trypsinized, and all the colonies from a single plate were pooled into 6 mL 10% CM in a 15 mL conical tube, spun at 2,000 RPM for 4 min, and resuspended in 6 mL PBS.  For each pooled culture, 4 mL of the cell suspension was made into a whole cell lysate, 1 mL was plated for immunohistochemistry analysis, and 1 mL was placed in a T75 flask with 15 mL 10% CM containing G-418; all passages from this point onward were made into T75 flasks.  Immunohistochemistry and preparation of whole cell lysates was performed as described earlier.  The passaged cells were expanded to 60-80% confluency, at which time they were passaged 1:10 into 10% CM; G-418 selection was ended at this point.  The remaining cells were made frozen in two 1 mL stocks (10% DMSO in 10% CM).  

The twice passaged cells were expanded to 60-80% confluencey as before, passaged 1:10 into 10% CM, and the remaining cells were used in a ouabain fluctuation assay as described above, with some modifications.  Cells were counted and plated directly into 5 P150 culture dishes with 1 mM ouabain in 15% CM media, with no more than 1 x 106 cells per plate; in some cases not all cells were plated.  Plating efficiencies were determined as previously described.  Mutation frequencies (number of ouabain resistant colonies/number of cells; adjusted for plating efficiencies) were subsequently determined.  

The cytotoxic response of the pooled cultures was measured as previously described, with some modifications.  Cells passaged immediately prior to ouabain plating were grown to 60-80% confluency, harvested with trypsin, and counted.   300 cells were plated into 6 P100 dishes to measure response to 6TG doses of 0, 1, and 3 μM 6-TG in duplicate.  Cells not used in the cytotoxicity assay were maintained in the exponential growth phase and passed for a total of two weeks; an additional whole cell lysate was made after this time and the culture was terminated.  
MLH1 Variant Pooling Assay 
Four transfections were performed with pCMV-Bam-Neo expression vectors containing MLH1 cDNAs for wildtype MLH1, D132H, K616Δ, and vector without cDNA insert.  Transfection conditions were the same as for generation of clonal cell lines, with some modifications.  After electroporation, the cells were placed in 15% CM in a total volume of 6 mL and gently mixed; 1 mL of the cell suspension was added to each of 6 plates containing 25 mL 15% CM.  G-418 containing media was added as previously described.  Cells were allowed to grow grown for approximately 12 days, at which time colonies were semi-dense, but not peeling from the plate.  All of the colonies from a single plate were pooled with trypsin, and the resulting cells were pelleted and gently resuspended in 5 mL 15% CM with G-418, which was then transferred to a T25 flask (Passage 1).  Cells were grown until approximately 60% confluent (which usually took 1-2 days) and the entire flask was harvested and transferred to a T75 flask containing 15 mL 15% CM with G-418 (Passage 2).  By this time the cells were usually well dispersed, with few dense patches from the original colony remaining.  Due to the relatively short timespan of this assay, G-418 selection was maintained in all passages of cells; however, selection was not maintained in populations removed to perform functional assays (i.e. ouabain and 6-TG).  

T75 flasks containing twice passaged cells were grown to 60-80% confluency, harvested, and passaged 1:10 (Passage 3).  Remaining cells were counted and plated into ouabain as described for the previous pooling assay; plating efficiency plates were also seeded at this time.  

T75 flasks containing thrice passaged cells were grown to 60-80% confluency, harversted, and passaged 1:10 (Passage 4).  Remaining cells were counted and plated into 6-TG as previously described, with some modifications.  4 plates per transfection were seeded with 300 cells/plate and grown overnight.  Plates were randomized, and doses of 0 and 1 μM 6-TG were analyzed in duplicate.  

When the fourth passage of cells had reached 60-80% confluency, cells were harvested, counted, and passaged 1:10 (Passage 5).  Remaining cells were counted, and 100,000 cells per cell line were plated for immunohistochemistry as described earlier.  The number of remaining cells was determined, and a whole cell lysate was made as before, with an approximate density of 1x104 cells/uL lysate (which, on average, produced a lysate with a final protein concentration of 2 mg/ml).  Western blotting was performed as previously described. Statistical analyses were performed with GraphPad Prism version 4.00 (Windows, GraphPad Software, San Diego California USA).

In Vitro Repair Reactions
Substrate Preparation

Plasmid substrates containing either a synthetic G/T mismatch or CT-loop were constructed as previously described (40), with minor modifications (Figure 3A).  A summary of the protocol is as follows: the pRO1 plasmid (Figure 3B) was treated with a nicking enzyme that recognized two sequence sites approximately 30 basepairs apart on the same strand. The plasmid was then denatured with heat in the presence of an oligo complementary to the gap sequence to remove the single strand between nicks, thus creating a gap.  A non-native oligo was ligated into the gap such that the resultant substrate contained a synthetic mismatch at a unique diagnostic restriction endonuclease site, thus interfering with recognition of the restriction site.  The final substrate (Figure 3C) contained a single nick approximately 130 basepairs 3’ of the mismatch in order to initiate MMR-dependent excision. 
Figure 3.  MMR substrate preparation.  (A) Diagram of MMR substrate preparation and purification steps.  (B) pRO1 plasmid map.  
Given the time spent on generating the mismatch substrates, a more detailed account of the preparation is provided below.  The plasmid pRO1 (Figure 3B) was obtained from the laboratory of Dr. John B. Hays in the Department of Environmental and Molecular Toxicology, Oregon State University.  The plasmid was transformed into competent E. coli cells on LB-agar plates with ampicillin, grown overnight at 38ºC, and the following day 12 isolated colonies were selected and grown overnight in cultures containing 2 mL LB growth medium with 100 µg/mL ampicillin.  Plasmids from each of the cultures were obtained using a Qiagen spin column mini kit, and analyzed on a 0.8% agarose TAE gel to access for the presence of impurities, anomalous DNA, and concatomers.  The preparation with the least amount of nicked or concatomer plasmid was inoculated into 2 liters of LB with 100 µg/mL ampicillin, grown overnight, and pRO1 was purified with a QIAGEN Plasmid Mega Kit according to manufacturer’s instructions.

The purified pRO1 plasmid was concentrated with a Centricon YM-100 (Millipore, Billerica, MA).  400 μg of the plasmid was nicked with 1200 units of N.BstNB I (New England Biolabs, Ipswich, MA) in a 1.5 mL reaction with 1X NEB Buffer #3 for 4 hours at 55ºC.  The enzyme was then heat inactivated at 80ºC for 20 minutes and washed by bringing the total volume to 2.5 mL with water in a centricon YM-100 and concentrating the volume to approximately 300 μL by spinning at 300 x g; the wash process was then repeated.  Following washing, the nicking reaction, enzyme inactivation, and washing was repeated.  The 32 basepair sequence located between the two newly created nicks was removed by combining the nicked plasmid (~300 picomoles) with a 75 molar excess of complementary oligo (5’- GAG CGA CTC GTT AAC TAA GCC TCG AGG TGA AT – 3’; MWG-Biotech, High Point, NC) in a reaction volume of 15 mL.  The reaction was heated at 85 ºC for 15 min, slowly cooled to room temperature, and concentrated using a Centricon YM-100 filter at 300 x g until the final volume was ~2 mL.  A diagnostic ligation (1 μg gapped plasmid, 1 μL HC T4 ligase (Invitrogen, USA), 1 μL 100 mM ATP, and 20 uL T4 5X reaction buffer (Invitrogen, USA) in a 100 μL volume) was performed overnight at 16ºC and analyzed on a 1.0% agarose TAE gel to confirm the purity of the gapped plasmid.  

The gapped plasmids were converted to mismatch substrates by ligating an oligo with a non-native sequence into the gap.  Gapped plasmid containing <1.0% contamination as determined by analytical gel electrophoresis was utilized for further preparation. To create a G/T mismatch substrate (underlined bold), the following oligo was ligated into the gap (5’ – ATT CAC CTC GGG GCT TAG TTA ACG AGT CGC TC -3’; MWG-Biotech, High Point, NC).  To create a CT loop substrate (underlined bold), the following oligo was placed into the gap (5’ – ATT CAC CTC CTG AGG CTT AGT TAA CGA GTC GCT C– 3’; MWG-Biotech, High Point, NC).  All mismatch oligos were HPLC purified and synthesized with a 5’ phosphate.  To test whether ligation of the mismatch oligo would be possible, approximately 1.5 μg of gapped plasmid was combined with 1000 picomoles of mismatch generating oligo and 20 μL of 5X T4 ligase buffer (Invitrogen, USA) in a reaction volume of 100 μL, heated to 85ºC for 10 minutes, and cooled to room temperature.  1 U of T4 ligase (Invitrogen, USA) and ATP to a final concentration of 1 mM were added. The reaction was incubated at 16ºC for 2 hours.  The ligation reaction was analyzed on a 1.0% agarose TAE gel; a ligation efficiency (as noted by the presence of a closed circle band of DNA that is the mismatch substrate) of approximately 50% was considered successful.   A larger scale reaction (50 μg gapped plasmid, 200 μL 100 picomole/μL mismatch oligo, 300 μL 5X T4 ligase buffer (Invitrogen, USA) in a total volume of 1.5 mL) was heated and annealed as before; 20 U of T4 ligase (Invitrogen, USA), and ATP to a final concentration of 1 mM were added. The large scale reaction was incubated at 16ºC overnight.  DNA was precipitated with ethanol and resuspended in 1 mL TE buffer.   

To separate the mismatch substrate from gapped plasmid, cesium chloride banding was utilized.  1 g of cesium chloride was dissolved in 1 mL of a solution containing the mismatch substrate and non-ligated gap.  A solution of 0.5 mL (10 mg/ml) ethidium bromide was added to the cesium chloride/DNA solution and mixed well.  The solution was transferred to a tube suitable for a Beckmen Ti-65 rotor, heat sealed, and centrifuged under vacuum for 60,000 x g for 18.5 hours at 4ºC in a Beckman ultracentrifuge.  Two bands (upper: gapped substrate, lower: supercoiled mismatch substrate) were visualized with a portable long-wave UV lamp and the upper band was removed with a #21 hypodermic needle.  DNA was extracted by adding an equal volume of water saturated n-butanol to the cesium chloride solution, mixing, centrifuging at 1500 x g for 3 minutes, and isolating the aqueous phase which contained the mismatch substrate; the extraction process was repeated until the solution became clear (4-6 times), indicating that all ethidium bromide had been removed.  The extracted DNA solution was dialyzed against several changes of TE pH 8.0 buffer at 4ºC and concentrated with a centricon YM-100 as described above. Purity of the substrate was determined with analytical gel electrophoresis (Figure 9A).  

To generate the final substrate, a single site-specific nick was introduced 3’ to the mismatch by incubating the recovered mismatch substrate (~25 μg) with 500 U N.Bbvc IB (New England Biolabs, Ipswich, MA) at 37ºC for 2 hours; dialysis was performed overnight against several changes of TE buffer pH 8.0 and concentrated with a centricon YM-100 to give a final substrate concentration of 33 ng/μL.  

Cytoplasmic Extracts

Cytoplasmic extracts (35) containing wildtype or mutant MLH1 protein were prepared from transfected MEF cultures as follows.  Cells were harvested from  20 T150 flasks with cells at 80% confluency and diluted 1:2 into 40 P150 culture dishes and grown overnight until cells were near confluent.  Cells were harvested with trypsin, pelleted by centrifugation (2,000 x g, 4 min) at 4ºC, and resuspended in 50 mL cold PBS.  A cell count was performed at this time.  Cells were pelleted as before, resuspended in 50 mL cold isotonic buffer (20 mM Hepes pH 7.9, 1.5 mM MgCl​2, ​​5 mM KCl, 250 mM sucrose) with 1 mM dithiothreitol (DTT), pelleted again, resuspended in 50 mL hypotonic buffer (20 mM Hepes pH 7.9, 1.5 mM MgCl​2, ​​5 mM KCl) with 1 mM DTT, and pelleted as before.   Cells were resuspended in hypotonic buffer with 1 mM DTT and 0.5 mM phenylmethylsulfonyl fluoride (PMSF) at a density of 1.5 x 108 cells/mL and transferred to a dounce homogenizer.  Cells were incubated on ice for 15 min, where they became swollen, lysed with a tight fitting pestle B for 10 strokes and incubated on ice for an additional 30 minutes.  The cytoplasmic extract was made by centrifuging the lysed cell solution at 2,000 x g for 10 minutes at 4ºC, centrifuging the supernatant for 10 minutes at 20,000 x g at 4ºC, and snap freezing the resultant supernatant in 50 μL aliquots with liquid nitrogen; the cytoplasmic extracts were stored at -80ºC until needed.  When aliquots were removed for use, they were spun at 20,000 x g for 4 minutes at 4ºC to remove any remaining insoluble debris.  Protein concentrations were determined with a BCA assay as described above.  
Repair Reactions

Repair reactions were performed to measure repair activity of MLH1 proteins, and have been described previously (26). A repair reaction contained 100 ng of the mismatch substrate, 100 μg cytoplasmic extract, and reaction buffer (20 mM Tris, pH 7.5, 5 mM MgCl2, 0.1 mM dNTPs, 4 mM ATP, 50 μg/mL bovine serum albumin, 1 mM glutathione, 50 mM KCl) in a total volume of 20 μL.  Reactions were incubated at 37ºC for 15 minutes, stopped by adding 60 μL buffer (1.2% SDS, 25 mM EDTA) and heating at 65ºC for 10 minutes.  1 μL Proteinase K (10 mg/mL, Fermentas, USA) was added to the reaction, which was incubated for an additional 15 min at 37ºC.  DNA was isolated with two phenol/ chloroform extractions using Phase Lock Gel (Eppendorf) and ethanol precipitation; it was important to resuspend the reaction in an aqueous buffer that did not contain BSA. 

The isolated DNA from a repair reaction was digested with 5 U each of Xho I and Pvu I with reaction buffer R (Invitrogen, USA) in a volume of 20 uL at 37ºC for 1.5 hours.  Reactions were analyzed with 1.0% agarose TAE gels run at 150 V for 30 minutes, stained in a dilute ETBR solution for 30 minutes, and washed in water for an additional 30 minutes. Unrepaired substrates were a single linear fragment that appeared at ~2.1 kb; repaired substrates were two linear fragments appearing at 1.5 and 0.6 kb.  The gel was imaged with a Chemi Genius Bio Imaging System with Gene Snap software (Synoptics LTD, Cambridge, England).  Densitometry analysis was performed with Gene Tools software (Version 3.06, Synoptics LTD, Cambridge, England).  Repair efficiency (% repaired substrate) was determined by dividing the sum of the band intensities of the 1.5 and 0.6 kb fragments by the intensities of all three bands (2.1, 1.5, and 0.6 kb).  
RESULTS

Functional Analyses of the MLH1 Mutant D132H in a Clonal Cell Line

We sought to characterize the MLH1 D132H variant to identify a mechanism by which Lynch syndrome cancers with this mutation might arise in the absence of MSI.  We hypothesized that evaluation of the phenotype associated with D132H, through measurement of mutation frequency by resistance to ouabain, response to cytotoxic agents, protein expression, and ability to stabilize PMS2 abudance, may help explain this peculiar absence of MSI in D132H.  Initially, we performed functional assays with Mlh1 -/- mouse embryonic fibroblasts transfected with a hMlh1 cDNA engineered to express a MLH1 containing the D132H mutation (36).  

Following transfection and selection, isolated colonies were evaluated for MLH1 expression by western blot.  Among 12 isolated colonies, expression of the mutant protein was generally lower relative to clones expressing the wildtype MLH1 cDNA from a previous transfection (data not shown).  The cell line expressing D132H at the highest level (D132H-8) was selected and expanded for functional assays.  D132H-8 cells expressed less than two control wildtype MLH1-expressing cell lines prepared at an earlier date, although D132H expressing did appear to increase the steady state level of PMS2  (Figure 3A). D132H was evenly expressed and nuclear in the population of cells analyzed (Figure 3B) as assessed by immunohistochemistry staining of fixed cells. Expression of D132H also significantly increased the sensitivity of cells to 6-TG, similar to the response seen with wildtype MLH1-expressing cells (Figure 4C).  
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Figure 4.  D132H expression and sensitivity to 6-TG exposure.  (A) Western blot analysis of MLH1 and PMS2 expression from various transfected cell lines; 20 μg of protein was loaded per sample.  MC2A is an mMlh1-/- cell line; M2 and M13 are mMlh1 -/- cell lines transfected with hMLH1 cDNA.  (B) Immunohisto-chemistry of D132H-8 cells (C)  Cytotoxic response of transfected cell lines after 24 hour exposure to varying doses of 6-Thioguanine. MC2A ((), D132H-8 ((), M2 (▲), and M13 (▼); vertical error bars were excluded for clarity and did not exceed a half-log range.  



 The forward mutation rate to ouabain-resistance (41) of D132H-expressing expressing cells was determined by fluctuation assay (25, 36). Two separate assays on D132H-8 cells at approximately the same number of passages post transfection were performed.  The calculated mutation rates from both assays were averaged, and presented in Table 2.  Expression of D132H in Mlh1 -/ - MEFs reduced mutation rates to levels similar to those observed previously for MEFs expressing wildtype MLH1 (36).  As mutation to ouabain resistance generally requires base substitutions, these data suggest that D132H is proficient in the repair of base/base mismatches.  
Table 1.  Expression of D132H reduces mutation rates in MLH1-deficient MEFs

             Cell line



Base substitution mutation rate (X 10-7) A

Wildtype B





< 2


mMlh1 -/- + vector C




60


mMlh1 -/- + hMLH1 C



         
< 1 – 2


mMlh1 -/- + hMLH1 D132H D


  < 1 

A Mutation rates (mutations/cell/generation) were calculated as described in materials and methods (39).
B Rates calculated previously (39).
C Rates calculated previously (36).

D Mutation rate represents the combined results of two separate measurements of the D132H-8 cell line.



Overall, D132H appeared to act similar to wildtype MLH1 in a variety of functional assays.  When expressed at levels comparable to (although slightly less than) wildtype MLH1 in Mlh1 deficient MEFs, D132H was able to increase PMS2 abundance, reduce mutation rates, and restore the MMR dependent cytotoxic response to 6-TG.  Together, these results suggest that D132H does not dramatically interfere with MLH1 functions. However, the difficulty in obtaining multiple clones with high D312H expression suggested that the D132H mutation may have an on affect MLH1 protein stability.    

Restoration of MMR Activity in Pooled Cell Lines Expressing hMLH1

The length amount of time associated with selecting and evaluating clonal lines, as well as the limited number of lines that can be simultaneously evaluated due to logistical considerations, provided the motivation to develop a new method for evaluating MLH1 mutants.  In the approach developed, stable transfections were performed as previously described (36), but rather than selecting individual colonies for functional assays, a large number of G-418 resistant colonies (approximately 30-50, of which a significant majority presumably express MLH1) were pooled together for further experiments. In several previous transfections with wildtype MLH1, significant expression was detected in ≥90% of analyzed clones ((36), data not shown). We hypothesized that this approach, using the wildtype Mlh1 cDNA would result in a restoration of MMR activity in pooled cultures, despite the inevitable presence of non-expressing subpopulations.  
We first attempted this approach using transfections of wildtype Mlh1 cDNA with and without the 5’ untranslated region (UTR) to determine if the 5’ UTR plays a role in stabilizing MLH1 expresison levels, as was suggested by some preliminary data (data not shown). Whole cell lysates made at the time of pooling and approximately 20 days after pooling showed no difference in average expression between MLH1 in cell lines with or without the 5’ UTR (Figure 5A).  In fact, expression was generally slightly increased over the course of the experiment.  The decrease in expression was correlated with a loss of MMR activity in various functional assays (see below, Figure 6, Table 2).  To analyze the variation in expression of MLH1 in individual cells in the pooled cultures, IHC was performed.  As expected, there were distinct subpopulations of cells with high, medium and low MLH1 expression; however, most cells appeared to express wildtype MLH1.  A representative IHC image is shown in Figure 4B. In one pooled culture (hMLH1 + 5’ UTR #1), there was a significant decrease in MLH1 expression during the 20 days of growth throughout the population, suggesting that with the pooling approach such populations will arise occasionally. The loss of expressing in hMLH1 + 5’ UTR #1 was confirmed by IHC (not shown)
<<,
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Figure 5.  MLH1 expression in cell lines generated by pooling colonies from a stable transfection of hMLH1 into mMlh1 -/- MEFs.  (A) Results are from two transfections with hMLH1 cDNA, one with and one without the 5’ UTR; for each transfection set, colonies from three P150 culture dishes were pooled into independent cultures.  Lysates were made at the time of pooling (T=0) and at the end of the assay (T=20). Protein gels were loaded with 20 μg of protein (note: the T=0 -5’ UTR #3 sample contains 10 μg protein). (B) A representative MLH1 immunohisochemistry image of the -5’ UTR cell line. H, high expressing cell; M, medium expressing cell; L, minimal or non expressing cell.  


We measured the response to 6-TG for each of the pooled cell lines to determine if the pooling approach with wildtype MLH1 restores sensitivity to cytotoxic agents similar to stably-expressing clonal lines.  Cells were exposed to varying doses of 6TG for 24 hours and surviving cells, were allowed to expand to visible colonies.  Despite the variable expression of MLH1 throughout the cell population (Figure 4B), a strong response to 6TG was observed at 1 μM 6-TG in most of the pooled cultures (Figure 5); in the +5’ UTR #1 cell line, which had low expression (Figure 4A) and variable MLH1 expression throughout the population (data not shown), the cytotoxic response was similar to that of the Mlh1 -/- parent cells (MC2A) (data not shown).  
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Figure 6.  The MMR dependent response to the cytotoxic agent 6TG is restored in cell lines generated by pooling colonies of Mlh1 -/- MEFs transfected with hMLH1 cDNA.  Cytotoxic response to 6TG was measured in duplicate (a,b) in each of the 6 MLH1-expressing cell cultures generated by colony pooling (3 with the 5’ UTR and 3 without the 5’ UTR) at doses of 0, 1, and 3 μM 6-TG.



To determine if expression of wildtype MLH1 in pooled cultures would reduce base substitution mutation rates, forward mutation assays (resistance to ouabain) were performed.  Cells from an 80% confluent T75 flask (passage 3) were plated directly into ouabain without prior subdivision as in a fluctuation assay.  We reasoned that growth of the culture from initial G-418-resistant to the expansion following pooling would approximate the initial growth period in a fluctuation assay. Calculation of mutation rates did not seem appropriate, given the variable expressivity of the population; however, mutant frequencies were calculated to estimate the phenotypic effects of MLH1 expression (Table 2).  On average, mutant frequencies were much lower than expected for MLH1 deficient cell lines (on average ~100 x 10-7).  A high mutation frequency observed in a one of the cultures (+5’ UTR #1 ) was consistent with low overall expression of MLH1 in the cell population. Together, the data indicate the expression of MLH1 in pooled cultures is generally high enough in a sufficient percentage of the population for the culture to phenotypically behave as MMR-proficient.  Thus, this approach should allow for evaluation of phenotypic consequences of MLH1 mutations.
Table 2.  Spontaneous ouabainR mutant frequencies in cell cultures generated by pooling colonies of Mlh1 -/- MEFs transfected with hMLH1 cDNA

             Cell line


    

Mutant Frequency (X 10-7) A

Mlh1 -/- + hMLH1 + 5’ UTR   


 
1

183 B






2

4



3
6


Mlh1 -/- + hMLH1 - 5’ UTR  
 


 
1

2




2

3



3
18

A Mutant frequencies were calculated by dividing the number of ouabain resistant mutant colonies by the adjusted number of cells plated as determined by plating efficiency measurements.  
B As noted in Figure 4, this cell line contained an abnormally large population of non MLH1 expressing cells.
Functional Analyses of the MLH1 Mutants D132H and K616Δ in Pooled Cultures

The pathogenicity and mechanism of pathogenicity of the MLH1 mutants D132H and K616Δ is unknown or in dispute.  To identify the pathogenic mechanism of these two MLH1 mutants, we performed stable transfections and pooling assays with hMLH1 cDNAs engineered to express the two mutants.  In addition, we included  positive and negative controls of wildtype hMLH1 cDNA and vector without cDNA (CMV), respectively. Cells transfected with each expression vector (MLH1, D132H, K616Δ, CMV) were plated on 6 P150s, selected with G-418, and surviving colonies were pooled into 6 independent cultures for functional assays as described in the previous section.  The transfections and functional assays were performed twice, generating a total of 12 pooled cell lines for each of the expression vectors analyzed.
To determine the effects of the K616Δ and D132H mutations on MLH1 expression and their ability to stabilize PMS2 levels, whole cell lysates were generated from each of the pooled cultures and expression of MLH1 and PMS2 was analyzed by quantitative western blotting (Figure 7).  Unpaired, two tailed t-tests were used to evaluate differences in average expression; curve fitting was used to evaluate the ability of the MLH1 mutants to rescue PMS2 abundance (Prism 4.00, Graphpad Software).

The difference in average expression of D132H relative to wildtype MLH1 was not significant (P=0.168); however, expression of K616Δ was significantly decreased (P<0.0001) relative to wildtype.  No MLH1 expression was detected in CMV cultures (data not shown).  In wildtype MLH1 expressing cells (Figure 7C, □, solid curve), PMS2 abundance was increased with MLH1 as expected.  A similar pattern was seen for D132H (Figure 7C, (, dashed line); although levels of D132H were not sufficient to observe an inflection point in the curve of PMS2 expression.  We were unable to evaluate whether expression of K616Δ (Figure 7C, ▲, solid line) could stabilize levels of PMS2, due to the low expression of K616Δ in the pooled cultures.

IHC for MLH1 was also performed for each of the cell cultures analyzed.  Images from representative cultures are shown in Figure 8.  Consistent with western blot results, MLH1 expression was not detected in CMV (vector only-transfected) cultures (upper left).  MLH1 Expression was consistently high throughout MLH1 cultures (upper right), and D132H cultures had a pattern of expression similar to MLH1 cultures (lower left). MLH1 was poorly expressed in all 12 of the K616Δ pooled cultures (lower right).  
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Figure 7.  In vivo expression of the MLH1 variants D132H and K616Δ in transfected Mlh1 -/- MEFs.  (A) Western blot of 25 μg of whole cells lysate (WCL) from 12 pooled transfection cultures expressing wildtype MLH1 (□), D132H ((), or K616Δ(▲); standard curves were created by diluting a whole cell lysate containing wildtype MLH1 cells, of which the concentrations of MLH1 and PMS2 had been previously determined.  GAPDH was used to confirm to even protein loading (B) Plot showing the abundance of MLH1 from 12 pooled transfections in femtomoles/μg of protein lysate; averages are shown as horizontal bars. Values represent averages obtained from two western blot experiments with the same lysates. (C) Plot of MLH1 abundance versus PMS2 abundance in WCL from pooled transfections.  
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Figure 8.  Immunohistochemistry staining of representative pooled cell lines with hMLH1 antibody.  CMV1 (vector only transfected), upper left; MLH1-6, upper right; D132H-2, lower left; and K616Δ-6 cells, lower right.  



To determine the ability of the MLH1 variants D132H and K616Δ to function in MMR-dependent error correction in vivo, mutant frequencies, as determined by resistance to ouabain, were measured (Figure 9A). Qualitative comparisons of mutant frequencies for each of the expression vectors analyzed were performed to asses the phenotypic consequences of the various MLH1 mutants analyzed.  For wildtype-MLH1 and CMV controls, mutant frequencies in wildtype-MLH1 cultures were generally lower, certainly on average, but there is an overlap.  Wildtype-MLH1 frequencies appeared higher than expected from fluctuation assays with stable lines, consistent with some non-expressing cells in the population.  In D132H cultures, mutation frequencies were also lower, on average, than CMV; the two D132H cultures with higher frequencies were from cultures with lower expression.  Consistent with results obtained from analysis of the clonal D132H-8 line, D132H, with sufficient expression, was able to suppress mutant accumulation, indicating that it is active in MMR.  Mutant frequencies of K616Δ cultures were similar to CMV, which was consistent with the very low expression in cultures.  
Response to 6-TG for 6 cultures each was measured at a 1 μM (Figure 9B), as this dose produced a significant response in wildtype cells in initial assays (Figure 6).  As expected, MLH1 deficient MEFs were not sensitive to 6-TG, while cells transfected with wildtype MLH1 were highly sensitive.  Generally, expression of D132H restored the MMR dependent cytotoxic response in transfected MLH1 deficient MEFs (one data point with ~100% survival contained a large population of non-expressing cells at the time of the assay).  K616Δ cell lines, which had an extremely low average abundance of MLH1 (Fig 5B) exhibited a poor response to 6TG exposure, similar to CMV.   


    
Figure 9.  Phenotypic consequences of D132H and K616Δ expression in mMlh1 -/- MEFs.  (A)  Mutant frequencies (number of ouabain resistant colonies (OR)/number of live cells) were determined from 12 pooled transfection sets for CMV vector (♦), wildtype MLH1 (□), D132H ((), and K616Δ (▲).  (B) Cytotoxic response of 6  pooled transfection sets for CMV vector (♦), wildtype MLH1 (□), D132H ((), and K616Δ (▲) after 24 hour exposure to 1 μM 6-TG. Averages are represented by horizontal bars.

These results suggest that K616Δ is poorly expressed in cells, and that this poor expression results in a phenotype consistent with MMR deficiency.  Conversely, average expression of D132H was slightly, but not significantly, reduced.  Functional assays indicated that D132H stabilized PMS2 as well as wildtype MLH1, reduced ouabainR mutant frequencies relative to MLH1 deficient controls, and increased sensitivity to the cytotoxic agent 6-TG, all of which are consistent with proficient MMR activity.

In vitro repair activity of D132H


Functional analyses of the MLH1 variant D132H did not uncover a mechanism to explain its role in causing Lynch syndrome. We hypothesized that D132H might have a previously unidentified role in substrate specificity. To test this hypothesis, we created cytoplasmic extracts from wildtype MLH1 and D132H expressing cells (MLH1- 5’ UTR #3 and the clonal D132H-8 line, respectively) and performed in vitro repair reactions (Figure 10A) with mismatch containing substrates (Figure 11B).  Plasmid substrates containing a G/T base mismatch, modeling a replication error that would generate a base substitution, or a CT loop, modeling a replication error that would generate an insertion or deletion similar to microsatellite instability (Figure 10B), were created and their purity were determined by agarose gel electrophoresis (Figure 11A).  Repair reactions were incubated for 15 minutes to allow saturation of activity, and results were analyzed by analytical gel electrophoresis (Figure 11C).  Repair was ~10% in all reactions, and D132H did not appear to discriminate between base mismatch and loop substrates.  Repair activity was not observed in reactions lacking MLH1 protein (data not shown).  While these results are preliminary, and do not exclude the possibility that D132H may alter the kinetics of repair at earlier time points or act differently in vivo, they suggest that the absence of MSI in cases of Lynch syndrome is not due to a differential specificity of D132H towards mismatch substrates.  
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Figure 10.  In vitro mismatch repair assay.  (A) Steps of the in vitro mismatch repair reaction.  (B) Sequence of the G/T and CT-Loop mismatch substrates (mismatch is underlined).  Successful repair of either substrate results in the restoration of the recognition sequence for Xho1.   
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Figure 11.  The MLH1 D132H variant has repair activity similar to wildtype.  (A) 1 – supercoiled (SC) plasmid. 2 – Xho1/Pvu1 restriction digestion.  3 – N.BbvC 1B nicking digestion.  G/T and CT loop mismatch substrates had no visible contamination.  (B) Schematic diagram of the mismatch substrate.  Repair associated excision is initiated from the 3’ nick in the indicated direction.  The mismatch destroys the Xho1 recognition site; unrepaired substrates become single linear fragments at 2.1 Kb in a Xho1/Pvu1 digest; successful repair results in restoration of the Xho1 site and 2 linear fragments (1.5, 0.6 Kb) in a Xho1/Pvu1 digest.  (C) Repair reactions containing approximately equivalent concentrations of MLH1 or D132H (data not shown) were carried out for 15 min to saturate repair activity.  


DISCUSSION

DNA mismatch repair (MMR) is an evolutionary conserved process that functions to maintain genomic integrity by correcting mismatches that have escaped proofreading during replicative DNA synthesis. Several additional functions, such as cell cycle checkpoint regulation and apoptosis signaling also have been attributed to MMR.  MMR deficiency has been implicated in sporadic and hereditary cancers, greatly intensifying research of MMR in the past decade.  One such hereditary cancer that has been identified and studied is Lynch syndrome (hereditary non-polyposis colorectal cancer), which accounts for approximately 5% of all colorectal cancers.  Approximately 90% of all Lynch syndrome cases can be attributed to mutations in two MMR genes, Msh2 and Mlh1 (20, 42).  Research in the Buermeyer lab is focused on MLH1, in which over 150 germline mutations have been identified in humans.  While many of the mutations of MLH1 have been linked Lynch syndrome as discussed above, the pathogenicity and pathogenic mechanisms of these mutations are unknown or in dispute.  Determination of these mechanisms may aid in the development of new screening and treatment strategies.

Detection of MMR deficient cancers is especially important, as they may respond adversely to chemotherapeutic treatment strategies.  The symptoms of Lynch syndrome are often not detected until late in carcinogenesis, making early detection important.  Two common screening methods are currently used to detect MMR deficient cancers.  IHC analysis makes use of the fact the MMR deficient cancers can show a loss of expression of certain MMR proteins, commonly MLH1 or MHS2.  The inability of MMR deficient cancers to repair IDLs often leads to MSI, a hallmark of such cancers, thus making MSI detection a very useful screening tool.  One can easily imagine the consequences of mutations in MMR genes that confer increased cancer risk but are not detectable by either of these two common screening methods.   Indeed, four such MLH1 mutants (E578G, K618A, V716M, and D132H) have been identified in cases of HNPCC that do not have the levels of MSI typically associated with Lynch syndrome; how this occurs is currently unknown and is a matter of dispute. 
For the present study, we were interested in the understanding the pathogenic mechanism of D132H, as it is located in a different region of the MLH1 protein from the other three mutations and may represent a new class of previously unidentified MLH1 mutation.  Two general possibilities for how D132H may confer an increased cancer risk were imagined.  First, the mutation may reduce the expression of the protein and thus limit the amount of MutLα available in vivo.  Second, the mutation may not be proficient in one or more MMR functions, such as reducing mutation rate or inducing apoptosis in response to DNA damaging cytotoxic agents. Initially, we used a stable transfection approach as described in (36) to perform functional assays on MEFs expressing D132H.  Difficulty in obtaining a clonal line expressing high levels of D132H hinted that protein expression may be affected by the mutation.  However, two determinations of forward mutation rate of cells with the best expression of D132H indicated that D132H was able to reduce base substitution mutation rates as well wildtype MLH1.  Further, these cells were sensitive to the cytotoxic agent 6-TG, suggesting that D132H is proficient in inducing apoptosis similar to wildtype.   
Feeling that analysis of only one cell line would be insufficient to establish a mechanism to explain the pathogenicity of D132H, and hindered by the length of time to complete the required experiments, we developed a new assay, based on the methods described in (36), in order to quickly sample a larger data set.  In this assay, a large number of transfected colonies were pooled into cultures and a variety of functional assays were subsequently performed within a 4 week time course.  Results from the functional assays on pooled cultures with wildtype MLH1 indicated that MMR activity could be restored in pooled cultured of MLH1 expressing cells, despite the presence of subpopulations that do not express MLH1.  Analysis of the results of pooled cultures (wildtype and mutant MLH1) should consist of two stages.  First, average expression of the protein should be indicative of stability of the protein in vivo.  Conveniently, the variation of expression in different cultures should also allow for evaluation of MLH1 variants to stabilize PMS2.  The second stage of analysis pertains to functional assays.  The phenotypic consequences of an MLH1 mutant can be observed by observing both average effects in all of the pooled cultures.  Alternatively, the results from a single pooled culture with a desired level of MLH1 expression can be dissected from amongst the data to evaluate specific effects of the mutant.  Thus, the occurrence of pooled cultures that, for some reason, have a large population of non expressing cells, are not problematic and indeed, may provide insight into the nature of the pathogenic mechanism of a mutant.  The short time course of this approach, as compared to the time needed for isolation and analysis of clonal lines as in (36), allows for quick and effective analysis of a variety of candidate pathogenic mechanisms.  

Having developed an assay that appeared to quickly and accurately provide information on a variety of potential pathogenic mechanisms, we analyzed the phenotypic consequences of D132H expression in vivo using positive (wildtype MLH1) and negative (vector only) controls.  Assays were also performed for the mutant K616Δ, for which a pathogenic mechanism has been proposed (23), and the results of these experiments are discussed later.  For D132H, our results indicated that on average, expression of D132H was slightly but not significantly, decreased; failure to detect a difference may have been due to the limited number of sample sets or, more likely, that the D132H mutation does not significantly affect protein expression.  Previous work in the Buermeyer lab using transient transfections with D132H also indicate that the mutant is well expressed and is able to stabilize PMS2 (unpublished data); measurements of PMS2 and MLH1 abundance in our assay suggested a similar proficiency of D132H in PMS2 stabilization.  These results are consistent with the mutation not affecting the primary heterodimer interaction domain (amino acids 506-756). Functional assays on pooled cell cultures expressing D132H indicate that the mutant is able to restore MMR activity to levels similar to wildtype MLH1.  This was consistent with our results from functional analyses of a stable clonal line expressing D132H.  We did not measure levels of MSI, although such measurements may provide information as to the frequency at which MSI occurs in D132H-expressing cells. 
Having shown that D132H was not deficient in MMR activity by the limits of our detection, we attempted to identify a biochemical pathway to explain the curious presence of Lynch syndrome cancers that do not give rise to MSI.  We hypothesized that D132H may alter a previously unidentified role of MLH1 in substrate discrimination.  Our hypothesis was further strengthened by the recent findings in yeast, identifying two mutations in PMS1 (PMS2 in mammals) that preferentially interfere with the repair of primer strand loops, but not base mismatches, during DNA replication (34), which suggests that MutLα may play a role in substrate specificities in MMR.  Using synthetic substrates modeling mismatches that lead to base substitution mutations or MSI, we performed in vitro repair assays.  While our preliminary results, do not take into account time courses or potential effects of MLH1 abundance, they suggest that D132H does not discriminate between different mutations and results in repair of both substrate types with equal efficiency.  
These results disagree somewhat with those of a previous study performed by Lipkin, et. al (32) who reported that the ATPase activity of D132H, as determined by an in vitro GST fusion protein assay, is attenuated.  Given the important role of the ATPase activities in MLH1, and the fact that mutations affecting the ATPase activity result in decreased repair efficiency and thus higher mutation rates (26), we expected the in vivo activities of D132H to be attenuated as well; however, this was not the case. . Further, the aspartic acid amino acid 132 is highly conserved among mammals, suggesting an importance of the residue.  However, in our functional assays in mammalian cells, we were unable to detect a significant deficiency in MMR associated with D132H, It may be that even though the ATPase activity of D132H is impaired, the level of activity is sufficient for in vivo MMR repair. 
The late average age of cancer onset (~70 years old, compared with 20-40 with classic Lynch syndrome mutations) in patients with D132H-associated Lynch syndrome, along with the observation that such cancers are more consistent with sporadic cancers, supports the idea that D132H has a modest (and undetectable by our assay) effect on protein expression or repair activity, both of which could result in a weak mutator phenotype.  The proposed, modest decrease in repair activity may also explain the lack of MSI observed in most of the D132H-associated cases of Lynch syndrome.  The late age of onset is consistent with an increased length of time required to accumulate the mutations necessary for carcinogensis due to modest increase in mutation rate, and the presence of MSI in some individuals with D132H may have arisen from defects in additional MMR genes.  We cannot dismiss the possibility that the D132H mutation affects some previously unidentified MMR function that confers the increased risk and lack of MSI associated with the observed cancers.  
Our results indicate the D132H is not overtly pathogenic through any pathogenic mechanism analyzed.  If D132H does indeed confer clinically significant cancer risk, our results indicate that screening methods should be revised.  In our model system, D132H was expressed as well as wildtype in both western blot and IHC results, and thus IHC screening of cancerous cells from patients would likely be useless in the detection of a D132H-associated cancer.  The D132H mutation may represent a previously unidentified class of pathogenic MLH1 mutations that do not cause MSI and may be well expressed in vivo.  If this is indeed the case, screening for MMR deficient cancers by sequencing of MMR genes may be justified.  


We also examined the phenotypic consequences of expression of K616Δ with the pooling assay.  The pathogenicity of K616 Δ has been established (23, 24); however, there is disagreement in the literature as to the mechanisms of pathogenicity.  Using an in vitro MLH1/PMS2 interaction assay, Guerrette et. al (23) showed that K616Δ has a >95% reduction in its ability to bind PMS2.  Previous work in the Buermeyer lab with transient transfections capable of expressing K616Δ in vivo at high levels did not observe such a decrease; in fact, K616Δ appears to rescue PMS2 levels almost as well as wildtype MLH1 (unpublished data). A more recent study by Raevaara et. al.(24) showed that K616Δ has in vitro repair activity equivalent to wildtype-MLH1, but that the expression of K616Δ is greatly decreased or not-detectable in vivo, as assessed by immunohistochemistry of Lynch syndrome cancers with the K616Δ mutation.  Interestingly, several cancers expressing K616Δ were identified that did not have MSI.    In the present study, we observed a significant decrease in the ability of MEFs transfected with K616Δ cDNA to express MLH1, and that this decrease in expression produced a phenotype consistent with MLH1 deficient cells.  These results are consistent with previous findings that K616Δ is pathogenic due to a decrease in MutLα abundance, and show for the first time the phenotypic effects of in vivo K616Δ expression. Measurement of the half-life of K616Δ may help to elucidate the exact pathogenic mechanism of this mutant.    
Future determination of the structure of MLH1, combined with data from functional assays such as the one presented in this study, should greatly enhance our abilities to understand the pathogenic mechanisms and cancer risk associated with mutations of MLH1.
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