Supplementary Materials and Methods

Reagents
TMZ, 1,3-Bis(2-chloroethyl)-1-nitrosourea (BCNU), N-Methyl-N′-nitro-N-nitrosoguanidine (MNNG), Hoechst, and propidium iodide were purchased from Sigma-Aldrich. TMZ was dissolved in DMSO, BCNU was dissolved in ethanol and MNNG was dissolved in 0.1M sodium acetate pH 5. Aliquots of stock solutions were stored at -80°C.

Antibodies
Antibodies to MGMT (ab7045), MSH2 (ab9146), MSH6 (ab92471), PMS2 (ab110638) and MLH1 (ab9144) were purchased from Abcam. Anti-MSH2 (2850) was purchased from Cell Signaling Technologies. Anti-phospho S139 H2AX (05-636) and anti-H2AX (07-627) were purchased from Millipore. Anti-p53 (sc-253) was purchased from Santa Cruz Biotechnologies.

Mean lethal dose
A mean lethal dose was estimated from dose response curves of TMZ treated MSH6 and MSH2 knockdown cells as previously described (8). A threshold value, represented by ‘No response’ on 4C and 4D, was set for MSH6 and MSH2 knockdown cells that do not respond to TMZ.

Generation of TMZ resistant GBM cell lines
Selection for TMZ resistance consisted of three rounds of selection with increasing doses of temozolomide (Fig.1A). The first round consisted of exposure to 20 µM TMZ for 3 hours, after which, cells were allowed to reach 90% confluence and then passaged three times in the absence of drug. After the third passage without drug exposure, cells entered the second round of TMZ selection by treatment with 40 µM TMZ for 3 hours. Cells were allowed to reach 90% confluence after treatment, at which point the cells were again passaged. This 40µM TMZ treatment followed by attainment of 90% confluency of the treated cells was repeated two additional times to complete the second round of selection. The third round of TMZ selection was identical to the second round except that 60 µM TMZ was used. At the end of the third round, cells were passaged to enrich for stable populations that were designated as TMZR3 cells. This selection protocol was based on previous generation of 5-fluorouracil resistant colorectal cancer cells and was designed to mimic TMZ treatment in GBM patients (9-11).

shRNA constructs
For knockdown experiments in the human U87MG cell line, pGIPZ lentiviral vectors expressing a non-silencing hairpin control or hairpins targeting human p53, MSH2 or MSH6 transcripts were purchased from Open Biosystems (Supplementary Table 2).  For GL261 knockdown experiments, shRNA constructs were designed and cloned into TMP retroviral vectors as previously described (12). Sequences targeted by shRNAs are provided in Supplementary Table 2.

Metaphase chromosome spreads
Control, p53kd, Control-TMZR3 and p53kd-TMZR3 GBM cells were incubated with 0.1 mg/mL colcemid to arrest cells during metaphase. Metaphase cells were collected by mitotic shake-off and incubated in warm (37°C) hypotonic 75 mM potassium chloride for 15 minutes at 37°C, after which, cells were fixed in Carnoys fixative (3:1 mixture of methanol and acetic acid). Fixed cells were dropped onto microscope slides to burst the nuclei and create metaphase spreads. Dried slides were stained with Giemsa stain, and the chromosomes of one hundred spreads were counted per condition to establish modal chromosome number. 

Flow cytometry based proliferation assay
All U87MG derived cells were seeded at a density of 3 x 105 cells in 6 cm plates with the exception of p53kd-TMZR3 cells, which were seeded at 1.5 x 105 cells in 6 cm plates, and allowed to attach for 24 hr. Plating the larger, polyploid, p53kd-TMZR3 cells at lower density ensured that all lines were at similar confluence at the time of treatment. After attachment, cells were exposed to each agent as described above. Two cell cycle times after treatment, BrdU was added to each plate at a final concentration of 25 µM. Cells were allowed to incorporate BrdU for an additional two cell cycle times to follow proliferation after drug exposure. At the end of BrdU exposure, cells were harvested, stained with Hoechst and propidium iodide and analyzed by FACS as described (13). 

Cell counts of parental and TMZR3 LN229 and A172 cells post TMZ exposure
Parental and TMZR3 LN229 cells were seeded at a density of 3 x 105 cells in 6 cm plates. Parental and TMZR3 A172 were seeded at 1.5 x 105 cells in 6 cm plates. Cells were allowed to attach for 24 hr. After attachment, cells were exposed to 80 µM TMZ as described above. Four cell cycle times after treatment, cells were harvested and counted using the Vi-Cell coulter counter (Beckman Coulter). Percent control growth was obtained by normalizing to untreated cells.

Cell cycle analysis
Cells were seeded at 1 x 106 cells per 10 cm plate, with the exception of p53kd-TMZR3 at 5 x 105 cells, and allowed to attach for 24 hours. After attachment, cells were mock treated or treated with 80 µM TMZ as described above. Samples were harvested two cell cycle times after treatment. Cell pellets were resuspended in 500 µL cold PBS and 5 mL of cold ethanol was added drop-wise while vortexing and then fixed overnight at 4°C. For nuclear staining, the fixed cells were washed with PBS containing 1% bovine serum albumin (BSA) and resuspended in 300 µL of PBS containing 1% BSA, 50 µg/mL propidium iodide and 500 µg/mL RNAseA. Samples were incubated for 30 minutes at room temperature prior to flow cytometry analysis.    

Assessment of MGMT and DNA MMR activity using Host-Cell Reactivation
For MGMT analysis, a non-replicating plasmid encoding an mPlum fluorescent protein containing a single O6-meG lesion in the transcribed strand (at a site critical for fluorophore maturation) was transfected into parental and TMZR3 resistant GBM cells. Two outcomes are possible after transcription in the presence of O6-meG containing mPlum gene: (i) non-fluorescent mPlum will be produced if either RNA polymerase II inserts a cytosine opposite the O6-meG lesion or if O6-meG lesions are repaired by MGMT and thus a cytosine will be inserted opposite the resulting base; (ii) a fluorescent mPlum can be generated if O6-meG is not repaired because RNA polymerase II can occasionally insert a thymine opposite the lesion generating a wild type transcript and functional protein. Thus, cells proficient for O6-meG repair produce lower levels of fluorescent protein compared to cells deficient in O6-meG repair. The O6-meG repair capacity (i.e. MGMT activity) was normalized to the mean repair capacity of control cells (U87MG cells expressing a scramble hairpin control). 
For MMR analysis, a non-replicating plasmid containing a single G:G mismatch at a site necessary for fluorophore maturation was transfected into cells. If the mismatch is not repaired, or if MMR is directed to the non-transcribed strand, the transcript produced will code for a non-fluorescent mOrange protein. However, if the mismatch is corrected with repair directed to the transcribed strand, a wild type fluorescent mOrange transcript will be produced and fluorescence restored. Thus, cells proficient in MMR produce higher levels of fluorescent protein compared to MMR deficient cells. The MMR repair capacity was normalized to the mean repair capacity of control cells. 

Immunoblotting
For protein level analysis, cells were harvested during exponential growth phase. For analysis of H2AX activation, cells were seeded at 3 x 106 cells in 15 cm plates, with the exception of p53kd-TMZR3 that were seeded at 1.5 x 106, and cells were allowed to attach for 24 hours. After attachment, duplicate cell cultures were treated for 1 hour in serum free media with or without 80 µM TMZ. When treatment was finished drug containing medium was removed and DMEM + 10% FBS and 1% pen-strep was added. Two cell cycle times after treatment samples were harvested by scraping cells into ice cold PBS and cells from duplicate plates pooled. Cell pellets were lysed in buffer containing 20 mM Tris HCl pH 8.0, 137 mM NaCl, 10% glycerol, 1% NP-40 and 10 mM EDTA. At the time of lysis, 1 mM DTT, 10 mM sodium fluoride, 1 mM sodium orthovanadate and a protease inhibitor cocktail tablet (Roche) were added to the lysis buffer. Lysates were incubated on ice, sonicated and centrifuged to remove cell debris. Protein concentration was measured using the Micro BCA assay kit (Pierce). Roughly equal amounts of protein were electrophoresed on 10% bis-tris Novex gels (Invitrogen) and proteins transferred to PVDF membranes (BioRad). Membranes were blocked in Odyssey blocking buffer (Licor) and antibody incubations were carried out for 1 hour at room temperature. For imaging, membranes were probed with secondary antibodies, conjugated to infrared dyes (Sigma) and immunoblots imaged using the Odyssey infrared imaging system (Licor). U87MG immunoblots were quantified using the NIH ImageJ processing software. GL261 immunoblots were quantified using the Odyssey imaging system software. In the case of protein level analysis, protein levels were normalized to actin as a loading control. For H2AX activation, analysis of serine 139-phosphorylated H2AX levels was normalized to total H2AX levels. Significance was assessed using the student’s t-test.

Isotope dilution tandem mass spectrometry-based quantification of O6-methylguanine (O6-meG) lesions
Control, p53kd, Control-TMZR3 and p53kd-TMZR3 cells were seeded at a density of 1 x 107 cells in 15 cm plates for mock or TMZ treatment with each condition in replicate. Cells were allowed to attach for 24 hours, after which, medium was removed and replaced with serum-free medium containing 80 µM TMZ. 1 hour later, medium was replaced with DMEM containing 10% FBS and 1% pen-strep. Two hours post TMZ withdrawal, medium was removed and the cells washed with ice cold PBS. The cells were then scraped into 5 mL of ice cold PBS and the content of replicate plates pooled. Cells were centrifuged for 5 minutes at 300 x g and the pellets snap frozen in liquid nitrogen. DNA was extracted from the pellets using the Roche DNA isolation kit for cells and tissues according to the manufacturer’s instructions. Isolated DNA was dried and resuspended in water. DNA concentration was quantified by UV absorption at 260 and 280 nm. 500 fmol of a deuterium labeled O6-meG internal standard (O6-CD3-G) was added for LC-MS/MS quantitation. Acid thermal hydrolysis to depurinate DNA was performed for 40 min at 80°C in 0.1 N hydrochloric acid, neutralized by the addition of 0.1N sodium hydroxide, then subjected to solid phase extraction using Strata X (30mg, 1mL) polymeric reversed phase cartridges. Eluates were vacuum dried, resuspended in 25 µL of 25 mM Ammonium acetate and subjected to LC-MS/MS analysis using Zorbax 300 SB-C18 (150 x 0.5 mm, 5µ) column with an LC elution gradient of A: 25mM Ammonium acetate in water and B: 3:1 methanol:acetonitrile on a TSQ vantage-2 triple quadrupole instrument operated at spray voltage of 3.2 KV, capillary temperature of 250 °C, collision energy of 20V and S-lens value of 85 units. LC Gradient conditions started with 2% B and liner increase to 9.5% B in 9 min, to 25% B in 6 min and then to 2% B in 3 min followed by equilibration for 4 min at 2% B with a flow rate of 10µL/min. Under these conditions O6-Me-G eluted at 11.6 min. O6-CD3-G levels were quantified based on the peak area for the MS/MS transitions for O6-meG and the O6-CD3-G internal standard, 166.1  149.1 and 169.1  152.1, respectively.  Student’s t-test was used to assess significance between adduct levels in parental and TMZR3 resistant GBM cells.

GL261 in vitro and in vivo competition assay
The effects of decreased MSH2 levels on the sensitivity of murine GL261 GBM cells were assessed when cultured in vitro as well as when injected into mouse brains to recapitulate GBM tumors in vivo, using a competition assay. For both competition assays, GL261 cells were infected with shRNA vectors such that 20 to 40% of cells express the shRNA and are marked by GFP. For the in vitro competition assay, 1.5 x 104 cells per well were seeded in 12 well plates. 24 hours after seeding, cell culture medium was exchanged for media containing TMZ or vehicle. 96 hours post-exposure, single cell suspensions were prepared and the percentage of GFP-positive cells was quantified by flow cytometry. For the in vivo competition assay, 5 x 105 GL261 tumor cells were injected into the brain of syngeneic C57BL6/J female recipient mice. GL261 tumor cells in 3 μl of serum-free media were injected into the brain of syngeneic C57BL6/J female recipient mice under general anesthesia and preemptive analgesia. The site of injection was located on the left hemisphere, 2 mm left of the bregma along the coronal suture. After injection, the skull was sealed with bone wax, and wounds closed using tissue glue. Mice were monitored daily for three days and treated with analgesics. 8 days after surgery mice were randomly distributed into TMZ (50 mg/kg) or vehicle treatment groups. TMZ was dissolved in sterile DMSO and then diluted in 0.9% normal saline solution. Animals were treated with 50 mg/kg TMZ (Sigma-Aldrich) or vehicle alone by i.p. injection. Animals were monitored daily for clinical signs of disease onset and euthanized when approved euthanasia criteria were reached. When euthanasia criteria presented, brains were removed, tumors macroscopically localized, excised and manually dissociated. Single cell suspensions were produced using Brain Tumor Dissociation Kit (Miltenyi Biotec) and the gentleMACS Dissociator (Miltenyi Biotec). Suspensions of GL261 cells were analyzed by flow cytometry to assess the percentage of GFP-positive cells. 

Analysis of The Cancer Genome Atlas data to assess the effects of lower levels of select transcripts on the survival of TMZ treated GBM patients 
The UNC transcriptional TCGA data sets GBM_agilentg4502a_07_1__unc_edu__Level_3__unc_lowess and GBM_agilentg4502a_07_2__unc_edu__Level_3__unc_lowess were downloaded from the Broad Firehose data portal. Clinical patient data were downloaded from the NCI TCGA data matrix. All data was z-scored and patients treated with TMZ, and for whom days from diagnosis to death data were available, were chosen for analysis on the effects of MSH2, MSH3, MSH6, PMS2, MLH1 and MGMT expression levels on survival. Patients whose expression levels for a particular transcript was 0.5 z-score above (high expressor) or below (low expressor) the mean were used to create Kaplan Meier Survival curves. The log rank test, available in the Prism software (GraphPad), was used to determine whether the median survival of the low versus high expressor groups were significantly different from each other using a cutoff of p ≤ 0.05. The effects of select transcript levels on the survival of TMZ treated TCGA GBM patients were also assessed out to the 95th percentile for patient survival; this cutoff allows us to eliminate patients whose survival is at the tail end of the normal distribution for patient survival in TMZ treated GBM  (Supplementary Figure 12).  





Supplementary Discussion


Exploring the correlation between other MMR components and survival of TMZ treated GBM patients
MSH3 and MLH1 transcripts, encoding components of the MutSβ and MutLα heterodimers, respectively, did not correlate with survival in TMZ treated GBM patients (Supplementary Figure 13A and 13B). Surprisingly, and in contrast to MSH2 and MSH6, low PMS2 transcript levels were actually associated with increased patient survival (Supplementary Figure 13C). We inferred that this effect was due to PMS2’s location on the short arm of chromosome 7 and is independent of MMR. Gain of chromosome 7 is one of the most common aberrations in GBM (1-3). Moreover, a correlation has been identified between gain of chromosome 7 and decreased response to radiation therapy (4). By mining copy number data from the TCGA using the cBioportal web tool (5), we found that, in contrast to MSH2, MSH3, MSH6 and MLH1, PMS2 copy number gain, likely a marker of chromosome 7 gain, was frequent amongst TMZ treated GBM patients. As expected, PMS2 transcript levels increase with increasing PMS2 copy number (Supplementary Figure 14A, data not shown). Finally, we observed that high PMS2 transcript levels, but not high MSH2 transcript levels, correlate with increased epidermal growth factor receptor (EGFR) copy number, a tyrosine kinase also found on 7p whose increased expression is known to correlate with decreased survival in GBM patients (Supplementary Figure 14B and 14C) (6).

Implications for MMR as a biomarker for the response of GBM to TMZ
Discerning a small change in MSH2 expression to categorize TMZ sensitive and TMZ resistant GBM tumors make it challenging to use MSH2 transcript or protein levels as a clinical marker. Our results have shown that even a small decrease in MSH2 protein levels can lead to a statistically significant decrease in MMR activity, and a very large, increase in TMZ resistance. Our recent development of fluorescence-based in-cell assays to measure various DNA repair activities including MMR and MGMT activity (7) have the potential to better inform therapeutic strategies. Our results suggest that patient stratification on the basis of low MGMT expression and reduced MMR activity would identify a subset of recurrent GBM patients that would derive maximum benefit from BCNU treatment. However, even with our functional in-cell assays it may be difficult to assess small differences in MMR activity. Strategies that employ TMZ treatment in combination with an agent that targets both MMR proficient and deficient cells may constitute a robust standard of care for GBM patients. 
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