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Abstract

Purpose—The goals of this study were to determine if single-nucleotide polymorphisms in DNA
damage repair genes and cell cycle regulating genes affect clinical response to combined gemcitabine
radiation therapy and the overall survival (OS) of patients with pancreatic cancer.

Experimental Design—We evaluated six single-nucleotide polymorphisms of the ATM, ATM and
Rad3-related (ATR), CHEK1, and CHEK?2 genes in 119 patients with potentially resectable
pancreatic cancer who were enrolled in clinical trials at The University of Texas M. D. Anderson
Cancer Center from February1999 toJanuary 2006, with follow-up until February 2007. Patients
received neoadjuvant concurrent gemcitabine and radiation therapy with or without gemcitabine-
cisplatin induction therapy. Genotypes were determined and tested for associations with OS by
Kaplan-Meier estimation, the log-rank test, and Cox regression analysis. P values of <0.05 were
considered significant.

Results—The ATM G60A and CHEK1 G35A genotypes were significant (P < 0.05), and the
ATR C340T genotype borderline significantly (P = 0.079) associated with OS. The hazard ratio of
CHEK1 35AA was 2.01 (95% confidence interval, 1.20-3.37; P = 0.007) compared with CHEK1
35GG/GA with adjustments for race, sex, diabetes status, CA19-9 level, and success of tumor
resection. A significant combined genotype effect was observed between ATM 60GA/GG, ATR
340CT/CC, and CHEK1 35AA with median OS times of 31.0, 16.2, and 10.5 months for patients
carrying <1, 2, and 3 deleterious alleles, respectively (P = 0.004).

Conclusions—These observations suggest that polymorphic variations of DNA damage response
genes affect clinical response to gemcitabine radiation therapy and OS of patients with resectable
pancreatic cancer.

Pancreatic cancer is the fourth leading cause of cancer death in the United States, with an
estimated 33,370 deaths in 2007, and it is one of the most aggressive human cancers with a 5-
year survival rate of <5% (1). Pancreatic cancer is usually diagnosed at a late stage of the
disease because it lacks early disease-specific signs and symptoms and progresses rapidly.
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Therefore, surgical resection is not an option for most patients, although it is the only potentially
curative treatment. Neoadjuvant or adjuvant chemotherapy and radiation therapy are
commonly used in the attempt to improve the surgical outcome and prolong overall survival
(OS) in patients with resectable or nonresectable tumors. Gemcitabine has been the current
standard chemotherapy for pancreatic cancer since Burris et al. (2) reported that it conferred a
better clinical responses and longer OS than 5-fluorouracil. Recent studies have shown that the
median OS for patients with pancreatic cancer treated with gemcitabine is ~6 months and 1-
year survival rates are ~20% (3). Preoperative gemcitabine combined with radiation therapy
has recently been attempted for not only unresectable but also borderline resectable locally
advanced tumors, providing the opportunity for down-staging and rarely allowing patients to
undergo resection (4-6).

The treatment efficacy of cytotoxic drugs is determined not only by the amount of therapy-
induced DNA damage but also by the capacity of tumor cells to repair the damaged DNA or
initiate apoptosis (7). Damage to DNA can induce several cellular responses, including DNA
repair, transcriptional response, cell cycle arrest, and apoptosis (8). Host genetic variability
that modulates DNA repair efficiency and cell viability may affect individual responses to
cytotoxic therapies and thus OS.

Gemcitabine incorporates into DNA and causes a masked chain termination and an
accumulation of cells in the S phase of the cell cycle. Gemcitabine also induces DNA
replication stress by inhibiting ribonucleotide reductase, which results in an imbalanced
nucleotide pool for DNA synthesis. DNA double-strand breaks are the most lethal DNA
damage induced by radiation. DNA double-strand breaks and DNA replication stress activate
the ATM and ATM and Rad3-related (ATR) signaling pathways, respectively, which transduce
the signal to downstream genes, thereby inducing DNA repair, cell cycle arrest, or apoptosis.
A previous study showed that cells lacking RAD9A, CHEK1, or ATR were more sensitive to
gemcitabine, and this sensitization is p53 independent (9). Furthermore, ATM depletion also
sensitized cells to gemcitabine and ionizing radiation. Gemcitabine activates the ATR/CHEK1
pathway (9). In response to ionizing radiation—induced DNA double-strand breaks, the ATM/
CHEK2 pathway prevents DNA synthesis and cell cycle progression (10). To date, the role of
the ATM/CHEK2 pathway in cells treated with gemcitabine is unknown (9).

Previous studies have shown that single-nucleotide polymorphisms (SNP) of DNA repair genes
affect not only a patient’s risk for breast and lung cancers but also on the OS of such patients
receiving cytotoxic therapies (7,11-13). Because of the known associations between
gemcitabine and radiation therapy—induced DNA damage and activation of the ATR/CHEK1
and ATM/CHEK?2 pathways, we hypothesized that genetic variations in these pathways may
affect sensitivity to such therapies and thus overall prognosis. We tested this hypothesis in a
relatively homogeneous population of 119 patients with potentially resectable pancreatic
cancer who had undergone neoadjuvant gemcitabine-based chemotherapy plus radiation
therapy. We evaluated six SNPs of the ATM, ATR, CHEK1, and CHEK?2 genes in this
exploratory investigation.

Materials and Methods

Patient recruitment and data collection

The study involved 119 patients who, at the time of diagnosis, had potentially resectable
adenocarcinoma of the head of the pancreas and had not received any treatment for pancreatic
cancer. All patients were enrolled onto one of two sequential phase Il clinical trials (ID98-020
and 1D01-341) of preoperative (neoadjuvant) combined chemotherapy-radiation therapy for
pancreatic cancer at The University of Texas M. D. Anderson Cancer Center conducted
sequentially from February 1999 to 2006 and were observed through February 2007. These
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119 patients represent the subset of patients enrolled in these clinical trials who consented to
blood donation. The study was approved by the institutional review board of M. D. Anderson
Cancer Center. Patients in the 1D98-020 trial (n = 54) had received gemcitabine-based
chemoradiotherapy consisting of weekly gemcitabine (400 mg/m?) for 4 wk and radiation (30
Gy in 10 fractions) for 2 wk. Patients in the ID01-341 trial (n = 65) had received induction
therapy of gemcitabine (750 mg/m2/d) and cisplatin (30 mg/m2/d) every 2 wk for 4 wk and
radiation (30 Gy in 10 fractions) for 2 wk. The same eligibility criteria for patient recruitment
were applied for both protocols, and no significant difference in any clinical feature was
observed between the two patient populations. Clinical information was collected from the
patients’ medical records. Serum CA19-9 levels were measured at the time of cancer diagnosis.
Tumor size was estimated from measurements made by endoscopic ultrasonography or
radiologic imaging at the time of cancer diagnosis or extrapolated from actual measurements
of the resected tumors if pretreatment measurements were not available. Tumor differentiation
was evaluated in most surgically resected tumors and a few biopsy samples. The preoperative
treatment effect was evaluated histologically in resected tumors according to previously
published criteria (14), i.e., tumors with >90% viable cancer cells were defined as treatment
effect grade I, 51% to 90% viable cells as grade 1A, 10% to 50% viable cells as grade 11B, and
<10% viable cells as grade I11. Postsurgical treatment or treatment received after tumor
recurrence was not considered in this study.

DNA extraction and genotyping

Whole blood was collected from patients at the time of enroliment, and DNA was extracted
from peripheral lymphocytes using a DNA isolation kit (Qiagen). Polymorphisms were
detected using the TagMan genotyping assays provided by Applied Biosystems.

Approximately, 5% of the samples were analyzed in duplicate, and discrepancies were seen in
<1% of all duplicates. Patients whose samples yielded discordant results in two analyses were
excluded from the final data analysis. The genes, chromosome locations, nucleotide
substitutions, amino acid changes, reference SNP identification numbers, and reported allele
frequencies of the six SNPs evaluated in this study are summarized in Table 1. The ATM G60A
SNP was selected because of its prior association with increased risk of cancer (15). The three
ATR SNPs selected are all nonsynonymous SNPs with a minor allele frequency of >10%. The
single intronic CHEK1 and CHEK?2 SNP was selected for explorative purpose because neither
prior association nor nonsynonymous SNP with a minor allele frequency of >10% was
identified for these two genes when we initialized the study.

Survival measurements

Dates of death were obtained and cross-checked using at least one of the following sources:
Social Security Death Index, in-patient medical records, or the M. D. Anderson Cancer Center
tumor registry. OS times were calculated from the date of pathologic diagnosis to the date of
death or last follow-up. Data for patients who were alive at the last day of follow-up evaluation
were censored at that time.

Statistical methods

The genotype distribution was tested for Hardy-Weinberg equilibrium with the goodness-of-
fit y2 test. Median follow-up times were computed with censored observations only, whereas
median survival times (MST) were calculated for all patients. Hazard ratios and 95%
confidence intervals (95% CI) were estimated using univariable or multivariate Cox
proportional hazard models. In addition to age, sex, and ethnicity, known or potential clinical

4http://WWW.deathindexes.com/ssdi.html
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prognostic factors (such as serum CA19-9 values at diagnosis) and tumor resection status
(done/not done) were included in the multivariate model when appropriate. All statistical
testing was conducted with SPSS software, version 12.0 (SPSS), and statistical significance
was defined as P < 0.05. We estimated the false-positive report probability for the observed
statistically significant association using the methods described by Wacholder et al. (16). We
considered that a prior probability of 25% might be appropriate when there is biological
plausibility and availability of previous epidemiologic evidence for such an association. The
false-positive report probability value for noteworthiness was set as 0.2. Multiplicity adjusted
P value was also calculated (17).

Patient characteristics and clinical predictors

The patient characteristics and clinical features of their tumors are summarized in Table 2. The
median age of the 119 patients was 65 years (range, 38—83 years). There were 84 (71%) deaths,
and the MST was 28.7 months (95% Cl, 24.4-32.9). The median follow-up time was 51.7
months (95% CI, 43.1-60.4) for the patients who were still alive at the end of the follow up.
There was no significant difference in OS by age, race, tumor size, and treatment effects.
Women had longer OS times than men, but the difference was not statistically significant (P
=0.09). Diabetes, a higher serum level of CA 19-9 at diagnosis, tumor not resected, poor tumor
differentiation, and node-positive resection were significantly associated with reduced OS
(Table 2).

Genotype frequency and effect on OS

The six SNPs of interest were successfully amplified in 95.6% to 99.1% of the samples.
Genotype frequencies of the nine SNPs were found to be in Hardy-Weinberg equilibrium (2
=0.001-0.77; all P > 0.1). The ATM G60A SNP was in linkage disequilibrium with the
ATM T-77C SNP that was examined in our previous study (ref. 18; D' = 0.85). The ATR C340T
SNP was in linkage disequilibrium with the ATR G-76A (D’ = 1) and A44T (D' = 0.98) SNP.
No significant racial difference in genotype frequency was observed (data not shown). Of the
six SNPs, two showed a significant effect on OS. The genotype frequencies, MSTs, and hazard
ratios (95% CI) are shown in Table 3. A significantly reduced OS was associated with the
presence of heterozygous variant alleles of ATM G60A and homozygous variant alleles of
CHEK1 G35A. The MST associated with ATM G60A SNPs was 16.6 months for the GA
genotype compared with 23.9 and 36.0 months for the GG and AA genotypes, respectively
(log-rank P = 0.048; Fig. 1). The MST associated with CHEK1 SNPs was 14.3 months for the
AA genotype compared with 26.4 and 21.4 months for the GA and GG genotypes, respectively
(log-rank P = 0.039; Fig. 1). The ATM 60GA and CHEK1 35AA genotype remained a
significant independent predictor of survival after adjusting for sex, race, diabetes, CA19-9,
and tumor resection (P = 0.007; Table 3). Assuming there were six independent tests, the
Bonferroni adjusted P value (0.007 x 6 = 0.042) remained significant for both SNPs. The
ATR C340T CC and CHEK2 T-200C CT/TT genotypes were nonsignificantly associated with
reduced OS (log-rank P = 0.079 and 0.122, respectively).

Furthermore, the ATR C340T SNP showed a borderline significant association with the fraction
of patients who actually achieved tumor resection after the preoperative chemoradiation.
Eighty-two percent (32 of 39) of the patients carrying the TT genotype had their tumors resected
compared with 72% (39 of 54) and 52% (11 of 21) of those carrying the TC and CC genotypes,
respectively (P = 0.051, 42 test). Patients who did not achieve tumor resection were mostly due
to early disease progression.

Clin Cancer Res. Author manuscript; available in PMC 2009 April 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Page 5

Combined genotype effects

Because ATM, ATR, and CHEK1 are all involved in the same DNA damage response pathway,
we explored the effect of combined genotypes of three deleterious alleles on OS of the patients.
The deleterious alleles included ATM 60 GA/GG, ATR 340CT/CC, and CHEK1 35AA, all of
which were related to a shorter OS. As the number of deleterious alleles increased, OS decreases
(Table 4). The MSTs were 31.0, 18.2, and 10.5 months for patients carrying <1, 2, and 3
deleterious alleles, respectively (log-rank P = 0.004). When all three deleterious alleles were
included in the Cox regression model, both ATM (AA versus AG/GG) and CHEK1 (GG/GA
versus AA) genotypes remained as significant predictors for survival (Table 5). The
multiplicity-adjusted P value was significant for CHEK1 but not ATM SNP. We estimated the
false-positive report probability of the ATM and CHEK1 SNP to be 0.135 and 0.038,
respectively, given a prior probability of 25%. Both are below the threshold of 0.20 indicating
noteworthiness. The effects of tumor resection and diabetes on OS remained highly significant
(P <0.001 and P =0.001, respectively), whereas CA19-9 level became marginally significant
or nonsignificant (P = 0.091, 0.058, and 0.148 for CA19-9 level of 48-500, 501-1,000, and
>1,000 units/mL, respectively).

Discussion

In this study, we evaluated the associations between ATM, ATR, CHEK1, and CHEK2 gene
SNPs and the clinical outcomes of patients with resectable pancreatic cancer. Our findings
suggest that the ATM G60A and CHEK1 G35A genotype significantly affected OS. A
significant combined genotype effect of ATM 60GA/GG, ATR 340CT/CC, and CHEK1 35AA
on OS was detected. The CHEK1 G35A genotype remained as a significant predictor for
survival after adjusting for all other clinical and genetic factors and after adjusting for multiple
testing. These data are the first to show that there is an important role for DNA damage response
genes in the OS of patients with resectable pancreatic cancer.

The ATM gene encodes a protein kinase that is activated by DNA damage caused by ionizing
radiation or reactive oxygen intermediates to induce the transactivation of various proteins that
function in cell-cycle arrest, apoptosis, DNA repair, and centrosome duplication (19). Several
studies have shown that the ATM genotype/haplotype alters the cellular sensitivity to ionizing
radiation (10,11,20-22). However, the findings of investigations into the effect of ATM G60A
genotype on patient survival or cancer risk have been inconsistent. Two studies found no
significant association between the ATM G60A genotype and relapse-free survival in prostate
cancer (23) or between this genotype and lung cancer response to chemotherapy alone,
chemotherapy plus radiation therapy, or radiotherapy alone (7). On the other hand, one study
showed that the ATM GA heterozygote was associated with a significantly higher risk of lung
cancer than the AA and GG homozygotes (15). This observation is consistent with our current
finding on the GA heterozygote and our previous finding on the ATM -77TC heterozygote
(18), both were associated with shorter OS compared with their respective homozygotes. The
ATM -77TC heterozygote was previously associated with a reduced radiosensitivity among
patients with breast cancer compared with the TT homozygote (24). These observations suggest
that these two ATM SNPs might be dominant-negative mutations. To date, no functional studies
have been reported linking an altered protein function or cellular phenotype with the presence
of these SNPs. It has been postulated that the G60A site exists in protein-binding motifs that
have potential as binding sites of intronic splicing enhancers or repressors. Therefore, G60A
is a possible site that might be related to the splicing process of exon 61, leading to inaccurate
splicing (23).

The ATR gene encodes a protein kinase that responds to a wide range of DNA lesions and
seems to be particularly important in maintaining the integrity of the DNA replication apparatus
following damage that arrests the progression of this complex (25). ATR phosphorylates
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CHEK1 (on Ser34%) in response to agents that arrest DNA replication (26). A previous study
showed that the ATR T340C genotype was associated with a decreased risk of non—-small cell
lung cancer (12). When we tested this genotype association in pancreatic cancer, we found a
marginally significant difference in OS and the success rate of tumor resection (P = 0.079 and
0.051, respectively). These observations could be by chance alone. Because gemcitabine
induces DNA replication arrest and an in vitro study showed that ATR-deficient cells are more
sensitive to gemcitabine (10), the association between ATR genotypes and clinical response to
gemcitabine needs further investigation in a larger patient population.

The CHEKZ1 gene encodes a cell cycle checkpoint kinase that is phosphorylated through ATR-
mediated regulation in response to agents that arrest DNA replication (26). CHEK1 is essential
for cell viability, and it plays a crucial role in replication origin firing and S-phase delay (27).
It is known that gemcitabine-mediated radiosensitization requires cell accumulation in the S
phase (28), and gemcitabine stimulates CHEKZ1 to initiate a G,-M cell cycle checkpoint (10).
CHEKU1 negatively regulates cell entry into mitosis in response to gemcitabine and acts to
coordinate the cell cycle with DNA synthesis, thus preventing premature mitotic entry in
gemcitabine-treated cells (10). A recent in vitro study has shown that CHEK1 kinase inhibitor
substantially enhanced gemcitabine-induced cell killing (29). The significant association
between the homozygous variant genotype of CHEK1 and reduced OS observed in our study
could be attributed to a poorer response to preoperative gemcitabine-based chemoradiation
therapy. The observed association between CHEK1-genotype and survival has some potential
clinical implications. Patients carrying the genotypes that confer a higher activity of CHEK1
may have a poor response to gemcitabine alone but a better response to combined therapy of
CHEKU inhibitor and gemcitabine. On the other hand, patients carrying the genotypes that
confer a lower activity of CHEK1 may less likely respond to CHEK1 inhibitor-initiated
gemcitabine sensitization. Because it is difficult to obtain tissue specimens from pancreatic
cancers, determining a patient’s genotype could be a valuable surrogate for tumor testing.
Further investigations into the genotype-phenotype associations of CHEK1 and their
associations with clinical outcome of patients treated with gemcitabine are warranted.

The CHEK2 gene encodes a cell cycle checkpoint kinase that is activated through the ATM-
mediated signaling pathway. Previous studies found no evidence of polymorphic variants of
the CHEK?2 gene associated with risk of breast cancer (13). Our results also do not support a
role for the CHEK2 polymorphic variant in cellular response to gemcitabine and radiation
therapy in pancreatic cancer. This is consistent with the fact CHEK2 has no givenrole in cellular
response to gemcitabine and radiation therapy (10). Indeed, one previous study reported that
effect of ATM on survival is mediated by an ATM substrate other than CHEK2 (9).

Because the four genes selected in this study are all involved in the same cellular response to
the DNA damage signaling pathway, it is not surprising that a strong combined genotype effect
on survival was detected, which underscores the importance of a candidate gene and pathway-
based approach in genotyping investigation. Although each gene/SNP may have a subtle effect
on drug response or tumor progression, the consequence of the combined effect of several
critical genes in the same pathway could be prominent. The ultimate goal of this research is to
identify the genetic profiles that can be used in the clinic as predictors for response to therapy
or prognostic factors for survival. Our results need to be confirmed in other study populations.
If confirmed, analysis of these genotypes may eventually be applied in the clinic to determine
treatment modalities.
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Fig. 1. Kaplan-Meier plot of OS by genotype

A, ATM G60A; B, ATR C340T; C, CHEK1 G35A; and D, CHEK2 C-200T.
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Table 5
Effects of genotype on survival as analyzed in a multivariate Cox regression (n = 112)

Page 14

Variable Hazard ratio (95% CI) P
ATM (AA versus AG/GG) 1.92 (1.03-3.59) 0.041
ATR (TT versus CT/CC) 1.06 (0.64-1.77) 0.822
CHEK1 (GG/GA versus AA) 2.84 (1.59-5.09) <0.001
Sex (male versus female) 0.87 (0.53-1.41) 0.568
Race (White, Hispanic, African American, others) 0.70 (0.39-1.26) 0.232
CA19-9 (reference, V47) 1.76 (0.97-1.55) 0.091
48-500 2.47 (0.97-6.31) 0.058
501-1,000 1.78 (0.82-3.90) 0.148
>1,000 2.61 (1.48-4.59) 0.001
Diabetes (no versus yes) Tumor resection (no versus yes) 0.13 (0.08-0.24) <0.001

NOTE: Tumor grade was not included in this model because information was missing from 27% of the 119 patients.
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