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CHAPTERR 11 

SUMMARYY AND DISCUSSION 

Recentt years have brought an impressive accumulation of knowledge about 
thee genetic basis of pancreatic cancer, but so tar it has not been possible 
too translate this improved understanding into significant advancements 
inn clinical treatment. In 2002. Howlett ct dl.A2 discovered that biallelic 
BRi'AZBRi'AZ mutat ions were present in a subset of Fanconi anemia (FA) pa-
tients.. A small percentage of pancreatic cancer cells harbors mutat ions 
mm the BRCA2 gene, other members of the FA pathway had not been 
assessedd in pancreatic cancer. 
Inn this work, we studied 70 pancreatic tumors for genetic defects in 
FAXCCFAXCC and 72 tumors for FAXCX', mutat ions. Two somatic truncating 
mutat ionss were found in /vLYCC: one germline truncating mutat ion 
wass found in FAXCC. The finding of somatic alterations in the FAXCX' 
genee in pancreatic cancer cells, in combination with the known associa-
tionn of BRCA2 mutat ions with pancreatic cancer, implies a role for 
defectss in the FA/BRCA2 pathway in the development of a subset (5-
10%)) of pancreatic cancers. 
Thee vast majority of pancreatic cancers are aneuploid. reflecting an in-
creasedd rate of chromosomal instabil ity. Although mutat ions in the 
¥A/BR(~A2¥A/BR(~A2 pathway could, in combination with certain checkpoint 
defects,, lead to an increased chromosomal instability, the role of these 
mutat ionss in pancreatic cancer is not clear yet. Most aneuploid tumors 
aree not defective in a member of the FA/BRCA2 pathway; these defects 
aree therefore unlikely to be a general cause of aneuploidy in cancer. 
Alternatively,, defects in the FA/BRC.A2 pathway could serve a unique 
rolee at a certain stage of carcinogenesis, in a subset of tumors, providing 
aa very specific type of genetic instabil i ty to the developing neoplasm, to 
overcomee very specific genetic barriers. Although significant progress 
hass recently been made, more work is needed to understand the role of 
defectss in the F.A/BRCA2 pathway in carcinogenesis. 
Mutat ionss in the proximal FA pathway are present at a substantial fre-
quencyy in the general population (approximately 1 in 500). however, 
germlinee mutat ions in these genes do not seem to be abundant in pan-
creaticc (or other) cancer patients. No pathogenic F.4A C(, or /-.-\.\ (.(., 
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CHAPTERCHAPTER 1 7 

germlinee mutat ions were found in individuals with a strong family his-
toryy of pancreatic cancer. In a separate study. Couch ct a!, assayed blood 
sampless taken from 421 pancreatic cancer patients for mutat ions in the 
FAXCCFAXCC and FAXCG genes (this study was not designed to detect somat-
icc mutat ions). Two truncating FAXCC mutat ions were found, both 
accompaniedd by loss of heterozygosity in the corresponding original 
tumors1 6 1,, suggesting a weak association of germline mutat ions in the 
FAXCCFAXCC gene with pancreatic cancer. No truncat ing mutat ions were 
identifiedd in germline DNA of 658 control individuals. 
Whilee pancreatic cancer remains the only form of cancer (in non-FA 
patients)) known to harbor ;upstream'' FA mutat ions to date, mutat ions 
inn this pathway are unlikely to be restricted to cancers of the pancreas. 
Inn a study of 35 cancer cell lines, we found one breast and one head and 
neckk cancer to be defective in the upstream FA pathway, as assayed by 
Fancd22 immunoblot. Two ovarian cancer cell lines were recently shown 
too be defective in the FA pathway, which was attr ibuted to FAXCF-
methylation1^9.. Epidemiological studies so far have not found relatives 
off  FA patients to be at an increased risk for cancer. This could be 
explainedd by a low penetrance of mutat ions in the upstream FA path-
way.. Also,, an increased cancer risk for individuals with mutat ions in 
onee of the FA genes could be missed due to heterogeneity among the 
patientt populations studied. FAXCA is the most commonly mutated 
genee in the general population. Therefore, low-penetrance mutat ions in 
FAXCCFAXCC and FAXCG, contributing to the development of less common 
formss of cancer, such as cancer of the pancreas, could be missed in epi-
demiologicall  studies. More extensive studies of cancer incidence in FA 
mutat ionn carriers are needed. These studies should aim to look at carri-
erss of mutat ions in different complementat ion groups separately, and 
wi t hh adequate numbers to achieve statistical power. 
Mutat ionss in the FAXCC and FAXCG genes in pancreatic cancer lead to 
aa functional defect in the FA pathway as assayed by Fancd2 monoubiq-
ui tmat ionn and nuclear focus formation. Additionally, pancreatic carci-
nomass defective in the FA/BRCA2 pathway are remarkably sensitive to 
DNA-mterstrandd crosslinking agents, both in culture and as xenografts 
inn mice. This increased sensitivity at low doses of crosslinking agents is 
effectuatedd by a G2/M cell cycle arrest, apoptosis and necrosis. 
Severall  lines of evidence suggest the use of combinations of chemothera-
pyy containing mitomycin C (MMC) and other crosslinking agents to be 
beneficiall  for pancreatic cancer patients. Although a significant increase 
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inn survival is usually not found, occasional complete and long-term remis-
sionss are reported4A These reports have not incorporated the genetic 
testingg of these patients, but a gene defect in BRCA2. 1AXCC. FAXCG 
orr another gene in the FA/BRCA2 pathway could in theory cause a ther-
apeuticallyy useful hypersensitivity, providing an "Achilles' heel" in a 
subsett of pancreatic cancers. 
Thee preclinical findings presented in this work suggest that DNA-mter-
strandd crosslinking agents, particularly MM C or cisplatm. could be selec-
tivelyy used on patients with cancers harboring mutat ions in one of the 
memberss of the YA/BRCA2 pathway. Treatment options are not restrict-
edd to MM C or cisplatin and include other effective crosslinkers that 
mayy be tolerated better, such as oxaliplatin 164. Also, other groups of 
therapiess may be selectively toxic to cells with defects in the FA/BRCA2 
pathway.. In two recent studies. BRCA2 deficient cells were shown to be 
hypersensitivee to inhibitors of PARP (poly(ADP-nbose) polymerase), an 
enzymee involved in the repair of DNA single-strand breaks200,2 l11, pro-
vidingg another means to target carcinomas with defects in the 
YA/BRCA2YA/BRCA2 pathway. However, new studies suggest that these results 
cannott be directly extended to S/?C712-defective pancreatic cancers cells 
(Gallmeierr E. Kern SE; personal communicat ion). 
Patientss could be screened for germline mutat ions in BRCA2 and. if an 
appropriatee test could be developed, tumor specimens could be screened 
forr somatic mutat ions in FAi\'CC or other FA pathway defects. To pro-
videe preliminary evidence supporting this principle, six anonymous cod-
edd blood samples of pancreatic cancer patients that had experienced a 
goodd clinical response to a combination regimen of MM C and 5^FU were 
analyzedd for BRCA2 mutat ions or deletions: one deleterious mutat ion 
wass found. Because tumor tissue was not available, we were unable to 
screenn for somatic mutat ions in FAXCC. !:A.XCC or BRCA2 in these 
pat ients'' tumors. Although finding one mutat ion in a patient's tumor is 
nott a statistically significant result. BRCA2 mutat ions are rare in spo-
radicc tumors. Therefore, finding a BRCA2 mutat ion in a small number of 
sporadicc cases solely selected based upon treatment response is another 
encouragementt to continue investigating the possibility to treat pancre-
aticc cancer patients based upon their ¥A/BRCA2 status. 
Onee could envision that in the treatment of pancreatic cancer, after sur-
gicall  excision (which most readily permits the full genetic analysis envi-
sioned).. MM C (or another crosslinking agent) could be a curatively 
intendedd adjuvant treatment used selectively in the instance of tumor 
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defectss in the ¥A/BRCA2 pathway. In the meantime, the known germline 
originn of most pancreatic cancer HRCA2 defects and the availability of 
reliablee and rapid BRCA2 testing allows for the design of directed stud-
iess in either resected or unresectable cases of pancreatic cancer. In order 
too increase the number of patients who could benefit from the rational 
usee of interstrand crosslinkmg agents targeting a specific genetic defect, 
futuree studies should include the development of a test for upstream FA 
defectss in patients' tumors. 
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