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Women who inherit a defective BRCA1 or BRCA2 gene have risks for breast and ovarian cancer that
are so high and seem so selective that many mutation carriers choose to have prophylactic surgery.
There has been much conjecture to explain such apparently striking tissue specificity. All these
suggestions share the assumption that some disabled function of normal tumor suppressor genes
leads to a tissue specific cancer response. Here the idea is proposed and tested that major
determinants of where BRCA1/2 hereditary cancers occur are the tissue specificity of the cancer
pathogen, the agent that causes chronic inflammation or the carcinogen. The target tissue may have
receptors for the pathogen, become selectively exposed to an inflammatory process or to a carcinogen
such as during digestion. An innate genomic deficit in a tumor suppressor gene such as BRCA1/2
contributes because it exacerbates the susceptibility to disease wherever it attacks. This hypothesis
also fits data for several tumor suppressors beyond BRCA1/2. A major advantage of this model is that

it suggests there may be some options in addition to prophylactic surgery.
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INTRODUCTION

Women who inherit a defective BRCA1 or BRCA2 gene
have risks for breast / ovarian cancer that are so high and
apparently so selective that many mutation carriers
choose to have the targets for cancer surgically removed
(Rebbeck et al., 2009; King et al., 2003). This raises the
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question why cancer just attacks breasts and ovaries
when every cell with a nucleus inherits the same
mutation. Functionally, both BRCA genes are general
cell requirements because they encode products
essential for fundamental activities such as DNA repair.
Why does inheriting a defect in general cell requirements
lead to cancers in specific target organs? Answering
these questions might help delay or prevent the onset of
hereditary cancers.

One plausible explanation involves the high
proliferative activity in ovary and breast tissues,
especially when under the influence of estrogens.
(Welcsh and King, 2001). Cells with an inherited deficit in
BRCA1 or BRCA2 acquire a second mutation
spontaneously in these tissues. Mutations in BRCA1 and
BRCA2 genes may be more likely because of high
frequencies of repetitive elements (Welcsh and King,
2001). Cells with mutations in both alleles then become
repair deficient and acquire additional mutations even
more readily. Tumors of BRCA1/2 carriers have more
losses and gains than non-hereditary cancers ( Jonsson
et al., 2005; Joose et al., 2009). Most seriously abnormal
cells die, but in rapidly proliferating breast epithelium
some abnormal cells escape by acquiring critical
checkpoint mutations. These cells may give rise to



cancers. One objection to this explanation is that other
tissues and cells also have high proliferation rates but are
not generally regarded as specific sites for tumor
formation in BRCA1/2 mutation carriers. However,
implicating BRCA1/2 and associated genes in
lymphomas and leukemias does suggest that prolonged
high proliferation rates contribute (Friedenson, 2007).

The predilection of BRCA1 carriers to develop cancers
in breast and ovary suggests tissue specific activities that
may be due in part to tissue specific transcription
functions. While it has not been demonstrated that
BRCA1 can interact directly with a sequence within
undamaged DNA, BRCA1 can bind to various sequence-
specific  DNA binding transcription factors to alter
transcription (Rosen et al., (2006). It is possible that
BRCA1 may regulate certain genes expressed only in the
breast and ovaries. The altered expression of these
transcripts would lead to an increase in neoplastic
transformation (Welcsh and King, 2001). However, risks
for other cancers in organs beyond breast and ovary are
increased as well, especially in children born with biallelic
mutations in BRCA2 (Alter et al., 2007)

A major biochemical consequence of BRCA1
deficiency is the loss of functional complexes between
BRCA1- and BRCAT1-interacting proteins. BRCAT1
contains several functional regions that interact with
proteins including ATM, p53, RB, c-Myc, BRCA2, DNA
repair factors, E2F, and others. Many of these are proto-
oncogenes or tumor suppressors that can regulate
transcription  through  both  direct and indirect
mechanisms. Thus BRCA1 is probably involved in
multiple biologic programs of cellular behavior, including
transcription, cell-cycle regulation, DNA damage repair,
centrosome duplication, and cell growth and apoptosis.
However, none of these BRCA1 interacting proteins show
a tissue restricted pattern of expression that could explain
the specific tissue tropism of BRCA1-related cancers
(Gardner and Liu, 2001).

According to another conjecture, ovary- and breast-
specific BRCA1 cofactors could cause transformation in
the absence of BRCA1. The presence of hormonal
survival factors may have a protective effect, allowing
cells with inactive BRCA1/2 to survive and proliferate.
Both the breast and ovaries are targets of estrogen and
other hormones that endow anti-apoptotic survival
functions. (Gompel et al. 2000). BRCA1 may play an
inhibitory role in estrogen receptor (ER) signaling that
could help explain the tissue specificity (Fan et al., 2001;
Dizin and Imminger-Finger, 2010). However, most
BRCA1 associated tumors lack ER expression and it is
still unclear if such tumors arise from cells that never
expressed ER or that subsequently lost ER expression.
Tamoxifen use beginning at age 35 years or older did not
reduce breast cancer incidence among healthy women
with inherited BRCA1 mutations.
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Tamoxifen reduced ER positive breast cancer incidence
among healthy BRCA2 carriers by about the same
amount as in normal women (King et al., 2001).

This does not rule out some hormonal effects. In a
prostate cancer model, hormone receptor complexes
move regions of chromosomes into close proximity and
increase risks for site specific cancer related gene
fusions after DNA double strand breaks are induced by
DNA radiation damage (Lin et al., 2009).

BRCA1 and BRCA2 gene products interact with
recombination / DNA repair proteins in pathways that
participate in preserving intact chromosome structure. It
is unclear to what extent such functions specifically
suppress breast and ovarian cancer (Scully and
Livingston 2000). It is possible that impaired DNA repair
processes themselves trigger cancer by allowing
mutations to accumulate. This does not account for why
cancer occurs in some tissues but not others.

Zhou and Elledge suggested that most tissues have
alternative ways of performing BRCA1 or BRCA2 tumor
suppressing functions but breast and ovary do not.
Therefore, loss of normal BRCA1/2 proteins in tissues
with alternate mechanisms has less effect. BRCA2 again
challenges this conjecture because people survive with
bi-allelic mutations in BRCA2. Thus every cell is capable
of surviving with inactivated BRCA2. Zhou and Elledge
(2002) proposed that BRCA1 and BRCA2 (like other
tumor suppressors) acquire specificity by exploiting
unique properties of their target tissues.

The above conjectures share the assumption that some

innate function of the normal tumor suppressor genes
leads to a tissue specific cancer response. In contrast a
different hypothesis is proposed here that can be tested
and fits the data. The tissue in which disease occurs is
greatly influenced by the tissue specificity of the disease
pathogen, of a specific chronic inflammatory process or
of a carcinogen. The target tissue can contribute
because it has receptors for the pathogen and provides
an environment that allows disease. An innate genomic
deficit contributes because it exacerbates the
susceptibility to disease wherever it attacks.
This pathogen, inflammation, or carcinogen model of
tissue specificity can be tested against a variety of
independent and different lines of evidence. Some
chronic infections can effectively direct cancer to a
specific organ. For example, hepatitis viruses target the
liver for cancer because the liver has receptors for
hepatitis viruses (Machida et al., 2006; De Marzo et al.,
2007). Many normal individuals recover and never
develop liver cancer. Similarly, H. pylori infection induces
genetic instability in the nuclei and mitochondria of gastric
cells (Machado et al., 2009).

These inflammatory conditions mediated by known
infections are related here to components within
pathways mediated by BRCA1/2. Acetaldehyde, a
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known carcinogen is causally linked to digestive tract and
breast cancers, also has relationships to pathways
containing BRCA1/2 and Fanconi anemia (FA) proteins.
Many independent lines of evidence support the idea that
damage mediated by tissue specific pathogens, chronic
inflammation, or a carcinogen gives tissue specificity to
BRCA1/2 related cancers. This model also
accommodates data for other tumor suppressors.

MATERIALS AND METHODS

Test models for cancers with known relationships to
pathogens or carcinogens

Cancers were chosen as initial test models because they all have
widely accepted and well-known links to pathogens or the
carcinogen acetaldehyde. Group 1: liver cancer associated with
viral hepatitis such as hepatitis B or C or liver and digestive tract
cancer associated with the carcinogen acetaldehyde from alcohol
metabolism; Groups 2-4: vulvar, cervical, and head and neck
cancers, all associated with human papilloma viruses (HPVs); and
Group 5: stomach (gastric) cancer associated with helicobacter
pylori. The literature was reviewed for associations between these
agents and components within models for pathways containing
BRCA1 and BRCA2.

Information sources

PubMed and Google Scholar databases were systematically
searched up through 2010, initially for original studies of non-
breast, non-ovarian cancers vs. any defect in a model for BRCA1/2
function (Figure 1). 1300 articles published in the past 50 years
were retrieved and copied to a database to facilitate computer
searching and review. Many bibliographies were also reviewed for
additional relevant references that may have been missed. Explicit
procedures were used to systematically identify, appraise,
summarize and statistically aggregate relevant studies (Moher et
al., 1999).

Statistical analyses

For meta-analyses, the random effects model was used
(Dersimonian and Laird, 1986). P values were derived from two-
sided statistical tests.

RESULTS AND DISCUSSION

Evidence for interactions between infections or a
carcinogen linked to cancers and FA, BRCA1/2, and
ATM

A composite model (Figure. 1) was derived incorporating
numerous mechanistic studies that all picture BRCA1/2
functioning in a DNA repair pathway scheme together
with FA proteins and ATM (D’andrea and Grompe, 2002;
Venkitaraman, 2003; Bolderson et al., 2010; Pace et al.,

2010; Cohn and D’Andrea, 2008; Whitby, 2010).

This derived pathway gives a general outline for repair
of DNA interstrand cross-links, stalled replication forks
and double strand breaks. Inherited defects in this repair
outline were tested against risks for cancers with known
links to pathogens, chronic inflammation and to
acetaldehyde. Cancers of the liver, cervix, vulva, head-
neck, and stomach were used as initial test tissue-
specific cancers. Acetaldehyde from alcohol metabolism
was used as a test for exposure to a carcinogen that
causes DNA cross-links.

Multiple independent lines of evidence support the
concept that pathogens, chronic inflammation or the
carcinogen acetaldehyde greatly contribute to the tissue
specificity of cancer in carriers of BRCA1, BRCA2, ATM
and FA mutations. These different types of evidence are
discussed below. In most cases each line of evidence is
supported by multiple published observations.

Ten lines of evidence supporting pathogens or a
carcinogen determining tissue specificity of
hereditary BRCA1/2 or other hereditary cancers

Chronic inflammation in cancer models and
increased susceptibility in mutation carriers

As a sign of chronic inflammation, lymphocyte infiltration
is present in five organ specific model cancers caused by
specific infections (liver, cervix, vulva, head-neck, and
stomach cancers). Homozygous mutations in ATM or a
FA gene cause the hereditary diseases ataxia-
telangiectasia (A-T) or Fanconi anemia (FA) respectively.
Both different homozygotes inherit a deficit in Fig. 1. A-T
and FA patients have strong risk factors for viral hepatitis
(and liver cancer) because they require multiple
transfusions. Increased HCV seropositivity in Ashkenazi
Jews (a group with high incidence of BRCA1/2 mutations)
suggests that ethnic factors predispose to HCV
transmission and infectivity (Golan et al., (1996). There
is greater susceptibility to viral transformation in FA-C
deficiency (Liu et al., 1996).

Responses to inflammation are abnormal in both A-T
and FA (Ward et al., 1994; Ward and Rosin, 1993; Zanier
et al., 2004; Rosselli et al.,1994; Suhasini et al., 2009;
Saito et al., 2003; Sejas et al., 2007; Hadjur et al., 2001).

Mechanisms of DNA damage due to infections /
inflammation suggest repair is required but
infections may inhibit repairs

Infection and inflammation of many tissues is
accompanied by upregulation of an inducible isoform of
nitric oxide synthase that can produce excess nitric oxide
for a prolonged period. Nitric oxide derived reactive
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Figure 1. Working test model for Derived DNA repair pathway containing BRCA1 and BRCA2 gene
products.

The model was compiled based on literature (D’Andrea and Grompe, 2002; Venkitaraman, 2003; Bolderson et
al., 2010; Pace et al., 2010; Cohn and D’Andrea, 2008). For BRCA pathway components (colored red), risks
have been studied in mutation carriers for multiple cancers linked to known infections and inflammation. The
red components are involved in repairing complex damage that occurs during inflammation or from a
carcinogen such as acetaldehyde. ATM is placed as initial signal transducer following detection of a double
strand break. Human exonuclease 1 (Exo 1) is required for double strand break repair by homologous
recombination. ATM is probably essential for rapid phosphorylation of Exo1. In turn Exo1 phosphorylation is
essential to recruit Rad51. Phosphorylation of Exol by ATM is dispensable for resecting double strand breaks
but this likely interferes with homologous recombination due to defective loading of Rad51 (Bolderson et al.,
(2010). ATM also induces a cell cycle checkpoint and phosphorylates BRCA1 and FA-D2. FA core complex
proteins cause the ubiquitylation of FANCD2 which is then found in repair foci along with BRCA1 and BRCA2.
FA-D2 might antagonize Ku70 activity and divert double-strand break repair away from abortive NHEJ and
toward homologous recombination. Pace et al (2010). One member of the FA core complex, FA-M is a DNA
junction-specific helicase / translocase that targets and processes perturbed replication forks and intermediates
of homologous recombination (Whitby, 2010; Gari et al., 2008). Acetaldehyde from alcohol metabolism and
inflammation also induce interstrand cross-links which characteristically require pathway components for repair.
BRCAT1 is essential to form nuclear foci, believed to be sites of DNA repair. BRCA2 aids the recruitment and
loading of the RAD51 repair protein onto processed double strand breaks. ATR, a kinase closely related to
ATM is activated later when stalled replication forks form during replication of damaged DNA ( Bolderson et al.
2010). The ATR signaling cascade re-enforces ATM-induced cell cycle checkpoints. Cancer risks for FA were
measured before all the components were known and refer to FA genes as a group. Not shown are numerous
interactions involving BRCA1 or BRCA2 with other proteins, details of relationships to cell cycle checkpoints,
and to estrogen signaling. The drawing represents a working model that may actually represent the sum of
simultaneous pathways activated in response to complex inflammation or acetaldehyde related DNA damage,
requiring several different types of repair. Inflammation also causes damage requiring other pathways for repair
such as mismatch repair, base excision repair, etc.
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species cause DNA damage and have carcinogenic
potential (Sawa and Ohshima, 2006).

Although other factors also contribute to cancer, three
pathogens strongly associated with cancer are well-
known to cause double strand breaks by inflammatory
processes. Specifically, HCV infection triggers
mitochondrial changes releasing reactive oxygen and
nitrogen species. This causes DNA double strand breaks
(Machida et al., 2006). Similarly HPV-16 infection
reduces reactive oxygen scavenging activity and makes
cells unresponsive to H.O, damage (Lembo et al., 2006).
Infection with the bacteria h. pylori inhibits the ability to
remove reactive oxygen intermediates by inhibiting
scavenging enzymes (Smoot et al., 2000).

Association of gene defects in the Fig. 1 pathway
with known infection / inflammation related cancers

54% of FA patients who develop cancers caused by HPV
(e.g. cervical or head-neck cancer) have evidence of
HPV infection as condyloma. In comparison to non-FA
cancer patients, odds of finding HPV infection in HNSCC
in FA patients are 8.85 [1.90 - 54.2] (Kutler et al.,
(2003a).

BRCA2 mutation increases risks for stomach cancer
usually associated with h. pylori. The standardized
incidence ratio for stomach cancer in 29 BRCA2 families
was nearly 600 times normal. (Jakubowska et al., 2002;
Jakubowska et al., 2003; Figer et al., 2001).

Some types of infection / inflammation related
damage require BRCA1/2 mediated pathways (Figure

1).

Peroxynitrite derived from an inflammatory response
produces DNA adducts that require BRCA1/2 and FA
dependent homologous recombination for repair.
Peroxynitrite oxidizes guanine in DNA producing
structures that then react with proteins such as histones
or glycosylases to form DNA protein adducts or
interstrand cross-links.  The lesions are so bulky that
BRCA1/2 dependent homologous recombination occurs
in preference to nucleotide excision repair (Nakano et al.,
2009). Impaired homologous recombination (Figure 1)
would thus favor dangerous gene rearrangements if less
specific repair methods then operate (Friedenson, 2007;
Pace et al., 2010). Another direct correlation is that the
BRCA1 associated helicase FA-J (Fig. 1) is required to
sense oxidative base damage in either strand of duplex
DNA and unwinds the damaged DNA strand. Suhasini et
al (2009). Some damage from the alcohol related
carcinogen acetaldehyde also depends on specific
repairs in Figure 1.

Associations between BRCA1/2, ATM, FA (Fig. 1) and
viral cancers or viral proteins

A mutated BRCA1 gene was detected in 13/17
precancerous lesions of the cervix. Park et al (1999).
Based on 404 cases of cervical cancer, the BRCA1
variant genotype rs799917 TT was associated with
decreased risk of cervical cancer. (OR= 0.62, Cl=0.4-
0.95). In 469 women with cervical cancer and 390
women with HPV infection, a single nucleotide
polymorphism in FA-A was associated with an increased
risk for cervical cancer (Wang et al.,, 2009). FA-F
methylation was found in about 30% of 91 cervical
cancers (Woodman et al., 2007).

BARD1 (BRCAT1 associated ring domain) protein binds
to BRCA1, stabilizing both proteins and helping target
BRCA1 to sites of DNA damage. BARD1 mutations
contribute to some cases of sporadic and hereditary
cancers of breast, ovary and uterus (Zhou et al., 2009).
BARD1 forms a physical complex with the HPV protein
E6 and inactivates the expression of E6 in cervical
cancer cells. (Yim et al., 2007). BRCAT1 is involved in
complex interactions during a response to h. pylori
mediated infections (Kim and Kim, 2009).

Infection with HPV activates the ATM-Chk2 checkpoint
pathway (Figure 1). This permits repair of damage by
homologous recombination (Figure 1) and non-
homologous end joining. Not all damaged sites are
repaired correctly leading to chromosomal translocations,
deletions and rearrangements. Cellular defenses against
integrated HPV re-replication are primarily coordinated by
ATM. ATM is visualized in the repair and recombination
centers of cells infected with HPV. Kadaja et al (2009).
An allelic imbalance at chromosome 11q (near or
including ATM was found in 34 of 81 cervical cancers
(Skomedal et al.,1999).

Reduced activities of BRCA2, FA-J and ATM have
been reported in HCV mediated hepatocellular carcinoma
compared to normal uninfected cells (Ghaziani et al.,
2006; Kondoh et al., 2001; Lai et al., 2008). HCV
contains a helicase that interacts with host protein ATM,
impairing repair of DNA double strand breaks and cross-
links.

Relationship to a DNA interstrand cross-linking
carcinogen

Alcohol consumption increases risks for cancers of the
upper aerodigestive tract, liver, colorectum, and female
breast (Baan et al., 2007). The sites for these cancers
are influenced by acetaldehyde a known carcinogen
produced during alcohol metabolism. Acetaldehyde
generates DNA —protein and interstrand cross-links. The



response to this damage results in a concentration-
dependent increase in FA-D2 mono-ubiquitylation, which
is dependent upon the FA core complex (Figure 1). The
acetaldehyde DNA damage response is qualitatively
similar to the cellular response to mitomycin C, the
classic test for deficiencies in FA (Marietta et al., 2009).
Alcohol also causes oxidative stress, endoplasmic
reticulum stress, and inflammatory / immune responses.

Increased risk for pancreatic and prostate cancers.

It is well known that BRCA1 and/or BRCA2 mutation
carriers have increased risks for pancreatic and prostate
cancers Kim et al., 2009; Agalliu et al., 2009). In normal
individuals, chronic inflammation in the target organ
predisposes to either cancer. Patients with chronic
alcoholic pancreatitis or with familial chronic pancreatitis
have much higher incidence of pancreatic carcinoma.
Exposure to infectious agents and carcinogens and
hormonal imbalances lead to prostate injury, to chronic
inflammation and to high risk lesions (De Marzo et al.,
2007).

Other cancers with probable links to inflammation
strongly correlate with biallelic BRCA2 mutation.

In carriers of compound BRCA2 mutations, risks for other
cancers associated with chronic infections and
inflammation are very strongly linked to the presence of
the mutation. Acute myeloid leukemias of the monocytic
lineage can be induced reproducibly and with high
incidence due to collaborative effects from severe chronic
inflammation and infection by specific retroviruses (Wolff
et al., 1991). In 6 children with biallelic BRCA2 mutations,
leukemia occurred in all 6 at a median of 2.2 years of
age, with 4 of the 6 developing acute myeloid leukemia.
Solid tumors with links to inflammation are also
extraordinarily frequent. Of 14 patients with biallelic
BRCA2 mutations, 5 died of early onset brain tumors,
primarily medulloblastomas, and 3 developed Wilms
tumors (Wagner et al., 2004). These are all cancers with
known links to chronic infection/inflammation. In a formal
review of biallelic BRCA2 mutation patients (Alter et al.
2007) similarly found dramatic risks for specific cancers
with strong associations to inflammation. Cumulative
probability of leukemia (primarily AML) was 79% by age
10 years, that of a solid tumor was 83% by age 6.7 years,
that of a brain tumor (primarily medulloblastoma) was
85% by age 9 years, that of a Wilms tumor was 63% by
age 6.7 years.
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Hereditary colon cancer may involve different
inherited genomic deficits but the site for cancer is
still dictated by exposure to carcinogens.

Alcohol is causally linked to colon cancer in normal
individuals (Baan et al., 2007). Alcohol metabolism
produces acetaldehyde which cause damage requiring
the Figure 1 pathway for repair. In BRCA1/2 mutation
carriers, colon cancer is difficult to detect because the
average age of developing colon cancer (70 years) is the
same as the life expectancy of a BRCA mutation carrier
with mutation diagnosed at age 30 (Armstrong et al.,
2004). Very few patients in colon cancer clinics will
therefore have BRCA1/2 mutations. Elevated risk for
colon cancer has been reported in BRCA1 carriers (Ford
et al.,, 1994). Other studies conflict but Thompson et al.
(2002) found enough “digestive tract cancers” or
unknown primary cancers to significantly change reported
risks for colorectal cancers. Colorectal cancer is difficult
to diagnose and is a common cause for primary cancers
with unknown origin. Based on a small study, a
chromosomal marker near the BRCA1 gene may be a
useful marker for identifying genetic instability in
ulcerative  colitis lesions leading to neoplastic
development (Matsumoto et al., 2003).

This gives added importance to colon cancer models
that can test for the involvement of Fig. 1. In Atm
deficient mice, feeding dextran sulfate induces colitis that
clinically and experimentally resembles ulcerative colitis
and its progression to colon cancer. Intestinal
inflammation causes DNA single- and double-stranded
breaks and oxidized bases. Markers of reactive oxygen
and nitrogen species—mediated damage, including 8-
oxoguanine and nitrotyrosine, were greater in Atm
deficient mice than in wild-type mice (Westbrook and
Schiestl, 2010). This again shows a carcinogen or
mutagen (dextran sulfate) dictating the site for at least a
cancer precursor in the presence of a general repair
deficit.

The colon comes into relatively prolonged contact with
antigens, pathogens and mutagens in the diet. The
extent of inflammation and other damage need not
correlate with the cancer risk due to BRCA1/2 mutation
alone. Inflammation and reactive oxygen species cause
a wide variety of damage to DNA including strand breaks,
protein cross-linking and base modifications requiring
multiple different repair pathways. In addition to
BRCA1/2 related pathways, various inflammation
damage is repaired by mismatch repair, nucleotide
excision repair, base excision repair, transcription
coupled repair, etc. More than 20 base lesions alone
have been identified due to oxidative DNA damage. The



378 J. Med. Med. Sci.

nature of the lesion is important in dictating the repair
process which need not involve BRCA1/2 pathways.

In one form of hereditary colon cancer, a glycosylase
enzyme is missing that is needed for excision repair of 8-
oxoguanine DNA, a by-product of inflammation in the
colon. Inherited defects in this enzyme (MUTYH) allow
increases in 8-oxoguanine DNA, (David et al., 2007). In
studies of interactions with environmental factors, colon
cancer risk for 8-oxoguanine glycosylase genotypes
differed depending on dietary exposures such as the
amount of meat in the diet (Weiss et al., 2005). This
again suggests that the carcinogen (and its route of
ingestion or exposure) plays a major role in determining
the site for hereditary cancers.

MUTYH cancers are indistinguishable from the
hereditary cancer condition familial adenomatous
polyposis (FAP) associated with an inherited mutation in
the APC gene. The intestinal epithelium becomes littered
with hundreds to thousands of polyps, some of which
progress to invasive cancers. FAP patients have high
risks for other infection/inflammation related cancers
(liver, stomach, pancreatic cancers and
medullablastoma). Normal intestinal tissue in FAP
patients is heterozygous for wild-type APC, but polyps
show loss of the wild-type APC allele. APC is essential
for beta-catenin signaling, for microtubule plus-end
binding and stabilization, for efficient spindle checkpoint
activation, and for cytokinesis. How disruption of APC
function contributes to tumor progression is poorly
understood (Ceol et al., 2007). Specific targeting of
hereditary cancers need not occur because of defective
repair processes alone. Nonetheless chronic
inflammation in the colon exacerbates cancer risks. Anti-
inflammatory drugs (NSAIDs) reduce the number and the
size of adenomatous polyps.

Heterozygous non-polyposis colon cancer (HNPCC) is
associated with an inherited deficit in mismatch repair. A
double blind factorial randomized clinical trial studied
effects of the anti-inflammatory aspirin in 1,071 carriers
HNPCC for a mean period of 51 months. Cancer
sufferers in the aspirin group were outnumbered 2 to 1
with a clear effect for duration of treatment (Burn et al.,
2009).

Summarizing relative risks from high quality
epidemiologic studies of mutation carriers shows
that three chronic inflammatory infections greatly
increase cancer risks in FA, BRCA1/2 and ATM
mutation carriers

Table 1 shows RR data from FA, BRCA1/2 and ATM
mutation carriers for five organ specific cancers with well-
known associations with chronic infection/ inflammation —
cancer of the liver, cervix, vulva, head and neck area,
and stomach. For these cancers, the pathogen is an
important factor in determining which cancer occurs.

For homozygotes each of three available studies gives
very large RR values for cancers of the liver, cervix, vulva
and head and neck area. Summary RR values are
hundreds of times above control groups (Table 1, top
row), with onset accelerated into early ages. (Alter, 2003)
For heterozygotes, results summarized in Table 1 show
that a deleterious mutation in BRCA1, BRCA2 or ATM
genes greatly increases risks for cancers known to be
linked to chronic infection.

There are strong precedents for the idea that the same
process can be inactivated at multiple points. Cancer
genome sequences show that more than one mutation
within the same pathway is unusual (Vogelstein and
Kinzler, 2004). Other processes such as mismatch repair
that depend on multiple genes can be inactivated by
inactivating any of several genes encoding proteins within
the pathway. The model pathway in Fig. 1 suggests that
ATM, BRCA1, BRCA2 and FA genes encode proteins
needed to repair DNA damage to specific organs caused
by pathogens, inflammation or carcinogens. Models for
BRCA repair functions that differ from Figure 1 are still
consistent with a role in repairing DNA damage related to
pathogens, inflammation, or carcinogens (Cohn and
D’Andrea, 2008; Knipscheer et al., 2009; Whitby, 2010;
Gari et al., 2008).

Hereditary Cancers are also targeted to breast and
ovary by inflammatory processes

Although, investigated by many groups, no pathogens,
sources of chronic inflammation or carcinogens have
been conclusively linked to breast and ovarian cancer.
However there is evidence that these mechanisms
operate in hereditary breast and ovarian cancer. The
distal fimbrial end of the fallopian tube is an important site
for cancer genesis in BRCA1/2 mutation carriers (Hirst et
al., 2009; Crum et al., 2007; Callahan et al., 2007; Cass
et al., 2005; Demopoulos et al., 2001; Lee et al., 2007).

Tubal ligation protects against ovarian cancer

30 publications show an inverse association between
ovarian cancer risk and tubal ligation based on data from
hundreds of thousands of women. In mutation carriers,
pooled OR = 0.69 (95% CIl = 0.55-0.85) for risk of ovarian
cancer after tubal ligation. Several studies show that
tubal ligation substantially reduces ovarian cancer risk for
BRCAT1 carriers (McGuire et al., 2004; McGlaughlin et al.,
2007; Narod et al., 2001; Rutter et al., 2003). A large
study reported HR=0.49 (0.22-0.80) (Antoniou et al.,
2009).

Tubal ligation commonly removes sections of tubes
between the uterus and fimbria, presumably preventing
infection/inflammation from reaching the distal ends.
This suggests pathogens, infection/inflammation, or
carcinogens must travel through the tube to cause
ovarian cancer.



Table 1. Cancer risks linked to chronic inflammatory infections at specific organ targets in cohorts with mutations in FA, BRCA1, BRCA2
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(1999)
3.06 [1.83 - 5.11],
ATM 3.82 [2.23 - 6.55], Moment  based 366 [1.29 — 5.78], (ng%f;‘;ey-glerez et a:-
2 2 sen et al
heterozygotes 1“=0 5::&3}2;:0 study 1“2 1.6% (2005) Swift et al. (1976)
Thompson et al (2002)
RR Data pooled Hemminki et al. (2005),
from 5 2J1c)gr19&19r1)nss§n teé al
heterozygous i i 2.26[1.22- 4.71]1°=0% (1999), breast Lancer
carriers of 32'87 [2.58-5.81], 32'14 227 - 4.35], 48 [1.64 - 3.45],I2= for subgroup (buccal Linkage Consortium
mutation in 1"=0 "=1.1% 42% cavity, pharynx or oral (1999 Geoffrey-Perez et
BRCA1. BRCA2 cavity) al (2001) Olsen et al
or ATM (2005)  Swift et al
(1976)), Evans et al
(2001)

Risks for cancers of the liver, cervix, stomach and head and neck area are shown separately in rows 2-4 for heterozygous mutations in BRCA1,
BRCA2 and ATM. In the bottom row these risks are calculated by pooling RR data from BRCA1, BRCA2, probable BRCA1/2 (untyped), and ATM
heterozygous carriers. This pooled data includes 24, 272 heterozygotes as19,765 BRCA1/2 heterozygotes or potential heterozygotes and 4507 ATM
heterozygotes or potential heterozygotes The effects of different variables on the statistical results and the robustness of the results were measured

by performing meta-analyses using many different combinations of studies and study arms. Heterogeneity testing (as 12 or between study variance)

evaluated whether the effect size in different subgroups (defined biologically or medically) varied significantly from the main effect. An I2 value >50%
generally indicates significant heterogeneity (Higgins et al., 2003). For cervical cancer, a possible source of inconsistency may be differences in Pap
testing. Stomach cancer may be underestimated in BRCA1 carriers because significant numbers of “abdomen not otherwise specified” as well as
peritoneal and intestinal tract cancers were reported by Thompson et al (2002). Moreover, stomach cancer typically occurs late in life and is subject to
competing risks. Subgroup analysis suggested RR values and inconsistency in head and neck cancer studies (87.1%) may partly depend on
differences in defining head and neck cancers. Three studies reported HNSCC as cancer of the buccal cavity and/or pharynx or oral cavity. A
subgroup of these three studies gives a summary RR=2.26 [1.22- 4.17] with 0% inconsistency. However, HPV is most clearly associated with
oropharyngeal cancer (63% in the US), arising predominantly from the lingual and palatine tonsils (D’Souza et al., 2007). The one study that
specifically reported oropharyngeal cancer also found the highest RR (Evans et al., 2001). Details of these calculations have been reported elsewhere
Friedenson (2010) submitted. Briefly, cohorts in the table had a documented mutation in the family and/or numerous breast or other cancers at age
<60. Inherited defects were in FA proteins, BRCA1, BRCA2 or the upstream activator ATM. Studies of groups having a known probability of carrying
a mutation <25% (3 studies) were excluded. Other exclusion criteria were > 20% of subjects lost due to mortality, illness, refusal to participate,
missing information, lost branches of family trees, dropouts, etc. or some other preselection such as ignoring family branches likely to have cancer (7
studies). Any of these criteria would potentially weight results for cancer survivors or people who never get cancer (Friedenson, 2009). No
assumptions were made about the risk for a cancer at any individual site unless the study reported incidence at the site. In order to qualify for
inclusion, a study had to meet the following a priori criteria of quality. The study had to (1) have sufficient follow-up (1-10 years) (2) include incidence
data from >100 individuals for cancers beyond breast and ovarian cancer, (3) have a probability of mutation >=25%, assuming a positive family history
(4) provide relative risks for cancers beyond breast and ovarian, with confidence intervals (Cls) or sufficient data to allow calculation of RRs and Cls.
A standard protocol was followed to extract data from each included study.
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Talc use has been associated with ovarian cancer

It is well known that talc causes inflammation in the
pleural cavity. In the past some talc contained asbestos
fibers. Talc reaches the upper abdominal cavity and is
detected in surgically removed ovaries. RR for ovarian
cancer as high as 4.8 (2.1-11) have been reported (Gates
et al., 2008). However this risk in mutation carriers has
not been studied.

Inhibiting ovulation reduces risk for ovarian cancers.

Ovulation itself may cause inflammation in both the ovary
and the fimbria. At the site of ovum release, leukocyte

invasion, release of nitric oxide and inflammatory
cytokines, vasodilation, DNA repair, and tissue
remodeling (resembling wound healing) all occur.

(Fleming et al., 2006). Inhibiting ovulation by oral
contraceptives (OC) decreases cancer risk in mutation
carriers. HR = 0.52; (0.37-0.73; p = 0.0002) for BRCA1
carriers who had ever used OC. Increasing duration of
OC use was associated with a reduced ovarian cancer
risk in both mutation carriers and in normal women
(Antoniou et al., 2009; Siskind et al., 2000)

Tumor infiltrating lymphocytes in hereditary ovarian
and breast cancers

Intraepithelial CD8" T-cells correlated with the presence
of mutation or loss of expression of BRCA1 through
promoter methylation (Clarke et al., 2009). Macrophages
may also be found in ovarian tumors (Fleming et al.,
2006).

In normal women, transitions from normal breast to
benign proliferative breast disease to ductal carcinoma in
situ to infiltrating ductal carcinomas were associated with
significantly increased mean densities of inflammatory
cell infiltrates. Large increases in infiltrates occur in the
precursor form benign proliferative breast disease
compared to stroma (Hussein and Hassan, 2006).
Breast inflammation as lobulitis was found in 21/41
prophylactic mastectomy specimens from high risk
women vs. 8/82 controls (Hermsen et al., 2005).
BRCA1/2 mutation carriers have a denser lymphoid
infiltrate in breast cancers compared to matched,
sporadic control group (Adem et al., 2003). Cancers
associated with BRCA1 mutations had more lymphocytic
infiltration than sporadic, control cancers (Lakhani et al.,
1998; Adem et al., 2003; Lakhani, 1999) and a higher
expression of lymphocyte specific genes on microarray
analysis (van't Veer et al., 2002). Medullary cancer is
more frequent in BRCA1/2 mutation carriers and is also
closely associated with a dense lymphocyte infiltrate
(Kuroda et al., 2005).

Infection associated gene signature suggests a
deregulated immune or inflammatory response to
some pathogen

Genes important for immunity to infection and for removal
of abnormal cells are over expressed in normal parous
women but are not over expressed in BRCA1 carriers
(Buckley et al., 2007). BRCA1 expression is essential to
up-regulate a group of IFN-gamma controlled genes
including an anti-viral protein (8-fold) and an antigen
presentation protein (2-fold). 40% of 96 breast cancer
samples had a strong signature for an interferon induced
pathway (Einav et al., 2005).

Candidate sources for breast carcinogenesis and for
infection / inflammation

Alcohol consumption has been causally linked to breast
cancer (Baan et al.,, 2007). Candidate sources for
pathogens or infection / inflammation underlying breast
cancer include human endogenous retroviruses (HERV).
HERV-like sequences are integrated within the human
genome. Expression of these sequences can cause
inflammatory responses. Strong antibody and T-cell
responses to HERV antigens have been found in women
with early onset breast cancer and other breast cancer
patients. HERV was reactivated in 88% of breast cancer
samples including young women at greater risk for
BRCA1/2 mutations but not in controls (Wang-Johanning
et al.,, 2008). BRCA1/2 status was not determined but
most breast cancers occurred in younger age patients
(ages <=55 and < 50) (Wang-Johanning et al., 2008).
RNA expression from retrovirus was found in high titer in
circulating blood from 20 breast cancer patients
(Contreras-Galindo et al., 2008).

Viruses including EBV, a human equivalent of mouse
mammary tumor virus (MMTV), and HPV have been
detected in benign breast tissues and breast tumors. All
are candidate pathogens or sources of infection and
inflammation that might give rise to breast cancer. De
Villiers et al. (2004) demonstrated the occurrence of HPV
in high percentages of nipple and areolar tissues in
patients with breast carcinoma but another study
disagreed (De Cremoux et al., 2008).

NSAIDs

Anti-inflammatory NSAIDs reduce ovarian cancer risk in
nulliparous women when other effect modifiers are
corrected. Wernli et al (2008) found OR=0.47(0.27-0.82)
for nulliparous women and OR=0.58 (0.42-0.80) for
women who had never used oral contraceptives. Five
meta-analyses including up to 91 studies, involving
millions of subjects comparing NSAID users to non-users



find that NSAIDs protect against breast cancer
(Takkouche et al.,2008). In a 2010 study, Brasky et al.
found that recent aspirin use was inversely associated
with breast cancer risk (adjusted OR 0.80, 95% CI: 0.68-
0.94); the greatest reduction in risk occurred among
those who took >/=2 aspirin pills/day (OR 0.74, 95% CI:
0.61-0. 90).

NSAID results that specifically address breast cancer
risk in BRCA1 or BRCA2 mutation carriers are needed,
but there are results from women with a family history of
breast cancer. Harris et al (2003) studied NSAID use in
3546 women with a family history of breast cancer as part
of the very large Women’s Health Initiative (WHI) study.
Stratification according to family history is more likely to
represent mutation carriers than stratification according to
other variables (body mass index, hormone replacement
therapy, parity under age 30, or strenuous exercise).
After age adjustment or multivariate analyses, women
with a family history of breast cancer who used NSAIDs
had the greatest apparent reduction in RR. However
confidence intervals overlapped other strata (Harris et al.,
20083).

CONCLUSION

Mutations in BRCA1/2 genes and other hereditary
mutations increase cancer risks from chronic infection,
inflammation pathogens and at least one carcinogen
which contribute to selecting the site where hereditary
cancer develops. This information may be useful to
prevent or delay cancers in mutation carriers.
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