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Abstract 

 
Inheritance of a BRCA1/2 defect predicts such high breast cancer risks that prevention has not been 
widely studied.  Hereditary BRCA1/2 gene mutations can cause cancer by impairing protective 
responses to some carcinogens.  Literature searches identified formaldehyde and acetaldehyde as 
contributors to mutation related carcinogenesis if detoxification pathways are overwhelmed.  The work 
first determined whether the types of DNA damage associated with hereditary cancers resemble DNA 
damage caused by the two opportunistic carcinogens.  Both carcinogens activate BRCA1/2 pathways; 
both carcinogens cause the same types of DNA damage found in BRCA1/2 related cancers; both 
carcinogens increase risks for leukemias theoretically and statistically associated with BRCA1/2 
deficiencies.  Rats given acetaldehyde have increased incidence of malignant mammary tumors, 
leukemias, lymphomas, and pancreatic tumors.  In humans, breastfeeding transmits acetaldehyde to 
infants.  At least seven studies link acetaldehyde to early onset breast cancer.  Risks from these and 
other opportunistic carcinogens including radiation may be modified in BRCA mutation carriers. 
Compensating for the genetic deficit may prevent or delay some hereditary cancers. 
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INTRODUCTION 

 
Understanding the tissue specificity of hereditary 
breast cancer  
  
Although all cells inherit the same mutation, BRCA1 and 
BRCA2 mutations are widely believed to specifically 
target breast and ovary for cancer. This has been 
attributed to some special property of the inherited gene 
mutation.  Previous work (Friedenson, 2010b) suggested 
that risks for hereditary cancers are stimulated because 
specific organs are exposed to carcinogens that can take 
advantage of the inherited gene deficit to cause cancer.  
Mutations in other genes also contribute to cancer risks,  
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but identifying and then controlling exposure to 
opportunistic carcinogens that take advantage of known 
BRCA1/2 gene mutations is a first step in preventing or 
delaying some hereditary cancers.    

In carriers of mutations in pathways dependent on 
BRCA1/2 genes, there is an increased incidence of 
cancers (Friedenson, 2010a) related to chronic organ 
specific infections that cause DNA damage (De Marzo et 
al., 2007; Machida et al., 2006; Sutcliffe et al., 2007).   
The first defenses against these chronic infection induced 
cancers are encoded by genes for immune responses, 
and for processing, detoxifying and metabolizing 
carcinogens.  If the infection is not cleared BRCA1/2 
mediated pathways serve as further defenses to repair 
certain types of DNA damage (Maul et al., 1998), 
especially damage caused by DNA cross links 
(Friedenson, 2010a, b).   Inherited mutations can cripple 
these repairs and other BRCA1/2 protective functions.  
Constant cell death and replacement then occur in a 
mutagenic environment.   Inherited deficiencies in 
BRCA1/2 pathways exaggerate  
 



 
 
 
cancer risks from exposure to opportunistic carcinogens 
that overwhelm detoxification pathways.  

Here, types of DNA damage associated with 
BRCA1/2 related hereditary cancers are shown to be the 
same types of DNA damage caused by two opportunistic 
carcinogens.  The two carcinogens cause DNA cross 
links that depend on BRCA1/2 pathways for repair 
(Abraham et al., 2011; Lu et al., 2010; Theruvathu et al., 
2005).  Similar cross links are found in BRCA1/2 related 
cancers.  Another criterion is that mutation carriers have  
higher risks for cancers known to be associated with 
particular types of carcinogens.  Even though this 
evidence does not prove a direct cause and effect 
relationship, it does suggest that mutation carriers can 
reduce their cancer risks by limiting or compensating for 
carcinogenic damage that requires BRCA1/2 related 
pathways for repair. 
 
 
Materials and Methods 
 
Comparing DNA damage associated with pathway 
deficits to DNA damage caused by carcinogens 
 
PubMed, Google and Google scholar indexes were 
searched for articles published since 1950.  Search 
criteria for identifying opportunistic carcinogens were as 
follows:  exposure that is common and widespread; a 
large amount of available information; carcinogenic 
damage that likely requires BRCA1/2 pathway repairs; a 
likely increase in risks for any cancer; and evidence for 
effects on stem cells.  Formaldehyde and acetaldehyde 
were identified as opportunistic carcinogens with 
exposure being common through the diet or pollution.  
DNA damage found in retrieved studies of BRCA1/2 
pathway deficits was compared to DNA damage reported 
for formaldehyde and acetaldehyde/alcohol.  Then any 
cancers caused by these carcinogens in animals or 
humans were listed and compared to cancers linked to 
BRCA1/2 pathway deficits.  Systematic searches were 
then conducted for relative risks for human cancers in 
potential mutation carriers caused by exposure to 
formaldehyde or acetaldehyde.  Potential mutation 
carriers were defined as those having known risk factors 
for a pathogenic mutation in BRCA1/2 genes or within a 
pathway depending on BRCA1/2 genes (Friedenson, 
2007). 

Included risk data was used directly without further 
statistical calculation, adjustment, or combination.  
Included data was not corrected for low percentages of 
mutation carriers in the population, for survival, or for 
mortality causing a loss to follow-up.  Studies of second 
primary cancers after breast cancer provided the most 
extensive and complete sources of statistical cancer risk 
data for BRCA1/2 heterozygotes.  Given the high risk of 
BRCA1/2 mutation carriers and their involvement with 
medical oncology personnel, cancer survivors among  
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patients with BRCA1/2 pathway mutations are often 
monitored for the development of a second primary 
cancer.  This is done more often than observing 
genetically typed healthy individuals for the development 
of a first cancer.   Relationships between alcohol 
consumption and cancer risks can only be studied in 
populations with substantial alcohol consumption (Seitz 
and Becker, 2007; Seitz and Stickel, 2007) and 
epidemiologic studies can easily be confounded by very 
high levels of acetaldehyde in some diets (Salaspuro, 
2009).   Epidemiologic studies could not be used if they 
contained very high percentages of non-drinkers or light 
drinkers (>=70% to 98%) among potential BRCA1/2 
mutation carriers.  Substantial differences in numbers of 
oophorectomies or women on hormone replacement 
therapy in drinkers vs. controls also excluded data. 
 
 
RESULTS 
 
Formaldehyde and acetaldehyde produce the same 
types of DNA lesions found in hereditary cancers 
associated with deficits in BRCA1/2 pathways 
 
Table 1 compiles evidence showing that at least four 
types of genetic mutations found in cancers associated 
with BRCA pathway deficits are the same types of DNA 
mutations caused by formaldehyde and acetaldehyde.  If 
the two carcinogens exceed the capacity of detoxification 
pathways (Figures 1 and 2), they can go on to cause 
genetic damage.   Formaldehyde and acetaldehyde have 
the ability to chemically cross-link DNA strands and to 
form DNA protein cross links (Figure 1 and 2)  (Ishikawa 
et al., 2007; Shaham et al., 1996; Zhang et al., 2010).  
These kinds of DNA lesions are widely accepted as 
critical for BRCA1/2 pathway associated hereditary 
carcinogenesis.  Such cross links are not repaired or mis-
repaired in homozygotes with deficits in BRCA1/2 
pathways.   Deficits in repairing such cross links may 
result in double strand breaks and may be associated 
with more frequent gene rearrangements  (Ashworth, 
2008; Friedenson, 2007). 

Although p53 is mutated in many cancers, p53 gene 
mutations are characteristic of BRCA1/2 associated 
hereditary cancers and found in almost all (96%) ovarian 
cancers (Cancer Genome Atlas Research, 2011).  p53 
gene mutations are also caused by formaldehyde and 
acetaldehyde exposure.  Table 1 shows that epigenetic 
modifications caused by the two carcinogens are 
consistent with a global reduction in methylation levels 
with aberrant- or hyper- methylation of tumor suppressor 
promoters.   

The last row in Table 1 notes that loss of BRCA1/2 
and exposure to acetaldehyde and probably 
formaldehyde are all associated with increased activity of 
metalloproteinases.  Metalloproteinase enzymes are 
thought to facilitate invasion and metastasis (Table 1). 
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Table 1. The same types of genetic mutations in cancers associated with BRCA pathway deficits are caused by aldehyde carcinogens 
 

DNA damage 

associated with 

formaldehyde 

acetaldehyde 

Association of this type of DNA damage and 

BRCA pathway related cancers 

Evidence that formaldehyde or acetaldehyde 

cause this type of DNA damage and that this 

damage is present in cancers associated with 

these carcinogens 

DNA protein cross 

links or DNA-DNA 

cross links 

Cells with truncated Brca2 are hypersensitive to 

DNA damage by interstrand cross-linkers. Even 

low doses trigger aberrant genetic exchange 

between non-homologous chromosomes leading 

to gross chromosomal rearrangement (Yu et al., 

2000). Large chromosome rearrangements are 

visible in chromosome spreads in cancer prone 

hereditary diseases: Fanconi anemia, BRCA 

deficiency (Ashworth, 2008)  and Ataxia 

telangiectasia.  

 

BRCA2 mutations are well known in hereditary 

breast cancers and are also frequent in 

esophageal cancer depending on geographic 

locations, showing environmental influence 

(Zhong et al., 2011). Repair of interstrand cross 

link involves both BRCA1/2 proteins and Fanconi 

proteins (Huen et al., 2010). Repairs mediated by 

BRCA pathways are absent in MLL (see Fig. 3). 

Brca1 contributes to damage repair and/or 

tolerance by promoting assembly of Rad51 

(Bhattacharyya et al., 2000). 

Both carcinogens cause DNA protein cross links 

as critical carcinogenic lesions that require repairs 

mediated by BRCA1/2 pathways (Cho et al., 

2006; Fang and Vaca, 1997; Marietta et al., 2009; 

Nakano et al., 2009; Theruvathu et al., 2005).  In 

e coli exposed to even low doses of 

formaldehyde, at least 50% of DNA protein cross 

links bind the two strands of DNA together 

(Wilkins and Macleod, 1976). In mice exposed to 

6 ppm formaldehyde for 1 week, the Brca 

pathway is among the top ten most significantly 

enriched pathways (Andersen et al., 2010) 

Acetaldehyde causes a concentration-dependent 

increase in Fanconi D2 monoubiquitylation, which 

is dependent upon the proper functioning of 

BRCA1/2 (Fig. 3).  Acetaldehyde also stimulates 

BRCA1 phosphorylation in a dose-dependent 

manner.  Acetaldehyde increases the frequency 

of sister chromatid exchanges and aberrations in 

mammalian cell model studies.  Fanconi anemia 

cells (with a defect in BRCA dependent pathways) 

are much more susceptible than normal cells(Obe 

and Anderson, 1987). Acetaldehyde is linked to 

esophageal cancer (Lachenmeier et al., 2009) 

and alcohol/acetaldehyde is linked to breast 

cancer in many studies.  Formaldehyde is a 

proven cause of myeloid leukemia and BRCA1/2 

pathways are linked to myeloid leukemia in Fig 3. 

p53 gene mutation 

Both in vitro and in vivo, BRCA1 physically 

associates with the p53 tumor suppressor and 

stimulates its transcriptional activity, serving as a 

p53 coactivator (Zhang et al., 1998).  Mutations in 

p53 allow cells with mutations in both alleles of 

BRCA1 to survive, preventing embryonic lethality 

and facilitating cancers.  Combined inactivation of 

BRCA2 and p53 mediates mammary 

tumorigenesis.  Disruption of the p53 pathway is 

pivotal in BRCA2-associated breast cancer 

(Jonkers et al., 2001).   

p53 gene mutation occurs in formaldehyde 

carcinogenesis. Workers with chronic 

formaldehyde exposure have increased risks for 

p53 mutations (Shaham et al., 2003).  

Acetaldehyde causes p53 gene mutations in 

esophageal cancer cells (Paget et al., 2008) with 

predominant G > A transitions and mutations at 

A:T base pairs (Noori and Hou, 2001). 
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Table 1 cont. 
 

Methylation 

Expression patterns of BRCA1, pRb, p16, PTEN 

and p53 strongly correlate with each other.  

Hypermethylation of the tumor suppressors pRb 

and p16 correlate with alcohol and tobacco use in 

upper aerodigestive tract cancer (Ishida et al., 

2005).  The BRCA1 promoter becomes hyper 

methylated in sporadic breast and ovarian 

cancers, suggesting a mechanism for inactivating 

the normal allele and other tumor suppressors in 

hereditary cancers (Cancer Genome Atlas 

Research, 2011).   Epigenetic inactivation of 

BRCA1 is associated with pathology also 

prevalent in tumors from BRCA1 mutation 

carriers, including estrogen receptor negativity 

and medullary and mucinous tumors (Stefansson 

et al., 2011).   

Methylation of tumor suppressor genes increases 

in normal tissues in Fallopian tube carcinoma (a 

common origin for hereditary ovarian cancer) 

(Bijron et al., 2011).  Aberrant methylation was 

observed for BRCA2 and other breast cancer 

related genes.  In laryngeal squamous cell 

carcinoma samples, FANCA, BRCA1 and BRCA2 

promoter regions had recurrent alterations 

in methylation levels (Szaumkessel et al., 2011). 

Hypermethylation of promoter regions from 

Fanconi-BRCA genes occurs in 

sporadic leukemia, albeit infrequently (Hess et al., 

2008).  

Formaldehyde and acetaldehyde alter regulation 

of DNA methyltransferases (Garro et al., 1991; 

Liu et al., 2011).  Global hypomethylation and 

aberrant promoter methylation or 

hypermethylation of tumor suppressor genes are 

frequent in human cancers (Daniel et al., 2010).  

During 24 weeks formaldehyde exposure, 

genomic DNA methylation levels gradually 

decreased in a time-related manner. Rats fed 

ethanol have altered tissue specific methylation of 

some genes (Wani et al., 2011).  DNA 

methylation of multiple genes, especially 

hypermethylation of the p14ARF tumor 

suppressor promoter, is common in oral 

squamous cell carcinoma and associates with 

tobacco and/or alcohol usage (Ishida et al., 2005) 

Ethanol causes site selective acetylation, 

methylation, and phosphorylation in histones.  

Matrix metallopro-

teinase-9 (MMP-9), 

NFKB, TNF alpha 

Loss of BRCA2 promotes prostate cancer cell 

invasion through up-regulation of matrix 

metalloproteinase-9 (Moro et al., 2008) which 

associates with poor survival in breast cancer.  

Ras-transformed BRCA1-deficient mammary 

tumor cells appeared to secrete 

matrix metalloproteinases (Navaraj et al., 2009) 

Acetaldehyde induces MMP-9 gene 

expression in liver cancer facilitating invasion 

(Gosepath et al., 2006).  MMP-9 associates 

with NF-κΒ and TNF α elevation. In nasal 

epithelium, NF-kB  and TNF α expression 

increased (MMP-9 not measured) (Gosepath 

et al., 2006). 

 
 
 
 
BRCA1/2 deficits associate with myeloid leukemias 
 
This section shows that myeloid leukemia associates with 
inherited deficiencies in BRCA1/2 pathways (Fig. 3) and 
the next section shows that myeloid leukemia also 
associates with the carcinogens formaldehyde and 
acetaldehyde.  Table 2 shows multiple relationships 
between myeloid leukemias and deficits in pathways 
containing BRCA1/2 (Figure 3).  Balanced translocations 

in myeloid leukemias involving the BRCA1 locus suggest 
some pathogenic mechanisms in leukemias are shared 
by hereditary breast cancers.  It is now accepted that 
fusion genes not only are the hallmark of hematological 
malignancies and sarcomas, but also play an important 
role in epithelial cell carcinogenesis (Mao et al., 2011).   
All leukemias display aberrant distribution of cytosine 
methylation, which is most notably distributed in specific 
and distinct signatures in AML.  
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Figure 1.  Carcinogenesis at high levels of formaldehyde competes with formaldehyde detoxification mechanisms.  
Formaldehyde that overwhelms detoxification mechanisms causes bulky DNA addition products, DNA cross links 
or hypermethylation of promoters encoding DNA pathway proteins.  Detoxification of lower levels of formaldehyde 
occurs primarily by a pathway (thicker arrows) involving formaldehyde dehydrogenase. The pathway converts 
formaldehyde to formate which is then eliminated in the urine, broken down to CO2 and water or enters the single 
carbon pool.  Alternate, less used pathways are indicated by thinner arrows.  Formate can also generate CO2- 
radicals and can be metabolized to CO2 via catalase or oxidation of N-formyl tetrahydrofolate.  Detoxification of 
formaldehyde does not involve BRCA1/2 but BRCA1/2 pathways inhibit carcinogenesis.  Alternate, less used 
pathways  are indicated  by  thinner  arrows. Formate  can  also  generate  CO2  radicals  and  can  be 
metabolized  to CO2 via catalase  or oxidation  of N-formyl tetrahydrofolate.   Detoxification  of formaldehyde does 
not involve BRCA1/2 but BRCA1/2 pathways inhibit carcinogenesis. 

 
 

 

 
Figure 2a (Top).  A major pathway for detoxification of alcohol requires two enzymes, alcohol 

dehydrogenase (ADH) and then aldehyde dehydrogenase (ALDH).  Alcohol dehydrogenase produces 
acetaldehyde, which is a mutagen and carcinogen.  Variations in genes encoding some detoxification 
enzymes are well known to influence the susceptibility to alcohol related carcinogenesis.   
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Figure 2b.   One mechanism or carcinogenesis.    Acetaldehyde that is ingested or escapes alcohol detoxification pathways can 
form crotonaldehyde, a reaction catalyzed by amine groups from proteins or naturally occurring amines.   Crotonaldehyde is 
genotoxic, mutagenic and carcinogenic and can be derived from beer, wine and liquor.  Reactions with deoxyguanosine in DNA 
produce DNA interstrand cross links and DNA protein cross links (Theruvathu et al., 2005).  Some of these lesions require 
repairs by BRCA1/2 pathways.  Inherited mutations for proteins within BRCA1/2 pathways disable cross link repairs and can 
lead to cancer in exposed organs.  Excessive alcohol/acetaldehyde can also generate reactive oxygen species leading to other 
cross links.  Effects of estrogens add to cancer risks. 

 
 
 
Increased risks for AML extend to other hereditary 

gene mutations within the model pathway in Figure 3.  
Hereditary Fanconi and ATM gene mutations associate 
with very high risks for AML.  ATM deficits increase the 
frequency of translocations involving the multi-lineage 
leukemia gene (MLL).   In contrast to most chromosome 
translocations in leukemia, a strong non-homologous end 
joining repair signature exists at all the chromosome 
translocation breakpoint junctions that involve the MLL 
gene (Table 2).  Non-homologous end joining is an error 
tolerant repair mechanism that remains functional when 
high fidelity repairs are crippled by BRCA1/2 pathway 
mutation (Venkitaraman, 2003).   

Statistical evidence from epidemiologic studies 
further supports links between myeloid leukemia and 
pathways containing BRCA1/2.  Most epidemiologic 

studies show deficits in BRCA1/2 pathways associate 
with increased risks for myeloid leukemia (see 
supplementary Table in Appendix). 

 
 
Myeloid leukemia associates with formaldehyde and 
acetaldehyde as well as BRCA1/2 mutations   
 
Formaldehyde is now a proven cause of human myeloid 
leukemia.  Myeloid leukemia was a prototype in 
formulating the cancer stem cell theory.  As measured by 
increases in characteristic stem cell pathways, 
formaldehyde activates and damages stem cells during 
carcinogenesis (Andersen et al., 2010; Friedenson, 
2011).  Sophisticated mass spectrometry has shown that  
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Table 2.  Connections between BRCA1/2 containing pathways and leukemias 

 

Leukemia Evidence for connections to BRCA1/2 pathway 

AML 

NPM is a substrate for BRCA1-BARD1.  BRCA1-BARD1 co-expression in cells 

stabilizes NPM against degradation (Sato et al., 2004). The BRCA1-BARD1 

heterodimer catalyzes the ubiquitylation of NPM in vitro and in vivo.  In AML in China, 

where pollution is high, NPM is frequently lost (Wang et al., 2010). The NPM1 locus on 

chromosome 5 is part of a region that modifies breast cancer risk in BRCA1 related 

breast cancers.   

Familial AML is linked to the loss of the long arm of chromosome 5 which includes the 

NPM gene on chromosome 5q33–34.  5q33-34 contains one or more genes that modify 

breast cancer risk in BRCA1 mutation carriers (Nathanson et al., 2002).  Loss of genes 

on chromosome 4 (Tirkkonen et al., 1997) also implicates formaldehyde and 

alcohol/acetaldehyde because chromosome 4q encodes all the ADH genes.  

ATM mutations increase the incidence of translocations at 11q23 involving the multi-

lineage leukemia gene (Zhang and Rowley, 2006).   

Hypermethylation of promoter regions of either FANCC or FANCL (which encode 

components of the pathway in Fig 3.) is found in sporadic acute leukemia (Hess et al., 

2008).   

Potential heterozygous BRCA1/BRCA2 mutations increased risks for myeloid 

leukemias by at least 3 fold in 7 studies and by at least 50% in 12 (see supplementary 

Table).  (Friedenson, 2011).  

In Fanconi anemia patients, summary relative risks for AML were 703.3 [363.7–1354.5] 

(Friedenson, 2007). The model in Fig 3 shows how Fanconi proteins are required for 

activities of BRCA1 and BRCA2.  Even in homozygous Fanconi anemia, there are few 

stringent genotype–phenotype connections, suggesting influences of other genes and 

environmental factors.  Children born with defects on both chromosomes affecting 

genes encoding BRCA2 (Fanconi protein D-1) or affecting FANCN (PALB2) genes are 

especially prone to develop AML.  Homozygous or biallelic mutations in BRCA2 

(Fanconi protein D1) carry a 79% risk of leukemia (primarily AML) by age 10 (Alter, 

2003).  Fanconi protein A is lost in a subset of sporadic AML. 

ATM deficits increase the frequency of translocations involving MLL which occur in 

approximately 15% of patients with AML or ALL, constituting a WHO subtype.   Over 70 

MLL translocations have been reported all showing a lack of BRCA1/2 pathway 

mediated repairs (Zhang and Rowley, 2006) 
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Table 2 cont. 
 

AML, CML BCR/ABL fusion protein inhibits the formation of nuclear FANCD2 foci (which require 

the pathway in Fig 3) (Valeri et al., 2010). 

Myeloid 

leukemias 

Myeloid leukemias frequently lose chromosome 17 [monosomy 17] containing BRCA1 

and p53 (Zhu et al., 2008).   

Acute 

promyelocytic 

leukemia 

(APL) 

PML fusion protein with retinoic acid receptor causes loss of PML protein function.  

PML is essential for proper localization of RAD51 in nuclear foci and efficient homology 

directed repair.  PML also participates in localizing BRCA1. PML is critical for forming 

nuclear bodies with important functions in transcription, apoptosis, DNA repair and 

antiviral responses.  BRCA1 colocalizes with these nuclear bodies.  Loss of PML 

function or expression is associated with APL and progression of some solid tumors.   

PML helps regulate BRCA1 and PML is critical for proper localization of the essential 

repair protein Rad51 (Fig 3) in nuclear foci, and for efficient homology-directed repair.  

In cells expressing SV40 large T antigen, Rad51 foci depend on PML (Boichuk et al., 

2011) . 

Genes involved in DNA replication/recombination/repair were consistently down 

regulated in APL; BRCA1 and RAD51 expression was reduced 3 to 14.3 fold (Casorelli 

et al., 2006) 

 

 

Figure 3.  BRCA1/2 in DNA damage repair pathways showing probable links to myeloid leukemias.  BRCA1 and BRCA2 participate in 
pathways to correct DNA cross links and double strand breaks caused by formaldehyde, acetaldehyde and other agents that cause bulky 
addition products or DNA cross-links.   DNA damage is more likely if the carcinogen escapes metabolic detoxification pathways (Figs. 1, 
2a).  Hereditary inactivation of a Fanconi gene causes Fanconi anemia, inactivation of the ATM gene causes ataxia-telangiectasia (A-T), 
and inactivation of BRCA1 or BRCA2 associates with hereditary breast/ovarian cancers.  Proteins encoded by genes related to these 
hereditary cancer conditions are colored red.  The dark boxes indicate proven links to myeloid leukemia.  The BRCA1-BARD1 complex is 
required to activate the NPM gene, which is lost in a major subset of AML.   In AML and CML, the BCR/ABL protein interferes with the 
formation of nuclear Fanconi protein D2 repair foci.  The PML protein is required for Rad51 repair focus formation.  Family history of 
leukemia increases risk for breast cancer.   Chromosome 13q (encoding BRCA2) is deleted in a subgroup of leukemias and lymphomas.  
Multiple other pathways participate in repairing DNA damage and members of the pathway shown have been implicated in coordinating 
repairs.  
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Table 3.  Epidemiologic studies of acetaldehyde/alcohol exposure in early onset breast cancers 
 

Patients Effects on breast cancer risks 

>1000 breast cancer patients and fast 

alcohol metabolizers based on ADH 

genotype (Terry et al., 2006)  

Premenopausal breast cancer risk OR=2.9 [1.2-7.1]  for 

1-2 drinks per day 

ADH1C genotype in 117 moderate alcohol 

consumers with breast cancer (Coutelle et 

al., 2004).  The ADH1C*1 allele encodes a 

rapid alcohol metabolizing enzyme that 

produces increased acetaldehyde levels.  

Women with the ADH1C*1,1 genotype had 1.8 times 

more risk for breast cancer than those with another 

genotype. This allele was significantly more frequent in 

moderate alcohol consumers with breast cancer vs. age-

matched alcoholic controls without cancer (62% vs. 

41.9%).  Other combinations of alcohol metabolizing 

alleles may also predispose to cancers (Lachenmeier et 

al., 2009) 

Daily drinkers who were first degree 

relatives of breast cancer probands(Vachon 

et al., 2001) 

RR=2.45 [1.2-5.02] 

134 premenopausal, 181 postmenopausal  

breast cancer patients with an efficient form 

of ADH vs. controls with similar alcohol 

intakes(Freudenheim et al., 1999) 

Premenopausal breast cancer risk OR=3.6 [1.5-8.8]  

Females age >=20 diagnosed with breast 

cancer and tested for BRCA1/2 mutations.  

283 BRCA1 and 204 BRCA2 positive 

cases(Moorman et al., 2010) 

BRCA1/2 mutation carriers who consumed alcohol got 

breast cancer at ages 1.7-2.9 years younger than those 

who did not drink 

Females age 9-15 in 1996.  In 2005-2007 

surveys, 67 of 6888 women age 18-27 

reported benign breast disease and 6741 

reported no benign breast disease (Berkey 

et al., 2011).  Benign breast disease is a 

well-documented breast cancer risk factor 

Young women whose mothers or aunts had breast 

cancer were more likely to have benign breast disease 

(OR=2.34), as were those with maternal benign breast 

disease (OR=1.59). Adolescents with a family history of 

breast cancer who consumed 7 alcohol drinks/wk. 

doubled their benign breast disease risk (OR=2.28)  

Women with a family history of breast 

cancer 40-80 and alcohol use (Yaghjyan et 

al., 2012).   

OR=3.7 [1.7-7.8] was over twice as high as OR for 

women without a family history 

 
 
 
 
5-formylcytosine is a constituent of mammalian  
embryonic stem cell DNA. 

Rats fed either acetaldehyde or formaldehyde in their 
drinking water have very high incidence of leukemias and 
lymphomas (Soffritti et al., 2002a; Soffritti et al., 2002b).  
Model studies involving acetaldehyde show oxidative 
DNA damage via the metabolism of ethanol by pathways 

mediated by ADH and aldehyde dehydrogenase (ALDH) 
isoenzymes. Searches of human epidemiologic studies 
found associations between alcohol and myeloid 
leukemias.   Alcohol consumption during pregnancy 
caused a 56% increased risk for childhood AML (Latino-
Martel et al., 2010).  In children born to women who 
drank during the second or third trimester of pregnancy,  



 
 
 
 
odds ratios for leukemia were 10.48 [2.8 - 39.1] (Shu et 
al., 1996). 
 
 
Acetaldehyde and formaldehyde as opportunistic 
carcinogens in hereditary breast cancers 
   
In Sprague-Dawley rats, the number of malignant 
mammary tumors increased in all females who consumed 
acetaldehyde in their drinking water.  Some malignant 
mammary tumors also occurred in treated males (Soffritti 
et al., 2002a; Soffritti et al., 2002b).  An exaggerated 
blood acetaldehyde response after giving ethanol to 
pregnant rats begins a much larger alteration during 
lactation.  At the end of pregnancy, there is a 4-fold 
increase in acetaldehyde above non-pregnant values 
after an intragastric dose of 3 g/kg ethanol. During 
gestational days 1-17, the levels did not differ.  After 
delivery, the exaggerated acetaldehyde response to 
ethanol increased, producing acetaldehyde 
concentrations 15-fold greater than in non-lactating 
controls (Gordon et al., 1985). 

Rats have the ability to activate ethanol to 
acetaldehyde in mammary tissue (Castro et al., 2003).  
Despite past controversy, there is clear and convincing 
evidence that acetaldehyde occurs in human breast milk 
(Adachi J, 1991; Wako).  Breast tissue contains alcohol 
and aldehyde dehydrogenases and ADH is highly 
expressed in normal human mammary epithelium.   
Human breast tissue can convert ethanol to acetaldehyde 
and can produce free radicals as well (Triano et al., 
2003).  
 
  
Acetaldehyde/alcohol and breast cancer risks in 
potential mutation carriers  
 
In the general population more than 100 published 
studies find that drinking alcohol increases breast cancer 
risk.  Seven studies in Table 3 support an association 
between alcohol consumption and early onset breast 
cancers, including those in BRCA1/2 mutation carriers.  
Women who were mother, sister, or daughters of the 
women with breast cancer and were daily drinkers had 
twice the increased risk of breast cancer compared to 
those who never drank.  Women who had married into 
the family but were not blood relatives had no higher risk 
of breast cancer if they were daily drinkers than if they 
never drank.(Vachon et al., 2001).   

Three studies in Table 3 concluded that the genotype 
encoding the ADH enzyme (that initially converts alcohol 
to acetaldehyde) plays a role in early onset breast 
cancer, presumably by increasing acetaldehyde 
accumulation.  Background levels of acetaldehyde from 
diet and the environment can be so high that they 
confound risk estimates (see Discussion).  However, two 
additional results in Table 3 show that women who are  
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potential or known mutation carriers have higher risks for 
breast cancer or get breast cancer years sooner if they 
consume alcohol.  Table 3 also cites a study of young 
women with benign breast disease, a risk factor for 
breast cancer.  Young women with a family history of 
breast cancer or benign breast disease who consumed 
alcohol doubled their risk of benign breast disease.    
Evidence from breast cancer clusters on Long Island, 
New York also suggests that alcohol may increase risk in 
mutation carriers.  Women who lived in this area and 
developed breast cancer were more likely to use alcohol 
and to have risk factors associated with BRCA mutations.  
BRCA mutation related risk factors included Ashkenazi 
Jewish heritage and a family history of breast cancer.    

In normal women, acetaldehyde becomes a 
carcinogen when its levels exceed 60 micromolar and 
this is easily achieved by some components of the diet 
(Salaspuro, 2009).  Acetaldehyde accumulates in 
mammary tissue following a single dose of oral ethanol 
(Seitz, 2012) and has been linked to the type of 
chromosome aberrations associated with genetic deficits 
in mutation carriers and to the production of reactive 
oxygen species which are known to generate some of 
these aberrations (Wright et al., 1999).   

Mammographic breast density reflects the amount of 
fat, connective, and epithelial tissue in the breast 
(Warren, 2004).  Light areas on the mammogram 
represent the fibrous and glandular tissues in the breast, 
whereas the dark areas are primarily fat. The density is a 
consequence of the hormonal environment and 
underlying genetics regulating epithelial cell proliferation 
(Warren, 2004; Yaghjyan et al., 2012)  Alcohol 
consumption was positively associated with breast 
density and the association was strongest in women with 
a family history of breast cancer (Table 3).  Acetaldehyde 
can cause hyper proliferative changes in epithelial cells.  
Epithelia from acetaldehyde treated rats are substantially 
thicker than from control rats (Homann et al., 1997). 

In a human mammary epithelial cell line, ethanol 
inhibits removal of DNA adducts formed by the 
carcinogen benzopyrene (Singletary et al., 2004).  
Hormones bring pieces of chromosomes into close 
proximity and may increase risks for gene 
rearrangements.  In premenopausal women, alcohol may 
associate with higher blood estrogen levels.  Adding risks 
from BRCA1/2 pathway mutations to those associated 
with variations in alcohol metabolism and estrogen 
elevation may further increase cancer risks from alcohol 
use. 
 
   
Formaldehyde and breast cancer risks 
 
In contrast to evidence linking alcohol and acetaldehyde 
to breast cancer, publications finding links to 
formaldehyde are scarce.  However, searches retrieved a 
toxicological  study in  Sprague-Dawley rats  treated  with  
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formaldehyde or methyl alcohol, a precursor (see Figure 
1).  The number of malignant mammary tumors increased 
in females treated with 100 mg/L formaldehyde or methyl 
alcohol alone.  Some malignant mammary tumors were 
also found in treated males (Soffritti et al., 2002a).  

Formaldehyde in the environment has been positively 
associated with human breast cancer risk (Coyle et al., 
2005).  Greater numbers of DNA-protein cross-links were 
found in the white cells of breast cancer patients than in 
matched controls (Wu et al., 2002).  Higher activity of 
cytosolic aldehyde dehydrogenase (ALDH1) in BRCA1 
breast stem cells and hematopoietic cancer stem cells 
suggests less ability to remove aldehydes and greater 
susceptibility to mutagenic effects. 
 
    
BRCA1/2 mutation carriers even from the same 
family have widely varying cancer risks 
   
There is no single breast or ovarian cancer risk 
associated with BRCA1/2 carrier status.  Defective BRCA 
genes increase risks for cancers in organs other than 
breast and ovary but individual risks again differ greatly.  
For example, inheritance of the same mutation in the 
same family caused widely different cancer phenotypes.  
One sister had multiple cancers while her sister with the 
same BRCA genotype was unaffected at 65 years of age. 
(Smith et al., 2008).   The literature also shows many 
further examples of differing cancer histories within the 
same family (Chung et al., 2007). These results implicate 
an increased susceptibility in organs exposed to 
environmental carcinogens and/or deficits in additional 
genes (Friedenson, 2010b). 
 
 
DISCUSSION 
 
The results here provide links between cancers 
associated with BRCA1/2 genetic deficiencies and 
chemical carcinogens such as formaldehyde and 
acetaldehyde that require normal BRCA1/2 genes for 
repair.  Acetaldehyde and formaldehyde cause DNA 
cross links and DNA breaks resembling DNA damage 
found in BRCA1/2 deficient cancers.  Results here 
support the idea that these are opportunistic carcinogens 
that can exploit inherited deficits in BRCA1/2 pathways.  
Cells and stem cells are targeted for cancer in exposed 
cells.  Inherited differences in the intrinsic ability to 
metabolize alcohol or to detoxify other carcinogens would 
presumably further contribute to determining where 
cancer occurs. 
 
   
Exposure is likely and widespread   
 
Billions of pounds of formaldehyde and acetaldehyde are 
produced each year and human exposure is widespread  

 
 
 
 
(Friedenson, 2011; Lachenmeier et al., 2009; Salaspuro, 
2009).  Formaldehyde has been illegally used as a food 
preservative; acetaldehyde forms during alcohol 
metabolism and high levels pre-exist in some alcoholic 
beverages and in some foods.   High level exposure 
occurs in people who are heavy drinkers or binge 
drinkers.   

Most beverages and foodstuffs produced or 
preserved by fermentation and considered to be non-
alcoholic may, in fact, contain small amounts of ethanol 
and high, mutagenic (>100 mM) concentrations of 
acetaldehyde.  These include dairy products (e.g. 
yogurts), fermented soy products (e.g. soy sauces), tofu 
products, fermented vegetables (e.g. Chinese pickles and 
kimchi), vinegar and homemade beers and meads. Many 
fruits, e.g. some apples, may have their own metabolic 
pathways for acetaldehyde production.  In the above 
products, acetaldehyde concentrations can reach 3500 
mM and ethanol can reach 300 mM, both well above 
mutagenic levels.  Poor oral hygiene and alcohol 
intolerant genotypes amplify cancer risks.  Worldwide 
screening of thousands of foods for dangerously high 
acetaldehyde levels has already been advocated 
(Salaspuro, 2009).   Dietary and environmental 
acetaldehyde could easily confound epidemiologic 
studies of breast cancer risks vs. alcohol consumption 
and alcohol metabolism genotypes.   

Acetaldehyde exposure in man is indisputably 
cumulative. This concept is also supported by a recent 
large-scale epidemiological survey demonstrating a 
supra-multiplicative combined risk for esophageal cancer 
among alcohol and tobacco consumers, who are low 
ADH1B and ALDH2-deficient carriers, the highest 
adjusted odds ratio being as high as 382.3 (Lee et al., 
2008; Salaspuro, 2009).  Elevated risks for digestive tract 
cancers were found in some studies of BRCA1/2 
mutation carriers (Friedenson, 2005) and a connection to 
pancreatic cancer is well known.  Moreover, other alleles 
or combinations of alleles contribute to cancer risks in 
various populations (Lachenmeier et al., 2009).  
Fortunately, acetaldehyde exposure may be decreased 
or even totally abolished by using special medical 
devices that slowly release L-cysteine (Salaspuro, 2009).  

 
  

Activities of detoxification pathways may further 
stratify risks   
 
Genetic polymorphisms that affect activities of 
detoxification enzymes and behavior are potential lurking 
variables in assigning cancer risks from formaldehyde 
and acetaldehyde. For example, some ALDH2 
genotypes in Asian BRCA carriers may impair 
acetaldehyde metabolism. This increases cancer risks 
but makes acetaldehyde  more unpleasant to consume. 
    Activity of dehydrogenases, oxidoreductases, and 
cytochrome  P450  enzymes  (Seitz  and  Becker,  2007;  



 
 
 
 
Seitz and Stickel, 2007) might further stratify risks among 
mutation carriers. If so, then, broader genetic testing may 
be helpful.   

Seven studies in Table 3 report alcohol consumption 
increases breast cancer risk in rather restricted 
populations of potential BRCA1/2 mutation carriers.    The 
results are consistent with current understanding of 
alcohol and breast cancer risks, with animal studies, with 
mechanisms of BRCA related carcinogenesis, and with 
model studies; so confounding effects may be more 
limited in restricted case control comparisons.   

Acetaldehyde or formaldehyde need not be 
responsible for all types of cancers in BRCA1/2 mutation 
carriers.  But again the cancer target is probably 
determined by exposure to opportunistic carcinogens.  
Genomic analyses of 316 high grade ovarian cancers 
showed that homologous recombination is defective in 
about half of ovarian cancers and that p53 is mutated in 
96% (Cancer Genome Atlas Research, 2011).  Much 
ovarian cancer begins in the fimbriae - fingerlike 
projections terminating the Fallopian tubes where the 
ovum released from the ovary is collected.  Tubal ligation 
protects both mutation carriers and non-carriers against 
ovarian cancer.   Tubal ligation commonly removes 
sections of tubes between the uterus and fimbria, 
presumably preventing chronic infection/inflammation 
from reaching the fimbriae/ovaries. There are also other 
associations between chronic unresolved infection/ 
inflammation and fimbrial-ovarian cancer (Friedenson, 
2010a).   

After these results were obtained, other inherited 
cancer conditions were quickly tested against the 
conclusions.  This test showed that the phenomenon of 
increased sensitivity to environmental carcinogens such 
as formaldehyde and acetaldehyde are probably 
representative of a broad general phenomenon.  
Common findings are abnormal sensitivity to radiation, to 
chronic infections associated with cancer, and/or to 
chemical carcinogens.  The genetic disease xeroderma 
pigmentosum is a well-known example of this increased 
environmental sensitivity.  The inherited genetic deficit 
greatly amplifies cancer risks from sunlight, causing this 
radiation to become an opportunistic carcinogen.  Risks 
are higher for homozygotes but are also increased for 
heterozygotes.  Further studies of relationships among 
genetic deficiencies and environmental carcinogens are 
needed. 

 
 
Treatment related risk factors for myeloid leukemia 
 
Inherited BRCA1/2 pathway deficits probably cause 
increased sensitivity to additional carcinogens that 
become opportunistic.  Increased risks for other cancers 
related to known chronic infectious agents support this 
possibility (Friedenson, 2010a).  Some chemotherapy for 
BRCA1/2  related  breast  cancers  can  also  behave  as  
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opportunistic carcinogens.  Infection prophylaxis with 
myeloid growth factors during chemotherapy might 
increase risks still further.  The lack of data separating 
risk factors from treatment risks makes it difficult to 
determine risks associated with treatment. 
  
 
Radiation therapy 
 

γ−Radiation generates DNA damage that requires 
BRCA1/2 pathway mediated repairs so  BRCA1/2 
patients may be unduly susceptible to radiation related 
cancers (Friedenson, 2000) including leukemia and 
breast cancer.  Evidence is emerging that chest x-rays, 
mammography, CT scans and radiation therapy may 
become opportunistic carcinogens in BRCA1/2 mutation 
carriers.  
 
 
CONCLUSIONS 
  
Several types of DNA damage associated with hereditary 
BRCA1/2 cancers are the same types of DNA damage 
caused by the carcinogens formaldehyde and 
acetaldehyde.  BRCA1/2 mutation carriers have elevated 
risks for cancers known to be associated with 
formaldehyde and acetaldehyde.  Both carcinogens 
activate BRCA1/2 pathways; both carcinogens cause the 
same types of DNA damage found in BRCA1/2 related 
cancers; both carcinogens increase risks for cancers 
associated with BRCA1/2 deficiencies.  Breastfeeding 
transmits acetaldehyde to infants and at least seven 
studies link acetaldehyde to early onset breast cancer, 
despite potential confounders.  There are known ways to 
modify risks from these and other opportunistic 
carcinogens such as radiation in BRCA mutation carriers. 
Some hereditary cancers might be preventable by 
compensating for genetic deficits. 
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Appendix 
 

Supplementary Table.  Risks of leukemia as cancers following breast, ovarian or fallopian tube 
cancer in proven or potential BRCA1/2 mutation carriers 
 

Study population and reference Mutation test status 
Risk measurement for 
leukemias [Confidence 
interval] 

6 children with biallelic BRCA2 
mutations (Wagner et al., 2004). 

Biallelic BRCA2 mutations 
(compound heterozygotes) 

All developed leukemia at 
median age 2.2 years.  4 of 
6 AML patients  

Review of 27 biallelic BRCA2 
mutation patients (Alter, 2003).  

Biallelic BRCA2 mutations 
(compound heterozygotes) 

79% cumulative probability 
of leukemia (primarily AML) 
by age 10 years 

First breast cancer age <45 in 
6958 Connecticut women(Harvey 
and Brinton, 1985). 

Potential mutation carriers eligible 
for mutation testing 

Acute non-lymphocytic 
leukemia as 2nd cancer 
O/E=2.9 at 1-4 years and 6.4 
at 5-9 years  

Breast cancer patients, age 35-49 
from 26,617 primary female 
breast cancers (Teppo et al., 
1985) 

Potential mutation carriers eligible 
for mutation testing 

Subsequent leukemia 
(excluding CLL) RR= 3.21 
p<.01 

Female breast cancer surviving 
>= 10 years (selects 11,273 
younger patients)(Ewertz and 
Mouridsen, 1985). 

Potential mutation carriers eligible 
for mutation testing 

Acute non-lymphocytic 
leukemia as a 2nd cancer 
RR=2.3 

2813 women with 2 breast or 
ovarian cancers in Thames 
Cancer Registry(Evans et al., 
2001a).  

Potential BRCA1/2 mutation 
carriers eligible for mutation 
testing 

Myeloid leukemia RR=5.04 
[1.85-11.0] 

82,520 Women with breast cancer 
age <=45 in 13 cancer registries 
(Mellemkjaer et al., 2006). 

Potential mutation carriers eligible 
for mutation testing 

Myeloid Leukemia  SIR = 
3.02 (2.32–3.85) Leukemia 
SIR = 2.16 (1.78–2.59). 

2,084 Women with primary 
fallopian tube cancer from 13 
cancer registries (Riska et al., 
2007). 

Probable BRCA1/2 mutation 
carriers.   

Non-lymphoid leukemia 
RR=3.7 (1.0-9.4)  
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2nd cancer after Breast 
Cancer<50 from 32, 799 patients 
in Thames Cancer Registry 
(Evans et al., 2001b).  

Potential BRCA1/2 mutation 
carriers eligible for mutation 
testing 

Myeloid leukemias RR=2.31 
[1.52-3.51] 

2nd cancer after male breast 
cancer (Hemminki et al., 2005). 

Men at high risk for being 
(BRCA2) mutation carriers eligible 
for mutation testing 

Myeloid leukemia RR=3.98 
[1.46 – 8.67] 1-9 yrs of follow 
up.  RR=3.42 [1.47-6.73] for 
all periods 

534 First degree relatives of 
BRCA1 probands with ovarian 
cancer (Risch et al., 2006). 

Tested BRCA1 heterozygotes or 
potential carriers eligible for 
testing 

Leukemias, lymphomas, etc. 
RR=3.7 (1.5 to 9.5)  

7/98 multiple primary cancer 
families with a BRCA1 mutation 
and 8/98 multiple primary cancer 
families with a BRCA2 mutation 
(Shih et al., 2000). 

Known BRCA1 and BRCA2 
mutation carriers 

20% of leukemias in the 
families occurred in BRCA1 
and BRCA2 mutation 
carriers.   

3678 women, 50 men. First 
degree relatives of BRCA2 
mutation carriers or of breast or 
ovarian cancer patients 
(Consortium, 1999). 

471 BRCA2 carriers, 390 non-
carriers, and 2186 unknown 
BRCA2 carrier status  

Leukemia RR= 1.12 [0.30–
4.25] 

11847 individuals from 699 
families segregating a BRCA1 
mutation (Thompson et al., 2002). 

18.9% (2245) tested BRCA1 
carriers, 9.3% (1106) tested 
negative, 71.7% (8496) untested.   

Leukemia RR = 0.88 [0.37 to 
2.14] p=.83  

1811 male and female family 
members (van Asperen CJ et al., 
2005). 

50% probability BRCA2 mutation 
from 139 BRCA2 families.  

Leukemia RR= 1.5 [0.5 to 
3.5] 

728 males & females (BRCA2). 
1145 males & females (BRCA1) 
(Johannsson et al., 1999). 

From families with an identified 
BRCA2 or BRCA1 mutation 

Acute leukemia SMR=1.54 
[0.04±8.59] (BRCA2). 1.01 
[0.03±5.62] (BRCA1) 
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