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Abstract

Known genetic mutations and familial hereditary factors account for less than 20-25% of breast
cancer cases in women, therefore, most instances have been classified as sporadic cases of
unknown aetiologies. Single nucleotide polymorphisms (SNPs) were considered as breast cancer
risk factors, but numerous studies have failed to support this assertion. Recent evidence correlates
aberrant epigenetic mechanisms in the development and metastatic progression of breast cancer,
yet there has been limited progress made to identify the primary aetiology underlying sporadic
cases of breast cancer. This has led some researchers to consider alternative hypotheses including
in utero exposure to deleterious chemical agents during early development, the immortal strand
and the strand-specific imprinting and selective chromatid segregation hypotheses. Here, we
integrate prominent alternate models to help guide future research on this very important topic
concerning human health.
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The aetiology of cancer, including breast cancer, is often discussed in the context of
genetic and environmental risk factors. Skin cancer is the major class of cancer that
occurs both in men and women and its risk factor is predominantly considered to be
environmental exposure to sun. On the other hand, genetic risk factors are considered

key to the development of breast cancer, the second most common cancer, accounting for
nearly one in three cases diagnosed in United States women [1]. The American Cancer
Society lists some of the perils in breast cancer as non-modifiable, such as gender (women
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account for ~99% of the cases), race (Caucasian women have the highest risk), early menses
(increased risk if menses begin <12 years age), and increased risk with age. Others are
modifiable factors—use of oral contraceptives, hormone replacement therapy, obesity, and
use of alcohol—all of which contribute to increased risk of breast cancer. Even though
BRCAL and BRCA2 account for the majority of genetic mutations found in breast cancer
cases, only 5-10% of breast cancer cases result directly from specific gene mutations.
Another 15-20% of cases are considered to be familial, such that a cluster of cancers affects
first- or second-degree relatives, but with an unclear inheritance pattern [2]. The majority of
breast cancer cases are termed “sporadic” cancers, with apparently no known cause; however
researchers have suggested numerous possibilities over the past several decades. Here we
provide an overview of the progression of ideas proposed for explaining the cause of breast
cancer, followed by our perspective aimed at suggesting an aetiology that integrates some of
the more plausible concepts.

According to the American Society of Clinical Oncology, autosomal dominant mutations

of the BRCA1 and BRCAZ genes with low penetrance act as predisposing factors

for hereditary breast/ovarian cancer (HBOC); that is, not all subjects carrying disease
susceptibility mutations even in homozygous conditions develop disease. These mutations
are also associated with an increased incidence of pancreatic, colon, and prostate cancers

in men [3]. Individuals with inherited mutations in several other genes, e.g., 7P53, PTEN,
STK11, and CDH1, may also have an increased risk of developing breast cancer, but these
genetic defects account for a very small percentage of cases[4,5]. For example, a germ line
mutation in TP53 is associated with 50-60% increased risk of Li-Fraumeni syndrome, a
type of breast cancer by age 45, yet the syndrome itself is very rare (1 to 9 in 10,000) [6].
Characteristics of familial cancers include prevalence of disease in two or more affected first
or second-degree relatives, later onset of disease, unilateral occurrence, but by an unclear
inheritance pattern not yet understood by applying the rules of simple genetics [4]. Overall,
familial cancer clusters provide an approximately two-fold increase in breast cancer risk
over that of the general population. The contributory familial cancer genes CHEKZ2, ATM,
NBS1, RAD50, BRIP1, and PALBZhave been shortlisted based on subtle sequence variants
or polymorphisms that could be associated with a small to moderate increased risk for breast
cancer [4].

Single Nucleotide Polymorphisms (SNPs) make up about 90% of all human genetic
variation, with numerous SNPs linked to various diseases including breast cancer. For
example, three SNPs of the MBD2 transcriptional repressor gene are associated with
increased breast cancer risk yet another three seem to offer marginal protection [7]. The role
of SNPs in the cancer process has been extensively investigated, though little agreement has
been reached to implicate specific SNPs in the disease aetiology. Several consortia e.g., the
California Teachers Study Cohort [8] and the National Cancer Institute Breast and Prostate
Cancer Cohort Consortium [9] have focused on establishing links between genetic variants
and breast cancer susceptibility. A large multistage study for susceptibility alleles identified
four novel suspect genes, yet the results also revealed that a high proportion of the general
population carries susceptibility SNPs without developing the disease and that the increased
risk associated with these alleles is relatively small [10]. However, studies based on breast
cancer susceptibility SNPs from genes involved in major cancer-related pathways concluded

Hereditary Genet. Author manuscript; available in PMC 2021 September 28.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Harbinder et al.

Page 3

that there was statistically significant evidence for gene-gene (SNP-SNP) interaction with
concomitant increased breast cancer risk [11,12]. In contradiction, results from another
elaborate study did not support the view of interaction between suggested breast cancer
susceptibility loci and established risk factors [13].

Having failed to discern the aetiology of sporadic cases by familial genetics and
genome-wide SNP mapping studies, researchers have searched for other causes. There

has been relatively recent recognition that epigenetic factors may be significant in the
development and progression of cancers. DNA methylation of CpG islands in promoter
regions can generally remodel chromatin. Both hypermethylated and hypomethylated
regions in the genome have been proposed to exert epigenetic influences in breast

cancer [14]. Promoter methylation caused by overactive DNA methyltransferases has been
implicated in the silencing of ~75 key tumor suppressor genes (TSG) related to breast
tumor genesis; these include genes for cell cycle regulation, DNA repair, breast cancer
(BRCA1, BRCA2), cell-signaling pathways, and estrogen-a and progesterone receptors
[15]. Abnormal histone modification, in combination with DNA hypermethylation, has
been associated with epigenetic silencing of TSGs and genomic instability in breast cancer
[16]. Histone deacetylase (HDAC) inhibitors are known to induce cell death, as well as
impede proliferation of cancer cells, by regulating cell cycle genes by as-yet-unknown
mechanisms [17]. In addition, micro-RNAs (miRNAS) have been reported to exert their
influence in breast cancer by regulating either tumor suppressor genes or oncogenes [18].
Diminished miRNA expression associated with CpGhypermethylation was observed in
breast cancer tissue [19]. In a study of 76 breast cancer and 10 noncancerous control
specimens, researchers were able to distinguish the difference between cancerous and
control specimens 100% of the time based on observations of the down- or up-regulation
of very specific miRNAs [20]. We surmise that such studies have only tabulated molecular
events associated with the progression of the disease rather than discovering the initial cause
of it. Comprehensive and current reviews on the genetics and epigenetics of cancer are
available elsewhere [21-23].

The immense amount of information unearthed in the study of cancer in general, and breast
cancer in particular, indicates that allelic and epigenetic factors are intertwined in complex
mechanistic interactions. Advancements in the field, including technological innovations,
are expected to resolve these interactions towards a meaningful understanding of breast
cancer. It is justifiably contended that there has been limited progress in understanding

the basis of the disease [24]. Notably, the aetiologies of sporadic cases that account for

the overwhelming majority of breast cancer cases remain unknown. Some researchers have
advocated alternative developmental mechanisms to explain the causes of sporadic cases.
Two of these models propose /n utero changes and an increased stem cell population as the
keys to understanding breast cancer [25-27]. A third model that considers the chromosomal
basis of anatomic laterality development may help bridge the gap between the previous
proposals [28-29].
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In-utero Hormonal Exposure and Subsequent Breast Cancer Development

There have been many, often conflicting, studies about estrogen vis-a-vis breast cancer
tumorigenesis and metastases. In 2003, the National Institute of Environmental Health
Sciences (NIEHS) added estrogen to its list of known cancer-causing agents [30]. However,
according to a recent 2012 report based on a large Women’s Health Initiative study,
postmenopausal women who took estrogen alone had a lower incidence of invasive breast
cancer than those who received a placebo [31]. Diethylstilbestrol (DES) is a synthetic

form of estrogen that was prescribed for pregnant women between 1940 and 1971 to
prevent miscarriage, premature labor, and related complications of pregnancy. DES is
considered an endocrine-disrupting chemical (EDC), which alters endocrine function due
to its hormone-like activity. According to the American Cancer Society, women who took
DES during pregnancy increased their risk of breast cancer by 30% over women who

were not exposed to the drug. Daughters exposed to DES /n-utero are at increased risk of
developing clear-cell adenocarcinoma (CCA) of the vagina and cervix as well as structural
abnormalitiesin the anatomy of the reproductive tract [32]. In addition, they can experience
vaginal epithelial changes and may have fertility problems and pregnancy complications.
Sons exposed to the drug /n utero have been shown to experience epididymal cysts,
microphallism, and cryptorchidism, among other abnormalities [33]. However, there has
not been any clear evidence that DES exposure has contributed to an increased cancer risk
in men [34]. In addition to the increased risk of vaginal and cervical CCA, there is evidence
that DES exposure /n utero may be linked to breast cancer susceptibility. A large-cohort
epidemiological study showed that women with prenatal DES exposure have an increased
risk of breast cancer after 40 years of age [35]. In 2011, a follow-up study of 4,653 women
exposed /n utero DES and an unexposed control group of 1,927 women was undertaken

to assess the risks of 12 adverse outcomes linked to DES exposure. The cumulative risk

for breast cancer in DES-exposed and -unexposed women was 3.9% and 2.2%, respectively
[36].

Bisphenol-A (BPA), a chemical used in many commonly used plastics, is another

known EDC. BPA and DES are nonsteroidal, display similar chemical structures, and

have estrogenic effects. Both DES and BPA have been shown to interfere with the
developmental programming of breast tissue in mice (/nutero), as well as in the human
breast adenocarcinoma cell line MCF-7 [37]. Exposure to DES and BPA caused increased
expression of a specific methyltransferase in the mammary gland that has been associated
with breast cancer invasion and progression [38]. Another study showed that prenatal
exposure of rats to BPA results in neoplasias (carcinoma /n situ) in the mammary glands

of 33% of the exposed rats compared to none in unexposed fetuses. In addition, animals
developed mammary tumors when a sub carcinogenic dose of a chemical carcinogen was
administered to rats at puberty [39]. These observations provide specific pieces of evidence,
although indirect, that link the /in utero hormonal exposure with an increased risk of breast
cancer of the progeny. We suggest that such experimental manipulations possibly interfere
with normal biological mechanisms to cause increased disease incidence, and therefore these
studies should not necessarily be construed to favor /n utero hormonal exposure being the
cause of sporadic cases found in women at large.
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Stem Cells and the Immortal Strand Hypothesis

Another idea considers possible fetal growth influences on breast cancer development and
proposes that the number of mammary-specific stem cells, which is determined /n utero

or soon after birth, correlates with the likelihood of developing breast cancer [25-26]. The
stem cell hypothesis holds that cancers originate in stem or progenitor cells with stem

cell properties [40]. The risk for cancer development may be directly related to the size

of the stem cell pool and its mitotic activity. Radiologic studies have shown a significant
association between breast density and the risk of breast cancer including stromal fibrosis

of the breast [41,42]. It has been proposed that breast mass correlates with the total number
of mammary cells and, as a corollary, to the number of mammary stem cells [26]. This has
been associated with higher levels of estrogen and IGF-1 exposure /nutero or in the perinatal
period [26,27]. However, it has also been pointed out that women with normal breast
density also develop breast cancer and women with higher breast densities may not show
disease symptoms [42]. Furthermore, high heritability in breast density has been observed in
monozygotic twins [43]. In a wide-ranging model, it has been suggested that the correlation
between breast cancer and breast density does not represent a causative relationship but is
rather due to genetic linkage [44,45].

In 1975, John Cairns put forth a hypothesis to elucidate possible function of previously
reported observations of non-random sister chromatid segregation [46,47]. His immortal
strand hypothesisposits that stem cells divide by asymmetric cell division, with one daughter
cell ordained to become stem cell while the other fated to differentiate, by an unknown
mechanism. According to this theory, all chromatids containing the oldest template strands
are delivered by the parent cell to the stem-cell daughter, while all chromatids containing
the first-time employed template strands are delivered to the differentiating daughter cell.

In theory, this will allow stem cells to escape from inheriting potential cancer-causing DNA
replication errors and thereby retain the immortal strands throughout an organism’s life [46—
48]. This hypothesis has continued to evoke the interest of researchers but has been difficult
to prove or invalidate definitively. A recent report on asymmetric histone distribution on
segregating sister chromatids in cultured mammalian cells offers indirect support to the
hypothesis and the assay used in this study holds potential for use in other systems,
including embryonic tissue [49]. Another study has shown that labeled template strands

are retained in one daughter cell during division termed as the label-retaining epithelial cell
(LREC), while newly synthesized DNA strands are preferentially distributed to the other
daughter cell in mouse mammary glands [50]. A similar labeling study in mice, implanted
with premalignant progenitor cells derived from murine mammary epithelial cells showed
that sub-populations of LRECs expressing estrogen-a and progesterone receptors retained
their original premalignant DNA strands, while the LRECs preferentially distributed the
second label to daughter cells [51-53]. Additional studies have also shown that stem cells
from skeletal muscle [54], cardiac progenitor cells [55-56]as well as other diverse systems
[57-60] exhibit biased chromatid distribution. On the contrary, others have observed biased
segregation of only copies of X and Y chromosomes during stem cell division in Drosophila
[61]. Critics of the immortal strand hypothesis argue that even if it were presumed that
immortal strands exist, they would still be vulnerable to mutations and recombination,
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thereby losing their postulated ability to form new stem cells [62]. Furthermore, it has been
technically difficult to establish that biased segregation indeed concerns all chromosomes, as
originally envisioned by Cairns, rather than a subset of chromosomes.

A significant implication of the immortal strand hypothesis is that sister chromatids are
genetically different from one another and are imprinted to undergo asymmetric, strand-
specific segregation during mitosis. In principle, biased distribution of only a few select
chromosomes would be sufficient to accomplish cell-type specific functions, such as cellular
differentiation or laterality development, and will not necessarily be limited to maintaining
stem cell populations. This point remains important in the context of the information
discussed in the next section, where selective segregation of epigenetically distinct sister
chromatids is proposed as a molecular mechanism for generating the asymmetric cell
division, an essential requirement for developmental precision.

Cerebral Laterality and Breast Cancer

The cerebral hemispheres of the brain are anatomically and functionally asymmetrical,
similar to visceral organ asymmetry in humans [63-65]. Imaging studies on live subjects
have reported reversed or atypical cerebral asymmetry in patients with neurological
disorders such as developmental dyslexia [66] and autism [67] as well as in a non-neural
disorder, namely breast cancer [68]. Reports associating atypical cerebral asymmetry with
breast cancer contend that both biological conditions are functions of abnormal hormonal
exposure /n utero [25, 69,70]. To test this idea, researchers analyzed the correlation between
breast cancer occurrence and brain laterality using cranial computed tomography (CT) scans
of right-handed women with breast cancer and of healthy right-handed subjects as controls
[68]. Typical asymmetries seen for right-handed women include: the right frontal area
measuring wider and the right frontal pole protruding more anteriorly than the left, and the
left occipital pole both measuring wider and protruding more posterior than the right [63].
Remarkably, the results revealed that women with breast cancer had a higher incidence of
reversed cerebral asymmetry: a 49% reversal of brain laterality compared to 18% found in
the unaffected individuals. Since brain asymmetry was thought to be a likely consequence
of abnormal /n utero hormonal exposure, the results were interpreted to support the /n utero
hormone exposure breast cancer model put forth previously [25]. In a postscript within their
original report, Sandson and co-workershad noted that unidentified genetic factors in the
embryo might provide alternative explanations for their observations [68].

After remaining largely ignored for almost two decades, data from the above study were
explained by employing a different hypothesis [29]. According to this new interpretation
based on a random-recessive model [28], a postulated gene (RGHTI) is responsible for
coupling the development of right- versus left-hand-use preference for unimanual tasks

(i.e., handedness) and brain hemispheric structural and functional asymmetry (Figure 1).
However, in individuals with non-functional recessive allele in the homozygous condition
(rrgenotype), uncoupling of the brain laterality and handedness traits occurs so that they
are distributed randomly and independently from one another to the left- or right-side

of an individual. By investigating only right-handed women subjects with breast cancer,
Sandson and coworkersmade a truly remarkable observation in that there was 49% incidence
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of brain laterality reversal in breast cancer patients [57]; in other words, cancer subjects
exhibited random distribution (~50:50) of brain laterality. The nervous system and the
integument (including mammary glands) arise from ectodermal cells during embryonic
development. The observation of nearly 50% brain laterality reversal in breast cancer
patients clearly suggests that they possess the //r genetic constitution according to the
random-recessive model. Originally, the RGHT1 gene was proposed to promote asymmetric
cell division for establishing brain laterality. It was also proposed that breast cancer may be
caused by random errors in asymmetric cell division in some /A rindividuals. Specifically,
the n/rgenotype may cause Loss of Heterozygosity (LOH) through increased mitotic
recombination operating later in adult life to cause breast disease [29]. We suggest that
frgenotype increases the rate of mitotic recombination, as compared to that of the R/IR

and R/rgenotype, leading to LOH across the genome, including chromosome regions where
genes mutations or TSGs implicated in breast cancer development lie. Our thesis concerns
the reason why initially cancer originates, not later biochemical events associated with
cancer progression. The genetics of the Strand-Specific Imprinting and Selective chromatid
segregation model (SSIS) have been described previously [28]. When LOH is associated
with cancer, it has been generally assumed that recombination causes homozygosis of the
non-functional, mutant or epigenetically silenced allele of a TSG gene [71,72]. However,
two groups have reported frequency of LOH occurring in as many as 50% of cancer cases in
regions that include well-known, cancer pre-disposing genes BRCA2, p53 and RB1 [73,74].
Furthermore, it has been reported that 50% of breast tumors showed LOH in 1 or more

of the 10 microsatellite markers used in the study and that the LOH did not necessarily
result in the deletion of TSGs [74]. The reported observations that 50% of sporadic breast
cancer cases are associated with somatic recombination, causing LOH of regions in or
around cancer genes support the suggestion of the SSIS model, where by the #rgenotype

is a predisposing factor for somatic recombination in breast tissue, and separately, for brain
hemispheric randomization /n utero through asymmetric cell division. These explanations
provide a new basis for the amazing association of sporadic breast cancer predisposition to
brain laterality development [68]. Models for utilizing DNA strand asymmetry in cellular
differentiation, cancer development or as a vehicle for controlling the speed of evolution
have been recently reviewed [75].

The mechanism of body laterality development continues to remain controversial and is
an exceptionally active field of research [76,77]. Considering the genetic correlates of
cerebral laterality development with the predicted #/rgenetic constitution [28], the latter
clearly constitutes the genetic predisposition factor for sporadic cases of breast cancer.

It does so by allowing increased recombination in breast tissues in chromosome regions
around the genes which have been implicated in familial cases of breast cancer. Future
research directed towards closer scrutiny of the remarkable association between brain
laterality distribution and breast cancer is likely to discern contribution of genetics, LOH
and epigenetic factors in the disease. Should this association be replicated by future studies,
it will be rewarding to define the molecular intricacies of how the //rgenotype initiates the
process of carcinogenesis that is restricted to a minority of the population.
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Conclusions

The aetiology of sporadic breast cancer cases remains unknown. A number of large studies
aimed at defining breast cancer aetiology using whole-genome sequencing of diseased

and healthy breast tissues have unearthed thousands of genomic variations [78], but they
were unable to define the fundamental reason why some individuals are susceptible while
others remain unaffected. Considering the lack of success in elucidating the causes of
cancer by current approaches despite commendable efforts, attention needs to be focused
on alternative theories. The immortal strand hypothesis proposes that a pool of stem cells

is created as a result of asymmetric cell divisions. The hypothesis that breast cancer may
start /n uterois supported by studies indicating that the number of mammary stem cells is
increased by /n utero exposure to estrogen and IGF-1. Moreover, higher breast density in
breast cancer patients has been proposed to be a consequence of the increased number of
stem cells in the breast tissue, yet this idea remains controversial with increasing evidence
contrary to the previously suggested cause-effect relationship between breast density and
cancer. Our hypothesis involves consideration of the biological consequences of laterality
specifying genetics. Sandson and coworkers’ defining 1992 study showed that right-handed
women with breast cancer have a remarkably increased prevalence of reversed functional
laterality of the brain, as compared to right-handed subjects with typical brain laterality
[68]. A previously proposed model postulated a hand-use preference gene, which, in its
nonfunctional (double-recessive /1) allelic form confers random brain hemispheric laterality
during embryonic development [28]. The enhanced version of this model implies that the
f'rgenotype also constitutes a predisposing factor for breast cancer development in adult
life [29]. Notably the handedness model and the immortal strand hypothesis are based

on nonrandom segregation of sister chromatids; the former also explains the observed
association of development of the functional asymmetry of the nervous system /n utero with
breast cancer development occurring later in adult life.

Clearly, further research is required to establish a definitive association between the

two seemingly unrelated traits of brain laterality and breast cancer explored in our
perspective. It is interesting to note that gliomas and melanomas have also been reported

to correlate with atypical laterality [79-81]. Cairns’ immortal strand hypothesis was
proposed as a mechanism to avoid inheriting potential cancer-causing DNA replication
errors in stem cells, and it was based on the discovery of biased segregation of sister
chromatids of all chromosomes in some biological systems [46]. The SSIS model invoked
biased chromosomeand cell-type-specific segregation of epigenetically differentiated sister
chromatids to accomplish cellular differentiation and vertebrate development [82]. Here,

we highlight that the SSIS mechanism, which perhaps evolved primarily to accomplish
development of hemispheric laterality, constitutes a predisposing factor for causing breast
cancer in humans. Considering the discussion presented in this perspective and the recent
retrospective by Karl Lark (one of the first to observe non-random chromatid segregation) on
the general consequences of the “premature” discovery [83], further examination of the idea
that the //rgenotype constitutes a primary cancer predisposition factor has the potential to
help uncover the disease aetiology. To be noted, the existence of WW:: CC segregation
pattern was recently spotted by Sauer and Klar, 2013 [84] in a study of Drosophila
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autosomes by Yadlapalli and Yamashita, 2013 [61]. The key message of our perspective
points out the lack of success in identifying aetiology of breast cancer despite extensive
amount of research conducted on the topic. We hope our perspective helps to guide future
studies to define the aetiology of sporadic cases of breast cancer in women. It is crucial to
first replicate the Sandson et al. [68] study published back in 1992.

Acknowledgements

SH acknowledges support by NIH (NIGMS-1P20GM103653-01A1) and departmental funds through NSF (HRD
0833148). The Intramural Research Program of the National Institutes of Health, Frederick National Laboratory for
Cancer Research supports AK’s research.

Abbreviations:

References

1.

SNPs Single Nucleotide Polymorphisms

EDC Endocrine-Disrupting Chemical

IGF-1 Insulin-like Growth Factor

SSIS Somatic Strand-Specific Imprinting and Segregation Model

Parkin DM, Bray F, Ferlay J, Pisani P (2005) Global cancer statistics, 2002. CA Cancer J Clin 55:
74-108. [PubMed: 15761078]

. Slattery ML, Kerber RA (1993) A comprehensive evaluation of family history and breast cancer

risk. The Utah Population Database. JAMA 270: 1563-1568. [PubMed: 8371466]

. Brand RE, Lerch MM, Rubinstein WS, Neoptolemos JP, Whitcomb DC, et al. (2007) Advances in

counselling and surveillance of patients at risk for pancreatic cancer. Gut 56: 1460-1469. [PubMed:
17872573]

. Walsh T, King MC (2007) Ten genes for inherited breast cancer. Cancer Cell 11: 103-105.

[PubMed: 17292821]

. Tapper W, Hammond V, Gerty S, Ennis S, Simmonds P, et al. (2008) The influence of genetic

variation in 30 selected genes on the clinical characteristics of early onset breast cancer. Breast
Cancer Res 10: R108. [PubMed: 19094228]

. Ripperger T, Gadzicki D, Meindl A, Schlegelberger B (2009) Breast cancer susceptibility: current

knowledge and implications for genetic counselling. Eur J Hum Genet 17: 722-731. [PubMed:
19092773]

. Sapkota Y, Robson P, Lai R, Cass CE, Mackey JR, et al. (2012) A two-stage association study

identifies methyl-CpG-binding domain protein 2 gene polymorphisms as candidates for breast
cancer susceptibility. Eur J Hum Genet 20: 682-689. [PubMed: 22258532]

. Lee E, Schumacher F, Lewinger JP, Neuhausen SL, Anton-Culver H, et al. (2011) The association

of polymorphisms in hormone metabolism pathway genes, menopausal hormone therapy, and breast
cancer risk: a nested case-control study in the California Teachers Study cohort. Breast Cancer Res
13: R37. [PubMed: 21457551]

. Thomas G, Jacobs KB, Kraft P, Yeager M, Wacholder S, et al. (2009) A multistage genome-wide

association in breast cancer identifies two novel risk alleles at 1p11.2 and 14g24.1 (RAD51L1). Nat
Genet 41: 579-584. [PubMed: 19330030]

10. Easton D, Pooley KA, Dunning AM, Pharoah PDP, Thompson D, et al. (2007) Genome-wide

association study identifies novel breast cancer susceptibility loci. Nature 47: 1087-1093.

11. Onay VU, Briollais L, Knight JA, Shi E, Wang Y, et al. (2006) SNP-SNP interactions in breast

cancer susceptibility. BMC Cancer 6: 114. [PubMed: 16672066]

Hereditary Genet. Author manuscript; available in PMC 2021 September 28.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Harbinder et al.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Page 10

Harlid S, Ivarsson MI, Butt S, Grzybowska E, Eyfjoérd JE, et al. (2012) Combined effect of
low-penetrant SNPs on breast cancer risk. Br J Cancer 106: 389-396. [PubMed: 22045194]
Campa D, Kaaks R, Le Marchand L, Haiman CA, Travis RC, et al. (2011) Interactions between
genetic variants and breast cancer risk factors in the breast and prostate cancer cohort consortium.
J Natl Cancer Inst 103: 1252-1263 [PubMed: 21791674]

Novak P, Jensen T, Oshiro MM, Watts GS, Kim CJ, et al. (2008) Agglomerative epigenetic
aberrations are a common event in human breast cancer. Cancer Res 68: 8616—-8625. [PubMed:
18922938]

Vo AT, Millis RM (2012) Epigenetics and breast cancers. Obstet Gynecol Int 2012: 602720.
[PubMed: 22567014]

Xiang TX, Yuan Y, Li LL, Wang ZH, Dan LY, et al. (2013) Aberrant promoter CpG methylation
and its translational applications in breast cancer. Chin J Cancer 32: 12-20. [PubMed: 22059908]
Chen Z, Clark S, Birkeland M, Sung CM, Lago A, et al. (2002) Induction and superinduction

of growth arrest and DNA damage gene 45 (GADD45) a and 8 messenger RNAs by histone
deacetylase inhibitors trichostatin A (TSA) and butyrate in SW620 human colon carcinoma cells.
Cancer Lett 188: 127-140. [PubMed: 12406558]

Negrini M, Calin GA (2008) Breast cancer metastasis: a microRNA story. Breast Cancer Res 10:
203.

Veeck J, Esteller M (2010) Breast cancer epigenetics: from DNA methylation to microRNAs. J
Mammary Gland Biol Neoplasia 15: 5-17. [PubMed: 20101446]

lorio MV, Ferracin M, Liu CG, Veronese A, Spizzo R, et al. (2005) MicroRNA gene expression
deregulation in human breast cancer. Cancer Res 65: 7065-7070. [PubMed: 16103053]

Kanwal R, Gupta S (2010) Epigenetics and cancer. J Appl Physiol 109: 598-605. [PubMed:
20203073]

Kasinski AL, Slack FJ (2011) Epigenetics and genetics. MicroRNASs en route to the clinic:
progress in validating and targeting microRNAs for cancer therapy. Nat Rev Cancer 11: 849-864.
[PubMed: 22113163]

Stecklein SR, Jensen RA, Pal A (2012) Genetic and epigenetic signatures of breast cancer
subtypes. Front Biosci (Elite Ed) 4: 934-949. [PubMed: 22201926]

Pasche B, Yi N (2010) Candidate gene association studies: successes and failures. Curr Opin Genet
Dev 20: 257-261. [PubMed: 20417090]

Savarese TM, Strohsnitter WC, Low HP, Liu Q, Baik I, et al. (2007) Correlation of umbilical cord
blood hormones and growth factors with stem cell potential: implications for the prenatal origin of
breast cancer hypothesis. Breast Cancer Res 9: R29. [PubMed: 17501995]

Trichopoulos D (1990) Hypothesis: does breast cancer originate in utero? Lancet 335: 939-940.
[PubMed: 1970028]

Trichopoulos D, Lagiou P, Adami HO (2005) Towards an integrated model for breast cancer
etiology: the crucial role of the number of mammary tissue-specific stem cells. Breast Cancer Res
7:13-17. [PubMed: 15642176]

Klar AJ (2004) An epigenetic hypothesis for human brain laterality, handedness, and psychosis
development. Cold Spring Harb Symp Quant Biol 69: 499-506. [PubMed: 16117687]

Klar AJ (2011) Breast cancer predisposition and brain hemispheric laterality specification likely
share a common genetic cause. Breast Dis 33: 49-52. [PubMed: 21965306]

Bhat HK, Calaf G, Hei TK, Loya T, Vadgama JV (2003) Critical role of oxidative stress

in estrogen-induced carcinogenesis. Proc Natl Acad Sci U S A 100: 3913-3918. [PubMed:
12655060]

Anderson GL, Chlebowski RT, Aragaki AK, Kuller LH, Manson JE, et al. (2012) Conjugated
equine oestrogen and breast cancer incidence and mortality in postmenopausal women

with hysterectomy: extended follow-up of the Women’s Health Initiative randomised placebo-
controlled trial. Lancet Oncol 13: 476-486. [PubMed: 22401913]

Herbst AL, Ulfelder H, Poskanzer DC (1971) Adenocarcinoma of the vagina. Association of
maternal stilbestrol therapy with tumor appearance in young women. N Engl J Med 284: 878-881.
[PubMed: 5549830]

Hereditary Genet. Author manuscript; available in PMC 2021 September 28.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Harbinder et al.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Page 11

Niculescu AM (1985) Effects of in utero exposure to DES on male progeny. J Obstet Gynecol
Neonatal Nurs 14: 468-470.

Strohsnitter WC, Noller KL, Hoover RN, Robboy SJ, Palmer JR, et al. (2001) Cancer risk in men
exposed in utero to diethylstilbestrol. J Natl Cancer Inst 93: 545-551. [PubMed: 11287449]
Palmer JR, Wise LA, Hatch EE, Troisi R, Titus-Emstoff L, et al. (2006) Prenatal diethylstilbestrol
exposure and risk of breast cancer. Cancer Epidemiol Biomarkers Prev 15:1509-1514. [PubMed:
16896041]

Hoover RN, Hyer M, Pfeiffer RM, Adam E, Bond B, et al. (2011) Adverse health outcomes

in women exposed in utero to diethylstilbestrol. N Engl J Med 365: 1304-1314. [PubMed:
21991952]

Doherty LF, Bromer JG, Zhou Y, Aldad TS, Taylor HS (2010) In utero exposure to
diethylstilbestrol (DES) or bisphenol-A (BPA) increases EZH2 expression in the mammary gland:
an epigenetic mechanism linking endocrine disruptors to breast cancer. Horm Cancer 1: 146-155.
[PubMed: 21761357]

Yoo KH, Hennighausen L (2012) EZH2 methyltransferase and H3K27 methylation in breast
cancer. Int J Biol Sci 8: 59-65. [PubMed: 22211105]

Soto AM, Vandenberg LN, Maffini MV, Sonnenschein C (2008) Does breast cancer start in the
womb? Basic Clin Pharmacol Toxicol 102: 125-133. [PubMed: 18226065]

Wicha MS, Liu S, Dontu G (2006) Cancer stem cells: an old idea--a paradigm shift. Cancer Res
66: 1883-1890. [PubMed: 16488983]

Boyd NF, Lockwood GA, Byng JW, Tritchler DL, Yaffe MJ (1998) Mammographic densities and
breast cancer risk. Cancer Epidemiol Biomarkers Prev 7: 1133-1144. [PubMed: 9865433]

Byrne C, Schairer C, Wolfe J, Parekh N, Salane M, et al. (1995) Mammographic features and
breast cancer risk: effects with time, age, and menopause status. J Natl Cancer Inst 87: 1622—-1629.
[PubMed: 7563205]

Boyd NF, Dite GS, Stone J, Gunasekara A, English DR, et al. (2002) Heritability of
mammographic density, a risk factor for breast cancer. N Engl J Med 347: 886-894. [PubMed:
12239257]

Vachon CM, King RA, Atwood LD, Kuni CC, Sellers TA (1999) Preliminary sibpair linkage
analysis of percent mammographic density. J Natl Cancer Inst 91: 1778-1779. [PubMed:
10528030]

Boyd NF, Martin LJ, Yaffe MJ, Minkin S (2011) Mammographic density and breast cancer risk:
current understanding and future prospects. Breast Cancer Res 13: 223. [PubMed: 22114898]
Lark KG (2013) Discovering non-random segregation of sister chromatids: the naive treatment of a
premature discovery. Front Oncol 2: 211. [PubMed: 23378946]

Lark KG, Consigli RA, Minocha HC (1966) Segregation of sister chromatids in mammalian cells.
Science 154: 1202-1205. [PubMed: 5921385]

Cairns J (1975) Mutation selection and the natural history of cancer. Nature 255: 197-200.
[PubMed: 1143315]

Rando TA (2007) The immortal strand hypothesis: segregation and reconstruction. Cell 129: 1239-
1243. [PubMed: 17604710]

Huh YH, Sherley JL (2011) Molecular cloaking of H2A.Z on mortal DNA chromosomes during
nonrandom segregation. Stem Cells 29: 1620-1627. [PubMed: 21905168]

Smith GH (2005) Label-retaining epithelial cells in mouse mammary gland divide asymmetrically
and retain their template DNA strands. Development 132: 681-687. [PubMed: 15647322]

Booth BW, Boulanger CA, Smith GH (2008) Selective segregation of DNA strands persists in
long-label-retaining mammary cells during pregnancy. Breast Cancer Res 10: R90. [PubMed:
18950502]

Booth BW, Smith GH (2006) Estrogen receptor-alpha and progesterone receptor are expressed in
label-retaining mammary epithelial cells that divide asymmetrically and retain their template DNA
strands. Breast Cancer Res 8: R49. [PubMed: 16882347]

Bussard K, Boulanger CA, Kittrell FS, Behbod F, Medina D, et al. (2010) Immortalized,
premalignant epithelial cell populations contain long-lived, label-retaining cells that

Hereditary Genet. Author manuscript; available in PMC 2021 September 28.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Harbinder et al.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

Page 12

asymmetrically divide and retain their template DNA. Breast Cancer Res 12: R86. [PubMed:
20964820]

Rocheteau P, Gayraud-Morel B, Siegl-Cachedenier I, Blasco MA, Tajbakhsh S (2012) A
subpopulation of adult skeletal muscle stem cells retains all template DNA strands after cell
division. Cell 148: 112-125. [PubMed: 22265406]

Kajstura J, Bai Y, Cappetta D, Kim J, Arranto C, et al. (2012) Tracking chromatid segregation to
identify human cardiac stem cells that regenerate extensively the infarcted myocardium. Circ Res
111: 894-906. [PubMed: 22851539]

Sundararaman B, Avitabile D, Konstandin MH, Cottage CT, Gude N, et al. (2012) Asymmetric
chromatid segregation in cardiac progenitor cells is enhanced by Pim-1 kinase. Circ Res 110:
1169-1173. [PubMed: 22441844]

Potten CS, Owen G, Booth D (2002) Intestinal stem cells protect their genome by selective
segregation of template DNA strands. J Cell Sci 115: 2381-2388. [PubMed: 12006622]

Rambhatla L, Ram-Mohan S, Cheng JJ, Sherley JL (2005) Immortal DNA strand cosegregation
requires p53/IMPDH-dependent asymmetric self-renewal associated with adult stem cells. Cancer
Res 65: 3155-3161. [PubMed: 15833845]

Karpowicz P, Pellikka M, Chea E, Godt D, Tepass U, et al. (2009) The germline stem cells of
Drosophila melanogaster partition DNA non-randomly. Eur J Cell Biol 88: 397-408. [PubMed:
19395121]

Hari D, Xin HW, Jaiswal K, Wiegand G, Kim BK, et al. (2011) Isolation of live label-retaining
cells and cells undergoing asymmetric cell division via nonrandom chromosomal cosegregation
from human cancers. Stem Cells Dev 20: 1649-1658. [PubMed: 21294632]

Yadlapalli S, Yamashita YM (2013) Chromosome-specific nonrandom sister chromatid segregation
during stem-cell division. Nature 498: 251-254. [PubMed: 23644460]

Lansdorp PM (2007) Immortal strands? Give me a break. Cell 129: 1244-1247. [PubMed:
17604711]

Le May M, Kido DK (1978) Asymmetries of the cerebral hemispheres on computed tomograms. J
Comput Assist Tomogr 2: 471-476. [PubMed: 708500]

Weinberger DR, Luchins DJ, Morihisa J, Wyatt RJ (1982) Asymmetrical volumes of the right and
left frontal and occipital regions of the human brain. Ann Neurol 11: 97-100. [PubMed: 7059134]

Bear D, Schiff D, Saver J, Greenberg M, Freeman R (1986) Quantitative analysis of cerebral
asymmetries. Fronto-occipital correlation, sexual dimorphism and association with handedness.
Arch Neurol 43: 598-603. [PubMed: 3718289]

Hier DB, LeMay M, Rosenberger PB, Perlo VP (1978) Developmental dyslexia. Evidence for a
subgroup with a reversal of cerebral asymmetry. Arch Neurol 35: 90-92. [PubMed: 623535]

Wan CY, Marchina S, Norton A, Schlaug G (2012) Atypical hemispheric asymmetry in the arcuate
fasciculus of completely nonverbal children with autism. Ann N 'Y Acad Sci 1252: 332-337.
[PubMed: 22524376]

Geschwind N, Galaburda AM (1985) Cerebral lateralization. Biological mechanisms, associations,
and pathology. I11. A hypothesis and a program for research. Arch Neurol 42:634-654. [PubMed:
3874617]

Kramer MA, Albrecht S, Miller RA (1985) Handedness and the laterality of breast cancer in
women. Nurs Res 34:333-337. [PubMed: 2866491]

Sandson TA, Wen PY, LeMay M (1992) Reversed cerebral asymmetry in women with breast
cancer. Lancet 339: 523-524. [PubMed: 1346881]

Le May M, Kido DK (1978) Asymmetries of the cerebral hemispheres on computed tomograms. J
Comput Assist Tomogr 2: 471-476. [PubMed: 708500]

Osorio A, de la Hoya M, Rodriguez-Lépez R, Martinez-Ramirez A, Cazorla A, et al. (2002) Loss
of heterozygosity analysis at the BRCA loci in tumor samples from patients with familial breast
cancer. Int J Cancer 99: 305-309. [PubMed: 11979449]

Oldenburg RA, Meijers-Heijboer H, Cornelisse CJ, Devilee P (2007) Genetic susceptibility for
breast cancer: how many more genes to be found? Crit Rev Oncol Hematol 63: 125-149.
[PubMed: 17498966]

Hereditary Genet. Author manuscript; available in PMC 2021 September 28.



1duosnue Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Harbinder et al.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

Page 13

Tsukamoto K, Ito N, Yoshimoto M, Iwase T, Tada T, et al. (1996) Two distinct commonly deleted
regions on chromosome 13q suggest involvement of BRCA2 and retinoblastoma genes in sporadic
breast carcinomas. Cancer 78: 1929-1934. [PubMed: 8909313]

Murthy SK, DiFrancesco LM, Ogilvie RT, Demetrick DJ (2002) Loss of heterozygosity associated
with uniparental disomy in breast carcinoma. Mod Pathol 15: 1241-1250. [PubMed: 12481003]
Furusawa M (2011) Implications of double-stranded DNA structure for development, cancer and
evolution. Open J Genetics 01:78-87.

Klar AJ (2008) Support for the selective chromatid segregation hypothesis advanced for the
mechanism of left-right body axis development in mice. Breast Dis 29: 47-56. [PubMed:
19029624]

Vandenberg LN, Levin M (2010) Far from solved: a perspective on what we know about early
mechanisms of left-right asymmetry. Dev Dyn 239: 3131-3146. [PubMed: 21031419]

Nik-Zainal S, Alexandrov LB, Wedge DC, Van Loo P, Greenman CD, et al. (2012) Mutational
Processes Molding the Genomes of 21 Breast Cancers. Cell 149: 979-993. [PubMed: 22608084]
Nachbar F, Stolz W, Merkle T, Cognetta AB, Vogt T, et al. (1994) The ABCD rule of
dermatoscopy. High prospective value in the diagnosis of doubtful melanocytic skin lesions. J

Am Acad Dermatol 30: 551-559. [PubMed: 8157780]

Ribolsi M, Koch G, Magni V, Di Lorenzo G, Rubino IA, et al. (2009) Abnormal brain lateralization
and connectivity in schizophrenia. Rev Neurosci 20: 61-70. [PubMed: 19526734]

Sugiarto S, Persson Al, Munoz EG, Waldhuber M, Lamagna C, et al. (2011) Asymmetry-
defective oligodendrocyte progenitors are glioma precursors. Cancer Cell 20: 328-340. [PubMed:
21907924]

Sauer S, Klar AJ (2012) Left-right symmetry breaking in mice by left-right dynein may occur via a
biased chromatid segregation mechanism, without directly involving the Nodal gene. Front Oncol
2: 166. [PubMed: 23316472]

Hereditary Genet. Author manuscript; available in PMC 2021 September 28.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Harbinder et al. Page 14

Left-right brain hemispheres-generating progenitor cell’s mitosis
occurs through selective DNA strand segregation (the SSIS model)

WC WC
Right-handers gene

Centromere & (RGHT1)
Dominant hemisphere- W = Watson strand
SpeCIfying gene (DOHl) OFF (C);Fczncslil::ca:ddepiaIIeIe
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Daughter cells: Left side of the embryo Right side of the embryo

Figure 1: The somatic strand-specific imprinting and segregation (SSIS) model:

The SSIS model was proposed to produce developmentally nonequivalent daughter cells

of the cerebral hemisphere laterality generating progenitor cell in embryogenesis. One

of the daughter cells, the one placed on the left side of the embryo (with respect to
anterior-posterior and dorso-ventral axes), inherits specific chromatids of both homologs

of Chromosome 11, those containing the template “Watson” (W) strand with the expressed
(ON) epiallele of the hypothetical language-process specifying gene (DOHZI) gene. The
daughter cell on the right side of the embryo inherits indicated chromatids/strands with
epigenetically silenced DOHI gene’s epialleles. A hypothetical RGHTI (right-handedness-
specifying gene) directs biased segregation of differentiated sister chromatids by functioning
at the Chr. 11 centromere. The DNA strands are color-coded to indicate their biased
distribution to specific daughter cells. Grey colored strands reflect “younger” strands
synthesized in the parental cell. Due to biased strands “W,W::C,C” segregation occurring

in mitosis, differentiated daughter cells result through asymmetric cell division, and after
subsequent growth, differentiated brain hemispheres develop such that a person processes
language in the left hemisphere of the brain. In contrast, homozygous individuals containing
the nonfunctional allele of the RGHTI gene, r'r(rfor random), lack biased segregation

and therefore exhibit random hemispheric asymmetry distribution. It is suggested that

Hereditary Genet. Author manuscript; available in PMC 2021 September 28.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Harbinder et al.

Page 15

predisposition to breast cancer only in a minority of 7rindividuals results from stochastic
errors of the SSIS process in breast tissue stem cells, including allowing rare somatic
recombination events to cause loss-of-heterozygosity of imprints of tumor suppressor genes.
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