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Introduction

There are certain genes that have ubiquitous expression patterns in
an individual’s cells; yet, a paradox exists whereby mutations (germline
or somatic) in such genes are only strongly associated with cancers of
specific tissues. As these genes are ubiquitously expressed in the body’s
cells and thereby have functions in -potentially- all tissue types, then
surely their resulting defects would manifest as cancers in all tissues?

If we take a snapshot of these genes and explore their functions
and the circumstances in which they are required in a cell, the
apparent ‘tissue-specific’ paradox becomes less of a paradox and more
comprehensible, on a fundamental level. Examples of these include
(but are not limited to) ATM, BRCA1, BRCA2, BRIP1, ERCC3, ERC(C4,
ERCCS5, FANCA, FANCD2, FANCG, MLH1, MSH2, MUTYH, PMS1,
PMS2, RECQL4, WRN, XPA, and XPC. As we will see later in this
commentary, these genes are most commonly associated with cancers
of the breast, skin, and colon; moreover, we find that this subset of
genes is mostly enriched (p<0.0001 with Bonferroni correction) for the
Gene Ontology (GO) [1] terms ‘DNA repair’ (GO:0006281), ‘response
to DNA damage stimulus’ (GO:0006974), ‘DNA metabolic process’
(G0O:0006259), and “cellular response to stress’ (GO:0033554).

Thus, it can be inferred that the answer to the question posed in
the opening paragraph of this commentary can be found by focusing
on DNA repair and how a cell copes with stressors. Indeed, it will
be seen later that it is the type of DNA damage that is induced in a
tissue’s cells that is key: double-strand breaks feature mostly in the
breast and ovary; UV radiation-induced damage in the skin; and base-
mismatch in the colon. This corroborates with the long-held notion
that endogenous and exogenous stress components have a role to play
in cancer predisposition [2,3], but this has been somewhat ignored
in cancer research, with groups tending to instead focus more on
individual cancers as opposed to all cancers in general, with one recent
and noteworthy exception [4].

Thus, in order to completely understand this ‘tissue-specific’
paradox some more, we have to consider why DNA damage is different
in these parts of the body. First, however, we should try to understand
which the genes are and what their roles are when DNA becomes
damaged. As a detailed example, let’s look at ionizing radiation, which
induces DNA strand breaks [5].

Breast Cancer and DNA Double-strand Breaks

Taking breast tissue and cancer as a detailed example, we can
understand why DNA damage has a role to play in the apparent
tissue-specific nature of these genes in increasing cancer risk. From
Reinhardt and Schumacher [6], we can build a simplistic model of
the process (Figure 1). In this model, ATM is activated once DNA
damage has occurred. In turn, TP53 is activated, as are MDM2 and
WIP1. TP53 then activates BRCA1l and members of the Fanconi
Anemia complementation group of proteins (FANC[X]), which
includes BRCA2, in order to initiate DNA repair (double-strand break
repair in the case of BRCA1). Concurrently, MDM2 and WIPI act to
downregulate TP53 and thus the DNA repair process; however, TP53

continues to become activated in 4-7 hour ‘pulses’ until the DNA
damage has been repaired. This model for DNA repair has also been
explored and discussed by Jackson [5].

From this DNA damage response (DDR) process, we can
hypothesize certain possibilities: Firstly, non-functioning TP53
could result in DNA damage accumulation and possible neoplastic
transformation. This would occur if TP53 failed to activate BRCA1
and FANC[X] after damage was induced. With no way of sensing the
damaged DNA, the cell(s) would continue to attempt to function and
divide, leaving the possibility of further accumulation of damage and
possibly resulting in neoplastic transformation. This possibility has
been somewhat confirmed, already, as TP53 mutations can result in
Li-Fraumeni Syndrome, which heightens risk for many cancers and
results in tumor growths in different tissues [7].

Secondly, if we instead had non-functioning BRCAI -and, thus,
the lack of an actual mechanism to repair the damaged DNA- this
could result in repeated activation of TP53 in the DDR. This could
itself, plausibly, result in different outcomes: With sustained and
heightened activity of TP53, the cell could be pushed past its Hayflick
Limit through rapid and repeated division and, as a result, lead to the
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L Stages:
1. ATM senses DNA double-strand break and upregulates TPS3
— 2. TPS53, in turn, upregulates BRCA1 and FANC[X]

3. DNA repair proceeds
4. Concurrently, WIP1 and MDM2 downregulate TP53

Result? — TPS3 is up- and down-regulated in 4-7 hour
‘pulses’, until DNA is repaired

Figure 1: Simplistic model of DNA repair involving ATM, TP53, and the
BRCA1/2 and FANC[X] complexes. ATM and TP53 are master regulators in
this process where signaling occurs in ‘pulses’ until the damaged DNA has
been repaired. Failure of any one of these players could result in altered DNA
repair mechanisms.
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senescence and aging of the damaged genome [6,8]. In this case, the
chance could also exist whereby the cell became neoplastic, as cells
pushed past their Hayflick Limit have ‘uncapped’ telomeres, which are
normally interpreted by the cellular machinery as double-strand breaks,
thus leading back to the original problem when DNA damage was first
induced. For this to occur, however, mutations in other key checkpoint
genes -such as TP21 and/or TP16- would be required, in which case the
cell would enter a pseudo-immortal state (explored in the proceeding
paragraph). Alternatively, repeated activation of TP53 could result in
the repeated apoptosis of the damaged cell, thus depleting the stem cell
compartments; although, this outcome requires further probing.

Pertaining to our simple model (Figure 1), Robles and Adami
[8] and Scully and Livingston [9] mention how, in the absence of
BRCA1/2, TP21 is activated. TP21 is a TP53-dependent cell-cycle
inhibitor and is thus part of a ‘DNA-damage-dependent’ checkpoint
measure. The activation of TP21 prevents the death of the cell in which
DNA damage has occurred; however, this cell-cycle delay can result
in ‘death by checkpoint’ [8], whereby the cell can neither repair the
DNA that’s damaged nor continue to function viably. Interestingly,
in Fanconi Anemia (associated with the FANC[X] complementation
group, which are involved in DNA repair and interact with BRCA1),
short stature and developmental disabilities are a feature - are these
delayed and stunted growths due to repeated cell-cycle arrest related
to TP21 as described above? In Fanconi Anemia, we also see the failure
of hematologic components to develop, leading to a compromised
immune and oxygen delivery system.

Thus, we have two possibilities in relation to BRCA1 deactivation:

B Deactivation in a genome that is otherwise healthy, which leads
to cell-cycle arrest through TP21 in the DNA damaged cell
(‘death by checkpoint’) and ceasing/arresting of cell-division.

B Deactivation in a genome that that also has certain
checkpoint genes deactivated (for example, TP21), in which
case the damaged DNA would be tolerated (or, better put:
unrecognized) and the cell would continue to divide, possibly
fuelling neoplastic transformation in a similar mode as already
described.

BRCAI Screening Alone Cannot Confer ‘True’ Cancer
Risk

Thus, for cancer to occur in BRCA 1 mutation carriers, mutations in
other checkpoint genes must occur. This explains why not all carriers
of germline mutations in this gene develop cancer, and why there’s no
syndrome associated with BRCAI mutations. This also implies that
screening for just BRCAI mutations in, for example, familial -’high-
risk’- cancer is not enough to deduce ‘true’ cancer risk; rather, mutations
in other key checkpoint genes must also be screened in conjunction
with those in BRCAI. These should be carried out as standard in clinical
laboratories that are testing for BRCA1 gene mutations.

BRCAL1 and Tissue-specificity

Now that we understand the role of BRCAl in DNA repair
-specifically double-strand breaks- we are better equipped to
understand its tissue-specific nature in relation to breast cancer. DNA
in breast tissue suffers damage from numerous sources, including ultra-
violet (UV) and ionizing radiation, and also reactive oxygen species
(ROS) [5]; whereas, other factors such as mechanical effects/stress
[10,11] and high breast tissue density [12] are important to consider

in relation to cancer and risk too. Whilst UV radiation-induced DNA
damage necessitates DNA repair through the nucleotide excision
repair (NER) pathway, ionizing radiation, mechanical stress, and ROS
can result in double-strand breaks, which require more complex repair
mechanisms, such as homologous recombination (HR) [13].

The breast tissue responds to estrogen, specifically 17p-estradiol.
When metabolized, this hormone produces ROS that can break
the DNA double helix [14,15]. Thus, the reason why certain genes
-specifically ATM, BRCAI, BRCA2, and BRIPI- are mostly associated
with breast cancer is because of their role in repairing DNA double-
strand breaks, which occur mostly in the breast tissue as a result of
sensitivity to estrogen. This additionally explains why these genes also
increase risk for cancer of the ovaries, which are also estrogen-sensitive.
It is worth noting again, at this point, that BRCA2 and BRIPI are part
of the Fanconi Anemia complementation group, a group from which 3
other members function in DNA double-strand break repair (FANCA,
FANCD2, FANCG).

A question that remains in relation to this, however, is: why are
BRCA1l-related breast cancers typically triple-negative (estrogen-,
progesterone-, and ERBB2-negative)? My hypothesis is based on the
assumption that estrogen has a key involvement in DNA double-
strand breaks in breast and ovarian tissue through its metabolization to
produce ROS. If any cells become neoplastic through this mechanism,
they would have to be estrogen-sensitive to start. A possible explanation
for this is that once damage has occurred, the cell is pushed through
repeated cycles of division by TP53 (as mentioned previously), such
that it gradually loses the original phenotype from which it derived,
including receptor status. This could occur where TP53 remained
activated but where the cell was unable to repair the damaged DNA.
Also, progenitor stem cell populations could be decreased, thus the
tissue would lose its ‘stemness’.

DNA Repair in Skin and Colon Cancer

We can also extend our logic to understand why genes such as
ERCC3, ERCC4, ERCC5, XPA, and XPC are mostly associated with skin
cancer. Each of these genes is involved in DNA repair following UV
light-induced damage through the NER pathway, and their deficiency
can lead to xeroderma pigmentosum, which in itself usually leads to
skin cancer. Research is mixed for their association to other cancers;
for example, lung cancer and ERCC3 [16], breast cancer and ERCC4
[17], esophageal squamous cell carcinoma, gastric cancer, and ERCC5
[18,19]. Thus, it again appears that these genes are specific to skin
cancer by their role in DNA repair via the NER pathway, which is
activated after UV light-induced damage. It makes logical sense that
the type of DNA damage most afflicting the skin would be from UV
radiation from the Sun.

Interestingly, the genes that are mostly associated with colon
cancer in the literature -i.e. MLH1, MSH2, MUTYH, PMS1, and PMS2-
are involved in an entirely different DNA repair pathway, being: DNA
mismatch repair [20,21]. DNA mismatch occurs during standard
DNA replication [22]; so, perhaps we see these genes associated with
colon cancer more than cancers of the skin or breast because UV- and
ionizing radiation are more common in these other parts of the body.
As the colon is internal, it is somewhat shielded from external sources
of radiation. Thus, it can be that DNA mismatch repair defects play
key roles in many cancers, but that we see them mostly associated with
colon cancer because it is the principle repair pathway required by this
tissue. It could also be related to the rapid turnover of cells in the gut
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endothelium, which would result in a higher frequency of mismatched
bases during replication. Diet must also be considered, and there are
some reports of how this can have an effect on the gut endothelium
[23,24].

Conclusion

A key fact remains: Each of these genes is involved in repairing
DNA, irrespective of the tissue in which DNA damage occurs. Thus,
we can understand why each of these genes’ defects/mutations can also
be associated with cancers different from the one to which they are
most strongly associated. For example, mutations in BRCAI have also
been associated to a lesser extent with pancreatic, uterine, and cervical
cancer [25], whereas MLH]1 has been associated with breast cancer [26].

So, it is left to conclude that harboring mutations in a DNA repair
gene broadly increases your risk of developing cancer. Risk will vary,
however, from tissue to tissue, and this depends on the level and type
of damage that occurs in each tissue and the subsequent DNA repair
pathway that is then initiated.
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