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Abstract: The canonical model for hereditary cancer predisposition is a cancer predisposi-
tion gene (CPG) that drives either one or both of two fundamental hallmarks of cancer,
defective genomic integrity and deregulated cell proliferation, ultimately resulting in the
accumulation of mutations within cells. Thus, the genes most commonly associated with
cancer-predisposing genetic syndromes are tumor suppressor genes that regulate DNA repair
(eg, BRCAI, BRCA2, MMR genes) and/or cell cycle (eg, APC, RBI). In recent years,
however, the spectrum of high-penetrance CPGs has expanded considerably to include
genes in non-canonical pathways such as oncogenic signaling, metabolism, and protein
translation. We propose here that, given the variety of pathways that may ultimately affect
genome integrity and cell proliferation, the model of cancer genetic predisposition needs to
be expanded to account for diverse mechanisms. This synthesis calls for modeling and multi-
omic studies applying novel experimental and computational approaches to understand
cancer genetic predisposition.
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Introduction
Cancer arises from accumulated mutations, which are the products of DNA sur-
veillance and repair errors and the number of cellular divisions.' The presence of
a diverse mutational landscape in healthy tissue under environmental assault is an
important precursor in the micro-evolutionary process of carcinogenesis. Recent
reports that sequenced biopsies of physiologically normal tissues, including sun-
exposed eyelid epidermis, Barrett’s esophagus, colorectal epithelial cells, and liver,
demonstrated a diverse array of “driver” mutations associated with tumors with
varying degrees of clonal expansion among these non-cancerous biopsy specimens,
highlighting a precancerous landscape for clonal selection that begins with mutation
acquisition.”™

It can thus be reasoned that individuals with elevated mutation rates will have
a higher risk of developing cancer. Aligned with this rationale, many of the known
hereditary cancer predisposition genes (CPGs)—genes harboring inherited germline
variants that confer high or moderate risks—are critical components of DNA
damage repair pathways, such as BRCAI and BRCAZ2 in homologous recombina-
tion. Additionally, increased cellular proliferation directly contributes to the number
of cellular divisions. An established CPG that directly regulates cellular prolifera-
tion is RBI, whose gene products halt DNA replication and mediates cell survival,
apoptosis, and differentiation. Using the differential risks of retinoblastoma in
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germline RB/ carriers versus non-carriers, Alfred Knudson
statistically demonstrated the two-hit model of cancer pre-
disposition in 1972.°

Advances in sequencing technology engendered the dis-
covery of CPGs in pedigrees enriched for familial cases and
large sets of non-familial cancer cases. In these large sample
sets, it was found that approximately 5-15% of cancer cases
are carriers of pathogenic variation within CPGs.®™®
However, many of the newly identified CPGs do not have
a primary function in these two canonical predisposition
processes. These CPGs affect diverse pathways including
metabolism, protein translation, and rRNA processing. How
they result in higher cancer risks remains unclear. Herein, we
highlight this crucial knowledge gap and discuss a few
possible mechanistic contributions of emerging cancer pre-
disposition pathways to stress-induced somatic mutation
acquisition and cellular proliferation, which may ultimately
lead to clonal diversification (Figure 1). This synthesis is not
meant to be comprehensive, but rather, it illustrates
a conceptual model and describes through representative
examples how non-canonical cancer predisposition path-
ways may mediate cancer risks.

Genomic Integrity

The majority of well-known cancer predisposition pathways
are directly implicated in the maintenance of genomic stabi-
lity. DNA damage repair pathways including homologous
recombination (ex: BRCAI, BRCA2, PALB2), DNA damage
sensing (ex: ATM, ATR, CHEK?), mismatch repair (ex:
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Genomic damages

MSH2, MLHI, MSH6, PMS1/2), nucleotide excision repair
(ex: XPC, ERCC2) and Fanconi anemia (ex: FANCA,
FANCD2, FANCJ/BRIPI) are associated with a variety of
cancer predisposition syndromes.”'® Loss of helicase func-
tion (ex: BLM) also enhances mutation acquisition via the
inability to rescue stalled replication forks, dissolve double
Holliday Junctions, and disentangle topologically con-
strained molecules.'' These CPGs typically harbor loss-of-
function germline variants that conceivably give rise to
elevated somatic mutation rates. This hypothesis is sup-
ported by experimental evidence, including recent multiplex
assays of variant effect (MAVEs) that scan thousands of
possible mutations in a CPG (eg, BRCAI) and show that
the known pathogenic alleles correspond almost perfectly to
those that showed loss-of-function in the associated DNA
damage repair (eg, homologous directed repair).'?

Notably, many CPGs implicated in DNA damage
repair pathways are known to show genetic pleiotropy
and may also contribute to cellular proliferation. For
example, BRCA1/2 are involved in a wide range of
functions beyond DNA repair, including regulation of
cell-cycle progression and apoptosis via p53 and
ubiquitylation.'* Additionally, the so-called “Guardian
of the Genome” TP53 has essential roles in maintaining
genomic stability through a broad range of mechanisms.
In addition to activating nucleotide excision repair, base
excision repair, and mismatch repair pathways, p53 is
important for cell cycle arrest at the G;/S phase and G,

/M phase transitions and inducing apoptosis.'* Cell cycle

Figure | Proposed model of cancer genetic predisposition through a micro-evolutionary perspective. Pathogenic germline variants of cancer predisposition genes (CPGs)
affecting a host of cellular pathways including DNA repair;, oncogenic signaling, metabolism, and cell cycle, among others, can predispose to human cancer on a spectrum
from increasing mutation acquisition and cellular proliferation. While the cancer predisposition field has traditionally focused on dysfunctional DNA repair as a mechanism of
carcinogenesis largely through increasing clonal diversity, we propose that additional pathways that might also confer clonal fitness advantages that are important to consider

in a cancer predisposition model.
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checkpoints and apoptosis can be important for prevent-
ing the persistence of somatic mutations in subsequent
lineages. When TP53’s cell cycle checkpoint and apop-
totic functions are lost, there is a persistence of somatic
mutations to progeny and a “cut-the-break” phenomenon
promoting dysregulated proliferation. Comprehensive
investigation of genetic pleiotropy is required to fully
understand cancer predisposition at the level of an indi-
vidual CPG and integration among broader pathways.

Cellular Proliferation and
Oncogenic Signaling

The other canonical cancer predisposition process is cel-
lular proliferation. Errors in cell cycle checkpoints can
lead to dysregulated cell cycle progression (ex: RBI,
TP53). Additionally,
proliferative pathways that enhance cell division and can
WNT/
B-Catenin (ex: APC), receptor tyrosine kinase (ex: RET,
MET) and MAPK (ex: TMEM127, NFI) signaling path-
ways. Pathogenic variants in RET and MET disrupt the

constitutive activation of pro-

predispose to cancer development include

RTK signaling pathway with downstream effects leading
to aberrant MAPK and PI3K/AKT signaling, potentially
altering the rate of cellular proliferation in predisposed
individuals.'>'® Pathogenic variants in APC reduce antag-
onism of the WNT/B-Catenin pathway, which promotes
cellular proliferation through beta-catenin accumulation
and WNT-triggered gene expression. Pathogenic variants
in APC likely increase cancer risk by shifting the WNT
pathway toward an on state that promotes continuous
cellular proliferation.'” Additionally, pathogenic variants
in TMEM127 may promote oncogenesis through upregula-
tion of the mammalian target of rapamycin (mTOR) sig-
naling pathway. The mTOR pathway controls cellular
proliferation by integrating growth factor-activated signals
with nutrients and energy sufficient for cell growth and
survival;'® upregulation of mTOR can therefore lead to
dysregulated cellular proliferation that increases the
TMEM127 carriers’ risk for cancer.'” Finally, inactivating
NF] variants can cause prolonged activation of the RAS/
RAF/MAPK pathway and result in increased cell prolif-
eration and loss of cell growth control. Dysregulated cel-
lular signaling by somatic mutation or epigenetic alteration
is well-known in carcinogenesis,”® and pathogenic germ-
line variants affecting the same pathways present a notable
overlap between heritable germline and acquired somatic
alterations.

Metabolism

Deregulated cellular energetics is also a hallmark known
for the somatic genome of cancer.”’ Pathogenic germline
variants in metabolic genes that predispose individuals to
cancer include HFE, VHL, FH, FAH, and SDH A/B/C/D.
While these genes are implicated in a variety of metabolic
processes, mutations in FH, SDH A/B/C/D, VHL, and
MITF have all been reported to contribute to oncogenesis
through the HIF-lalpha pathway. Activation of the HIF-
lalpha pathway produces hypoxia-stimulated conse-
quences. Over-expression of hypoxia-inducible gene pro-
ducts such as VEGF and PDGF promotes angiogenesis to
support cellular proliferation. However, the inefficiencies
of this vascular development stress cellular machinery,
often resulting in mutation acquisition.?! The downstream
effects of HIF-lalpha pathway activation therefore can
contribute to both cellular proliferation and accumulation
of somatic mutations. FAH dysfunction can increase repli-
cation error rates via mitotic spindle disruption. It may
also lead to dysregulated cellular proliferation through the
activation of the MAPK pathway.”” Aberrant HFE func-
tion results in disrupted iron metabolism. The iron-induced
oxidative stress can cause DNA damage, resulting in
a cooperative process whereby cellular proliferation and
elevated replication rate potentiate each other.”® While
dysfunction in many metabolic CPGs may promote onco-
genesis by synergistic effects that promote mutation acqui-
sition and clonal diversification via elevated mutation rates
and enhanced replicative capacity, these genes are highly
pleiotropic and additional mechanisms need to be consid-
ered. For example, VHL has been implicated in a range of
cancer-promoting molecular pathways including microtu-
bule stabilization,24 ciliary maintenance,25 and fibronectin
matrix assembly,”® among others.

Protein Translation and Ribosomal

Processing

Some CPGs affect ribosomal proteins and co-translational
protein-targeting pathways. Pathogenic germline variants
in 19 different ribosomal proteins can predispose indivi-
duals to develop Diamond-Blackfan Anemia (DBA),
a syndrome of bone marrow failure. DBA is characterized
by a disruption in ribosomal protein function responsible
for nucleolar stress signaling, p53 activation and ulti-
mately, cell cycle arrest or apoptosis. This disruption
places selective pressure on clonal populations that have
the propensity for accelerated clonal diversification and
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enhanced cellular proliferation. At least two hypotheses
can explain how DBA affects dysregulated cellular prolif-
eration. First, a DBA patient may develop a somatic muta-
tion in the p53 pathway that would confer a proliferation
advantage, resulting in the outgrowth of selected clones
carrying p53 mutations. Second, a pathogenic variant that
enhances ribosomal protein synthesis to reduce nucleolar
stress can lead to oncogenic gene activation, favoring
proliferative clonal selection. An over-expressed c-Myc
oncogene (eg, c-MYC) can further upregulate protein
translational machinery and facilitate the growth of clonal
populations with a survival advantage that predisposes to
cancer.”’ Cases of breast and colon cancer have been
documented among young adults living with DBA.?®

Pathogenic germline variants in a variety of genes
involved in ribosomal and ribosomal RNA (rRNA) proces-
sing can contribute to oncogenesis and are collectively
referred to as ribosomopathies.”” The ribosome maturation
factor SBDS has been implicated in the maintenance of
genomic stability and the stromal microenvironment. Loss
of SBDS function may contribute to dysregulated cellular
proliferation via its effects on the microenvironment
through increased expression of osteoprotegerin and
VEGF-A.*® However, the absence of wild-type SBDS
may also contribute to somatic mutations due to its
known function in mitotic spindle formation and MTOC
assembly in neutrophils.’® Ribosomopathies may also be
linked downstream to cellular stress and metabolic
derangements that promote cancer development.”’ The
molecular mechanisms whereby ribosomal and rRNA pro-
cessing dysfunctions lead to cancer remains an important
question in the field, but it appears to involve multiple
pathways including genetic integrity, cellular proliferation,
and metabolism that may ultimately converge onto
enhanced clonal diversification.

Predisposition Processes and

Tissue-Specificity in Cancer Risk

Although mutagenesis is driven by elevated replication
error rate and cellular proliferation, the development of
cancer occurs in a tissue-microenvironment where both
cell-autonomous and non-cell-autonomous factors need to
be carefully considered. The mechanism by which CPGs
predispose to cancer types in a highly tissue-specific man-
ner remains a long-standing question in cancer genetics.
For example, pathogenic variation in BRCA1/2 is predo-
minantly associated with breast and ovarian cancers, and,

to a lesser degree, prostate cancer, pancreatic cancer, and
melanoma. There is a differential risk of cancer for each
tissue type between the two genes, and even within genes,
the penetrance of pathogenic variants differs. The cumu-
lative breast cancer risk to age 80 is about 70% for
BRCAI/2 carriers, while the cumulative ovarian cancer
risk for BRCAI and BRCA2 is only 44% and 17%,
respectively.®' It is possible that the unique stromal and
immune cell interactions as well as hormonal sensitivities,
in a microenvironment, affect an individual’s cancer risk.
For example, while replicative errors may result in onco-
genic mutations that confer precancerous cells a selective
growth advantage, these errors may also create neoanti-
gens that can be recognized by the immune system. Recent
studies have demonstrated that cancer development occurs
through a microevolutionary pressure whereby mutations
are significantly biased towards peptides that are not pre-
sented by the cancer patient’s specific MHC-1 and MHC-II
complexes.**>? In an immune-excluded tissue microenvir-
onment, neoantigens associated with replication error-
inducing CPGs may not be detected by the immune sys-
tem, providing these precancerous cells more opportunities
for mutagenic proliferation. Given the different immune
accessibility of each tissue, clonal populations likely sur-
vive through various pressures of immune-editing, result-
ing in tissue-specific cancer risks.

Given our synthesis of diverse pathways amounting to
cancer risks, how cellular processes such as proliferation
signaling, metabolism, and protein translation differ
across tissues may also be considered. For example,
uncontrolled cellular proliferation is thought to induce
hypoxic stress in the tumor microenvironment without
a matched functional vasculature.®* As a result, the HIF-
lalpha pathway is frequently activated by tumors. This
results in the stimulation of angiogenic pathways to
improve tumor oxygenation, an increased propensity for
anaerobic metabolism via the Warburg Effect, as well as
activation of  pro-proliferative =~ and  pro-survival
pathways.>> Mutations in many of the metabolic CPGs,
such as FH, SDH A/B/C/D, and VHL, have been reported
to activate the HIF-1alpha pathway. Pathogenic variants of
these metabolic genes may result in the premature activa-
tion of the HIF-lalpha pathway, causing an enhanced
propensity for dysregulated cellular proliferation and tis-
sue invasion. The degree of hypoxic stress likely varies
across microenvironments, contributing to distinct cancer
risks across tissue sites. The underlying mechanisms of
tissue specificity remain unclear. For example, SDH A/B/
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C/D mutations predispose to the development of pheo-
chromocytoma/paraganglioma (PCPG). SDH A/B/C/D-
and VHL- mutated PCPGs share a pseudo-hypoxic pheno-
type that likely differs in etiology. VHL-mutated, com-
to SDH B-mutated,
expresses higher levels of HIFl-alpha target gene

pared adrenal medulla tissue
mRNA?*® and increased rates of glycolysis.®” These dis-
tinctions suggest an alternate pseudo-hypoxic transcrip-
tome that drives oncogenesis via SDH mutations’® in the
highly vascularized neuroendocrine tissue where PCPGs
arise.

In addition to a predilection for tissue specificity, cer-
tain cancer predisposition syndromes demonstrate cell-
type specificity. For example, patients with Fanconi
Anemia are prone to developing squamous cell carcinomas
in a variety of organs including head, neck, and gyneco-
logic tissues.*® It remains to be investigated how specific
CPGs pertain to the cell-specific pathway wiring or
responses to environmental insults, thus inducing cell-
type specific cancer risk.

Altogether, different selective pressures arising from
the interactions between CPG-associated pathways and
unique tissue-microenvironments may jointly shape the
process of cancer development, providing plausible expla-
nations of tissue-specificity of cancer risk in CPG carriers.

Future Directions

Growing evidence demonstrates that genetic predisposi-
tion to cancer involves diverse biological functions. Here,
we examined how diverse CPGs and pathways may con-
verge onto the cancer hallmarks of elevated somatic muta-
tions and cellular proliferation, both of which can lead to
cancer-inducing mutagenesis. These observations amount
to a new hypothesis of cancer predisposition that needs to
be carefully addressed through innovative methodologies.
Several of the novel cancer predisposition pathways dis-
cussed herein may contribute to stress-induced somatic
mutation acquisition, cellular proliferation and ultimately
clonal diversification. Meanwhile, CPGs could also pos-
sess unknown roles outside of their primary pathways or
known function, so further gene ontology and functional
investigation will be imperative to improve our under-
standing of the genetic pleiotropy and crosslinks that
may exist between pathways.

Albeit out of the scope of this review, it may be worth
investigating whether predisposition genes nominated
through genome-wide association studies (GWAS) may
also converge onto pathways affecting somatic mutations

and cellular proliferation. Given that the majority of the
GWAS-identified variants
regions, improved mapping of genetic variants to their

are found in non-coding
regulatory functions integrating epigenetic, transcriptomic,
and chromatin interaction data are required to dissect their
underlying genes and pathways. For example, a recent
study applying targeted RNA-Seq revealed that breast
cancer GWAS risk variants may exert their functional
effect through long non-coding RNAs.*°

Rapidly-expanding patient cohorts with matched germ-
line/somatic genomes, epigenomes and transcriptomes can
clarify the relationship between germline CPGs and somatic
cancer hallmarks. For example, studies using these cohorts
can reveal the somatic mutation rates and specific mutation
types accumulated in different CPG carriers. The mechan-
isms underlying epigenome and transcriptional alterations in
cancer remain in the early stages of understanding. Although
hereditary epigenetic deregulations in cancer have been
identified, further study of the genome-epigenome interplay
is required.*' Further, distinct epigenomic regulation across
tissue types may present as another plausible cause of dif-
ferential cancer risk across tissues.

Genetic perturbation of precancerous experimental
models can also help reveal how diverse CPGs affect
somatic mutations and cellular proliferation in the early
stages of oncogenesis. Recent innovations in genome-
editing technologies and large-scale parallel assays allow
for genetic engineering and variant assessment, which can
reveal the functions of a large array of genes and patho-
genic variants of interest.* Lastly, advances in the ability
to simulate the tumor microenvironment in new experi-
mental models*® hold promise for more accurate charac-
terization of CPGs in tissue-specific microenvironmental
contexts. Integrating evidence from diverse approaches,
including multi-omic integration using patient cohorts
and mechanistic investigations using new functional mod-
els, will be required to further establish the mechanistic
links between CPGs, functional hallmarks, and cancer
risk.
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