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Abstract: Our understanding of the molecular basis of colorectal neoplasia is derived from Mendelian
genetics, with tumor suppressor genes contributing more to the deregulation of growth than onco-
genes. In patients with hereditary syndromes, expression of one allele of a key tumor suppressor
gene is absent at birth. The loss of the expression of the second allele precipitates tumorigenesis.
However, there are multiple ways in which the expression of the second allele of a tumor suppressor
gene is lost. Here, we review these ways and their possible effect on phenotype.

Keywords: colorectal cancer; hereditary syndromes; molecular genetics; tumor suppression gene;
second hit; allelic loss; methylation

1. Introduction

Cancers are caused by an accumulation of pathogenic variants in tumor suppressor
genes and proto-oncogenes, conferring on the affected clone of cells an ability to escape
normal regulation of growth and differentiation. Oncogenes contribute to the tumorigenic
drive when they acquire a pathogenic activating variant in one allele. Tumor suppressor
genes are different. If one allele is dysfunctional due to a pathogenic variant, the second
allele, which is usually functioning normally (wild type), produces enough protein to
maintain control over cell growth. For abnormalities in a tumor suppressor gene to cause
disease, Knudsen’s “2 hit” theory states that both alleles must be inactivated [1]. This is the
basis for the genetic model of tumorigenesis.

The origins of colorectal carcinoma have been open to genetic analysis for decades,
because of the accessibility of premalignant lesions to colonoscopy. In 1975 Muto et al.
described the development of increasingly severe dysplasia and increasing villous architec-
ture in a small fraction of colorectal adenomas that suggested progressive destabilization of
growth over many years [2]. Thirteen years later, Vogelstein published a series of chromoso-
mal deletions that, along with “ras-gene mutations”, were associated with this progressive
histological dysplasia in the colon and rectum [3]. The adenoma-carcinoma sequence previ-
ously described by Muto et al. [2]. now had a genetic explanation. Subsequently, details of
the tumor suppressor genes and oncogenes involved in colorectal cancer emerged, with the
identification of APC, KRAS, SMAD4 and p53 among others [4]. In more recent research,
Vogelstein and his group suggested a relationship between cancer risk and the rate of
division of stem cells in an epithelium [5]. The exceptionally high rate of cell division of
colorectal stem cells predisposes their DNA to pathogenic variants, and is reflected in the
high risk of colorectal cancer in the population. While genetic analysis of colorectal cancers
shows pathogenic variants in large numbers of genes, the tumorigenesis is pushed by only
a few “driver” genes [6]. In Vogelstein’s modeling, loss or inappropriate gain of function of
three driver genes is all that is necessary for an affected clone to accumulate the required
instability to ultimately become malignant.
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The time required for sporadic colorectal neoplasia to develop is relatively long be-
cause multiple biologic systems guard the fidelity of DNA replication. Sporadic adenomas
usually start to appear in the fifth and sixth decades of life, with progression from adenoma
to carcinoma taking an average of 10 to 15 years [7]. This reflects the time needed for a clone
of cells to lose expression of both alleles of at least two tumor suppressor driver genes, and
gain an activating variant of one allele of at least one oncogene. That the process accelerates
can be assumed from the 50 years or so it takes for one small sporadic adenoma to develop
compared to the 10 years it takes for that small adenoma to become malignant. It is likely
that the loss of function of the first driver gene facilitates loss of function of a second, which
then facilitates the third. The whole process of colorectal tumorigenesis is accelerated in the
hereditary syndromes of the disease, because patients are born with a pathogenic variant
in a tumor suppressor gene in their germline. Loss of function of that gene occurs when
a sporadic event causes loss of function of the wild type allele (the “second” allele), and
consideration of the fate of this second allele can help in understanding the biology of
colorectal carcinogenesis. The purpose of this article is to review the ways in which loss of
the wild type allele might introduce variability into the phenotype of various syndromes
of hereditary colorectal cancer.

2. Hereditary Colorectal Cancer Syndromes as Models
2.1. Autosomal Dominant Syndromes

Of all the syndromes of hereditary colorectal cancer, familial adenomatous polyposis
(FAP) is the best model for considering the effects of a germline pathogenic variant in a
tumor suppressor gene. The gene involved, APC, is the key driver gene for both sporadic
and hereditary colorectal tumorigenesis. Loss of APC leads to constantly active wnt
signaling, chromosomal instability with loss of heterozygosity of multiple genes, and
produces cytologic dysplasia [8]. Patients with FAP are born with a pathogenic variant
affecting one APC allele in every cell in their body but are initially protected from the
effects of this variant by the wild type allele. The first sporadic variant in APC that occurs
in these patients is actually in the second genetic event (or “hit”, as described by Knudsen)
striking the gene. As 90% of FAP patients have colorectal adenomas by age 18, it is likely
that one of the effects of the germline variant is to encourage loss of expression of the
second allele. In fact, the set up in FAP, with a germline pathogenic variant in a key tumor
suppressor gene, occurring in an organ with rapid stem cell division, and exposed to
all the carcinogens in the diet and the microbiome, creates a perfect storm of colorectal
tumorigenesis. This is different to the scenario in fibroblasts. Desmoid tumors are a benign
proliferation of fibroblasts, and are the second most common cause of death in patients with
FAP [9]. Fibroblasts are unlike colonocytes in being mesenchymal-derived, with slower
cell turnover, and are exposed to a completely different environment to that of colonocytes.
In FAP, patients are born with a germline pathogenic APC variant in every fibroblast in
their body. The wild type allele presumably prevents desmoid formation in most patients
until its expression is lost, most likely due to trauma (surgical or otherwise).

2.2. Biallelic Germline Variants

Sometimes, patients are born with pathogenic variants in both alleles of a tumor sup-
pressor gene. This is seen with Lynch syndrome genes in a syndrome called constitutional
mismatch repair deficiency (CMMRD), which features very early onset of brain tumors,
neurofibromatosis, colorectal cancers, hematological malignancies and sarcomas [10,11].
The different spectrum of tumors compared to that seen in classical Lynch syndrome likely
reflects a lower level of sporadic loss of the second allele in CMMRD-specific tumor tissues,
possibly related to slower stem cell divisions, different environments, and different cell
origins compared to the classical Lynch organs. When the second allele is lost at conception
the tissues that are particularly vulnerable to defective mismatch repair become obvious:
brain, intestinal epithelium, blood, connective tissue. In addition to the unique spectrum of
tumors and the young age of onset, CMMRD is nearly fully penetrant in affected individu-
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als. Penetrance in the parents, each with one germline pathogenic variant in a mismatch
repair gene, is often low, providing further evidence of the relative stability of the second
allele. The phenomenon of CMMRD suggests that one of the influences determining pene-
trance in families with Lynch syndrome may be the ease and the mechanism with which
the second allele of the variant mismatch repair gene is lost.

MSH3 is a mismatch repair gene that dimerizes with MSH2 and is involved in the
repair of di and tetranucleotide mismatches [12]. While monoallelic germline MSH3
pathogenic variants do not cause Lynch syndrome, again possibly because of the stability
of the wild-type allele, biallelic MSH3 pathogenic variants present clinically not with the
typical CMMRD phenotype involving multiple organs, but just as adenomatous polyposis
characterized by EMAST (elevated microsatellite alterations at selected tetranucleotide
repeats) in the polyps [13].

2.3. Other Recessive Polyposes

There are two other recessively inherited syndromes of colorectal cancer, both related
to loss of base excision repair. The more common and more clinically obvious syndrome, is
MUTYH- associated polyposis (MAP). In patients carrying a pathogenic MUTYH variant
in a single allele, there is a debatable but small increase in colorectal cancer risk, estimated
at twice the average population risk [14]. This risk is relatively low because the second
allele is quite stable and sporadic loss is uncommon. However, when pathogenic variants
are inherited in both alleles, there is adenomatous polyposis with a much higher risk of
cancer [15]. Tumorigenesis occurs through GC: TA transversions caused by loss of base
excision repair and the effect of these transversions on downstream driver genes such as
APC [14]. MAP is a milder version of classic FAP, with a few differences in phenotype. As
with any hereditary loss of DNA repair, both alleles of a downstream tumor suppressor
gene can be affected simultaneously, accelerating tumorigenesis. The other recessively
inherited syndrome of colorectal polyposis is NTHL1-associated polyposis, due to biallelic
pathogenic variants in NTHL1. This also leads to a failure of base excision repair with
C:G to T:A transitions [16].

2.4. Sessile Serrated Polyposis and Epigenetic Loss of the Second Allele

Serrated polyposis is another disease where the fate of the second allele is likely
to affect phenotype and management. It has recently been redefined clinically by the
World Health Organization as either Type 1 (≥5 Serrated lesions/polyps proximal to the
rectum, all being ≥5 mm in size, with ≥2 being ≥10 mm in size), or Type 2 (>20 Serrated
lesions/polyps of any size distributed throughout the large bowel, with ≥5 being proximal
to the rectum) [17]. Although the definitions do not mention the details of histology or
biology, the most homogenous form of this disease is Type 1, where the polyps are usually
right sided, sessile serrated lesions (SSL) that are associated with a particular pattern
of DNA hypermethylation known as CIMP (CpG Island Methylator Phenotype). It is
unlikely that serrated polyposis is caused by a single germline pathogenic variant in any
gene [18]. The most likely cause remains a high level of sporadic BRAF variants, possibly
related to an environmental factor such as smoking. The phenotype is multiple sessile
serrated lesions and methylated adenomas, with a high risk of interval and metachronous
cancers. The progression of serrated and adenomatous lesions toward cancer seen in these
patients can be rapid. Interval cancers can develop in a year. This aggressive tumorigenesis
may be due to synchronous hypermethylation of the promoter region of both alleles of
a tumor suppressor gene causing instant loss of expression. Furthermore, methylated
adenomas are more aggressive than adenomas in colons without CIMP, suggesting that the
hypermethylation abrogates gene expression in both alleles of tumor suppressor genes in
these polyps too [19].
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3. Loss of Expression of the Second Allele as a Cause of Variability in Phenotype

Patients affected by syndromes of hereditary colorectal cancer show considerable
variability in phenotype, both between and within families. Variability between families is
largely due to differences in genotype but may also involve differences in modifier genes,
environmental exposures, or comorbid conditions and their treatment. Within families, the
genotype of the syndrome is uniform and variations in penetrance, age of onset, tumor
spectrum and the severity of the neoplasia are more difficult to understand [20]. It is worth
considering the different ways in which expression of the second allele can be lost, as these
may influence the phenotype of hereditary syndromes both between and within families.

3.1. Development and Timing of a Sporadic Pathogenic Variant Affecting the Second (Wild
Type) Allele

The development of a sporadic pathogenic variant in the second allele may be influ-
enced by variable environmental exposures such as smoking, exercise and diet. The high
rate of stem cell division in the intestine makes this organ particularly susceptible to the
development of stochastic variants in the second allele that may be pathogenic.

3.2. Hypermethylation

Promoter methylation is an epigenetic phenomenon that controls gene expression. In-
creased levels of methylation decrease gene expression and hypermethylation can abrogate
it. Because hypermethylation is a generalized phenomenon it can potentially affect both
alleles of any susceptible gene [21,22]. There is a strong relationship between smoking,
pathogenic variants in BRAF, and CIMP [22,23]. This introduces an easily measured source
of phenotypic variation in all hereditary colorectal cancer syndromes.

3.3. Gene Conversion

Gene conversion is a process by which a DNA sequence on one allele replaces an
equivalent but different sequence on the other allele, meaning that the alleles are now
identical. Zhang et al. noted that somatic mutations in the second allele of patients with
a germline pathogenic variant in a mismatch repair gene were identical to the germline
variant [24]. They suggested that loss of the second allele occurred mainly due to gene
conversion. The effect of such a phenomenon on phenotype has not been explored.

3.4. Dominant Negative Effect

A dominant negative effect occurs when the truncated protein produced by a mutated
allele interferes with the function of the full-length protein from the wild type allele. APC
is a good example of this, where variants in the “mutation cluster region” including
codon 1309 produce profuse polyposis, but variants at the 3′ and 5′ end of the gene are
associated with attenuated polyposis. The truncated protein produced by a gene with a
1309 variant inhibits wild type APC and causes a severe colorectal phenotype. Variants
at the 3′ and 5′ ends of the gene produce either a very small protein or a protein of
almost normal length, allowing wild type APC to function almost normally and producing
attenuated polyposis [25,26].

3.5. Haplotype Insufficiency

Haplotype insufficiency is all about the “dose “of the protein produced by the com-
bination of the variant allele and the wild type allele. If the dose is too low for normal
function, haplotype insufficiency can occur [27–29]. Sometimes a wild type allele is not fully
expressed, producing a reduced “dose “of the relevant protein that can cause functional
effects when the other allele is affected by a pathogenic variant in the germline.

3.6. Microsatellite Instability and Mutational Biases

When there is deficient DNA mismatch repair in a clone of cells, there is a potential
for cells to develop pathogenic variants in genes that contain a microsatellite. The effect of
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pathogenic variants in mismatch repair genes seems to vary according to the particular
mismatch repair gene that is inactivated and the particular microsatellite involved [30]. In
addition, some mismatch repair genes (MSH6, MSH3, PMS2 and MLH3) contain mononu-
cleotide microsatellites, making mismatch repair deficient clones vulnerable to worsening
mutagenesis if there is already microsatellite instability due to pathogenic variants in MLH1
or MSH2.

3.7. The Effect of the Microbiome

The human microbiome is marked by considerable inter-individual variability in
organisms and in its own genome, and so is a potential source of variation in colorectal
tumorigenesis [31]. While associations between aspects of the microbiome and colorectal
tumorigenesis have been demonstrated in a general sense, a recent report suggests that a
genotoxic pks+ E. coli may cause specific sequence changes in the DNA [32,33]. This opens
the door to considering the microbiome as a further cause of variability in the loss of the
wild type allele.

4. Discussion and Summary

In summary, the variability in phenotype seen so commonly in patients with both
sporadic and hereditary colorectal cancer has multiple potential causes. Loss of expression
of the “wild type” or second allele of tumor suppressor genes is the precipitating event in
tumorigenesis, and is potentially related to multiple different genetic events. Variation in
the stability of the second allele, and the mechanism of its loss in cells already affected by a
constitutional pathogenic variant in one allele, are likely to influence both the timing and the
severity of tumor formation in hereditary syndromes of colorectal cancer. This variability
may be clinically significant in syndromes subject to it, as the pattern of disease in the family
cannot be used to predict the course in an individual. Surveillance strategies should take
this in to account by assuming risk to be high initially and lengthening intervals between
examinations as this is shown to be safe. The effect of chemopreventive drugs on abnormal
cell division may differ according to the mechanism of the genetic instability [34,35]. This
would encourage tumor sequencing, paying attention to the mechanism of loss of the
second allele and using genetic signatures as information to guide therapy. This approach
is an important topic for future work.
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