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Introduction

A family history of breast cancer is one of the most important risk factors for the disease.’ Over
the last decades many genetic loci associated with breast cancer risk have been discovered.
In spite of this, only approximately half of the familial relative risk (FRR) for breast cancer
can be explained by the currently known genetic risk factors.>* In families where no genetic
explanation has been found for the clustering of breast cancer, uncertainty remains about
who is at increased risk and to which extend this risk is increased. This hampers decisions
on screening strategies and preventive measures. Next generation sequencing (NGS) offers
new possibilities to explore the genetic etiology of unexplained familial clustering of breast
cancer. It allows for the detection of genetic variants regardless of their frequency in the
general population and without the need of a prior hypothesis about which genes or genomic
regions might be involved in breast cancer susceptibility. The aim of this thesis was to get a
better understanding of the genetic etiology of non-BRCA1/2 familial breast cancer with the
help of NGS.

The selection of a homogeneous phenotype: a failed strategy?

The average exome of an individual from European descent has approximately 12,000 non-
synonymous genetic variants.® However, at the time the studies described in this thesis were
conducted, the cost of NGS only allowed us to sequence the exomes of a relatively small
number of familial cases. Therefore, further association analysis using different techniques
was necessary to follow up on potentially interesting genetic variants. However, also the
number of familial cases available in downstream case-control analyses was limited. Thus, it
was crucial to carefully select and strongly reduce the candidate variants for follow-up analysis.
Selection based on the predicted effect of a genetic variant on protein function is often not
able to sufficiently reduce the number of potentially interesting variants, while selection
based on the pathways in which a gene is involved, strongly depend on our assumptions on
which pathways play a role in breast cancer. Similar to classical association studies, an exome
sequencing effort would ideally find multiple families with a mutation in the same gene while
these mutations are absent or extremely rare in the general population. However, as the
genetic etiology of breast cancer is already known to be very heterogeneous, a large number
of familial cases would need to be sequenced in order to find two of them with a mutation
in the same gene. Interestingly, mutations in BRCAT are strongly associated with a number of
tumor characteristics. Notably, tumors of BRCAT mutation carriers are strongly enriched for the
“triple negative” (lacking the receptors ER, PR and HER2) immunohistochemistry phenotype
and a basal-like expression profile.® Based on this, we hypothesized that by selecting non-
BRCA1/2 breast cancer patients or families that share a certain phenotype, we would also
select for a more homogenous genetic etiology and increase our chances of finding multiple
cases with mutations in the same gene.

In Chapter 2 of this thesis we selected six non-BRCA1/2 families in which the majority
of tumors show a specific, previously identified array comparative genome hybridization
(CGH) profile.” Subsequent linkage analysis in these families showed a peak with a LOD score
of 2.49 on chromosome 4, which suggested that the clustering of breast cancer in these
families might be caused by mutations in a gene in this linkage region. Therefore, whole-
exome sequencing was performed on two individuals per family. However, no genes with
a likely pathogenic variant in more than one family were found. Not on chromosome 4, nor
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elsewhere in the genome. Similarly, Chapter 5 describes an exome sequencing study in
which we focused on families with a possible recessive mode of inheritance. For this study
we selected 19 non-BRCA1/2 breast cancer families in which at least three siblings were
affected, while no first-degree relatives in the previous or following generation had breast
cancer. The germline DNA from one of the siblings was subjected to exome sequencing,
while all affected siblings were genotyped using a SNP arrays in order to assess haplotype
sharing. This allowed us to focus on the exome sequencing variants in the regions where all
affected siblings shared two haplotypes. However, also this exome sequencing study did not
yield any potential novel susceptibility genes. It is possible that in these two studies we have
missed high-risk susceptibility alleles that were in fact present in the sequenced individuals.
We might have discarded a variant as it seemed unlikely to affect protein function or we
might not have detected it at all as it resides outside the protein-coding regions. Moreover,
the results of these studies do not exclude that there are additional high-risk breast cancer
susceptibility genes that are strongly associated with a specific phenotype. We might simply
have selected the wrong tumor and family characteristics. As conventionally a LOD score
greater than 3.0 is considered evidence for linkage, our LOD score of 2.49 in Chapter 2 might
have been spurious. And, while our selection of families with at least three affected siblings
in Chapter 5 had important advantages for the variant filtering, other selection criteria, such
as very early onset cases, might have been more likely to enrich for recessive susceptibility
alleles. Moreover, as the families we selected had a large number of breast cancer cases in one
generation, it is not impossible that these families are in fact explained by a dominant allele.

Biologically, there are several ways in which an inherited genetic variant can be
associated with a tumor phenotype. Cancer susceptibility genes are typically thought to
be tumor suppressors, which require the loss of both copies for malignant transformation.
However, on a cellular level the loss of one copy of a gene can already have effects on
downstreamsignalling, gene expressionand cellularfunctions.Thisis called haploinsufficiency.
For example, lymphoblastic cell lines derived from carrier of a heterozygous deleterious PALB2
mutation show aberrant DNA replication and a shift to error-prone DNA repair mechanisms.®°
This might result in characteristics that most tumors associated with a specific susceptibility
gene have in common, for example, altered expression of genes controlled by the pathway in
which the gene with the inherited mutation functions or altered phosphorylation of proteins
in this same pathway. However, due to the large number of genetic and epigenetic changes a
tumor cellacquiresduring tumorigenesis, characteristics associated with aninherited mutation
might be partly masked and become difficult to detect. Association between inherited
mutations and tumor phenotype can also occur indirectly due to synergy with other genetic,
epigenetic or microenvironmental changes, which are subsequently selected for because of
increased fitness. One of the best-studied examples is so-called loss of heterozygosity (LOH).
As mentioned above, while a cell is thought to be relatively unaffected by the loss of one copy
of a tumor suppressor gene, loss of the second copy will have a much more dramatic effect
and contribute significantly to tumorigenesis. Somatic loss of one copy of a susceptibility
gene therefore will be selected for in the context of an inherited pathogenic mutation, but
not in the absence of such a mutation. This phenomenon is frequently observed in high-risk
breast cancer susceptibility genes BRCA1, BRCA2' and PALB2." LOH at these loci is very high
in tumors of gene carriers, but much lower in sporadic cases. In genes associated with a more
moderate increase in risk of breast cancer this association is less clear: while loss of the wild-
type allele is frequently observed in the breast tumors of ATM mutation carriers,'>'> tumors
of CHEK2 mutation carriers show no strong enrichment for the loss of the wild-type CHEK2
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allele.’*'® More complex relationships between germline mutations and tumor characteristics
have also been described. For example, tumors of BRCAT and BRCA2 mutation carriers have
been found to be associated with two specific mutation signatures and two rearrangement
signatures, which are thought to be the “genomic scar” shaped by the absence of BRCAT or
BRCA2 function and the resulting DNA repair deficiencies.”” Interestingly, this also shows
that mutations in two different genes can result in a similar phenotype. Lastly, it has been
hypothesized that part of the phenotypical heterogeneity of breast cancer stems from the
existence of two different of cell types of origin, myoepithelial and luminal cells.’® In a full-
grown tumor, epigenetic features and gene expression patterns, might still be traced back
to this cell of origin. Therefore, if a genetic risk factor more strongly predisposes to cancer
in one of these two cell types, these epigenetic and gene expression features would also be
associated with this genetic risk factor.

Although the two studies described in Chapters 2 and 5 of this thesis have been
unsuccessful in discovering novel breast cancer risk alleles, it might be too early to completely
dismiss the strategy of selecting a more homogeneous group of familial breast cancer
patients when aiming to find new breast cancer risk alleles. Several of the known breast
cancer susceptibility genes are associated with a specific phenotype (see Chapter 1 of this
thesis), although, apart from a few of the cancer syndromes, these phenotypes were typically
discovered after the association of breast cancer with a specific gene or genomic region
had been detected. The CGH profile as used in Chapter 2 of this thesis provides a relatively
low-resolution picture of the tumor genome. Over the past years, technical advances and
decreasing sequencing costs have provided new opportunities to assess tumor characteristic
and therefore to potentially select tumors with a more homogeneous etiology. Most
importantly, it has become possible to apply massive parallel sequencing on DNA and RNA
from formalin fixed paraffin embedded (FFPE) material. In addition, copy number aberrations
can now be characterized more precisely using SNPs array-based techniques. The molecular
tumor characteristics described in the introduction of this thesis, e.g. based on mutations,
copy number variations, “intrinsic’ gene expression-based subtypes and mutational
signatures, could potentially be used to select for a more homogeneous population of familial
breast cancer cases. Currently, little or no data exists on whether these molecular features
cluster within families. Exploring this would be a first step to decide if it is worthwhile further
pursuing the “"homogeneous phenotype strategy”

The challenge of establishing the risk associated with extremely rare
variants

As discussed above, arguably the most difficult and laborious step in the analysis of
exome sequencing data is the variant filtering. If no genes are identified in which multiple
families carry a variant that is likely to affect protein function, other strategies are needed
to select those variants most likely to be associated with breast cancer risk for downstream
validation. Chapter 6 of this thesis reviews several approaches. As a first step, genetic variants
are often filtered based on minor allele frequency in one of the many available reference data
sets of healthy individuals. This is rationalized by the prevalence of breast cancerin the general
population, which must be consistent with the presumed risk associated with the variant, i.e.
a high-risk variant cannot be too common, otherwise breast cancer would be more prevalent
than it is. Although somewhat arbitrary, a cut-off of 0.1% allele frequency is often used.
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However, it isimportant to keep in mind that there are several examples of founder mutations,
such as CHEK2*1100delC, that are associated with a moderately or strongly increased breast
cancer risk and have an allele frequency larger than 0.1%. Moreover, due to recent explosive
human population growth, most variants are rare regardless of association with disease.’ For
example, within the EXAC dataset containing the exome data of more than 60,000 individuals,
approximately 99% of detected high quality variants had an allele frequency of less than 1%.°
Hence, selecting for variants occurring <0.1% in reference data sets will not dismiss a large
proportion of candidates. A next obvious step is to focus on protein truncating variants as
they are almost certain to affect protein function. However, these variants make up only a
small minority of the detected variants. Further filtering can be done using in silico prediction
algorithms. These tools use information such as evolutionary conservation, known functional
domains and three-dimensional structure, to estimate the likelihood of a missense variant
to affect protein function. Unfortunately, the sensitivity and specificity of these tools is
known to be far from optimal.2>?' However, the limited number of alternative filtering options
besides in silico prediction algorithms make that these algorithms are frequently used. Lastly,
variants are often filtered based on the function of the gene in which the variant is found,
where genes with roles cancer-related processes such as cell proliferation and DNA repair
are prioritized. This filter depends heavily on our knowledge of the pathways involved in
carcinogenesis. In addition, one could argue that if we are only considering variants in genes
related to carcinogenesis, a sequencing of a cancer specific gene panel might be a better
approach than exome sequencing.

Follow-up association analysis can be done on the variant level, i.e. by genotyping
a set of cases and controls for that specific variant only. However, as explained above many
variants will be very rare and even large case control sets will often lack the power to detect
a significant association. An alternative approach to a variant-level analysis is a so-called
burden analysis, where in every case and control the whole coding region of the respective
gene is sequenced. In this case, the association analysis is not done based on individual
variants, but rather compares the total number of likely damaging variants between cases
and controls. This requires a decision on which variants to consider as (likely) damaging.
Some of the same filters as discussed above, such as allele frequency and in silico prediction
can be used. However, as the number of variants to be assessed is now considerably smaller,
additional options are available. These include co-segregation analysis in families with a
variant, assessment of loss of heterozygosity in the tumors of carriers, and functional assays. It
is worth investing time and effort in the selection of variants, as both the inclusion of benign
variants and the exclusion of variants that truly affect the protein of interest reduce the power
of the association analysis.

Chapter 3 and 4 of this thesis give a good example of the difficulties associated with
establishing the risk associated with very rare variants, in this case in the gene XRCC2. The
possible association between variants in XRCC2 and familial breast cancer was first reported
by a research group at the university of Melbourne, Australia. They had found one protein-
truncating variant in the exome of a familial breast cancer patient and, based on the function
of XRCC2 in DNA repair, had decided to further explore the possibility of this being a breast
cancer susceptibility allele. Subsequently, they requested access to the exome sequencing
data from several other groups, among which the data from our study reported in Chapter 2
of this thesis. This pooled analysis of exomes and a subsequent case-control study provided
a suggestion that variants in XRCC2 might indeed be associated with breast cancer risk and
the results were subsequently published.?? Chapter 3 of this thesis reports the data of a large
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international case-control study aiming to validate the results of this initial publication. This
study applied a burden analysis strategy, classifying variants based on in silico prediction
algorithms (Polyphen-2%, SIFT* and AlignGVGD?). Regardless of the prediction algorithm
used, this study did not find an association with breast cancer. However, as prediction
algorithms are known to be imperfect, we decided to further explore this result using
functional assays to assess the effect of the genetic variants on the XRCC2 protein and the
DNA repair pathways in which it functions. Chapter 4 of this thesis reports the results of this
effort. It showed that, based on a RAD51 foci formation assay and two reporter constructs,
the SCR reporter and the DR-GFP reporter, only a limited number of variants actually affected
protein function. When only taking into account these variants, again no association with
breast cancer risk was found, although an association could not be ruled out for those variants
which strongly affect XRCC2 function, due to the low number of variants in this group.

This example underlines the difficulties with variant selection and the issues related to
very rare genetic variants. A big challenge for the future will be to conduct exome sequencing
studies with sufficient sample size to at least allow for gene-level association analyses.
Recently, an exome sequencing study in over 20,000 cases with type 2 diabetes showed
that it was able to identify four susceptibility genes at exome-wide significance based on a
rare variant (<0.5% minor allele frequency) burden analysis.?® Of note, the effective power of
this study was increased by selecting an ethnically diverse population, thereby sampling a
broader range of haplotypes. In the near future, similar efforts for breast cancer susceptibility
will likely be pursued in the context of existing international collaborations, such as the Breast
Cancer Association Consortium (BCAC). However, in order to solve variant-level associations
for very rare variants, case-control studies with the currently available sample sizes will likely
not suffice. A possible alternative method of classifying rare variants of uncertain significance
(VUS) is by way of co-segregation analysis. Co-segregation analysis assesses the association
between a genetic variant and a disease by quantifying, based on a pedigree and the
breast cancer cases occurring within it, the extent to which a genetic variant co-occurs with
disease more often than expected. However, co-segregation analysis requires extensive DNA
sampling within families carrying a VUS. It will therefore be crucial to invest in the collection
of such DNA samples.

The updated landscape of breast cancer susceptibility

Before embarking on further efforts to discover novel breast cancer risk alleles, it is important
to reflect on what we have learned about the landscape of genetic susceptibility over the last
few years. To tailor our efforts, we need to understand how likely it is that further high-risk
alleles explain a considerable proportion of the currently unexplained familial clustering of
breast cancer.

Historically, research into the genetic etiology of breast cancer mainly focused on the
discovery of high-risk genes. Naturally, families with very strong clustering of breast cancer
are a logical starting point for the discovery of genetic risk factors. Moreover, for a long time,
research on the genetic etiology of breast cancer was limited by the fact that the sequence
of most the human genome was unknown, and no technologies existed that allowed for
the analysis of large genomic regions. Therefore, the region of interest first needed to be
narrowed using linkage analysis with low-density microsatellite genotyping, after which the
regions significantly more often shared by the affected individuals in a set of families could
be further explored. As linkage analysis is only able to find regions in which alleles with a
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relatively high penetrance are located, this limited the scope of early research into the genetic
etiology of breast cancer. When in 2001 the first draft of the human genome was released, it
was accompanied by a manuscript describing the construction of a map of 1.4 million SNPs in
the human genome, providing for the first time sufficient density to study human haplotype
structure and allowing for subsequent genome-wide studies assessing the association
between common genetic variation and disease in the general population. From 2007
onward, several genome-wide association studies (GWAS) together have reported over 300
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Figure 1. The current landscape of breast cancer susceptibility alleles

a. Relative risk and effect allele frequency for the currently known breast cancer susceptibility alleles. For
underlying data please see supplementary table 1. b. percentage of familial risk explained by the currently
known breast cancer susceptibility alleles. For references and underlying data see supplementary table 1.

The invention of NGS brought new hope for the discovery of novel high-risk susceptibility
genes as it allows for cost-effective genome-wide detection of genetic variants in individual
familial breast cancer cases. However, as outlined above, we have not been able to find
any novel high-risk breast cancer alleles in the two exome sequencing studies described
in this thesis, Chapter 2 and Chapter 5. In Chapter 5 of this thesis, besides exploring the
potential role of recessive high-risk alleles, we genotyped the families in this study for all
the known and suspected moderate and high-risk genes in addition to genotyping the
160 SNPs currently known to be associated with a small increase in breast cancer risk. This
study found that the average normalized PRS of the familial cases was significantly higher
than that in both general population cases and controls. Indicating that the low risk variants
do contribute to familial clustering of breast cancer, although it is difficult to estimate to
which extend due to the atypical breast cancer families represented in this study. Moreover,
in several families we detected a moderate risk variant in ATM or CHEK2. In another study
(not included in this thesis), we have reported that in a set of 101 unselected non-BRCA1/2
breast cancer families, familial breast cancer cases have on average a higher PRS. Moreover,
taking into account the PRS can change risk management recommendations in 10-20% of
the women in these families depending on the guideline used.?® Interestingly, also work from
others has shown limited value of NGS for the discovery of novel high-risk genes. Although
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over 30 exome sequencing studies have been published to date, the number of potential
high-risk susceptibility genes identified is limited. Several genes, such as KAT6B,*° RINT1,?’
APOBEC3B,** XRCC2* and RCCI1,®* have been suggested as novel susceptibility genes but
external validation has either not been performed or resulted in conflicting results. Only two
promising novel susceptibility genes coming out of exome sequencing studies have now
been validated independently by several other studies: FANCM** and RECQL.**3¢ Remarkably,
many exome sequencing studies report pathogenic variants in known moderate risk genes
such as ATM, 342 CHEK2,34143-% and PALB2,373°41454¢ syggesting that indeed a substantial
proportion of familial cases might be explained by a combination of low and moderate risk
susceptibility alleles. In fact, already shortly after the discovery of BRCAT and BRCAZ2 as breast
cancer susceptibility genes, several segregation analyses have suggested a that a polygenic
model would best explain the remaining familial clustering of breast cancer.*’# This now
seems to be confirmed by the results of the latest GWAS analysis in which it is estimated that
that all, currently known and yet to be discovered, common low risk alleles explain together
approximately 41% of the familial risk of breast cancer.? Figure 1 provides an overview of our
current understanding of the genetic landscape of breast cancer. While moderate and high-
risk alleles are thought to explain 5% and 20% respectively,* 41% is thought to be explained
by low risk, common variants of which ~20% by the currently known low risk susceptibility
loci.2The remaining 35% would then be explained by currently unknown factors such as, rare
variants, interactions between risk factors, inherited epigenetic factors and environmental
risk factors that are shared between family members.

Now that it has become clear that many genetic factors contribute to familial clustering
of breast cancer and that individual factors are often associated with just a small increase in
risk, there is a clear need to combine these factors into risk prediction models that are able to
provide insights in an individual’s risk of breast cancer. Several studies have aimed to combine
the effects of low risk loci into a polygenic risk score (PRS). The latest of these, combines the
effect of 313 SNPs.%® Predating the GWAS era, there are also many models aiming to predict
the risk of breast cancer based on non-genetic factors and high-risk mutations. Arguably the
most extensive model to date is the BOADICEA model, which has very recently been updated
to include the effect of the 313 currently known low risk loci. This model now uses truncating
mutations in BRCAT, BRCA2, ATM, CHEK2 and PALB2; 313 low risk loci; age at menarche; age at
menopause; parity; age at first live birth; oral contraceptive (OC) use; hormone replacement
therapy (HRT) use; height; BMI; alcohol intake; family history and a residual polygenic
component to predict lifetime breast cancer risk.>® In the UK population, this model would
predict approximately 15% of women to have moderate lifetime risk of breast cancer (=17%
and <30% according to the NICE guidelines) and approximately 1% to have a high risk (>30%).
This model has not yet been prospectively tested. Moreover, it does not take into account
interactions between risk factors beyond the log-additive model, nor variant-specific risks in
moderate and high risk genes, genetic variants in genes associated with cancer syndromes i.e.
TP53, CDHT and PTEN, genetic variants in likely novel breast cancer susceptibility genes such
as FANCM and RECQL, subtype specific effects, time varying variables for BMI, alcohol, OC and
HRT use and the exact timing of pregnancies. A large prospective validation effort could be
combined with an attempt to include these factors and improve the model, either through
classic association analysis or deep learning. An advantage of the latter method is that it allows
for continuous learning, making use of all available data, although the lack of formal statistics
to express uncertainty is a disadvantage. The most optimal approach would probably be to
prospectively calculate, for example for a large cohort of women in the context of population
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screening, risk of breast cancer based on the current BOADICEA model in order to validate
it and to simultaneously try to optimize the model using deep learning on prospectively
collected data from these same women. The use of a model like BOADICEA would also make
it possible to focus future research on (familial) cases that are unexplained by the currently
known risk factors, e.g. familial or early onset cases with a very low predicted risk

Conclusions

To summarize, the work reported in this thesis has not been able to identify any novel high-
risk breast cancer susceptibility alleles. Although there are likely still several extremely rare
risk alleles to be discovered and the presence of high-risk alleles outside of protein-coding
regions cannot be excluded, it seems presently unlikely that these will explain a substantial
proportion of familial breast cancer. Both our work and that of others has suggested that
most non-BRCA1/2 familial breast cancer cases are likely explained by a combination of low-,
and moderate-risk susceptibility alleles.

As expected, the largest challenge associated with the use of exome sequencing in
the context of familial breast cancer has been the large number of genetic variants detected
in a relatively small set of familial cases, which, with the sample sizes used to date, prohibits
any formal association testing in the variant selection process. Therefore, until we are able to
conduct exome sequencing studies with at least sufficient power to allow for exome-wide
gene-level association analyses, the discovery of novel risk alleles in an assumption-free
manner is still not a reality. The selection of a more homogeneous phenotype in hopes of
selecting for a more homogeneous genetic etiology, has not resulted in any potential risk
alleles being detected in more than one family. Although, with more advance techniques
becoming available for the phenotyping of tumors, there might still be value in this approach
for future attempts to discover novel high-risk alleles. Our experience attempting to validate
rare genetic variants in XRCC2 as breast cancer susceptibility alleles has served as a reminder
of the limited value of in silico prediction algorithms, which can lead to misleading results of
burden analyses and incorrect conclusions about a gene’s role in breast cancer susceptibility.
Although functional assays can give important insights, in many cases the time needed for
the set-up and conduct of these assays, makes that they will likely only be used for strong
candidate genes.

Taken together, these findings lead to the conclusion that if we want to be able to
provide better risk prediction to the familial breast cancer cases who remain unexplained
by susceptibility alleles currently tested in clinical practice, and to any woman for that
matter, future efforts should focus on developing models that combine all currently known
susceptibility alleles and take into account other risk factors. After initial validation of such a
model, deep-learning techniques could be employed to continuously improve them based
on real-world data. This prospective might mean that the dichotomy of sporadic and familial
breast cancer with regard to genetic susceptibility disappears, which would require a change
in perspective for both breast cancer susceptibility research and genetic counseling.
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Supplementary data
locus EAF RR group
BRCAT 6.00E-04' 11.42 High risk
BRCA2 0.001' 11.72 High risk
PALB2 0.00113 7.53 High risk
ATM 0.00343 2.83 Moderate risk
CHEK2 0.00653 2.33 Moderate risk
TP53 5.00E-05* 4.5° Syndrome
CDH1 1.00E-04° 533 Syndrome
PTEN 4.00E-053 12.73 Syndrome
BARD1 0.001¢ 5.45 Potential
FANCC 8.00E-047 2.48 Potential
FANCM 0.0037° 1.9% Potential
MENT1 2.00E-05" 2.8 Potential
MSH6 0.001' 1.9 Potential
RECQL 0.001" 2.5™ Potential
STK11 2.00E-05" 15.2'¢ Potential
N=313 various'"’ various'’ SNP
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from Figure 1.
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