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Abstract

In recent years, a huge number of mutational variants had
been identified in breast cancer by next-generation sequencing
technologies. Even though a considerable portion of them are
variants with low variant allele fraction (<30%), which could
give rise to suspicion among us regarding whether they might
be false or true, recent pioneering studies have begun to
corroborate that a certain amount of them are true variants
associated with mutational mosaicism. In this study, for the first
time, we present pathogenic mutational mosaicism in breast
cancer by carrying out comprehensive analysis of large-scale
somatic mutation databases far beyond a limited scale of
individual cohorts. We identified 23 pathogenic and likely
pathogenic mutations with low variant allele fraction (< 30%).
Of them, there are 8 TP53, 3 PIK3CA, 2 KRAS and 2 GNAS
mutations, and one each of SLC25A19, OTC, PACS1, FLG,
NCF4, UROS, MLC1, and LTBP2 mutations. For 9 of the
mosaic mutations, their variant allele fractions are more than
50% in clinical breast cancer samples compared with those in
the normal blood samples, suggesting their contribution to
predisposition for carcinogenesis. Three TP53 mosaic
mutations (pY220S, p.R273C and p.V272M), and UROS p.L4F
could affect directly or indirectly post-translational modifications
(phosphorylation, methylation and acetylation). In addition, our
protein structural analysis revealed that 4 pathogenic mosaic
mutations (p.S241C, p.R273C and p.R248W in p53, and
PIK3CA p.E545K) could reside on contact surfaces for protein-
protein interactions, consequently affecting the interactions
essential for DNA repair pathway. Recurrence free survival
analysis showed that expression level of the genes associated
with mosaic mutations could be significantly related with
patients’ survival. Furthermore, our analysis of somatic variant
databases revealed that the 23 pathogenic mosaic mutations
might make pivotal contribution to predisposition for
carcinogenesis in not only breast cancer but also diverse other
cancer types. Taken together, our result presents pathogenic
mosaic mutations associated with breast cancer predisposition,
which will help clinicians, clinical oncologists and tumor
biologists predict breast cancer predisposition, diagnose breast
carcinogenesis, choose therapeutic treatment options and
elucidate oncogenic mechanisms in the upcoming years.

Introduction

Next generation sequencing (NGS) has revolutionized the process
for the discovery and analysis of cancer-causing mutations in human
cancer genomes [1]. In addition, recent rapid reduction in the costs for
NGS and NGS-based targeted sequencing has enabled not only the
acceleration of such discovery but also the beginning of new era called
targeted deep sequencing [2].

The NGS-based deep sequencing era has begun to insinuate that the
mosaic mutations, which had been previously regarded as inherited
mutations rarely occurring in a pattern biased to particular sites in
human body, might be not rare phenomenon, but generalized fact for
patients with diseases [3]. Nevertheless, a majority of previously
published papers reporting deleterious germline and somatic
mutations in breast cancer are still ignoring those harmful mutations
with low variant allele fraction, often removing them from finally
annotated mutation lists.

The major reason of why those mutations with low variant allele
fraction were often ignored was that they could not be easily validated
by conventional Sanger sequencing method. However, given that
recently developed approaches, including digital differential
polymerase chain reaction (ddPCR) and barcoded deep sequencing,
have accurately validated those mutations with low variant allele
fraction in cancer samples [4], these research and clinical fields are
entering new stage at which such ignorance may not be allowed.

Another important reason about why this issue should be raised
with a priority in dealing with breast cancer is that among so far
known cancer types, breast and ovarian cancers might be caused or
predisposed by hereditary or germline mutations to the highest extent
[5-8]. In contrast to somatic mutations whose variant allele fraction
values might not be accurately assessed due to tumor purity issue, the
assessment of the variant allele fractions for the hereditary or germline
mutations in normal blood or normal tissue reflects relatively correct
values because of no purity issue.

That’s why we should not neglect the mosaic mutations with low
variant allele fractions in blood or normal tissue, in particular in case
of the pathogenic variants. In this regard, the exome aggregation
consortium (ExXAC) database may be a good resource for exploring
such pathogenic mosaic mutations with low variant allele fraction.

Unlike biallelic somatic mutations, loss of heterozygosity (LOH)
event showing the somatic mutation in the allele corresponding to a
germline mutation in another allele is very typical to breast and
ovarian cancer types [9]. However, it has been recently reported that
haploinsufficiency event alone could increase susceptibility to
carcinogenesis even in the absence of the LOH event of the deleterious
pathogenic mutation [10,11].

Given a fact that the VAF levels of deleterious mosaic mutations
could often increase up to a degree more than or around 50% in
somatic tumor tissues, those pathogenic mosaic mutations might
become pivotal contributors to carcinogenesis and its predisposition.
In this paper, we show, for the first time, mutational mosaicism
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Materials and Methods

In order to obtain the mosaic pathogenic somatic mutation data, we
intersected Exome Aggregation Consortium (ExXAC) database and
non-TCGA EXAC database with COSMIC and BRCA TCGA somatic
mutation data and ClinVar database. In order to get insights of
whether the mosaic mutations are onto the interface for the protein-
protein interaction, we had used the interactome INSIDER software.
To get insights of whether the mosaic mutations could be influential to
the post-translational modifications, we had used ActiveDriverDB. To
perform cox hazard ratio survival analysis, we had used the pre-
processed microarray dataset for breast cancer patients from the
previously published paper (Gyorffy et al. 2010).

The high and low expressions are defined as values above and below
expression median for a given gene, respectively. R programming
language had been used for obtaining the mosaic somatic pathogenic
mutation data through intersecting among diverse databases.

Results

Discovery of breast cancer mosaic mutations through exploring
germline and somatic mutation databases. In order to discover breast
cancer-causing pathogenic mosaic mutations, we performed a
comparison between breast cancer somatic and germline mutation
data in the COSMIC database and the Exome Aggregation
Consortium database. To guarantee the scientific reliability of our
results, we had narrowed down a primarily chosen mosaic mutation
list to a finally selected list (23 mosaic mutations with VAF < 30%), in
which there are only mosaic mutations being co-occurred in both
germline and somatic variant databases and also known as pathogenic
or likely pathogenic mutations in Clinvar database (Figure 1 and Table
1). To compare the genomic positions of the variants between the
COSMIC database and the Exome Aggregation Consortium database,
we have applied R programming.

Even though those variants had been previously known as
pathogenic mutations, little is known about whether they might be
occurring as mosaic mutations. In order to address this issue, we had
analyzed IGV data of BAM files generated by whole exome next-
generation sequencing of the clinical samples harboring those
mutations in the Exome Aggregation Consortium database. As shown
in (Figure 1), we have confirmed by their IGV data that those mosaic
pathogenic mutations had variant allele fraction < 30%.

Among the 23 mosaic pathogenic mutations, there are 8 TP53
mutations (p.R282G, p.R273C, p.V272M, p.C238Y, p.R248W, p.S241C,
p.Y220S, and p.R196%*), 2 PIK3CA mutations (p.E545K, p.H1047R and
p.H1047L), 2 KRAS mutations (p.G12C and p.G12V), 2 GNAS
mutations (p.R202C and p.R202H), SLC25A19 p.E169K, OTC p.R26Q),

PACS1 p.R203W, FLG p.S609*, NCF4 p.R105Q, UROS p.L4F, MLC1
e7+1 (splicing donor mutation in intron), and LTBP2 p.R495Q <.
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Figure 1: Variant allele fraction of mosaic mutations causing
pathogenicity. Due to space limitation, we have presented only a
partial region of the IGV visualization data of the BAM file for each
of those mutations.

To identify whether those pathogenic mosaic mutations might be
closely associated with the susceptibility and causation of breast cancer,
we have considered their somatic VAFs in TCGA breast cancer clinical
samples (Table 1). Variation nucleotides for the five mosaic mutations
(TP53 p.R282G, TP53 p.R273C, KRAS p.G12V, TP53 p.Y220S, and
PIK3CA p.H1047L) are replaced with alternative nucleotides at the
corresponding genomic positions in TCGA clinical samples, even
though the alternative variants also had been known as pathogenic
somatic mutations.

The somatic VAFs corresponding to 12 of the remaining 18
pathogenic mosaic mutations increased in the clinical breast cancer
samples, compared with the VAFs in their blood samples. In particular,
the somatic VVAFs corresponding to 10 pathogenic or likely pathogenic
mosaic mutations were over 50%, suggesting their likely contribution
to breast predisposition to tumorigenesis in clinical samples.

Another important point we should address here is that those
twenty-three pathogenic or likely pathogenic mosaic mutations could
occur in patients with not only breast cancer but also diverse other
cancer types (range: from 2 to 20 cancer types) (Table 1). Furthermore,
of the 23 mutations, seventeen occurred recurrently in multiple tumor
samples in individual cancer types. This suggests that the cancer
causing and predisposition mechanisms by those pathogenic or likely
pathogenic mosaic mutations might be shared by diverse cancer types.

Pathogenic Mosaic Breast Cancer Mutations

Gene Name Gene Name Gene Name Gene Name Gene Name Gene Name Gene Name Gene Name
TP53 TP53 TP53 TP53 TP53 TP53 TP53 TP53

TP53 TP53 TP53 TP53 TP53 TP53 TP53 TP53

TP53 TP53 TP53 TP53 TP53 TP53 TP53 TP53

KRAS KRAS KRAS KRAS KRAS KRAS KRAS KRAS
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GNAS GNAS GNAS GNAS GNAS GNAS GNAS GNAS
SLC25A19 SLC25A19 SLC25A19 SLC25A19 SLC25A19 SLC25A19 SLC25A19 SLC25A19
GNAS GNAS GNAS GNAS GNAS GNAS GNAS GNAS
TP53 TP53 TP53 TP53 TP53 TP53 TP53 TP53
TP53 TP53 TP53 TP53 TP53 TP53 TP53 TP53
KRAS KRAS KRAS KRAS KRAS KRAS KRAS KRAS
TP53 TP53 TP53 TP53 TP53 TP53 TP53 TP53

oTC oTC oTC oTC oTC oTC oTC oTC
PACS1 PACS1 PACS1 PACS1 PACS1 PACS1 PACS1 PACS1
TP53 TP53 TP53 TP53 TP53 TP53 TP53 TP53

FLG FLG FLG FLG FLG FLG FLG FLG
PIK3CA PIK3CA PIK3CA PIK3CA PIK3CA PIK3CA PIK3CA PIK3CA
PIK3CA PIK3CA PIK3CA PIK3CA PIK3CA PIK3CA PIK3CA PIK3CA
TP53 TP53 TP53 TP53 TP53 TP53 TP53 TP53
NCF4 NCF4 NCF4 NCF4 NCF4 NCF4 NCF4 NCF4
UROS UROS UROS UROS UROS UROS UROS UROS
PIK3CA PIK3CA PIK3CA PIK3CA PIK3CA PIK3CA PIK3CA PIK3CA
MLC1 MLC1 MLC1 MLC1 MLC1 MLC1 MLC1 MLC1
LTBP2 LTBP2 LTBP2 LTBP2 LTBP2 LTBP2 LTBP2 LTBP2
Note: in case of a given mutation occurring recurrently in samples of diverse cancer types, the adjective "recurrent” is added for the explanation. Empthy boxes with
yellow color indicate mutations occurring in non-breast cancer types. Mutations in blue boxes indicate ones absent in non-TCGA data in EXAC database. Mutations
in dense green color box indicates the one with direct PTM event, and others in light green boxes the ones with indirect PTM events.

Table 1: Pathogenic mosaic mutations.

Change of PTM sites by mosaic pathogenic mutations

In order to check whether those pathogenic mosaic mutations
might change or affect the post-translational modification (PTM) sites
that are important in providing proteins with proper functional
activities, we compared their genomic positions with PTM sites
database. We identified that the pathogenic mosaic mutation TP53
pY220S could inhibit directly the phosphorylation modification of the
position Y220 by AURKA, AURKB and AURORA A. Also, this mosaic
mutation might affect indirectly the phosphorylation and methylation
modifications of the positions S215 and R213 resided very near to
Y220, respectively (Figure 2).

In addition, pathogenic mosaic mutations TP53 p.R273C and TP53
p.VV272M could affect indirectly in distal manner the phosphorylation
of the position S269. Furthermore, we identified that the pathogenic
mosaic mutation UROS p. L4F could affect indirectly in distal manner
the acetylation of the position K7. Those results suggest that the
mosaic pathogenic mutations could be implicated in causing
pathogenicity by rewiring crucial pathways through affecting directly
or indirectly post-translational modifications including
phosphorylation, methylation and acetylation that are essential for
downstream cell signaling.

X

Namber of Mutatons
In Each Amine Acid Resider in p3 Protein

o3385833888
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Ammiz Acid Residues

Figure 2: The effect of TP53 pY220S on PTM.

The Figure shows the post-translational modification landscape in
the region surrounding the residue Y220 in the p53 protein amino acid
sequence. Red, yellow, orange, black and red-brown circles indicate
network-rewiring, distal, proximal, no and direct effects on PTM by
mutations, respectively. In the horizontal axis showing numbering for
amino acid residues in p53, light and dense blue bars indicate protein
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domain regions undergoing phosphorylation and acetylation or
ubiquitination, respectively, and light and dense green bars the domain
regions undergoing methylation and ubiquitination, respectively.
Region without bar indicates region undergoing none of PTM.
Numbers in the circles indicate how many of different mutations with
same occurring count overlap at the same residue. For instance, as
shown in the Figure 2, there are three different circles on the residue
220. However, there are four different mutations TP53 pY220C, TP53
pY220H, TP53 pY220S and TP53 pY220D at the residue 220 with
counts of 53, 4, 4, and 2 (calculated in TCGA clinical patients),
respectively. That is, on the residue Y220, going from the highest to the
lowest along the vertical line, the first circle represents TP53 pY220C,
and the second circle with the number 2 indicates both TP53 pY220H
and TP53 pY220S, and the third one is TP53 pY220D.

Breakdown of DNA repair pathways by the pathogenic
mosaic mutations

In order to elucidate how the pathogenic mosaic mutations might
play pivotal roles in causing predisposition to carcinogenesis, we have
performed an analysis about on which surface of the three-
dimensional protein structure the pathogenic mosaic mutations could
reside by using the interactome INSIDER software. As shown in the
(Figure 3), we have identified that each of the three mosaic pathogenic
mutations TP53 p.S241C, TP53 p.R273C and TP53 p.R248W could
reside in unhidden states on the contact surface for physical

interactions between p53 and each of CHEK2, BRCAL and BRCA2
proteins, respectively. It had been known that BRCA2 protein could
interact physically and functionally with p53 in order to take part in
the DNA repair pathway for maintaining the genomic integrity [12,13]
In addition, the fact that BRCA1 protein could play a role as a p53
coactivator had been elucidated by revealing an interaction complex
between the two proteins using coimmunoprecipitation technique in a
previous investigation [14]. Furthermore, in response to DNA damage,
p53 had been reported to undergo C-terminal phosphorylation by
CHEK?2 [15]. The p53 protein harboring the above-mentioned three
pathogenic mosaic mutations might not properly interact with BRAC1,
BRCA2 and CHEK?2 proteins, subsequently resulting in a breakdown
or unfavorable rewiring of DNA repair pathway and consequently
causing breast carcinogenesis.

We also identified that the pathogenic mosaic mutation PIK3CA
p.E545K could reside on the contact surface for the interaction
between PIK3CA and HRAS proteins (Figure 3). It had been known
that activated RAS protein could stimulate PI13-kinase in addition to
Raf in order to induce transformation of mammalian cells and
cytoskeletal reorganization [16]. In contrast to the above-mentioned
three TP53 mosaic mutations that could be involved in rewiring or
weakening the DNA repair pathway, the pathogenic mosaic mutation
PIK3CA p.E545K might enhance the transformation effect of the
mammalian cells by further reinforcing the interaction on the contact
surface between the PIK3CA and HRAS proteins [17].

ATrS

Gl

Figure 3: Mosaic mutations on the surface for the contact with interaction partner proteins. (A) TP53 p.S241C mutation on the contact
surfaces forthe interaction with CHEK2, BRCAl1and BRCAZ2. (B) TP53 p.R273C mutation onthe contact surfaces for the interaction with
CHEK2,BRCAlandBRCAZ2.(C)TP53p.R248W mutationonthe contactsurfacesfortheinteractionwith CHEK2,BRCAlandBRCAZ2.(D)
PIK3CA p.E545K mutation on the contact surfaces for the interaction with HRAS

’ TPS3 p.S241C mutation on the contact surface
' for the interaction with CHEK2, BRCA and BRCA2

TPS3 p.R273C mutation on the contact surface
for the interaction with CHEK2, BRCAL and BRCA2

TPS3 p R24SW mutation on the contact surface
for the intcraction with CHEK2, BRCA and BRCA2

PIKICA p ES45K mutation on the contact surface
for the interaction with HRAS
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Effect of expression of the breast cancer predisposition genes
associated withthemosaic mutations on patientsurvival

In order to elucidate how the expression level of the above-
mentioned breast cancer genes in about 1800 clinical breast cancer
samples could affect the survival of the patients, we had performed cox
survival analysis [18]. For instance, the mutation TP53 p.R196*
causing a truncation of p53 protein structure might decrease
expression of genuine p53 in cancer tissue of the patients (Table 1). A
recent report on the germline and somatic mutations in clinical cancer
patients has shown that such truncation mutations in  tumor
suppressor genes could dramatically decrease expression of those genes
in clinical cancer samples [19]. If so, whether such expression changes
might affect survival of cancer patients should be elucidated. As shown
in (Figure 4), we identified that recurrence-free survival of breast
cancer patients with low expression of p53 could decrease significantly,
compared with patients with high expression of p53, during more than
200 months (logrank P value=0.00054).

The pathogenic mosaic mutation FLG p.S609* causing a truncation
of a major portion of FLG exon 3 harboring Filaggrin as a functional
domain, could cause a reduction in the expression level of this gene’s
genuine transcript. It had been well known that FLG mutation could
be closely associated with the causation of breast cancer [20]. We also
identified that the recurrence-free survival of patients with breast
tumor showing low expression of FLG could decrease, compared to
patients with high expression of FLG, during over 170 months logrank
P value=0.000011).

In addition, we analyzed relationship between the recurrence-free
survival of breast cancer patients and expression levels of genes
associated with the other mosaic pathogenic mutations. As shown in
(Figure 4) the changes in expression level of KRAS, GNAS, OTC,
PIK3CA, NCF4, MLC1 and LTBP2 genes, could affect significantly the
survival of breast cancer patients (logrank P values of 2 x 10, 3 x 10,
1.6 x 10,2 x 107, 1.6 x 1011, 0.054, 0.00019, respectively).

TPs3 KRAS

e [P,

OTC FLG

N TN N

PIK3ICA NCF4 MLCH LTBP2

N

Figure 4: Effect of expression of the breast cancer predisposition
genes associated with the mosaic mutations on breast cancer
patients’ survival (survival analysis by cox proportional hazard ratio
model calculation). The Figure shows survival curves of breast
cancer patients associated with changes in expression of those genes
(TP53, KRAS, GNAS, OTC, FLG, PIK3CA, NCF4, MLC1, and
LTBP2).

Interestingly, in case of oncogenic genes, such as KRAS, GNAS and
PIK3CA, their high expression could be associated with lower survival
compared with patients with their low expression. This phenomenon is
not discrepant with the recent report about germline and somatic

pathogenic mutations in oncogenes in cancer patients, according to
which expression of oncogenes with pathogenic variants could increase
significantly, promoting carcinogenesis [19]. In contrast, in case of
tumor suppressor genes, such as TP53, breast cancer patients with low
expression of TP53, could have poor prognosis, compared to those
with its high expression. This also is not discrepant with the result in
the recent report, according to which expression of tumor suppressor
genes with truncation or loss-of-function mutation could decrease
significantly in cancer samples.

Discussion

In this study, we have presented pathogenic mosaic mutations,
which could concurrently and recurrently occur in both normal blood
and breast cancer tissue, as well as other diverse cancer types,
including stomach, oesophageal, ovarian, malignant melanoma, liver,
lung, pancreatic, colorectal, prostate and glioma cancers (Table 2).

Until now, scientific society investigating clinical cancer had largely
ignored mutations with low variant allele fraction less than 30%,
considering them as erroneous variant callings. Given the fact that the
exome aggregation consortium had used the strictly tight threshold
(99.6% sensitivity) to discover real variants and also our chosen
pathogenic variants were overlapped with the previously known
Clinvar pathogenic or likely pathogenic mutation positions, mosaic
mutational statuses of the chosen pathogenic mutations in this study
are very reliable.

Recent hot debate issue regarding viewpoints about mosaic
mutations with low variant allele fraction is that they might be derived
from circulating tumor cells (originated from cancer tissue) in blood of
cancer patients. That is, the main point in the hot debate issues is that
such mosaic variants might represent not bona fide variants, but
somatic mutations originated by contamination from tumor tissues in
cancer patients. In order to check whether our mosaic mutations might
be originated from such contaminated circulating tumor cells in blood,
we have compared our 23 mosaic mutations’ genomic locations with
the non-TCGA data in the Exome Aggregation Consortium database,
which do not include variation data from normal blood sample paired
with TCGA clinical cancer sample from each patient. We have
identified that, of the 23 mosaic pathogenic mutations, 15 belonged to
the non-TCGA data, corroborating that they are bona fide pathogenic
mosaic mutations. Regarding the remaining 8 mosaic pathogenic
mutations, whose genomic locations did not overlap with the non-
TCGA data, we have confirmed that their genomic locations
overlapped with the positions of previously known variants causing
various hereditary disease syndromes. Also, the 15 pathogenic mosaic
mutations overlapping with the non-TCGA data had been known to be
involved in causing diverse hereditary disease syndromes This suggests
that all of the 23 pathogenic mosaic mutations identified in this study
are bona fide variants and that scientific communities should no longer
ignore any pathogenic mosaic mutations with low VAFs as ones
deserving no attention, from now on.

Keeping the above-mentioned critical viewpoint in mind, in this
investigation we had explored mosaic pathogenic mutations using
public germline variant database and the changes of their VAFs
between normal blood and cancer tissues of breast cancer patients.
Future detailed investigation of such VAF changes may provide us with
a novel insight into how those mosaic pathogenic mutations, which
might be potentially dangerous, but not phenotypically obvious before
ill condition of their carriers, could facilitate predisposition to
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carcinogenesis through forming dominant tumorigenic expansion of

somatic clones harboring those pathogenic mutations.

start

End

Ref

Alt

Location of
mutations

Gene
Name

exac _vaf

Clinical
Consequence

Genetic and pathogenic
diseases

7577094

7577094

exonic

TP53

8%

Pathogenic

Li-Fraumeni-like
syndrome,  Hereditary
cancer-predisposing
syndrome

7577121

7577121

exonic

TP53

11%

Pathogenic

Hereditary cancer-
predisposing syndrome,
Li-Fraumeni syndrome,
Malignant  tumor  of
prostate

7577124

7577124

exonic

TP53

11%

Pathogenic

Li-Fraumeni syndrome,
Hereditary cancer-
predisposing syndrome

2.5E+07

25398285

exonic

KRAS

11%

Pathogenic

Lung cancer, Non-small
cell lung cancer,
Endometrial carcinoma,
Squamous cell
carcinoma  of lung,
Malignant ~ tumor  of
urinary bladder,
Neoplasm of stomach,
Neoplasm of ovary,
Juvenile
myelomonocytic
leukemia

5.7E+07

57484420

exonic

GNAS

13%

Pathogenic

Somatotroph adenoma,
Polyostotic fibrous
dysplasia, somatic,
mosaic, Cushing's
syndrome, McCune-
Albright syndrome, Sex
cord-stromal tumor

7.3E+07

73274371

exonic

SLC25A
19

13%

Likely
pathogenic

not provided

5.7E+07

57484421

exonic

GNAS

14%

Pathogenic

McCune-Albright
syndrome, Somatotroph
adenoma, Cushing's
syndrome, Sex cord-
stromal tumor

7577568

7577568

exonic

TP53

15%

Likely
pathogenic

Hereditary cancer-
predisposing syndrome,
Li-Fraumeni syndrome

7577539

7577539

exonic

TPS53

16%

Pathogenic

Li-Fraumeni syndrome,
Hereditary cancer-
predisposing syndrome

2.5E+07

25398284

exonic

KRAS

17%

Pathogenic

Carcinoma of pancreas,
Nevus sebaceous,
Juvenile
myelomonocytic
leukemia, Non-small cell
lung cancer, Carcinoma
of pancreas, Neoplasm
of stomach, Epidermal
nevus, Nevus
sebaceous, Epidermal
nevus syndrome,
Juvenile
myelomonocytic
leukemia, RAS-
associated autoimmune
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leukoproliferative
disorder, Neoplasm of
ovary

7577559

7577559

exonic

TP53

18%

Pathogenic

Hepatoblastoma,
Osteosarcoma,
Hereditary_cancer-
predisposing syndrome,
Li-Fraumeni syndrome

3.8E+07

38212026

exonic

oTC

18%

Pathogenic

Ornithine
carbamoyltransferase
deficiency

6.6E+07

65978677

exonic

PACS1

19%

Pathogenic

Schuurs-hoeijmakers

syndrome, Multiple
congenital  anomalies,
Inborn genetic diseases

7578190

7578190

exonic

TP53

22%

Pathogenic

Hereditary cancer-
predisposing syndrome,
Li-Fraumeni syndrome,
Li-Fraumeni syndrome 1

1.5E+08

1.52E+08

exonic

FLG

23%

Pathogenic

not provided

1.8E+08

1.79E+08

exonic

PIK3CA

24%

Pathogenic

Breast adenocarcinoma,
Ovarian epithelial
cancer, Carcinoma of
colon, Neoplasm of
stomach, Keratosis,
seborrheic, Non-small
cell lung cancer,
Megalencephaly  cutis
marmorata
telangiectatica
congenita, Sarcoma

1.8E+08

1.79E+08

exonic

PIK3CA

24%

Pathogenic

Breast adenocarcinoma,
Ovarian epithelial
cancer, Carcinoma of
colon, Neoplasm of
stomach, Hepatocellular
carcinoma, Non-small
cell lung cancer,
Keratosis, eborrheic,
Congenital  lipomatous
overgrowth, vascular
malformations and
epidermal nevi,
Neoplasm of ovary,
PIK3CA related
overgrowth spectrum

7578263

7578263

exonic

TP53

25%

Pathogenic

Hereditary cancer-
predisposing syndrome,
Li-Fraumeni syndrome

3.7E+07

37263476

exonic

NCF4

26%

Pathogenic

Granulomatous disease,
chronic autosomal
recessive, cytochrome
b-positive type 1,
Chronic granulomatous
disease

1.3E+08

1.28E+08

exonic

UROS

26%

Pathogenic

Congenital
erythropoietic porphyria

1.8E+08

1.79E+08

exonic

PIK3CA

28%

Pathogenic

Breast adenocarcinoma,
Ovarian epithelial
cancer, Carcinoma of
colon, Neoplasm of
stomach, Hepatocellular
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Non-small
cancer,
seborrheic,
Congenital  lipomatous
overgrowth, vascular
malformations and
epidermal nevi,
Neoplasm of ovary,
PIK3CA related
overgrowth spectrum

carcinoma,
cell lung
Keratosis,

5.1E+07 50512644 C T splicing

MLC1 29% Likely

pathogenic

Megalencephalic
leukoencephalopathy
with subcortical cysts 1

7.5E+07 75017969 C T exonic

LTBP2 30% Likely

pathogenic

Primary open angle
glaucoma

Table 2: Genetic and pathogenic diseases associated with the mosaic mutations.

We surmise that the increasing changes in variant allele fraction of
those pathogenic mutations between blood and cancerous tissues
might be corresponding to the explanation for such tumorigenic clonal
expansion.

So far, a majority of the mutations with the low VAFs (less than
30%, mainly) had been excluded in most of previous publications due
to the ignorance of their importance. However, the exome aggregation
consortium, which aimed to re-sequence blood samples and
reannotate variation landscapes across diverse human clinical blood
sample source types, for the first time, had openly published a large-
scale database of mutations with the low VAFs. Using those high-
quality mosaic mutation data in the exome aggregation consortium
database, we have intersected them with the COSMIC database and
TCGA BRCA data, and finally we have discovered 23 mosaic
pathogenic mutations with low VAFs (less than 30%), which could play
critical roles in causing predisposition to breast cancer, as well as
diverse other cancer types and hereditary diseases. The fact that those
mosaic pathogenic mutations occurred recurrently in diverse cancer
types suggests that different cancer types might share some part of
molecular mechanisms causing predisposition to carcinogenesis in
their subtypes or as yet undefined subgroups.

Conclusion

From now on, if clinical cancer genomics community is to routinely
and openly report mosaic mutations with low VAFs (less than 30%),
the present shortage of the low VAF data for mosaic mutations will be
overcome in the upcoming years. Furthermore, the abundant data of
mosaic mutations with the low VAF that will be obtained in the
upcoming years will contribute to elucidating novel predisposition
mechanisms of carcinogenesis and clonal expansion caused by
mutational mosaicism and also to revealing new diagnostic and
therapeutic targets for detecting and treating the early stage of breast
cancer, as well as diverse other cancer types.
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