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Summary

Inherited genetic variation is increasingly identified as an important factor predisposing to a
variety of cancers; in this issue of Cancer Discovery, Pareja and colleagues developed a method
of reliably detecting mosaic cancer susceptibility mutations in patients that have been sequenced
as part of the MSK-IMPACT tumor profiling platform. This led to the identification of a number
of mosaic mutations in cancer susceptibility alleles that are generally found in the germline,
suggesting that many predisposition variants may be missed through conventional testing.

In 1981, it was shown that DNA isolated from multiple human cancers had the capability

to transform cells into a cancerous state, providing concrete evidence that all the necessary
ingredients of cancer existed within the genome (1). This led to the recognition that acquired
somatic mutations within the genome can drive nearly all cancers - a finding bolstered in the
subsequent years through innumerable cancer genomic studies (2). Germline inheritance of
specific mutations can also predispose to cancer acquisition. For instance, germline variants
in the RBI tumor suppressor can undergo loss of heterozygosity and generate retinoblastoma
(3), while germline loss-of-function in BRCAI and BRCAZ can predispose individuals

to acquiring breast and ovarian cancer (4). While these and other germline mutations

have been thoroughly defined and have led to testing of individuals with familial cancer
syndromes, it is likely that some cancer predisposing mutations have been missed. Cancer
predisposing alleles can be overlooked due to low penetrance in families and because of
technical limitations in mutation detection. In this latter category, an often underappreciated
limitation is mosaicism in which only a subset of cells harbor a mutation, which typically
result when a mutation arises during early development. Because of limitations in our
ability to detect mosaic mutations, it is unclear to what extent these mutations contribute

to cancer predisposition. This is not only a question of mosaic mutation frequency, but

as the human body has evolved numerous mechanisms for eliminating mutant cells from
heterogeneous populations, it is unclear how cancer predisposition is affected when both
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nonmutant and mutant cells are present (5). Detecting mosaic mutations reliably, particularly
in samples from individuals with cancer who harbor a variety of somatic driver mutations,
can be challenging and therefore we do not know how widespread this risk mechanism

is. Pareja and colleagues therefore developed a method of reliably detecting mosaic cancer
predisposition mutations in order to provide an understanding of rates at which these mosaic
events occur and their associated consequences to cancer risk (6).

Identification of germline predisposing alleles has become relatively routine, as established
sequencing methods are sufficiently sensitive to detect them. However, mosaic mutations
can exist at a range of allele frequencies and can even be inconsistent across tissues in a
given individual. These mutations can be difficult to distinguish from sequencing errors,

or clonally expanded populations of cells harboring somatic mutations, such as those that
occur in premalignancy and in tumors. To understand the contributions of mosaic cancer
susceptibility mutations, Pareja and colleagues employed a cohort of 35,310 cancer patients
that had undergone sequencing of both tumor and matched peripheral blood samples using
the Memorial Sloan Kettering Integrated Mutation Profiling of Actionable Targets (MSK-
IMPACT) assay which employs massively parallel sequencing to search over 500 genes

for pathogenic mutations (7). From this panel, the authors focused on 61 genes harboring
known germline predisposition alleles, and searched for mosaic mutations that may have
been missed when calling conventional germline variants. In order to be classified as mosaic,
variants were required to exist at an allele frequency between 1.5%-30% in blood samples
and be detectable at an allele frequency above 10% in clonal tumor tissue (Figure 1).
Because the authors were searching for mutations that contribute to tumorigenesis when
present in a fraction of the cells within individuals, they also required that tumors must carry
these candidate variants at an allele frequency at least 1.5 times higher than in the blood,

as this would increase confidence of a functional role in a cancer derived from a clonal
population that harbored the mosaic mutation. This approach allowed the authors to identify
53 mosaic variants that appeared to contribute to tumor development. Interestingly, while 36
of the discovered variants have been previously classified as pathogenic or likely pathogenic,
17 were variants of uncertain significance (VUS), suggesting the author's approach could
help to define a potential pathogenic role for many variants (8). When the authors compared
the allele frequencies of mosaic mutations in healthy cells to tumor tissue, there was a
striking increase in allele frequency from a mean of 8% to 50%. This provided strong
support that the author's method of identifying mosaic mutations was robust enough to
detect mutations that may have contributed to cancer risk in a clonal population that is found
in the tumor. To further confirm the accuracy of their method, the authors used the MSK-
IMPACT platform to confirm the presence of mosaic variants within banked formalin-fixed
paraffin embedded (FFPE) tissue spanning multiple organs, including tumor samples from
10 patients.

The pathogenic mosaic mutations found within cancer patients spanned a range of genes;
7P53harbored mutations in nearly half of the cases. 75% of all mosaic mutations were

loss of function, and are therefore likely to have important functional consequences on cells
during embryogenesis and later during tumor formation. It is unclear why there are such a
large number of mosaic 7P53 mutations detected in this study, but it may be that mosaicism
for these variants is better tolerated than in the context of germline alleles, at least among
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the set of 61 genes examined in this study (9). Overlapping the observed mosaic mutations
with previously defined mutation signatures, the mosaic mutations appeared to be consistent
with an age-dependent clocklike signature, suggesting that they spontaneously arise with cell
divisions during development without the need for extraordinary sources of DNA damage
(10). The cancers that arose as a result of pathogenic mutation mosaicism were surprisingly
variable and affected tissues involving all three germ layers. Though breast cancers were

the most likely cancer to arise as a result of being mosaic for cancer susceptibility
mutations, cancers involving 17 different tissues were found to have these mutations. Using
tumor sequencing data, the authors investigated the underlying mechanism behind which
mosaic cancer susceptibility mutations gave rise to cancers, and found that in nearly all
cases, tumors were composed of cells that biallelically inactivated the gene harboring the
mosaic mutation - a mechanism that is common for many germline predisposition alleles,
particularly among those genes screened in this study. This provides a fascinating glimpse
into the evolution of cancers in general, as mosaicism for cancer predisposing mutations
may serve to facilitate a second hit mutation and increase the probability that a cell will
inactivate both copies of a tumor suppressor gene.

Finally, the data obtained by sequencing through MSK-IMPACT was used to model the
developmental history of the cancers found within patients. To do this, the allele frequencies
of mosaic variants were used to predict the number of cells present within each embryo

at the time that the mosaic mutation occurred. The authors initially use a simple model

that assumes all cells before the first five cell divisions evenly contribute to all three germ
layers. Surprisingly, this simple model of embryogenesis did not match the observed allele
frequencies of the mosaic mutations identified. To adjust the model, the authors allowed any
two early cell divisions to occur asymmetrically and contribute unevenly to the different
germ layers, and found this to be consistent with the observed mosaic allele frequencies.
This modeling provides compelling evidence that even as early as the 2-4 cell stage,
embryonic cells exhibit some degree of lineage bias and may often unevenly contribute

to the different germ layers. Furthermore, the authors are able to reliably time many of the
observed mosaic mutations to a point in embryogenesis before the fifth cell division.

The author's approach for identifying mosaic cancer predisposition alleles could provide
substantial benefit to screening practices and suggest that many individuals who have
cancer-predisposing mosaicism may often be overlooked. Indeed, these findings suggest
that predisposition alleles may play a broader role in cancer development than currently
appreciated. Additionally, as the observed mosaic mutations appear to play a causal role

in the development of patient tumors, it is fascinating to imagine how pathogenic clones

can be maintained throughout the lives of otherwise healthy individuals and promote the
development of cancers only decades after birth. In addition, it will be interesting to examine
how cell competition may play a role in enabling the mosaic mutation-harboring clones to
survive. It is also possible that mosaicism was the result of reversion of mutations found

in the germline, and acted as a protective mechanism either against developmental defects
arising from these mutations or the development of cancer. Combining the author's approach
to screening with other comorbidities and life history may teach us about important
contributing factors that shape the evolution of cancers. In many ways, the work described
may only represent the tip of the iceberg, as the authors have only examined genes that

Cancer Discov. Author manuscript; available in PMC 2022 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Liggett and Sankaran

Page 4

are reliably associated with cancer predisposition and as more genes harboring cancer risk
variants are identified, the importance of mosaicism for these alleles will need to be fully
assessed.
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Figurel.
Early during embryogenesis, mosaicism can develop through fixation of acquired mutations

in cancer susceptibility genes (CSGs). Pareja et al. report evidence of this phenomenon
occurring as early as the first cell division. In mature organisms mosaic tissues can develop
tumors that are driven by the selective advantage of cells carrying mutations in CSGs, and
typically tumors have an increased presence of mutant cells than healthy tissue, consistent
with their clonal origins. Blood and tumor tissue were sequenced to identify individuals that
developed cancer as a result of mutant CSG mosaicism and used to characterize the cancer
development driven by mutant CSG mosaicism and model the developmental timing of the
original mutation. This figure was created with Biorender.
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