Downloaded from http://perspectivesinmedicine.cshlp.org/ on September 5, 2024 - Published by Cold Spring Harbor Laboratory

fco;ﬁ\b Cold Spring Harbor Perspectives in Medicine

PERSPECTIVES

www.perspectivesinmedicine.org

Press

Inherited TP53 Mutations and the Li—Fraumeni

Syndrome

Tanya Guha' and David Malkin?

'Genetics and Genome Biology Program, The Hospital for Sick Children and Institute of Medical Science,
University of Toronto, Toronto, Ontario M5G 1X8, Canada

Division of Hematology/Oncology and Genetics and Genome Biology Program, The Hospital for Sick
Children; Departments of Pediatrics and Medical Biophysics, University of Toronto, Toronto, Ontario M5G

1X8, Canada

Correspondence: david.malkin@sickkids.ca

Li—Fraumeni syndrome (LFS) is a complex hereditary cancer predisposition disorder associ-
ated with early-onset cancers in diverse tissues of origin. Germline TP53 mutations are
identified in 75% of patients with classic LFS. The lifetime likelihood of a TP53 mutation
carrier developing cancer approaches 75% in males and almost 100% in females. Several
genetic modifiers have been implicated to account for the phenotypic variability within and
across LFS families; however, efforts to develop predictive algorithms of age of onset and type
of cancers in individual patients have not yet found clinical use. Although it is not possible to
prevent cancers from forming in LFS patients, novel protocols have been developed for sur-
veillance for early tumor detection, leading to improvements in survival. Comprehensive
studies of the genome and epigenome in LFS families in the context of germline TP53 muta-
tions is anticipated to shed light on this intriguing, yet devastating, disease and to transform

the clinical management of patients.

CLINICAL DEFINITION OF THE
LI-FRAUMENI SYNDROME

i—Fraumeni syndrome (LFS) is a multi-
I_cancer predisposition syndrome first re-
ported in 1969 by Li and Fraumeni (Li and
Fraumeni 1969). In a retrospective epidemio-
logical study examining medical charts and
death certificates of 648 rhabdomyosarcoma
(RMS) patients in the United States between
1960 and 1964, the investigators identified five
families with an extensive family history of
cancer (Li and Fraumeni 1969). Siblings and
first- or second-degree relatives within the

same parental lineage were noted to have de-
veloped sarcomas, whereas other first- and sec-
ond-degree relatives had a history of other tu-
mors, including breast cancer, leukemia, and
carcinomas of lung, pancreas, and skin, at a
much higher frequency than expected by
chance. With the occurrence of such diverse
cancer types at relatively young ages, the sug-
gestion of a familial syndrome of multiple
primary cancers arose. Prospective analysis of
24 other families together with further refine-
ment of the tumor types characterized by the
syndrome led, in 1989, to the “classic” de-
finition of LFS (OMIM#151623) as follows: a
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proband with a sarcoma before the age of
45 years who has a first-degree relative with
any cancer under the age of 45 years and an-
other first- or second-degree relative with any
cancer under the age of 45 years of age, or a
sarcoma at any age (Li et al. 1988). The syn-
drome shows an autosomal dominant pattern
of inheritance.

Based on the observations of many groups
of the apparent phenotypic heterogeneity of the
syndrome, further definitions have been pro-
posed for families who show an extensive cancer
history, but who do not conform to the classical
definition. These are characterized as “Li—Frau-
meni-like syndrome” (LFS-L) and arose follow-
ing identification of the genetic basis of LFS
in 1990. Birch et al. (1994) defined LFS-L as
a proband with any childhood cancer, sarco-
ma, brain tumor, or adrenocortical carcino-
ma (ACC) under the age of 45 years, “and” a
first- or second-degree relative in the same
lineage with a typical LFS tumor at any age,
“and” an additional first- or second-degree rel-
ative in the same lineage with any cancer before
the age of 60 years. Eeles (1995) has defined
LFS-L families to include first- or second-de-
gree relatives with two different LFS component
tumors (including bone- or soft-tissue sarcoma,
breast cancer, brain tumor, leukemia, adreno-
cortical tumor, melanoma, and prostate cancer)
at any age.

The “classic” definition of LFS further
evolved by Chompret and colleagues includes
recurrent phenotypes found in a prospective
analysis of 2691 children with a solid tumor
history before the age of 18. The revised criteria
are a proband with a characteristic LFS compo-
nent tumor (sarcoma, brain tumor, breast can-
cer, ACC) before 36 years of age; and at least one
first- or second-degree relative affected by one
LFS component tumor mentioned above before
the age of 46 years or by multiple tumors; “or” a
proband with multiple primary tumors, two of
which belong to the LES component spectrum
tumors, the first of which occurred before
46 years (except for breast cancer, if the proband
has a breast cancer); “or” a proband with ACC,
regardless of age of diagnosis or family history
(Chompret et al. 2001). Based on further gen-

otyping studies, Tinat et al. (2009) further re-
vised the Chompret criteria, most notably by
increasing the age of cancer onset and including
pediatric cancers for which genetic testing
should be undertaken, regardless of family his-
tory. These criteria are now generally used to
guide gene mutation testing: a proband with a
characteristic LFS component tumor (soft tis-
sue sarcoma, osteosarcoma, brain tumor, breast
cancer, ACC) before 46 years of age “and” at
least one first- or second-degree relative with
an LFS tumor (except breast cancer, if proband
has breast cancer) before age of 56 years, or with
multiple tumors “or” a proband with multiple
primary tumors (except breast tumors), two of
which belong to the LFS component spectrum
tumors, the first of which occurred before
46 years “or” a patient with ACC or choroid
plexus carincoma (CPC), irrespective of family
history. More recently, several other cancers
have been added to the list of those for whom
gene testing is highly suggested, including
anaplastic rhabdomyosarcoma (mutant gene
carrier rate of 75%) (Hettmer et al. 2014), hy-
podiploid acute lymphoblastic leukemia (ALL)
(carrier rate ~50%) (Walsh et al. 2012; Co-
meaux and Mullighan 2016), and very early-
onset breast cancer (<30 years of age) in
whom the gene carrier rate may be as high as
10%, approaching similar rates as for BRCA1/2
(McCuaig et al. 2012).

MOLECULAR PATHOGENESIS OF LFS

It was not until 20 years after the first descrip-
tion of LFS, when Malkin and colleagues dis-
covered the molecular etiology of the disease in
1990 (Malkin et al. 1990). Based on previous
observations of somatic TP53 inactivation in
sporadic forms of most cancers associated with
the LFS spectrum, a candidate gene approach
was used to identify germline heterozygous
TP53 point mutations in five classic LFS fami-
lies. Sequencing revealed germline missense
mutations in the p53 DNA-binding domain
in all families. Numerous subsequent studies
confirmed these initial findings, but have also
shown that germline mutations are distributed
across the TP53 gene (including rare intronic
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mutations) in a pattern that essentially over-
laps that of the spectrum of somatic muta-
tions (p53.iarc.fr). More than 500 families are
reported in the literature; however, it is believed
that thousands, if not tens of thousands, of fam-
ilies harbor TP53 mutations but are generally
not recognized. Recent attention to the rele-
vance of genetics as the underlying basis of
many human cancers is transforming the ways
that clinicians document family histories, and
more attention is leading to a rapid increase in
numbers of families referred for genetic testing
worldwide.

Missense mutations account for 74% of
germline TP53 mutations, followed by non-
sense mutations (~9%), and splice mutations
(~8%). The majority of mutations occur in the
highly conserved DNA-binding domain and
the six most common “hotspot” mutations are
found in codons 175, 245, 248 (two common
substitutions), 273, and 282 (p53.iarc.fr). Only
60% to 80% of “classic” LFS families, ~40% of
LFS-L families, and 30% individuals meeting
the revised Chompret criteria harbor germline
TP53 mutations (Mai et al. 2012). The frequen-
cy of de novo mutations in LES patients is not
well characterized, although estimates range be-
tween 7% and 20% (Chompret et al. 2000; Gon-
zalez et al. 2009).

Colorectum
3%

Hematological —
4%

LFS TUMOR SPECTRUM, GENDER
DISTRIBUTION, AND AGE OF ONSET

As can be inferred from the clinical definitions
noted above, LFS predisposes individuals to a
wide range of cancer types, unlike most other
dominant cancer predisposition syndromes that
tend to be organ specific (or at most three to four
organs). Although >50% of sporadic cancers are
known to harbor somatic TP53 mutations, those
tumor typesare relatively underrepresented in the
LFS phenotype. For example, 43.28% of colon
cancers harbor somatic TP53 mutations, but
only 2.8% of germline TP53 carriers develop co-
lorectal cancer (p53.iarc.fr). Nonetheless, when
these tumors do occur in the context of LES,
they do so at a strikingly lower age of onset than
their sporadic counterparts (Nichols et al. 2001).

Despite the intrafamilial and interfamilial
heterogeneous clinical presentation of tumors
in LFS, five “core” cancers are most commonly
observed: breast cancer, soft tissue sarcoma,
brain tumors, ACC, and bone sarcomas (Fig.
1) (Li and Fraumeni 1969; Lynch et al. 1978;
Lietal. 1988). Less frequent tumor sites include
lung, colon, hematological, skin, stomach, and
ovary (Nichols et al. 2001).

With respect to gender distribution of can-
cers in affected LFS patients, a retrospective

LFS tumor spectrum

Figure 1. Five core cancers associated with Li—Fraumeni syndrome (LES).
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analysis of 494 tumors from patients with con-
firmed or obligate TP53 mutation status and a
family history of cancer reported a bias in males
for brain tumors, hematopoetic, and stomach
cancers. Conversely, an excess of females were
reported with a diagnosis of ACC and skin
cancer. Both genders were equally affected by
soft-tissue and bone sarcomas. This gender dis-
tribution of tumors is similar to that seen in
sporadic cancers, with the exception of ACC
(Olivier et al. 2003). The age of onset of tumors
in LFS patients is accelerated compared with
their respective sporadic counterparts. The age
distribution within “core” LFS cancer types,
however, reflects somewhat of a bimodal dis-
tribution with brain tumors, soft tissue sarco-
mas, and ACC commonly occurring within the
first decade of life, whereas bone sarcomas pre-
dominate during the second decade. Breast can-
cer is most commonly premenopausal (Olivier
et al. 2003).

STRONG TUMOR ASSOCIATIONS WITH
GERMLINE TP53 MUTATIONS

Although germline TP53 mutation carriers can
present with tumors of several other organs
as briefly noted above, the underlying etiology
of the specificity of the “core” tissue types asso-
ciated with the syndrome remains to be under-
stood. The two exceptions in terms of infre-
quent diagnosis, yet strong correlation with LFS,
are ACC and CPC. ACCs account for only 6.5%
of LFS tumors, yet the prevalence of a germline
TP53 mutation in ACC patients is ~50% (Was-
serman et al. 2015). However, this strong asso-
ciation between tumor type and germline TP53
mutation is seen almost exclusively in ACC pa-
tients diagnosed during childhood (the inci-
dence of germline mutations decreases to 25%
in ACC patients diagnosed > 12 years of age and
has been only rarely reported in adult onset
ACC (Wasserman et al. 2015). These findings
provide the basis for current recommendations
of all ACC patients being offered TP53 testing,
regardless of family history.

Similarly, CPCs are exceedingly rare tumors
(accounting for a fraction of 1% of childhood
brain tumors), yet are highly associated with

germline TP53 mutations. Following several
case reports of mutation positive LFS families
and individuals diagnosed with CPCs, yet with-
out a family history of cancer (Garber et al.
1990; Yuasa et al. 1993; Vital et al. 1998; Wang
and Cornford 2002; Krutilkova et al. 2005),
revisions were made to the Chompret criteria
to include TP53 testing for all CPC and ACC
patients (Tinat et al. 2009). In a study by Gon-
zalez et al. (2009), all nine patients diagnosed
with choroid plexus tumors (CPT) in the study
population were found to have germline TP53
mutations (only three of seven patients with suf-
ficient clinical history were found to meet classic
Chompret criteria alone). In another retrospec-
tive study of 42 patients diagnosed with CPT, six
patients (14.3%) were found to meet clinical
criteria of LFS, with four of the six patients test-
ing positive for germline TP53 mutations (Go-
zali et al. 2012). Further profiling of CPC
patients harboring germline TP53 mutations
using high-resolution single-nucleotide poly-
morphism (SNP) array analysis has led to strat-
ification recommendations within LES patients
diagnosed with this tumor. CPC patients with
low total structural variation and absence of p53
dysfunction in tumors were found to respond
better to radiation therapy for a more favorable
prognosis (Tabori et al. 2010). Thus, an under-
standing of the genetic basis of a particular
patient’s tumor from the germline may be of
importance to selection of treatment options.

In another study by Magnusson etal. (2012),
the frequency of germline TP53 mutations and
family history was studied in patients diagnosed
with ACC, CPC, or RMS (n = 36 for pedigree
screening, and n = 26 for mutation screening).
Although none of the patients met classic LFS
criteria, 50% with ACC, and one of 18 patients
with RMS harbored germline TP53 mutations,
suggesting that few seemingly “sporadic” cases
predispose individuals to early manifestations
of LFS.

RISK OF MULTIPLE PRIMARY TUMORS
AND SECONDARY CANCERS

Because of the inherent nature of the syn-
drome, LFS patients are at an increased risk
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of developing multiple primary tumors (non-
therapy induced) (Gonzalez et al. 2009). In
a study of 24 LFS families diagnosed between
1968 and 1986, Hisada et al. (1998) quantified
the incidence of second and third primary
cancers. Among 200 family members diagnosed
with cancer, 15%, 4%, and 2% of individuals
developed a second, third, or fourth cancer, re-
spectively. A positive relationship was found be-
tween relative risk of developing a second cancer
and the onset of the first cancer at an early age.
Interestingly, 71% of the multiple cancers devel-
oped were LFS component tumors (Hisada
et al. 1998). Although it has been posited that
therapy, radiation, or chemotherapy for first
malignancies may accelerate the development
of subsequent tumors (with the biologic basis
for such a hypothesis being supported), no em-
piric data from large population multicenter
studies exist as yet to confirm what therapeutic
interventions might accelerate tumorigenesis
or whether certain tissues are at particularly
higher risk.

CANCER RISK PATTERNS —
EPIDEMIOLOGICAL ANALYSIS OF LFS

From a retrospective study of 13 families, the
lifetime risk of developing cancer in mutation
carriers was estimated to be ~73% in males,
and as high as 93% in females (onset of breast
cancer accounting for the difference in genders)
(Table 1) (Chompret et al. 2000).

The spectrum of cancer risk in LFS was fur-
ther defined in a retrospective analysis of 56
germline TP53 mutation carriers and 3201 non-
carriers from 107 kindreds ascertained through
patients treated for soft tissue sarcomas at the
University of Texas M.D. Anderson Cancer
(Hwang et al. 2003). Cancer risk was deter-

Table 1. Lifetime risk of cancer onset in TP53 muta-
tion carriers characterized by age and gender

Age group Lifetime risk Lifetime risk
(years) (male) (female)
<15 19% 12%
16—-45 27% 82%
>45 54% 100%

mined for mutation carriers and comparable
noncarriers followed for >20 years. The per-
centage of mutation carriers found to develop
cancer by ages 20, 30, 40, and 50 years was found
to be 12%, 35%, 52%, and 80%, respectively,
whereas noncarriers had risks similar to the gen-
eral population. Observed cancer risks were
found to be higher in female carriers compared
with males, and not found to be attributed to an
excess of gender-specific cancers in contrast to
the Chompret data. Mutation carriers were also
reported to have a 12-fold higher risk in devel-
oping a second primary cancer (Hwang et al.
2003). Regardless, the penetrance of the cancer
phenotype in this syndrome is remarkably high.

GENOTYPE-PHENOTYPE CORRELATION
IN BRAZILIAN FAMILIES WITH A
GERMLINE TP53 MUTATION

To date, the only molecular variant consistently
associated with a specific LFS tumor type is a
germline TP53 mutation at codon R337H
(c.1010G>A). This variant is particularly prev-
alent in the Brazilian population, thought to be
because of a founder effect (Ribeiro et al. 2001;
Figueiredo et al. 2006), and predisposing indi-
viduals to ACC (see Achatz and Zambetti 2016).
Initially identified in children with ACC in fam-
ilies with no reported cancer history, the variant
codes for a mutant p53 that is strikingly depen-
dent on physiological pH levels. At pH levels up
to 7.5, the mutant protein retains its wild-type
function; however, at high pH, the protein is
unable to form dimers in its natural form, hence
losing the ability to function as a transcription
factor. This dependency on alternative physio-
logical conditions may partially contribute to
the incomplete penetrance and heterogeneous
tumor patterns seen in Brazilian families har-
boring the R337H variant. More recent compre-
hensive studies in the Brazilian cohort confirms
that, although ACC appears to be particularly
more prevalent than is associated with other
TP53 mutant genotypes, a wide spectrum of
cancers, not dissimilar from the those found
in classic LFS, do occur. The penetrance of
this allele may be lower than others, yet the
carrier rate within the Brazilian population is
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very high—estimated to be as much as 1:350,
which has led to calls for TP53 to be added to
the newborn testing screen in that country.

GENETIC MODIFIERS IN LFS

The heterogeneous clinical presentation of LFS,
including age of onset and tumor subtype, is
highly suggestive of the presence of additional
genetic modifiers to the preexisting TP53
germline mutation. However, the highly com-
plex regulatory pathway of upstream and down-
stream effectors of p53 function, together with
the relative rarity of LES itself, creates challenges
for identifying and determining a functional
role for such modifiers.

One of the first variants shown to modify
the phenotype conferred by germline TP53 mu-
tations was a secondary 72Arg polymorphism
in the fourth exon of TP53. The variant was
shown to have an increased affinity toward
MDM?2, causing higher levels of p53 degra-
dation, and a lower mean age of tumor onset
compared with Pro:Pro carriers (Bougeard et al.
2006). The SNP309 T>G variant in the pro-
moter of MDM2, a key negative regulator of
TP53, was also shown to lead to a higher affinity
for the Spl transcription-factor-binding site,
consequently leading to higher MDM?2 expres-
sion levels and higher levels of p53 degradation
(Bond et al. 2004). The variant correlated with a
lower mean age of tumor onset in LFS patients
in comparison to homozygous T allele carriers
(Bond et al. 2004). A further synergistic effect of
lower age of onset and cancer risk mediated
through MDM? affinity was found with the co-
existence of both MDM2 SNP309 and 72Arg
polymorphism (Bougeard et al. 2006). Notably,
those LFS patients harboring both genetic mod-
ifiers had the lowest mean age of onset (16.9
years), compared with those patients with either
one, or no variants noted above. Fang et al.
(2010) noted, in carriers of MDM2 SNP309
(GG/GT), that diagnosis of cancer occurred
an average of 9 years earlier than TT carriers
(18.6 years vs. 27.6 years). The association was
notably more pronounced in female carriers.
Individuals with the PP genotype at codon 72
of TP53 had a 2.24-fold increased chance of

developing cancer (p = 0.03). An additive ef-
fect of increased risk was seen for carriers of
both MDM2 SNP309 and TP53 codon72
(Fang et al. 2010).

Another potential genetic modifier identi-
fied in LFS patients is a 16-base-pair duplication
of TP53 in intron 3 (PIN3), which in Brazilian
patients harboring the R337H mutation has a
significant “protective” effect on age of onset.
Those patients carrying one minor allele
(16 bp duplication) were found to have a first
cancer diagnosis an average of 17.1 years later
than individuals carrying two major (nondupli-
cated) alleles. Further analysis has identified a
higher susceptibility to breast and colorectal
cancer in duplicated PIN3 allele carriers (Ge-
mignani etal. 2004; Costaetal. 2008), and lymph
node metastasis in germline 7P53 mutation car-
riers with breast cancer (Hrstka et al. 2009).
A recently described miRNA, miR-605, which
has been shown to regulate the p53—MDM?2
loop, has also been described as a potential mod-
ifier of the LFS phenotype. The variant G allele
of miR-605 gene was found to associate with a
10-year accelerated mean age tumor onset in LFS
patients, with a subsequent 2.6-fold reduction in
the processing levels of its host miRNA. Over-
expression of miR-605 in vitro TP53 mutation-
carrying cells showed a reduction in oncogenic
properties, with evidence of decreased cellular
proliferation, clonogenicity, and migration po-
tential. These results suggest that modulation of
miR-605 levels may serve as a novel therapeutic
target for LFS spectrum tumors (Id Said and
Malkin 2014). Although a germline TP53 mu-
tation appears to be necessary for the increased
predisposition to cancer observed in LFS, it
is not sufficient in defining the precise cancer
phenotype in a patient—which is more likely
attributable to a complex interplay of clearly
many genetic (and likely genomic and epigenet-
ic) comodifiers (many still yet to be discovered).

GENETIC ANTICIPATION AND GENOMIC
INSTABILITY OF LFS

Genetic anticipation has long been observed in
LES, where the inheritance of a germline TP53
mutation is associated with earlier-onset tu-
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mors in successive generations (Brown et al.
2005). Although the molecular basis of antici-
pation is not well understood, accelerated telo-
mere erosion across generations is thought to be
one potential mechanism in LFS. In both chil-
dren and adults, studies have shown affected
LFS patients to harbor shorter telomere lengths
measured in peripheral blood leukocytes as
compared with unaffected carriers or controls
(Tabori et al. 2007; Trkova et al. 2007). Even
within a family, affected children were found
to have shorter telomere lengths than their un-
affected siblings and TP53 wild-type parents
(Tabori et al. 2007). Although measuring telo-
mere length may be a rational biological marker
for monitoring cancer initiation and progres-
sion, it is still considered to be a relatively crude
method for detecting early cancer onset in LFS
patients.

In addition to telomere shortening, Shlien
et al. (2008) identified copy number variation
(CNV) to also contribute to increased genomic
instability in LFS patients. Using high-resolu-
tion SNP/CNV array analysis, a significantly
higher number of copy number variable regions
were found in the genomes of TP53 carriers
compared with the general population. Interest-
ingly, high frequencies of these CNV regions
were found to overlap known cancer genes,
and the number of CNVs seemed to increase
gradually in somatic cells of LFS tumors, sug-
gestive of a dynamic process of CNV accumula-
tion contributing to genomic instability and
tumorigenicity in LFS (Shlien et al. 2008).

MOUSE MODELS OF LI-FRAUMENI
SYNDROME

The first clues of cancer susceptibility attributed
to germline TP53 mutations in a mouse model
were seen in 1992, using homozygous knockout
mice with a germline Trp53 deletion (Done-
hower et al. 1992). These mice were found to
be developmentally normal, yet highly suscep-
tible to T-cell lymphomas and sarcomas (with
rare occurrences of carcinomas in C57BL/6 and
129,/Sv]ae backgrounds) by 6 months of age.
Interestingly, these tumors were rarely found to
metastasize (Donehower et al. 1992). Although

molecular mechanisms of functionally null
TP53 germline mutations were well outlined
from this model, perhaps a closer genetic model
of LFS was reflected in the Trp53 mutant hete-
rozygous mice. These mice developed metasta-
tic tumor phenotypes, providing physiological
evidence for mutant p53 gain-of-function-
specific phenotypes (Lang et al. 2004; Olive
et al. 2004). Interestingly, mice with two differ-
ent missense mutations in the same genetic
background were found to develop different
tumor spectra (Olive et al. 2004), resembling
to a certain degree what is observed in humans
with LFS.

When looking at C57BL6 background mice
specifically, the majority of Trp53+/ ~ mice were
found to develop tumors by 18 months of age,
with a higher incidence of bone, soft tissue sar-
comas, and carcinomas compared with Trp_/ -
mice (Harvey et al. 1993). It is interesting to
note that only 55% of the tumors examined
from heterozygous mice showed loss of hetero-
zygosity of the wild-type allele (n = 33), an ob-
servation consistent with the human condition
as well, with no association to a particular tu-
mor type (Harvey et al. 1993), suggestive of p53
dosage reduction having the potential to initiate
cancer growth (Venkatachalam et al. 1998).
Although tumor types of the heterozygous
C57BL6 Trp53+/ ~ mouse model were reminis-
cent of those seen in LFS, the absence of breast
and brain tumors, noted to be important LFS
component tumors, rendered the model only
partially representative of the human syndrome
(Harvey etal. 1993). It was later understood that
genetic background played an important role
in predisposition of tumor types, as C57BL6
were found to have an intrinsic resistance
to mammary carcinomas (Kuperwasser et al.
2000). Interestingly, a backcross of the Trp53-
null allele into a mammary tumor—susceptible
Balb/c background resulted in 55% of the fe-
male heterozygous mice to present with a mam-
mary carcinoma, validating the role of the ge-
netic background influencing tumor subtypes
arising in Trp53-deficient mice (Kuperwasser
et al. 2000).

Although studying p53-null mice helped
better elucidate the mechanisms of p53-medi-
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ated tumorigenesis, the functional relevance of
the >80% of missense mutations characteristic
of the human syndrome was still not well un-
derstood. This led to the development of
knockin mouse models of hotspot mutations,
homologous to those found in human germline
TP53 mutant carriers. More specifically, the
Trp™'7?" model in a 129S,/Sv background (cor-
responding to p53"'”*" mutations in humans)
showed a high frequency of metastatic tumors
(consistent with the spectrum of tumors in LFS)
compared with its rare occurrence in heterozy-
gous mice (Liu et al. 2000). This was suggestive
of a gain-of-function effect of TP53. Interest-
ingly, this phenotype persisted despite mutant
P53 protein levels being as low as those observed
in wild-type mice because of an additional
splicing abnormality (Liu et al. 2000). In addi-
tion to the development of carcinomas, soft-
tissue and bone sarcomas, leukemias, and
especially the onset of glioblastoma multiforme
(the most common brain tumor in LES pa-
tients) was promising to mimic the human syn-
drome. Backcrossing to a BALB/C background
notably resulted in the heterozygous mice to
develop mammary carcinomas, further refining
the accuracy of this particular knockin model
(Xiong et al. 2014).

Another knockin model, encompassing the
Trp"*”°" missense mutation (corresponding to
the p53"*”°" mutation in humans) in a 12954/
Sv background, was found to develop an in-
creased tumor burden, particularly of carcino-
mas and B-cell lymphomas, and increased met-
astatic potential compared with heterozygous
knockout models. The difference in tumor spec-
tra between the Trp®'”?" and Trp™*”°" models
can partially be explained by the Trp™'”?" rep-
resenting a conformational mutant, whereas the
Trp"¥”°" representing a contact mutant (Olive
et al. 2004). Although it is compelling to hy-
pothesize that different germline TP53 muta-
tions in LFS patients give rise to different tumor
types, further genotype—phenotype studies
in mice remain to be conducted for further
validation.

A knockin model of a rare TP53 mutation,
a R175P amino acid change switch, has also led
to some intriguing results. This particular

mutation has yet to be identified in LFS; how-
ever, it is commonly found in sporadic cancers.
Cells from Trp°"® ©/*'*C mice (coding for a
R172P switch in Trp53 in mice) were shown to
behave similar to p53-null cells, unable to initi-
ate apoptosis. However, functional studies have
shown its ability to still induce cell-cycle arrest
and maintain a stable genome. Most interest-
ingly, Trp515C/ 15¢ mice were found to have a
delayed tumor onset compared with homozy-
gous mutant mice, suggesting delayed cell-cycle
arrest to contribute to tumor suppression (Liu
et al. 2004). The observation of diverse tumor
spectra and neoplastic tendencies in different
germline Trp53 mutations and background
strains, further validates the complexity of
p53-mediated cancer predisposition. Regard-
less, mouse models have further elucidated
molecular and pathogenic mechanisms of tu-
morigenicity in LES.

SURVEILLANCE PROTOCOL FOR LFS

Because of the high-lifetime risk of neoplasms
in LFS, periodic surveillance of clinically
asymptomatic LFS patients is crucial for detec-
tion of occult cancer, potentially offering a
better prognosis. The establishment of a struc-
tured, comprehensive surveillance protocol by
Villani et al. (2011), combining noninvasive
biochemical and imaging modalities for early
detection of asymptomatic tumors in germline
TP53 mutation carriers, showed potential for
efficacious management of disease and a sur-
vival advantage of followed patients. Of the
18/33 germline TP53 mutation carriers under-
going surveillance in the study, 10 asymptom-
atic tumors were identified in seven patients.
Detected tumors included small, localized
high-grade tumors, such as choroid plexus car-
cinomas, as well as low-grade and premalignant
lesions (having potential to progress to a more
malignant state). The following protocol devel-
oped at the Hospital for Sick Children in Toron-
to in 2011 has been implemented or adapted
by numerous institutions worldwide (Table 2).

Implementation of a surveillance protocol
not only confers survival advantage for LFS pa-
tients, but also provides further credibility for
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Table 2. Clinical surveillance protocol for asymptomatic germline TP53 mutation carriers

Cohort Tumor type

Criteria

Children Adrenocortical
carcinoma

Brain tumor

Soft-tissue and brain
sarcoma

Leukemia/lymphoma

Adult Breast cancer

Brain tumor

Soft tissue and bone
sarcoma

Colon cancer

Melanoma
Leukemia/lymphoma

Ultrasound of abdomen and pelvis every 3 to 4 months
Complete urinalysis every 3 to 4 months
Blood tests every 4 months: B-human chorionic gonadotropin,
a-fetoprotein, 17-OH-progesterone, testosterone,
dehydroepiandrosterone sulfate, androstenedione

Annual brain MRI

Annual rapid total body MRI

Blood test every 4 months: complete blood count, erythrocyte
sedimentation rate, lactate dehydrogenase

Monthly breast self-examination starting at age 18 years
Clinical breast examination twice a year, starting at age 20—25 years,
or 5—10 years before the earliest known breast cancer in the family
Annual mammography and breast MRI screening starting at age
20-25 years, or at earliest age of onset in the family
Consider risk-reducing bilateral mastectomy

Annual brain MRI

Annual rapid total body MRI
Ultrasound of abdomen and pelvis every 6 months

Colonoscopy every 2 years, beginning at age 25 years, or 10 years before
the earliest known colon cancer in the family

Annual dermatological examination

Complete blood count every 4 months

4 months

Erythrocyte sedimentation rate, lactate dehydrogenase every

Data modified from Villani et al. (2011).

the importance of early genetic testing. At the
time of writing, the long-term benefits of the
large-scale surveillance strategies in reducing
tumor burden and improving patient survival
are being further evaluated. Reported psycho-
logical benefits, specifically a sense of control
and sensitivity, can potentially be associated
with implementation of such a surveillance pro-
tocol (Lammens et al. 2010).
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GENETIC COUNSELING AND TESTING
FOR LFS FAMILY MEMBERS

Because of the strikingly increased probability
of cancer onset in LFS families, periodic genetic
counseling is offered to high-risk family mem-
bers, with the goal of better management of
disease. Because of limited preventative options
available for LFS patients however (with the ex-
ception of prophylactic mastectomy to reduce
the risk of breast cancer in females), there still

remains a debate on the medical benefits of ge-
netic screening, specifically addressing the ad-
verse psychological effects that may come along
with counseling (Committee on Bioethics 2001;
Robson et al. 2015). It should be recognized,
however, that LFS families can potentially ben-
efit from genetic counseling, by obtaining a
sense of control, and to some extent, certainty
regarding one’s own risks, and that of their off-
spring (Claes et al. 2004). Positive tests can be
informative for extended family members, for
future family planning, and in regard to assess-
ing their risk. Conclusive negative tests can lead
to further avoidance of unnecessary medical in-
terventions.

As one can imagine, the notion of undergo-
ing routine surveillance and early genetic testing
for LFS patients comes along with other psy-
chosocial risks, which have only briefly been
looked at previously. LFS family members
may be repeatedly exposed to cancer diagnoses,
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either for themselves, or affected family mem-
bers. A higher chance of death can also lead to
considerable psychological impact. Under-
standably, the decision of undergoing genetic
testing for at-risk individuals may lead to an
internal conflict of the possibility of being a
carrier, and the consequences of this knowledge
for themselves and their family members. It is
therefore important to address the psychologi-
cal distress experienced by LFS patients and
their families, as it may impact their decisions
for genetic testing and follow-up care.
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