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Abstract

Introduction

TP53 mutation carrier (Li-Fraumeni Syndrome, LFS) cohort studies often suffer from lack of
extensive pedigree exploration.

Methods

We performed a nation-wide exploration of TP53 mutation carrier families identified through
all clinical genetics departments in Denmark. Pedigrees were expanded and verified using
unique national person identification, cancer, cause of death, pathology, and church
registries.

Results

We identified 30 confirmed, six obligate and 14 assumed carriers in 15 families harboring 14
different mutations, including five novel and three de novo germline mutations. All but two
(96%) developed cancer by age 54 years [mean debut age; 29.1y., median 33.0y.,n =26
(17F, 9M), range 1-54 y]]. Cancer was the primary cause of all deaths [average age at
death; 34.5 years]. Two tumors were identified through registry data alone. Two indepen-
dent families harbored novel c.80delC mutations shown to be related through an ancestor
born in 1907. This exhaustive national collection yielded markedly fewer TP53 mutation car-
riers than the 300—1,100 expected based on estimated background population frequencies.

Conclusion

Germline TP53 mutations in Denmark are likely to be drastically underdiagnosed despite
their severe phenotype. Following recent advances in surveillance options of LFS patients,
lack of pre-symptomatic testing may lead to the mismanagement of some individuals.
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Introduction

Li-Fraumeni Syndrome (LFS; Online Mendelian Inheritance in Man entry [OMIM] 151623) is
an autosomal dominant cancer predisposition syndrome caused by germline mutations in
TP53 [1]. The known tumor spectrum of LFS comprises nearly all tissues, hazard ratios being
especially increased for osteosarcomas, adrenocortical carcinomas (ACC), central nervous sys-
tem (CNS) tumors, and soft tissue sarcomas, as well as breast cancer in younger women [2]. In
four of the rare malignancies: childhood ACC, anaplastic rhabdomyosarcoma, choroid plexus
carcinoma, and low hypodiploid acute lymphoblastic leukemia, TP53 mutation carriers
account for 40-80% of all patients [3-5].

LFS is suspected based on phenotype criteria and confirmed by identifying a pathogenic
germline variant in TP53, however, germline mutations may be missing in some families with
characteristic LFS patterns of cancer, and conversely as many as 20% of patients have de novo
mutations and are thus without a LFS pattern family history of cancer [6].

The lifetime risk of cancer has been estimated at around 70% for men and approaching
100% for women, with approximately one third developing cancer before age 18 years [2,7].
LES is believed to be markedly underdiagnosed. A recent germline genomic study of >1,000
childhood cancer patients identified 50 TP53 mutation carriers, most of whom lacked a family
cancer history supporting LFS, however the study was markedly enriched with patients with
tumors within the LFS spectrum [5].

The International Agency for Research on Cancer (IARC) curates the most comprehensive
database of germline TP53 mutations with 1,827 confirmed carriers as of April 2016 (Version
R18, http://p53.iarc.fr/). This relatively limited number of entries in the IARC database con-
trasts the anticipated frequency of TP53 mutation carriers from 1 in 5,000 to 20,000 individuals
in the general population [8,9]. This most likely stems from an underreporting of TP53 germ-
line mutations from the diagnostic genetic laboratories, but also hints at a possible under-diag-
nosis of LFS globally.

Pathogenic mutations of the TP53 gene can result in either loss-of-function or a gain-of-
function/dominant negative effect. Dominant negative mutations in the DNA-binding
domain blocks the function of the wild-type allele and are thus generally associated with cancer
debut at an earlier age than loss-of-function mutations [2].

Sequencing of TP53 is inconsistently offered to patients or families harboring LFS pheno-
types. However, this tendency is shifting due to decreasing costs of sequencing, potential bene-
fits of tumor surveillance, need for individualized chemo- and radiotherapy in patients with
LFS, and emerging reproductive options including preimplantation genetic diagnosis [10-13].

Methods

Information on TP53 mutation carriers was obtained from all departments of clinical genetics
in Denmark. Only families with clinically confirmed TP53 mutations were included. In addi-
tion, one Danish family (family #11) was identified from the IARC database [14]. Access to
electronic medical records (EMRs) was obtained by individual contact to the clinical genetics
departments. EMRs included pedigrees taken and expanded at the time of LFS diagnosis, his-
tological pathology reports of tested individuals with a cancer diagnosis, and laboratory reports
of TP53 sequencing. All pedigrees were expanded further through the unique identification
numbers in The Danish Personal Identification Number Registry (CPR, every Danish citizen
alive in 1968 or later) and/or Church registries. CPR-numbers are linked to first-degree rela-
tives which allow for the extension of pedigrees, which was done by at least one generation
above the oldest known affected individual wherever possible. Subsequently CPR numbers
were linked to registry data from 1) the Danish Cancer registry (all cancer diagnoses from
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1943 to 2014), 2) the Danish Cause of Death Registry (deceased after 1970 and before 2014),
and 3) the Danish Pathology Registry (tissues described 1970 or later). Information on recep-
tor status in breast cancers was included when available. CPR provided death status for sub-
jects after 2014. Through church registries and censuses, two families not previously known to
be related (#5 and #13) were backtracked to a shared female relative born in 1907.

Starting in June 2012, a gene panel has been used in the oncological management of breast
cancer (BC) patients at one Danish hospital to screen women for mutations in genes associated
with increased risk of breast cancer, including BRCA1, BRCA2, CDHI, PTEN, RAD51Cand
TP53. The criteria for panel testing were <40 years at BC diagnosis, triple negative BC, bilat-
eral or multifocal BC, or BC and family history of breast/ovarian cancer. One individual (sub-
jectIL.2 in family #7) was 41 years at diagnosis and had no first- or second-degree family
members with cancer, however, more distant relatives had cases of middle-age breast cancer,
and it was decided to test the youngest individual in the family. LFS families identified through
BC panel testing were compared to families diagnosed through other investigations, to exam-
ine pheno- and genotype differences.

Putative dominant negativity was defined as a pathogenic missense mutation inside the
DNA-binding domain (DBD) of the TP53 gene, and cancer debut age in individuals carrying
TP53 missense mutations inside the DBD vs. individuals carrying TP53 mutations outside or
non-missense TP53 mutations inside the DBD, was tested (S1 Fig).

TP53 analysis was performed by Sanger sequencing until 2012 and from 2012 and onwards
by next-generation sequencing (NGS) analysis as recently described [15]. Briefly, the NGS
sequence capture library (Roche NimbleGen) was designed to capture all exons from the TP53
gene (NM_000546) as well as five other genes (BRCA1, BRCA2, CDH1, PTEN, RAD51C).
Sequencing was performed on a MiSeq (llumina) to an average coverage of at least 100x.
Sequencing data were analyzed using Sequence Pilot software (JSI medical systems). Variants
were called if the allele frequency was above 25%, except for formalin-fixed paraffin-embedded
(FFPE) tissue where specific mutations were examined in all sequence reads. Copy number
variations were detected by multiplex ligation-dependent probe amplification (MRC-Holland)
analysis or by analysis of NGS data. All nucleotide variants were verified by Sanger sequencing
on an ABI 3730 DNA Analyzer using DNA purified from a new blood sample.

Untested LES relatives were classified as either 1) obligate carriers or 2) probable carriers,
defined as untested relatives of a carrier with either pathogenomic cancers (e.g. ACC) or onset of
a cancer on the LFS spectrum before age 46 or multiple primaries consistent with LFS at any age.

The project is approved by the Danish Health Authority and the need for individual con-
sent was waived. Based on the waiver the ethical committees in Denmark determined that the
study was not subject to their approval (jr.n. 15012065).

Results

The clinical genetics departments provided a total of 15 LFS families harboring 14 different
mutations; five novel germline mutations not previously described in the IARC database, two
mutations seen in single families (one and two confirmed cases each), three mutations seen in
two families, and four frequently reported mutations (Fig 1 and Table 1) [16]. One of the novel
mutations (c.80delC) was identified in two independently diagnosed families (#5 and #13, see
Methods) that were subsequently shown to be distantly related. Time since genetic diagnosis
in the families ranged from 2002 to 2016, with all but four families being diagnosed during or
after 2012.

The 15 families contained 30 confirmed, six obligate, and 14 probable carriers, collectively
diagnosed with 50 malignant tumors (excluding four non-melanoma skin cancers). 33 (66%)
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Fig 1. (A) Pedigrees of three Danish families harboring germline TP53 mutations. (B) NM_000546 isoform of the
TP53 gene protein product showing the mutations found in this study (upper track) and all published mutations from
the IARC database (lower track). In the upper track, 5 novel germline mutations described in this study are expanded.
In the lower track, mutations from 9 loci in the IARC database are expanded, corresponding to the 9 non-novel
mutation sites described in this study. 14 IARC mutations were left out as they were either complex (13) or not
classified (1). Variant colors: blue, missense, orange, nonsense, purple, splice region, red, frameshift, green, silent, grey,
protein deletion.

https://doi.org/10.1371/journal.pone.0190050.9001

cancers were observed among 26 confirmed or obligate TP53 carriers and another 17 (34%)
observed in 14 probable carriers (Table 2 and S1 Table).

Age at diagnosis of first cancer among the 26 affected carriers, including obligate carriers,
was a mean of 29.1 years and median of 33.0 years, n = 26 (17F, 9M), [range 1-54 years] and
all fatalities occurred with cancer being the primary cause of death (average; 34.5 years [7-60],
n = 16). We found no age difference in cancer debut between carriers with and without
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Table 1. IARC database characteristics of germline TP53 mutations observed in both IARC and in this study (families with more than 10 confirmed carriers in the
IARC database are in bold).

Fam
#

2

10

11

14

15

Mutation

c.524G>A, p.(Argl75His),
exon 5, missense

€.993G>A, p.?, exon 9, splice
c.818G>A, p.(Arg273His),
exon 8, missense

¢.584T>C, p.(Ile195Thr), exon
6, missense

c.742C>T, p.(Arg248Trp),
exon 7, missense

c.799C>T, p.(Arg267Trp),
exon 8, missense

c.919+1G>A, p.?, intron 8,
splice *

c.451C>T, p.(Prol51Ser), exon
5, missense

c.845G>A, p.(Arg282Gln),
exon 8, missense

#of # of Perc. with Mean age at | Perc. with >1 Perc. with Perc. by cancer site: breast/
families | carriers cancer first cancer cancer cancer <18y brain/ST/bone/other

33 54 88.9% (48) 21.9y 38.9% (21) 29.6% (16) 28%/17%/16%/9%/29% (75)
1 2 100% (2) 21.5y 0.0% (0) 50.0% (1) 50%/0%/0%/0%/50% (2)
31 12 90.5% (38) 20.5y 40.5% (17) 35.7% (15) 22%/10%/24%/16%/29% (63)
2 2 100% (2) 22.5y 50% (1) 0.0% (0) 33%/33%/0%/0%/33% (3)
27 58 93.1% (54) 19.8y 39.7% (23) 39.7% (23) 28%/25%/7%/7%/33% (88)
2 2 50.0% (1) N/A 0.0% (0) 0.0% (0) 100%/0%/0%/0%/0% (1)
4 7 71.4% (5) 14.8y 28.6% (2) 28.6% (2) 28%/14%/28%/14%/14% (7)
2 2 100% (2) 12.5y 50% (1) 50% (1) 25%/0%/0%/0%/75% (4)
1 1 100% (1) ly 100% (1) 100% (1) 0%/0%/0%/0%/100% (2)

Table was constructed using data from The International Agency for Research on Cancer (IARC) TP53 mutation registry version R18, April 2016. Families #1, #3, #5,
#7, #12 and #13 are not listed as they carried germline TP53 mutations not described in the IARC database. Mutations are described according to NM_000546.5. N is

given in parenthesis for each percentage.

' This mutation includes data also presented in this study. Perc., percentage, #, number, <18y, under 18 years of age, ST, soft tissue.

https://doi.org/10.1371/journal.pone.0190050.t001

putative dominant-negative TP53 mutations (25.9 versus 28.7 years, p = 0.65) (S1 Fig). Antici-
pation in LFS families has been previously demonstrated, however, we were unable to show
any significant anticipation, likely due to the size of the cohort [17] (S2 Table).

A recent study established a link between development of choriocarcinoma in non-carrier
mothers pregnant with a TP53 mutation carrier fetus [13]. Among the TP53 mutation-negative
females in this study who 1) had a TP53 mutation-positive partner and 2) gave birth to off-
spring with either confirmed or unknown TP53 mutation status, no cases of choriocarcinoma
were found (N = 10).

Among gene panel screening of 982 female BC (breast cancer) patients [average age; 48.2
years], two were found to harbor a TP53 mutation, indicating a frequency of germline TP53
mutations in 0.2% of women with BC fulfilling the criteria for genetic screening. In total eight
families were identified solely due to their family BC history (families #4, #5, #6, #7, #8, #10,
#13, and #15). These families had a significantly older average age of first cancer when com-
pared to the seven LFS families identified through other means (35.8 vs. 21.7 years, p = 0.01).

Five novel germline TP53 pathogenic variants

Family #1 harbored a c.614A>G, p.(Tyr205Cys), missense mutation in exon 6. This locus is a
hotspot for somatic mutations in the TP53 gene with 86 reported somatic mutations, including
in five astrocytomas. Transcriptional assays of the somatic variant have classified it as non-
functional [18]. The germline variant was found in all three daughters of the mother (subject
I1.4). The mother developed invasive ductal carcinoma (IDC) of the breast at age 35. Two of
her daughters developed liposarcoma and astrocytoma at ages 7 and 18 years, respectively.
Family #3 harbored a germline splice donor site mutation. The ¢.672+2T>G, p.?, intron 6,
splice mutation was found in subject II1.5, who developed a leiomyosarcoma and pancreatic
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Table 2. Clinical and mutational data of families with 36 confirmed or obligate germline TP53 mutations carriers.

Fam | Pt# | Sex Tumor(s)* Age at 2md Ageat | Criteria Mutation Domain |IARC Fq Note
# Dx death i
1 II.2 | F | Anaplastic astrocytoma (H) 18 - - LES c.614A>G, p.(Tyr205Cys), DNA- novel
exon 6, missense binding
III.4 | F | Liposarcoma (H) 7 - -
114 F | IDC, ER+, HER- (H) 35 - 37
2 V.1 | M | Sarcoma of thorax (R) 8 - 9 LFS ¢.524G>A, p.(Argl75His), DNA- 54(33)
exon 5, missense binding
IV.1 | M | Adrenocortical carc. (H) 28 - 31
3 L5 | M | Leiomyosarcoma (H) Pancreatic 38 8 47 LFS €.672+2T>G, p.%, intron 6, - novel
(H) splice
IIL.1 F | IDC, ER-, HER+ (H) 21 - -
I1I.2 | M | Melanoma (H) 46 12 60
Leiomyosarcoma (H)
4 1.2 | F |IDC, ER+ (H) 35 6 43 Chompret | ¢.993G>A, p.2, exon 9, splice | Oligomeriz. 2(1)
CRC acendens (H)
5 IVv.2 | F | IDC, ER+, HER+ (H) 23 - - LFS c.80del, p.(Pro27Leufs*17), several novel
exon 4, frameshift
II1.2 | F | IDC, ER- (H) 35 16 54
Ovarian seropap. carc. (D)
I1.2 | M | Adenocarc. oesoph. (H) 54 - 54
6 III.2 | F |IDC, ER+, HER+ (H) 53 - - none c.818G>A, p.(Arg273His), DNA- 42(31) | (putativemosaic)
exon 8, missense binding
7 II.2 | F |IDC, ER+, HER+ (H) 41 - - none ¢.528C>A, p.(Cysl76%), several novel (de novo)
exon 5, nonsense
8 II1.2 | F | IDC, ER+ (H) 38 - 56 LFS ¢.584T>C, p.(Ile195Thr), DNA- 2(2)
exon 6, missense binding
9 IL.1 F | Choroid plexus carc. (H) 12 - - Chompret | ¢.742C>T, p.(Arg248Trp), DNA- 58(27) (de novo)
exon 7, missense binding
10 |III.10 | F | IDC. ER+, HER+ (H) 37 - 43 Chompret | ¢.799C>T, p.(Arg267Trp), DNA- 2(2)
exon 8, missense binding
Ill4 | F | Oligodendroglioma II (H) 31 - 36
11 L2 | M | Leydig cell tumor (H) 1 5 7 Chompret | c.919+1G>A, p.?, intron 8, - 7(4) [15]
PNET (H) splice
I1.2 | M | Leiomyosarcoma (R) 45 - -
12 1.2 | F | Anaplastic RMS (H) 2 11 - LFS €.994_1139del, p.(Ile332*), several novel
Glioblastoma (H) exon 9, nonsense
1.2 | F | Glioblastoma (H) 28 - 29
13 II1.4 | F |IDC, ER+ (R) 28 - 33 Eeles Shown to have the same mutation as Fam #5
I1.4 | M | Ductus choled. carc. (R) 44 - 44
14 II.2 | M | Fibrous histiocytoma (H) 3 2 17 None c.451C>T, p.(Prol51Ser), DNA- 2(2)
Dermafibrosarcoma (H) exon 5, missense binding
15 | II.3 | F | CRC, sigmoid (H) 45 - - Eeles ¢.845G>A, p.(Arg282Gln), DNA- 1(1)
exon 8, missense binding

Mutations are described according to NM_000546.5. Nine unaffected TP53 mutation carriers (one male) from 5 different families and one obligate carrier with
unknown cause of death and cancer status are not included in the table. The nine unaffected carriers had an average age at time of study of 41,6 years [range 17-81y].
* strongest evidence for disease given in parentheses with H, histology, R, registry, D, death certificate,

' Fq, frequency; number of times mutation is seen in IARC TP53-database with number of confirmed carriers (number of families in parentheses) novel indicates
novelty on a germline level. Cancer was the primary cause of all deaths. Italics indicate obligate carrier. 2"%, years until second primary cancer following cancer debut,
*, nonsense codon, del, deletion, PNET, primitive neuro-ectodermal tumor, CRC, colorectal cancer, RMS, rhabdomyosarcoma, IDC, invasive ductal carcinoma, ER,
estrogen receptor positive, HER, herceptin receptor positive, +/-, positive/negative (where receptor status is not given it is unknown), NOS, not otherwise specified,

carc., carcinoma, adenocarc., adenocarcinoma, oesoph., oesophageal, seropap., seropapillary, choled., choledochus.

https://doi.org/10.1371/journal.pone.0190050.t002
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cancer at age 38 and 46 years, respectively. His father developed both melanoma and leiomyo-
sarcoma at age 46 and 58 respectively, and his sister had a melanoma at age 46 (not included in
the Table 2 and S1 Table as she did not fulfill the criteria for being a probable carrier), and a
daughter with IDC at age 21.

Family #7 harbored a ¢.528C>A, p.(Cys176*), nonsense mutation in exon 5 leading to a
stop-gain at codon 176. The mutation was found in a woman (II.2) with ER- and HER-positive
IDC of the breast at age 41. Her parents (I.1 and 1.2) were both tested negative for the muta-
tion, suggesting a de novo mutation although germline mosaicism cannot be excluded.

Family #12 harbored a ¢.994_1139del, p.(Ile332*), nonsense mutation in exon 9, detected in
a girl (II1.2) who developed anaplastic rhabdomyosarcoma at age 2 and a second primary
(astrocytoma) at age 13. Her mother (I1.2) also carried the deletion and was diagnosed with
glioblastoma at age 28 years. The mutation was likely inherited from her mother (1.2), diag-
nosed with bilateral breast cancer at 23.

Family #5 and #13 both harbored a c.80del, p.(Pro27Leufs*17), frameshift mutation in exon
4 leading to a premature stop at codon 43. The mutation was first found in a woman (IV.2)
with ER- and HER-positive IDC of the breast at age 23, who had a brother (IV.5) diagnosed
with rhabdomyosarcoma at age one year. Their mother (III.2) had IDC of the breast and ovar-
ian papillary serous cystadenocarcinoma at age 35 and 51 respectively. Subject III.2 had a sister
(I11.3) who developed ovarian papillary serous cystadenocarcinoma, and her daughter (IV.2)
was diagnosed with IDC of the breast at age 22 years. The dual observation of this novel muta-
tion initiated the linkage of these families to a common female ancestor, established through
Danish church registries. She was born in 1907 and likely died sometime before 1970, meaning
she reached a maximum age of 63. Her cause of death and cancer status is unknown.

The five variants described above have, to our knowledge not been reported before at the
germline level, but four of them (c.614A>G, c.80delC, c.528C>A, ¢.672+2T>G) have been
identified as somatic mutations in various cancers.

Of the seven non-Danish Scandinavian mutations registered in the IARC LFS database
only the ¢.993G>A mutation, resulting in a silent p.Q331Q amino acid change, overlapped
with the mutations reported in this study. A previous report predicted this mutation to cause a
loss of the splice donor signal and likely skipping of exon 9. Expression arrays indicated that
the mutation results in an unstable mRNA transcript degraded by nonsense-mediated decay.
[19] The mutation’s pathogenicity is further evidenced by family #4 in this study, that fulfills
the Chompret criteria. No relationship between the families could be established.

By using registries to validate or discover cancers, 10 unreported tumors were discovered.
These included eight non-melanoma skin cancers/cervix dysplasia found among both TP53
mutation carriers and non-carriers, and excluded from our data due to their high rate of spo-
radic occurrence in the general population. The remaining two occurred in TP53 mutation
carriers and included a sarcoma of the thorax in an eight-year-old boy (V.1, family #2), and a
leiomyosarcoma in a 45-year-old male (IL.2, family #11).

Discussion

This study found 50 confirmed, obligate, or probable TP53 mutation carriers, yet the reported
TP53 mutation general population incidences of 1 in 5,000-20,000 should yield between 285
and 1,141 carriers in Denmark (population: 5,7 million). This could indicate that TP53 muta-
tions are underdiagnosed in Denmark, partly reflecting that TP53 mutations are frequently
found in cancer patients without significant family histories. If accurate this could be due to a
higher frequency of de novo mutations and mosaicism, a lower penetrance compared to previ-
ous reports or, as shown for BRCA mutation carriers in previous studies, limited family
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structure defined as fewer than 2 first- or second-degree relatives surviving beyond 45 years in
either lineage [5,20,21]. However, the relevance of the limited family structure differs for TP53
mutation carriers as compared to BRCA mutation carriers, because TP53 mutations have a
markedly higher penetrance in males and carriers have a markedly lower age at first cancer
diagnosis, typically debuting before 45 years of age. Furthermore, the testing of TP53 mutation
status has historically been limited in the clinically, even in cases where suspicion of LFS was
raised. Testing was deferred due to limited possibilities of surveillance, and at the time no evi-
dence of reduced mortality following genetic testing existed.

For TP53 mutation carriers, the question of tumor surveillance is highly relevant. Among
the 11 TP53 mutation carriers in this study who, at the time of genetic investigation, hadn’t
had cancer, two subsequently developed cancer, and could potentially have benefited from a
cancer surveillance program. Recent results from use of the extensive “Toronto protocol”,
which includes yearly whole-body and cerebral MRIs, indicated a survival benefit in TP53
mutation carriers with 5-year overall survival rates of 89% in the surveillance group versus
60% in the non-surveillance group. However, the study was non-randomized and the two
groups had remarkably and inexplicably different tumor incidences, (49% and 88% in surveil-
lance versus non-surveillance groups, respectively). This is counterintuitive as one would
expect similar or higher incidence in the surveillance group [11], however several of the lesions
identified in the surveillance group were in fact pre-cancerous or low-grade tumors, with early
detection leading to curative surgical treatment. Conclusively, the benefit of comprehensive
surveillance programs awaits further data. One study has shown that, a targeted surveillance
approach for ACC in TP53 mutation carriers before age 15, decreases at-diagnosis tumor size
with a trend towards lower stage and increased surgical cure in the surveillance group [22].
Numerous countries have adopted versions of comprehensive surveillance programs and the
American Association for Cancer Research has recently issued a recommendation for screen-
ing of individuals with LES [23]. Furthermore, it is widely believed that female TP53 mutation
carriers could benefit from breast cancer surveillance similarly to BRCA 1/2 mutation carriers,
yet using non-irradiating surveillance such as MRI and ultrasound [24]. Of the 10 female TP53
mutation carriers with breast cancer we have estrogen receptor (ER) and Herceptin receptor
(HER) status of 6 cancers. Four of six breast cancers were ER+ and HER+ whereas one was ER
+, HER-, and one was ER-, HER+. This underscores previous reports that receptor status in
early onset breast cancer should not necessarily dissuade panel testing [2,25].

Knowledge of TP53 mutation carrier status has other implications for health management.
As TP53 mutations causes DNA instability it has been theorized that germline mutations in
this gene increases risk of radiation-induced cancers. This theory is supported by observations
in a cohort study where secondary cancers were observed at or near the site of radiation [2].
Furthermore, reproduction possibilities with either preimplantation diagnostics or prenatal
diagnosis play an increasing role in fertile TP53 mutation carriers [26]. Interestingly, knowl-
edge of an underlying germline TP53 mutation may also help guide diagnosis, as demonstrated
in subject IL.1 in family #9, who was shown to have a de novo R248W missense mutation. The
child presented with a brain tumor of uncertain histological type and unknown origin, and the
identification of a germline TP53 mutation supported the diagnosis of a choroid plexus
carcinoma.

While this study highlights the severe phenotype of LFS, we also observed a male mutation
carrier (I1.4, family #10) who, at the time of this study, had reached 81 years of age without
developing cancer. Among his four daughters who have inherited the mutation, two developed
cancer at 31 and 37 respectively, while two are 51 and 56 and unaffected. Collectively the fam-
ily has 7 documented carriers, without a single occurrence of childhood cancer.
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Our study had several shortcomings, including an ascertainment bias due to the incorpo-
ration of the breast cancer gene panel screening in the clinical setting. Furthermore, a few his-
torical cases of LFS in Denmark may have been overlooked, however, these are likely to be
small and without recent instances of cancer.

In conclusion, this detailed nation-wide curation of known LFS families identified 5 novel
germline mutations, and emphasized the likelihood that such families are critically underdiag-
nosed. This report highlights the importance of raising awareness of LFS among health-care
professionals to ensure that patients and physicians can make informed decisions about treat-
ment, follow-up and reproduction. Following the recent advances in surveillance possibilities
of LFS patients, the use of only strict clinical criteria and lack of pre-symptomatic testing may
lead to the mismanagement of some individuals or families. Studies offering population-based
genetic screening to patients with tumors within the LES spectrum are needed, to further eluci-
date the prevalence and diagnostic yield as compared to the current approach based largely on
strict clinical criteria.

Supporting information

S1 Fig. Plot of cumulative cancer debut age (in years) distribution in carriers of TP53
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culated mean age. Each row is the mean age of first malignant tumor onset for generations as
given in the left column.

(DOCX)

Author Contributions

Conceptualization: Ulrik Stoltze, Anne-Bine Skytte, Henriette Roed, Henrik Hasle, Anne-
Marie Gerdes, Karin Wadt.

Data curation: Ulrik Stoltze, Anne-Bine Skytte, Henriette Roed, Henrik Hasle, Bent Ejlertsen,
Thomas van Overeem Hansen, Anne-Marie Gerdes, Karin Wadt.

PLOS ONE | https://doi.org/10.1371/journal.pone.0190050 January 11,2018 9/11


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0190050.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0190050.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0190050.s003
https://doi.org/10.1371/journal.pone.0190050

@° PLOS | ONE

A nationwide clinical characterization of germline TP53 mutations

Formal analysis: Ulrik Stoltze, Thomas van Overeem Hansen, Anne-Marie Gerdes, Karin
Wadt.

Funding acquisition: Ulrik Stoltze, Kjeld Schmiegelow, Anne-Marie Gerdes, Karin Wadkt.

Investigation: Ulrik Stoltze, Anne-Bine Skytte, Henriette Roed, Henrik Hasle, Bent Ejlertsen,
Thomas van Overeem Hansen, Kjeld Schmiegelow, Anne-Marie Gerdes, Karin Wadt.

Methodology: Ulrik Stoltze, Anne-Bine Skytte, Henriette Roed, Henrik Hasle, Bent Ejlertsen,
Thomas van Overeem Hansen, Kjeld Schmiegelow, Anne-Marie Gerdes, Karin Wadt.

Project administration: Ulrik Stoltze, Anne-Bine Skytte, Henriette Roed, Kjeld Schmiegelow,
Anne-Marie Gerdes, Karin Wadt.

Resources: Anne-Marie Gerdes, Karin Wadt.

Software: Thomas van Overeem Hansen, Anne-Marie Gerdes, Karin Wadt.

Supervision: Kjeld Schmiegelow, Anne-Marie Gerdes, Karin Wadt.

Validation: Thomas van Overeem Hansen.

Visualization: Ulrik Stoltze, Anne-Bine Skytte, Henriette Roed, Henrik Hasle, Karin Wadt.
Writing - original draft: Ulrik Stoltze, Henriette Roed, Kjeld Schmiegelow, Karin Wadt.

Writing - review & editing: Ulrik Stoltze, Anne-Bine Skytte, Henrik Hasle, Bent Ejlertsen,
Thomas van Overeem Hansen, Kjeld Schmiegelow, Anne-Marie Gerdes, Karin Wadt.

References

1. Malkin D. Li-Fraumeni Syndrome. Genes Cancer 2011; 2:475-84. https://doi.org/10.1177/
1947601911413466 PMID: 21779515

2. Bougeard G, Renaux-Petel M, Flaman JM, Charbonnier C, Fermey P, Belotti M, et al. Revisiting Li-
Fraumeni syndrome from TP53 mutation carriers. J Clin Oncol 2015; 33:2345-52. https://doi.org/10.
1200/JC0.2014.59.5728 PMID: 26014290

3. HettmerS, Archer NM, Somers GR, Novokmet A, Wagers AJ, Diller L, et al. Anaplastic rhabdomyosar-
coma in TP53 germline mutation carriers. Cancer 2014; 120:1068-75. https://doi.org/10.1002/cncr.
28507 PMID: 24382691

4. HolmfeldtL, Wei L, Diaz-Flores E, Walsh M, Zhang J, Ding L, et al. The genomic landscape of hypodip-
loid acute lymphoblastic leukemia. Nat Genet 2013; 45:242-52. https://doi.org/10.1038/ng.2532 PMID:
23334668

5. ZhangJ, Walsh MF, Wu G, Edmonson MN, Gruber TA, Easton J, et al. Germline mutations in predispo-
sition genes in pediatric cancer. N Engl J Med 2015; 373:2336—46. https://doi.org/10.1056/
NEJMoa1508054 PMID: 26580448

6. Gonzalez KD, Buzin CH, Noltner KA, Gu D, Li W, Malkin D, et al. High frequency of de novo mutations
in Li-Fraumeni syndrome. J Med Genet 2009; 46:689-93. https://doi.org/10.1136/jmg.2008.058958
PMID: 19556618

7. de Andrade M, Barnholtz JS, Amos ClI, Adatto P, Spencer C, Bondy ML. Segregation analysis of cancer
in families of glioma patients. Genet Epidemiol 2001; 20:258-70. https://doi.org/10.1002/1098-2272
(200102)20:2<258::AID-GEPI18>3.0.CO;2-N PMID: 11180451

8. Gonzalez KD, Noltner KA, Buzin CH, Gu D, Wen-Fong CY, Nguyen VQ, et al. Beyond li fraumeni syn-
drome: Clinical characteristics of families with p53 germline mutations. J Clin Oncol 2009; 27:1250-6.
https://doi.org/10.1200/JC0O.2008.16.6959 PMID: 19204208

9. LallooF, Varley J, Ellis D, Moran A, O’Dair L, Pharoah P, et al. Prediction of pathogenic mutations in
patients with early-onset breast cancer by family history. Lancet 2003; 361:1101-2. https://doi.org/10.
1016/S0140-6736(03)12856-5 PMID: 12672316

10. Villani A, Tabori U, Schiffman J, Shlien A, Beyene J, Druker H, et al. Biochemical and imaging surveil-
lance in germline TP53 mutation carriers with Li-Fraumeni syndrome: A prospective observational
study. Lancet Oncol 2011; 12:559-67. https://doi.org/10.1016/S1470-2045(11)70119-X PMID:
21601526

PLOS ONE | https://doi.org/10.1371/journal.pone.0190050 January 11,2018 10/11


https://doi.org/10.1177/1947601911413466
https://doi.org/10.1177/1947601911413466
http://www.ncbi.nlm.nih.gov/pubmed/21779515
https://doi.org/10.1200/JCO.2014.59.5728
https://doi.org/10.1200/JCO.2014.59.5728
http://www.ncbi.nlm.nih.gov/pubmed/26014290
https://doi.org/10.1002/cncr.28507
https://doi.org/10.1002/cncr.28507
http://www.ncbi.nlm.nih.gov/pubmed/24382691
https://doi.org/10.1038/ng.2532
http://www.ncbi.nlm.nih.gov/pubmed/23334668
https://doi.org/10.1056/NEJMoa1508054
https://doi.org/10.1056/NEJMoa1508054
http://www.ncbi.nlm.nih.gov/pubmed/26580448
https://doi.org/10.1136/jmg.2008.058958
http://www.ncbi.nlm.nih.gov/pubmed/19556618
https://doi.org/10.1002/1098-2272(200102)20:2<258::AID-GEPI8>3.0.CO;2-N
https://doi.org/10.1002/1098-2272(200102)20:2<258::AID-GEPI8>3.0.CO;2-N
http://www.ncbi.nlm.nih.gov/pubmed/11180451
https://doi.org/10.1200/JCO.2008.16.6959
http://www.ncbi.nlm.nih.gov/pubmed/19204208
https://doi.org/10.1016/S0140-6736(03)12856-5
https://doi.org/10.1016/S0140-6736(03)12856-5
http://www.ncbi.nlm.nih.gov/pubmed/12672316
https://doi.org/10.1016/S1470-2045(11)70119-X
http://www.ncbi.nlm.nih.gov/pubmed/21601526
https://doi.org/10.1371/journal.pone.0190050

@° PLOS | ONE

A nationwide clinical characterization of germline TP53 mutations

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

Villani A, Shore A, Wasserman JD, Stephens D, Kim RH, Druker H, et al. Biochemical and imaging sur-
veillance in germline TP53 mutation carriers with Li-Fraumeni syndrome: 11 year follow-up of a pro-
spective observational study. Lancet Oncol 2016; 12:559—-67. https://doi.org/10.1016/S1470-2045(16)
30249-2

Simpson JL. Preimplantation Genetic Diagnosis (PGD) for Heritable Neoplasia. J Natl Cancer Inst
Monogr 2005; 2005:87-90. https://doi.org/10.1093/jncimonographs/Igi027 PMID: 15784832

Patrier-Sallebert S, Bougeard G, Baert-Desurmont S, Lamy A, Flaman J-M, Mansuy L, et al. Transmis-
sion of germline TP53 mutations from male carriers to female partners. J Med Genet 2015; 52:145-6.
https://doi.org/10.1136/jmedgenet-2014-102853 PMID: 25612911

Stecher CW, Granbaek K, Hasle H. A novel splice mutation in the TP53 gene associated with Leydig
cell tumor and primitive neuroectodermal tumor. Pediatr Blood Cancer 2008; 50:701-3. https://doi.org/
10.1002/pbc.21074 PMID: 17066464

Jonson L, Ahlborn LB, Steffensen AY, Djursby M, Ejlertsen B, Timshel S, et al. Identification of six path-
ogenic RAD51C mutations via mutational screening of 1228 Danish individuals with increased risk of
hereditary breast and/or ovarian cancer. Breast Cancer Res Treat 2016; 155:215-22. hitps://doi.org/
10.1007/s10549-015-3674-y PMID: 26740214

Zhou X, Edmonson MN, Wilkinson MR, Patel A, Wu G, Liu Y, et al. Exploring genomic alteration in pedi-
atric cancer using ProteinPaint. Nat Genet 2015; 48:4—6. https://doi.org/10.1038/ng.3466 PMID:
26711108

Ariffin H, Hainaut P, Puzio-Kuter A, Choong SS, Chan ASL, Tolkunov D, et al. Whole-genome sequenc-
ing analysis of phenotypic heterogeneity and anticipation in Li-Fraumeni cancer predisposition syn-
drome. Proc Natl Acad Sci U S A 2014; 111:15497-501. https://doi.org/10.1073/pnas.1417322111
PMID: 25313051

Kato S, Han S, Liu W, Otsuka K, Shibata H, Kanamaru R, et al. Understanding the function-structure
and function-mutation relationships of p53 tumor suppressor protein by high-resolution missense muta-
tion analysis. Proc Natl Acad Sci U S A 2003; 100:8424—9. https://doi.org/10.1073/pnas.1431692100
PMID: 12826609

Magnusson S, Gisselsson D, Wiebe T. Prevalence of Germline TP53 Mutations and History of Li-Frau-
meni Syndrome in Families With Childhood Adrenocortical Tumors, Choroid Plexus Tumors, and Rhab-
domyosarcoma: A Population-Based Survey. Pediatr Blood Cancer 2012:846-53.

Lalloo F, Varley J, Moran A, Ellis D, O'dair L, Pharoah P, et al. BRCA1, BRCA2 and TP53 mutations in
very early-onset breast cancer with associated risks to relatives. Eur J Cancer 2006; 42:1143-50.
https://doi.org/10.1016/j.ejca.2005.11.032 PMID: 16644204

Weitzel JN, Lagos VI, Cullinane CA, Gambol PJ, Culver JO, Blazer KR, et al. Limited family structure
and BRCA gene mutation status in single cases of breast cancer. Jama 2007; 297:2587-95. https://doi.
org/10.1001/jama.297.23.2587 PMID: 17579227

Custodio G, Parise GA, Kiesel Filho N, Komechen H, Sabbaga CC, Rosati R, et al. Impact of neonatal
screening and surveillance for the TP53 R337H mutation on early detection of childhood adrenocortical
tumors. J Clin Oncol 2013; 31:2619-26. https://doi.org/10.1200/JC0O.2012.46.3711 PMID: 23733769

Kratz CP, Achatz M, Brugiéres L, Frebourg T, Garber JE, Greer MC, et al. Cancer Screening Recom-
mendations for Individuals with Li-Fraumeni Syndrome. Clin Cancer Res 2017; 23:e38—45. https://doi.
org/10.1158/1078-0432.CCR-17-0408 PMID: 28572266

Warner E, Hill K, Causer P, Plewes D, Jong R, Yaffe M, et al. Prospective study of breast cancer inci-
dence in women with a BRCA1 or BRCA2 mutation under surveillance with and without magnetic reso-
nance imaging. J Clin Oncol 2011; 29:1664-9. https://doi.org/10.1200/JC0.2009.27.0835 PMID:
21444874

Melhem-Bertrandt A, Bojadzieva J, Ready KJ, Obeid E, Liu DD, Gutierrez-Barrera AM, et al. Early
onset HER2-positive breast cancer is associated with germline TP53 mutations. Cancer 2012;
118:908—13. https://doi.org/10.1002/cncr.26377 PMID: 21761402

Lammens C, Bleiker E, Aaronson N, Vriends A, Ausems M, Jansweijer M, et al. Attitude towards pre-
implantation genetic diagnosis for hereditary cancer. Fam Cancer 2009; 8:457—64. https://doi.org/10.
1007/s10689-009-9265-5 PMID: 19642022

PLOS ONE | https://doi.org/10.1371/journal.pone.0190050 January 11,2018 11/11


https://doi.org/10.1016/S1470-2045(16)30249-2
https://doi.org/10.1016/S1470-2045(16)30249-2
https://doi.org/10.1093/jncimonographs/lgi027
http://www.ncbi.nlm.nih.gov/pubmed/15784832
https://doi.org/10.1136/jmedgenet-2014-102853
http://www.ncbi.nlm.nih.gov/pubmed/25612911
https://doi.org/10.1002/pbc.21074
https://doi.org/10.1002/pbc.21074
http://www.ncbi.nlm.nih.gov/pubmed/17066464
https://doi.org/10.1007/s10549-015-3674-y
https://doi.org/10.1007/s10549-015-3674-y
http://www.ncbi.nlm.nih.gov/pubmed/26740214
https://doi.org/10.1038/ng.3466
http://www.ncbi.nlm.nih.gov/pubmed/26711108
https://doi.org/10.1073/pnas.1417322111
http://www.ncbi.nlm.nih.gov/pubmed/25313051
https://doi.org/10.1073/pnas.1431692100
http://www.ncbi.nlm.nih.gov/pubmed/12826609
https://doi.org/10.1016/j.ejca.2005.11.032
http://www.ncbi.nlm.nih.gov/pubmed/16644204
https://doi.org/10.1001/jama.297.23.2587
https://doi.org/10.1001/jama.297.23.2587
http://www.ncbi.nlm.nih.gov/pubmed/17579227
https://doi.org/10.1200/JCO.2012.46.3711
http://www.ncbi.nlm.nih.gov/pubmed/23733769
https://doi.org/10.1158/1078-0432.CCR-17-0408
https://doi.org/10.1158/1078-0432.CCR-17-0408
http://www.ncbi.nlm.nih.gov/pubmed/28572266
https://doi.org/10.1200/JCO.2009.27.0835
http://www.ncbi.nlm.nih.gov/pubmed/21444874
https://doi.org/10.1002/cncr.26377
http://www.ncbi.nlm.nih.gov/pubmed/21761402
https://doi.org/10.1007/s10689-009-9265-5
https://doi.org/10.1007/s10689-009-9265-5
http://www.ncbi.nlm.nih.gov/pubmed/19642022
https://doi.org/10.1371/journal.pone.0190050

