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A B S T R A C T

Purpose
Adrenocortical carcinoma (ACC) is a rare pediatric malignancy. It occurs in excess among individuals with
the Li-Fraumeni syndrome, which results primarily from germline mutations in the TP53 gene. Prior series
exploring frequencies of germline TP53 mutation among children with ACC have been small, geographically
limited, or subject to referral bias. The functional consequence of mutations has not been related to
phenotype. We provide a genotype-phenotype analysis of TP53 mutations in pediatric ACC and propose a
model for tissue-specific effects based on adrenocortical ontogeny.

Patients and Methods
Eighty-eight consecutive, unrelated children with ACC, unselected for family history, underwent
germline TP53 sequencing. Rate and distribution of mutations were identified. Functional analysis
was performed for novel TP53 variants. Correlation with the International Agency for Research on
Cancer p53 database further delineated mutational distribution, association with family history,
and risk for multiple primary malignancies (MPMs).

Results
Germline mutations were present in 50% of children. These mutations did not correspond to the
conventional hotspot mutations. There was a wide range of mutant protein function. Patients
bearing alleles encoding protein with higher functionality were less likely to have a strong family
cancer history, whereas those with greater loss of function had MPMs and/or positive family
history. In patients with MPMs, ACC was the most frequent initial malignancy. Finally, we
demonstrated age-dependent rates of TP53 mutation positivity.

Conclusion
TP53 mutations are prevalent in children with ACC but decline with age. Mutations result in a
broad spectrum of functional loss. Effect of individual mutations may predict carrier and familial
disease penetrance with potentially broad implications for clinical surveillance and counseling.

J Clin Oncol 33:602-609. © 2015 by American Society of Clinical Oncology

INTRODUCTION

Adrenocortical carcinoma (ACC) is diagnosed at a
rate of 0.3 to 0.4 per million children annually.1,2

Advancing age, large tumors, and metastatic disease
predict poorer prognosis. For patients with meta-
static disease, survival rates are extremely poor (5-
year overall survival of approximately 20%),2 and
treatments have significant toxicities. Although
treatment guidelines are largely based on knowledge
of disease and trials in adults, a recent Children’s
Oncology Group trial assessed the outcome of com-
bination chemotherapy and retroperitoneal lymph
node dissection. In addition, this study documented
the rate of TP53 germline alterations among North
American and Brazilian children.

Given the rarity of this diagnosis, reports de-
scribing demographics, morphology, and outcomes
of children with ACC had been primarily reflective
of small case series. A registry comprising 254 chil-
dren with adrenocortical tumors (International Pe-
diatric Adrenocortical Tumor Registry) contributed
substantially to understanding the landscape of this
disease.2 Even this series, however, was limited by
geographic bias, because 79.5% of the patients came
from a region in southern Brazil. It is now recog-
nized that these patients carry a common genetic
aberration, the R337H allele of the TP53 tumor-
suppressor gene.3 This allele exhibits unique bio-
chemical properties, including pH-dependent loss
of function and apparent wild-type activity in vitro,4

in contrast to the loss of function observed with
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other common alleles.3,5 Thus, it is possible that data derived from this
population may not be truly reflective of the natural history of pediat-
ric ACC, despite no apparent differences in clinical presentation be-
tween patients in this cohort and patients in a subsequent study.6

A fundamental role for TP53 in ACC was first recognized when
ACC was identified as a component tumor of the Li-Fraumeni syn-
drome (LFS).7 LFS results, in most cases, from germline TP53 muta-
tions.8 Among all families with germline TP53 mutations, the six most
common alleles (R175H, G245S, R248Q, R248W, R273H, and
R282W) occur in 20% of pedigrees and are collectively referred to as
hotspot mutations. Germline TP53 testing is advocated for anyone
diagnosed with ACC, regardless of age or family cancer history, in
recognition of an excess of ACC among families with LFS and a high
rate of TP53 mutations among individuals with ACC.9

Small series have reported that 50% to 80% of children with ACC
carry germline TP53 mutations. Wagner et al10 demonstrated that
three of six children with ACC carried mutations. Subsequently, Var-
ley et al11 identified mutations in 10 of 12 children with ACC. This
series was enriched for two alleles, P152L (n � 5) and R158H (n � 3),
a finding that is not replicated when examining the overall distribution
of TP53 alleles in patients with ACC.12 Both series reported small
numbers of children from geographically limited catchments. A more
recent study found that 12 (80%) of 15 children with a diagnosis of
ACC carried germline mutations.13 However, patients in this study
were identified on the basis of referral to a TP53 reference laboratory;
thus, enrichment for patients with a positive family history may have
skewed these findings.

Striking among TP53 mutation carriers who are relatives of chil-
dren with ACC has been the existence of apparent low-penetrance
alleles. Several reports have identified unaffected carriers of TP53
mutations, including P152L,11 R175L,14 and R337H,3,4 where pen-
etrance may be as low as 2.4%.15 Although these cancer rates are high
for the general population, among carriers of TP53 mutations, for
whom lifetime risk of cancer is between 70% and 100%,16,17 the cancer
penetrance is relatively low. These findings suggest that affected indi-
viduals may have additional genetic or environmental exposures that
promote tumorigenesis. Because TP53 mutation carriers have a high
lifetime risk of developing multiple primary malignancies (MPMs),18

lifelong surveillance for subsequent malignancies decreases morbidity
and improves short-term survival.19

Previous studies have suggested tissue specificity of mutations in
certain TP53 domains.20,21 Olivier et al22 demonstrated that ACCs
were preferentially associated with mutations located in loops oppos-
ing protein-DNA contact. Other series, including those describing the
Brazilian R337H cohort and the Manchester pediatric cohort,11 have
shown a paucity of nonadrenal tumors among pedigrees with certain
TP53 alleles.3,11 Given the unique biochemical properties of the
R337H mutation, a mechanism for tissue specificity based on perina-
tal remodeling within the adrenal cortex was proposed.4,20

We sought to characterize the TP53 mutations associated with
childhood ACC and to determine whether, in a large cohort, the
conventional hotspot alleles were represented or whether adrenal-
specific hotspots existed. We undertook functional characterization of
novel alleles and integrated these findings with characteristics of dis-
ease presentation, family history, and tissue specificity of ACC alleles
into a framework for adrenocortical tumorigenesis based on a fetal-
origin hypothesis.

PATIENTS AND METHODS

Patients

The Children’s Oncology Group study ARAR0332 investigated inci-
dence and functional characteristics of germline TP53 mutations in children
with ACC. Fifty-five patients were eligible for analysis in this study. In addition,
patients � 20 years old referred to The Hospital for Sick Children with a
histologically confirmed diagnosis of ACC were invited to submit blood sam-
ples for testing (n � 34) as per current recommendations.9 Four patients have
been previously described.10,23

Samples were analyzed regardless of family history of cancers or identi-
fiable genetic syndromes. This study was approved by the institutional re-
search ethics board. All participants provided informed consent.

Sequencing of exons 2 to 11 and multiplex ligation-dependent probe
amplification analysis for gene dosage were performed as described in the
Appendix (online only). Plasmids expressing TP53 variants were generated
using site-directed mutagenesis (Appendix and Appendix Table A1, online
only), and functional analysis was performed as described in the Appendix.

Database Query

The International Agency for Research on Cancer (IARC) p53 database
(http://p53.iarc.fr)12,24 is a relational database based on all published reports
and personal communications regarding individuals with germline and so-
matic TP53 mutations. This study was based on Revision 15 of the database.

Table 1. Descriptive Analysis of Patients Included in the Current Study

Characteristic

No. of Patients

Wild Type
(n � 34)

R337H
(n � 20)

Variant
(n � 34)

Total
(N � 88)

Sex
Male 10 6 12 28
Female 24 14 22 60

Stage
I 8 9 10 27
II 3 3 7 13
III 5 7 7 19
IV 9 1 4 14
Not specified 9 0 6 15

Age at diagnosis, years
� 1 4 1 3 8
1-1.99 8 7 7 22
2-3.99 6 8 9 23
4-11.99 4 3 11 18
12-20 12 1 4 17

Family history
Chompret 13 9 22
Eeles 0 8 8
Birch 0 1 1
Classic 0 1 1

NOTE. All 20 patients with the R337H mutation were from southeastern
Brazil. Overall distribution of patients was comparable to that described in the
International Pediatric Adrenocortical Tumor Registry (IPACTR). The one
exception to this in the current series is a significantly higher proportion of
patients with stage III or IV disease in this cohort versus IPACTR (47% v 24%,
respectively; �2 � 10.93, P � .0015). We attribute this to recruitment from an
active clinical trial, which could bias toward enrollment of patients with more
advanced disease. Indeed, the patients in this cohort derived from the
Children’s Oncology Group trial were far more likely to have presented with
stage III or IV disease than those referred based solely on a diagnosis of
adrenocortical carcinoma or in the IPACTR registry (�2 � 21.83, P � .001),
whereas there was no difference between these groups with respect to age,
sex, or TP53 mutation status.
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RESULTS

We identified 88 children with ACC derived from a broad geographic
catchment, unselected for family history. Demographics (Table 1)
overlap closely with those described previously.2,6

After excluding carriers of the TP53R337H allele (see Appen-
dix), 34 (50%) of 68 children carried TP53 mutations. The distri-
bution of mutation type is similar to that found among all patients
with ACC, as well as that found among all individuals with germ-
line TP53-associated tumors (Fig 1). It is distinct from distribu-
tions among other tumor-suppressor genes such as Rb, APC, and
PRKAR1a, which are more commonly subject to frameshift and
nonsense substitutions.25,26

Only two of 34 variants in our cohort corresponded to a TP53
hotspot mutation, versus 20% among LFS patients overall (�2 �
4.008, P � .045). There was no clustering of mutations in this series.
Three mutations were present in more than one unrelated individual
(c.375G�A, n � 327-29; C229R, n � 3; and a deletion of exons 10 to 11,
n � 2). This stands in contrast to a previous report wherein two alleles
predominated.11 Although the prior study, in isolation, suggests a
mutational selectivity for ACC (an adrenal hotspot), based on our
current findings, it more likely represents geographic clustering of the
mutation and may suggest a common ancestor of the patients, despite
none having been identified by the authors.

The scarcity of conventional hotspot mutations in families
with ACC was recapitulated when reviewing the IARC p53 data-
base,12 wherein only 12 (16%) of 75 families affected by ACC
carried a hotspot allele. This rate is substantially lower than among
families with other LFS-component tumors, including brain tu-
mors (15 [26%] of 57 families) and bone cancers (11 [35%] of 31
families), suggesting that ACC may result from a distinct spectrum
of TP53 mutations. Indeed, tumor-specific TP53 mutation spectra
have previously been described.21,22

There was no significant difference between groups with germ-
line TP53 wild-type and TP53 variant alleles with respect to sex or
tumor stage (Table 1), whereas diagnosis before age 12 years was more

likely associated with germline TP53 mutation than diagnosis in ado-
lescence (Fisher’s exact test, P � .043).

Several polymorphisms have been associated with altering the
TP53 phenotype. We found no association between polymorphisms
in codon 72 (PEX4), intron 3 (PIN3), or MDM2SNP309 and age or stage
at presentation30,31 (Appendix Table A2, online only).

ACC-Associated TP53 Alleles Demonstrate a

Spectrum of Functional Activity

Although hotspot mutations result in near-complete loss of TP53
activity,12 many of the variants identified in this study lacked prior
functional characterization in mammalian cells. To determine
whether the paucity of hotspot mutations had biologic significance,
functional analysis was performed.

TP53-variant proteins were expressed in TP53 functionally null
cells to determine protein function based on transactivation of a
TP53-dependent luciferase reporter. By virtue of their identification
among children with an LFS-component tumor, we anticipated that
these variants would result in significant diminution of TP53 function.
Remarkably, several variants retained significant levels of wild-type
function in three independent cell lines, H1299, SaOS-2, and
HAC1532 (Fig 2 and Data Supplement). In addition, several mutants
demonstrated dominant-negative activity (Data Supplement).

As a subsequent assay of TP53 function, variants were introduced
into TP53-null cells in vitro, and their ability to interfere with colony
formation was determined (Figs 3A to 3C). As with luciferase assays, a
spectrum of functionality was observed (Fig 3D).

Residual TP53 Activity May Underlie

Low-Penetrance Alleles

Loss of TP53 activity is associated with a family history of multi-
ple malignancies. We were struck by the paucity of pedigrees with a
strong history of cancer in this cohort, despite recognized associations
of ACC with LFS. A family pedigree of three or more generations was
available for 32 children. No patients with ACC harboring wild-type
TP53 had a significant family history of cancer. Of 19 patients with
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germline TP53 mutations, 11 (58%) met classic, Birch, or Eeles defi-
nitions of LFS or Li-Fraumeni–like syndrome (LFLS; summarized by
Gonzalez et al13). Of the remaining eight children with TP53 variants
and no family cancer history, four patients had de novo mutations
(Y163C, H193P, C275X, and E285V), two patients had a mutation
carrier parent unaffected by cancer at age 42 years (G334R) and 51
years (F134Y), and parental DNA was unavailable for two patients
(C229R and N235D), although extended four-generation family his-
tories for these two patients failed to reveal early or multiple malignan-
cies.

We compared TP53 function among those alleles with and with-
out criteria for LFS/LFLS. For this analysis, we derived activity from
extant data based on transactivation of TP53 target genes in Saccharo-
myces cerevisiae.33 Median TP53 function across eight different TP53
target genes was determined and classified according to presence of
familial cancer (Table 2). Patients meeting LFS/LFLS criteria or with
de novo mutations had lower activity alleles than those without a
significant cancer history. In this analysis, the R337H allele, with
previously estimated adrenocortical tumor penetrance of 2.6% to
9.9%,15,34 demonstrates a predicted activity of 69% of wild type. Thus,
penetrance of cancer seems to be linked, at least partially, to the

magnitude of residual TP53 function. ACC may present despite near-
normal TP53 function, whereas other LFS-related cancers are uncom-
mon in such circumstances.

ACC Is the Most Common Initial Tumor in Multiply

Affected Individuals and Families

Harboring a germline TP53 mutation places individuals at high
lifetime risk for MPMs. The cumulative probability of a second cancer
at 30 years is estimated at 57%.18 Thus, we asked whether ACC was
commonly an early or a late tumor among individuals with MPMs.

Given our small sample size (six patients with MPMs), we re-
viewed all instances of individuals with TP53 mutations and MPMs
(including ACC as one of the malignancies) in both the IARC database
and in our own series (Appendix Table A3, online only). Of 33 indi-
viduals, 26 (79%) presented with ACC as their first cancer, either
singly or synchronously with other tumors.

Among all families that include a member with ACC, ACC again
seems to be the earliest presenting tumor. Chompret et al35 identified
13 families with TP53 mutation, and ACC was present in at least one
family member in four families. In all four families, the individual with
ACC was the youngest to present with malignancy.35 In the IARC p53
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database, 69 families contain at least one member with an ACC (ex-
cluding R337H families). Of these, the first cancer diagnosis within the
family was an ACC in 53 (77%) of 69 families.

DISCUSSION

Li et al7,36 identified ACC as one of several rare tumors arising among
families with autosomal dominant cancer predisposition resulting
from germline TP53 mutations.8 The relevance of TP53 dysfunction
to ACC pathogenesis was thus established.

Recent estimates have reported up to 80% prevalence of TP53
mutations among children with ACC.13,37 This has been extrapolated
to suggest that ACC rarely occurs in the absence of a germline TP53
mutation.38 Our data suggest this to be an overestimate, with the true
prevalence of TP53 mutation to be 50%. The difference may be ex-
plained by an inherent methodologic distinction with the former
study, which was based on referrals to a central reference laboratory
and thus likely enriched for pedigrees with a history of cancers. Al-
though the current study was designed to overcome these biases, we
cannot rule out a negative referral bias to tertiary care wherein TP53
testing was not offered to patients with benign (or indeterminate)
histology and/or milder disease course.

The high rate of germline TP53 mutation seems almost exclu-
sively limited to individuals diagnosed with ACC in childhood. In-
deed, in the current series, the rate of germline positivity decreased
from 58% in those diagnosed before age 12 years to 25% in those
diagnosed between 12 and 20 years old (Table 1, Fig 4). This is consis-
tent with our prior finding that only 11% of patients with TP53-

associated ACC were older than age 12 years and only 3% were older
than age 30.39 In two recent series, mutation rates among adults were
3.8% (four of 103 patients)40 and 5.8% (three of 52 patients).41 Figure
4 illustrates aggregate data from our series, as well as those of Herr-
mann et al40 and Raymond et al.41

Half of patients with TP53 variants lacked a family history of early
or atypical cancers. This underscores the merit of the recommenda-
tion that all individuals with ACC be offered testing for TP539, regard-
less of family history, because a significant proportion of mutation
carriers would otherwise have gone undetected. Nevertheless, we can-
not anticipate the lifetime risk of developing cancer in those unaffected
carriers of apparently milder mutations. Moreover, Figure 4 suggests
that TP53 testing in patients with ACC older than age 40 years is of low
yield and unlikely to have clinical ramifications, absent other primary
malignancies or significant family history.

A particularly intriguing finding is the unanticipated wide spectrum
of functional activity of TP53. We hypothesized that near-total loss of
tumor-suppressor activity would be necessary for tumorigenesis. Instead,
several alleles show retention of substantial function. We propose that the
degree to which a TP53 mutation alters function impacts risk for MPMs
and disease penetrance and may play a role in selective transformation of
tissues based on their underlying biology. Alternatively, it is possible that
total loss of one or more of the myriad functions of TP53 underlies these
effects among those apparently milder alleles.

This wide variation in activity and the absence of observed family
history or MPMs among those carrying milder mutants expand the
concept of the gradient effect of TP5342, in which phenotype was
argued to reflect TP53 activity. It would not be unexpected if tumors
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arising from individuals with milder mutations showed less genetic
instability than those arising from patients with stronger loss-of-
function alleles. A recent high-resolution genomic analysis of pediatric
adrenocortical tumors identified fewer genomic alterations in tumors
with TP53 wild type versus those with mutations.43 Analysis of germ-
line DNA from six of these children revealed the absence of genomic

aberrations, suggesting an early role for TP53 in genomic destabiliza-
tion during tumorigenesis.

Carriers of TP53 mutations are at increased risk for MPMs.
Mutation carriage necessitates lifelong surveillance, and screening of
relatives is recommended. These data suggest that patients with milder
TP53 alleles might be at decreased risk for MPMs. Also notable is the
apparent association between milder alleles and a lower penetrance of
cancer within families. Given the variable penetrance and tissue dis-
tribution of disease among individual TP53 alleles, we speculate that,
ultimately, cancer surveillance for mutation carriers may be individu-
alized based on specific alleles and/or modifier genetic or epigenetic
variants. This will also have broad implications for genetic counseling
and risk assessment in carrier relatives, although much work remains
before this is realized.

We note distinct limitations to this analysis. An adequate family
history was available for a minority of the individuals; thus, broad
conclusions regarding penetrance cannot be drawn until more data
are obtained. Moreover, the majority of patients were diagnosed
within the past 10 years; therefore, conclusions regarding survival,
recurrence, MPMs, and malignancies in mutation-positive siblings
await longer follow-up, particularly in the context of a recent observa-
tion that carriers of TP53 mutations with partial transactivation de-
velop cancer at a later age.12 Finally, we cannot refute the possibility
that these alleles are not the dominant drivers in tumorigenesis, but
may in fact be passengers or backseat drivers, modifying disease en-
gendered by other driver mutations.

We and others have observed that ACC presents in a bimodal age
distribution, with peaks in the first and fifth to sixth decade of life.39,44

Given the marked divergence in TP53 mutation prevalence in these
two peaks, we propose that they evolve as a consequence of distinct
molecular mechanisms. This is supported by differing genotype and
expression profiles among pediatric and adult tumors.45,46 Whereas
tumors arising in adults may result from gradual accumulation of
genetic hits, we speculate that tumorigenesis in children reflects adre-
nal ontogeny and consequent susceptibility to perturbations in the
physiologic transition from fetus to newborn.

The high proportion of children diagnosed with ACC within the
first 2 years of life is consistent with an origin of disease in the fetal or
neonatal period. The adrenal gland undergoes extensive postnatal
remodeling as the fetal cortex undergoes a robust wave of apoptosis,
decreasing from 70% to 3% of total adrenal volume.47-49 Within this
context, even mild perturbations in proapoptotic signaling (via com-
promised TP53) could impair this remodeling. The apparent adrenal
specificity of milder TP53 alleles would thus be conferred by the high
apoptotic index, absent in other tissues. This massive apoptotic wave
renders the gland vulnerable to mild perturbations in apoptotic sig-
naling wherein failure of apoptosis in a single fetal cell may result in
progression to the transformed state. Consequently tumorigenesis
associated with seemingly mild TP53 mutations can be explained by a
failure of physiologic apoptosis in fetal zone cells.

A fetal origin of disease is further supported by gene expression
studies that demonstrate marked similarities between expression pro-
files of fetal adrenal cortex and ACCs, which are distinct from those of
the definitive postnatal gland.45,50-52

We have demonstrated that half of children with ACC carry
germline TP53 mutations and that the likelihood of mutation is
highest in the first years of life, diminishing with age. The mutation
carried in the germline (and its effects on protein function) is

Table 2. Mutational Activity Among Individuals With and Without a Family
History Consistent With Li-Fraumeni Syndrome/Li-Fraumeni–Like Syndrome

Pedigree No. Allele Inheritance

Median
Activity

(according
to Kato

et al33; %)

Family cancer
history
present

1 P152L Maternal 16.1
21 R158H Maternal 16.05
2 P219S Maternal 9.15
41 S241Y Paternal 0
45 R273S Maternal 10.3
6 T125T (c.375G�A) Maternal 0 (predicted)
14 T125T (c.375G�A) Unknown� 0 (predicted)
8 del exon 10-11 Maternal 0 (predicted)
42 del exon 10-11 Maternal 0 (predicted)
87 N311fs (c.911insA) Maternal NA

Family cancer
history
absent

7 F134Y Paternal 61.5
3† Y163C De novo 5.5
5† H193P De novo 11.8
44 C229R Unknown� 30
23 N235D Unknown� 37.6
4† C275X De novo 0 (predicted)
58† E285V De novo 8.9
12 G334R Maternal 86.6
47 R267Q Maternal 21.5

Abbreviation: NA, not applicable.
�Unknown denotes that parental DNA was unavailable and pedigree analysis

could not establish an obligate carrier.
†Patients with de novo germline mutations.
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Fig 4. Prevalence of germline TP53 mutations based on age at diagnosis.
Aggregate data from this study, as well as those of Herrmann et al40 and
Raymond et al41 are included in this representation. Percentage of individuals
with TP53 germline mutations is indicated.
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germane and likely influences the site of tumor formation, likeli-
hood of subsequent malignancy, and disease penetrance among
carriers. These data expand our understanding of the mutational
spectrum underlying ACC tumorigenesis and suggest novel mech-
anisms whereby physiologic remodeling confers temporal and tis-
sue selectivity to a tumorigenic process.
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Appendix

METHODS

Patient Accrual

A total of 78 patients were enrolled onto Children’s Oncology Group ARAR0332 (ClinicalTrials.gov identifier: NCT00304070).
Consent for genetic testing was provided by 69 patients, and sufficient DNA was available for 56 patients. Two patients were common to
both the Children’s Oncology Group and the Toronto cohorts, and each patient is reported here only once.

TP53 Gene Sequencing and Dosage Analysis

Genomic DNA was extracted from peripheral-blood lymphocytes using the Gentra Puregene Blood Kit (Qiagen, Hilden, Germany)
per the manufacturer’s directions. TP53 mutations were detected by BigDye direct Sanger sequencing of exons 2 to 11 and intron-exon
boundaries of polymerase chain reaction products using an ABI automated sequencer (Applied Biosystems, Foster City, CA), as
previously described (Tabori U, et al: Cancer Res 67:1415-1418, 2007). Limiting amounts of DNA were available for 10 of 21 patients from
southeastern Brazil. For these patients, only exon 10 (containing codon 337) was sequenced. All carried the TP53R337H allele. Although we
cannot rule out germline compound heterozygosity in these 10 patients (ie, a second TP53 variant outside of exon 10), it is exceedingly
rare, with only case reports identified in the literature (Quesnel S, et al: Oncogene 18:3970-3978, 1999). Gene dosage was assessed using
multiplex ligation-dependent probe amplification (MLPA) using the MRC-Holland SALSA MLPA PO56 TP53 probe set (MRC-Holland,
Amsterdam, the Netherlands) according to the manufacturer’s directions.

Among 88 unrelated probands, we identified 54 carriers of germline variants in the TP53 gene. Participants were recruited from sites
in Canada and the United States (n � 67) and southern Brazil (n � 21). Of the 21 children from southern Brazil, all but one carried the
R337H variant (the latter had no detectable TP53 variant). No carriers of this mutation were identified from centers outside of Brazil. This
variant was demonstrated to arise from a founder mutation (Garritano S, et al: Hum Mutat 31:143-150, 2010; Pinto EM, et al: Arq Bras
Endocrinol Metabol 48:647-650, 2004),43 and thus we do not consider these six samples as necessarily independent events. In addition,
systematic screening for this variant in southern Brazil has led to increased mutation detection among this select population (Palmero EI,
et al: Cancer Lett 261:21-25, 2008; Gomes MC, et al: Hered Cancer Clin Pract 10:3, 2012). Given the potential biases introduced, for the
purposes of the prevalence estimates, we have excluded carriers of the R337H from our analyses. As such, we estimate the total prevalence
of TP53 germline mutation in children with ACC to be 50% (34 of 68 patients).

The P47S variant of TP53 is generally thought to be a polymorphism without substantial effect on protein function (Sabra MM, et al:
Thyroid 22:877-883, 2012). We validated its wild-type function in this study (Figs 2 and 3) and for the purposes of descriptive analyses
have classified a patient with this allele as wild type. A silent germline mutation, c.375G�A (also referred to as T125T), has previously been
shown to impair TP53 gene expression and segregate with cancer in families; thus, we consider it as a mutant TP53 for the purposes of
descriptive analyses.27-29

Cell Culture

The human lung adenocarcinoma cell line, H1299, and osteosarcoma cell line, SaOS-2, were obtained from the American Type
Culture Collection. Both H1299 (Lin DL, Chang C: J Biol Chem 271:14649-14652, 1996) and SaOS-2 (Chandar N, et al: Br J Cancer
65:208-214, 1992) are reported to be TP53-null cell lines. To confirm these reports, genomic DNA was extracted from confluent tissue
culture by sodium dodecyl sulfate–proteinase K phenol-chloroform extraction. Genotype was confirmed by direct sequencing of the TP53
gene and by MLPA, as described earlier. H1299 and SaOS-2 were found to harbor deletions of exons 2 to 9 and 2 to 11, respectively. The
genomic deletion in SaOS-2 cells extended telomeric to the TP53 gene on chromosome 17p and included deletion of the SHBG and
ATP1B2 loci, whereas gene dosage of the more distal MPDU1 was normal. Cells were maintained as a monolayer in a humidified 5%
carbon dioxide atmosphere at 37°C in Dulbeccos MEM (Wisent, Saint-Bruno, Quebec, Canada) with 10% Heat Inactivated Fetal Bovine
Serum (Life Technologies, Carlsbad, CA) and penicillin-streptomycin (Wisent).

HAC15 cells, derived from the human adult adrenocortical carcinoma (ACC) H295R cell line, were the generous gift of Dr W. Rainey
(Parmar J, et al: J Clin Endocrinol Metab 93:4542-4546, 2008). MLPA analysis, as described earlier, revealed normal gene dosage of exons
1 to 4, duplication of exons 5 to 7, heterozygous deletion of exon 8, homozygous deletion of exon 9, and a duplication of exons 10 to 11.
Western blot analysis identified a single approximately 35-kDa immunoreactive protein, whereas functional analysis using TP53-
responsive luciferase reporter (see later discussion in this Appendix and Data Supplement) showed no detectable TP53 activity (Data
Supplement). HAC15 cells were propagated as described (Parmar J, et al: J Clin Endocrinol Metab 93:4542-4546, 2008).
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HT1080 is a human fibrosarcoma cell line obtained from ATCC (Manassas, VA). Sanger sequencing of the entire TP53 coding region
and MLPA analysis demonstrated wild-type sequence and gene dosage, respectively. Western blotting revealed an immunoreactive
protein at approximately 53 kDa, and introduction of a TP53 response element–driven luciferase reporter demonstrated presence of
endogenous TP53 function (Data Supplement). On the basis of these data, we consider HT1080 cells to express wild-type TP53. All cell
lines were Mycoplasma negative.

Plasmid Construction

p53 was expressed in vitro using the pCDNA3.1-HA-wtp53 plasmid (generous gift of M. Irwin). Generation of single-nucleotide
variants (SNVs), based on sequences identified among patients with ACC, was performed using polymerase chain reaction–based
site-directed mutagenesis (QuikChange II or QuikChange Lightning; Stratagene, Santa Clara, CA) according to the manufacturer’s
directions. Mutagenic primer sequences are included in Appendix Table A1. The entire coding sequence of each plasmid was confirmed
by direct sequencing of the entire insert.

C-terminal GFP fusion proteins were generated by site-directed mutagenesis of the GFP-p53 plasmid (Boyd SD, et al: Nat Cell Biol
2:563-568, 2000) (Addgene Plasmid No. 12091; Addgene, Cambridge, MA) using QuikChange Lightning, as described earlier, or by
subcloning fragments from pCDNA-derived constructs. For generation of pGFP-p53-Ins933a (N311fs), a BamH1 restriction site was
introduced, in-frame, immediately upstream of the predicted stop codon resulting from this frameshift mutation. Subsequent digestion
with BamH1 to excise the nontranslated 3= end of the cDNA and recircularization of the plasmid resulted in a C-terminal GFP fusion.

SNVs were selected for further functional analysis based on the following criteria: SNV was identified in the germline of an index
patient with ACC; SNV was located within a coding exon of TP53 or at a splicing boundary; and function of the SNV had been
characterized in � one other publication (not including the comprehensive mutational analysis performed by Kato et al33 in Saccharo-
myces cerevisiae).

Cellular Transfection

Transfection was performed using Lipofectamine 2000 (Invitrogen, Carlsbad, CA) according to the manufacturer’s instructions. For
Western blotting, colony reduction, and immunofluorescence, 2 � 105 cells were seeded on 10-cm2 plates 14 hours before transfection.
For each plate, 2 �L of Lipofectamine diluted in serum-free medium (OptiMem; Life Technologies) were mixed with 1 �g of plasmid
DNA in a total volume of 300 �L and incubated at room temperature for 20 minutes. The mixture was added to cells, and incubation was
continued for 6 hours, followed by replacement with serum-containing DMEM and overnight incubation. For luciferase assays, 7 � 104

cells were seeded in 24-well plates and transfected as described earlier using 0.4 �L of Lipofectamine and 200 ng of plasmid DNA (178 ng
of luciferase gene reporter plasmid [PG13 or MG15],32 2 ng of Renilla plasmid pR, and 20 ng of pDNA3.1, pCDNA3.1-HA-wtp53, or
TP53 mutant constructs) diluted in 60 �L of OptiMem. PG13 is a luciferase gene reporter plasmid driven by a promoter containing 13
copies of the RGC TP53-responsive element. MG15 is a luciferase gene plasmid driven by 15 copies of a subtly mutated TP53 binding site
and was used as a negative control to confirm the specificity of TP53-mediated transcription. Constitutive Renilla expression was used to
normalize for transfection efficiency. TP53 activity was determined as luciferase activity normalized to Renilla activity, and data are
expressed as activity relative to that of wild-type TP53.

Luciferase TP53 Transcriptional Activation Assay

Luciferase assays were performed using a dual-luciferase kit (Promega, Madison, WI) as per the manufacturer’s directions. Briefly,
70,000 cells were transfected with a mixture of 178 ng of TP53 reporter (PG13 or MG1532), 2 ng of Renilla, and 20 ng of pCDNA-p53–
derived plasmid. PG13 (wild-type binding site) carries 13 tandem repeats of a TP53-response element upstream of a luciferase transcript,
whereas MG15 (mutated binding site) carries 15 repeats of the same response element with point mutations that abolish TP53 binding.
Lysates were obtained 30 hours after transfection and were analyzed on a Berthold Lumat LB 9507 luminometer (Berthold Technologies,
Oak Ridge, TN). All transfections were performed in triplicate. Results are typical of � two independent replicates.

Dominant Negative Activity of TP53 Variants

The luciferase transcriptional activation assay was also used to ascertain dominant negative activity of TP53 variants using two
different assays. First, wild-type and variant TP53 constructs were cotransfected into TP53-null H1299 cells with fixed amount of
wild-type and increasing TP53 variant construct totaling 20 ng of total DNA. Ability of the variant to interfere with wild-type TP53 activity
was subsequently assayed, as described earlier.

In a parallel approach, constructs carrying TP53 variants were transfected into HT1080 fibrosarcoma cells (TP53 wild type), and
ability to interfere with endogenous TP53 transactivation of the PG13 reporter was determined by luciferase assay. Semiquantitative
analysis of TP53 expression using Western blot of cell lysates demonstrated that transfection of 2 ng of TP53 plasmid resulted in transgene
expression levels equivalent to endogenous TP53 (data not shown).

Intracellular pH Measurement

Cells maintained at 2% or 5% carbon dioxide atmosphere were treated with 10 �mol/L of SNARF-1-AM (Molecular Probes; Life
Technologies) for 1 hour at 37°C. Intracellular pH (pHi) values were obtained by determining the ratio of the fluorescence emissions of
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the SNARF-1-AM compound at 575 nm and 635 nm. To calibrate the fluorescence values according to the pHi, control samples were
incubated in high-[K�] buffers (20 mmol/L HEPES, 130 mmol/L KCl, 20 mmol/L NaCl, 5 mmol/L glucose, 1 mmol/L CaCl2, 1 mmol/L
KH2PO4, and 0.5 mmol/L MgSO4) of different but known ionic strength (ranging from pH 6.5 to 8.5) containing 10 �mol/L of nigericin,
a proton ionophore that promotes the equilibration between extracellular pH and pHi. In parallel, cells transiently transfected with the
p53-R337H mutant maintained either at 5% or 2% carbon dioxide atmosphere were subjected to gene reporter assays to analyze for
changes in p53 transcriptional activity under different pHis.

Western Blotting

Cell lysates were prepared as previously described (Durbin AD, et al: J Clin Invest 119:1558-1570, 2009) and electrophoresed on a
12% acrylamide gel, electroblotted onto polyvinylidene difluoride membrane, and blocked overnight in Odyssey blocking buffer
(LI-COR, Lincoln, NE). The membrane was incubated for 1 hour at room temperature with mouse anti-p53 DO-1 (1:2,000; Calbiochem,
San Diego, CA) and mouse anti-Vinculin (1:5,000; Millipore, Billerica, MA). Secondary antibodies included IR800 goat antimouse and
IR680 goat anti-rabbit (1:5,000; LI-COR). Membranes were imaged using a LI-COR Odyssey infrared scanner.

Colony Reduction Assay

Transfections were performed as described earlier. All transfections were performed in triplicate. Six hours after transfection, cells
were dissociated and plated at a density of 5 � 103 cells per 35-mm dish. Twenty-four hours after transfection, selective antibiotic G418
(Geneticin; Life Technologies) was added to transfectants at a concentration of 750 �g/mL. Cells were incubated for 14 days at 37°C, 5%
carbon dioxide, with one change of media. Cells were then fixed in 80% methanol and 3.7% formaldehyde and stained with 0.25% crystal
violet before visualization. Colonies were counted manually. Data were reported as percent reduction relative to vector-transfected
controls. Percent reduction was calculated as follows: (colony count in experimental plate – mean colony count of vector-transfected
plate) � mean colony count of vector-transfected plate.

Meta-Analysis of Allelic Function in Different Tumor Types

A search of the International Agency for Research on Cancer (IARC) database (revision 15) by tumor morphology identified all TP53
germline missense mutations associated with the development of ACC, rhabdomyosarcoma, osteosarcoma, and choroid plexus carci-
noma. Transactivation activity of each allele was determined as the median activity as measured across eight different TP53 regulated
genes, based on data generated by Kato et al,33 as described, and available at http://p53.iarc.fr. Data were then plotted according to Tukey’s
method with GraphPad Prism version 5.03 for Windows (GraphPad Software, La Jolla, CA). Boxes represent the 25th and 75th
percentiles, with the median reflected as a horizontal line within the box (medians for rhabdomyosarcoma and osteosarcoma are 0.00 and
0.04, respectively, and thus overlap the x-axis). Whisker length represents 1.5� the interquartile distance.

Chronologic Ranking of Tumor Sequence

The IARC p53 database (revision 15) was interrogated for all instances of ACC in TP53 mutation carriers. Individuals meeting these
criteria with additional malignancies were identified and characterized. In addition, for each individual, other mutation-carrying
members of the family were identified, and the ages of diagnosis with tumors were collated and analyzed as described in the text. Tumors
were regarded as synchronous if they were diagnosed within 6 months of each other.

RESULTS

TP53 Pathway Polymorphisms

Polymorphisms in the TP53 gene and its target, the ubiquitin ligase, MDM2, have been implicated in altering age of presentation and
disease severity for multiple tumor types. Genotypes of TP53 for a common polymorphism in exon 4 (P72R, rs1042522) (Bonafe M, et al:
Clin Cancer Res 9:4860-4864, 2003; Dumont P, et al: Nat Genet 33:357-365, 2003; Salvioli S, et al: Cell Cycle 4:1264-1271, 2005;
Ignaszak-Szczepaniak M, et al: Oncol Rep 16:65-71, 2006), a 16-bp duplication in intron 3 (Gemignani F, et al: Oncogene 23:1954-1956,
2004; Marcel V, et al: J Med Genet 46:766-772, 2009),31 and a polymorphism in the MDM2 promoter SNP309 (rs2279744) (Marcel V, et
al: J Med Genet 46:766-772, 2009; Bond GL, et al: Cell 119:591-602, 2004; Ruijs MW, et al: Eur J Hum Genet 15:110-114, 2007)30 are
described in Appendix Table A2. We did not identify a strong effect of any of these polymorphisms in this analysis.

Subcellular Localization Is Unaffected by Most Alleles

Mutations that alter subcellular localization (ie, by interfering with nuclear accumulation) may affect the ability of TP53 variants to
direct transcription of target genes. When overexpressed in vitro, all but two variants appropriately localized to the nucleus, suggesting that
loss of function resulted primarily from effects on protein function, rather than altered localization (Data Supplement).

pH-Dependent Loss of Function of TP53R337H

The TP53R337H allele has previously been reported to exert pH-dependent loss of function.4 We confirmed this in vitro, altering pHi
by manipulating ambient carbon dioxide tension (Data Supplement).
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Distribution of Alleles Associated With Other Li-Fraumeni Syndrome Tumors Distinguishes ACC and Choroid

Plexus Carcinoma From Other Tumors

To determine whether this representation of variants bearing substantial residual activity was reflective of the larger population of
children with ACC, we again referred to the published literature. By cross-referencing the genotype of all reported children with
TP53-associated ACC from the IARC database12 with a comprehensive, yeast-based, functional analysis of all possible TP53 mutations,33

we derived the distribution of predicted activity for TP53 alleles associated with several Li-Fraumeni syndrome–component tumors. The
distribution of TP53 activity of alleles associated with different tumor types is shown in the Data Supplement. ACC-associated variants
included a greater proportion of alleles with retained activity than variants associated with other Li-Fraumeni syndrome–component
tumors including rhabdomyosarcoma and osteosarcoma. Individuals diagnosed with choroid plexus carcinoma were also associated with
greater retention of TP53 activity, an observation that may reflect common clinical behavior between the two tumors and/or shared
embryonic lineage.

Table A1. Primer Pairs Used for Site-Directed Mutagenesis in Generation of Adrenocortical Carcinoma–Associated TP53 Mutations

Variant Codon Forward Primer Reverse Primer

P72R 72 ggctgctccccgcgtggcccctg caggggccacgcggggagcagcc
F134Y 134 gccctcaacaagatgtattgccaactggccaag cttggccagttggcaatacatcttgttgagggc
R158L 158 cacccgcgtcctcgccatggcca tggccatggcgaggacgcgggtg
R158H 158 cacccgcgtccacgccatggcca tggccatggcgtggacgcgggtg
Y163C 163 cgccatggccatctgcaagcagtcacagc gctgtgactgcttgcagatggccatggcg
R175L 175 gaggttgtgaggcactgcccccaccat atggtgggggcagtgcctcacaacctc
R175H 175 gaggttgtgaggcactgcccccaccat atggtgggggcagtgcctcacaacctc
H193P 193 ggcccctcctcagcctcttatccgagtgg ccactcggataagaggctgaggaggggcc
F212I 212 ttggatgacagaaacactattcgacatagtgtggtgg ccaccacactatgtcgaatagtgtttctgtcatccaa
P219S 219 catagtgtggtggtgtcctatgagccgcctg caggcggctcataggacaccaccacactatg
C229R 229 gaggttggctctgaccgtaccaccatccact agtggatggtggtacggtcagagccaacctc
S241Y 241 tacaactacatgtgtaacagttactgcatgggcgg ccgcccatgcagtaactgttacacatgtagttgta
R248W 248 gggcggcatgaactggaggcccatcc ggatgggcctccagttcatgccgccc
R248L 248 ggcggcatgaacctgaggcccatcctc gaggatgggcctcaggttcatgccgcc
I254T 254 ggcccatcctcaccaccatcacactggaaga tcttccagtgtgatggtggtgaggatgggcc
R267Q 267 tggtaatctactgggacagaacagctttgaggtgc gcacctcaaagctgttctgtcccagtagattacca
R273H 273 gaacagctttgaggtgcatgtttgtgcctgtcctg caggacaggcacaaacatgcacctcaaagctgttc
C275X 275 ctttgaggtgcgtgtttgaggtgctgggagagaccggc gccggtctctcccagcacctcaaacacgcacctcaaag
E285V 285 gaccggcgcacagtggaagagaatctcc ggagattctcttccactgtgcgccggtc
Ins933 311 gcgagcactgcccaacaaacaccagctcc ggagctggtgtttgttgggcagtgctcgc
R337H 337 cgtgggcgtgagcacttcgagatgttccgag ctcggaacatctcgaagtgctcacgcccacg
R337H 337 ccgtgggcgtgagcacttcgagatgttcc ggaacatctcgaagtgctcacgcccacgg
C275X-GFP G275 gctttgaggtgcgtgttcgggatccaccg cggtggatcccgaacacgcacctcaaagc
Ins933a G311 gatccgtgggcgcgggatccaccg cggtggatcccgcgcccacggatc
Ins933a-GFP G-933-b gatccgtgggcgtgggatccagcgcttcgagatg catctcgaagcgctggatcccacgcccacggatc
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Table A2. TP53 and MDM2 SNP Genotypes

Patient No. Age (years) Sex p53 Genotype PEX4 PIN3 MDM2SNP309

1 2.4 M P152L R/R A1/A1 G/G
2 5 F P219S R/R A1/A1 T/T
3 2.7 F Y163C P/R A1/A1 G/T
4 3.7 M C275ter R/R A1/A1 T/T
5 1.1 F H193P P/R A1/A1 G/T
6 3 M T125T c375G�A (r.spl) R/R A1/A1 T/T
7 14.3 F F134Y P/P A2/A2 G/T
8 17.8 F del exon 10-11 R/R A1/A1 T/T
9 5 F R158L R/R A1/A1 G/T

10 14 M WT R/R A1/A1 T/T
11 0.5 F C229R R/R A1/A1 T/T
12 1.8 F G334R R/R A1/A1 G/T
13 2 M E180K R/R A1/A1 G/T
14 0.5 F T125T c375G�A (r.spl) P/R A1/A1 G/T
15 11 M G245C R/R A1/A1 T/T
16 3 F G245S P/R A1/A1 T/T
17 1 F R337H R/R A1/A1 G/T
18 1 F T125T c375G�A (r.spl) P/R A1/A2 G/G
19 15 F Q52fs P/R A1/A1 G/G
20 1.4 F WT R/R A1/A1 G/T
21 2.3 F R158H P/R A1/A2 G/T
26 2.2 F WT R/R A1/A2 T/T
27 17 F WT P/R A1/A1 G/T
28 13 F WT R/R A1/A1 T/T
29 F WT R/R A1/A1 G/T
30 5 M WT R/R A1/A1 G/T
31 0.5 F WT P/P A1/A2 G/T
32 3 M WT R/R A1/A1 T/T
33 0.5 F WT R/R A1/A2 T/T
34 15 F WT R/R A1/A1 G/T
35 12 M WT P/R A1/A2 T/T
37 0.6 F WT P/R A1/A1 G/T
38 2 F I254T P/R A1/A2 T/T
40 3.6 F WT R/R A1/A1 G/T
41 7.9 F S241Y P/R A1/A1 G/T
42 1.4 F del exon 10-11 R/R A1/A1 G/T
43 M WT R/R A1/A1 G/T
44 F C229R R/R A1/A1 T/T
45 6.2 M R273S P/R A1/A2 G/T
46 1.6 F WT R/R A1/A1 G/T
47 4 F R267Q P/R A1/A1 G/G
48 3 M WT P/P A1/A2 G/T
49 0.5 M R248L P/R A1/A1 G/T
50 15 M P47S P/P A1/A1 T/T
51 17 M WT R/R A1/A1 G/T
52 8 F WT P/R A1/A1 G/T
53 1 F R213P P/R A1/A2 T/T
54 1 F WT R/R A1/A1 T/T
55 13 F WT P/R A1/A1 G/T
56 20 F WT R/R A1/A1 T/T
57 1 F WT R/R A1/A1 G/G
58 0.5 M E285V R/R A1/A1 G/T
59 7.4 F R273H P/R A1/A2 G/T
61 14 F WT P/R A1/A1 G/T
62 1 F R337H P/R A1/A1 T/T
64 3 F del exon 2-10 P/P A1/A1 G/T
65 1 F R337H P/R A1/A1 G/T
66 3 F R337H R/R A1/A1 G/G
67 3 F R337H R/R A1/A1 G/T
68 4 F R337H R/R A1/A1 G/G

(continued on following page)
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Table A2. TP53 and MDM2 SNP Genotypes (continued)

Patient No. Age (years) Sex p53 Genotype PEX4 PIN3 MDM2SNP309

70 12 F WT P/P A1/A2 G/T
71 13 F C229R R/R A1/A1 G/T
72 F WT P/R A1/A2 G/T
73 1.3 F WT R/R A1/A1 T/T

NOTE. See text for details.
Abbreviations: F, female; M, male; SNP, single-nucleotide polymorphism; WT, wild type.

Table A3. Individuals Identified in the Current Study and IARC Database With More Than One Primary Malignancy

Mutation Sex

First Tumor Second Tumor Third Tumor Activity
(according

to Kato
et al33; %)

IARC
ReferenceType

Age
(years) Type

Age
(years) Type

Age
(years)

G108_L111delinsIQ M ACC 1 Rhabdomyosarcoma 15 NA 2
T125T F ACC NR Cancer NOS 35 0 41
T125T� F ACC 35 Breast cancer 35 0 221
K132Q F ACC 1 Osteosarcoma 11 7.1 191
A138P F ACC 2 Rhabdomyosarcoma 3 8.1 56
Q144L F ACC 1 Osteosarcoma 26 Bowen’s disease

(SCC)
31 54.6 105

P151S F ACC 1 Fibrosarcoma 4 Rhabdomyosarcoma 5 5.2 13
P152L F ACC 2 Chondrosarcoma 11 Osteosarcoma 12 16.1 68
P152L F ACC 1 Osteochondroma 13 Leiomyosarcoma 26 16.1 68
R158H F ACC 1 Spindle cell sarcoma

(breast)
14 19.4 68

Y163C F ACC 2 Astrocytoma anaplastic 13 5.6 NA
H179Y F Fibrosarcoma 2 ACC 6 Osteosarcoma 14 22 170
H193P� F ACC 1 CPC 1 11.8 177
H214R F Breast cancer 35 Brain cancer 40 ACC 41 8.3 223
Y236del F Anaplastic astrocytoma 22 ACC 27 0 (predicted) 21
S241Y F CPC 4 ACC 7 0 NA
R248W F ACC 1 Cancer NOS 29 0 2
R248Q F ACC 2 PNET (brain) 5 0 42
R248W� F ACC 1 Ganglioneuroblastoma 1 0 69
R248W M ACC 4 CPP 6 0 73
R248W� F ACC 1 Neuroblastoma 1 0 172
V272M F Cervical cancer 29 ACC 69 17.2 NA
R273L� F ACC 1 Rhabdomyosarcoma 1 0 62
R273H� M ACC 1 Rhabdomyosarcoma 1 0 146
R273S M ACC 6 PNET (brain) 11 10.3 177
R273H F Rhabdomyosarcoma 1 ACC 7 Osteosarcoma 7 0 128
R282W F ACC 2 Osteosarcoma 5 0 178
E285Q F ACC 1 Osteosarcoma (periosteal) 11 118.6 93
E285V� M ACC 1 CPC 1 8.9 181
R337H F ACC 7 Renal carcinoma 8 69 138
R337P� M ACC 5 ALL 5 8.1 219
R337H F Leukemia 7 ACC 10 Sarcoma NOS 10 69 196
R342X M ACC 2 Medulloblastoma 5 NA 178

NOTE. References for individual mutations are indexed on the IARC database, and the IARC citation is provided in the far right column.
Abbreviations: ACC, adrenocortical carcinoma; ALL, acute lymphoblastic leukemia; CPC, choroid plexus carcinoma; CPP, choroid plexus papilloma; F, female; IARC,

International Agency for Research on Cancer; M, male; NA, not applicable; NOS, not otherwise specified; NR, not reported; PNET, primitive neuroectodermal tumor;
SCC, squamous cell carcinoma.

�Patients with synchronous tumors.
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