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Although childhood adrenocortical carcinomas {c-ACCs) with a TP53 mutation are known to produce
androgens, detailed steroidogenic characters have not been clarified. Here, we examined steroid
metabolite profiles and expression patterns of steroidogenic genes in a c-ACC removed from the left
adrenal position of a 2-year-old Brazilian boy with precocious puberty, using an atrophic left adrenal
gland removed at the time of tumorectomy as a control. The c-ACC produced not only abundant
dehydroepiandrosterone-sulfate but also a large amount of testosterone via the A5 pathway with A5-
androstenediol rather than A4-androstenedione as the primary intermediate metabolite. Furthermore,
the c-ACC was associated with elevated expressions of CYP11A1, CYP17A1, POR, HSD17B3, and SULT2AL, a
low but similar expression of CYB54, and reduced expressions of AKR1C3 (HSD17B5) and HSD3B2. Notably,
a Leydig cell marker INSL3 was expressed at a low but detectable level in the ¢-ACC. Furthermore,
molecular studies revealed a maternally inherited heterozygous germline TP53 mutation, and several
post-zygotic genetic aberrations in the ¢-ACC including loss of paternally derived chromosome 17 with a
wildtype TP53 and loss of maternally inherited chromosome 11 and resultant marked hyperexpression of
paternally expressed growth promoting gene IGF2 and drastic hypoexpression of maternally expressed
growth suppressing gene CDKNIC. These results imply the presence of combined steroidogenic
properties of fetal adrenal and Leydig cells in this patient's ¢-ACC with a germline TP53 mutation and
several postzygotic carcinogenic events,
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© 2016 Elsevier Ltd. All rights reserved.

1. Introduction performed for the c-ACCs with the heterozygous germline TP53

founder mutation, revealing multiple underlying carcinogenic

Childhood adrenocortical carcinoma (c-ACC) is highly prevalent
in the south Brazilian area including the Parand state, with an
estimated prevalence being 10-15 times higher than that in the
rest of the world (3.4-4.2 vs. 0.3 per million children under 15 years
of age)[1,2]. The high prevalence is primarily due to the presence of
a founder p.R337H mutation at exon 10 of TP53 encoding tumor
protein p53 in this area [2-5]. To date, extensive studies have been

Abbreviations: aCGH, array comparative genomic hybridization; CA, control
adrenal; ¢-ACC, childhood adrenocortical carcinoma; A5A-diol, androstenediol;
AdA-dione, androstenedione; DHEA, dehydroepiandrosterone; DHEA-S, DHEA-
sulfate; DHT, dihydrotestosterone: DMR, differentially methylated region: NR,
normal range; P4, progesterone; P5, pregnenolone; 17-OHP4, 17-OH progesterone;
17-OHPS5, 17-OH pregnenolone; qPCR, quantitative PCR; T, testosterone; TART,
testicular adrenal rest tumor.

* Corresponding author
E-mail address: tomogata@hama-med.acjp (T. Ogata).
! These authors contributed equally to this work.

http:f/dx.doiorg/10.1016/i,isbmb,2016.02.031
0960-0760/@ 2016 Elsevier Ltd. All rights reserved.

factors such as post-zygotic loss of chromosome 17 with the
wildtype TP53 allele in virtually all ¢-ACCs [2,5.6], loss of the
maternally inherited chromosome 11p15 and resultant hyper-
expression of paternally expressed growth-promoting gene IGF2
and hypoexpression of maternally expressed growth-suppressing
gene CDKNIC in most ¢-ACCs [5,7], and other genetic aberrations
including loss of chromosome 434 and gains of chromosome
9g33-g34 and chromosome 19p13-g13 in a substantial fraction of
¢-ACCs [6]. By contrast, other genetic aberrations that have
frequently been found in ACCs, such as somatic gain-of-function
mutations of CTNNB encoding [(-catenin, potentially disease-
causing mutations in GNAS, NF2, and RB1, and copy number
alterations of TERT, ZNRF3, and KREMEN], are rarely identified in
TP53 mutation positive c-ACCs [5~8]. Furthermore, the early onset
of manifestations, the histological features, and the gene expres-
sion profiles including the weak HSD3B2 expression consistently
imply that the TP53 mutation positive ACCs are of fetal adrenal
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origin {7,9,10}. In agreement with this, serum dehydroepiandros-
terone (DHEA)-sulfate (DHEA-S) are markedly elevated in affected
patients, and this would explain at least in part why such ¢-ACCs

~are primarily identified in boys with precocious puberty or in girls
with virilization [11}.

To our knowledge, however, detailed profiles of intratumoral
and blood steroid metabolites and expression patterns of
steroidogenic genes have not been examined. Thus, while elevated
serum testosterone (T) has also been reported in several patients
with ¢-ACCs {11], it remains unknown whether T is actually
produced in c-ACCs or converted from DHEA in extratumoral tissue
(s). Here, we report combined stercidogenic characters of fetal
adrenal and Leydig cells in a TP53 germline mutation positive ¢-
ACC, as well as detailed post-zygotic carcinogenic factors.

2. Experimental procedures
2.1, Clinical history

A Brazilian boy was born in Japan fe non-consanguineous
parents at 38 weeks of gestation, with a birth weight of 2.75kg
{~0.6 SD for japanese). The parents were of the Parana state origin
and, while the parents and the two siblings were clinically normal,
three maternal relatives were allegedly afflicted with cancers
(Fig. 1A).

At 2 7/12 year of age, he was referred to us because of secondary
sexual development and accelerated growth that were noticed
from ~2 years old. His height was 96.2 cm (+2.0 $D), and his weight
19.2kg (+4.9 SD). Physical examination revealed several pubic
hairs, large penis {~6cm), and intrascrotal testes of prepubertal
size (2 mL). There were nio obvious Cushing-like features. Standard
radioimmunoassay showed increased serum DHEA-S (870 ug/
dL=23.7 pmol/L) (normal range [NR], <40ug/dL), T (4.3 ng/
mL=15 nmolfl) (NR, <0.05ng/mlL), and dihydrotestosterone
(DHT) (0.5 ng/mL = 1.7 nmol/L} {(NR, «0.01 ng/mL), and suppressed
serum luteinizing hormone (<0.21U/L) and follicle-stimulating
hormone («<0.2U[L). Serum cortisol at 8:00 am was 10.8 pg/dL
(=298 nmol/L) (NR, 3-21 pg/dL), and was mildly suppressed to

6.2 ug/dL (=171 nmol/L) after a low-dose dexamethasone intake
(20 pg/kg p.o. at 11 pm of the previous day). Abdominal computed
tomography and magnetic resonance imaging delineated a mass of
~4 x 4 x3cm at the left adrenal position (Fig. 1B). The mass of
26.4g was completely removed, together with an atrophic left
adrenal gland which was utilized as the control adrenal (CA) in this
study. Macroscopic examination at the time of surgery showed no
discernible metastatic region or invasion to the surrounding
tissues. Histological examinations showed high nuclear atypia,
atypical mitotic figures, eosinophilic cytoplasm, sinusoidal inva-
sion, and diffuse architecture; immunohistochemical examina-
tions revealed positive NR5A1 (alias, SF-1) staining characteristic
of steroidogenic cells {12}, TP53 nuclear staining suggestive of TP53
mutation [13], increased Ki67 index of 11% indicative of
malignancy (>5% is considered as malignant) [14], and faint
HSD3B2 and strong CYP17A1 staining consistent with fetal adrenal
{15] (Fig. 1C). His hormone values were normalized shortly after
the surgery. Thus, the mass was diagnosed as the stage I c-ACC
according to the Weiss criteria and the IPACTR staging [ 10,16,17]. At
present, he is 3 5/12 years old, and is under close follow-up without
further treatment, as well as his mother and younger brother who
were found to have the TP53 p.R337H mutation.

2.2. Ethical approval

This study was approved by the Institutional Review Board
Committee of Hamamatsu University School of Medicine, and
performed after obtaining written informed consent.

2.3, Measurements of steroid metabolites

Multiple steroid metabolites were simultaneously measured by
the liquid chromatography-tandem mass spectrometry [ 18], using
~100 mg of the ¢-ACC and the CA homogenates prepared at the
time of the operation and ~0.3 mL of serum samples obtained
before and one month after the operation. We measured steroid
metabolites not only on the conventional frontdoor pathway that
produces DHT via T but also on the alternative backdoor pathway

HSD3B2 CYP17A1

Fig. 1. The family tree and the c-ACC identified in this Brazilian patient. A, The pedigree of this family. TP53 mutation was examined in the five relatives indicated by asterisks,
and was identified in the proband with the ¢-ACC {1V-2), as well as in the healthy mother (111-3) and the younger brother (1IV-3). 13 and II-2 had gastrointestinal cancers, and
111-2 had breast cancer. B. The CT (left) and the MRI (right) scans of the ¢-ACC {arrows), The arrowhead on the MRI scan denotes an atrophic left adrenal gland. C. Histological
and immunohistochemical findings of the c-ACC. HE: hematoxylin-eosin. The black herizontal bars indicate 100 pm.
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Fig. 2. Stervidogenic characters of the ¢-ACC in this Brazilian boy. ¢-ACC: childhood adrenocortical carcinoma; and CA: control adrenal, A, Intratumoral and serum steroid
metabolite values. All the metabolites were measured by the liquid chromatography-tandem mass spectrometry, except for serum DHEA-S value that was obtained by the
standard radioimmunoassay (indicated by an asterisk). The metabolic pathway common to both fetal adrenal and Leydig cells is highlighted with green, that characteristic of
the fetal adrenal cells with blue, and that characteristic of Leydig cells with yellow. For the convenience in the comparison, all the blood steroid metabolites are shown with
the same metric unit (ng/mL). B. Expression patterns of genes involved in sternidogenesis and INSL3, using ACTB (B-actin) as an internal control. Similar results have been
obtained when GAPDH,PPIA, and 185 were utilized as internal controls. In the left part, minus values represent genes expressed more strongly than ACTB.
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that yields DHT without T intermediacy |15,18]. The conversion
factors from metric units to SI units for blood steroid metabolites
are shown in Supplementary Table 1.

See Excel sheet 1 as supplementary file. Supplementry material
related to this article found, in the online version, at http:/jdx.doi.
orgf{10.1016/j.isbmb.2016.02.031.

24. Molecular studies

mRNA was obtained from the ¢-ACC and the CA tissues, '

Genomic DNA was extracted from leukocytes, the ¢-ACC, and the
CA of the patient, and from leukocytes of the siblings, the parents,
and a control male. The primers utilized are shown in Supplemen-
tary Table 2.

See Excel sheet 1 as supplementary file. Supplementry material
related to this article found, in the online version, at htrp://dx.doi.
org/10.1016/3.jsbmb,2016.02.031.

Expression dosage analyses were carried out for genes involved
in steroidogenesis and a Leydig marker INSL3 by quantitative PCR
(qPCR) on StepOnePlus system (Life Technologies, Carlsbad, CA,
USA), using ACTB, GAPDH, PPIA, and 18S as internal controls. We
also performed DNA chip analysis (3D~Gene) {Toray, Tokyo, Japan)
including CTNNBI, GNAS, ZNRF3, and KREMEN] that are often
mutated in ACCs [20].

Direct sequencing and microsatellite genotyping were per-
formed by the standard methods on the ABI 3130x! Genetic
Analyzer (Life Technologies). Gene copy number analysis was
carried out by qPCR on StepOnePlus system, using GAPDH as an
internal control. Genomewide array comparative genomic hybrid-
ization (aCGH) and SNP array were performed using a catalog
human array (SurePrint G3Human CGH +SNP 4 x 180K format, ID
G4890A) (Agilent Technologies, Santa Clara, CA, USA); aCGH was
carried out using lenkocyte DNA samples of the patient and a
control male, and leukocyte and ¢-ACC genomic DNA samples of
the patient. Methylation analysis was carried out for multiple
differentially methylated regions (DMRs) (Supplementary Table 3)
by pyrosequencing (PyroMark Q24) (Qiagen, Venlo, Netherlands),
using bisulfite-treated genomic DNA samples,

See Excel sheet 1 as supplementary file. Supplementry material
related to this article found, in the online version, at http://dx.doi.
org/10.1016/j.jsbmb.2016.02.031.

2.5. Experiments using the NCI-H295R cells

The NCI-H295R cells (CRL-2128, American Type Culture
Collection) originated from an adrenocortical carcinoma in an
adult female [21] are known to have fetal adrenal-like character, as
are c-ACCs [22]. Thus, we also examined steroid metabolite profiles
and gene expression patterns of the H295R cells. In brief, the
H295R celis were seeded into 6-well dishes (1 x 10° cells/well) and
were cultured in DMEM/Ham's F-12 medium (Life Technologies)
supplemented with 2.5% Nu-Serum (BD Biosciences) and 1%
insulinftransferrin/selenium premix (Corning) for 48h. Subse-
quently, ~2 x 107 of pooled cells (~80 mg of cell homogenates) and
~3 mL of pooled media were utilized to examine the steroidogenic
character,

3. Results
3.1. Profiling of steroid metabolites

The results are shown in Fig. 2A. As compared with the CA,
pregnenolone (P5), 17-0OH pregnenolone (17-0OHPS5), DHEA, and
DHEA-S were obviously elevated in the c-ACC. Notably, andros-
tenediol (A5A-diol) and T were also markedly high in the ¢-ACC.
The conversion from 17-OHP5 to DHEA was apparently

compromised, as was that from 17-OH progesterone (17-OHP4)
to androstenedione (A4A-dione). The conversion from PS5 to
progesterone (P4) and that from DHEA to AdA-dione were also
apparently compromised, whereas the conversion from 17-
OHP5 to 17-0HP4 was fairly preserved and that from AS5A-diol
to T was apparently smooth, DHT was barely produced in the ¢~
ACC, and the backdoor pathway for androgen production was not
operating in the ¢-ACC (Supplementary Fig. 1). Pre-operation
steroid metabolite profile was considerably different between the
ACT and the serum, including the 17-OHP5/DHEA, 17-0HP4/A4A-
dione, 17-OHP5/17-0OHP4, DHEA/A4A-dione, and DHEA/AS5A-diol
ratios, Serum steroid profile was normalized at one month after the
operation.

See Excel sheet 1 as supplementary file. Supplementry material
related to this article found, in the online version, at http://dx.doi.
org/10.1016/1.jsbmb.2016.02.031,

3.2. Expression patterns of genes involved in steroidogenesis and a
Leydig marker INSL3

The results are shown in Fig. 2B. As compared with the CA, the
¢-ACC was associated with elevated expressions of CYPIIATL,
CYP17A1, POR, HSD17B3, and SULT2A1, a low but similar level of
expression of CYBS5A, and reduced expressions of AKRIC3
(HSD17B5) and HSD3B2. In addition, CYPZ1A2 and CYP11B1 were
expressed at low and slightly high levels, respectively, and SRD5A1,
SRD5A2, and HSD3B1 were barely expressed. Notably, INSL3 was
expressed at a Jow but detectable level in the ¢-ACC and the CA,
with obviously stronger expression in the ¢-ACC than in the CA. The
fold change (the ¢-ACC vs. the CA) was most remarkable for
HSD17B3, followed by INSL3, SULT2A1, CYP1IAIL, and CYPI7A1
(although the fold change was also remarkable for SRD5A1, SRD5A1
was poorly expressed in both tissues).

3.3, Experiments using H295R cells

The results are shown in Supplementary Fig. 2. Steroid
metabolite profiling revealed that the H295R cells contained
markedly high level of PS5, relatively high levels of 17-OHP5,
11-DOF, and DHEA, relatively low levels of 17-OHP4, DHEA-S, and
AdA-dione, obviously low level of P4, and extremely low levels of
cortisol, A5A-diol, T, and DHT. The media contained markedly high
level of 11-DOF, relatively high levels of DHEA-S and AdA-dione,
relatively low levels of P5 and 17-OHP5, obviously low levels of
cortisol and DHEA, and extremely low levels of P4, 17-0HP4, A5A-
diol, T, and DHT. Gene expression analysis indicated that the H295R
cells were associated with relatively high expressions of CYPTIA],
CYP17A1, POR, CYB5A, AKRIC3 (HSD17B5), CYP21A2, and SULT2A1,
relatively low expressions of HSDI7B3, HSD3B1, HSD3B2, and
CYP11B1, and severely low expressions of SRD5AT and SRD5A2, as
well as INSL3.

See Excel sheet 1 as supplementary file, Supplementry material
related to this article found, in the online version, at http://dx.doi.
org/10.1016/1.jsbmb.2016.02.031.

3.4. Germline TP53 mutation and post-zygotic genetic rearrangements
in the c-ACC

A heterozygous p.R337H mutation of TP53 was identified in the
leukocyte of this boy, the mother, and the younger brother, but not
in the father and the elder sister (Fig. 1A and Fig. 3A). In the ¢-ACC,
this mutation was present in an apparently hemizygous condition
and, consistent with this, aCGH and SNP array analyses indicated
loss of the whole chromosome 17 (Fig. 3A). This was further
confirmed by gPCR analysis for TP53 copy number, and microsat-
ellite analysis for D175831 and D175949 revealed loss of the
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