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abstract

PURPOSE Pediatric adrenocortical carcinomas (ACCs) are aggressive; the overall survival of patients with ACCs is
40%-50%. Appropriate staging and histologic classification are crucial because children with incomplete
resections, metastases, or relapsed disease have a dismal prognosis. The clinical course of pediatric adre-
nocortical tumors (ACTs) is difficult to predict using the current classification schemas, which rely on subjective
microscopic and gross macroscopic variables. Recent advances in adult ACT studies have revealed distinct
DNA methylation patterns with prognostic significance that have not been systematically interrogated in the
pediatric population.

PATIENTS AND METHODS We performed DNA methylation analyses on 48 newly diagnosed ACTs from the
International Pediatric Adrenocortical Tumor Registry and 12 pediatric adrenal controls to evaluate for distinct
methylation groups. Pediatric methylation data were also compared systematically with the adult ACC cohort
from The Cancer Genome Atlas (TCGA).

RESULTS Two pediatric ACT methylation groups were identified and showed differences in selected clinico-
pathologic and outcome characteristics. The A1 group was enriched for CTNNB1 variants and unfavorable
outcome. The A2 group was enriched for TP53 germline variants, younger age at onset, and favorable outcome.
Pediatric ACT methylation groups were maintained when International Pediatric Adrenocortical Tumor Registry
cohort data were combined with TCGA cohort data. The CpG-island hypermethylator phenotype characterizing
the TCGA cohort was not identified in the pediatric patients. When methylome findings were combined with
independent histopathologic review using the Wieneke criteria, a high-risk population was identified with
uniform fatal outcome.

CONCLUSION Our results indicate DNA methylation analysis can enhance current diagnostic algorithms. A
combination of methylation and histologic classification produced the strongest prediction model andmay prove
useful in future risk-adapted therapeutic trials.

JCO Precis Oncol. © 2019 by American Society of Clinical Oncology

INTRODUCTION

Adrenocortical tumors (ACTs) are rare in children
(0.2-0.3individuals younger than 14 years of age per
million per year) and are distinct from tumors arising in
the adult setting. Clinically silent adrenocortical ade-
nomas (ACAs) comprise the majority of adult tumors,1

whereas in the pediatric population, adrenocortical
carcinomas (ACCs) predominate.1-3 Pediatric ACCs
are aggressive, and the probability of long-term overall
survival of patients with ACCs is only 40%-50%.4

Appropriate staging and histologic classification are
crucial because children with incomplete resec-
tions, metastases, or relapsed disease have a dismal
prognosis.2 Risk stratification in pediatric ACTs is
based on the Wieneke classification system,5 which
assesses nine macroscopic and microscopic variables
to predict behavior.

ACTs have one of the most complex genomic land-
scapes in pediatric cancer.6 More than 50% of pediatric
ACTs are driven by constitutional abnormalities,6-8 with
the most common being TP53 mutations (Li-Fraumeni
syndrome) and structural or epigenetic alterations af-
fecting chromosome 11p15 (Beckwith-Wiedemann
syndrome).7 In addition, common mechanisms impli-
cated in pediatric and adult tumorigenesis include IGF-
2 overexpression, damaging alterations in genes
involved in Rb signaling (CDKN2A, RB1), Wnt/β-catenin
pathway dysregulation (APC, CTNNB1), and errors in
telomere maintenance (TERT amplification, ATRX
mutations).9,10 Although discrete genomic changes are
not independently associated with prognosis, patients
with complex genomic alterations tend to portend an
unfavorable outcome.11 These observations suggest
that the malignant potential of ACTs depends on the
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interplay of multiple genetic lesions that accumulate during
tumorigenesis.7

Recent advances in adult adrenocortical neoplasia
studies have revealed distinct methylation patterns in
non-neoplastic, benign, and malignant ACT samples.12 Ag-
gressive behavior has been associated with both global
hypomethylation13 and CpG-island methylator phenotype
(CIMP).9 This was expanded on by Zheng et al14 in
a comprehensive analysis of adult ACCs as part of The
Cancer Genome Atlas (TCGA), where levels of CpG-island
methylation (designated CIMP-low, -intermediate, or -high)
were associated with an increasingly poor outcome. Studies
on methylation patterns in the pediatric population are
lacking.

We performed DNA methylation analyses on 48 newly
diagnosed ACTs from the International Pediatric Adreno-
cortical Tumor Registry (IPACTR) to evaluate for distinct
groups with prognostic significance. Findings were corre-
lated with molecular and clinical variables, including long-
term clinical follow-up. Methylation data were further
compared with data derived from the adult TCGA cohort,14

which to our knowledge, is the first such analysis between
these two patient populations.

PATIENTS AND METHODS

Patients and Data Collection

Patients were selected from the IPACTR cohort on the
basis of sample availability for histopathologic review and
methylome analysis (for additional details, see the Ap-
pendix). Methods of registry accrual and the sampling
process have been described previously.4 Histopathologic
and clinical data were tabulated from existing databases.
The outside diagnosis was recorded as “initial clinical di-
agnosis” for the purposes of this study. These diagnoses
were rendered over the course of 10 years and were not
based on a unified methodology. Pathology central review
was performed blinded to analysis data and included

evaluation of Wieneke criteria5 in all patients, with a sub-
sequently assigned Wieneke tumor classification (scores:
0-2, ACA; 3, ACT with uncertain malignant potential [ACT-
UMP]; 4-9, ACC). In addition, tumor volume was recorded.
If tumor weight was not available, it was estimated using the
tumor measurements obtained from pathology reports (n =
5) and the following regression formula estimated using
data from the remaining samples in this study (Appendix
Fig A1): weight(log) = –0.028 + 0.9059 × volume(log).
Tumors were classified as functional (virilization, femini-
zation, Cushing syndrome, aldosterone producing) or
clinically nonfunctional. Classification of the extent of dis-
ease was based on published criteria used by the IPACTR
(Appendix Table A1). Clinical data also provided the overall
treatment strategy, which was categorized as either surgery
alone or surgery with adjuvant chemotherapy. A summary
of all clinical data can be seen in the Data Supplement.
Normal adrenal samples were obtained from non-neoplastic
surgical specimens and autopsy tissues.

Immunohistochemical and Molecular Analysis

Immunohistochemical staining was performed for p53
(diluted 1:200; #Z2029M; Zeta Corp, Sierra Madre, CA),
β-catenin (undiluted; #760-4242; Ventana, Tucson, AZ),
and ATRX (1:200; #HPA001906; Sigma, St Louis, MO) and
scored as either wild-type pattern (ie, scattered nuclear
positivity for p53, membranous or cytoplasmic staining for
β-catenin, and intact nuclear staining for ATRX) or mutant
pattern (ie, absent or diffuse nuclear positivity for p53,
nuclear positivity for β-catenin, and loss of nuclear stain for
ATRX). Ki-67 staining (1:200; #m7240; Dako, Santa Clara,
CA) was scored manually as the raw percentage of Ki-
67–positive tumor cells and as an estimate rounded to
the nearest 10th percentile. Mutational status of TP53,
CTNNB1, and ATRX was determined using a combina-
tion of whole-genome sequencing (WGS), whole-exome
sequencing (WES), Sanger sequencing, and multiplex
ligation–dependent probe amplification (MLPA). In some
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instances, multimodality testing was performed, and overall
mutational testing included the following genes: TP53
(Sanger, n = 48; WES, n = 9; WGS, n = 1), CTNNB1
(Sanger, n = 48; WES, n = 9; WGS, n = 1), and ATRX
(MLPA, n = 28; WES, n = 1; WGS, n = 1).

Methylation Profiling and Copy Number Analysis

Methylome analysis was performed using the human
Infinium MethylationEPIC BeadChip array (Illumina, San
Diego, CA) on 250-500 ng of DNA extracted from formalin-
fixed paraffin-embedded (FFPE) tissues. Samples were
handled in accordance with the Illumina Infinium HD
Methylation Assay Protocol, as published.15 A detailed
description of data processing and methylation analysis is
presented in the Appendix. DNA copy number variation
(CNV) was inferred from the methylation data by using the
conumee Bioconductor package in R.16 Copy number calls
were confirmed with fluorescence in situ hybridization
(FISH) testing, when FFPE materials were available (n = 9;
Appendix).

TCGA Comparison Studies

Raw IDAT files from the TCGA ACC cohort were down-
loaded from the Broad Institute GDAC FireBrowse portal
(http://firebrowse.org/?cohort=ACC). The cohort contained
79 ACCs with DNA methylation data generated using the
Illumina Infinium HumanMethylation450 BeadChip plat-
form. Data from the IPACTR and TCGA DNA methylation
samples were combined using the “combine arrays”
function in the minfi package and output as a 450K virtual
array containing a subset of probes common to both the
450K and 850K platforms (575,130 probes, representing
452,567 methylation loci). The group-wise methylation
states of CpG-island sites were analyzed by mapping the
top 20,000 most variably methylated probes from the
combined TCGA and IPACTR datasets.

Gene Set Enrichment Analysis

Gene set enrichment analysis (GSEA) was performed using
the top 20,000 most variably methylated probes between
the two pediatric ACT groups. Differential methylation
patterns were mapped to specific gene loci, which were
then secondarily cross-referenced to published gene sets
by using established protocols.17,18 For a detailed de-
scription, see the Appendix.

Clinicopathologic Correlation

Summary statistics were calculated for values by the
methylation group. The differences in methylation distri-
bution between the groups were examined using the Wil-
coxon rank-sum test. Survival analysis was performed to
investigate the association of overall survival with histologic
diagnosis, Wieneke classification, and ACT methylation
group using the log-rank test and Cox regression models
(Appendix). All P values reported were 2-tailed and con-
sidered significant if P ≤ .05.

RESULTS

Demographics

The demographic and clinical characteristics of the 48
pediatric ACT samples are presented in Table 1. Patient ages
ranged from 3 months to 17 years and adopted a bimodal
distribution centered around 5 and 13 years of age (Ap-
pendix Fig A2). The cohort contained a sex difference ratio of
2.7:1 female-to-male patients, with a trend for female en-
richment at younger age. The entire histologic spectrum of
pediatric ACTs was present as classified by the Wieneke
criteria: ACA (n = 23), ACT-UMP (n = 5), and ACC (n = 19),
with 18 (38%) stage I tumors, 10 (21%) stage II tumors, 15
(31%) stage III tumors, and five (10%) stage IV tumors.

Methylation and Chromosomal Copy Number Analysis

We performed methylation profiling on 48 ACTs and 12
normal control pediatric adrenal samples. By both un-
supervised t-distributed stochastic neighbor embedding
(t-SNE) analysis (Fig 1A) and hierarchical clustering (Fig 1B),
we identified three distinct clusters of samples. Normal
adrenal samples cluster together. The remaining samples
segregated into two groups designated A1 (n = 15) and A2
(n = 33). These two tumor groupswere 94.26% reproducible
in a thorough bootstrap evaluation19,20 (Appendix).

We observed several recurrent segmental chromosomal
CNVs in both groups, including −4q and +9q as previously
reported (Figs 1C and 1D).7 We also identified distinct
differences among groups (Fig 1E), with fewer recurrent
chromosomal-level gains in the A1 group (Appendix Fig
A3). When tissue was available (n = 9), orthogonal FISH
testing confirmed copy number findings (Appendix Fig A3).

Mutational Assessment and GSEA

Weevaluated the relationship of selectedmutations previously
reported in pediatric ACT to the methylation groups (Fig 2).
The A1 group was enriched for both CTNNB1mutations (P,
.001) and nuclear β-catenin immunostaining (P , .001). Of
note, the only tumor from the A2 groupwith aCTNNB1 variant
(case C19, c.112G.A, p.G38S) was also the only tumor in the
overall cohort with co-occurrence of CTNNB1 and TP53
variants. Although we found no significant difference between
groups, in terms of p53 (as measured by immunohisto-
chemistry), mutations in TP53 were more common in the A2
group (P = .009). The association remained significant when
evaluating germline variants only (P = .026), but not when
evaluating somatic variants only (P = .728).

GSEA identified significant variation between the A1 and A2
groups, with the greatest variability seen in gene sets vital to
biologic processes (n = 20) and molecular functions (n =
17; q , .05; Appendix Fig A3). Among the enriched gene
sets in the biologic process ontology were multiple hits for
pathways involved in embryonic development and regu-
lation of metabolic processes. The oncogenic gene sets
showed significant variation in methylation patterns in
PRC2-, Cyclin D1-, and KRAS-associated pathways. In
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addition, several ontologies included significant gene sets
associated with olfactory signaling.

A signature of 286 genes (Appendix Table A2) with the
greatest value of Hartigan’s dip test21 for bimodality
assigned the tumors into group A1 or A2 with 96.4% re-
producibility. Included were several differentially methyl-
ated genes involved in adrenocortical biology, including
ADM, CACNA1H, CDKN1B, CLDN1, GNAS, IGF2, and
PRKCA.22-30 Fifteen genes with the lowest false discovery
rate and a significantly different mean beta-value (|mbv|
. 0.4 between groups) have been highlighted and rep-
resent targets for additional investigation.

Comparison Between Pediatric and Adult ACTs

Combining the TCGA and IPACTR cohorts yielded 127
patients for evaluation (48 IPACTR; 79 TCGA). All tumors in
the TCGA cohort were carcinomas, and median age at
diagnosis was 49 years.14 Visualization with t-SNE high-
lighted the previously appreciated A1, A2, and pediatric
control groups. TCGA samples roughly clustered into
groups that correlated with the published CIMP-L, CIMP-I,
and CIMP-H groups, although these designations are
somewhat ambiguous, and several overlapping patients
can be seen in the t-SNE plot (Fig 3A). Hierarchical
clustering into six groups had an overall bootstrap
reproducibility of 74.33%. Copy number analysis high-
lighted distinct copy number profiles in the CIMP groups
(Appendix Fig A4).

To further evaluate the relationship between pediatric ACTs
and adult ACTs, we evaluated the methylation state at CpG
islands across the tumor groups. In the TCGA cohort, we
reaffirmed the presence of the CIMP groups with the
following mean beta values (listed as %-methylated probes
[CIMP-H, 69%; CIMP-I, 50%; CIMP-L, 29%]). This pattern
was maintained when we evaluated differentially methyl-
ated CpGs from a subset of probes representing non-
islands and in a combined global methylation profile. In

TABLE 1. IPACTR Cohort Characteristics
Characteristic Value

Demographic data

Cohort size 48

Age, years

Range 0.25-17.07

Average 4.65

Median 2.56

Sex

Male 13

Female 35

Clinical data

Clinical follow-up, days

Follow-up, range 0-5,780

Average follow-up 1,391

Median follow-up 1,265

Clinical presentation

Cushing syndrome alone 6

Virilization alone 24

Virilization and Cushing syndrome 12

Aldosterone producing 1

Nonfunctional 5

Therapy

Surgery only 34

Surgery and chemotherapy 14

Diagnosis (Wieneke*)

Adenoma 23

Uncertain malignant potential 5

Carcinoma 19

Modified IPACTR Stage†

I 18

II 10

III 15

IV 5

Clinical outcome

Alive 41

Deceased from disease 6

Deceased, other causes 1

Mutational status

TP53

Wild type 18

Mutant (somatic) 12

Mutant (germline) 18

CTNNB1

Wild type 31

Mutant 9

(Continued in next column)

TABLE 1. IPACTR Cohort Characteristics (Continued)
Characteristic Value

ATRX

Wild type 29

Mutant 1

11p15 status

Loss of heterozygosity (somatic) 29

Loss of heterozygosity (germline) 4

Intact 8

NOTE. Data are No. unless otherwise indicated.
Abbreviation: IPACTR, International Pediatric Adrenocortical Tumor

Registry.
*Based on Wieneke et al.5

†Detailed in Table A1.
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FIG 1. Unsupervised analysis and copy number profiling of DNA methylation data from pediatric adrenocortical tumors. (A) Unsupervised analysis of DNA
methylation data visualized by t-distributed stochastic neighbor embedding (t-SNE) plot identified 2 methylation groups, A1 and A2. (B) Heat map showing
the methylation profiles in each group (A1 and A2) identified by hierarchical clustering along with age distribution. (C) Copy number variation (CNV)
frequency plots by DNAmethylation group. (D) Examples of CNV profiles of individual patients from eachmethylation group. (E) Significant CNVs within and
between methylation groups. (*) Excluding sex chromosomes.
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the IPACTR cohort, the A1 group showed greater CpG-
island methylation when compared with the A2 group and
the control samples (Fig 3B) but not to the level of the
CIMP-H phenotypic patients (A1, 38%; A2, 23%; control,
21%). Unlike the adult tumors, non–CpG-island methyla-
tion did not follow the same pattern as CpG islands, and
overall, the A1 group was globally hypomethylated.

Clinicopathologic Correlation

The two methylation groups showed differences in selected
clinicopathologic characteristics (Table 2). The A2 group

occurred primarily in children younger than 4 years of age,
whereas the A1 group showed an even age distribution
(Fig 1B; Appendix Fig A2B). The A1 group included tumors
with a significantly more advanced stage at presentation
(stage I/II v III/IV; P = .011), were more likely to be treated
with a combination of surgery and adjuvant chemotherapy
(P, .001) andwere less likely to present with virilization alone
(P = .011). No association was seen for sex, gross features (ie,
the size and weight of the tumor), or histologic diagnosis.

Overall survival from disease did not differ significantly
according to the original pathologic diagnosis (P = .12; Fig 4).

Germline Somatic

A
Consensus group

Hierarchical clustering

Wieneke classification

Clinical classification

11p15 status

TP53 mutation

TP53 IHC

CTNNB1 mutation

CTNNB1 IHC

ATRX mutation

ATRX IHC

Vitality

Ki67 positivity

t-SNE

C
42

C
43

C
47 C

6
C

45 C
4

C
8

C
5

C
7

C
46

C
44

C
29

C
39

C
40 C

3
C

2
C

26
C

28
C

10
C

13
C

16
C

21
C

19
C

18
C

25
C

15
C

22
C

24
C

27 C
9

C
11

C
12

C
14

C
17

C
20

C
23

C
32

C
48

C
30

C
31

C
33

C
34

C
35

C
36

C
37

C
38

C
41C

1
C

42

C
43

C
47 C

6
C

45 C
4

C
8

C
5

C
7

C
46

C
44

C
29

C
39

C
40 C

3
C

2
C

26
C

28
C

10
C

13
C

16
C

21
C

19
C

18
C

25
C

15
C

22
C

24
C

27 C
9

C
11

C
12

C
14

C
17

C
20

C
23

C
32

C
48

C
30

C
31

C
33

C
34

C
35

C
36

C
37

C
38

C
41C

1

A1

A2

Adenoma

Carcinoma

UMP

Mutant/Loss

Wild type

Not applicable

Alive

Deceased from disease

Deceased, other

20 40 60 80

Methylation Group

Tumor Classification

Ancillary Testing

Ki-67 Positivity, %

Vitality

C

A1

A2

CTNNB1

G38S

G34V

S37C

S45P

S45F

1

1

1

2

2

CTNNB1 Domains

Atypical arm repeat

Armadillo repeat

Armadillo/beta-catenin-like repeats

Putative peptide binding site

Armadillo/beta-catenin-like repeat

A1 Indels
S45_K49del (somatic)
S47_V57del (somatic)

A2 Indels
None

B

50 100 150 200 250

R273C

R158H

R175H

T125M

V157F

R158H

K164E

A1 Indels
Gene deletion (somatic)
c.51_53del (germline)

A2 Indels
Exon 2-3 del (germline)
c.108_110dup (germline)
c.151_156del (somatic)

TP53 Domains

R175H

R248Q

G266E

R273H

R282W

G334R

R337H

G334R

N311fs

K305*

R175H

V218M
T125_E4splice

A1

A2

TP53

V225_E7splice

1
1

350

1

1

1

1

1

1

1

1

1

5

1

1

1

1

1

1
1

1

1

P53 transactivation

P53 DNA-binding domain

Zinc binding site

Dimerization site

DNA-binding site

Nuclear localization signal

P53 tetramerization

100 200 300 400 500 600 700300

FIG 2. Mutational and immunohistochemical profiles of methylation groups. (A) Oncoprint of diagnostic, immunophenotypic, and mutational
profiles by DNA methylation group. (B) TP53-domain plot with methylation group (A1 and A2)–specific distribution of variants. (C) CTNNB1-
domain plot with methylation group–specific distribution of variants. IHC, immunohistochemistry; UMP, uncertain malignant potential.

Clay et al

6 © 2019 by American Society of Clinical Oncology



However, after strictly applying the Wieneke criteria at central
pathology review, we found that overall survival differed
significantly according to diagnosis (P = .013; Fig 4).
Methylation grouping strongly correlated with overall survival
(P , .0001), and except for one child in the A2 group who
died of a separate primary brain tumor, all deaths directly
attributable to ACTs occurred in the A1 group (Fig 4). All
deaths also occurred in children older than the age of 8 years
(average, 13.1 years). A combination of histopathologic di-
agnosis andmethylation group defined a high-risk population
with 100% mortality (Fig 4D). Bayesian information criteria
evidence weight (BIC EW) analysis strongly supported
this model as the best overall predictor of survival (BIC

EW = 0.764) by indicating that there is a 76.4% probability
that this model is best among a set of six consideredmodels
(Appendix; Fig A4). Overall, BIC indicates there is a 99.2%
probability that the best predictive model for survival in-
cludes methylation class as one of its predictor variables.

DISCUSSION

Our study demonstrates the potential of DNA methylation
profiling to enhance current classification schemas by
identifying prognostically relevant molecular groups in the
pediatric population. The Wieneke classification improves
on previous stratification systems, but overall remains
a subjective tool. This subjectivity is clinically problematic
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FIG 3. Comparison of DNA methylation data between the International Pediatric Adrenocortical Tumor Registry (IPACTR) and The Cancer Genome Atlas
(TCGA) cohorts. (A) Unsupervised analysis of IPACTR and TCGA cohorts combined and visualized by t-distributed stochastic neighbor embedding (t-SNE)
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TABLE 2. Clinical, Histologic, Immunophenotypic, and Molecular Characteristics by Methylation Group
Methylation Group Group A1 Group A2 P

Clinical features

No. of patients (n = 48) 15 33

Age, years

Range 0.25-17.07 0.48-15.8 .033

Average 8 3.13

Median 8.88 2.05

Sex .965

Male 4 9

Female 11 24

Modified IPACTR stage < .001*

I 2 16

II 5 5

III 3 12

IV 5 0

Clinical presentation 0.011†

Cushing alone 6 0

Virilization alone 3 21

Virilization and Cushing 3 9

Aldosterone producing 1 0

Nonfunctional 2 3

Therapy < .001

Surgery only 5 29

Surgery and chemotherapy 10 4

Follow-up, days .122

Follow-up, range 67-3659 0-5780

Average follow-up 1,111 1,518

Median follow-up 1,065 1,368

Clinical outcome < .001

Deceased from disease 6 0

Alive 9 32

Deceased, other causes 0 1

Histopathologic characteristics

Tumor features, gross

Tumor weight average (grams) 401.2 268.94 .059

Median tumor weight (grams) 169 73.1

Average tumor volume (cm3) 816.99 489.09 .215

Median tumor volume (cm3) 283.5 131

Average tumor size (cm) 9.5 7.5 .09

Median tumor size (cm) 8.6 6.5

Tumor features, microscopic, Wieneke

Vena cava invasion, present 1 2 .792

Vena cava invasion, absent 14 30

Capsular invasion, present 11 8 .006

Capsular invasion, absent 3 24

(Continued on following page)
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TABLE 2. Clinical, Histologic, Immunophenotypic, and Molecular Characteristics by Methylation Group (Continued)
Methylation Group Group A1 Group A2 P

Vascular invasion, present 8 10 .312

Vascular invasion, absent 7 22

Soft-tissue invasion, present 4 4 .143

Soft-tissue invasion, absent 9 28

Necrosis, any, present 14 18 .008

Necrosis, any, absent 1 15

Mitoses . 15/20 HPF 7 10 .135

Mitoses , 15/20 HPF 7 23

Atypical mitoses, present 6 14 .875

Atypical mitoses, absent 9 19

Diagnosis (Wieneke)

Carcinoma 8 11 .218

Adenoma 4 19

Uncertain malignant potential 3 2

Immunohistochemical and molecular variables

Molecular testing

TP53 .009

Wild type 10 8

Somatic mutation 3 9 .728

Germline mutation 2 16 .026

CTNNB1 < .001

Wild type 6 25

Mutant 8 1

ATRX .367

Wild type 10 19

Mutant 1 0

11p15 status .365

Loss of heterozygosity (somatic or germline) 12 21

Intact 3 2

Immunohistochemistry

Ki-67, %

≥ 15 10 12 .051

≤ 15 5 21

≥ 40 8 7 .026

≤ 40 7 26

P53

Wild-type pattern 10 16 .321

Mutant pattern (positive or absent) 5 17

Beta-catenin

Wild-type pattern 4 20 < .001

Mutant pattern (nuclear expression) 7 0

(Continued on following page)
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because a proportion of tumors yield an intermediate score
(Wieneke score = 3), and the criteria can be difficult to
apply outside of specialized centers. These limitations
make the search for alternative predictive biomarkers
a priority, because this ambiguity represents a major hurdle
to the implementation of risk-adapted therapies.

There are several advantages DNA methylation profiling
offers as a clinical assay. The protocol can be completed
within a 1-week turnaround time, which is sufficient for
clinical decision-making purposes. The assay also performs
well with poor-quality DNA derived from FFPE materials,
which are widely available in most centers. Methylation class
can also act as a molecular biomarker, even in the absence
of well-defined driver alterations. In particular, it may be well
suited for molecularly complex diseases. For example, rel-
evant prognostic groups have been extracted from DNA
methylation data in osteosarcoma, a tumor type charac-
terized by heterogeneous driver mutations and genomic
instability.31 Because DNA methylation marks are inherently
linked to cell of origin, methylation class may represent
a more biologically relevant and stable biomarker of disease
than DNA-sequence variation alone.

Between our two methylation groups, A1 tumors were
associated with a worse prognosis. In fact, in our cohort,
except for one child who died of a primary brain tumor, all
deaths were in the A1 group. The aggressive nature of A1
tumors was also evident in other clinical variables, with
patients from this group having a more advanced clin-
ical stage, greater age, and a tendency to be treated
with adjuvant chemotherapy. The A1 group was signifi-
cantly enriched for CTNNB1 mutations. Although there
is a reported link between Wnt/β-catenin pathway mu-
tations and aggressive disease in adult tumors,32 this
has not been completely substantiated in the pediatric
setting.11,33

TP53 mutations were enriched in the low-risk A2 group.
The significance of any single TP53 alteration depends on
several variables, and in isolation is not solely indicative of
malignancy in an adrenocortical neoplasm.7 In this cohort,
CTNNB1 and TP53 variations were identified in both
methylation groups, and on their own, did not correlate with
overall survival (P = 1.000 and P = .515, respectively). The
discrepancy between p53 staining and TP53 mutational
status is curious but represents a known shortcoming of

interrogating the TP53 locus by immunohistochemical
means34; additional factors, such as tissue fixation, likely
affected this analysis.

Our study identified several genes and key pathways in-
volved in biologic processes and molecular functions.
Significant genes included IGF2, GNAS, and CLDN1,
supporting a role of regulatory pathways such as signal
transduction, cell growth, and cell signaling. This supports
results from previous studies suggesting a role for these
pathways in pediatric ACTs.26-29,35 GSEA also identified
differential methylation of genes involved in the PRC2
pathway. This is particularly interesting, given the distri-
bution of CTNNB1 alterations in this cohort, as the PRC2
complex is involved in epigenetic regulation and is a known
modulator of the Wnt-signaling pathway.36

One limitation of the current study is our inability to
validate our findings in an independent pediatric clinical
cohort. This is mostly due to the rarity of appropriate
pediatric ACT cohorts with clinical follow-up data. Review
of the TCGA cohort highlighted several differences be-
tween adult and pediatric ACTs and provides additional
evidence supporting them as separate disease entities. In
addition to the unsupervised clustering features, analysis
of CpG-island methylation highlighted distinct distribu-
tions of methylation marks, with an absence of the
hypermethylator phenotype in the pediatric samples.
Adult and pediatric ACTs also had unique copy number
profiles, with pediatric samples tending to show greater
evidence of chromosomal losses. The pediatric tumors
retained their methylation groups when combined with
the adult patients, providing evidence for the stability of
group assignments and suggesting that adult trial cohorts
are not appropriate comparisons for their pediatric
counterparts. Validation of our molecular grouping in
independent pediatric clinical cohorts will be a central
focus of future studies, and international collaboration
with carefully annotated data will be necessary to ad-
vance our knowledge of these rare tumors.

In addition to methylation-based classification repre-
senting a significant predictor of risk in our cohort, we also
validated the effectiveness of the Wieneke classification
schema. Importantly, the addition of methylation data to
the histologic classification produced the best predictor of
risk. These findings suggest that the optimal approach for

TABLE 2. Clinical, Histologic, Immunophenotypic, and Molecular Characteristics by Methylation Group (Continued)
Methylation Group Group A1 Group A2 P

ATRX

Wild-type pattern 8 18 .321

Mutant pattern (loss of staining) 2 2

NOTE. Bold type indicates statistical significance.
Abbreviations: HPF, high power fields; IPACTR, International Pediatric Adrenocortical Tumor Registry.
*Local stage (I/II) compared against nonlocalized stages (III/IV).
†Virilization alone compared with all other categories.
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risk stratification is to use a combinatorial system of risk
assessment followed by risk-adapted or targeted therapy.
This approach may optimize the exposure to therapy for

patients with standard-risk disease, while maximizing the
effectiveness of intervention in patients with high-risk
disease.
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APPENDIX

Processing of Samples and Methylation Data

The study cohort was derived from the International Pediatric Adre-
nocortical Tumor Registry database (n = 110 total entries) to include
samples that satisfied two requirements, including those that con-
tained sufficient DNA for methylation analysis and those that had
tumor sections for histologic review (initial cohort, n = 73). No patients
were excluded based on any patient-derived or clinicopathologic
characteristics. Of these 73, 18 yielded insufficient DNA for analysis,
and seven additional patients failed to pass quality and/or purity
metrics. The resultant 48 patients were included in the study.

All DNA samples were quantified by the fluorometric method (Qbit
dsDNA BR Assay, Thermo Fisher Scientific, Waltham, MA). DNA
quality was assessed using the Infinium HD FFPE QC Assay (Illumina,
San Diego, CA) and by electrophoresis in a 2% E-gel agarose gel
(Thermo Fisher Scientific).

Methylation data were preprocessed using the minfi package
(v.1.28.3; Aryee, et al: Bioinformatics 30:1363-1369, 2014) in R
(http://www.r-project.org, version 3.5.1). The detection P value for
each sample was computed, and only samples with a mean detection
P value less than .05 were carried forward for subsequent analysis.
Additional quality control was performed by calculating the median log
(base 2) intensities for methylated and unmethylated signals for each
array and excluding samples with unmethylated and methylated
median intensity values below a cutoff of 9.5.

Functional normalization (Fortin JP, et al: Genome Biol 15:503, 2014)
with noob background correction and dye-bias normalization (Troche
TJ, et al: Nucleic Acids Res 41:e90, 2013) was performed. Probe
filtering was performed after normalization. Specifically, probes located
on sex chromosomes, probes containing a nucleotide polymorphism
(dbSNP132 common) within five base pairs of and including the
targeted CpG-site, probes mapping to multiple sites on hg19 (allowing
for one mismatch), and any cross-reactive probes were removed from
the analysis (Pidsley R, et al: Genome Biol 17:208, 2016). M values
were also calculated and represent the log2 ratios of the intensities of
methylated versus unmethylated probes. These values were used in
the heatmap, differentially methylated probes analysis, and GSEA.

Unsupervised analysis of methylation data was performed using hi-
erarchical clustering and t-distributed stochastic neighbor embedding
(t-SNE) using Rtsne (v.0.15). In brief, the 20,000 most variably
methylated CpG probes, as measured by the standard deviation of the
probe-level beta values across samples, were selected. The Pearson
correlation was calculated as the distance measured between sam-
ples, and the clustering was performed using the complete-linkage
agglomerative method (Clifford H, et al: Front Genet 2:88, 2011).

The result of the hierarchical clustering analysis previously mentioned
was also recapitulated in a complementary analysis that exhaustively
evaluated 16,000 Euclidean-distance hierarchical clustering pro-
cedures (HCPs) that used four different probe-selection methods
(choosing probes with the greatest standard deviation, median ab-
solute deviation, most informative spacing statistic [Pawlikowska I,
et al: Bioinformatics 30:1400-1408, 2014], and the dip statistic21

modified to measure both evidence bimodality and distance be-
tween modes), selection of 1-1,000 probes, and defining two to five
groups with a post hoc evaluation of reproducibility of subgroup group
assignments by exact k = 5 nearest neighbor exact bootstrap pro-
cedure (Steele BM, et al: Mach Learn 74:235-255, 2009; four probe-
selection methods × selection of up to 1,000 probes × definition of two
to five groups = 4 × 1,000 × 4 = 16,000 HCPs). The modified dip
statistic was defined as 4 times the product of the Hartigan and
Hartigan dip statistic and the difference between the data value de-
fining the dip and the quantile of the unimodal distribution function
corresponding to the value of the empirical distribution function of that
value. In this way, the modified dip statistic considered both the
strength of statistical evidence in favor of multimodality and the size of
the gap between the two primary modes in the data. HCP 1141 se-
lected the 286 probes with the greatest value of this modified dip

statistic and defined two subgroups with 96.4% exact k = 5 nearest
neighbor bootstrap assignment reproducibility. The two subgroups
defined by HCP 1141 strongly associated with two subgroups defined
by t-SNE and complete-linkage agglomeration (P = 1.5 × 10−8; Table
A3). The Wilcoxon rank-sum test was used to perform a post hoc
comparison of the methylation values of all probe sets across the two
subgroups defined by HCP 1141. To adjust for multiplicity, we
computed Storey’s q value (Storey JD, et al: Proc Natl Acad Sci USA)
using the Pounds-Cheng estimator of the proportion of tests with a true
null hypothesis (Pounds S, et al: Comput Biol 12:482-495, 2005). The
Data Supplement provides the modified dip statistic and Wilcoxon
results for the 286 probes selected by HCP 1141.

Copy Number Analysis

DNA copy number variation (CNV) was inferred from the methylation
data by using the conumeeBioconductor package in R with the default
settings.16 The combined intensities of all available CpG probes were
normalized against that of pediatric non-neoplastic adrenal gland
controls (n = 12) and using a linear-regression approach. Copy
number gains and losses were designated using a mean segment
value threshold of −0.20 and 0.20 for copy number loss and gain,
respectively.

CNVs were confirmed by fluorescence in situ hybridization (FISH)
when tissue was available (n = 9; Appendix Fig A5). Enumeration FISH
was performed on formalin-fixed paraffin-embedded materials from
patients with evidence of whole-chromosome gain or loss. For FISH
testing, target probes included the following: chromosome 1 (1p36-
red and 1q44-green), chromosome 3 (3p24-red and 3q29-green),
chromosome 5 (5p15.3-red and 5q33.1-green), chromosome 9
(9p21.3-red and 9q34-green), and chromosome 17 (17p13.1-red and
17q25.3-green). Probes were combined with sheared human cot DNA
and hybridized to the treated slides in a solution containing 50%
formamide, 10% dextran sulfate, and 2× SSC. The cells were then
stained with 4,6-diamidino-2-phenylindole and analyzed. Two hun-
dred cells from each sample were analyzed for the number of red and
green signals.

Pathway and Gene Set Enrichment Analysis

For the gene set enrichment analysis (GSEA), log fold changes of each
pairwise comparison were computed for the top 20,000 most variably
methylated probes and used as the rankingmetric for GSEA Preranked
(v3.0).17,18 Probes were mapped to gene symbols using the Illumina
annotation for EPIC arrays (ilm10b3.hg19). For probes that mapped to
the same gene, only one probe with maximum (up) or minimum
(down) log fold change was kept for GSEA. GSEA was performed to
determine if themembers of a given gene set were enriched among the
most methylated genes for each pairwise comparison. The ranked
gene lists were tested against KEGG, Gene Ontology Biologic Process,
Gene Ontology Molecular Function, Reactome, Positional, Immuno-
logic, and Oncogenic gene sets (v6.2). Significance was defined by the
false discovery–adjusted P value of q , .05.

Statistical Methods and Cox Bayesian Information Criteria

Analysis

Statistical methods. Fisher’s exact test was used to compare the
prevalence of copy number gains and losses across the two methyl-
ation groups. To address multiple testing, a robust false-discovery-rate
estimator (Pounds S, et al: Comput Biol 12:482-495, 2005) was used
to compute q values (Storey JD: J R Stat Soc B 64:479-498, 2002)

Overall survival was defined as the time elapsed from diagnosis to
death from disease, with living patients censored at the most recent
follow-up. Bayesian information criteria (BIC; Schwarz G: Ann Stat 6:
461-464, 1978) evidence weights (EWs; Akaike H: Ann Inst Stat Math
30:9-14, 1978) were used to quantify statistical support for each of
a series of proportional hazard regressionmodels (Cox DR: J R Stat Soc
B 34:187-220, 1972) of the association of survival with the Wieneke
criterion, clinical diagnosis, and methylation group.
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Results of Cox BIC analysis. We used BIC EWs to evaluate the
following six models of the association of survival with the Wieneke
criterion, the clinical diagnosis, and/or methylation group: (1) the null
model, (2) theWieneke criterion as the sole predictor of survival, (3) the
clinical diagnosis as the sole predictor of survival, (4) the methylation
group as the sole predictor of survival, (5) the Wieneke criterion and
methylation group as predictors of survival, and (6) the clinical di-
agnosis and methylation group as predictors of survival. The BIC EWs
for a specific statistical model range from 0 (the data do not support
the specificmodel) to 1 (the data overwhelmingly support the specific
model), and the BIC EWs for a set of candidate models sum to 1. The
BIC EW may be interpreted as the probability that the indicated
model is best among the set of considered models. The data strongly
support the model with the Wieneke criterion and methylation group
as predictors of survival (BIC EW = 0.764), indicate that the model

with the clinical diagnosis and methylation group as predictors of
survival is also reasonable (BIC EW = 0.195), suggests that the
methylation group as the sole predictor of survival may be plausible
(BIC EW = 0.033), and indicates that the data are not supportive of
the other three models (BIC EW , 0.005 for each of those models;
Appendix Fig A6).

Additional 2-Predictor Cox Models

Separate from the Cox BIC analysis described previously, we also
considered a series of 2-predictor Cox models. In these models, we
evaluate methylation group as an outcome predictor after adjustment
for other variables (Data Supplement). These analyses used the Firth
penalized Cox regression to ensure statistical stability of results with
small sample sizes.
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TABLE A1. Modified Disease Staging System Used by IPACTR
Stage Description

I Tumor completely excised with negative margins, tumor weight ≤ 200 g,
absence of metastatic disease

II Tumor completely excised with negative margins, tumor weight. 200 g,
absence of metastatic disease

III Residual* or inoperable tumor

IV Hematogenous metastasis at presentation

Abbreviation: IPACTR, International Pediatric Adrenocortical Tumor Registry.
*Residual tumor is defined as the presence of microscopic or gross tumor after

surgical resection.

TABLE A2. Correlation Between Methylation Group by t-SNE and the Best Fit
Hierarchical Clustering Procedure
t-SNE Agglomeration Group HCP 1141 Group A1 HCP 1141 Group A2

A1 14 1

A2 3 30

Abbreviation: HCP, hierarchical clustering procedure; t-SNE, t-distributed
stochastic neighbor embedding.
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TABLE A3. Predictive Value of Methylation Group in 2-Predictor Cox Models Adjusting for One Other Variable
Factor Hazard Ratio CILB CIUB P

Methylation group alone 63.82435537 6.480713397 8547.008547 .000112

Adjusted for age

Methylation group 359.9697769 9.172134428 245700.2457 .000482668

Age 0.858272946 0.545138904 1.084213946 .218442805

Adjusted for gender

Methylation group 47.69672969 4.676288204 6453.444849 .000427593

Gender (male:female) 6.639766517 1.274203521 66.04645124 .023474807

Adjusted for therapy

A2:A1 63.22904672 2.73052214 14749.26254 .005038895

Initial treatment (S+C v S) 0.932658186 0.04293663 11.80319853 .964040172

Adjusted for tumor weight

Methylation group 7.46E+41 22.13497647 INF 1.03E-05

Weight (g) 0.848792524 0 0.999557422 .019060192

Adjusted for tumor volume

Methylation group 1.11E+12 136.1390688 INF 8.62E-06

True volume 0.92351027 0 0.995350132 .003043026

Adjusted for invasion of the vena cava

Methylation group 49.80498857 5.122670096 6652.164947 .000271263

Vena cava invasion (yes:no) 2.282308105 0.223608453 12.78107858 .423551114

Adjusted for invasion of the tumor capsule

Methylation group 33.10757389 2.652483125 5046.961981 .003701129

Capsular invasion (yes:no) 2.127656286 0.172029712 26.35714333 .519178717

Adjusted for invasion of muscularized vessels

Methylation group 50.49190731 4.371911919 7090.840761 .000691144

Vascular invasion (yes:no) 1.025038353 0.194254028 6.722868384 .977483998

Adjusted for invasion of periadrenal soft tissue

Methylation group 52.1779194 4.792855103 7089.835303 .000722123

Periadrenal soft tissue (yes:no) 1.38959266 0.128884572 8.939928293 .749416403

Adjusted for tumor necrosis

Methylation group 76.48369574 5.918685348 11709.60187 .000241583

Necrosis (yes:no) 0.550900215 0.062103824 6.556999807 .596856039

Adjusted for mitotic rate

Methylation group 251.1393565 9.49743677 84033.61345 .000233922

. 15 mits/20 HPF (yes:no) 0.122177064 0.000884401 1.394360431 .097366569

Adjusted for atypical mitoses

Methylation group 63.36600738 6.433978737 8489.324674 .000115576

Atypical mitoses (yes:no) 1.020360215 0.208712144 4.98704573 .979306567

Adjusted for Ki67 above 15%

Methylation group 112.9345779 6.863472532 19342.35977 .000215356

Ki67 . 15 (yes:no) 0.396863002 0.030591499 3.539442549 .409699923

Adjusted for Ki67 . 40%

Methylation group 71.82953931 4.219899094 12594.45844 .001171152

Ki67 . 40 (yes:no) 0.775862518 0.05649491 7.242936588 .829699712

(Continued on following page)
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TABLE A3. Predictive Value of Methylation Group in 2-Predictor Cox Models Adjusting for One Other Variable (Continued)
Factor Hazard Ratio CILB CIUB P

Adjusted for P53 IHC

Methylation group 110.7990763 10.23556739 15220.70015 2.74E-05

P53 IHC YN (positive v negative) 0.677447344 0.062918335 4.439786072 .694512801

Adjusted for beta-catenin IHC

Methylation group 96.01358323 8.721820365 13106.1599 .000102904

Beta-catenin IHC YN (positive v negative) 0.31833731 0.03039019 1.981331995 .222880405

Adjusted for tumor size

Methylation group 1934235977 227.792664 INF 3.66E-06

Size (cm) 0.161289419 0 0.734390849 .001100213

Adjusted for tumor stage

Methylation group 2282.021323 44.7493426 1805054.152 3.70E-06

Stage No. 0.222219183 0.03030219 0.696481923 .007569402

Adjusted for ATRX IHC

Methylation group 86.91559583 8.169237452 11820.33097 6.39E-05

ATRX IHC (intact:others) 1.114227029 0.174097714 12.02500183 .913952854

Adjusted for CTNNB1 mutation

Methylation group 43.88074845 3.91762312 6009.6515 .001258124

CTNNB1 status (WT:others) 0.955802939 0.173391957 6.152841095 .95881516

Adjusted for TP53 mutation

Methylation group 55.95481179 5.428833492 7583.110895 .000260263

TP53 mutation (somatic:germ) 1.401061096 0.175097954 15.91667905 .74877216

TP53 mutation (WT:germ) 1.781537207 0.272951831 19.14044566 .555830417

Adjusted for diagnosis

Methylation group 276.8184481 10.02123711 96153.84615 .00011612

Central review diagnosis 0.138604931 0.000854931 3.338452389 .225399478

Abbreviations: C, chemotherapy; germ, germline; IHC, immunohistochemistry; INF, approaching infinite; S, surgery; WT, wild type.
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