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Context: Adrenocortical carcinoma (ACC) has a heterogeneous prognosis, and current medical
therapies have limited efficacy in its advanced stages. Genome-wide multiomics studies identified
molecular patterns associated with clinical outcome.

Objective: Here, we aimed at identifying a molecular signature useful for both personalized
prognostic stratification and druggable targets, using methods applicable in clinical routine.

Design: In total, 117 tumor samples from 107 patients with ACC were analyzed. Targeted next-
generation sequencing of 160 genes and pyrosequencing of 4 geneswere applied to formalin-fixed,
paraffin-embedded (FFPE) specimens to detect point mutations, copy number alterations, and
promoter region methylation. Molecular results were combined with clinical/histopathological
parameters (tumor stage, age, symptoms, resection status, and Ki-67) to predict progression-free
survival (PFS).

Results: In addition to known driver mutations, we detected recurrent alterations in genes not
previously associated with ACC (e.g., NOTCH1, CIC, KDM6A, BRCA1, BRCA2). Best prediction of PFS
was obtained integrating molecular results (more than one somatic mutation, alterations in Wnt/
b-catenin and p53 pathways, high methylation pattern) and clinical/histopathological parameters
into a combined score (P , 0.0001, x2 = 68.6). Accuracy of prediction for early disease progress was
83.3% (area under the receiver operating characteristic curve: 0.872, 95% confidence interval 0.80
to 0.94). Furthermore, 17 potentially targetable alterations were found in 64 patients (e.g., in CDK4,
NOTCH1, NF1, MDM2, and EGFR and in DNA repair system).
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formalin fixed, paraffin embedded; FISH, fluorescence in situ hybridization; GRAS, tumor
grade, R status, age, symptoms; HR, hazard ratio; Mb, megabase; mGRAS, modified
tumor grade, R status, age, symptoms; MMR, mismatch repair; NGS, next-generation
sequencing; PFS, progression-free survival; R, resection; TMB, tumor mutational burden.
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Conclusions: This study demonstrates that molecular profiling of FFPE tumor samples improves
prognostication of ACC beyond clinical/histopathological parameters and identifies new potential
drug targets. These findings pave the way to precision medicine in this rare disease. (J Clin
Endocrinol Metab 103: 4511–4523, 2018)

Adrenocortical carcinoma (ACC) is a rare tumor
with a generally poor but heterogeneous prognosis

[5-year survival rate ranging from 13% to 80% (1, 2)].
Tumor stage according to the European Network for the
Study of Adrenocortical Tumors (ENSAT) classification,
which has now been used also by the American Joint
Committee on Cancer TNM classification system (3), is
one of the most relevant prognostic factors (1). However,
;10%of patients withmetastatic disease at diagnosis are
still alive after 10 years, and .20% of patients with
tumor stages I to III die within the first 3 years (1).
Resection (R) status of the primary tumor (4, 5) and Ki-
67 index (6) represent additional prognostic factors. A
recent study also proposed a combination of clinical/
histopathological parameters (i.e., tumor grade, R status,
age, symptoms = GRAS score) to improve prognostica-
tion in patients with advanced ACC (7).

Genome-wide studies have identified molecular pat-
terns associated with clinical outcome (8, 9). Among
these, a specific gene expression pattern (i.e., high
BUB1B-PINK1 levels) (8, 10), specific copy number
(CN) alteration (CNA) (9), and CpG island methylation
patterns (8, 11) have been associated with a poor
prognosis. However, these studies have been performed
on fresh-frozen tumor samples that are difficult to collect
in routine clinical settings. Moreover, cost-intensive
genome-wide technologies and complex bioinformatics
workup were required, which precludes the adoption of
the proposed prognostic biomarkers in clinical practice.

At present, few effective pharmacological therapies
are available for ACC (12). Mitotane (Lysodren; Bristol-
Myers Squibb, Princeton, NJ) is the only approved drug,
but an objective response is observed in only ;20% of
cases, and treatment is limited by severe adverse reactions
(13, 14). Even combined therapies of mitotane and cyto-
toxic chemotherapies, like etoposide-doxorubicin-cisplatin
(15), streptozotocin (15), and gemcitabine plus capecitabin
(16, 17), exhibit response rates ,25%. Although some
studies provided some promising insights into potential
pharmacological targets (18–20), effective targeted thera-
pies have not been identified yet (2, 21).

The main aim of the current study was to identify a
molecular tumor signature for a prognostic classification
of patients with ACC that may be easily transferred into
clinical practice. To this end, we used 117 standard
formalin-fixed, paraffin-embedded (FFPE) tumor tissue
specimens to investigate the prognostic power of both

previously proposed or new molecular markers and
potential drug targets, which we evaluated by targeted
next-generation sequencing (NGS).

Patients and Methods

Study protocol
This is a single-center retrospective study designed and

conducted in accordance with the Declaration of Helsinki. We
followed the recommendations for tumor prognostic markers
studies reported in the Reporting Recommendations for Tu-
mour Marker Prognostic Studies (REMARK) (22). Moreover,
we searched for known drug targets using the OncoKB website
(23). The study protocol was approved by local ethics com-
mittee (#88/11), and written informed consent was obtained
from all patients prior to study enrollment.

Patient cohort and clinical data
In total, 107 patients were selected for the study. Inclusion

criteria were histologically confirmed diagnosis of ACC and
availability of FFPE tumor specimens collected between 2002
and 2016 and corresponding blood samples. Initial clinical/
histopathological parameters and follow-up data were collected
through the ENSAT registry (Table 1).

A modified version of the GRAS classification (7) (mGRAS
score) was used to merge prognostically relevant clinical/
histopathological data: tumor stage (ENSAT 1 to 2 = 0 points,
3 = 1 point, 4 = 2 points), grading (Ki-67 proliferation index 0 to
9 = 0 points, 10 to 19 = 1 point, $20 = 2 points), R status (R0 =
0 points, RX = 1 point, R1 = 2 points, R2 = 3 points), age (,50
years = 0 points, $50 years = 1 point), and symptoms due to
steroid autonomous secretion or tumor mass (no = 0 points, yes =
1 point).

Progression-free survival (PFS) was the major outcome being
defined as the time from tumor resection (primary surgery) to
first radiological evidence of disease relapse or disease-
related death.

Material collection and DNA isolation
The final series included 117 FFPE samples (89 primary

tumors, 10 local recurrences, and 18 distant metastases). In 10
cases, tumor tissues were available from consecutive surgeries
of the same patients (seven with primary + metastasis, one with
primary + local recurrence, one with local recurrence + me-
tastasis, and one with two metastases). For survival analyses,
only the chronologically first sample of a patient was used
(either primary tumor or local recurrence/metastasis). The tu-
mor cell content in each FFPE slide was assessed by hematoxylin
and eosin staining and reached a high fraction (median, 90%;
range, 60% to 95%). DNA was isolated from tumors with the
GeneReadDNA FFPEKit (Qiagen, Hilden, Germany) and from
peripheral blood with the NucleoSpin Blood L Kit (Macherey-
Nagel, Bethlehem, PA) according to the manufacturer’s

4512 Lippert et al Precision Medicine in ACC J Clin Endocrinol Metab, December 2018, 103(12):4511–4523

D
ow

nloaded from
 https://academ

ic.oup.com
/jcem

/article/103/12/4511/5063495 by guest on 19 M
ay 2023



instructions. Qualitative and quantitative evaluation of DNA
fragmentation was assessed by the GeneRead DNA Quanti-
MIZE Assay Kit (384) (Qiagen). Quantitative PCRs were
performed with a SYBRGreen mix according to the manu-
facturer’s protocol and measured with a ViiA7 RT-PCR System
(Thermo Fisher Scientific, Manassas, VA). Data were analyzed

with QuantStudio RT-PCR Software (Applied Biosystems,
Foster City, CA). The quality of all DNA samples was calcu-
lated with GeneRead DNA QuantiMIZE_384_DataAnalysis
(Qiagen) in comparison with a control DNA included in the kit.
OnlyDNAwith a quality control (QC) score (indicator of sample
damage/fragmentation) #0.04 was sequenced.

Targeted DNA sequencing
Tumor and leukocyte DNAs were enriched with the Gen-

eRead DNAseq Human Comprehensive Cancer Panel V2 and
GeneReadDNAseq Panel PCRKit V2 (bothQiagen), according
to the manufacturer’s protocol. This panel includes coding
regions of 160 genes (7951 amplicons and 744,835 bases of
target regions), many of them known or suspected to be in-
volved in adrenocortical tumorigenesis or known drug targets.
NGS was performed on a NextSeq500 with NextSeq Mid
Output Reagent Kit V2 and 150-bp paired end reads (Illumina,
San Diego, CA). Raw data were aligned and analyzed with
GensearchNGS (Phenosystems S.A., Wallonia, Belgium). For
detection of somatic point mutations and small insertions and
deletions (small indels) in tumor samples, the called variants
were filtered as followed: coverage .100, exon distance ,21,
frequency of appearance .0.1, minor allele frequency ,0.02,
and variant balance .0. Variants found also in the matched
blood samples were excluded. Intronic and synonymous vari-
ants have been considered for calculating tumor mutational
burden (TMB) but not for further analysis, except of those
with a predicted influence on splice sites.

Impact on splicing for intronic and synonymous variants
was analyzed with Alamut software (Interactive Biosoft-
ware, Rouen, France) using five prediction algorithms:
SpliceSiteFinder-like, MaxEntScan (24), NNSPLICE (25),
GeneSplicer (26), and Human Splicing Finder (27). All other
variants were evaluated for predicted pathogenicity by the
Polymorphism Phenotyping v2 algorithm tool (PolyPhen-2) (28),
Sorting Tolerant From Intolerant algorithm, andMutationTaster
(29). The Catalogue of Somatic Mutations in Cancer was used
as a reference of cancer-related somatic variants. InterVar
was used as an additional tool for the interpretation of
variants (30).

ZNRF3, which was previously reported to be involved in
the pathogenesis of ACC (8, 9, 31), was evaluated separately
by direct Sanger sequencing. PCR primers for the coding
region of ZNRF3, except exon 1, were designed with Primer3
(version 4.0.0) software (3, 32). Sequencing data were gen-
erated with an ABI 3730 or an ABI 3130xl capillary sequencer
under standard conditions and analyzed with Gensearch
(Phenosystems S.A.).

TMB was calculated by summing all detected somatic
variants and dividing this number by the size of the target
region. Values are specified in variations per megabase (Mb).

To analyze CNAs, we used a combination of two different
approaches: the CNV analysis tool fromGensearchNGS and an
in-house pipeline. Single CN gains or losses have been identified
by comparing the CN of matched tumor and blood samples.
With GensearchNGS, a fold change (FC) of 1 was considered
“normal.” Hence, genes with all amplicons having an FC be-
tween 1.25 and 1.75 were considered as “heterozygous du-
plicated” and as “homozygous duplicated” with an FC .1.75.
Genes were considered deleted when all amplicons showed an
FC ,0.75. For the second approach, an initial quality as-
sessment was performed using FastQC, v0.11.3 (Illumina).

Table 1. Baseline Clinical/Histopathological
Characteristics of 107 Patients With ACC Included
in the Study

Parameter
Value

(N = 107)

Sex, male/female, no. 46/61
Baseline (at time of diagnosis)
Age, median (range), y 49 (18–87)
,50 y 57 (53.3)
$50 y 50 (46.7)

Clinical presentation (available data) 107
Incidentally 31 (29.0)
Tumor related 45 (42.0)
Hormone related 31 (29.0)

Hormone secretion (available data) 81
Glucocorticoids alone 24 (29.6)
Mixed secretion 25 (30.8)
Endocrine inactive 25 (30.8)
Others (androgens, mineralocorticoids,

estrogens)
7 (8.6)

Unknown, no. 26
Initial ENSAT tumor stage (available data) 107
1–2 56 (52.3)
3 28 (26.2)
4 (metastatic) 23 (21.5)

Resection status (available data) 104
R0 74 (71.1)
RX 16 (15.4)
R1 5 (4.8)
R2 9 (8.6)
Unknown, no. 3

Ki-67 proliferation index, median (range) 12 (1–90)
0–9 31 (29.0)
10–19 33 (30.8)
$20 43 (40.2)

Type of tumor
Primary 89 (83.2)
Local recurrence 9 (8.4)
Metastasis 9 (8.4)

During follow-up
Duration of follow-up, median (range), mo 31 (3–274)
Deaths 54 (50.5)

Local therapeutic approaches
Additional surgeries 26 (24.3)
Radiotherapy (tumor bed or metastasis) 19 (17.8)
Iodometomidate 7 (6.5)

Mitotane 73 (68.2)
Adjuvant setting 39 (36.4)
Palliative setting 34 (31.8)

Cytotoxic chemotherapies
None 45 (42.1)
Platinum compounds 52 (48.6)
Streptozotocin 44 (41.1)
Gemcitabine plus capecitabin 36 (33.6)

Values are presented as number (%) unless otherwise indicated.

Abbreviations: R0, complete resection; R1, microscopic incomplete re-
section; R2, macroscopic incomplete resection; RX, uncertain resection.
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Adapters and low-quality readswere trimmed using TrimGalore,
v0.4.0 (Babraham Bioinformatics, Cambridge, United Kingdom)
powered by Cutadapt, v1.8 (Department of Computer Science,
TU Dortmund, Dortmund, Germany). The reads were aligned
against the UCSC hg19 human reference genome with BWA
mem, v0.7.12 (Wellcome Trust Sanger Institute, Cambridge,
United Kingdom) using default parameters (33). Sorted BAM
files were created using Picard v1.125 (Broad Institute, Cam-
bridge, MA) and indexed using SAMtools v1.3 (Wellcome Trust
Sanger Institute, Cambridge, United Kingdom; Broad Institute of
MIT; and Harvard, Cambridge, MA) (34). Local realignment
around indels was executed with GATK, v3.5 (Broad Institute)
(35). For CNV, calling the number of reads of each ampliconwas
determined using the multiBamCov-Tool in the BEDTools suite,
v2.26.0 (Eccles Institute forHumanGenetics, University of Utah,
Salt Lake City, UT) (36). Only markers covered with an
average of at least 200 reads in control samples in the re-
spective panel were considered. For normalization, the reads
for each amplicon were divided by the total number of reads
for each sample. Log2 FC was calculated for each amplicon
passing QC using the corresponding amplicon in the matched
control. A gene was considered amplified or deleted if at least
80% of all markers in a tumor covering the gene were
amplified or deleted at least 1.5-fold. In both approaches,
CNAs were only investigated for genes covered by at least six
probes. Only CN alterations detected with both approaches
were considered.

Targeted DNA methylation analysis
Bisulfite pyrosequencing was used for quantitative methyl-

ation analysis of four tumor suppressor genes, PAX5, PAX6,
PYCARD, and GSTP1, that have been demonstrated to play a
substantial prognostic role in ACC (11). A total of 500 ng DNA
from tumor and matched blood samples was used to perform
bisulfite conversion and cleanup of converted DNA with the
EpiTect Fast 96 DNA Bisulfite Kit (Qiagen) according to the
manufacturer’s protocol. Target regions of the assays were
selected to include the regions accessible with the MLPA
ME002 tumor suppressor 2 probe mix (MRC-Holland,
Amsterdam, Netherlands) (3). PCR and sequencing primers
were designed with PyroMark Assay Design 2.0 software
(Qiagen) (3). Bisulfite-treated DNA was amplified in 25-mL
reactions containing 2.5 mL 103 PCR buffer with 20 mM
MgCl2, 0.5 mL 10 mM dNTP mix, 1.0 mL (10 pmol) of each
forward and reverse primer, 0.2 mL FastStart Taq DNA Poly-
merase (5 U/mL), 18.8 mL PCR-grade H2O, and 1 mL bisulfite-
converted DNA. PCRwas carried out with an initial denaturation
step at 95°C for 5 minutes, followed by 45 cycles at 95°C for 30
seconds, primer-specific annealing temperature (58°C for PAX5
and PYCARD, 59°C for PAX6, and 60°C for GSTP1) for 30
seconds, and elongation at 72°C for 30 seconds and a final
extension step at 72°C for 7 minutes. Bisulfite pyrosequencing
was performed on a PyroMark Q96 MD Pyrosequencing
System with the PyroMark Gold Q96 CDT Reagents Kit
(Qiagen). Pyro Q-CpG software (Biotage, Uppsala, Sweden)
was used for data analysis.

Fluorescence in situ hybridization analysis
To validate CDK4 CN gains, we investigated six repre-

sentative 2-mm-thick FFPE slides by Fluorescence in situ
hybridization (FISH) analysis (two samples with “homozy-
gous” CDK4 amplification, two with “heterozygous” CDK4

amplification, and two with normal CDK4 allele status at
NGS). CDK4 gene amplification was visualized through
hybridization of a Zytolight SPEC CDK4/CEN12 Dual Color
Probe (ZytoVision GmbH, Germany) (D12Z3) according to the
manufacturer’s recommendation. At least 200 nonoverlapping
nuclei per sample were evaluated by fluorescence microscopy
(Zeiss Axioskop, Jena, Germany) using the appropriate filter sets.
Only nuclei with a distinct nuclear border showing clear hy-
bridization signals were evaluated. CDK4 gene was considered
heterozygous amplified when the FISH signal ratio of CDK4/
CEN12was between 1.0 and 2.0 or homozygous amplifiedwhen
the ratio was $2.0. Ratios may nevertheless differ when gains
affect whole chromosome 12.

Targeted gene expression analysis
The mRNA expression of BUB1B and PINK1was evaluated

by quantitative real-time RT-PCR only in samples with high-
quality RNA and cDNA (n = 38). All baseline clinical/
histopathological characteristics as well as follow-up data of
this subgroup of patients did not differ from those of the entire
series. RNA was isolated from tumors by miRNeasy FFPE
(Qiagen). High RNA quality was tested using an Agilent 2100
Bioanalyzer (RNA integrity number .7.5). RNA was reverse
transcribed by the Quantitec Reverse Transcription Kit (Qiagen).
A quantitative RT-PCR for b-actin andGAPDHwas performed,
and only samples with a cycle threshold of,35were included for
further analysis (n = 38). The expression of BUB1B and PINK1
was evaluated by quantitative RT-PCR using Taqman BUB1B
(Hs01084828_m1) and PINK1 (Hs00260868_m1) probes with
expressed b-actin (Hs9999903_m1) as reference (Applied Bio-
systems, Darmstadt, Germany). Each PCR reaction was done
with 40 ng cDNA, and each analysis was performed in duplicate.
Transcript levels were determined using the TaqMan Gene Ex-
pression Master Mix (Applied Biosystems), the CFX96 real-time
thermocycler (Bio-Rad, Hercules, CA), and the Bio-Rad CFX
Manager 2.0 software. Cycling conditions were 95°C for
3minutes, followed by 40 cycles of 95°C for 30 seconds, 60°C for
30 seconds, and 72°C for 30 seconds. The ΔCT method was
applied for normalization of gene expression levels to those of
b-actin. The DCT(BUB1B)2DCT(PINK1) expression was then
calculated (10). Statistical analysis with different cutoff values
was performed. The best cutoff value for a high BUB1B-PINK1
differential expression was 6.3, which was already previously
suggested by De Reynies et al. (10).

Statistical analysis
A Fisher exact or x2 test was used to investigate dichot-

omic variables, whereas a two-sided t test (or Mann-Whitney
nonparametric test) was used to compare two groups of
continuous variables as appropriate. A nonparametric
Kruskal-Wallis test, followed by Bonferroni post hoc test,
was used for comparison among several groups for non-
normal distributed variables. Correlations and 95% CIs
between different parameters were evaluated by linear regression
analysis. Survival curves were obtained by Kaplan-Meier esti-
mates, and the differences between two or more curves were
assessed by the log-rank (Mantel-Cox) test. Multivariate re-
gression analysis was performed by the Cox proportional hazard
regression model to identify those factors that might in-
dependently influence survival.

To assess and compare the prognostic accurateness and
performance of different markers or scores, we used two
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approaches: (i) We used the x2 (log-rank) values (deviance x2

test) to determine the goodness-of-fit statistic of the regression
model, representing a surrogate of a likelihood ratio test;
(ii) We calculated the sensitivity, specificity, and accuracy of
different models categorizing patients with or without disease
recurrence/progress within 24 months from primary surgery as
affected/nonaffected. Finally, we considered the area under the
receiving operating characteristic curve and 95% CI for pre-
dicted probability of disease progression within 24 months
from primary surgery.

Statistical analyses were made using GraphPad Prism (ver-
sion 6.0; GraphPad Software, La Jolla, CA) and SPSS software
(version 23; SPSS, Inc., Chicago, IL). P values ,0.05 were
considered statistically significant.

Results

Targeted molecular analysis of ACC: overview
The clinical and histopathological characteristics of

the 107 patients selected for the study are shown in the
Table 1 (see also “Patients and Methods”).

By performing targeted NGS in 117 ACC samples, we
found a median TMB of 1.3/Mb (range: 0 to 22.8/Mb).
Altogether, we found 237 somatic genetic variants (single
nucleotide variants and small indels). The complete list of
alterations and their characteristics is shown in an online
repository (3). Considering the 10 cases with FFPE samples
from consecutive surgical interventions, most variants in
driver genes were conserved in samples obtained from the
same patient (3). Thus, we considered only the first
available sample from each of the 107 patients with ACC.
Among them, 30 presented no mutations, 25 had one
mutation, and 52 had at least two mutations (median per
sample: 1; range: 0 to 14; $5 mutations in 13 cases).
Overall, 215 protein-altering somatic variations were
found, affecting 69 of 161 evaluated genes. Among the
affected genes, 40 were mutated in at least two samples
and 17 in at least three samples (frequency$2.8%) (3).
The frequency of recurrent mutations previously de-
scribed in ACC (8, 9, 31) and in our series is shown in
Fig. 1A. The most frequently mutated genes were TP53
(22%), CTNNB1 (17%), NF1 (11%), APC (8.4%),
ZNRF3 (8.4%), MEN1 (7.4%), GNAS (6.5%), and
ATRX (6.5%). We also discovered novel recurrent
mutations not clearly associated with ACC yet, such as
in NOTCH1, CIC, KDM6A, BRCA1, and BRCA2
(all $2.8%) [Fig. 1A and (3)].

We then evaluated somatic CNVs in the same series.
Most frequent CN gains were observed in CDK4 (43%),
NOTCH1 (19%), TERT (12%), FGFR3 (12%), and
MDM2 genes (7.4%) and CN losses at RB1 (5.6%), as
expected (Fig. 1B). The presence of amplifications at the
CDK4 locuswas confirmedby FISHanalysis (see Fig. 2).We
also found CN alterations that were not previously reported
in ACC, such as gains in STK11 (31%) andGNA11 (17%)

and losses in TNFRSF14 (30%), SMARCB1 (22%), FLCN
(20%), and CHEK2 (13%) (Fig. 1B).

Using our targeted sequencing approach, we iden-
tified three different CN patterns, consistent with a
previous report (9). Accordingly, we defined them as
“chromosomal” when at least three large chromosomal
regions were affected by amplifications or deletions,
“quiet” when fewer than three regions were altered,
and “noisy” when several small regions were affected
[modified from Zheng et al. (9)]. An example of each
CN pattern is reported in an online repository (3).
Thirty-eight ACC samples were recognized to present a
“chromosomal” pattern, 44 a “quiet” pattern, and 25 a
“noisy” pattern.

The two most frequently affected pathways were p53/
Rb signaling (59.8%; including alterations in CDKN2A,
CDK4, MDM2, RB1, and TP53) and Wnt/b-catenin
pathway (33.6%, including alterations inAPC,CTNNB1,
MED12, MEN1, and ZNRF3). In 22 of 107 samples
(20.6%), both pathways were involved. Three of these
patients (2.8%) had variations in CTNNB1 and TP53.
Another frequently altered pathway was the chromatin
remodeling pathway (29.9%) (Fig. 1C). In a lower per-
centage of cases, genetic variations in genes of the DNA
repair (7.4%) or the mismatch repair (MMR) systems
(4.5%) were observed (Fig. 1C).

The methylation pattern of promoter regions of four
preselected geneswas also evaluated. Themedian percentage
of methylated promoter regions in the tumor material was
11% at PAX5 (range, 1% to 98%), 22% at PAX6 (range,
2% to 97%), 17% at PYCARD (range, 1% to 94%), and
3% at GSTP1 (range, 1% to 74%). Considering all genes,
the median value of meanmethylation was 21% (range, 2%
to 77%). Thirty-three tumors presented a promoter meth-
ylation status of “high” (31% of cases).

A high BUB1B-PINK1 differential expression is a
known negative prognostic marker in ACC (10). Thus,
we evaluated BUB1B and PINK1 mRNA expression
levels in a subgroup of 38 FFPE tumor specimens with
good RNA quality (32.5%). The analysis of this series
revealed a high BUB1B-PINK1 differential expression in
16 cases [42%, (3)].

Prognostic stratification
To evaluate the benefit of applying a molecular clas-

sification to prognosticate clinical outcome, we first in-
vestigated the prognostic effectiveness of ENSAT tumor
staging classification in our series. As expected, themedian
PFS was shorter for patients with metastatic disease
(ENSAT 4, n = 23) than for those with intermediate
(ENSAT 3, n = 28) or early tumor stages (ENSAT 1 to
2, n = 58) (P , 0.0001, x2 = 35.6; Fig. 3A). However,
using the mGRAS score (see Methods), we obtained an
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improved prognostic stratification by recognizing four
subgroups with a different clinical outcome, from fa-
vorable prognosis (median PFS = 54 months) to poor
prognosis (median PFS = 3 months) (P , 0.0001, x2 =
49.0, Fig. 3B).

Considering the results of the targeted molecular
analysis, five events predicted a shorter PFS in univariate
analysis: (i) presence of more than one mutation [P =
0.0015, hazard ratio (HR) = 2.12, 95%CI = 1.3 to 3.4], (ii)
noisy CNA pattern (P = 0.0038, HR = 2.46, 95%CI = 1.3
to 4.5), (iii) presence of alterations in Wnt/b-catenin sig-
naling alone or together with p53/Rb (P , 0.0001), (iv)
“high” promoter methylation status (P = 0.0002, HR =
2.9, 95% CI = 1.7 to 5.0), and (v) high BUB1B-PINK1
differential expression (n = 38, P = 0.0037, HR = 2.56,
95% CI = 1.16 to 5.67). To investigate the applicability
of a molecular prognostic classification in a clinical setting,
we developed a simplified score excluding parameters that
cannot be reliably and easily analyzed by targeted analysis
in FFPE samples (i.e., CNA pattern and mRNA ex-
pression). At multivariate analysis including clinical/
histopathological parameters, presence of alterations at

Wnt/b-catenin alone or with p53/Rb signaling and
“high” promoter methylation status remained significant
(P = 0.026, HR = 1.39, 95% CI = 1.04 to 1.87 and P =
0.003,HR= 2.03, 95%CI = 1.27 to 3.25, respectively).We
then combined genetic items in amolecular score as follows:
number of somatic mutations (0 to 1 = 0 points, .1 = 1
point), alterations in the Wnt/b-catenin and p53/Rb
pathways (none = 0 points, only Wnt/b-catenin = 1
point, Wnt/b-catenin + p53/Rb = 2 points), and promoter
region methylation pattern (#25% = 0 points, .25% = 1
point) (overall points 0 to 4). This allowed us to separate
four groups with PFS as end point: score 0 (n = 35, median
PFS = 36months), score 1 (n = 30, median PFS = 9months),
score 2 (n = 22, median PFS = 6 months), and score 3 to 4
(n = 20,median PFS = 4months) (P, 0.0001,x2 = 34.4; for
definition, see Fig. 3C).

By merging mGRAS and molecular score into a
combined (COMBI) score, we obtained a further im-
provement in the progression risk stratification. In par-
ticular, we better distinguished a group of patients with a
really favorable prognosis (median PFS = 54months) and
also three groups with good (median PFS = 13 months),

Figure 1. Recurrent genetic alterations observed by targeted NGS and Sanger sequencing (ZNRF3) in ACC. (A) Somatic protein-altering
mutations detected in the present series of FFPE tumors (n = 107) and in the series of snap-frozen tumors available in the literature (n = 182).
(B) CN alterations (gains and losses) detected in the present series of FFPE tumors (n = 107). Heterozygosis = duplicated with a fold change
between 1.25 and 1.75; homozygosis = duplicated with a fold change .1.75. (C) Altered signaling pathways identified by curated analysis.
Alterations are defined by somatic mutations and CN gains or losses.
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intermediate (median PFS = 6 months), and poor
(median PFS = 3 months) prognosis (P , 0.0001, x2 =
68.6; for definition, see Fig. 3D). When we tested the
superiority of COMBI with respect to mGRAS score
by discriminating patients with the best clinical out-
come (at least 24 months free of disease progression),
COMBI score showed a better prognostic perfor-
mance, proven by superior specificity (58.6% vs
31.0%) and accuracy (83.3% vs 74.5%). Moreover,
the area under the receiving operating characteristic
curve was higher for COMBI than for mGRAS score
(0.872, 95% CI = 0.800 to 0.943 vs 0.780, 95% CI =
0.689 to 0.871) (3).

A heatmap sorted for prognosis including mGRAS
score, molecular parameters, and COMBI score is shown
in Fig. 4.

We then decided to compare the prognostic power of
mGRAS and COMBI score evaluating the disease-free
survival (DFS) in those 74 patients with ACC who were
successfully operated (R0). In this subgroup, only
COMBI score was able to identify a category of patients
with an extremely longer DFS: median DFS for COMBI
0 to 2 (n = 23) was 243 months, COMBI 3 to 4 (n = 30)

was 13 months, COMBI 5 to 7 (n = 18) was 5.5 months,
and COMBI 8 to 13 (n = 3) was 3 months [P , 0.0001,
x2 = 50.98; see (3)].

Prediction of response to therapy
In patients treated with adjuvant mitotane (n = 39), a

low COMBI score (0 to 2) was slightly more powerful to
predict a longer DFS than a low mGRAS (0 to 1) (P =
0.0001, x2 = 21.5 vs P = 0.0058, x2 = 12.5). However,
similar results were obtained considering patients with
superimposable disease stages who did not receive ad-
juvant mitotane (n = 49) (COMBI score: P = 0.0001, x2 =
27.5; mGRAS: P = 0.0008, x2 = 16.8), thus suggesting no
specific relationship between molecular alterations and
response to mitotane.

In patients with advanced ACC, none of the single
molecular events showed a significant predictive role for
response to mitotane monotherapy (n = 34), etoposide-
doxorubicin-cisplatin (n = 52), gemcitabine plus capecitabine
(n = 36), and/or streptozotocin (n = 44). These analyses
were performed by considering both objective response
to the investigated drugs and time to progression
during treatment.

Figure 2. Example of CDK4 CN gains. (A) CN analysis by targeted NGS in one FFPE tumor slide with homozygous CDK4 amplification (view of
all genes covered in the panel). (B) Zoom view of the CDK4 locus at chromosome 12 and (C) validation by FISH analysis in the same FFPE tumor
slide (dual-color probe: CDK4 in green and CEN12 in red). (D) CN analysis by targeted NGS in one FFPE tumor slide with homozygous CDK4
amplification (view of all genes covered in the panel). (E) Zoom view of the CDK4 locus at chromosome 12 and (F) validation by FISH analysis,
respectively. (G) CN analysis by targeted NGS in one FFPE tumor slide without CDK4 amplification (view of all genes covered in the panel).
(H) Zoom view of the CDK4 locus at chromosome 12 and (I) validation by FISH analysis, respectively.
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Actionable molecular alterations
Having chosen an NGS panel that includes several

known pharmacologically targetable genetic alterations
allowed us to directly look for their presence in ACC.
According to the level of evidence (OncoKB website), we
found at least one alteration in a drug-targetable gene in
64 of our 107 patients. The list and specifics of 17 ac-
tionable genetic alterations are reported in Table 2. The
most interesting ones are CN gains at gene CDK4 (43%
of cases) that are accessible by different CDK4/6 in-
hibitors already approved for other types of solid tumors.
Moreover, recurrent alterations at NOTCH1, targeted
by g secretase inhibitors; NF1, targeted by MEK in-
hibitors; orMDM2, targeted by MDM2 inhibitors, were
recognized. Mutations in other known druggable genes,
such as those coding for receptor tyrosine kinases
(EGFR, KIT, and RET), members of the DNA repair
system (ATM, BRCA1, and BRCA2), PTCH1, and
TSC1/TSC2, were detected in a small percentage of

samples (,3%). In two ACC samples, we identified the
well-known Val600Gly activating mutation in the gene
BRAF, which is found in ;50% of papillary thyroid
carcinomas and is directly actioned by BRAF and/or
MEK inhibitors. Finally, mutations and/or CN losses
were also observed in MMR genes MLH1, MSH2, and
MSH6, which are associated with response to immune
checkpoint inhibitors such as PD1/PDL1 inhibitors.

Discussion

The current study represents the largest study combining
targeted NGS and methylation analysis on ACC samples
(n = 117) using FFPE tissue specimens that are easily
obtainable during routine histopathological workup. Our
results clearly demonstrate that these analyses are feasi-
ble on FFPE material. Furthermore, we propose, to our
knowledge, a new combined histological, clinical, and
molecular score that improves the prognostic stratification

Figure 3. Prognostication of clinical outcome (PFS) in 107 patients with ACC according to different parameters. (A) Initial ENSAT tumor stage
(1 to 4). (B) mGRAS score including ENSAT tumor stage (1 or 2 = 0, 3 = 1, 4 = 2), Ki-67 index (0 to 9 = 0, 10 to 19 = 1, $20 = 2), R status
(R0 = 0, RX = 1, R1 = 2, R2 = 3), age (,50 years = 0, $50 years = 1), and symptoms (no = 0, yes = 1) (overall points 0 to 9). (C) Molecular
score including number of somatic mutations (0 to 1 = 0, .1 = 1), alterations in the Wnt/b-catenin and p53/Rb pathways (none = 0, only Wnt/
b-catenin = 1, Wnt/b-catenin + p53/Rb = 2), and promoter region methylation pattern (#25% = 0, .25% = 1) (overall points 0 to 4).
(D) COMBI score including mGRAS and molecular score (overall points 0 to 13).
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in this rare disease (COMBI score). Finally, we identify
actionable molecular events in .50% of patients.

Interestingly, we could evaluate the genetic profile of
consecutive tumors from 10 patients. In these cases, we
found a good concordance between primary and re-
current tumors in terms of both TMB and mutated genes,
similar to what is described for other cancer types (37).
Thus, we considered only the first available tumor sample
for each single patient (n = 107). Overall, we confirmed
the presence of frequent ACC-associated alterations
(Fig. 1A). Notably, we also detected in a smaller per-
centage of cases alterations previously not clearly asso-
ciated with ACC (.2.5%; i.e., mutations at NOTCH1,
CIC, and BRCA1/2; amplifications in STK11 and
GNA11; and deletions in TNFRSF14 and SMARCB1).
In terms of signaling pathways, the most frequently in-
volved were p53/Rb and Wnt/b-catenin, as expected. In
22 samples (20.6%), we observed alterations in both
signaling pathways, representing an important negative
prognostic marker—a rate that was already reported in
literature (8, 9). In the group with the worst prognosis,
three patients (2.8%) with alterations in CTNNB1 and
TP53 were observed. Although Ragazzon et al. found

alterations inCTNNB1 andTP53mutually exclusive (38),
a small number of patients in the cohort of Assié et al. (8)
and Zheng et al. (9) had variants in both genes, thus also
supporting our data. We also found alterations in genes
involved in chromatin remodeling, as expected (8, 9, 31,
39). More surprisingly, we also observed recurrent genetic
alterations affecting members of the MMR (i.e., MLH1,
MSH2, MSH6) or homologous recombination DNA re-
pair system (i.e., ATM, BRCA1, BRCA2).

Concerning the prognostic role of molecular markers,
we could confirm in our FFPE series the impact of mo-
lecular markers already proposed in studies on fresh-frozen
material (8, 9, 31). However, the investigation of the CN
pattern was not easily achievable starting from targeted
analysis in FFPE material. Similarly, the isolation of high-
quality RNA from FFPE tissue was successful in only
32.5% of samples, allowing investigation of mRNA ex-
pression in only a subset of patients. Therefore, we ex-
cluded these markers from further analysis. A simplified
molecular prognostic score was then devised that includes
mutational load, alterations in the p53/Rb and Wnt/
b-catenin pathway, and “high” promoter methylation
status. However, importantly, only by merging molecular

Figure 4. Heatmap representing the clinical outcome of the 107 patients with ACC in relationship with the evaluated clinical/histopathological
score (mGRAS), the most relevant and “easy-to-apply” molecular parameters and the calculated COMBI score. Patients are subdivided into four
different “prognosis” subgroups according to PFS: favorable prognosis by PFS .24 mo (n = 29), good prognosis by PFS 12 to 24 mo (n = 13),
intermediate prognosis by PFS 6 to 11 mo (n = 20), and bad prognosis by PFS ,6 mo (n = 40). The remaining five patients who were still alive
at the last follow-up were considered “not applicable” in terms of prognosis classification because of an insufficient time span of follow-up.
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alterations with clinical/histopathological parameters in-
cluded in mGRAS into a COMBI score did we obtain the
best discrimination among patients with ACC with dif-
ferent prognostication. The COMBI score was particularly
supportive to identify patients with an extremely favorable
clinical outcome, showing the best predictive accuracy for
discriminating patients without disease recurrence/progress
within the first 24 months after primary surgery compared
with the mGRAS score. The superiority of the COMBI
score was even more evident when considering the capa-
bility to predict DFS in patients successfully operated. These
findings might play a key role in clinical practice, helping to
better select patients who do not need aggressive treatment,
thus sparing unnecessary side effects to patients and costs
for the community.

A targeted approach to molecular analysis has been
recently proposed by Garinet et al. (40), who validated

targeted NGS for simultaneously calling mutations, chro-
mosome alterations, and DNA methylation status. Such
analysis might have clinical benefits but still needs to be
validated in FFPEmaterial. Considering other cancer types,
genetic analysis by targeted NGS and methylation analysis
by pyrosequencing have been performed in FFPE tumor
specimens, obtaining good results (41–43). Nevertheless,
this kind of approach had not been tested in ACC samples
until now. In general, it is now the task to prove that
proposed molecular-driven scores are clinically helpful to
guide clinicians in patient care. To this end, only a mul-
ticenter, prospective, and randomized trial will provide
reliable answers, but the international ACC community
seems to be well connected to perform such effort.

Furthermore, we intended to investigate the potential
predictive role of molecular alterations for response
to systemic chemotherapies. However, none of the

Table 2. Potential Drug Targets Identified by NGS in 107 Patients With ACCs

Gene Symbol Description
Type of Observed

Alteration % Samples Potential Targeted Therapy Level of Evidencea

DNA level
CDK4 Cyclin-dependent

kinase
CN gains 43 CDK4/6 inhibitor (palbociclib/

abemaciclib/ribociclib)
2A (liposarcoma)

Missense mutation 1.8
NOTCH1 NOTCH signaling CN gains 20.5 g secretase inhibitor

(PF-03084014)
4 (all tumors)

Missense mutation 4.7
NF1 RAS/MAPK

regulation
Del/Dup or missense
mutation

11.2 MEK inhibitor (trametinib/
cobimetinib)

4 (glioblastoma /
melanoma)b

MDM2 P53 pathway CN gain 7.0 MDM2 inhibitors (DS-3032b,
RG7112)

3A (liposarcoma)

EGFR Receptor tyrosine
kinase

Missense mutation 2.8 TKI (afatinib/erlotinib/gefitinib) 1 (NSCLC)b

BRCA1 DNA repair system Del or missense
mutation

2.8 PARP inhibitor (rucaparib/
olaparib/nirapanib)
(synthetic lethality)

1-2A (ovary cancer)b

BRCA2 Missense mutation 2.8
ATM DNA repair system Missense mutation

or delins
1.8 PARP inhibitor (olaparib)

(synthetic lethality)
4 (prostate cancer)b

BRAF Ser/thr kinase Missense mutation 1.8 BRAF inhibitor (vemurafenib/
dabrafenib)

1 (cutaneous melanoma)

MEK inhibitor (trametinib/
cobimetinib)

2A (NCSLC)

4 (thyroid cancer)
PTCH1 Sonic hedgehog

receptor
Missense mutation 1.8 Hedgehog inhibitor (sonidegib) 3A (skin cancer)b

TSC1 mTOR pathway Del (frameshift) 1.8 mTOR inhibitor (everolimus) 2A (CNS + renal cancer)b

TSC2 Missense mutation 0.9
Missense mutation

KIT Receptor tyrosine
kinase

Missense mutation 0.9 TKI (imatinib/sunitinib) 1 (GIST)b

2A (melanoma)
RET Receptor tyrosine

kinase
Missense mutation 0.9 TKI (cabozantinib) 2A (NSCLC)b

ESR1 Estrogen receptor Missense mutation 0.9 AZD9496 (fulvestrant) 3A (breast cancer)b

EZH2 Histone N-methyl-
transferase

Nonsense mutation 0.9 GSK126 (tazemetostat) 4 (B-cell lymphoma)b

Abbreviations: CNS, central nervous system; GIST, gastrointestinal stromal tumor; NCSLC, non–small cell lung cancer; PARP, poly (ADP-ribose) poly-
merase; TKI, tyrosine kinase inhibitor.
aEvidence by OncoKB website (21): level 1 = US Food and Drug Administration–approved biomarker; level 2A, standard care biomarker in this indication;
level 2B, standard care biomarker in another indication; level 3A, predictive biomarker according to clinical evidence in this indication; level 3B, predictive
biomarker according to clinical evidence in another indication; level 4, predictive biomarker according to biological evidence.
bNot the same molecular alteration.
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evaluated alterations were associated with the response
to any standard pharmacological therapy in ACC. This
might have different explanations, including the hetero-
geneity of treatments usually used in this kind of patients
and the complexity of the molecular background of ACC.

Finally, we intended to identify potentially druggable
molecular events. A similar approach has been used in a few
previous studies in a small series of patients (up to 40)
demonstrating the presence of potentially actionable ge-
nomic alterations in a subset of ACC (19, 20). In our study,
we concentrated on molecular events targeted by drugs
already available for solid tumors (OncoKB). Based on our
analysis, the most promising candidate is the gene CDK4.
Specifically, CN gains at theCDK4 locus already have been
reported in the literature on ACC (8, 19, 20), but we
observed them in an even higher percentage of cases
(.40%). These alterations were confirmed with FISH
analysis. Our findings may be clinically relevant because
selective CDK4/6 inhibitors palbociclib and ribociclib have
been approved by US Food and Drug Administration for
the treatment of breast cancer (44). Phase I to III studies are
now ongoing with other CDK4/6 inhibitors in solid tumors
(44). Moreover, although they have not yet been tested in
patients with ACC, CDK4/6 inhibitors have been shown to
reduce cell viability in ACC cell lines (46, 47).

Another promising drug target is the NOTCH1 gene,
which was gained in .20% of cases in the present series
and in.40% in a previous study (47). TheNotch pathway
might represent an interesting target as it was reported to
be activated in ACC (49) and can be actioned by different
g secretase inhibitors or monoclonal antibodies (50). For
instance, the g secretase inhibitor PF-03084014 has already
been tested in a phase I study in patients with advanced
solid tumors (51). The presence ofCNgains atMDM2 (7%
of cases) might also be considered encouraging targets as
MDM2 inhibitors such as DS-3032b or RG7112 have been
reported to reduce cell proliferation in MDM-amplified
liposarcoma (52). An interesting therapeutic option is
also represented by targeting the BRCA-related DNA
repair system (altered in .7% of cases) by PARP
[poly (ADP-ribose) polymerase] inhibitors (i.e., olaparib,
nirapanib, and rucaparib) (53) that are approved for
treatment of BRCA-mutant ovarian cancer. Moreover,
mutations in targetable genes coding for receptor tyrosine
kinases (EGFR, KIT, RET), members of the mTOR path-
way (TSC1/2), and BRAF were detected in rare cases. Fi-
nally, in 4.5% of cases, we observed mutations or CN losses
in members of the MMR system (MSH2, MSH6, MLH1),
which have been reported as predictive biomarkers for an-
titumor effects of checkpoint PD1/PDL1 inhibitors [i.e.,
pembrolizumab or novolumab (54, 55)]. Our findings on
actionable targets open up a new therapeutic avenue for
subsets of patients with ACC.

In conclusion, our study demonstrates that molecular
classification based on targeted genetic analysis is able to
improve the prognostication of patients with ACC when
combined with clinical/histopathological parameters. This
approach paves the way to a personalized management of
ACC, allowing better decisions about the need for ad-
juvant therapies and/or frequency of periodical post-
operative monitoring. In addition, our targeted panel can
at the same time identi druggable targets. In some cases,
these results may be used to select patients for clinical trials
or off-label use of specific anticancer drugs. The fact that
all this is possible in readily available FFPE material is a
major step toward precision medicine in this rare disease.

Acknowledgments

Theauthors thankMs.MartinaZinkforexcellent technical support
andMs.MichaelaHaaf for coordinating theENSATRegistry.This
workhasbeencarriedoutwiththehelpof the InterdisciplinaryBank
of Biomaterials and Data of the University Hospital of Würzburg
and the Julius Maximilian University of Würzburg (IBDW). The
implementation of the IBDW has been supported by the Federal
Ministry for Education and Research (grant FKZ: 01EY1102).

Financial Support: This work has been supported by the
Deutsche Forschungsgemeinschaft (DFG) within the CRC/
Transregio 205/1 (to M.F. and M.K.) and the Comprehensive
Cancer Center Mainfranken, University Hospital of Würzburg.

Correspondence and Reprint Requests: Cristina L. Ronchi,
MD, PhD, Division of Endocrinology and Diabetes, Univer-
sity Hospital of Würzburg, Oberduerrbacher-Str 6, 97080
Würzburg, Germany. E-mail: Ronchi_C@ukw.de.

Disclosure Summary: The authors have nothing to
disclose.

References

1. Fassnacht M, Johanssen S, Quinkler M, Bucsky P, Willenberg HS,
Beuschlein F, Terzolo M, Mueller HH, Hahner S, Allolio B;
German Adrenocortical Carcinoma Registry Group; European
Network for the Study of Adrenal Tumors. Limited prognostic
value of the 2004 International Union Against Cancer staging
classification for adrenocortical carcinoma: proposal for a revised
TNM classification. Cancer. 2008;115(2):243–250.

2. Else T, Kim AC, Sabolch A, Raymond VM, Kandathil A, Caoili
EM, Jolly S, Miller BS, Giordano TJ, Hammer GD. Adrenocortical
carcinoma. Endocr Rev. 2014;35(2):282–326.

3. Lippert J, Appenzeller S, Liang R, Sbiera S, Kircher S, Altieri B,
Nanda I, Weigand I, Gehrig A, Steinhauer S, Riemens RJM,
Rosenwald A, Müller CR, Kroiss M, Rost S, Fassnacht M, Ronchi
CL. Targeted molecular analysis in adrenocortical carcinomas: a
strategy towards improved personalized prognostication. figshare.
Deposited 19 June 2018. 10.1530/endoabs.56.OC11.1. www.
figshare.com/s/82bc6478458020a9c4db.

4. Erdogan I, Deutschbein T, Jurowich C, Kroiss M, Ronchi C,
Quinkler M,Waldmann J, Willenberg HS, Beuschlein F, Fottner C,
Klose S, Heidemeier A, Brix D, Fenske W, Hahner S, Reibetanz J,
Allolio B, Fassnacht M; German Adrenocortical Carcinoma Study
Group. The role of surgery in the management of recurrent ad-
renocortical carcinoma. J Clin Endocrinol Metab. 2013;98(1):
181–191.

doi: 10.1210/jc.2018-01348 https://academic.oup.com/jcem 4521

D
ow

nloaded from
 https://academ

ic.oup.com
/jcem

/article/103/12/4511/5063495 by guest on 19 M
ay 2023

mailto:Ronchi_C@ukw.de
http://www.figshare.com/s/82bc6478458020a9c4db
http://www.figshare.com/s/82bc6478458020a9c4db
http://dx.doi.org/10.1210/jc.2018-01348
https://academic.oup.com/jcem


5. Margonis GA, Kim Y, Prescott JD, Tran TB, Postlewait LM,
Maithel SK, Wang TS, Evans DB, Hatzaras I, Shenoy R, Phay JE,
Keplinger K, Fields RC, Jin LX, Weber SM, Salem A, Sicklick JK,
Gad S, Yopp AC, Mansour JC, Duh QY, Seiser N, Solorzano CC,
Kiernan CM, Votanopoulos KI, Levine EA, Poultsides GA, Pawlik
TM. Adrenocortical carcinoma: impact of surgical margin status
on long-term outcomes. Ann Surg Oncol. 2015;23(1):134–141.

6. Beuschlein F, Weigel J, Saeger W, Kroiss M, Wild V, Daffara F,
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