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Context: Adrenocortical cancer (ACC) is an aggressive tumor with a heterogeneous outcome.
Prognostic stratification is difficult even based on tumor stage and Ki67. Recently integrated ge-
nomics studies have demonstrated that CpG islands hypermethylation is correlated with poor
survival.

Objective: The goal of this study was to confirm the prognostic value of CpG islands methylation on
an independent cohort.

Design: Methylation was measured by methylation-specific multiplex ligation–dependent probe
amplification (MS-MLPA).
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Setting:MS-MLPAwas performed in a training cohort of 50patientswithACC to identify the best set

of probes correlatingwith disease-free survival (DFS) and overall survival (OS). These outcomeswere

validated in an independent cohort from 21 ENSAT centers.

Patients: The validation cohort included 203 patients (64% women, median age 50 years, 80%

localized tumors).

Main Outcome Measures: DFS and OS.

Results: In the training cohort, mean methylation of 4 genes (PAX5, GSTP1, PYCARD, PAX6) was the

strongest methylation marker. In the validation cohort, methylation was a significant prognostic

factor of DFS (P , 0.0001) and OS (P , 0.0001). Methylation, Ki67, and ENSAT stage were combined

inmultivariatemodels. ForDFS,methylation (P=0.0005) and stage (P, 0.0001) but not Ki67 (P = 0.19)

remained highly significant. For OS, methylation (P = 0.0006), stage (P , 0.0001), and Ki67 (P = 0.024)

were independent prognostic factors.

Conclusions: Tumor DNA methylation emerges as an independent prognostic factor in ACC. MS-

MLPA is readily compatible with clinical routine and should enhance our ability for prognostication

and precision medicine. (J Clin Endocrinol Metab 102: 923–932, 2017)

Despite a poor overall survival (OS), the prognosis of
adrenocortical carcinoma (ACC) is heterogeneous.

The 5-year survival rate remains below 40% in most
series (1), but variability in clinical presentations and
outcome is observed (2). Prognostic stratification is im-
portant to discuss and evaluate adjuvant or curative
therapies and to individualize patient follow-up. The
tumor stage at diagnosis, as defined by the European
Network for the Study of Adrenal Tumors (ENSAT),
represents themost powerful prognostic factor (1, 3). The
OS of patients with the same tumor burden is still highly
variable (4). In localized ACC, a recent study has iden-
tified Ki67 proliferation index as a major prognostic
factor to predict recurrence after complete surgical re-
section (5). However, a recent study reported important
interobserver variability for Ki67 (6), which is a limita-
tion for clinical practice. In recent years, genomic and
epigenomic analyses have drawn a new classification of
ACC based on molecular alterations (7–9). Gene and
miRNA expression, somatic mutations, chromosomal
alterations, and DNA methylation could identify sub-
groups of ACC with markedly different outcomes (7–9).

DNA methylation might be involved in the patho-
genesis of various diseases, including cancer. In com-
parison with normal cells, tumor cells exhibit a different
methylomewhere hypomethylation and hypermethylation
patterns can be observed. Hypermethylation of CpG
islands, which are located in the regulatory regions of
genes, contributes to the inactivation of tumor suppressor
genes (10). In colorectal cancer, a subset of tumors are
characterized by hypermethylation of several hundreds
of CpG islands, a pattern called “CpG island methyla-
tor phenotype” (CIMP) (11). These tumors are associated
with specific molecular and clinico-pathological fea-
tures (12), including poor clinical outcome (13), and

CIMP was thought to represent a distinct pathway of
colorectal carcinogenesis. Subsequently, a similar phe-
notype has been reported in other cancers (14).

Three studies have investigated genome-wide DNA
methylation profiles in ACC (15–17) and found hyper-
methylation of CpG islands, evoking a CIMP phenotype
in a subset of ACC (15–17). Based on a pangenomic
study, our team has recently reported that the levels of
methylation at CpG islands are related to survival and
that the CpG island hypermethylation/CIMP phenotype
is associated with a poor outcome in ACC (17). The poor
prognosis of hypermethylation in ACC was recently
confirmed by an independent molecular classification
from the Cancer Genome Atlas project (9).

Therefore, downgrading from global profiling to focus
assessments of methylation is a necessary step to use
methylation as a molecular prognostic factor in a clinical
routine. The methylation of targeted genes can be de-
termined by methylation-specific multiplex ligation–
dependent probe amplification (MS-MLPA), a poly-
merase chain reaction (PCR)-based technique using a
methylation-sensitive restriction enzyme. Due to its
excellent reliability, it is now a gold standard for tar-
geted methylation oncogenetics analysis, such as
MLH1 promoter methylation assay in the screening for
Lynch syndrome (18). In ACC, we previously reported
the feasibility of MS-MLPA to determine CIMP sta-
tus (17).

The aim of the current study was to set up a simplified
and optimized molecular tool measuring methylation,
based on MS-MLPA, in a first cohort of patients with
ACC. The prognostic value of this DNAmarker was then
tested on a large, independent cohort and compared with
other prognostic factors.
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Patients and Methods

Patients
A total of 253 adult patients with ACC were included:

a training cohort of 50 patients with ACC for setting up theMS-
MLPA marker (in this cohort, all tumors have been previously
analyzed by methylation array) and an independent validation
cohort of 203 patients. A cohort of 15 patients with adreno-
cortical adenomas (ACAs) served as control for MS-MLPA.

The 50 patients with ACC in the training cohort were col-
lected as previously reported (17). The 203 patients withACC in
the validation cohort were collected in the ENSAT network by
21 centers from France, Germany, The Netherlands, and
Italy (19).

Tumor samples were frozen and stored as previously re-
ported (7, 20). Diagnosis of malignancy was confirmed by
expert pathologists according to the Weiss criteria (21).

For the training cohort, clinical information was collected as
previously reported (20). Briefly, cortisol excess was ascertained
by clinical and hormonal evaluation, the latter including 24-
hour urinary cortisol, 1 mg dexamethasone suppression test,
midnight cortisol, and early-morning plasma adrenocortico-
tropic hormone. Other hormone excesses were based on clinical
signs and appropriate blood hormone assays. For the validation
cohort, clinical information, including age, sex, hormone se-
cretion, Ki67 staining, ENSAT tumor stage, disease-free sur-
vival (DFS), and OS, was obtained from the ENSAT database
(22). All patients were naive of chemotherapy and radiation
therapy at the time of surgery or biopsy. Three patients received
mitotane before biopsy. For 15 patients, no sample was
available from the primary tumor, and a sample from a local
recurrence or a metastasis was considered instead; these tumors
showed similar molecular profiles and survival features com-
pared with the rest of the cohort and were therefore not ex-
cluded (data not shown). Patients were operated on if they had
no synchronousmetastases. Patients withmetastaseswere either
operated on or treated by mitotane and/or cytotoxic chemo-
therapy. Patients were followed until the date of their death,
their last examination, or the end of their follow-up period.

Signed informed consent for the genetic testing on tissue
samples and for the collection and use of clinical data was
obtained from all participants, and the study was approved by
the local institutional review board of each clinical center.

Tumor DNA preparation
Tumor samples (10–50 mg) were powdered under liquid

nitrogen, and DNA was extracted as previously reported (7).
DNA quality assessment was controlled with the Nanodrop
ND-1000 spectrophotometer (Nyxor Biotech, Paris, France).

Methylome analysis
Bisulfite-converted genomic DNA of the 50 patients with

ACC from the training cohort were analyzed using the Infinium
HumanMethylation27 Beadchip (Illumina, San Diego, CA) as
previously described (17).Methylation level for each tumor was
calculated as the mean M-value for CpG within CpG islands of
all chromosomes, excluding chromosomes X and Y.

MS-MLPA
MS-MLPA is a PCR-based assay that detects changes in

methylation status of up to 50 selected sequences in a single
experiment (23).

Tumor DNA of the 253 patients with ACCs and 15 patients
with ACAs was assessed with the MLPA ME002 tumor
suppressor-2 probe mix, combined with theMLPA EK1-Cy5 or
EK1-FAM reagent kits (MRC-Holland, Amsterdam, The
Netherlands). The probe mix contains 14 reference probes
and 27 MS-MLPA probes that detect the methylation status of
CpG islands in the promoter regions of 25 different tumor
suppressor genes (Supplemental Table 1). This kit was chosen
for its enrichment in genes that were hypermethylated in the
CIMP tumors from the pangenomic methylome analysis (17).
Information regarding the probe sequences and restriction sites
can be found at www.mlpa.com.

The kit was used according to the manufacturer’s protocol,
starting from 500 ng of genomic DNA. In brief, DNA was
denatured (10minutes at 98°C) and cooled at 25°C, after which
the probe mix was added to the samples. The mixture was
hybridized by incubation at 60°C for 16 hours. Each samplewas
divided into 2 tubes in which 1 half was ligated and the other
half was ligated and digested using the methylation-sensitive
restriction enzymeHhaI (Promega,Madison,WI). Both samples
were subsequently subjected to PCR, and fragment analysis was
performed on a capillary sequencer (Beckman CEquation 8800;
Beckman-Coulter, Villepinte, France or ABI 3130xl; Applied
Biosystems, Forest City, CA). Electrophoregrams obtainedwere
analyzed using CEquation 8800 Genetic Analysis System
(Beckman-Coulter) or Gene Mapper software (Applied Bio-
systems). The peak heights of each probe were considered for
the calculations. Following the manufacturer’s recommenda-
tions, an “intra-sample data normalization” was performed by
dividing the peak height of each probe by the peak height of
every reference probe in the sample, thus creating asmany ratios
per probe as there were reference probes. We obtained a nor-
malization constant by calculating the median value of all probe
ratios per probe. Finally, the percentage of methylation of each
probe was calculated by dividing the normalization constant
of a probe in the digested sample by the normalization constant
of the same probe in the undigested sample and by multiplying
this ratio by 100.

Because each MS-MLPA probe showed a specific dynamic
range, prior to averaging the values of different probes we per-
formed for each probe a normalization with a linear trans-
formation of the measured percentage of methylation to a value
ranging from 0% to 100%. The 0% value was defined as the
median value measured in the 15 ACAs. The 100% value was
defined as the median value measured in the 24 ACCs previously
identified as hypermethylated (CIMP) by methylation array (17).
After transformation, any values lower than 0% or higher than
100% were replaced by 0% and 100%, respectively.

For each of the 27 MS-MLPA probes, we tested the relation
with the CpG islands methylation status (CIMP or non-CIMP)
as defined by methylation array as well as the relationship with
survival. The probes showing a significant association with
methylation status, DFS, and OS were selected for calculating
the percentage of methylation for each tumor.

Statistical analysis
Analyses were performed using R statistical software (R Stats

Package) and SAS (Statistical Analysis System, Cary, NC) soft-
ware. Comparison between groups was performed with Student’s
t test for quantitative variables and with the Fischer’s exact test
for qualitative variables. Correlation between quantitative var-
iables was assessed by the Pearson and Spearman coefficients.
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OS was defined as time elapsed between surgery of the
primary tumor and death or last follow-up visit. DFS was de-
fined as time elapsed between surgery and the first evidence of
relapse or last follow-up without evidence for disease.

Survival curves were obtained with Kaplan-Meier estimates
and compared with the log-rank test. Cox proportional hazards
regression was used to determine univariate and multivariate
hazard ratios for (HRs) selected potential predictors of DFS
and OS.

Univariate survival analyses were performed for quantitative
(age, tumor size, Ki67, and methylation) and qualitative (sex,
cortisol secretion, and ENSAT stage) variables. These variables
were either selected for their a priori prognostic value according
to previous publications (1, 5, 24) or for their being part of
standard demographic and oncologic features.

In line with the main objective of this study (i.e., finding out
whether methylation would add to ACC prognosis information
in clinical practice), methylation was tested in multivariate
models including primarily ENSAT stage and Ki67, the only
well-established and routinely used prognostic factors (1, 5).
Multivariate models were performed in a subset of 146 patients
with complete data for the selected variables.

Second-order polynomial terms were tested to evaluate
nonlinear relationships between methylation and survival. The
proportional hazards assumption was tested for each model
constructed.

Results

Patient characteristics
The main baseline clinical, hormonal, and patholog-

ical characteristics of 15 patients with ACA, the 50 pa-
tients with ACC in the training cohort, and the 203
patients with ACC in the validation cohort are summa-
rized in Table 1. Age, sex, hormonal secretion, Weiss

score, and ENSAT tumor stage were not different be-
tween the groups. The training cohort included more
cortisol-secreting (66% vs 49%; P = 0.039) and larger
tumors (mean tumor size, 114.5 vs 90 mm; P = 0.008)
than the validation cohort. However, Ki67 was lower
(2.3 vs 15.7; P , 10216) in the training cohort. Despite
these few differences, recurrence (62% vs 57%) and
death (50% vs 44%) rates were not significantly different
between the training and the validation cohorts, re-
spectively (Table 1). In the validation cohort, 9 patients
(4%) were lost to follow-up. For patients alive at the end
of the study, the follow-up period ranged from 8.4 to
272.5 months and was longer than 2 years for 92% of
patients. Outcome was not related to center size (data not
shown).

Targeted measurements of methylation by
MS-MLPA reflect the whole-genome CpG
methylation status

In the training cohort, the methylation level of 27
probes was assayed by MS-MLPA. Four probes (GSTP1,
PYCARD, PAX6, PAX5) were positively correlated with
the CpG islands methylation status (CIMP or non-CIMP)
as defined by methylation array (17) (Pearson correla-
tion, P , 0.05) and associated with DFS and OS (cox
regression, P , 0.05) (Supplemental Table 2). Sub-
sequently, for each tumor, a global CpG islands meth-
ylation level was calculated by averaging the percentage
of methylation of these 4 MS-MLPA probes. This global
CpG islands methylation level correlated well with the
CpG islands methylation measured by the methylome

Table 1. Clinical Characteristics of Patients asWell as Tumor Size and Stage,Weiss Score, and Ki67 Analysis in
the 2 Cohorts of Patients With ACC and in Patients With ACA Used as a Reference for Methylation

ACA Cohort (n = 15) ACC Training Cohort (n = 50)
ACC Validation Cohort

(n = 203)

n Mean (SD) n (%) N Mean (SD) n (%) N Mean (SD) n (%) P valuea

Age, y 15 48.9 (18.7) 50 45.9 (17.4) 203 50.8 (15.8) 0.077
Sex (F/M) 15 13/2 (87) 50 38/12 (76) 203 130/73 (64) 0.133
Hormonal secretion 15 10 (67) 50 41 (82) 201 141 (70) 0.112
Cortisol secretion 14 8 (57) 50 33 (66) 192 94 (49) 0.039
Weiss score 15 2 (0) 50 5.5 (2.1) 186 5.6 (1.9) 0.653
Ki67, % 7 0 (0) 45 2.3 (4.8) 147 15.7 (15.6) ,10216

ENSAT stageb 48 197
I 4 (8) 24 (12) 0.092
II 25 (52) 91 (46)
III 4 (8) 42 (21)
IV 15 (31) 40 (20)

Tumor size, cm 15 4.2 (2.1) 48 11.45 (5.58) 176 9.00 (5.19) 0.008
Postoperative mitotane 15 0 (0) 49 34 (69) 144 70 (48) 0.013
Recurrence of ACC 15 0 (0) 50 31 (62) 203 115 (57) 0.526
Death 15 0 (0) 50 25 (50) 203 89 (44) 0.526
Follow-up, mo 15 39.3 (25.4) 50 66.6 (64.7) 203 52.6 (51.6) 0.161

aComparison of the ACC training cohort and the ACC validation cohort.
bENSAT stage applies only to patients with ACC.
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beadchip [Pearson correlation coefficient (r) = 0.81; P ,
10212] (Fig. 1).

MS-MLPA results for each patient are provided in
Supplemental Table 3 and Supplemental Fig. 1.

CpG islands methylation measured by MS-MLPA
predicts survival

In the validation cohort, age, cortisol secretion, tumor
size, ENSAT stage, Ki67, and the methylation measured
by 4 MS-MLPA probes showed a significant prognostic
value for DFS and OS (Table 2).

CpG islands methylation measured by MS-MLPA
was a significant prognostic factor of DFS, with an HR
for recurrence of 1.013 (P , 1026) for all patients and
1.017 (P , 1027) for patients with ENSAT stage I–III
tumors. Methylation was also a significant prognostic
factor of OS, with an HR for death of 1.012 (P , 1024)
per 1% increase of methylation (Table 2). Death was
related to ACC recurrence for 86%, to treatment toxicity
for 3%, and to other causes for 11% of patients.

In agreement with previous studies, survival dropped in
patients with stage III tumors and even more in patients
with stage IV tumors. Indeed,HR for deathwas 3.265 (P,

1024) for stage III vs I–II and9.490 and2.507 (P,1023) in
ENSAT stage IV vs stages I–II and vs stage III, respectively.

Proliferation index, reflected by the Ki67, appeared also
as a significant prognostic factor of survival, with an HR
for recurrence of 1.022 (P, 1025) and an HR for death of
1.028 (P, 1027) per 1% increase of Ki67 index (Table 2).

Correlations between these variables are provided in
Supplemental Table 4. Methylation was not strongly
correlated with the other prognostic factors. In contrast,
Ki67 was more correlated to ENSAT stage (r = 0.43).

The prognostic value of CpG island methylation is
independent from Ki67 and tumor stage

In amultivariatemodel, includingKi67 andENSATstage,
methylation remained of prognostic significance, with anHR
of 1.012 for recurrence (P = 0.0005) and anHR for death of
1.014 (P = 0.0006) per 1% increase ofmethylation (Table 3).

The ENSAT stage also remained significant, whether
excluding stage IV (metastatic patients) or not (forDFS:P =
0.0032 and P, 10213; for OS: P = 0.001 and P, 10211,
respectively). The Ki67 did not reach significance for DFS
prediction (P = 0.19) but was significant forOS (P = 0.024).

CpG islands methylation as a prognostic molecular
marker for clinical care

For a convenient use of methylation in clinical prac-
tice, splitting the methylation values into categories was
considered. A methylation level of 25% was determined
as the best cutoff in the training cohort (Supplemen-
tal Fig. 2). In the validation cohort, CpG islands

hypermethylation $25% was associated with a poor
prognosis, both on DFS [HR, 2.80; 95% confidence
interval (CI), 1.92–4.10; P, 1026] and onOS (HR, 2.39;
95% CI, 1.56–3.67; P , 1024). Median DFS and OS
were 12 and 39months, respectively, for hypermethylated
tumors and 106 and 180 months, respectively, for non-
hypermethylated tumors (Fig. 2).

Methylation, Ki67, and ENSAT stage were then com-
bined into a global prognostic score predicting survival
(Fig. 3). The score was obtained by the following calcu-
lation: methylation $25% (+1 point), Ki67 $20% (+1
point), tumor stage III (+1 point), and tumor stage IV (+2
points, to take into account the worse prognosis of patients
with stage IV vs stage III tumors). For DFS, the prognostic
scorewas a significant prognostic factor (log-rankP,10216)
(Supplemental Fig. 3) and remained significant when
restricted to patients with stage I–III tumors (log-rank
P , 1028) [Fig. 3(A)]. For OS, the prognostic score was
also a significant prognostic factor (log-rank P , 10216)
[Fig. 3(B)]. Of particular interest, in patients with stage
I–III and Ki67,20%, heterogeneous outcome is observed
and is well stratified by the methylation level (DFS: HR,
3.59; 95%CI, 1.75–7.36;P = 0.0005; OS:HR, 4.15; 85%
CI, 1.71–10.07; P = 0.0016) (Supplemental Fig. 4).

Discussion

This study describes and validates the CpG islands
methylation analysis by MS-MLPA as an innovative and

Figure 1. Reliability of CpG islands methylation measurement by
MS-MLPA. For 50 patients with ACC, methylation was measured by
MS-MLPA (x-axis) and by methylation array (y-axis). The gray dots
correspond to nonhypermethylated (non-CIMP) ACCs, and the black
dots correspond to hypermethylated (CIMP) ACCs, as defined by
methylome array [average M-value (17)]. The 2 measures strongly
correlate (r = 0.81; P , 10212).
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important prognostic factor in ACC. In multivariate
analyses, methylation assay is established as a strong
prognostic factor, independent of the best-established
prognostic factors, including tumor stage and Ki67.

Recently genomics have highlighted the importance of
methylation analysis for ACC classification, opening new
perspectives both for oncogenesis and precisionmedicine.
This study illustrates how this recent gain in knowledge
is useful to develop new molecular tools for ACC
prognosis. Targeted measurements by MS-MLPA rep-
resent a cost-effective approach for clinical management
compared with methylation microarrays. The reliability
of MS-MLPA could be confirmed in this study, consid-
ering the methylation arrays as the gold standard.

In recent years, attention has been focused on the
biology and clinical relevance of the hypermethylated
phenotype (CIMP) in different tumor types, especially in
colorectal cancer. However, the targeted measurement
reflecting theCIMP status of a tumor is challenging because
of the absence of a clear definition of CIMP. Likewise, the
mechanisms of altered methylation patterns remain un-
explained in most tumor types (25). In addition, methyl-
ation is a dynamic process, with potential fluctuations over
time (26). Despite these limitations, targeted methylation
assays have identified a consistent CIMPpattern in a subset

of colorectal cancers (27), with hypermethylation being
associated with a poor prognosis. A majority of these
studies are based on bisulfite treatment of tumor DNA
prior to quantitative PCR and are prone to potential biases
(28). In the current studywe used instead a technique based
on differential enzymatic digestion of DNA depending on
the methylation status. This technique is commonly used in
oncogenetics routine laboratories.

The current study suffers from limitations inherent to
retrospective investigations, inwhich potential confounding
factors could affect prognosis. Specifically, treatments
proposed to patients were not standardized. However,
except for complete surgery, these treatments showed a
limited efficiency (29). Furthermore, treatments were not
chosen based on tumor methylation status. In addition,
frequency and duration of follow-up were potentially
variable among centers in this multicenter setting. These
limitations are shared by the vast majority of studies that
have addressed the prognosis of ACC (4, 5, 30–32). Of
note, the cohort size in our study is among the largest for
molecular studies in the field. In addition, this study
included 2 independent cohorts, 1 for setting up the
targeted methylation marker and 1 for validation.

In the present analysis, ENSAT tumor stage confirmed
its strong prognostic power in univariate andmultivariate

Table 2. Univariate Analysis for DFS and OS in the Validation Cohort

DFS OS

N HR (95% CI) P Value HR (95% CI) P Value

Age at diagnosis, /y 203 1.024 (1.011–1.036) ,1023 1.029 (1.015–1.044) ,1024

Sex (F/M) 203 1.189 (0.816–1.731) 0.367 1.087 (0.707–1.671) 0.704
Cortisol secretion 192 1.969 (1.334–2.908) ,1023 2.137 (1.373–3.326) ,1023

Tumor size, /cm 176 1.072 (1.034–1.113) ,1023 1.064 (1.021–1.110) 0.004
ENSAT stage 197
II vs I 1.422 (0.658–3.070) 0.370 1.744 (0.6004–5.068) 0.307
III vs I 3.426 (1.553–7.558) 0.002 5.070 (1.750–14.689) 0.003
IV vs I 13.960 (6.257–31.148) ,1029 13.678 (4.821–38.808) ,1026

IV vs I–III 7.720 (4.94–12.065) ,10216 5.850 (3.738–9.158) ,10213

Ki67, /1% increase in of methylation 147 1.022 (1.013–1.032) ,1025 1.028 (1.018–1.038) ,1027

Methylation measured by MS-MLPA, /1% increase
in methylation

203 1.013 (1.008–1.018) ,1026 1.012 (1.006–1.018) ,1024

Table 3. Multivariate Analysis for DFS and OS in the Validation Cohort

DFS OS

HR (95% CI) P Value HR (95% CI) P Value

ENSAT stage III vs I–II 2.536 (1.366–4.707) 0.0032 3.505 (1.656–7.418) 0.0010
ENSAT stage IV vs I–II 11.252 (5.966–21.223) ,10213 12.405 (6.080–25.309) ,10211

Ki67, /1% increase 1.008 (0.996–1.020) 0.1935 1.015 (1.002–1.029) 0.0242
Methylation measured by
MS-MLPA, /1% increase

1.012 (1.005–1.018) 0.0005 1.012 (1.006–1.021) 0.0006

The results of multivariate analysis including ENSAT stage (III vs I-II or IV vs I-II), Ki67, and CpG islands methylation determined by MS-MLPA on the
validation cohort are shown.
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analyses, as previously reported (1, 3). The nuclear
proliferation marker Ki67 is used as a prognostic marker
in several types of neoplasms (33). A recent study in
localized ACC highlights Ki67 as the most powerful
prognostic factor of DFS after complete surgery. This
study suggests a tumor grading based on 3 levels of the
Ki67 index:,10%, 10%–19%, and.20%. The current
investigation confirmed the Ki67 index as a major
prognostic factor in ACC. In the multivariate analysis,
including the tumor stage and methylation, the Ki67
index remained an independent prognostic factor of OS
but not of DFS and compared adversely to methylation.

This better performance of methylation in multivariate
analyses may be related to the lower correlation between
methylation and ENSAT stage (r = 0.22) compared with
correlation between Ki67 and ENSAT stage (r = 0.43). In
addition, the limited value of Ki67 could be favored by
the limited reproducibility of Ki67, especially in our
multicenter setting, lacking a centralized review of Ki67
indexes. However, this observation just confirms the
existing problems with significant variability of Ki67
measurements in clinical routine. Indeed, recent studies
show in breast and adrenocortical cancers that the in-
terobserver variation for intermediate Ki67 indexes

Figure 2. Kaplan-Meier estimates of CpG islands methylation status on DFS and OS in the validation cohort. Methylation was measured by MS-
MLPA using a cut-off of 25% to define hypermethylated tumors. (A) DFS according to methylation status in the validation cohort. (B) OS
according to methylation status in the validation cohort.

Figure 3. Prognostic value of CpG islands methylation, Ki67, and ENSAT stage combined into a single prognostic score in the validation cohort.
The prognostic score is determined by adding the number of pejorative risk factors, including a methylation $25% (+1 point), Ki67 $20% (+1
point), ENSAT stage III (+1 point), and ENSAT stage IV (+2 points). Kaplan-Meier estimates are presented for (A) DFS for ENSAT stage I to III
patients and (B) OS of all ENSAT stages patients from the validation cohort.
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(10%–30%) is quite high, related to samples preparation
and quantification methods (6). This may be a concern
for clinical practice because the suggested cut-offs for
clinical decisions are in this range. This observation re-
inforces the need for additional robust markers for the
prognostication of adrenocortical tumors.

Overall our study shows that targeted methylation
measurement by MS-MLPA can be used in clinical
routine as a prognostic marker, along with the ENSAT
stage and the Ki67 index. We propose a prognostic score
based on these 3 variables that is readily compatible with
clinical practice. However, the prognosticmodel itself has
not been tested in a different cohort and requires in-
dependent validation. Moreover, we do not provide
demonstration that this score is the best possible. Indeed,
other markers, or other ways to combine these markers,
may prove more accurate in future studies. Especially in
patients after “complete surgery,” the decision of an
adjuvant treatment should be based on a reliable prog-
nostication. Patients with high Ki67 index are at high risk
of recurrence, whereas the prognosis of patients with low
Ki67 index remains heterogeneous. In this subgroup,
methylation measured by MS-MLPA can refine the
prognosis. Adjuvant mitotane is usually proposed to
patients with a high risk of recurrence (i.e., stage III or
stage I–II high Ki67 tumors). Based on the results of this
study, mitotane could also be offered to patients with
stage I–II hypermethylated tumors. In addition, patients
with 2 or 3 poor prognosis factors could also be given
adjuvant chemotherapy. However, these suggestions
require specific validation by clinical trials. One of the
advantages of a marker that is based on DNA analy-
sis, compared with a previous very potent prognostic
quantitative reverse transcription PCR–based molecular
marker derived from the transcriptome study (20, 34)
relies on the fact that in clinical routine practice good
quality tumor nucleic acid is easier to obtain for DNA
than RNA. In the future, methylation will have to be
confronted with any relevant molecular marker, in-
cluding those derived from transcriptome, chromosomal
alterations, and miRNome studies (7, 9, 20, 35–38).

In conclusion, this study demonstrates a strong value
of targeted methylation assay by MS-MLPA for prog-
nostication of ACC recurrence and death. This newDNA
marker can be implemented in routine laboratory pro-
cedures and completes the current clinical and patho-
logical prognostic markers for precision medicine.
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Perlemoine K, René-Corail F, Bertagna X, Dousset B, Hamzaoui N,
Tissier F, de Reynies A, Bertherat J. Identification of a CpG island
methylator phenotype in adrenocortical carcinomas. J Clin
Endocrinol Metab. 2013;98(1):E174–E184.
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Clauser E, Assié G. Clinical and pathophysiological implications of
chromosomal alterations in adrenocortical tumors: an integrated ge-
nomic approach. J Clin Endocrinol Metab. 2012;97(2):E301–E311.

37. Soon PSH, Tacon LJ, Gill AJ, Bambach CP, Sywak MS, Campbell
PR, YehMW,Wong SG, Clifton-Bligh RJ, Robinson BG, Sidhu SB.
miR-195 and miR-483-5p identified as predictors of poor prog-
nosis in adrenocortical cancer. Clin Cancer Res. 2009;15(24):
7684–7692.
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