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ABSTRACT

Background. Adrenocortical carcinoma (ACC) is a rare malig-
nancy with a poor prognosis. The aim of this study was to
identify novel protein signatures that would predict clinical
outcomes in a large cohort of patients with ACC based on data
from previous gene expression microarray studies.
Materials and Methods. A tissue microarray was generated
from the paraffin tissue blocks of 61 patients with clinical
outcomes data. Selected protein biomarkers based on pre-
vious gene expression microarray profiling studies were
selected, and immunohistochemistry stainingwas performed.
Staining patterns were correlated with clinical outcomes, and
a multivariate analysis was undertaken to identify potential
biomarkers of prognosis.
Results.Median overall survival was 45 months, with a 5-year
overall survival rate of 44%. Median disease-free survival was
58months, with a 5-year disease-free survival rate of 44%.The

proliferation marker Ki-67 and DNA topoisomerase TOP2A
were associated with significantly poorer overall and disease-
free survival. The results also showed strong correlation
between the transcriptional repressor EZH2 and TOP2A
expression, suggesting a novel role for EZH2 as an additional
marker of prognosis. In contrast, increased expression of the
BARD1 protein, with its ubiquitin ligase function, was asso-
ciated with significantly improved overall and disease-free
survival, which has yet to be documented for ACC.
Conclusion.We present novel biomarkers that assist in
determining prognosis for patients with ACC. Ki-67, TOP2A,
and EZH2 were all significantly associated with poorer
outcomes, whereas BARD1 was associated with improved
overall survival. It is hoped that these biomarkers may help
tailor additional therapy and be potential targets for directed
therapy. The Oncologist 2015;20:247–256

Implications for Practice: Adrenocortical carcinoma (ACC) is a rare but highly lethal malignancy with limited treatment options.
There has been an expansion of knowledge from gene expression profiling and pangenomic analyses of the genetic alterations
associated with ACC. Many of the findings have yet to be validated at the tissue-specimen level to confirm their translational
relevance.We report on a novel panel of proteinmarkers that have been validated in a cohort of patients with ACC and are able to
predict both poor and improved survival outcomes. Given the difficulty in envisaging outcomes with this disease, it is hoped that
the identificationof thesenewprognostic andpredictivemarkerswill aid in tailoringadditional therapyandbe targetsofmolecular
therapy themselves for future research.

INTRODUCTION

Adrenocortical carcinoma (ACC) is a rare but aggressive
heterogeneous malignancy with an incidence of 0.5–2.0 per
1 million population [1]. The disease is typically sporadic,
with patients presenting in a bimodal age pattern, either
early in the first decade of life or in the 40- to 50-year
age bracket [2, 3]. At presentation, most patients have

resectable disease, but disappointingly, up to 40% of
patients will already have systemic disease [1, 4, 5].
Morbidity arises from aggressive local and distant dis-
ease and from dysregulated steroid hormone pro-
duction. Complete surgical resection (R0) is the mainstay
of therapy.
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Research has been expanded to unravel the pathogenesis
of ACC, and the molecular landscape of ACC has changed
dramatically over the past 15 years. Significant advances in our
understanding of the molecular aspects of the disease have
arisen from identification of genetic changes in rare familial
syndromes manifesting ACC and comparison to sporadic ACC
and use of genomewide messenger RNA (mRNA) and micro-
RNA (miRNA) expression studies and comparative genomic
hybridization and methylation profiling studies [6–11]. In
a similar fashion, genomewide gene expression profiling has
identified several dysregulated genes associated with ACC
[12–16] and has been able to stratify outcomes depending on
the grade of ACC [12, 17].

These gene expression profiling and pangenomic anal-
yses of the genetic and epigenetic alterations in ACC have
generated a myriad of data points that will require further
validation. It is important that these data be validated in
tissue sections to confirm the differential expression at the
RNA or protein level. Tissue microarray (TMA) technology
has been gaining momentum as a unique diagnostic and
research tool in the molecular analysis of cancer biology
[18–22]. Our aim was to use TMA technology with im-
munohistochemistry (IHC) to validate previously identified
dysregulated genes in ACC and to identify novel protein
signatures that would predict clinical outcomes in a large
cohort of patients with ACC.

METHODS

Clinical Data and Patient Samples
Given the rarityof ACC, therewas aneed topool resources and
use amulticenter approach to gain meaningful data regarding
clinical characteristics and outcomes. This multicenter study
wasundertakenwith approval by theNorthern SydneyHuman
Research Ethics Committee.The lead investigating center was
the University of Sydney Endocrine Surgery Unit, Royal North
Shore Hospital (RNSH), Sydney, Australia, with collection of
clinical data from teaching and district hospitals, both public
and private, across the state of New South Wales (NSW),
Australia, and accruement of formalin-fixed paraffin-
embedded (FFPE) tissue blocks from pathology departments
across the state.

A final cohort of 71 patients diagnosed with ACC was
accrued. These patients had been entered postoperatively in
the New South Wales Cancer Registry from 1998 to 2013 and
hadavailable FFPE tissue samples for analysis. Relevant clinical
data were obtained from various sources, including hospital
records and multiple treating clinicians (surgeons, physicians,
general practitioners). To ensure accuracy in data acquisition,
clinical data were collected and independently recorded by
four investigators (J.C.Y.I., T.C.Y.P., A.R.G., P.S.). This included
basic patient demographics, clinical presentation, endocrine
functional assessment, imaging, preoperative diagnosis,
operative findings and technique, histopathological findings,
medical management, clinical outcome, and survival data. All
recordswere then compiled intoonedatabaseusingMicrosoft
Excel 2011 (Microsoft Corporation, Redmond, WA, http://
www.microsoft.com). Data entered into the database were
verified and agreed on by at least two investigators (J.C.Y.I.,
T.C.Y.P.).

Clinical assessment included whether the patient pre-
sented incidentally, by means of a mass effect, or with
hormonal imbalance, hemorrhage, or paraneoplastic symp-
toms.Multiplemeans of presentationwere also recorded.The
date of diagnosis was standardized to the date of surgery.
Endocrine workup of each patient was assessed by examining
the medical records for results of biochemical investigations
related to overproduction of cortisol, aldosterone, and/or
androgens. Resection margins were determined from opera-
tive and histopathology reports and recorded in the standard
fashion (R0, no evidence of tumor, complete resection; R1,
microscopic evidence of residual tumorwith positivemargins;
R2, macroscopic evidence of residual tumor).

The European Network for the Study of Adrenal Tumors
(ENSAT) stagingsystemwasusedbecause ithadbeenshownto
be superior to traditional TNM staging [23, 24].The evaluation
of medical management included an assessment of use of
adjuvant radiotherapy, chemotherapy, and mitotane therapy.

Clinical outcome data were determined from the date of
death as recorded by the NSW cancer registry or the Ryerson
Index [25]. Survival times were determined from the date of
surgery. Overall survival was defined by censoring at the date
of death from any cause or the date of last follow-up.
Recurrence-free survival was determined only in patientswith
noevidence ofmetastases at presentation.Time to recurrence
in this casewas determined by the date ofdeath due to ACC or
date of recurrence of any type (local, regional, or distant).
Patients were otherwise censored at date of last follow-up.

Selection of Biomarkers
Our earlier work using microarray gene expression identified
several genesknowntobe important inadrenal carcinogenesis
[7]. These genes were noted to be significantly overexpressed
inACCscomparedwithadrenocortical adenomas (ACAs). From
this data, we selected several candidate markers involved in
cellular proliferation (Ki-67), cell-cycle control (cyclin B1,
TOP2A), DNA damage repair (BARD1), cell signaling (IGF2),
and transcription (GR, SF-1, EZH2) for further IHC analysis.

Creation of TMA Slides for Immunohistochemistry
ATMAwas constructed fromthe FFPEblocks of representative
ACCs using a manual tissue-arraying instrument (Chemicon
ATA-100; EMD Millipore, Billerica, MA, http://www.
emdmillipore.com). A1.0-mm-diameterneedleandmatching
stylet were used for all TMAs, and all ACC specimens were
sampled in triplicate. The TMA paraffin block was placed in
a rotary microtome (Leica RM2125; Leica Biosystems, Mount
Waverley, Victoria, Australia, http://www.leicabiosystems.
com), and multiple 4-mm sections were cut and adhered to
positively charged slides (Superfrost Plus; Menzel-Glaser,
Braunschweig, Germany, http://www.menzel.de).

Immunohistochemistry
IHC was performed on the TMA slides sectioned at 4mmonto
positively charged slides (Superfrost Plus;Menzel-Glaser).The
clones, dilutions, catalog numbers, and manufacturers for
the different antibodies were as follows: IGF2 (clone S1F2,
1/400, 05-166; Upstate; EMDMillipore), GR (clone 4H2, 1/20,
NCL-GCR; Novocastra; Leica Biosystems), SF-1 (clone N1665,
1/100, PP-N1665-00; Perseus Proteomics, Komaba, Japan,
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http://www.ppmx.com), cyclinB1 (clone7A9, 1/20,NCL-cyclin
B1; Novocastra; Leica Biosystems), Ki-67 (clone MIB-1, 1/50,
M7240; Dako, Carpenteria, CA, http://www.dako.com),
BARD1 (1/400, HPA044864; Sigma-Aldrich, St. Louis, MO,
https://www.sigmaaldrich.com), EZH2 (clone D2C9, 1/100,
5246; Cell Signaling Technology, Danvers, MA, http://www.
cellsignal.com), and TOP2A (clone 3F6, 1/50, NCL-TOPIIA;
Novocastra; Leica Biosystems).

All slides were processed with an automated staining
system, the Leica Biosystems Bond III autostainer, used
according to the manufacturer’s protocol and with the
manufacturer’s retrieval solutions.

For GR, SF-1, and BARD1, heat-induced epitope retrieval
was performed for 30 minutes in the manufacturers’ acidic
retrieval solutionER1 (VBSpartnumberAR9961). ForcyclinB1,
Ki-67, EZH2, and TOP2A, heat-induced epitope retrieval was
performed for 30 minutes in the manufacturers’ alkaline
retrieval solution ER2 (VBS part number AR9640). For IGF2,
enzyme-basedantigen retrievalwasperformed for 10minutes
using the manufacturer’s enzyme pretreatment kit (VBS part
number AR9551). A biotin-free detection system was used
(VBS part number DS9713). Appropriate external positive
controls for each stain were performed.

All slides were interpreted by an experienced endocrine
pathologist (A.J.G.) inconjunctionwithamatchedhematoxylin
and eosin-stained slide. At the time of examination, the
pathologist was blinded to all clinical and pathological data.
For Ki-67, a standard proliferative index expressed as the
percentage of neoplastic cells demonstrating positive staining
was determined; for all other stains, tumors were scored
semiquantitatively as 0 (negative), 11 (focally or weakly
positive), 21 (moderate staining), 31 (diffuse strongstaining),
or 41 (intense diffuse staining).

Statistical Analysis
Descriptive statistics were presented as mean 6SD, median
(interquartile range), or as count (percentage), depending on
distribution. Staining intensity was converted into binary
values. Cutoff values were selected using regression tree
analysis. Univariate and multivariate inferential survival
analyses were performed using Cox proportional hazards
models. A multivariate model was then fitted to the entire
cohort using a stepwise approach with covariates, with p, .1
retained. The final model was assessed for validity of the
proportional hazards assumption using Schoenfeld residuals
and goodness of fit using Cox-Snell residuals.

A C statistic was calculated to assess the discrimination
ability of the model. Internal validation of the multivariate
model was performed by refitting the model using the same
stepwise approach to 200 bootstrap samples, and thismodel’s
performance was tested against the bootstrap and original
data sets to assess the degree optimism of the original C
statistic. An adjusted C statistic was then calculated by
subtracting this optimism from the original estimate [26]. In
thisway, a survivalmodel based on IHC stainingwas compared
with a model based purely on clinical characteristics. The
covariates for this clinicalmodelwere selected fromanalysis of
the larger cohort from a previous study [27]. A combined
model was also developed using a similar approach.

Univariate analysis of disease-free survival of those
patients with no evidence of metastases on presentation
using Coxmodels was performed, but nomultivariate analysis
was performed because of the small sample size. Association
between staining characteristics and prolonged survival in
advanced disease was also tested with Fisher’s exact test
(univariate analysis). Data management and statistical analy-
ses were performed using Stata SE version 11.2 for Windows
(StataCorp LP, College Station, TX, http://www.stata.com).

RESULTS

Clinical and Histopathological Characteristics
In the 15-year study period, a total of 71 patients had available
tumor blocks with complete clinical data; however, 10
patients’ FFPE blocks were unsuitable for TMA construction
or further analysis and subsequently were excluded from the
study. This left 61 patients to be included in the study. Patient
characteristics are summarized in Table 1. There was a slight
female preponderance (n5 35, 57%), and the mean age was
506 15 years.

Treatment
The majority of patients (n 5 45, 74%) underwent open
laparotomy (anterior approach) for their operation. Intra-
operative evidence showed that adjacent organ invasion was
present in 26 patients (44%) and that intraoperative metas-
tases were present in 17 patients (29%). R0 resection was
achieved in 28 patients (49%), 24 (42%) had an R1 resec-
tion, and 5 patients (8.8%) underwent an R2 resection. Four
patients had missing data on resection status.

In patients who had medical therapy, 25 (41%) had
mitotane therapy, 14 (23%) received radiotherapy, and 22
(36%) received various regimens of chemotherapy.

Staining Characteristics and Survival
Survival data were available for all patients. Representative
IHC images for various stains can be seen in Figure 1.The univar-
iate and multivariate models for patients’ overall survival are
presented in Tables 2 and 3. On both univariate and
multivariate analysis, staining for TOP2A (staining score .2)
(Fig. 2A) and Ki-67 (staining score.10%) (Fig. 2B) were found
to be significant factors associated with poor prognosis. In
contrast, staining for BARD1 (staining score.2) (Fig. 2C) was
associated with significantly better overall survival on both
univariate analysis (hazard ratio [HR]: 0.33; 95% confidence
interval [CI]: 0.14–0.76; p 5 .009) and multivariate analysis
(HR: 0.11; 95% CI: 0.043–0.28; p , .001). Cyclin B1 was also
significantly associated with poorer overall survival on un-
ivariate analysis (HR: 2.4; 95% CI: 1.0–5.2) (Fig. 2D).

On univariate analysis, EZH2 (staining score .2) was
associated with poorer overall survival (HR: 3.0; 95% CI:
1.2–7.7) (Fig. 2E). It is interesting to note that EZH2 and TOP2A
staining correlatedhighlywith eachother. As a binary variable,
the correlation coefficient was 0.83, and Fisher’s exact test
strongly suggested an association (p , .001), with only 4 of
61 patients classified in different groups on the two tests.
Consequently, EZH2 was not included in the multivariate
model to prevent collinearity issues.
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When examining IHC as a model compared with clinical
factors, IHC staining results in isolation gave a C statistic of
0.788, which was adjusted for optimism to 0.772 on internal
bootstrap validation (Table 3). Figure 2F summarizes overall
survival depending on the number of unfavorable staining
characteristics (TOP2A .2, BARD1 #21, and Ki-67 .10%).
When examining clinical factors in isolation, age $50 years
and any invasion were significant risk factors for poor prog-
nosis. After accounting for these two clinical factors, TOP2A
remained a significant predictor of poor prognosis. The
combined model (TOP2A IHC and clinical factors) demon-
strated a C statistic (adjusted for optimism) of 0.842 (strong)
(Table 3).

In an attempt to gain further insight into whether protein
marker expression correlated with prognosis depending on
the stage of presentation, grouped stage-specific analysis of
outcomesofpatientswithENSATstage Ior II andENSATstage III
or IV disease was undertaken.When disease-free survival was
examined with patients presenting with ENSAT stage I or II
disease,TOP2A, cyclin B1, and Ki-67were associatedwith poor
prognosis on univariate analysis (Table 4). Multivariate
analysis was not performed because of the small sample size.

For patients with advanced disease (ENSAT stage III or IV),
analysis revealed that increased TOP2A expression (p5 .039)
andage$50years (p5 .013)were found tobeassociatedwith
a significantly lower likelihood of survival beyond 2 years
(Table 5). Again, multivariate analysis was not performed
becauseof the small sample size; however, the effect of TOP2A
did not seem to be related to the effect of age because
correlation between age category and TOP2A staining (binary
variable)waspoor (0.15).Nopatients aged.50years andwho
had high TOP2A staining survived.24 months, although this
result failed to achieve statistical significance (p5 .117).

DISCUSSION

Long-termoutcomeandsurvival ofmalignantACC isdifficult to
predict, given the heterogeneity of the disease, both clinically
andpathologically.ThemodifiedWeiss score is themostwidely
accepted scoring system for classification of an adrenocortical
tumor as a carcinoma or an adenoma [28, 29]. Further clinical
intervention, whether it be surgery, radiotherapy, and/or
chemotherapy, is predicated on the diagnosis; however, the
system is not infallible, with benign tumors giving rise to
metastases andwith a tumor identified asmalignant behaving
in a benign fashion [30].

One of the more significant clinical advances in predicting
prognosis arose from the ENSAT classification system in 2009
[24].Nevertheless, given thevariability inoutcomes regardless
ofgrading or staging ofdisease, therehasbeenapressing need
formore clinicopathologicalmarkers to aid in the prediction of
outcomes in ACC.

Modern molecular analysis has made a significant impact
on the understanding of cancer biology. It has also highlighted
the usefulness of these molecules as potential prognostic and
predictive transcriptomic, epigenomic, and genomic markers.
The usefulness of RNA-based global gene expression profiling
techniques in cancers, for example, has been well established
[31–33]. For ACC, several landmark series have highlighted
distinct gene expression profiles between ACCs and benign

Table 1. Patient characteristics

Characteristics Results

Demographic
characteristics

Total patients, n 61

Male sex, n (%) 26 (43)

Age, years, mean6 SD 506 15

Imaging
characteristics

Side (left), n (%) 27 (45)

Imaging size, cm,
mean6 SD

106 4.7

Metastatic disease on
imaging, n (%)

13 (22)

Local invasion on imaging,
n (%)

18 (31)

Presentation
(may present with
multiple findings),
n (%)

Incidental 27 (44)

Hormonal symptoms 13 (21)

Mass 15 (25)

Mets 5 (8.2)

Hemorrhage 3 (4.9)

Paraneoplastic 2 (3.3)

Hormone secretion,
n (%)

Cortisol 11 (18)

Sex hormones 3 (4.9)

Aldosterone 1 (1.6)

Multiple 0 (0)

Pathology Maximum tumor
dimension, cm, mean6 SD

116 5.5

Weight, g, median (IQR) 253 (114–816)

Evidence of histological
invasion, n (%)

24 (56)

Weiss score,a median (IQR) 5 (4–8)

ENSAT staging, n (%) I 2 (3.3)

II 23 (38)

III 16 (26)

IV 20 (33)

Operation
characteristics, n (%)

Laparoscopic anterior
approach

12 (20)

Conversion 2 (3.3)

Open anterior 45 (74)

Open posterior 0 (0)

No operation 2 (3.3)

Metastatic disease at
operation

17 (29)

Invasive disease at
operation

26 (44)

Margin status
R0 28 (49)
R1 24 (42)
R2 5 (8.8)

Medical therapy, n (%) Radiotherapy 14 (23)

Chemotherapy 22 (36)

Mitotane 25 (41)

Survival Follow-up,months,median 34

Overall survival, months,
median (95% CI)

45 (22–121)

5-year overall survival, %,
median (95% CI)

44 (30–57)

Survival (patients
with no metastases),
median (95% CI)

Disease-free survival 58 (12–130)

5-year disease-free survival 44 (30–58)

aWeiss score available for only 47 patients.
Abbreviations: CI, confidence interval; ENSAT, EuropeanNetwork for the
Study of Adrenal Tumors; IQR, interquartile range.
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adrenal disease [12, 17, 34]. These have paved the way for
further studies attempting to correlate these profiles with
clinical outcomes [17, 35, 36]. Notably,more recent integrated
genomic analyses involving exome sequencing, DNA methyl-
ation analysis, mRNA expression arrays, and miRNA sequenc-
ing have suggested that aggressive and indolent ACCs belong
to two distinct molecular entities, each spearheaded by
separate oncogenic mutations [16]. Despite these advances in
knowledge of the underlying molecular pathology of ACCs,
there has been a paucity of data on immunohistologically
validated markers. In this study, we characterized a panel of
established andnovel IHCmarkers, based on global expression
microarrays, that are able to provide insight into survival
outcomes for patients after surgery for ACC.

In the present study, we were able to demonstrate that
overexpressionof Ki-67 (.10%) is associatedwith significantly
worse overall survival on multivariate analysis of all patients
(HR: 3.0; 95% CI: 1.3–6.8). It was also associated with worse
disease-free survival (HR: 3.3; 95% CI: 1.3–8.2) for patients
without metastatic disease at presentation. Ki-67 is a well-
establishedmarkerof proliferation inACC andhas been shown
to be able to differentiate ACCs from ACAs [12, 37, 38]. It has
been shown to be a powerful prognostic marker for localized,
advanced, and recurrent ACC [39–41]. Earlier work in our unit
using microarray gene expression and IHC analysis has also
shown that Ki-67, together with IGF2, is a useful marker in

differentiating ACC from benign adrenal disease [7]. In
addition, Ki-67 has been demonstrated to be of importance
in determining a patient’s likelihood of recurrence after
surgery, with a high index (.10%) associated with poorer
disease-free and overall survival [42]. Given the mounting
bodyofevidence showingKi-67as ausefulmarkerof prognosis
and outcome, this IHC stain has become routine for all adrenal
specimens processed at the laboratory facilities of RNSH
(Pacific Laboratory Medicine Services).

We have shown that overexpression of TOP2A on IHC
(score.1) correlates with significantly poorer overall on both
univariate (p, .001) andmultivariate (p5 .009) analyses. For
patients without metastases, TOP2A was also associated with
poorer disease-free survival on univariate analysis (p5 .001).
We noted that age $50 years and any evidence of invasion
were significant risk factors for poor prognosis. Even after
accounting for these two clinical factors, TOP2A remained
a significant predictor of poor prognosis.The combinedmodel
demonstrated a C statistic (adjusted) of 0.842 (strong). TOP2A
staining (p5 .039) andage$50years (p5 .013)were found to
be associated with a significantly lower likelihood of survival
beyond 2 years in patients who had advanced disease (ENSAT
stage III or IV) on presentation, with TOP2A staining being
independent of age, as shown by a low correlation coefficient
(0.15).

TOP2A has been previously shown to be overexpressed in
ACC compared with ACAs in genomewide expression profiling
studies [12, 14, 43].TheTOP2Ageneencodes for TOP2A, aDNA
topoisomerase that plays a role in maintaining DNA structure
by reducing DNA torsional stress, chromosomal condensation,
and segregation during mitosis [44]. TOP2A has been im-
plicated as a marker of poor prognosis in numerous malig-
nancies, including breast, renal cell, hepatocellular, prostate,
and colorectal carcinomas [43, 45–51]. In addition, TOP2A
has been reported to be a sensitive and specific marker for
actively proliferating cells in colorectal carcinoma [44].

More recent work has shown that TOP2A is increased in
ACC compared with normal adrenal cortex and plays a role
in ACC cellular proliferation, cell invasion, and anchorage-
independent growth [52]. Our data support the increasing
evidence linking TOP2A to tumorigenesis, and its over-
expression is believed to be linked with mutations of p53 and
the retinoblastoma protein pRB, both of which have been
postulated to be negative regulators of TOP2A [37, 51].
Mutations in the TP53 gene have been well documented in
both inherited and sporadic forms of ACC [53–57], leading to
increased expression of TOP2A.

Our IHC data regarding TOP2A overexpression and its
correlation with poorer survival outcomes reinforce its role in
tumorigenesis. Functional work in H295R and SW13 ACC cell
lines by Jain et al. have shown promising results with TOP2A
inhibitors; as such, it represents a potential therapeutic tar-
get [52].

Interestingly, we were also able to demonstrate a strong
correlation between EZH2 and TOP2A expression (correlation
coefficient: 0.83; p, .001). On univariate analysis, a staining
score .2 was associated with significantly worse overall
survival (p5 .024). Althoughmultivariate analysis of EZH2was
notperformedbecauseofpotentialmulticollinearity, giventhe
high degree of correlation with TOP2A expression, staining

Figure 1. Representative immunohistochemistry for cyclin B1,
which demonstrates a cytoplasmic pattern of staining (A); TOP2A,
which is nuclear (B); EZH2, which is nuclear (C); and BARD1, which
is nuclear (D). All magnification3400.

Table 2. Univariate models for staining (overall survival)

Stain Cutoff HR (95% CI) p value

GR .1 1.1 (0.45–2.7) .840

TOP2A .2 4.8 (2.0–11) ,.001

EZH2 .2 3.0 (1.2–7.7) .024

SF-1 .0 1.1 (0.50–2.4) .820

BARD-1 .2 0.33 (0.14–0.76) .009

Cyclin B1 .1 2.4 (1.0–5.2) .039

IGF2 .2 1.2 (0.51–2.9) .658

Ki-67 .10 3.0 (1.3–6.9) .009

Abbreviations: CI, confidence interval; HR, hazard ratio.
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patterns for EZH2 would also carry potential prognostic value,
with higher levels of staining implying poorer disease-free and
overall survival patterns.The data in our series demonstrating
EZH2 as a novel and independent prognostic biomarker in ACC
are unique, and we believe this report is the first of its kind.

EZH2 is a polycomb group (PcG) protein homologous to
Drosophila enhancer of zeste [58]. As a PcG protein, EZH2
functions as a transcriptional repressor by forming a complex
with EED and the resultant EED-EZH2 complex methylating
nucleosomal H3 at lysine 27 (H3-K27), resulting in chromatin

condensation [59]. This mechanism of gene silencing has
downstream effects on target genes that are involved in cell
fate decisions, cell-cycle regulation, cellular differentiation,
and senescence. Moreover, dysregulation of this epigenetic
control over transcriptional memory and gene silencing has
implied a role for EZH2 in tumorigenesis [60, 61]. Epigenetic
silencing resulting in the inactivation of tumor suppressor
genes is believed to be the underlying mechanism through
which overexpression of EZH2 results in the transcriptional
repression of tumor suppressor genes. EZH2 overexpression

Figure 2. Kaplan Meier charts summarizing overall survival of the cohort according to biomarker over- or underexpression (A–E). (F):
Kaplan Meier chart describing overall survival in patients with zero, one, two, or three unfavorable staining characteristics (TOP2A.2,
BARD1#21, and Ki-67.10%).

Table 3. Multivariate models (overall survival) with and without clinical data incorporated

Variable
IHC,
median (IQR) p value

Clinical,
median (IQR) p value

IHC plus clinical,
median (IQR) p value

GR — —

TOP2A 3.3 (1.4–7.8) .009 5.4 (2.3–13) ,.001

EZH2 — —

SF-1 — —

BARD-1 0.11 (0.043–0.28) ,.001

Cyclin B1 2.2 (0.92–5.1) .077

IGF2 — —

Ki-67 3.0 (1.3–6.8) .009

Age$ 50 3.9 (1.8–8.4) .001 6.4 (2.6–16) ,.001

Any invasion 25 (6.8–90) ,.001 32 (7.9–127) ,.001

C statistic 0.788 0.836 0.863

Optimism 0.016 0.002 0.021

Adjusted C statistic 0.772 0.836 0.842

Abbreviations:—, no data; IHC, immunohistochemistry.
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has been associated with aggressive carcinoma of the breast,
colon, prostate, kidney, and endometrium and sarcomas and
lymphomas [62–67].

Given the increasing evidence of the oncogenic role of EZH2
overexpression in other tumors, this seemed to be a logical
marker to pursue. Moreover, we also chose EZH2 as a potential
novel targetbecause itwas1ofthe100genesthatwerefoundto
besignificantlydifferentially expressedbetweenACCsandACAs
in previous work from our unit [7]. In our microarray, EZH2
carried an odds of differential expression (B statistic) of 2.70 in
ACC compared with ACAs, with a log2 fold change of 2.31.

Similarly, fromour previousmicroarray data, BARD1 carried
an odds of differential expression (B statistic) of 5.95 in ACC
compared with ACAs, with a log2 fold change of 2.05. In the
present study, we demonstrated that BARD1 protein over-
expression was associated with significantly better overall
survival in both univariate and multivariate analyses. BARD1 is
commonly found in many tissues, including the breast, colon,
ovary, and uterus [68]. It plays an important tumor-suppressor
function in conjunctionwithBRCA1byheterodimerizingwith it.
This BARD1-BRCA1 heterodimer has a ubiquitin ligase function
that is believed to be of importance in DNA damage repair,
transcription regulation, RNA processing, and cell-cycle regula-
tion [69–71]. BARD1 also has a BRCA1-independent function in
mediating p53-dependent apoptosis; by binding to p53, BARD1
facilitates phosphorylation and stabilization of p53 [72].

BARD1 has been implicated in a variety of common
cancers, including breast, ovarian, colorectal, and lung
[73–75]. The BARD1 protein is known to exist as 19 different
splice variations [76]. Zhang et al. demonstrated that ex-
pression of certain BARD1 isoforms predicted improved sur-
vival in colon cancer, whereas other isoforms expressing the
truncated isoforms of BARD1 correlated with decreased
survival [73]. In the present study, the antibody used was
directed at the full length of BARD1, and as such, strong
staining for the full length of BARD1 in IHC (staining score.2)
was associated with improved disease-free and overall
survival. This is in keeping with other series. Sporn et al.
discovered that loss of the full-length BARD1 protein is
associated with a poor prognosis in colon cancer [76]. To the
best of our knowledge, this report is the first to show that the
full-length BARD1 protein has been identified and validated in
ACC tumor specimens using IHC. Consequently, it represents
a novel marker to improve outcome stratification in patients
with the disease.

CyclinB1hasalsobeenpreviously showntobeupregulated
in ACCs [7, 12, 34]. We were able to demonstrate this at
a protein level with IHC and show that the presence of positive
staining for cyclin B1 (.1) was associated with poorer overall
survival (HR: 2.4; 95% CI: 1.0–5.2; p5 .039) and disease-free
survival (HR: 3.4; 95% CI: 1.0–11.8; p5 .049; patients with no
metastases) in univariate analysis. Cyclin B1 is a common
marker of cellular proliferation. By forming a complex with
cyclin-dependent kinase 1 (Cdk1), cyclin B1 plays a key role in
the transition from G2 to M phase during cell division. The
complex acts as a switch at the G2-M checkpoint of the cell
cycle, determiningwhether the cell commits tomitosis [77]. In
various malignancies such as lung, bladder, colorectal, pros-
tate, and breast cancers and glioma, it becomes dysreg-
ulated and overexpressed, resulting in uncontrolled cell
growth [78]. The downstream ramifications of unchecked
cyclin B1 binding to cyclin-dependent kinases is also believed
to be responsible for the inactivation of the tumor suppressor
protein p53, which has been demonstrated to suppress cyclin
B1 expression in the nonmalignant state [79, 80]. Its use as
a potentialmarker of prognosis has been entertained in breast
and esophageal carcinoma [81, 82].

Whenstudyinga rare cancer suchasACC, adequate sample
size is always a challenge, and this is one of the limitations of
our study. Our results demonstrate that, along with the
established proliferation marker Ki-67, the increased expres-
sion of TOP2A and EZH2 proteinswas associatedwith a poorer
prognosis with decreased overall and disease-free survival. In
contrast, the increased expression of BARD1 demonstrated
significantly improved overall survival.

CONCLUSION
Despite the many advances in the understanding of the
disease, ACC remains a diagnostic and prognostic dilemma,
with disappointing long-term rates of survival. Molecular
markers predicting prognosis that would allow for rapid
stratification of further surgery and adjuvant therapies would
likely improve outcomes and quality of life for patients.

With the rapid identification of genes associated with
prognosis in ACC through global gene expression profiling
technology, there has been limited IHC data validating the

Table 4. Univariate analysis of disease-free survival

Stain Cutoff HR (95% CI) p value

GR .1 0.66 (0.22–2.0) .462

TOP2A .1 4.8 (1.9–12) .001

EZH2 .1 2.4 (0.87–6.8) .090

SF-1 .0 1.0 (0.35–3.1) .931

BARD-1 .2 0.52 (0.21–1.3) .151

Cyclin B1 .0 3.4 (1.0–11.8) .049

IGF2 .2 1.5 (0.40–5.3) .568

Ki-67 .10 3.3 (1.3–8.2) .010

UnivariateanalysisofEuropeanNetwork for theStudyofAdrenalTumors
stage I/II, only patients with no metastases.
Abbreviations: CI, confidence interval; HR, hazard ratio.

Table 5. Univariate analysis of survival.24 months

Stain Cutoff
Survival
>24 months, n (%) p value

GR .1 6 (35) .643

TOP2A .2 2 (15) .039

EZH2 .2 2 (18) .142

SF-1 .0 3 (39) 1.000

BARD-1 .2 7 (58) .148

Cyclin B1 .1 6 (30) .307

IGF2 .2 6 (35) .643

Ki-67 .10 7 (33) .724

Age $50 4 (20) .013

UnivariateanalysisofEuropeanNetwork for theStudyofAdrenalTumors
stage III/IV.
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protein products of these genes at the tissue level. For the first
time in the literature, we report on EZH2 as a potential novel
biomarker of tumor aggressiveness, correlating closely with
the recently established TOP2A as a marker of poor prognosis
inpatientswithACC.Overexpressionof thesemarkerson IHC is
associated with significantly poorer disease-free and overall
survival, with strong TOP2A staining being associated with
a significantly lower likelihoodof survival beyond2 years. Both
EZH2 and TOP2A have shown potential as therapeutic targets
inavarietyofothercancers. Inparticular, EZH2hasbeenshown
previously to be a marker of tumor aggressiveness in various
other cancers, and further work is required to assess the
feasibility of PcG proteins as targets for therapy.

Our findingsalsohighlight the full-lengthBARD1 isoformas
a novel marker for improved survival in ACC. Although BARD1
and its various isoforms have been shown to predict outcomes
in othermalignancies, to the best of our knowledge, this is the
first time this has been reported in the literature for ACC.

Because of the limitations of a small sample size, further
stage-specific analysiswith a larger cohortmayprovide amore
definitive picture of the true prognostic value of these
potential markers. Nevertheless, as a whole, the data pre-
sented have exciting prognostic and predictive implications
for patientswithACC. Furtherwork is required toelucidateany
potential role for these biomarkers as targets for personalized
therapy that may be useful as an adjunct to the limited
treatment options currently available for ACC.
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Abstract:
Adrenocortical carcinoma (ACC) is a rare but aggressive malignancy with a poor prognosis. Complete surgical resection
offers the only potential for cure; however, even after apparently successful excision, local or metastatic recurrence is
frequent. Treatment options for advanced ACC are severely limited. Mitotane is the only recognized adrenolytic therapy
available; however, response rates are modest and unpredictable whereas systemic toxicities are significant. Reported
responses to conventional cytotoxic chemotherapy have also been disappointing, and the rarity of ACC had hampered the
ability to undertake randomized clinical studies until the establishment of the First International Randomized Trial in Locally
Advanced and Metastatic Adrenocortical Carcinoma. This yet-to-be reported study seeks to identify the most effective
first- andsecond-linecytotoxic regimens.Thepastdecadehasalso seen increasing research into themolecularpathogenesis
of ACCs, with particular interest in the insulin-like growth factor signaling pathway.The widespread development of small
molecule tyrosine kinase inhibitors in broader oncological practice is now allowing for the rational selection of targeted
therapies to study in ACC. In this review, we discuss the currently available therapeutic options for patients with advanced
ACC and detail the molecular rationale behind, and clinical evidence for, novel and emerging therapies.
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