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ABSTRACT

To gain insight into the pathogenesis of adreno-
cortical carcinoma (ACC) and whether there is
progression from normal-to-adenoma-to-carcinoma,
we performed genome-wide gene expression, gene
methylation, microRNA expression and compara-
tive genomic hybridization (CGH) analysis in human
adrenocortical tissue (normal, adrenocortical adeno-
mas and ACC) samples. A pairwise comparison of
normal, adrenocortical adenomas and ACC gene ex-
pression profiles with more than four-fold expression
differences and an adjusted P-value < 0.05 revealed
no major differences in normal versus adrenocor-
tical adenoma whereas there are 808 and 1085, re-
spectively, dysregulated genes between ACC versus
adrenocortical adenoma and ACC versus normal.
The majority of the dysregulated genes in ACC were
downregulated. By integrating the CGH, gene methy-
lation and expression profiles of potential miRNAs
with the gene expression of dysregulated genes, we
found that there are higher alterations in ACC versus
normal compared to ACC versus adrenocortical ade-
noma. Importantly, we identified several novel molec-
ular pathways that are associated with dysregulated
genes and further experimentally validated that on-
costatin m signaling induces caspase 3 dependent
apoptosis and suppresses cell proliferation. Finally,
we propose that there is higher number of genomic
changes from normal-to-adenoma-to-carcinoma and
identified oncostatin m signaling as a plausible drug-
gable pathway for therapeutics.

INTRODUCTION

Adrenocortical carcinoma (ACC) is a rare endocrine ma-
lignancy with an annual incidence of ~0.7-2 cases per mil-

lion and a 5-year survival rate lower than 35% in patients
with locally advanced and metastatic disease (1-3). Cur-
rently the adrenolytic mitotane and/or systemic chemother-
apy with etoposide, doxorubicin and cisplatin for locally
advanced and metastatic ACC result in very limited ther-
apeutic benefit (4,5). For this reason, elucidation of impor-
tant molecular events that are involved in ACC initiation
and progression could help in identifying druggable targets
for therapy. Several genome-wide gene expression profiling
studies of ACC have been reported and are useful for the
molecular classification of ACC into three groups (IGF,
TP53 and WNT/B catenin), which correlate with patient
survival (6-10). In addition, alterations in gene copy num-
ber, DNA methylation and microRNA (miRNA) expres-
sion have been observed in ACC (11-16). Several genes with
altered DNA methylation status and a CpG hypermethy-
lated phenotype in ACC have been reported (13,14). Mi-
croRNA studies in ACC have identified consistently dys-
regulated miRNAs, such as miR-483-3p and miR-210, and
an association with disease aggressiveness and poor prog-
nosis (17,18). Germline mutations in 7P53 occur in pedi-
atric and adult patients with ACC, in addition to somatic
TP53 inactivating mutations (19-23). Molecular pathways
such as IGF signaling have been found to be dysregulated
in ACC (16,24). Alterations in the WNT signaling path-
way are frequently found in ACC, with abnormal accumula-
tion and somatic activating mutations in the CTNNBI gene
(15,25). A recent study proposed novel candidate driver
genes, such as ZNRF3, DAXX, TERT and MEDI2, using
integrated genomic analysis with SNP array analysis and
whole-exome sequencing (15). While the studies outlined
above have offered important insight into the molecular ba-
sis of ACC, we still have very little knowledge about drug-
gable targets/pathways that are dysregulated in ACC.
Although some investigators have suggested that there
could be a multistep progression in ACC, from normal to
adenoma to carcinoma, a genome-wide analysis of these tis-
sues has not been performed to characterize the molecular
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changes. This is especially important, given that combined
genetic alterations in IGF and WNT signaling in mouse
models lead to tumorigenesis but are mutually exclusive in
human ACC, thus mouse models do not completely reca-
pitulate a multistep process in ACC occurrence (16).

Three major mechanisms of gene expression regulation
in cancer are copy number changes, differential microRNA
expression and gene CpG methylation status. Alterations
in any of these mechanisms can lead to dysregulated gene
expression and pathways that lead to cancer initiation and
progression. While the primary genetic events, such as in-
activating mutations in 7P53 and increased signaling in the
IGF and WNT pathways, have been characterized in ACC
and an integrated genome atlas of ACC has been developed,
a comprehensive and integrated analysis of the modes of
gene expression regulation of dysregulated genes in normal,
adrenocortical adenoma and ACC has not been performed.
Such an investigation can shed light on the hypothesis that
ACC is a multistep cancer and that gene expression changes
are cumulative and can be driven by copy number changes,
differential miRNA expression and gene CpG methylation,
alone or in combination. In this study, we performed an in-
tegrated analysis of differentially expressed genes in normal,
adrenocortical adenoma and ACC tissue with miRNA and
methylation profiling and comparative genomic hybridiza-
tion (CGH) in a reference and validation set of 124 human
adrenocortical samples.

MATERIALS AND METHODS
Tumor samples

Human adrenocortical tissue samples were collected ac-
cording to an institutional review board—approved clini-
cal protocol after written informed consent was obtained
(NCT01005654 and NCT01348698). We included 20 hu-
man ACCs, 75 benign tumor samples and 21 normal
adrenal cortex samples in two independent cohorts in this
study. All diagnoses were confirmed by an endocrine pathol-
ogist. ACC was diagnosed based on the Weiss criteria and
tumor samples were confirmed to contain >80% tumor
cells/nuclei. Tumor samples were obtained at surgical re-
section while normal adrenal glands were collected at the
time of nephrectomy for organ donation and immediately
snap frozen and stored at —80°C.

Genome-wide gene expression analysis

Frozen tissues were serially sectioned, and total RNA was
extracted using TRIzol reagent (Invitrogen) and purified
using an RNeasy Mini Kit (Qiagen). One microgram of
total RNA was used for amplification and labeling with
the MessageAmp aRNA kit (Ambion, Inc.). Fragmented
and labeled RNA (12 pg) was hybridized to a gene chip
(Affymetrix Human Genome U133 plus 2.0 GeneChip) for
16 h at 45°C. The gene chip arrays were stained and washed
(Affymetrix Fluidics Station 400) according to the manu-
facturer’s protocol. The probe intensities were measured us-
ing an argon laser confocal scanner (GeneArray scanner;
Hewlitt-Packard). The array signal intensities were further
analyzed by the Agilent Genespring GX software (version

12.1; Agilent Technologies). Significant differentially ex-
pressed genes in each group of comparisons were identified
using an adjusted Student’s z-test (P < 0.05) corrected for
multiple comparisons with the false discovery rate (FDR).
The results were used to run principal component analysis
to reveal the clusters across all the samples. The gene list
was further narrowed by applying the fold-change filtering
criteria. Genes that exhibited at least a fourfold difference
were selected for further downstream analysis.

DNA methylation profiling

Serial sections were made from the same tissues and used
for DNA methylation profiling as explained in our earlier
studies (26). After data acquisition and normalization, the
M-values were used for the statistical testing (ANOVA);
a Benjamini—-Hochberg-adjusted P-value < 0.05 for multi-
ple comparisons and an absolute B-value difference greater
than 0.2 were applied for all pairwise comparisons.

Comparative genomic hybridization array analysis

For the SNP-CGH array experiment, Illumina
HumanCytoSNP-12 v2.1 BeadChip was used. Data
generated were then analyzed by using the ASCAT method
described by Van Loo et al. (27). We manually scanned for
the copy number status of differentially expressed genes
using Nexus software and considered only the genes that
underwent copy number aberrations in at least 50% of the
patients. For correlation analysis, we used the log2-centered
ratio of copy number changes in each pair of comparisons.

miRNA expression array analysis

From the above-mentioned cohort, we selected 26 benign
adrenocortical tumors, 10 ACCs and a pool of 21 normal
adrenal cortices, subjected them to miRNA expression ar-
ray using a Exigon miRCURY LNA miRNA array (v. 11.0)
kit and performed the array as described earlier (18). Af-
ter normalization, the summarized log2 ratios were used
in moderated ¢-statistics and P-value calculation using the
limma package in R/Bioconductor, with adjustment for
FDR using the Benjamini-Hochberg method. To increase
the confidence level of prediction algorithms, we manually
subjected candidate genes to GOmir (http://bioacademy.gr/
bioinformatics/projects/GOmir/) and considered only the
miRNAs that were predicted by more than five databases.
The expression status of such miRNAs was examined in
three pairs of comparisons.

Molecular pathway analysis

Functional pathway analysis was performed using Inge-
nuity Pathway Analysis (IPA). For all differentially ex-
pressed genes, GO terms derived from the ‘Biological Pro-
cess’ category were obtained using IPA, and these terms
were organized manually into functional categories. For
each category, the corresponding genes were uploaded to
the STRING database to get insight into the molecular net-
work (28).


http://bioacademy.gr/bioinformatics/projects/GOmir/

Cell culture and reagents

The NCI-H295R adrenocortical cell line (ATCC) were
grown and maintained in Dulbecco’s modified Eagle’s
medium media supplemented with 1% insulin transferrin
selenium (BD Biosciences) and 2.5% Nu-Serum I (BD Bio-
sciences) in a standard humidified incubator at 37°C in
a 5% CO, atmosphere. The BD140A ACC cell line was
kindly provided by Drs Kimberly Bussey and Michael De-
meure (TGen, Pheonix, AZ, USA), and it was cultured in
RPMI media supplemented with 10% FBS (Invitrogen), 1%
penicillin-streptomycin and 1% L-glutamate.

Caspase-Glo® 3/7 apoptosis assay

To investigate the antiproliferative effect of oncostatin M,
caspase 3/7 activity was measured as an early indicator
of apoptosis, using a Caspase-Glo® 3/7 apoptosis assay
kit (Promega). 2 x 10* cells were seeded on 96-well plates
and incubated for 18 h at 37°C. The cells were then serum
starved for 18-24 h and then stimulated with different con-
centrations of oncostatin M for 24 h at 37°C. The caspase
assay was then performed according to the manufacturer’s
instructions.

Western blot analysis

Total protein lysates were subjected to sodium dodecyl
sulphate-polyacrylamide gel electrophoresis, transferred to
nitrocellulose membranes and immunostained with the fol-
lowing antibodies overnight at 4°C: anti-p-Statl (1:1000,
Cell Signaling Technology); anti-Statl (1:1000, Cell Sig-
naling Technology), anti-Caspase 3 (1:1000, Cell Signaling
Technology); anti-PARP (1:5000, Santa Cruz Biotechnol-
ogy). Anti-human B-actin (1:5000, Santa Cruz Biotechnol-
ogy) was used as a loading control. Membranes were incu-
bated with appropriate secondary horseradish peroxidase-
conjugated IgG (anti-rabbit 1:3000, Cell Signaling Tech-
nology, or anti-mouse 1:10,000, Santa Cruz Biotechnology)
and proteins were detected using enhanced chemilumines-
cence (ECL, Pierce Biotechnology).

Statistical analysis

Most of the statistical analysis was performed using Partek
Genomic Suite software unless otherwise specifically men-
tioned. A paired z-test was used to compare the significance
between each comparison. A Pearson correlation coefficient
was used to assess the relationship between gene expres-
sion and methylation/copy number/miRNA profile on rep-
resentative genes.

RESULTS

Genome-wide expression profiling of normal adrenal cor-
tex, adrenocortical adenoma and adrenocortical carcinoma
(ACC) tumors shows cumulative differences in ACC

Genome-wide gene expression studies were conducted in
two independent cohorts to identify differentially expressed
genes. The initial reference cohort comprised 2 normal
adrenal cortex samples, 75 benign adrenal tumor samples
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and 10 ACC tumor samples. The genome-wide gene expres-
sion analysis was further validated in a cohort that included
17 normal adrenal cortex samples, 10 benign adrenal tumor
samples and 10 ACC tumors samples. We performed three
pairwise comparisons: adrenocortical adenoma versus nor-
mal adrenal cortex; ACC versus adrenocortical adenoma;
and ACC versus normal adrenal cortex. We selected genes
that were significantly differentially expressed (adjusted P
< 0.05) and that demonstrated a more-than-four-fold ex-
pression difference in each comparison (Figure 1A). There
were 23 dysregulated genes between normal adrenal cortex
and adrenocortical adenomas samples. In contrast, there
were 808 dysregulated genes between ACC and adrenocor-
tical adenoma samples, and 1085 dysregulated genes be-
tween ACC and normal adrenal cortex (Figure 1A). There
was overlap in about 36% (683/1893) of the differentially
expressed genes (Figure 1A). The majority of dysregulated
genes were downregulated (Supplementary Figure S1B and
C). Next, we analyzed genome-wide differential methyla-
tion in each pairwise comparison and observed very few
differences between normal adrenal cortex and adrenocor-
tical adenomas (Figure 1B). In contrast, there were 156 dif-
ferentially methylated genes in ACC versus adrenocortical
adenoma. A similar analysis to examine the copy number
alterations showed that 5276 chromosomal loci had signif-
icant loss/gain in adrenocortical adenomas, as compared
with normal adrenal cortex, whereas 35 747 chromosomal
loci had copy number loss/gain in ACC, as compared with
adrenocortical adenomas. Interestingly, there was an over-
lap of 2439 regions in these two comparisons. Our pairwise
genome-wide comparisons between normal, adrenocortical
adenoma and ACC suggest that ACC is associated with cu-
mulative methylation changes and copy number alterations.

To gain a better insight into the molecular functions of
dysregulated genes in ACC, we constructed a functional
network for key cancer associated processes, such as cellu-
lar proliferation (Supplementary Figure S1C) and cell mi-
gration and invasion (Supplementary Figure S1D), in each
comparison of the dysregulated genes. Interestingly, not
many genes were involved in these functional processes in
the adrenocortical adenoma versus normal adrenal cortex
comparison, as compared with ACC versus adrenocortical
adenoma and ACC versus normal adrenal cortex compar-
isons (Figure 1C and D). Fifty-three percent (67/125) and
52.8% (83/157) genes are found in common for cell pro-
liferation and cell migration/invasion between ACC versus
adrenocortical adenoma and ACC versus normal adrenal
cortex, respectively (Figure 1C and D).

To determine whether the functional status of the tu-
mors could impact the gene expression profiles, we sub-
classified our cohort depending upon the functional sta-
tus of the tumors and did a pairwise comparison of ACC-
adenoma, ACC-Conn’s adenoma and ACC-Cushing’s ade-
noma. On the Principal Component Analysis plot, there
were separate normal and ACC clusters with clustering of
non-functioning, Conn’s and Cushing’s adenomas together
(Supplementary Figure S1F). Approximately 50% of the
dysregulated genes were found to be common between the
three groups with few genes that were unique in each group
suggesting that the functional status of the tumors could be
important but plays a minor role in the context of finding
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Figure 1. Genome-wide gene expression and regulation in adrenocortical tissue samples. (A) Venn diagram of total number of differentially expressed genes
with an adjusted P-value < 0.05 and a four-fold difference in the pairwise comparison of adrenocortical adenoma versus normal adrenal cortex (blue), ACC
versus adrenocortical adenoma (green) and ACC versus normal adrenal cortex (yellow). (B) Schematic representation of the pairwise comparison, from
normal adrenal cortex to adrenocortical adenoma to ACC, displaying significantly altered global changes in methylation (top) and copy number aberrations
(bottom). Venn diagrams represent the total number of dysregulated genes that are involved in cell proliferation (C) and cell invasion/migration (D) in

each comparison.

significantly dysregulated genes/pathways in ACC (Supple-
mentary Figure S1G).

Epigenetic dysregulation of genes by CpG methylation in
ACC

A comprehensive analysis of the methylation status of mul-
tiple CpG islands within the genomic loci of the differen-
tially expressed genes was performed. There was signifi-
cant inverse association between the gene expression status
and methylation levels of 52 and 92 genes, respectively, in
the ACC versus adrenocortical adenomas and ACC versus
normal adrenal cortex comparisons (Supplementary Fig-
ure S2A and B). Methylated CpG sites were distributed
throughout the gene loci, including upstream of transcrip-
tion start site (TSS), SUTR, body and exonic regions (Fig-
ure 2A and B). In addition, the gene methylation differ-
ences were higher in the normal adrenal cortex versus ACC
comparison and the adrenocortical adenoma versus ACC
comparison (Figure 2A and B), suggesting cumulative epi-
genetic alterations in ACC. For example, cytochrome P450
1B1 (CYPIBI), a key enzyme in steroid metabolism, was
hypermethylated and downregulated in ACC gene expres-
sion in the initial (r = —0.52, Figure 2C) and validation
(r = —0.70, Supplementary Figure S2C) cohorts. To bet-
ter understand whether CYPIBI was epigenetically regu-
lated in ACC, we treated the ACC cell line, H295R, with
decitabine (a global methylation inhibitor) and analyzed the

expression of CYPIBI (Figure 2D). The gene expression of
CYPIBI was dramatically increased upon decitabine treat-
ment, as compared with the untreated control. This find-
ing confirms that the aberrant DNA methylation observed
in this analysis likely has a functional impact on gene ex-
pression status in ~6.4% (52/808 genes) and 8.4% (92/1085
genes), respectively, of the dysregulated genes in the ACC
versus adrenocortical adenoma and the ACC versus normal
adrenal cortex comparisons (Table 1).

Dysregulated genes and DNA copy number analysis in ACC

We next performed an analysis of genome-wide CGH ar-
ray data in our cohort to assess the impact of copy number
aberrations, focusing on the differentially expressed genes in
ACC. Variations in gene copy number were more frequent
in the ACC versus normal adrenal cortex, as compared with
the ACC versus adrenocortical adenoma cases and were di-
rectly associated with the gene expression level differences
(Figure 3A and B). Some of the top differentially expressed
genes that had chromosomal aberrations and an association
with gene expression were in several loci, including 2q22,
6pl2, 8qll, 11q12-13, 12q13, 17p11 and 20q11 (Table 2).
For instance, CDKNIC, which is a cyclin-dependent kinase
1 inhibitor, had frequent copy number loss and downregula-
tion in ACC in both the reference (r = 0.47, Figure 3C) and
validation (r = 0.68, Supplementary Figure S3A) cohorts.
Similarly, CCAAT /enhancer binding protein & (C/EBPS),
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Figure 2. Gene-specific differential CpG methylation in ACC. Scatter plots showing the distribution of CpG sites within the dysregulated genes that are
differentially methylated in comparisons of ACC versus adrenocortical adenoma (A) and ACC versus normal adrenal cortex (B) samples. (C) Correlation
analysis showing methylation (B-value differences between ACC and adrenocortical adenoma) at two different CpG islands and gene expression (fold
change) in CYPIBI. (D) CYPIBI mRNA expression in ACC cells (H295R) treated with and without decitabine (10 wM) for 24 h. H19 is used as pos-
itive control as its expression is known to be regulated by CpG methylation status and we saw an increase with decitabine treatment. Y axis shows the
standardized signal intensity from Affymetrix Human Genome U133 plus 2.0 GeneChip of the H295R cell line with and without decitabine treatment.

Table 1. Different modes of gene regulation in ACC (%)

Adenoma versus normal

ACC versus adenoma

ACC versus normal

Methylation 0
miRNA 0
Copy number 0

6.4 8.4
14.7 16.6
5.9 9.3

The percentage of each mode of gene regulation mechanism in each pairwise comparison was tabulated.

a tumor suppressor gene that was identified in lymphoid
leukemia was also downregulated in ACC and had copy
number loss (Figure 3D and Supplementary Figure S3B).
Several other regions that encompass tumor suppressor
genes, such as CD81, TSSC4, TSSC6 and PHLDA2, were
found to have concurrent loss with CDKNIC suggesting
it is an important regulator (Supplementary Figure S3C).
Possible gene expression regulation through copy number
alterations accounted for 5.9% (48/808 genes) and 9.3%
(101/1085), respectively, of dysregulated genes in the ACC
versus adrenocortical adenoma and ACC versus normal
adrenal cortex comparisons (Table 1).

Dysregulated genes and miRNA differential expression in
ACC

To identify the differential expressed miRNAs that could
potentially target the dysregulated genes in ACC, we inte-
grated miRNA expression profiling with the gene expres-
sion in the same cohort. As with the gene methylation and
copy number analyses, a reverse screening strategy was ap-
plied for identifying the putative miRNAs by restricting our
analysis to differentially expressed genes in ACC. There-
fore, we subjected all the dysregulated genes to multiple
prediction algorithms independently to identify the miR-
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Table 2. Top listed genes that had copy number variation in ACC
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Gene Gene symbol Fold change Cytogenic location Copy number alteration % of frequency
ACC tumor versus benign tumor

Mucin-Like 1 MUCLLI 5.1313105 12q13.2 Gain 50
Discs, large (Drosophila) homolog-associated protein 4 DLGAP4 4.066083 20q11.23 Gain 50
ACC tumor versus normal

Mucin-Like 1 MUCLI 6.0820823 12q13.2 Gain 50
Translocase of inner mitochondrial membrane 8 TIMMSA 6.052325 xq22.1 Gain 50
homolog A

ACC tumor versus benign tumor

dystonin DST —4.543177 6pl2.1 Loss —62.5
G protein-coupled receptor 116 GPR116 —4.2464156 6pl2.3 Loss —62.5
Ferritin, heavy polypeptide 1 FTHI —6.976058 11q12.3 Loss =50
Eukaryotic translation initiation factor 3, subunit M EIF3M —6.6611166 11pl3 Loss -50
Aldehyde dehydrogenase 3 family, member A2 ALDH3A2 —5.379404 17pl1.2 Loss -50
Solute carrier family 47 (multidrug and toxin extrusion), SLC47A1 —4.1039605 17pll1.2 Loss -50
member 1

ACC tumor versus normal

dystonin DST —5.070555 6pl2.1 Loss —62.5
CCAAT /enhancer binding protein (C/EBP), delta CEBPD —6.8873086 8qll.21 Loss -50
G protein-coupled receptor 116 GPR116 —6.809791 6pl2.3 Loss -50
Aldehyde dehydrogenase 3 family, member A2 ALDH3A2 —6.7790155 17p11.2 Loss -50
Zinc finger E-Box binding homeobox 2 ZEB2 —6.7785573 2q22.3 Loss -50
RAB2A, member RAS oncogene family RAB2A —6.750401 8ql2.1 Loss —50

The cytogenic location, fold change of gene expression with the percentage of copy number alteration for the top listed genes in each comparison was tabulated.

NAs that are predicted to bind the 3’UTR region of the
target gene and examined the expression status of each of
those candidate miRNAs in our pairwise comparison. We
observed that, similar to the methylation and copy num-
ber analysis, more genes were predicted to be targeted by
differentially expressed miRNAs in ACC versus normal
adrenal cortex, as compared with ACC versus adrenocor-
tical adenomas, with an inverse association with their tar-
get gene expression (Figure 4A and B). In particular, miR-
9, miR-25, miR-124, miR-183, miR-185 and miR-206 were
overexpressed in ACC and were associated with downreg-
ulated gene expression of at least 10 candidate genes indi-
vidually (Figure 4). For example, miR-30 family members
were downregulated and predicted to regulate the expres-
sion of FAMI133A4, a gene yet to be functionally character-
ized. Interestingly, we noticed that several miRNAs were
predicted to regulate multiple dysregulated genes and mul-
tiple miRNAs were predicted to target the same gene, sug-
gesting redundant gene regulation (Figure 4). Integration of
gene expression data of two representative genes, EGR1 and
RhoB, with their target miRNA expression, miR-124 and
miR-183, respectively, showed a significant negative Pear-
son correlation coefficient (Supplementary Figure S4A and
B). This analysis indicates that gene regulation by dysregu-
lated miRNAs in ACC accounts for up to 14.7% (119/808
genes) and 16.68% (181/1085 genes), respectively, of dysreg-
ulated genes in ACC versus adrenocortical adenoma and in
ACC versus normal adrenal cortex. This analysis also sup-
ports that cumulative genomic events are associated with
ACC.

Functional network analysis based on gene regulation mech-
anisms

In order to identify the proportion of genes that were reg-
ulated by multiple mechanisms, we performed a cumula-
tive comparison among gene methylation, copy number
and miRNA profiling. We found that many dysregulated
genes in ACC were regulated by more than one gene regula-
tion mechanism, suggesting that they are tightly regulated

(Figure 5A and B). Several genes including GATA binding
protein 6 (GATAG6), GO/G1 switch 2 (G0S2), Meis home-
obox 1 (MEISI), Nuclear receptor coactivator 7 (NCOA7),
Potassium channel tetramerization domain containing 12
(KCTDI2) and Family with sequence similarity 115 mem-
ber A (FAM115A4) were found to be hypermethylated as
well as targeted by miRNAs. Genes such as aspartate 3-
carboxylase (ASPH) and C/EBPS were found to have both
gene copy number changes and differential expression in the
target miRNAs. Collectively, these three modes of gene reg-
ulatory mechanisms accounted for about 30% of the differ-
entially expressed genes in ACC. To identify the molecular
pathways that are significantly altered by these three modes
of gene regulation, we performed IPA on the genes that were
potentially regulated by these mechanisms independently
and found that oncostatin M signaling, retinoic acid recep-
tor activation (RXR) and PI3K/AKT and CDCA42 signal-
ing pathways were among the top pathways altered in ACC
(Table 3). We observed that multiple genes were associated
within these pathways and were regulated by more than one
mechanism (Figure 5C). In particular, we found that genes
that are involved in oncostatin M signaling, such as IL6ST
(GP130),JAKI and EPASI, were downregulated and hyper-
methylation and/or targeted at the 3’UTR region by specif-
ically upregulated miRNAs (Figure 5C). Further examina-
tion of the gene expression levels of the molecules that are
involved in this pathway revealed that TIMP-3, MT2A and
ELK-1, which are downstream of oncostatin M, were also
downregulated but showed less than four-fold difference in
each comparison therefore these genes were filtered out in
our selection criteria (Figure SA).

Oncostatin M signaling inhibits cellular proliferation and in-
duces apoptosis in ACC cells

Since our genome-wide integrated analysis suggested that
multiple molecules within the oncostatin M signaling path-
way are downregulated and are associated with epigenetic
and miRNA-based regulation in ACC (Figure 6A), we ex-
amined the effect of oncostatin M in two adrenocortical
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Figure 4. MiRNA expression profiles and gene targets in ACC. Heatmap of the miRNA expression profiles (red, upregulated miRNAs; green, downregu-
lated miRNAs) and the predicted target genes, which are dysregulated in ACC versus adrenocortical adenoma (A) and ACC versus normal adrenal cortex

(B). The expression of each target gene is represented in fold change and shown on the left side (y-axis) of the heatmap, while the fold change of each
candidate miRNA expression is shown on the x-axis at the bottom of the heatmap.
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(IL6ST, EPAS1)

2 LXR/RXR signaling

(ABCA1, APOC1,CD14, CLU, PLTP)

LXR/RXR signaling
(ALDH1A1, ALDH3A2, GSTA1,
GSTA4)

Rho GDI signaling
(CFL2, GNAI1, ITGB1, RHOB)

macrophages

3 Production of Nitric Oxide and ROS in

Glutathione depletion
{ALDH1A1, ALDH3A2)

Semaphorin signaling
{CFL2, ITGB1, RHOB)

(APOC1, CLU, JAK1, MAP3KS,

PPP1R144)

Figure 5. Integrated analysis of gene regulation and gene-specific CpG methylation, copy number alterations and differentially expressed miRNAs in
ACC. Venn diagrams show the total number of genes that are regulated by each mechanism: gene-specific CpG methylation, copy number alterations and
differentially expressed miRNAs in ACC versus adrenocortical adenoma (A) and ACC versus normal adrenal cortex (B). (C) The top molecular pathways

that are altered by the three modes of gene expression regulation mechanisms.

Table 3. List of canonical pathways that are altered in ACC

Ingenuity Canonical Pathways -log(P-value) Ratio Molecules

Methylation

LXR/RXR activation 3.94E + 00 3.91E — 02 APOCI, CDI14, PLTP, CLU, ABCA1
3-phosphoinositide synthesis and degradation 2.63E + 00 2.67E — 02 MTMRG6, PTPN13, PPTC7, PPPIR14A
Oncostatin M signaling 2.15E + 00 5.88E — 02 IL6ST, JAK1

PI3K/AKT signaling 1.92E + 00 2.34E — 02 JAK1, ITGA2, MAP3K5

Cdc42 signaling 1.60E + 00 1.78E — 02 ITGA2, HLA-DPBI, CLIP1

ERK/MAPK signaling 1.47E + 00 1.57E — 02 ITGA2, PPPIR14A, RAPGEF4

Copy number

Aryl hydrocarbon receptor signaling 4.55E + 00 3.57E — 02 NCOA2, ALDH3A2, GSTA4, RARA, GSTA1
LPS/IL-1 mediated inhibition of RXR function 2.63E + 00 1.83E — 02 ALDH3A2, GSTA4, RARA, GSTAI

EIF2 signaling 1.09E + 00 1.08E — 02 RPLS, EIF3M

Axonal guidance signaling 1.01E + 00 6.94E — 03 ACTR3, SDCBP, COPS5

Glucocorticoid receptor signaling 8.43E — 01 7.66E — 03 CDKNIC, NCOA2

miRNA

Protein ubiquitination pathway 3.90E + 00 3.14E - 02 HSP90B1, UBE2H, HSPEI, HSP90AA1, UBE2E3, SKP1, DNAJB14, USP33
Nitric oxide signaling 3.54E + 00 5.05E — 02 CALMI (includes others), HSP90B1, PRKAR2B, HSP90AA1, PDGFC
PI3K/AKT signaling 3.11E + 00 4.07E — 02 ITGBI, RPS6KBI, HSP90BI, FOXO1, HSP90AALI
IL-8 signaling 2.35E + 00 2.73E — 02 MYL9, RPS6KBI, RHOB, IQGAPI, PDGFC
Aryl hydrocarbon receptor signaling 2.04E + 00 2.86E — 02 RBI1, HSP90B1, NCOA7, HSP90AALI

Cdc42 signaling 1.78E + 00 2.40E — 02 ITGBI1, MYL9, CFL2, IQGAP1

mTOR signaling 1.01E + 00 1.60E — 02 RPS6KBI, RHOB, PDGFC

Oncostatin M signaling 1.17E + 00 5.70E — 02 IL6ST, EPASL

The lists of genes that are potentially regulated by methylation, copy number and miRNA and are involved in each molecular pathway are tabulated with its significance as obtained from IPA network

analysis.
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Figure 6. Oncostatin M induces apoptosis in ACC cells. (A) Schematic representation of a canonical oncostatin M signaling pathway. Downregulated
genes from the oncostatin M signaling pathway identified by the genome-wide integrated analysis are highlighted in green. Oncostatin M inhibits cell
proliferation (B and C) and apoptosis (D and E) by increased caspase 3/7 activity in a dose-dependent manner in NCI-H295R (B and D) and BD140A
cells (C and E). It induces apoptosis by stimulating the JAK-STAT signaling cascade and cleavage of PARP and caspase 3 in ACC NCI-H295R cells (F).



cell lines, NCI-H295R and BD140A. We found that onco-
statin M inhibits ACC cell proliferation (Figure 6B and C)
and stimulates the activity of the caspase 3/7 enzymes in a
dose-dependent manner in both cell lines, suggesting it in-
duces caspase 3 dependent apoptosis (Figure 6D and E). We
then examined the status of JAK-STAT signaling, as it is
the canonical pathway involved in oncostatin M mediated
signaling in immune cells and observed a dose-dependent
increase in phosphoStatl levels in NCI H295R cells (Fig-
ure 6F). Also, oncostatin M promoted the cleavage of both
full-length PARP and caspase 3 at higher doses, suggesting
that it induces apoptosis in these cells (Figure 6F). Taken
together, we were able to show that the oncostatin M path-
way identified through our genome-wide integrated analysis
could inhibit ACC cell growth.

DISCUSSION

In this study we show that an increasing number of differen-
tially expressed genes, differentially methylated genes, copy
number variations and differentially expressed miRNAs are
found in normal adrenal cortex versus adrenocortical ade-
noma versus ACC. The underlying candidate mechanisms
of gene expression regulation were analyzed by assessing
gene-specific CpG methylation changes, copy number alter-
ations and microRNA expression in two independent co-
horts. Importantly, our integrated analysis was driven by
gene expression differences, which excluded changes that
were not expected to impact gene expression. Our genome-
wide integrated analysis data show that ACC tumors most
likely result from pangenomic cumulative changes, if a step-
wise progression from normal adrenal cortex to adrenocor-
tical adenoma to ACC truly occurs and from novel path-
ways that are involved in ACC pathobiology.

A recent study using a four-stage cell model of iso-
genically matched normal, immortalized, transformed and
metastatic human cells proposed that, in a sequential mul-
tistep process of cancer initiation, downregulation of many
genes is a common event (29). Our genome-wide pair-
wise analysis of ACC, adrenocortical adenoma and normal
adrenal cortex showed that the majority of the differentially
expressed genes are downregulated. These data, therefore,
suggest that ACC may develop in a multistep process. This
hypothesis is supported by a case study in which an adreno-
cortical tumor was found to consist of two parts, with a cen-
tral malignant and a distinct peripheral benign component,
suggesting a multistep process (30).

There is growing evidence that hypermethylation of CpG
islands located in tumor suppressor genes is one of the most
common mechanisms for gene silencing in cancer initiation
and progression (31,32). Several studies have shown that the
downregulation of cytochrome P450 members is associated
with the risk of cancers such as colorectal, breast and re-
nal cancer. One study, in a CyplbI-deficient mouse model,
showed that CYPIBI, a member of the cytochrome P450
family, exerts an opposing effect on intestinal tumorigenesis
(33). However, the functional characterization of CYPIBI
in ACC is unclear, other than its role in steroidogenesis.

As with colorectal cancer, which is thought to follow a
multistep model of cancer initiation and is known to be as-
sociated with aneuploidy and extensive genomic aberrations

Nucleic Acids Research, 2015, Vol. 43, No. 19 9337

(34), progression to ACC seems to undergo a vast amount
of allelic imbalance associated with altered gene expression.
A well-known cell cycle inhibitory regulator, CDKNIC and
tumor suppressor transcription factor such as C/EBPS that
play critical role in several other cancers were found to be
dysregulated in ACC (35-38). Our integrated analysis sheds
light on novel candidate tumor suppressor genes that are
implicated in other cancer, such as CD81, TSSC4, TSSC6
and PHLDA?2 which are lost in ACC due to copy number
variations (39,40). Since the tumor suppressor gene 7P53
has been shown to be a candidate driver gene for malig-
nancy, we performed target DNA sequencing for damag-
ing mutations within the open reading frame of TP53 in
adrenocortical adenoma and ACC tumors. Consistent with
earlier studies, we found loss-of-function mutations in exon
5 (G12219A) and exon 6 (A12749G) in 9 out of 10 tested
ACC tumors (15). Since we observed a significant number
of copy number aberrations between normal adrenal cortex
and benign adrenocortical tumor samples, we believe that
these changes with further accumulation of events may lead
to malignancy.

Several studies have suggested that miRNAs play a key
role in the development of cancer (41,42). Our analysis pro-
vides an unbiased approach for identifying critical miRNAs
in ACC on a genome-wide scale, as we focused primarily
on the miRNAs that are inversely associated with differen-
tially expressed genes. Several miRNAs, such as miR-183,
miR-9 and miR-25, which are known to promote cell pro-
liferation and invasion in other cancers, were found to be
upregulated in ACC (15,43,44). In addition, we identified
miR-665, a novel miRNA that has not yet been fully char-
acterized and may play a role in the development of ACC.
Given the pleiotropic nature of miRNAs, it was not surpris-
ing to find that oncogenic miRNAs, such as miR-138, and
tumor suppressor miRNAs, such as miR-126 and miR-497,
were downregulated and upregulated, respectively, in ACC
and targeted many differentially expressed genes.

In the current study, we identified new signaling path-
ways, such as oncostatin M, CDC42 and EIF signaling,
which can play critical roles in ACC. Moreover, enzymes
that are involved in ubiquitination were dysregulated and
targeted by differentially expressed miRNAs in ACC. This
is an interesting finding that may have therapeutic relevance,
as targeting protein ubiquitination is an emerging therapeu-
tic strategy for cancer therapy (45). Oncostatin M signaling
has been shown to play a dual role in cancer progression.
For instance, it can stimulate an antiproliferative effect in
breast cancer cells and is also known to induce differentia-
tion of breast cancer cells (46,47). In contrast, it could pro-
mote cell proliferation in ovarian, prostate and liver cancers
(48,49). However, in the context of ACC, it appears to in-
hibit cell proliferation and induce apoptosis in a caspase-
dependent manner, suggesting that this pathway could be a
potential therapeutic target for ACC.

Despite several novel findings, our study has some limi-
tations. Firstly, our integrated analysis is primarily driven
by gene expression difference, as only the significantly dif-
ferentially expressed genes were considered for examining
the three modes of gene expression regulation. This ap-
proach was used, however, because we were interested in
identifying primary genetic/genomic changes that may ac-
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count for the differentially expressed genes, with a focus on
the three modes of gene regulation that have been shown
to be involved in carcinogenesis. Secondly, the overall per-
centages for each mode of gene expression regulation re-
ported here apply to only genes markedly dysregulated,
exhibiting at least four-fold expression differences. While
this study was done to focus on highly relevant candidate
genes, it may have excluded relevant genes in ACC. In ad-
dition, if there are any driver mutations present in small
subset of tumors that may have unique gene expression
signature, our stringent criteria may have excluded them.
It is likely that the functioning tumor may have different
pathogenesis compared to non-functioning tumors. How-
ever, the PCA plot based on the functional status of ade-
nomas separated normal and ACC with clustering of both
functioning and non-functioning adenomas together (Sup-
plementary Figure S1F). Although we observed a higher
number of genomic changes in the paired comparison of
normal, adenoma and ACC, it only suggests that ACC
may be a stepwise process. We cannot exclude the possi-
bility that the pathogenesis of adenomas is different from
ACC and therefore does not arise from an adenoma. Recent
studies by Assie et al. determined that ZNRF3, CTNNBI,
CDKN2A and RBI were frequently altered with either dam-
aging mutations or homozygous deletions (15). Corrobora-
tive to these studies, we observed copy number loss of these
genes; however, these genes had a less than four-fold expres-
sion difference and therefore were not included in our anal-
ysis, as we did not perform whole-exome sequencing of the
tissue samples to study mutations in candidate genes other
than 7TP53.

In conclusion, our integrated analysis of gene expres-
sion and regulation suggests that methylation, miRNAs and
copy number aberrations are increased in our pairwise com-
parison of normal adrenal cortex, adrenocortical adenoma
and ACC. This study provides new insights into dysregu-
lated pathways that may lead to ACC initiation and or pro-
gression.
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