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Adrenocortical carcinoma (ACC) is a rare and often fatal cancer, affecting ~1 person per million per year
worldwide. Approximately 75% of patientswith ACC eventually developmetastases and progress on the
few available standard-of-care medical therapies, highlighting an incredible need for an improved
understanding of the molecular biology of this disease. Although it has long been known that ACC is
characterized by certain histological and genetic features (e.g., high mitotic activity, chromosomal
instability, and overexpression of IGF2), only in the last two decades of genomics has the molecular
landscape of ACC been more thoroughly characterized. In this review, we describe the findings of
historical genetics and recent genomics studies on ACC and discuss how underlying concepts emerging
from these studies contribute to the current model of critical pathways for adrenocortical carcino-
genesis. Integrative synthesis across these studies reveals that ACC consists of three distinct molecular
subtypes with divergent clinical outcomes and implicates differential regulation of Wnt signaling, cell
cycle, DNAmethylation, immune biology, and steroidogenesis in ACC biology. These cellular programs
are pharmacologically targetable and may enable the development of therapeutic strategies to improve
outcomes for patients facing this devastating disease.
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The adrenal glands are paired endocrine organs that reside above each kidney and produce a
variety of hormones critical for life. Each gland consists of an outer cortex and inner medulla,
which produce steroid hormones and catecholamines, respectively. Adrenocortical carcinoma
(ACC) is a rare cancer of the adrenal cortex affecting 0.5 to 2 people per million per year
worldwide [1–3]. Though rare, ACC is often aggressive, with only ~35% of patients surviving
5 years after diagnosis [4]. To date, the only curative therapy for ACC is surgical resection of
the primary tumor [5]. However, 50% of patients with ACC present with disseminated
metastases, and approximately one-third of patients with localized or locoregional disease at
diagnosis develop postoperative metastases [6]. For these patients, ACC-specific US Food
and Drug Administration–approved medical therapies are limited to the adrenolytic agent
mitotane [op’-DDD; 1,1-dichloro-2-(o-chlorophenyl)-2-(p-chlorophenyl) ethane] [4].

Abbreviations: ACA, adrenocortical adenoma; ACC, adrenocortical carcinoma; ACC-TCGA, The Cancer Genome Atlas study on
adrenocortical carcinoma; CIMP, CpG island methylator phenotype; EDP-M, etoposide, doxorubicin, cisplatin, and mitotane; LOH,
loss of heterozygosity; Sz-M, streptozotocin and mitotane; TCGA, The Cancer Genome Atlas; WGD, whole genome doubling.
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Mitotane is widely used in the medical management of ACC at experienced centers;
however, evidence supporting mitotane therapy in the adjuvant setting or for patients with
disseminated disease is limited. The two largest studies on adjuvant mitotane are retro-
spective, and they suggest it prolongs time to recurrence with no impact on overall survival [7,
8]. Few nonrandomized studies supportmitotane use for patients withmetastatic ACC; these
include a recently published large retrospective study on patients with advanced ACC by
Megerle et al. [9], in which investigators identified that patients with low tumor burden or
late diagnosis of advanced ACCmay benefit frommitotane monotherapy. Historically,#30%
of patients respond to mitotane therapy with reduction in tumor burden, and #70% respond
with control of hormonal symptoms [4]. However, mitotane efficacy is ultimately limited by
its high lipophilicity, poor pharmacokinetic properties, and dose-limiting toxicities. Indeed,
achieving therapeutic serum levels of mitotane ($14 mg/mL) typically takes several months
of drug administration [10] and may require patients to initially consume $12 pills daily.
Such high initiation dosing can often be reduced over time during maintenance therapy.

Recent studies have evaluated the use of cytotoxic antineoplastic agents in the treatment
of metastatic ACC. Reports of efficacy for combined therapies consisting of etoposide,
doxorubicin, cisplatin, and mitotane (EDP-M) or streptozotocin and mitotane (Sz-M) for
metastatic ACC [11, 12] gave rise to the First International Randomized Trial in Locally
Advanced and Metastatic Adrenocortical Carcinoma Treatment (FIRM-ACT; NCT00094497).
The study evaluated EDP-M and Sz-M in a randomized controlled phase III clinical trial
enrolling patients with metastatic ACC and no prior cytotoxic chemotherapy, and it demon-
strated that EDP-M was a superior treatment regimen [13]. One-fifth of patients responded to
first-line EDP-M therapy, leading to amedian progression-free survival interval of 5.0months,
compared with 2.2 months for patients on an Sz-M regimen [13]. Current clinical consensus is
to giveEDP-M to all patientswith disseminatedACCand to consider the use of cytotoxic agents
in patients with localized but histologically aggressive disease (Ki67. 10% or.20mitoses per
50 high-powered fields) [5, 14, 15]. Additional insights about ACCmanagement are elaborated
in the recent clinical practice guidelines from the European Network for the Study of Adrenal
Tumors; this work represents the first clinical practice guidelines for ACC based on com-
prehensive literature review [16].

Despite these recent advances in medical management of ACC, only a minority of patients
receive therapeutic benefit, which is often short lived. These heterogeneous responses
demonstrate a strong need for improved personalized medical therapies for this disease,
which provide durable therapeutic benefit and target core molecular programs driving most
(if not all) ACC tumors. Development of these therapies necessarily relies on a deep un-
derstanding of the genetic, transcriptional, and epigenetic programs driving adrenocortical
carcinogenesis. In this review, we will discuss genetics and genomics studies that have
informed the current understanding of the underlyingmolecular programs driving ACC, from
the genetics of familial cancer syndromes to comprehensive genomics studies such as those by
Assié et al. [17] and Juhlin et al. [18] and The Cancer Genome Atlas (TCGA) study on ad-
renocortical carcinoma (ACC-TCGA) [19]. We will then describe the implications of this work
for molecular stratification and targeted therapies and relevant translational, preclinical,
and clinical studies. Importantly, although we will discuss pediatric forms of ACC in the
context of familial syndromes, the scope of this review is restricted to adult ACC.

1. Methods

We identified literature to incorporate in this review by searching the National Institutes of
Health/National Center for Biotechnology Information PubMed database on 19 July 2018, for
the following search terms: “adrenocortical carcinoma” (3304 results), “adrenocortical car-
cinoma genomic” (289 results), “adrenocortical carcinoma transcriptome” (29 results), “ad-
renocortical carcinoma methylation” (39 results), “adrenocortical carcinoma microarray” (36
results), “adrenocortical carcinoma genomics” (42 results), “adrenocortical carcinoma pre-
clinical” (53 results), “adrenocortical carcinoma clinical trial” (99 results), and “adrenocortical
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carcinoma profiling” (106 results). We identified additional resources in D. Therapeutics
by searching PubMed for the relevant molecular program. Search results were
manually curated.

2. Results

A. Molecular Lessons From Early Genetics and Familial Syndromes

It has long been known that malignant tumors of the adrenal cortex are distinguished by a
high degree of mitotic activity, atypical mitoses, and aneuploidy [20–22]. Early molecular
studies that used comparative genomic hybridization characterized these qualitative
observations with higher resolution, illustrating that rampant chromosomal instability
and widespread, heterogeneous patterns of chromosomal abnormalities characterize
ACC. Although many ACC exhibited complex genomic patterns of gains and losses, select
copy number alterations were remarkably recurrent across tumors, including gains in
9q34 and 5p, which respectively encompass NR5A1 (encoding steroidogenic factor 1, the
master regulator of steroidogenesis) and oncogene TERT; and losses in 11q, 13q, and 17p,
which respectively encompass known tumor suppressor genes MEN1, RB1, and TP53
[23–27]. Taken together, these findings suggested that this hallmark chromosomal in-
stability contributes to adrenocortical carcinogenesis by facilitating upregulation of
adrenocortical oncogenes and downregulation of critical tumor suppressors.

Additional clues illuminating signaling pathways core to adrenocortical carcinogenesis
came from families with classic neoplasia syndromes in which ACC or adrenal hyperplasia
is a feature. Patients with Beckwith-Wiedemann syndrome or Li-Fraumeni syndrome have a
significantly higher likelihood of developing ACC than the general population [28–32].
Patients withmultiple endocrine neoplasia 1 or familial adenomatous polyposis often develop
bilateral adrenal hyperplasia, which may evolve to ACC [33–35]. These clinical observations
informed targeted approaches in the pregenomics era evaluating the prevalence of somatic
alterations in loci encompassing IGF2, TP53, MEN1, APC, and CTNNB1. Indeed, such
studies demonstrated that loss of heterozygosity (LOH) of 11p15, leading to biallelic ex-
pression of IGF2 and silencing of CDKN1C, is a hallmark feature of #90% of ACC [36, 37].
Additional studies also demonstrated that somatic alterations leading to inactivation ofTP53
are present in ~30% of ACC [38–42], and LOH of regions of 11q13 encompassing the MEN1
locus is present in.60% of ACC [43–46]. Finally, targeted sequencing approaches identified
that somaticAPCmutations are somewhat rare [33], butmutations inCTNNB1 are common,
present in #30% of ACC [47, 48].

B. Early Omics

B-1. Transcriptome

Global gene expression profiling (transcriptome) studies enable the identification of tran-
scriptional programs and gene expression patterns unique to individual tissues or disease
states. Global characterization of transcriptional programs recurrently altered in ACC
compared with adrenocortical adenomas (ACA) and physiological adrenocortical tissue began
with studies that used microarrays. Such studies identified that the transcriptomes of ACC
diverge substantially from physiological adrenocortical tissue and ACA [49, 50]. They also
demonstrated that ACC are distinguished from ACA by high expression of activators of
cellular proliferation and components of growth factor signaling, including MKI67, CCNE1,
TOP2A, BUB1B, and IGF2, and lower expression of negative cell cycle regulators and ste-
roidogenic machinery such as CDKN1C, RB1, CYP11B1, and HSD3B2 [50–52]. Supporting
earlier genetic studies identifying recurrent chromosomal alterations in ACC, Giordano et al.
[49] identified that ACC are characterized by transcriptional repression of 11q, 17p, and 1p
and transcriptional upregulation of 5q and 12q.
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The dramatic differences in the transcriptomes of benign and malignant adrenocortical
lesions suggested that transcriptional profiling may illuminate molecular subtypes of ACC
with distinct clinical outcomes. Giordano et al. [49] identified that patients with ACC tumors
featuring the highest expression of proliferation machinery and genes related to “functional
aneuploidy” have poor survival outcomes compared with tumors with gene expression
profiles that more closely resemble benign lesions. In a landmark study, de Reyniès et al. [53]
demonstrated that unsupervised clustering identifies two unique transcriptional subtypes of
ACC tumors, called C1A and C1B. Like Giordano et al., this group identified that tumors of
the more aggressive C1A subtype bore higher expression of mitotic cell cycle genes, whereas
those of the less aggressive C1B subtype bore higher expression of cell metabolism, apoptosis,
and cell differentiation genes. This group extended these findings further to identify a two-
gene predictor of survival and identified that a BUB1B-PINK1 score could discriminate
between ACA-like ACC tumors of good prognosis (survival fraction .90%) and other ACC
[53]. This BUB1B-PINK1 score has also been validated in an independent retrospective
cohort study of adult ACC [54]. Finally, in a precursor to recent integrated molecular studies,
Ragazzon et al. [55] demonstrated that C1A tumors are enriched for somatic mutations in
CTNNB1 or TP53, supported by immunohistochemical evidence of nuclear accumulation of
p53 or nuclear localization of b-catenin. Together, these studies illustrate that molecular
subtypes of ACC are driven by distinct transcriptional programs, which may be associated
with differences in disease aggressiveness.

B-2. Methylome

Methylation of DNA is a covalent epigenetic modification, often serving as a mechanism of
transcriptional regulation. DNA methylation often involves methylation of cytosines located
in CpG motifs, which may be individual or in contiguous regions (islands, shores, shelves,
open seas) scattered throughout the promoter, coding, and noncoding regions of the genome.
The emergence of array technology to query genomewide CpG methylation (methylome)
enabled studies characterizing the methylation profiles of adrenocortical tumors. Fonseca
et al. [56] identified that a subset of ACC genomes is characterized by hypermethylation
directed to CpG islands, compared with ACA and physiological adrenal tissue. Select dif-
ferentially methylated genes in ACC included transcriptionally silenced tumor suppressors,
such as CDKN2A, GATA4, and PYCARD, giving rise to the hypothesis that dysregulated
epigenetic programming in ACC promotes tumorigenesis partially through tumor suppressor
silencing [56]. A subsequent genomicmethylation study supported these findings, identifying
that hypermethylated CpGs in ACC are largely restricted to CpG islands, whereas hypo-
methylated CpGs are present in open sea regions [57]. Resolving the methylation landscape
of ACC further, Barreau et al. [58] demonstrated that ACC consists of three CpG island
methylator phenotype (CIMP) signatures with low, intermediate, and high levels of CpG
island methylation compared with ACA. This group identified that promoter CpG island
methylation was often but not always associated with decreased gene expression and that
patients with CIMP-high tumors had the worst overall survival [58]. Together, these studies
suggested DNA methylation contributes to ACC tumorigenesis and highlighted a potential
prognostic role for DNA methylation in ACC.

B-3. miRNome

miRNAs are endogenous, single-stranded noncoding RNA molecules ranging from 19 to 25
nucleotides in length that posttranscriptionally regulate target mRNA expression. A single
miRNAmay regulate hundreds of mRNA targets involved in a variety of biological programs
through miRNA/mRNA sequence specificity. Large-scale miRNA profiling studies charac-
terizing the miRNome of adrenocortical tumors have also illuminated that miRNA networks
are uniquely dysregulated in ACC [59, 60]. Tömböl et al. [60] identified that miRNAs dif-
ferentially expressed in ACCmay regulate cell cycle progression via DNA damage checkpoint
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regulation and proposed that the difference in expression between miR-511 (upregulated in
ACC vs cortisol-secreting ACA) and miR-503 (downregulated in ACC vs cortisol-secreting
ACA) could distinguish ACC and ACA. Soon et al. [59] also demonstrated that miRNAs are
dysregulated in ACC compared with ACA and showed that downregulation of miR-195 and
upregulation of miR-483-5p identify a subgroup of ACC with worse outcomes. These studies
suggest that miRNA regulatory networks may be dysregulated in ACC to control tran-
scription of genes that regulate cell cycle dynamics and tumor aggressiveness.

B-4. Broad conclusions from early omics

Taken together, early omics illustrated that ACC and ACA are unique molecular entities in
terms of gene expression, methylation, and posttranscriptional regulation, suggesting that
these entities are unlikely to exist on a continuum. Supporting thismodel but not discussed in
this review, the mutational spectra of ACC also diverge from ACA [61]. Early omics studies
confirmed initial genetic studies identifying recurrent chromosomal abnormalities and LOH
leading to biallelic expression of IGF2, demonstrating that upregulation of IGF2 and growth
factor signaling programs are hallmarks of ACC. These studies illuminated that ACC
consists of distinct molecular classes that are also associated with differences in survival,
highlighting that targeted assessment ofmRNA,miRNA, andDNAmethylationmay serve as
useful biomarkers for risk stratification in ACC.

C. Comprehensive and Integrated Omics

Although early genetics and omics studies provided essential insight into genetic, epigenetic,
and transcriptional programs dysregulated in adrenocortical carcinogenesis, lack of in-
tegration across platforms limited the understanding of the interplay between recurrent
somatic alterations and consequent molecular programs. Somatic mutational profiling was
restricted to candidate gene approaches, failing to identify additional genetic events (not
linked to familial syndromes) that may be recurrent across ACC. Additionally, given the
rarity of these lesions and the obvious molecular heterogeneity of ACC, multi-institutional
studies with larger cohort sizes became essential to illustrate the comprehensive landscape of
molecular alterations contributing to ACC biology.

In the first integrated genomics study on ACC, Assié et al. [17] confirmed previous findings
but uncovered several novel features of ACC. The authors performed multiplatform mo-
lecular profiling of germline and tumor exomes, copy number, gene expression, DNA
methylation, and miRNAs. Supporting historical literature and prior single nucleotide
polymorphism array profiling studies [62], the authors identified that somatic copy number
alterations (gains and losses) are common in ACC, with LOH throughout the genome.
Confirming previously identified alterations in CTNNB1, TP53, CDKN2A, RB1, and MEN1,
the authors also identified novel somatic alterations in ZNRF3, DAXX, TERT, and MED12.
The gene most frequently targeted for somatic alteration (biallelic deletion or loss of function
mutation) was ZNRF3, altered in 21% of ACC and mutually exclusive with mutations in
CTNNB1. This finding was of particular interest because ZNRF3 had been recently char-
acterized as a negative regulator of Wnt signaling that promotes turnover of cell surface Wnt
receptors (e.g., Frizzled receptors) [63]. Selection for this alteration suggests that a subset of
ACC may be fueled by secreted Wnt ligands.

The authors also identified that a unique miRNA signature associated with an imprinted
DLK1-MEG3 cluster located on 14q32.2 is downregulated in a subset of C1B ACC. Finally,
the authors demonstrated that C1A ACC have higher mutation rate and higher incidence of
recurrentmutations, and a subset of C1A exclusively bears intermediate or high levels of CpG
island methylation. Importantly, there was also a subset of tumors (approximately one-third,
encompassing a variety of miRNA, mRNA, and DNA methylation subclasses) in which no
recurrent somatic alteration was identified [17]. Shortly after this publication, Assié et al.’s
findings were validated by Juhlin et al. [18], who also identified frequent ZNRF3 deletions.
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In 2016, a landmark multiplatform study was published as part of the largest consortium
of genomic cancer studies to date: The Cancer Genome Atlas project on adrenocortical
carcinoma (ACC-TCGA) [19]. This was one of the first TCGA studies of a rare malignancy,
enabling the incorporation of ACC into pan-cancer analyses. Using improved, often next-
generation sequencing-based multiplatform approaches, ACC-TCGA confirmed several
findings from Assié et al. but also identified numerous previously undiscovered molecular
programs dysregulated in ACC. ACC-TCGA identified additional recurrent somatic alter-
ations in PRKAR1A, RPL22, TERF2, and CCNE1 and somatic alterations in epigenetic
modifiers includingMLL family members, SETD2, TET1, and SMARCA4. The identification
of recurrent loss of function alterations in PRKAR1A, the regulatory subunit that miti-
gates protein kinase A activity, implicated protein kinase A signaling for the first time in
sporadic ACC. Importantly, as in previous studies, in a subset of ACC (~20%) no recurrent
somatic alteration was identified. To summarize, ~45% of ACC bore somatic alterations
leading to cell cycle activation, ~40% of ACC bore somatic alterations leading to Wnt
pathway activation, and ~20% of ACC bore somatic alterations in epigenetic modifiers [19].

ACC-TCGA comprehensively characterized the somatic copy number alteration land-
scape, identifying three recurrent profiles: quiet (tumor genome is diploid, no focal gains and
losses), chromosomal (tumor genome is characterized by frequent whole chromosome LOH
and hypodiploidy in a subset of tumors), and noisy (frequent focal, arm-level gains and losses
painting the picture of a “shattered” tumor genome). Intriguingly, a subset of tumors in noisy
and chromosomal classes also exhibited a whole genome doubling (WGD) phenomenon as-
sociated with overexpression ofTERT. Chromosomal tumors withWGD and noisy signatures
were associated with worse prognosis [19].

ACC-TCGA identified differential regulation of six miRNA signatures across ACC. ACC-
TCGA also identified that, although nearly all ACC have overexpression of IGF2, ACC is
driven largely by three transcriptional programs: steroid-low/immune-high (low expression of
steroidogenic enzymes, high expression of immune cell-specific markers), steroid-high, and
steroid-high + proliferative (high expression of steroidogenic machinery coupled with cell
cycle activation). Steroid-low/immune-high captured tumors assigned to the previously
identified C1B signature, whereas steroid-high and steroid-high + proliferative signatures
together comprised tumors assigned to C1A. Confirming published DNAmethylome findings
from other cohorts, ACC-TCGA identified three subgroups: CIMP-low, CIMP-intermediate,
and CIMP-high [19].

Finally, ACC-TCGA’s integrative analysis identified that ACC consists of three distinct
molecular subtypes, referred to as COC1, COC2, and COC3. COC1 tumors have a lower
frequency of somatic alterations and are genomically quiet or chromosomal 6WGD, steroid-
low/immune-high, and CIMP-low. COC2 and COC3 tumors have a higher frequency of so-
matic alterations leading to activation of the Wnt pathway. COC2 tumors are steroid-high,
genomically quiet or chromosomal 6 WGD, and CIMP-intermediate. Finally, COC3 tumors
have a higher frequency of somatic alterations leading to cell cycle activation and are steroid-
high + proliferative, genomically noisy 6 WGD, and CIMP-high. Astonishingly, COC status
was associated with clinical outcome; patients with COC1 tumors had best prognosis, pa-
tients with COC2 tumors had intermediate prognosis, and patients with COC3 tumors had
dismal prognosis, with uniform disease progression and poor overall survival. Other re-
markable findings of this study included the revelation that ACC is relatively pure (e.g.,
comprising cancer cells with little stromal infiltrate) compared with other malignancies and
that the degree of immune infiltration is inversely proportional to steroidogenic capacity,
measured by key steroidogenic enzymes [19].

Taken together, multiplatform, comprehensive, integrated omics studies have confirmed
findings from single platform studies and provided insights into ACC biology. These studies
have highlighted the importance of pathways coordinating Wnt signaling, cell cycle, DNA
methylation, chromosome architecture, and steroidogenesis in adrenocortical carcinogenesis.
ACC-TCGA particularly demonstrated that these programs are coordinated in specific ways
in three uniquemolecular subtypes of ACC and illuminated a role for immune infiltration in a
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subtype of ACC with low steroidogenic activity [19]. The identification of three molecular
ACC subtypes reinforces the importance of developing biomarkers that permit prospective
stratification in accordance with molecular programs. Finally, these differentially regulated
molecular programs are largely pharmaceutically targetable, warranting study of currently
available pharmaceutical compounds and therapies under development to guide future
research and clinical trials on ACC.

D. Therapeutics

D-1. Inhibition of IGF2/IGF1R signaling

Given the ~90% prevalence of IGF2 overexpression in ACC, the first studies evaluating
targeted therapies for the disease focused on pharmacological inhibitors targeting IGF2
signaling via the IGF1R receptor. Preclinical studies including xenograft models of ACC
were promising, suggesting that inhibition of IGF2/IGF1R signaling may indeed be
therapeutically efficacious in ACC [64]. A subsequent phase I study demonstrated that
IGF2/IGF1R inhibition with figitumumab was well tolerated, affording some patients with
pretreated, metastatic ACC clinical benefit [65]. However, subsequent phase II and III
studies with cixutumumab + mitotane vs. mitotane [66] or linsitinib vs. placebo [67]
demonstrated that IGF2/IGF1R inhibitors fail most patients with advanced ACC. Im-
portantly, few patients exhibited clinically relevant responses, including disease stabili-
zation, tumor shrinkage, and long-term ACC regression. Indeed, 3% to 5% of patients with
refractory metastatic ACC randomly assigned to linsitinib had confirmed, long-term ACC
regression by RECIST version 1.1, and nearly one-fifth of linsitinib-treated patients had
disease stabilization at 4 months [67]. Though disappointing for most patients, the dem-
onstration that a subset of patients with ACC respond to IGF2/IGF1R therapy suggests that
acquired genetic andmolecular alterations secondary to LOH of the IGF2 locus may restrict
tumor response to therapy. This possibility is supported not only by the complex landscape
of molecular alterations identified in ACC-TCGA and other studies [17, 19] but also by in
vivo work demonstrating that overexpression of IGF2 is insufficient to initiate adreno-
cortical tumorigenesis but probably collaborates with other events, such as activation of
b-catenin signaling [68]. Although this would need to be evaluated clinically, it is possible
that patients who respond to IGF2/IGF1R therapy may indeed be among the ~20%
of patients with tumors bearing no recurrent somatic alterations who are a subset of
ACC-TCGA COC1 [19].

D-2. Wnt pathway inhibition

Activation of b-catenin signaling is a hallmark of ~40% of ACC, largely encompassing
COC2 and COC3 tumors in ACC-TCGA [19]. In addition to recurrent somatic alterations
in Wnt/b-catenin signaling components CTNNB1, ZNRF3, and rarely APC, it is well
known that ACC often express nuclear, transcriptionally active b-catenin [48, 55]. The
classic in vitro model of ACC is the NCI-H295R cell line, which also expresses consti-
tutively active b-catenin (encoded by p.S45P CTNNB1) [48]. Studies using the NCI-
H295R model have demonstrated that inhibition of b-catenin–dependent transcription
impairs proliferation and steroidogenesis and promotes apoptosis [69–71], supporting the
evaluation of such therapeutic approaches in preclinical and clinical studies. Together,
these findings suggest that pharmacological inhibition of b-catenin–dependent tran-
scription or of autocrine/paracrine Wnt signaling in tumors with ZNRF3 alterations may
be therapeutically efficacious. However, inhibition of Wnt/b-catenin signaling remains
clinically challenging.

b-catenin is a critical regulator of development and homeostasis of numerous tissues
including the adrenal cortex [72]; not surprisingly, many inhibitors of b-catenin–dependent
transcription cause on-target toxicity in Wnt-dependent tissues such as the intestine [73].

doi: 10.1210/js.2018-00197 | Journal of the Endocrine Society | 1265

http://dx.doi.org/10.1210/js.2018-00197


New ligand-based therapies are under development, including inhibitors of Porcupine (an
acyltransferase enzyme whose activity is essential for the secretion of all Wnt ligands) and
Frizzled proteins, whichmay bemore effective in potentially ligand-fueledmalignancies such
as ACC with somatic alterations in ZNRF3 [73–75]. However, even these approaches fail to
totally evade the challenges of therapeutic tissue selectivity [76]. In the absence of phar-
macological agents targeting tissue-specific Wnt signaling machinery, it is unlikely that
these approaches would yield sufficient therapeutic benefit as monotherapy. Targeting Wnt/
b-catenin signaling is therefore more likely to be efficacious with limited toxicity in com-
bination therapy regimens [73, 77].

D-3. Cell cycle inhibition

Classic observations that ACC with higher proliferation indices tend to be associated with
worse prognosis [22, 78] fortify more recent genomics studies establishing a role for cell
cycle activation in aggressive or rapidly recurrent ACC [19, 49–52]. These and additional
studies have also highlighted that pharmacologically targetable DNA replication
mechanisms such as TOP2A are overexpressed on mRNA and protein levels in aggressive
ACC tumors [50, 52, 79, 80]. Indeed, the standard-of-care combination therapy for pa-
tients with metastatic or high-risk ACC includes etoposide (EDP-M) and is efficacious in
approximately one-fifth of patients with metastatic disease [5, 13–15]. Clinical studies
have also suggested that therapies including antimetabolite cytotoxic agents such as 5-
fluorouracil, capecitabine, or gemcitabine may be efficacious in a subset of tumors [81, 82].
Importantly, with all cytotoxic treatment regimens, extratumoral toxicity is often dose-
limiting [83]; this drawback may be overcome with the implementation of metronomic or
combination dosing schema with these or other cytotoxic agents [82, 84]. Recent trans-
lational and preclinical studies have also demonstrated that ACC may be sensitive to
newer cell cycle inhibitors targeting kinases with well-established roles in cell cycle
progression, such as CDK4/6 [85, 86]. PLK1 [87], Aurora kinases [88], and MELK [89].
These therapeutic approaches have had moderate success in preclinical models of other
solid tumors, and the recent advances in design of more selective kinase inhibitors have
improved toxicity profiles, enabling assessment of therapeutic efficacy in clinical
trials [90].

Given the ACC-TCGA finding that COC3 ACC are a rapidly recurrent group of tumors
with a chromosomally noisy genomic landscape in the setting of increased cell cycle activation
[18], it is likely that COC3 tumors will be most responsive to cell cycle inhibitors. The rapid
recurrence pattern of this subgroup suggests that these patients may even benefit from
neoadjuvant/adjuvant cytotoxic chemotherapy, warranting further study. However, there is
an additional compelling potential therapeutic avenue for COC3 ACC that remains un-
explored. Although the etiology of the hallmark chromosomal noisiness of this tumor type is
completely unknown, the high expression of cell cycle machinery (including DNA replication
machinery) in the setting of profound genomic instability suggests that this subset of ACC
may be exquisitely reliant on efficacious and COC3-specific DNA damage response mech-
anisms. Indeed, a recent pan-TCGA analysis demonstrated that a subset of ACC exhibits a
high level of homologous recombination deficiency, associated with rapidly progressive
disease [91]. This finding, coupled with the success of poly(ADP-ribose) polymerase (PARP)
inhibitors in tumors with homologous recombination deficiency [92] suggests that these
agents may have efficacy for this subset of ACC. Of course, application of this (or any) therapy
to this subtype requires reliable biomarkers that enable accurate, prospective identification
of patients with COC3 tumors.

D-4. Immunotherapy

ACC-TCGA demonstrated that ACC is largely immune poor [19], and this finding is sup-
ported by recent pan-cancer analyses demonstrating that ACC (in bulk) has lowest expression
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of immune-related genes of nearly all TCGA cancers [93]. However, COC1 tumors with lower
expression of steroidogenic machinery exhibited a transcriptional program consistent with
immune infiltration [19]. Immunotherapy is a promising therapeutic avenue for many solid
tumors including ACC, particularly in light of the US Food and Drug Administration’s recent
accelerated approval of anti–PD-1 therapy for treatment of mismatch repair-deficient tumors.
Approximately 30% of ACC from ACC-TCGA bore somatic events leading to silencing of
mismatch repair genes [91], and ACC has been recently recognized as a Lynch syndrome–
associated cancer [94]. It is therefore likely that several patients with ACC will be candidates
for anti–PD-1 therapy. However, success of anti–PD-1 therapy relies on several factors, in-
cluding tumor immune infiltration, which is characteristically low in tumors resistant to
anti–PD-1 therapy [95]. It will be essential to consider rational application of this therapy in
patients with mismatch repair deficiency and prominent immune infiltrate. The recent
development of a preclinical model of ACC from a patient with Lynch syndrome [96]
represents ameaningful bench-to-bedside tool that will enable the evaluation of immunotherapy
in different ACC subtypes through the use of humanized, patient-derived xenograft–bearing
mice [97].

D-5. Combination therapies

It is evident that the landscape of molecular alterations in ACC is complex and tumor subtype
specific [17, 19]. ACC-TCGA demonstrated that COC2-3 tumors, characterized by profound
dysregulation of machinery coordinating cellular programs such as steroidogenesis and DNA
methylation, are often driven by oncogenic programs leading to constitutive activation of
Wnt/b-catenin signaling or cell cycle [19]. It is well known that ACC cells are sensitive in vitro
to inhibition of cholesterol homeostasis and steroidogenesis by numerous agents, including
mitotane and ATR-101 [98, 99], but it is less clear that monotherapy with inhibitors of
steroidogenesis will be durably efficacious for most patients with COC2-3 ACC. Similarly,
although ACC are apparently sensitive to DNA demethylation in vitro [56, 100, 101], there is
no evidence supporting a clinical trial for patients with COC2-3 ACC that uses DNA
demethylation monotherapy, especially given the additional molecular events that are
common to these tumors. Tumor reliance on these biological programs presents a unique
opportunity for combined therapies with DNA demethylating agents or inhibitors of ste-
roidogenesis with inhibitors of Wnt/b-catenin signaling or cell cycle. Indeed, mitotane is
known to synergize with other pharmaceutical agents to induce toxicity in ACC cells [102,
103]. In other solid tumors, pharmacologicalmodulation of epigenetic programs has improved
efficacy of standard-of-care cytotoxic agents and may be a promising therapeutic strategy for
ACC [104, 105].

3. Conclusions

ACC is a rare, aggressive, and often fatal cancer. Most patients develop metastatic disease,
which is largely incurable with currently available systemic agents; these statistics
highlight a critical need for a deeper understanding of themolecular biology of ACC to fuel the
development of more advanced medical therapies. Early genetics and genomics studies on
ACC have resulted in enormous advances in the understanding of key pathways contributing
to adrenocortical carcinogenesis. Integrative, comprehensive omics studies demonstrate that
ACC consists of three distinct molecular subtypes with divergent clinical outcomes, and they
implicate differential regulation of Wnt signaling, cell cycle, DNA methylation, immune
biology, and steroidogenesis in ACC biology. These findings have illuminated a spectrum of
currently available targeted therapies thatmay have efficacy asmonotherapy or combination
therapy in distinct subtypes of ACC, as described in this review. Importantly, individual
therapeutic approaches are unlikely to be efficacious in all ACC subtypes. As we consider
directing these targeted therapies to patients with ACC, it will be critical to accurately
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stratify patients according to molecular subtype by using molecular biomarkers that permit
prospective assessment (Fig. 1).
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Figure 1. Comprehensive omics studies reveal ACC consists of three molecular subtypes
with distinct clinical outcomes and therapeutic targets. Comprehensive, integrated omics
studies have transformed the understanding of molecular programs driving adrenocortical
carcinogenesis. In particular, ACC-TCGA [19] demonstrated that ACC consists of three
molecular subtypes with distinct clinical outcomes (COC1, good prognosis; COC2,
intermediate prognosis; and COC3, poor prognosis). Each ACC subtype is predicted to be
driven by distinct genetic, transcriptional, and epigenetic programs that are largely
pharmacologically targetable. The unique clinical features of each group are captured with
a hypothetical event-free survival curve (left). The unique molecular features of each group
(largely informed by ACC-TCGA [19]) are captured below each category; mut refers to
subtype-specific somatic alteration profile, mRNA refers to subtype-specific transcriptional
program, meth refers to subtype-specific DNA methylation/CIMP signature, chrom refers to
subtype-specific somatic copy number alteration signature, and Rx refers to proposed
relevant therapeutic strategy. Importantly, application of these therapies to ACC will require
the development of prospective biomarkers that accurately stratify patients into each
molecular subtype. Survival curve and terminology of this figure (e.g., “COC1,” “COC2,” and
“COC3”) are adapted from ACC-TCGA [19].

1268 | Journal of the Endocrine Society | doi: 10.1210/js.2018-00197

mailto:ghammer@umich.edu
http://dx.doi.org/10.1210/js.2018-00197


Disclosure Summary: G.D.H. is cofounder of, has equity interest in, and is a consultant for
Millendo Therapeutics. The remaining authors have nothing to disclose.

References and Notes
1. Kerkhofs TM, Verhoeven RH, Van der Zwan JM, Dieleman J, Kerstens MN, Links TP, Van de Poll-

Franse LV, Haak HR. Adrenocortical carcinoma: a population-based study on incidence and survival
in the Netherlands since 1993. Eur J Cancer. 2013;49(11):2579–2586.

2. Wajchenberg BL, Albergaria Pereira MA, Medonca BB, Latronico AC, Campos Carneiro P, Alves VA,
Zerbini MC, Liberman B, Carlos Gomes G, Kirschner MA. Adrenocortical carcinoma: clinical and
laboratory observations. Cancer. 2000;88(4):711–736.

3. Wooten MD, King DK. Adrenal cortical carcinoma. Epidemiology and treatment with mitotane and a
review of the literature. Cancer. 1993;72(11):3145–3155.

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

5. FassnachtM, KroissM, Allolio B. Update in adrenocortical carcinoma. J Clin EndocrinolMetab. 2013;
98(12):4551–4564.

6. Else T, Williams AR, Sabolch A, Jolly S, Miller BS, Hammer GD. Adjuvant therapies and patient and
tumor characteristics associated with survival of adult patients with adrenocortical carcinoma. J Clin
Endocrinol Metab. 2014;99(2):455–461.

7. Berruti A, Grisanti S, Pulzer A, ClapsM,Daffara F, Loli P,MannelliM, BoscaroM, Arvat E, Tiberio G,
Hahner S, Zaggia B, Porpiglia F, VolanteM, FassnachtM, TerzoloM. Long-term outcomes of adjuvant
mitotane therapy in patients with radically resected adrenocortical carcinoma. J Clin Endocrinol
Metab. 2017;102(4):1358–1365.

8. Terzolo M, Angeli A, Fassnacht M, Daffara F, Tauchmanova L, Conton PA, Rossetto R, Buci L,
Sperone P, Grossrubatscher E, Reimondo G, Bollito E, Papotti M, Saeger W, Hahner S, Koschker AC,
Arvat E, Ambrosi B, Loli P, Lombardi G, Mannelli M, Bruzzi P, Mantero F, Allolio B, Dogliotti L,
Berruti A. Adjuvant mitotane treatment for adrenocortical carcinoma. N Engl J Med. 2007;356(23):
2372–2380.

9. Megerle F, HerrmannW, SchloetelburgW, Ronchi CL, Pulzer A, QuinklerM, Beuschlein F, Hahner S,
KroissM, FassnachtM; GermanACC Study Group. Mitotanemonotherapy in patients with advanced
adrenocortical carcinoma. J Clin Endocrinol Metab. 2018;103(4):1686–1695.

10. Terzolo M, Baudin AE, Ardito A, Kroiss M, Leboulleux S, Daffara F, Perotti P, Feelders RA, deVries
JH, Zaggia B, De Francia S, Volante M, Haak HR, Allolio B, Al Ghuzlan A, Fassnacht M, Berruti A.
Mitotane levels predict the outcome of patients with adrenocortical carcinoma treated adjuvantly
following radical resection. Eur J Endocrinol. 2013;169(3):263–270.

11. Berruti A, Terzolo M, Pia A, Angeli A, Dogliotti L; Italian Group for the Study of Adrenal Cancer.
Mitotane associated with etoposide, doxorubicin, and cisplatin in the treatment of advanced adre-
nocortical carcinoma. Cancer. 1998;83(10):2194–2200.
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17. Assié G, Letouzé E, Fassnacht M, Jouinot A, Luscap W, Barreau O, Omeiri H, Rodriguez S,
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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.

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