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Abstract

The new WHO classification of adrenal cortical proliferations reflects translational advances in the fields of endocrine
pathology, oncology and molecular biology. By adopting a question—answer framework, this review highlights advances in
knowledge of histological features, ancillary studies, and associated genetic findings that increase the understanding of the
adrenal cortex pathologies that are now reflected in the 2022 WHO classification. The pathological correlates of adrenal
cortical proliferations include diffuse adrenal cortical hyperplasia, adrenal cortical nodular disease, adrenal cortical adenomas
and adrenal cortical carcinomas. Understanding germline susceptibility and the clonal-neoplastic nature of individual adrenal
cortical nodules in primary bilateral macronodular adrenal cortical disease, and recognition of the clonal-neoplastic nature of
incidentally discovered non-functional subcentimeter benign adrenal cortical nodules has led to redefining the spectrum of
adrenal cortical nodular disease. As a consequence, the most significant nomenclature change in the field of adrenal cortical
pathology involves the refined classification of adrenal cortical nodular disease which now includes (a) sporadic nodular
adrenocortical disease, (b) bilateral micronodular adrenal cortical disease, and (c) bilateral macronodular adrenal cortical
disease (formerly known primary bilateral macronodular adrenal cortical hyperplasia). This group of clinicopathological
entities are reflected in functional adrenal cortical pathologies. Aldosterone producing cortical lesions can be unifocal or
multifocal, and may be bilateral with no imaging-detected nodule(s). Furthermore, not all grossly or radiologically identified
adrenal cortical lesions may be the source of aldosterone excess. For this reason, the new WHO classification endorses the
nomenclature of the HISTALDO classification which uses CYP11B2 immunohistochemistry to identify functional sites of
aldosterone production to help predict the risk of bilateral disease in primary aldosteronism. Adrenal cortical carcinomas
are subtyped based on their morphological features to include conventional, oncocytic, myxoid, and sarcomatoid subtypes.
Although the classic histopathologic criteria for diagnosing adrenal cortical carcinomas have not changed, the 2022 WHO
classification underscores the diagnostic and prognostic impact of angioinvasion (vascular invasion) in these tumors. Micro-
scopic angioinvasion is defined as tumor cells invading through a vessel wall and forming a thrombus/fibrin-tumor complex
or intravascular tumor cells admixed with platelet thrombus/fibrin. In addition to well-established Weiss and modified Weiss
scoring systems, the new WHO classification also expands on the use of other multiparameter diagnostic algorithms (reticulin
algorithm, Lin—Weiss—Bisceglia system, and Helsinki scoring system) to assist the workup of adrenal cortical neoplasms in
adults. Accordingly, conventional carcinomas can be assessed using all multiparameter diagnostic schemes, whereas onco-
cytic neoplasms can be assessed using the Lin—Weiss—Bisceglia system, reticulin algorithm and Helsinki scoring system.
Pediatric adrenal cortical neoplasms are assessed using the Wieneke system. Most adult adrenal cortical carcinomas show > 5
mitoses per 10 mm? and > 5% Ki67. The 2022 WHO classification places an emphasis on an accurate assessment of tumor
proliferation rate using both the mitotic count (mitoses per 10 mm?) and Ki67 labeling index which play an essential role
in the dynamic risk stratification of affected patients. Low grade carcinomas have mitotic rate of <20 mitoses per 10 mm?,
whereas high-grade carcinomas show > 20 mitoses per 10 mm?. Ki67-based tumor grading has not been endorsed in the
new WHO classification, since the proliferation indices are continuous variables rather than being static thresholds in tumor
biology. This new WHO classification emphasizes the role of diagnostic and predictive biomarkers in the workup of adrenal
cortical neoplasms. Confirmation of the adrenal cortical origin of a tumor remains a critical requirement when dealing with
non-functional lesions in the adrenal gland which may be mistaken for a primary adrenal cortical neoplasm. While SF1 is
the most reliable biomarker in the confirmation of adrenal cortical origin, paranuclear IGF2 expression is a useful biomarker
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in the distinction of malignancy in adrenal cortical neoplasms. In addition to adrenal myelolipoma, the new classification of
adrenal cortical tumors has introduced new sections including adrenal ectopia, based on the potential role of such ectopic
tissue as a possible source of neoplastic proliferations as well as a potential mimicker of metastatic disease. Adrenal cysts
are also discussed in the new classification as they may simulate primary cystic adrenal neoplasms or even adrenal cortical
carcinomas in the setting of an adrenal pseudocyst.

Keywords Adrenal cortical adenoma - Adrenal cortical carcinoma - Adrenal cortical hyperplasia - Adrenal cortical nodular
disease - Primary bilateral macronodular adrenal cortical hyperplasia - IGF2 - Primary aldosteronism - Cushing syndrome -
Virilization and feminization - Adrenal incidentaloma - Reticulin algorithm - Reticulin histochemistry - Lynch syndrome -

WHO classification - Biomarkers

Introduction

The new WHO classification of adrenal cortical prolifera-
tions reflects translational advances in the fields of endocrine
pathology, endocrine oncology, and molecular biology and
recognizes the importance of structural and functional corre-
lations. A group of clinicopathological entities are reflected
in functional and non-functional adrenal cortical patholo-
gies. By adopting a practical question—answer framework,
this review highlights advances in knowledge of histological
features, ancillary studies, and associated genetic findings
that increase the understanding of adrenal cortex patholo-
gies that are now reflected in the 2022 WHO classification.

Question 1: Are There Any Nomenclature
Changes or Any New Diagnostic Categories
in the New WHO Classification of Adrenal
Cortical Proliferations?

The pathological correlates of adrenal cortical proliferations
include diffuse adrenal cortical hyperplasia, adrenal corti-
cal nodular disease, adrenal cortical adenomas and adrenal
cortical carcinomas [1].

In the new 5th edition of the WHO classification of
adrenal cortical disease, the most significant nomenclature
change in adrenal cortical pathology is the refined clas-
sification of adrenal cortical nodular disease (Fig. 1). The
2022 WHO classification no longer endorses the use of
“nodular adrenal cortical hyperplasia” for incidentally dis-
covered sporadic non-functional adrenal cortical nodules.
The latter stems from recognition of the clonal/neoplastic
nature of incidentally discovered non-functional subcen-
timeter benign adrenal cortical nodules [1-5]. The new
classification endorses the term sporadic nodular adreno-
cortical disease for such manifestations (Fig. 2). Historical
terms of primary bilateral micronodular or macronodular
adrenocortical hyperplasia are no longer used as the nod-
ules are independent clonal proliferations and referred to as
bilateral micro- or macro-nodular adrenal cortical disease
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and classified among benign adrenal cortical tumors [1-5].
Virtually all bilateral micronodular and a significant frac-
tion of bilateral macronodular adrenal cortical diseases are
caused by genetic susceptibility [4—14]. These findings
have resulted in redefining the clinicopathologic spectrum
of adrenal cortical nodular disease. Consistently, the new
WHO classification subtypes adrenal cortical nodular dis-
ease as: (a) sporadic nodular adrenocortical disease, (b)
bilateral micronodular adrenal cortical disease, and (c)
bilateral macronodular adrenal cortical disease (Fig. 1).
The distinction between these diagnostic categories reflects
diverse clinical manifestations [4, 5, 15].

In the 2022 WHO classification, apart from diffuse compact
cell adrenal cortical hyperplasia identified in adrenal glands and
adrenal rests from patients with congenital adrenal hyperplasia,
the diagnostic category of adrenal cortical hyperplasia is now
restricted to bilateral diffuse adrenal cortical hyperplasia, which
can be driven by a pituitary corticotroph tumor (corticotroph
pituitary neuroendocrine tumor) or hypothalamic neoplasms
or ectopically with ACTH- or CRH-dependent pathogenesis
(e.g., ACTH- or CRH-producing neuroendocrine neoplasm,
paraganglioma) [1, 15]. Pituitary ACTH-dependent diffuse
adrenal cortical hyperplasia results in diffuse expansion of the
adrenal cortex in both adrenal glands with preserved adrenal
cortical zonation [15], while ectopic ACTH-driven adrenal cor-
tical hyperplasia lacks distinct adrenal cortical zonation due to
diffuse compact cell hyperplasia resulting in a pink appearance
to the adrenal cortices due to lipid depletion [15].

Another significant change in the new WHO classifica-
tion is the pathologic evaluation of adrenal glands removed
for primary aldosteronism. As primary aldosteronism may
be due to a single lesion or multiple lesions involving one or
both adrenal glands, the new WHO classification endorses the
nomenclature of the HISTALDO classification (Fig. 3), which
uses CYP11B2 immunohistochemistry to identify functional
sites of aldosterone production which help predict the risk of
bilateral disease in primary aldosteronism [16-21].

The new WHO bluebook also covers three new separate
chapters on adrenal cysts, adrenal ectopia, and myelolipoma.
The details of most of the new sections and other updates are
discussed in questions of this review.
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Adrenocortical

nodular
disease

Sporadic nodular
adrenocortical disease
*Non-functional.

«Solitary or sparsely distributed
multifocal nodules measuring < 1 cm.
*Occurs in all age groups.
*Usually unilateral but may be bilateral.
*Morphologically indistinguishable from
non-functional adrenal cortical

v
Bilateral micronodular
adrenocortical disease

Typically associated with endogenous

Cushing syndrome.
*Multiple nodules < 1 cm.

+Occurs in children and adults <30 years.

-Bilateral involvement.
*Pathogenic germline variants activating
the protein kinase A (PKA) pathway.

Bilateral macronodular
adrenocortical disease
Typically associated with endogenous
Cushing syndrome.

*Multiple large nodules > 1 cm.
*Occurs predominantly in adults.
-Bilateral involvement.

*Pathogenic germline variants in
ARMC5, MENT, FH or APC are common.

adenomas measuring < 1 cm.

\4
Primary pigmented nodular
adrenocortical disease (PPNAD)

-Often associated to Carney complex (c-PPNAD).
*Subsets develop outside of Carney complex (i-PPNAD).

*Multiple pigmented nodules and internodular cortical atrophy.
*Germline variants in PRKAR1A (both c-PPNAD and i-PPNAD).

\4

Isolated micronodular
adrenocortical disease (i-MAD)

*Multiple nodules without pigmentation.
*Germline aberrancies in PRKACA, PDE8B or PDETTA.

Fig. 1 The new WHO classification of adrenocortical nodular disease (Created with BioRender.com)

Question 2: Why Do Pathologists Need
to Know Ectopic or Heterotopic Locations
for Adrenal Cortical Tissue?

The 2022 WHO classification of adrenal cortical tumors has
a new chapter on adrenal ectopia, based on the potential role
of ectopic tissue as the source of neoplastic proliferations

Fig.2 Sporadic nodular adrenocortical disease. This photomicro-
graph illustrates a sporadic nodular adrenocortical disease The green
circle outlines the lesion

as well as a potential mimicker of metastatic disease. For
practicing pathologists, it is helpful to know the existence,
location and main histological features of these conditions.
Adrenal ectopia has been variably addressed as adrenal het-
erotopia, rests, remnants or choristoma.

Adrenal ectopia is defined as isolated benign adrenal
cortical tissue outside orthotopic adrenal glands. Most
adrenal rests have been identified in anatomic locations
that are aligned with their embryologic developmental
tract. Adrenal cortical choristoma is a related term to
adrenal ectopia and is defined as mature adrenal cortical
elements whose location cannot be explained with the nor-
mal embryogenesis of adrenal cortex. Adrenal rests may
become clinically relevant when they are associated with
disorders such as congenital adrenal hyperplasia. Adrenal
rest tumor is a term generally restricted to nodular pro-
liferations in the gonads, and it is not a term for ectopic
adrenal cortical tissue.

In surgical pathology, most adrenal rests are discovered
as incidental microscopic findings in various surgical speci-
mens including kidneys or gonads (particularly, spermatic
cord [22], rete testis [23-25], epididymis [26], ovary/parao-
varian [22, 27-33], salpinx and parasalpinx [22, 34, 35] ).
A recent surgical series from adults identified ectopic adre-
nal rests in both males and females with a more frequent
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HISTALDO classification scheme

CYP11B2 positive
adrenal cortical lesions

Aldosterone Aldosterone

Aldosterone

producing producing .
adrenal cortical adrenal cortical producing
carcinoma adenoma TEELIE

(APACC) (APA) (APN)

Aldosterone
Aldosterone

Solitary nodule
Malignant features

@,

O Seen on H&E and IHC
<Tcm
Sometimes seen on
O H&E, seen on IHC
<Tcm

Solitary nodule
=T cm

Solitary nodule
<1cm

Seen on H&E and IHC
>7cm

Fig.3 HISTALDO classification scheme: graphic depiction of the
HISTALDO classification model. Aldosterone producing adrenal cor-
tical carcinoma (APACC) and adenoma (APA) are solitary lesions
clearly visible by both routine hematoxylin—eosin (H&E) and immu-
nohistochemical (IHC) staining for CYP11B2 (aldosterone synthase).
Smaller solitary lesions (sub-centimeter) visible by H&E and IHC are
denoted aldosterone producing nodules (APNs), while the counter-
part that may be hard to distinguish using H&E but always visual-
ized on IHC are entitled aldosterone producing micronodules (APMs)
(formerly known as aldosterone producing cell clusters). When mul-

presentation in para-ovarian tissues [22]. Rare locations of
adrenal rests include the placenta [36], broad ligament [22,
37, 38], retroperitoneum [39, 40], urinary bladder and pros-
tate [41], groin [42, 43], choroid plexus [44], spine [45-47],
and lung [48, 49]. Among various locations, adrenal cortical
choristomas have also been described within TPIT-lineage
pituitary neuroendocrine tumors (corticotroph PitNETSs) [50,
51].

Adrenal cortical rests are characterized by small sub-
centimeter, isolated, yellow nodules in the fibrofatty tissue
surrounding normal components at the individual location
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SeRluEe Multiple APN or prqducing
) APM diffuse
m'c(f;:n‘;“'e (MAPN/MAPM) hyperplasia
(APDH)
Solitary nodule Multiple nodules  Continous staining
<lcm <1cm along zona
glomerulosa

Formerly known as
aldosterone
producing cell
clusters

Formerly known as
micronodular
hyperplasia

tifocal, these entities are termed “multiple APN” (MAPN) and “mul-
tiple APM” (MAPM), respectively—corresponding to the older term
“micronodular hyperplasia.” Finally, aldosterone producing diffuse
hyperplasia is characterized by a continuous CYP11B2 staining
along the zona glomerulosa. Image created with BioRender.com.
Reproduced from Juhlin CC, Bertherat J, Giordano TJ, Hammer GD,
Sasano H, Mete O. What Did We Learn from the Molecular Biology
of Adrenal Cortical Neoplasia? From Histopathology to Translational
Genomics. Endocr Pathol. 2021 Mar;32(1):102-133

[22-24, 52, 53]. Histologically, aggregates of large eosin-
ophilic or clear cells, with no or bland atypia resembling
orthotopic adrenal cortical cell populations are observed
(Fig. 4). Conversely, the medullary component of the adrenal
is rarely observed, and generally restricted to cases found in
the ectopias surrounding normal adrenal medulla, with even
rarer exceptions (e.g., a mediastinal location of functioning
cortical and medullary cells) [54].

Adrenal cortical choristomas are composed of adrenal
cortical cells with bland cytomorphology, and they occur
either isolated or in aggregates within normal or neoplastic
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Fig.4 Adrenal ectopia. This composite photomicrograph illustrates
two examples of ectopic adrenal cortical tissue involving the fibroadi-
pose tissue surrounding the spermatic cord (A) and the para-salpinx
(B). The inset on photomicrograph B represents Melan A expression
in the adrenal cortical cells

cell populations (e.g., corticotroph PitNET) of the involved
organ [50, 51]. The mechanism underlying their develop-
ment is incompletely understood. It may be the result of
misplacement of adrenal tissue far from its anatomic loca-
tion during embryogenesis [50, 51]. Alternatively, at least
in pituitary locations, a role of SF1 (a transcription factor
implicated in both pituitary and adrenal cortex functions),
might be envisaged, possibly acting on uncommitted stem
cells within the sella [51].

Rarely, adrenal cortical neoplasms arise from ectopic
adrenal tissues. Adenomas of adrenal cortical origin have
been reported in the liver [55] and the gastric wall [56]. In

addition, prolonged hormonal hyperstimulation can induce
adrenal cortical cell hyperplasia-to-neoplasia sequence and
may result in “adrenal rest tumors.” Adrenal ectopic tissue
must be distinguished from Leydig cell and other steroid
producing gonadal tumors and non-steroidogenic neoplasms
(e.g., renal cell carcinoma and hepatocellular carcinoma)
[23, 24, 53, 57, 58].

Adrenal cortical rests and choristomas share immunobhis-
tochemical features of adrenal cortical cells as they express
SF1 and other non-specific biomarkers of adrenal cortical
differentiation [22, 51, 59, 60]. The distinction of adrenal
cortical rest-related proliferations from other steroidogenic
neoplasms poses a diagnostic challenge and may require the
use of adrenal cortex-related steroidogenic enzyme immu-
nohistochemistry as discussed in Question 10.

Question 3: What are the Pathological
Correlates of Adrenal Cysts?

The new WHO classification has introduced a new chapter
on adrenal cysts, based on their potential of simulating pri-
mary cystic adrenal neoplasms or even adrenal cortical car-
cinomas in the setting of an adrenal pseudocyst. For practic-
ing pathologists, it is therefore relevant to be aware of their
different types, main histological features and relationships
with cystic neoplasms. Adrenal cysts are defined as benign,
circumscribed, fluid-containing masses or nodules. They are
rare with a reported incidence of 0.06% [61]. They are usu-
ally detected as incidental findings at the time of imaging
studies, and account for up to 4% of adrenal masses [62-65].
A slight female predilection and a mean cyst size of 7.9 cm
have been reported in a review of the literature [62].

There are four distinct types of adrenal cysts: (a) pseudo-
cyst, (b) endothelial (vascular cyst), (c) epithelial cyst, and
(d) parasitic cyst [62, 63, 65—67] These are associated with
different etiologies and pathogenetic mechanisms. The most
common adrenal cysts are pseudocysts accounting for up
to 80% of cases in some series and probably resulting from
hemorrhagic or traumatic events of various etiologies in the
adrenal area, including COVID-19-related hemorrhage [62,
63, 66]. While parasitic cysts are related to Echinococcus
infections, endothelial cysts develop from dilated and throm-
bosed blood or lymphatic vessels, and epithelial cysts are
associated to mesothelial remnants [63]. Irrespective of the
subtype and origin they may reach relevant size and mimic
a tumor [62, 68, 69].

Histologically, adrenal cysts can be relatively easily clas-
sified, based on the cyst wall structure. First, the presence
of a cell lining is to be assessed. In its absence, an adrenal
pseudocyst is considered, generally containing a fibrino-
hemorrhagic fluid and delimited by a more or less thickened
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Fig.5 Adrenal pseudocyst: the adrenal tissue (superior part of the
photomicrograph) is compressed by a mass demarcated by a thick
fibrous wall and containing fibrino-hemorrhagic material

fibrous tissue [62, 69] (Fig. 5). When a lining is detected,
it is generally a monolayer of flat endothelial (Fig. 6) or
mesothelial cells (Fig. 7). The former is related to lymphatic
rather than blood endothelium and occasional intraluminal
protrusions can be observed [61, 62]. The latter are flat or
cuboidal mesothelial cells, devoid of atypia. Parasitic cysts
can reach remarkable size [68] and contain clear fluid in
single or multiple cystic spaces and a fibro-calcific wall with
PAS positive parasitic membranes [68, 70, 71] (Fig. 8). The
described histological features generally do not pose diag-
nostic problems with neoplastic conditions, in the absence
of solid areas and/or cell atypia. However, extensive sam-
pling of the cyst wall is recommended to exclude an associ-
ated neoplasm. This is particularly important as majority of
grossly cystic adrenal glands are adrenal cortical neoplasms
or pheochromocytoma with cystic hemorrhagic degenera-
tion [65].

In specific instances, particularly for epithelial and
endothelial cysts, immunohistochemical markers may help
classify the cyst. Conventional mesothelial (calretinin, WT1)
and endothelial (D2-40, CD31, ERG) markers can read-
ily define the epithelial/mesothelial or endothelial origin,
respectively [72] (Figs. 6 and 7). Pseudocysts and parasitic
cysts generally do not require specific immunoprofiling.

Several primary and metastatic tumors in the adrenal
gland may develop cystic changes, thus entering in the
differential diagnosis with adrenal cysts and pseudocysts.
These include cystic regressive and hemorrhagic degenera-
tive changes in adrenal cortical adenoma, adrenal cortical
carcinoma, pheochromocytoma, hemangioma, lymphangi-
oma, angiosarcoma, vascular malformations, renal cell car-
cinoma, mature teratomas, ectopic thyroid nodules, and even
in metastases [62, 63, 65, 67, 73—75]. The morphological
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Fig.6 Vascular (endothelial) cyst: a multiloculated cyst contains red
blood cells and is lined by bland endothelial cells (A) that are positive
for CD31 (B)

distinction is generally straightforward in the presence of a
conventional histological component of the individual neo-
plasms. However, a source of confusion is represented by
the rare co-occurrence of a true cystic lesion with an adrenal
neoplasm, mostly adrenal cortical adenoma [76-78], or, even
more rarely, with aldosterone-producing micronodules [79].

Question 4: What are the Pathological
Correlates of Adrenocortical Nodular
Disease in the 2022 WHO Classification?

The new WHO classification classifies adrenocortical nodu-
lar disease into 3 categories: (a) sporadic nodular adreno-
cortical disease, (b) bilateral micronodular adrenocortical
disease, and (c) bilateral macronodular adrenocortical dis-
ease (Fig. 1). While sporadic nodular adrenocortical disease
may be non-hormone producing and occur as unilateral or
bilateral adrenal manifestations, the bilateral micro- and
macronodular forms usually contribute to hypercortisolism
and involve both adrenal glands. The latter two entities are
often associated with germline variants in specific suscep-
tibility genes, making them important to identify for appro-
priate patient follow-up and further genetic counseling [4].
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Fig.7 Adrenal epithelial (mesothelial) cyst: A uniloculated cyst has
a thin fibrous wall and is lined by a single layer of flat cuboidal cells
(A) that are positive for calretinin (B)

Sporadic nodular adrenocortical disease may be discov-
ered incidentally via imaging in patients of all age groups
and is composed of non-hormone producing adrenal cor-
tical nodules measuring <1 cm [1] (Fig. 2). The underly-
ing etiology is largely unknown but they likely represent
non-functional adrenal cortical microadenomas. Sporadic
nodular adrenal cortical disease can be solitary or multifocal
with a sparse distribution. The histology is usually similar
to that of non-functional adrenal cortical adenoma, and if
several nodules are discovered in a patient with a known
functional adenoma, the distinction of functional adrenal
cortical adenomag(s) (irrespective of their size) from sporadic
nodular adrenocortical disease requires functional immuno-
histochemistry targeting enzymes of hormone production,
such as CYP11B1, CYP11B2, and CYP17 [18, 80].

Bilateral micronodular or macronodular adrenocortical
disease (Figs. 9, 10, 11, and 12) is much more infrequently
observed than sporadic nodular adrenocortical disease, and
it is estimated that the two former entities only account for
approximately 2% of all patients with endogenous hyper-
cortisolism [81, 82]. Bilateral micronodular adrenocortical
nodular disease mainly occur in children and young adults,
with the majority of cases being female [81-84]. Radiology

Fig. 8 Parasitic cyst: a large cyst is observed in the periadrenal adi-
pose tissue, compressing the gland and containing amorphous and
lamellar material (A). Manifestations restricted to the adrenal paren-
chyma also occur. Parasitic membranes are better highlighted by PAS
staining at higher power (B)

may underestimate the presence of bilateral adrenal gland
involvement in these patients, which is probably due to the

Fig.9 Gross findings in a primary pigmented micronodular adreno-
cortical disease (PPNAD). PPNAD is composed of multiple bead-like
pigmented adrenal cortical micronodules (<10 mm, often 2-5 mm)
throughout the adrenal cortex
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Fig. 10 Primary pigmented
adrenocortical nodular disease
(PPNAD). PPNAD is character-
ized by multiple, subcentimeter
micronodules that are composed
of eosinophilic adrenal cortical
cells with variable pigment
deposition (A, inset). Inter-
nodular cortical atrophy is
usually observed (A). The
micronodules are positive for
CYP11B1, confirming cortisol
production (B)

discrete nodular formations (sizes <1 cm) [1, 83] (Fig. 9).
In this aspect, functional imaging using cholesterol-based
scintigraphy techniques may be of value [85].

The new WHO classification describes two types of
bilateral micronodular disease: (a) primary pigmented
nodular adrenocortical disease (PPNAD) (Figs. 9 and
10) and (b) isolated micronodular adrenocortical dis-
ease (i-MAD) [1, 4, 5, 15]. Patients with these conditions
have multiple small adrenocortical nodules on histology,
each measuring <1 cm [1, 5]. These micronodules are
often cortisol-producing and composed of lipid-poor
cortical cells normally located to the zona fasciculata
or to the zona fasciculata-reticularis junction [5]. Pri-
mary pigmented adrenocortical disease (PPNAD) is

@ Springer

reported in most individuals with Carney complex [83,
86], and hence, this syndrome should be suspected and
ruled in/out in patients with PPNAD. However, it should
be stressed that except for Carney complex-associated
PPNAD (entitled “c-PPNAD”), PPNAD can also occur
in patients without this syndrome (denoted as “isolated
PPNAD:; i-PPNAD) [4, 15, 87]. The entity i-MAD is very
rarely encountered in clinical practice, and the distinc-
tion between i-MAD and PPNAD is based on histologi-
cal findings, in which the latter entity displays multiple
adrenocortical nodules with cytoplasmic pigmentation
and inter-nodular cortical atrophy (Fig. 10), while the
pigmentation and inter-nodular adrenal cortical atrophy
are generally absent in i-MAD [4, 5, 15, 81, 88]. Most
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Fig. 11 Gross findings in a bilateral macronodular adrenocortical dis-
ease. Bilateral macronodular adrenocortical disease is often associated
with multiple lipid-rich adrenal cortical macronodules (> 10 mm) that
result in marked adrenal gland enlargement

patients with bilateral micronodular adrenocortical dis-
ease carry pathogenic germline variants in genes normally
associated with the regulation of the protein kinase A
(PKA) pathway involved in the physiological response to
ACTH stimulation [4, 5]. For c-PPNAD and i-PPNAD,
the most frequently mutated gene is PRKARIA, whereas a
subset of patients with i-PPNAD and i-MAD may exhibit
constitutional PRKACA copy number gain. Moreover,
individuals with i-MAD may display variants in PDESB
and PDE1]A, which will also cause an increase in PKA
signaling [5, 81].

Bilateral macronodular adrenocortical disease (for-
merly known as “primary bilateral macronodular adrenal
cortical hyperplasia”) is most often diagnosed in adults,
although rare pediatric cases have been reported [4, 5, 15,
81]. More than 90% of individuals with bilateral macronod-
ular adrenocortical disease have varying degrees of endog-
enous hypercortisolism, but a few are non-producing [9].
Adrenal imaging usually detects massive bilateral adrenal
enlargement [1, 89] (Fig. 11). Histologically, bilateral
macronodular adrenocortical hyperplasia is composed of
numerous nodules measuring > 1 cm each (Fig. 12). The
nodules are by lipid-rich (clear) cells with occasional eosin-
ophilic cells [4, 5, 15, 90]. Via next-generation sequencing
studies, we now know that this entity is caused by ger-
mline variants in one out of several susceptibility genes,
often with a somatic-type “second hit” on the trans allele,
thereby strongly arguing for a neoplastic condition rather
than a “hyperplastic” disease, the latter which is a misno-
mer in this aspect. Of note, constitutional ARMCS5 gene
variants are the most commonly reported aberration in this

Fig. 12 Bilateral macronodular adrenocortical disease. This photomi-
crograph illustrates a bilateral macronodular adrenocortical disease in
a patient with a pathogenic ARMC5 germline variant leading to Cush-
ing syndrome. Depicted here is the resected left adrenal, displaying
multiple clear cell-rich nodules intermingling with eosinophilic cells,
each nodule > 1.0 cm. The inset shows clear cell adrenal cortical cells

context, occurring in 25-55% of cases [9, 10]. Moreover,
germline variants in MENI (causing the multiple endocrine
neoplasia type 1 syndrome) [7, 13, 91], FH (causing the
hereditary leiomyomatosis and renal cell cancer syndrome)
[12, 92], and APC (causing familial adenomatosis polypo-
sis) [11, 12] have also been reported in individuals with
bilateral macronodular adrenocortical disease. Moreover,
additional somatic and/or germline gene variants have also
been identified in a subset of individuals with this condition
[5,7,8, 12, 14, 93]. Intricate molecular mechanisms, for
example aberrant G-protein-coupled receptor expression or
dysregulation of the ACTH receptor may explain subsets
of cases [94-98].

For individuals with endogenous hypercortisolism, the
new WHO classification restricts the terminology of “adre-
nal cortical hyperplasia” to ACTH-dependent diffuse adre-
nal cortical hyperplasia in which the cortical zonation is
intact, but usually shows an expansion of the zona reticula-
ris layer [1]. Since bilateral micronodular or macronodular
adrenal cortical disease is a collective term describing the
development of several adrenocortical lesions that often
are driven by germline variants usually associated with the
protein kinase A pathway, the term “hyperplasia” should
be reserved for a physiological response to increased
ACTH levels rather than arbitrarily used for multifocal
nodules driven by clonal expansions.
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Question 5: What is New in the Classification
of Primary Aldosteronism in the 2022 WHO
Classification of Adrenal Cortical Tumors?

Primary aldosteronism (PA) is a leading cause of sec-
ondary hypertension and is characterized by aldosterone
overproduction with supressed renin-angiotensin system.
Hypokalemia may not occur in some patients [99]. The
laboratory diagnosis of primary aldosteronism is typically
based on elevated aldosterone-to-renin ratio [99].

The histopathological correlates of primary aldosteronism
include (a) aldosterone-producing bilateral diffuse hyperpla-
sia, (b) aldosterone-producing adrenal cortical adenomas
(including microscopic nodular lesions, which can be bilat-
eral and/or multifocal), and (c) aldosterone-producing adrenal
cortical carcinoma [4, 100]. Aldosterone producing diffuse
hyperplasia and (micro)nodules are the most common clini-
cal manifestations that cause bilateral primary aldosteronism
[4, 5]. Since aldosterone-producing adrenal cortical carcino-
mas are exceptionally rare [101, 102], aldosterone-producing
adrenal cortical adenomas are the most frequent pathologic
correlates of unilateral primary aldosteronism [4, 99].

Aldosterone is produced in the zona glomerulosa by
aldosterone synthase (CYP11B2, cytochrome P450 fam-
ily 11, subfamily B, member 2). The production of spe-
cific monoclonal antibodies against CYP11B2 [103] and
its immunolocalization in resected adrenals has refined our
understanding of the morphologic spectrum of this disorder
[16]. This approach also helps us appreciate the link between
CYP11B2-positive adrenal cortical lesions and somatic ion
channel mutations leading to increased intracytoplasmic cal-
cium levels that lead to autonomous CYP11B2 transcription
[4, 5, 104, 105] (see Question 11).

Fig. 13 Aldosterone producing
adrenal cortical adenoma. This
photomicrograph an aldoster-
one-producing adrenal cortical
adenoma composed of lipid-rich
adrenal cortical cells (A). The
tumor cells are diffusely posi-
tive for CYP11B2 (B)
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The progress in the field of primary aldosteronism has
also brought opportunities to address reporting of the his-
tological entities that fall into the spectrum of aldosterone-
producing adrenal cortical proliferations [16]. The recently
proposed HISTALDO classification introduced a simplified
approach by combining CYP11B2 immunohistochemistry
and morphological findings to define clinically relevant
diagnostic categories [16] (Fig. 3). This approach has been
shown to predict better the risk of biochemical recurrence
despite preoperative diagnostic workup [16]. The 2022
WHO classification also endorses the use of this approach
to ensure accurate distinction of aldosterone-producing cor-
tical lesions. The diagnostic categories in the HISTALDO
classification include (a) aldosterone-producing adrenal cor-
tical carcinoma (APACC), (b) aldosterone-producing adrenal
cortical adenoma (APA), (c) aldosterone-producing nodule
(APN), (d) aldosterone-producing micronodule (APM), (e)
multifocal APN and/or APM, (f) aldosterone-producing dif-
fuse hyperplasia (APDH).

Aldosterone-producing adrenal cortical carcinoma (APACC)
This rare diagnostic category is applied to an adrenal cortical
carcinoma that is positive for CYP11B2 [16].

Aldosterone-producing adrenal cortical adenoma (APA) APA
is a CYP11B2-positive benign adrenal cortical neoplasm that
measures > 1 cm. It is composed of clear (zona fasciculata-like
cells) and compact (zona reticularis-like) adrenal cortical cells
[16] (Fig. 13).

Aldosterone-producing nodule (APN) APN is a morphologi-
cally distinguished and CYP11B2-positive benign adrenal
cortical lesion that measures < 1 cm (Fig. 14). This lesion
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represents a form of aldosterone-producing microadenoma
at a molecular level; however, it is distinguished from APA
by the gradient CYP11B2 reactivity from the external to
internal fronts of the proliferation [16, 106, 107].

Aldosterone-producing micronodule (APM) (formerly
known aldosterone producing cell clusters; APCC) APM
is a CYP11B2-positive benign adrenal cortical lesion that
measures < 1 cm (often few millimetres) (Fig. 15). APMs
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Fig. 15 CYP11B2 immunohistochemistry in the distinction of

aldosterone-producing diffuse hyperplasia from multiple aldoster-
one-producing micronodules. Diffuse hyperplasia (DH) of the zona
glomerulosa (ZG) is defined as diffuse continuous hyperplasia of
CYP11B2-positive ZG (A). This pattern may also contain areas of
micronodules (A). Multiple aldosterone-producing micronodules are
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are composed exclusively of zona glomerulosa-like adrenal
cortical cells underneath the adrenal capsule. APMs may be
difficult to distinguish on hematoxylin and eosin-stained sec-
tions; thus, they are typically distinguished using CYP11B2
immunohistochemistry. At a molecular level, APMs also rep-
resent a form of aldosterone-producing micro-adenomas given
the high-frequency of ion channel mutations [4, 5]. Similar to
APN, a gradient of CYP11B2 reactivity from the external to
internal fronts of the cellular proliferation occurs in APM [16].
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CYP11B2

characterized by CYP11B2-expressing micronodules in the absence
of continuous (linear) ZG layer (B). Reprinted from Mete O, Asa SL,
Giordano TJ, Papotti M, Sasano H, Volante M. Immunohistochemi-
cal Biomarkers of Adrenal Cortical Neoplasms. Endocr Pathol. 2018
Jun;29(2):137-149
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Multifocal APN and/or APM This category refers to the
occurrence of synchronous multifocal APN and/or APM in
an adrenal gland (Fig. 15).

Aldosterone-producing diffuse hyperplasia (APDH) The
HISTALDO classification defines APDH as a relatively broad
and uninterrupted linear strip of zona glomerulosa cells with
more than 50% of these cells showing CYP11B2 reactivity
[16] (Fig. 15). This is the most common cause of bilateral idi-
opathic primary aldosteronism that often requires lifelong anti-
mineralocorticoid therapy [4, 5, 99]. The so-called “paradoxical
zona glomerulosa layer hyperplasia,” which is typically seen in
the non-lesional adrenal cortex adjacent to APAs and APNSs,
should not be mistaken for diffuse hyperplasia. Unlike the dif-
fuse hyperplasia, the paradoxical hyperplasia is negative for
CYP11B2 [4, 5]. The latter finding supports the non-functional
status of the paradoxical zona glomerulosa layer hyperplasia.

Based on the HISTALDO classification, the identifica-
tion of a solitary APA or APN refers to a classic histology
whereas adrenals with APDH, multifocal APN and/or APM
are considered to have non-classic histology [16]. This dis-
tinction is of clinical significance since biochemical disease
recurrence (due to bilateral disease) occurred in around 42%
of patients with non-classic histology findings, compared to
less than 5% in patients with classic histology [16].

Question 6: What are the Pathological
Correlates of Adrenal Cortical Adenomas
in the 2022 WHO Classification?

Adrenal cortical adenoma is a neoplasm of adrenocortical
cell derivation that lacks morphologic features of malig-
nancy. Adrenal cortical adenomas are characterized by het-
erogeneity of pathological and clinical presentations; thus,
their characteristics are influenced by the different pathoge-
netic and functional scenarios, as well as histopathological
variants. Adrenal cortical adenomas may be hormonally inac-
tive or synthesize/secrete steroid hormones with subclinical
or overt clinical manifestations. Cortisol and aldosterone
secreting-adrenal cortical adenomas are the most frequent
functional correlates of adrenal cortical neoplasms, although
some patients may have concurrent primary aldosteronism
and Cushing syndrome [4, 5, 108].

Grossly, most adrenal cortical adenomas are homogenous
and well-delineated cortical neoplasms that are enriched in
lipid-rich adrenal cortical cells resulting in a yellow color
(Fig. 13). Oncocytic adrenal cortical adenomas have a char-
acteristic Mahogany brown appearance, while “black adeno-
mas” are composed of tumor cells with lipofuscin pigment

deposition [1]. Aldosterone-producing adrenal cortical ade-
nomas (especially those harboring KCNJ5 mutations) typi-
cally have a canary (golden) yellow appearance [1]. Most
non-functional adrenal cortical adenomas have no distinct
gross appearance. Non-tumorous cortical atrophy is a char-
acteristic gross and microscopic feature of cortisol-secret-
ing adrenal cortical adenomas (Fig. 16). Adrenal cortical
adenomas are often solitary nodules; however, multifocal
and/or bilateral manifestations can occur. Sporadic nodu-
lar adrenal cortical disease (sub-centimeter non-functional
benign adrenal cortical nodular proliferation) [1] is indis-
tinguishable from functional adrenal cortical adenomas that
measure < 1.0 cm. The large tumor size and weight (>5 cm
and > 100 g) as well as irregular border and heterogenous
cut surface (e.g., necrosis, hemorrhage, fibrosis or gelatinous
appearance) should alert the pathologist to the possibility
of malignancy; therefore, extensive sampling or complete
submission of the tumor is encouraged [1].

Histologically, adrenal cortical adenomas are composed
of lipid-rich clear cells in a variable mixture with eosino-
philic/compact cells. Clear-cut malignancy-related features
such as vascular invasion, local invasion into adjacent
structures, tumor necrosis unrelated to a former manipula-
tion, atypical mitotic figures (even a single one), increased
mitotic activity (> 5 mitoses per 10 mm?) and a marked
loss of reticulin framework (unrelated to an underlying
degeneration or hemorrhage) are not seen in adrenal corti-
cal adenomas. However, some other features included in
multiparameter diagnostic scoring schemes may be present,
thus posing problems in the differential diagnosis with adre-
nal cortical carcinoma. Random nuclear atypia (correspond-
ing to renal cell carcinoma Fuhrman/ISUP grade 3 or 4)
may be focally identified. However, endocrine atypia should
not be mistaken for nuclear atypia. Infarct-type necrosis
may be detected as a result of involutional changes and
should by no means be considered suggestive for malig-
nancy, alone. If carefully searched, myelolipomatous areas
are often detected in these cases [109] (Fig. 17). The term
“oncocytoma” is no longer a recommended terminology
for oncocytic adrenal cortical neoplasms. Irrespective of
their biological behavior, oncocytic adrenal cortical neo-
plasms are usually associated with diffuse growth pattern
and presence of macronucleoli. Since these features are not
indicative of malignancy in oncocytic cortical neoplasms,
a diagnosis of malignancy cannot be rendered based on the
Weiss scoring system, which incorporates these parameters.
However, oncocytic adrenal cortical neoplasms are assessed
using other diagnostic algorithms which are detailed in the
next question.

Adrenal cortical origin should always be confirmed in
all non-functional adrenal lesions and in adrenal neoplasms
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Fig. 16 Non-tumorous adrenal cortical atrophy. In the absence of
exogenous cortisol intake, the presence of adrenal cortical atrophy
in the non-tumorous adrenal cortex is a hallmark of adrenal Cush-
ing syndrome due to an autonomous cortisol-secreting adrenal corti-

with predominant oncocytic features (even in an otherwise
morphologically benign lesion) to prevent clinically rel-
evant diagnostic pitfalls, the erroneous misinterpretation
with pheochromocytoma being the most common [110]
(Fig. 18). When an adrenal cortical neoplasm shows a
predominant myxoid change, the risk of underestimating
malignancy has been well-documented [111]. However,
myxoid change does not indicate malignancy, but the
behavior of myxoid adrenal cortical neoplasms cannot be
predicted with standard Weiss scoring systems as myxoid
adrenal cortical tumors with a Weiss score of 1 have been
associated with fatal disease [1].

Fig. 17 Infarcted adrenal cortical adenoma with central hemorrhage.
This composite photomicrograph illustrates a well-delineated adrenal
cortical adenoma with infarct-type necrosis (A, B) as well as foci of
fibro-calcifications (B, C) and myelolipomatous change (C, inset)
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cal neoplasms. Reduced adrenal cortical thickness (<2 mm) in asso-
ciation with significantly reduced to absent zona reticularis layer is a
diagnostic feature of adrenal cortical atrophy

Non-functioning adrenal cortical adenomas do not show
characteristics histologic features, except for their relatively
larger size as compared to functional adrenal cortical adeno-
mas. Cortisol-secreting adrenal cortical adenomas are the
most frequent cause of ACTH-independent Cushing syn-
drome [15]. Clinical features of cortisol excess are extremely
heterogeneous and include central obesity, rounded facies,
hirsutism, poor wound healing, skin striae, weight gain,
proximal muscle weakness, hypertension, hyperglycemia,
osteoporosis, and susceptibility to infections [15]. How-
ever, the clinical features may be subtle and pre-operative

Fig. 18 Oncocytic adrenal cortical adenoma. This photomicrograph
illustrates an oncocytic adrenal cortical adenoma (A) that was mis-
labelled as an adrenal paraganglioma (pheochromocytoma) based on
intense synaptophysin (B). The tumor is negative for chromogranin-A
(C) and is positive for SF1 (D). These findings confirm the adrenal
cortical origin of this tumor. It is also of note that alpha-inhibin can
be expressed in paragangliomas. Therefore, synaptophysin and alpha-
inhibin expression are not reliable biomarkers in the distinction of
adrenal cortical origin from medullary origin
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dynamic endocrine work-up may be indeterminate or even
not being performed. As a consequence, a subset of adrenal
cortical adenomas with mild autonomous cortisol secretion
(also known as subclinical Cushing syndrome) may simulate
a non-functional adrenal cortical adenoma [5, 15]. Subsets
of pigmented “black” adrenal cortical adenomas can show
mild autonomous cortisol secretion [1]. In the absence of
exogenous cortisol intake, the presence of adrenal cortical
atrophy in the non-tumorous adrenal cortex is a hallmark of
adrenal Cushing syndrome due to an autonomous cortisol-
secreting adrenal cortical neoplasm [1, 5, 15, 112]. Reduced
adrenal cortical thickness in association with significantly
reduced to absent zona reticularis layer is a diagnostic
feature of adrenal cortical atrophy [1, 5, 15] (Fig. 16). In
patients with mild autonomous cortisol secretion, an inter-
mittent absence of zona reticularis can be the first sign of
cortical atrophy. Therefore, pathologists should carefully
assess the non-tumorous adrenal cortex [112].

The former question focused on the morphological spec-
trum of CYP11B2-positive clonal and hyperplastic adrenal
cortical proliferations leading to primary aldosteronism.

Fig. 19 Aldosterone-producing
adrenal cortical nodule (micro-
adenoma). KCNJ5 wild-type
tumors are enriched in lipid
poor adrenal cortical cells. This
adrenalectomy specimen shows
a solitary aldosterone-producing
adrenal cortical nodule, which
is an adrenal cortical micro-
adenoma. CYP11B2 is not
illustrated in this example. The
adjacent non-tumorous cortex
shows paradoxical zona glo-
merulosa layer hyperplasia

Aldosterone producing cortical lesions can be unifocal or
multifocal, and may be bilateral [1, 4, 5]. More importantly,
not all grossly or radiologically identified adrenal cortical
lesions can be the source of aldosterone excess [5, 113]. It
is also not uncommon to have microscopic clonal nodular
proliferations that cannot be identified on imaging stud-
ies [16, 107]. For this reason, the new WHO classification
endorses the use CYP11B2 immunohistochemistry in the
workup of all adrenalectomy specimens from patients with
primary aldosteronism to identify functional sites of aldos-
terone secretion for the appropriate distinction of bilateral
from unilateral aldosterone secreting lesions and predicting
possible biochemical recurrence [114]. It is also important
to recognize that APAs and APNs have distinct cytomor-
phological features that are reflected in their genotype—
phenotype correlations [1, 4, 5]. For instance, KCNJ5-
mutant APAs and APNs are enriched in zona fasciculata-
like clear cells whereas KCNJ5 wild-type tumors have been
enriched in lipid-poor cells similar to zona reticularis [4, 5]
(Fig. 19). In cases associated with primary aldosteronism
treated with spironolactone, the drug may form eosinophilic
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Fig.20 Spironolactone bodies in an aldosterone-producing adre-
nal cortical adenoma. Tumor cells show intracytoplasmic concentric
lamellated eosinophilic inclusions, consistent with spironolactone
bodies. The inset shows Luxol Fast blue reactivity in spironolactone
bodies

concentrically laminated electron dense inclusions, both in
the tumor (Fig. 20) and the adjacent adrenal cortex (particu-
larly in the zona glomerulosa), the so-called spironolactone
bodies [1, 99]. Spironolactone bodies can be highlighted
using Luxol-Fast blue histochemistry [99] (Fig. 20). Interest-
ingly, similar inclusions are not detected in patients treated
with other aldosterone antagonists, such as eplerenone [115].

Sex steroid-producing adrenal cortical adenomas are
exceptional, especially in the adult population, and the pres-
ence of virilization or feminization should always increase
the suspicion of malignancy [4, 116].

Fig.21 Microscopic vascular
invasion in adrenal cortical
carcinoma. The identification of
bona fide angioinvasion (vascu-
lar invasion) is a reliable diag-
nostic biomarker of malignancy
in adrenal cortical carcinomas.
This photomicrograph illustrates
venous angioinvasion character-
ized by intravascular tumor cells
admixed with fibrin/thrombus.
Microscopic angioinvasion is
also a prognostic factor in adre-
nal cortical carcinomas
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Question 7: Have the Pathologic Criteria
for Adult Adrenal Cortical Carcinomas
Changed in the 2022 WHO Classification?

Adrenal cortical carcinomas (ACCs) in adults may be clini-
cally apparent due to the functional status with hormone
secretion in approximately half or an abdominal mass,
although approximately 10-15% may be incidentally
detected [1, 117, 118]. Functional ACCs are usually gluco-
corticoid producing or produce both glucocorticoids and sex
steroids [1]. An adrenal cortical neoplasm associated with
virilization or feminization is highly worrisome for malig-
nancy [1, 119], while aldosterone producing adrenal cortical
carcinomas are rare [101, 102].

The classic pathologic criteria for the diagnosis of adult
ACCs have not changed (Figs. 21, 22, 23, 24, and 25); how-
ever, the 2022 WHO classification underscores the diagnos-
tic and prognostic impact of angioinvasion (vascular inva-
sion) in these tumors [120]. Vascular invasion is assessed at
the intersection of the tumor and adrenal capsule or beyond
the adrenal capsule [1, 120, 121] (Fig. 21). While gross
or clinically detected large vessel invasion is a finding of
advanced ACCs [121] (Fig. 22), microscopic angioinvasion
is defined when tumor cells invade through a vessel wall
and form a thrombus/fibrin-tumor complex or intravascu-
lar tumor cells admixed with platelet thrombus/fibrin [120,
121] (Fig. 21). While the new classification emphasizes
the diagnostic and predictive role of ancillary biomark-
ers in ACCs (see Questions 9 and 10), the role of CD61
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Fig.22 Gross vascular invasion in adrenal cortical carcinoma. This
photograph illustrates a large adrenal cortical carcinoma invading a
large vessel. The asterisk illustrates an intravascular tumor compo-
nent. This finding qualifies with a pT4 disease in the 8th edition of
the AJCC TNM classification

A

Fig. 23 Tumor necrosis in adrenal cortical carcinomas. Tumor necro-
sis is typically identified in high grade adrenal cortical carcinomas.
This composite photograph illustrates a large heterogenous adrenal
mass with irregular border (A). The tumor shows both gross (A) and
histologically confirmed (B) tumor necrosis

Fig.24 Increased mitotic activity in adrenal cortical carcinomas.
In adrenal cortical pathology, increased mitotic activity is defined
when an adrenal cortical tumor shows a mitotic count that exceeds
5 mitoses per 10 mm? (50 high-power fields). This cutoff has been
widely applied in all traditional multiparametric diagnostic schemes
in adults. A mitotic count that exceeds 15 mitoses per 4 mm?> (20
high-power fields) has been used in pediatric manifestations. This
composite photomicrograph illustrates increased mitotic activity in a
conventional adrenal cortical carcinoma (A). Mitotic figures are cir-
cled. PhosphoHistone-H3 immunohistochemistry (B) may facilitate
mitotic count in low-grade adrenal cortical carcinomas. This bio-
marker also facilitates the distinction of mitotic figures from apop-
totic figures and may also help identify atypical mitotic figures

immunohistochemistry in the detection of platelets at sites of
angioinvasion is also noted in the new WHO classification.

ACC s are subtyped based on their characteristic cyto-
morphological features to include conventional [1], onco-
cytic [122], myxoid [111, 123, 124], and sarcomatoid
ACCs [1, 125] (Fig. 26). Oncocytic ACCs are composed
of oncocytic tumor cells that account for more than 90%
of the tumor [121, 122]. Myxoid ACCs are characterized
by prominent extracellular mucin deposition [111, 123,
124]. Some Weiss parameters (e.g., lack of diffuse growth,
nuclear atypia or lymphatic invasion) may be difficult to
assess in myxoid adrenal cortical neoplasms. Sarcomatoid
carcinomas resemble sarcomatoid carcinomas of various
organs and often show adrenal cortical differentiation
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Fig. 25 Atypical mitotic figures in adrenal cortical carcinomas. Atyp-
ical mitotic figure is a component of several multiparametric diagnos-
tic schemes in adrenal cortical neoplasia. In the Lin—Weiss—Bisceglia
system, it is one of the major criteria that would warrant a diagnosis
of oncocytic adrenal cortical carcinoma. This photomicrograph illus-
trates atypical mitotic figures in an oncocytic adrenal cortical carci-
noma. This tumor had also an increased mitotic activity (>5 per 10
mm?) and angioinvasion, and Ki67 labeling index > 15% (not shown)

[126, 127]. Sarcomatoid ACCs that are unassociated with
other subtypes of ACCs need to be distinguished from
sarcomas.

The classic criteria of Weiss and colleagues described in
1984 and modified (also known as modified Weiss system)
in 1989 continue to be used for the classification of con-
ventional adrenal cortical neoplasms in adults [128, 129]
(Tables 1 and 2). For conventional ACCs in adults, 3 of
the 9 histologic parameters in the Weiss criteria need to be
present for a diagnosis of malignancy (Table 1). The new
WHO classification also expands the use of other multipa-
rameter diagnostic algorithms to assist the workup of adre-
nal cortical neoplasms in adults. These include (a) reticulin
algorithm which can be used for conventional, oncocytic
and myxoid adrenal cortical neoplasms [120, 121, 130, 131],
(b) Lin—Weiss—Bisceglia system for oncocytic adrenal corti-
cal neoplasms [122], and (c) Helsinki scoring system which
can be used for conventional, oncocytic and myxoid adrenal
cortical neoplasms [121, 132, 133].

The reticulin algorithm (Table 3) has gained popular-
ity in the workup of adrenal cortical neoplasms given its
reproducibility [1, 120, 121, 130]. A diagnosis of ACC is
rendered when an altered reticulin network (see Question 10)
(Fig. 27), as demonstrated by the Gordon Sweet silver histo-
chemical stain, is seen in association with one of the follow-
ing parameters: (i) the presence of mitotic rate > 5 mitoses
per 10 mm? (50 high-power fields), (ii) tumor necrosis, or
(iii) vascular invasion (angioinvasion) [120, 130, 131, 134].

The Lin—Weiss—Bisceglia system (Table 4) has been
developed to evaluate oncocytic adrenal cortical neoplasms
[122, 128, 135]. Of note, it is important that oncocytic
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Fig.26 Subtypes of adrenal cortical carcinomas. Adrenal cortical
carcinomas are subtyped based on their morphological features to
include conventional (A), oncocytic (B), myxoid (C), and sarcoma-
toid subtypes

Table 1 Weiss scoring system

Parameter Score

High Fuhrman nuclear grade (III or IV)

Mitotic count> 5 per 50 high-power fields (10mm?)
Atypical mitosis

Necrosis

Diffuse architecture >30% of tumor volume

Clear cells <25% of the tumor volume

Capsular invasion

Venous invasion

Sinusoidal (lymphatic) invasion

O = e e e e e e e

Total score

A score of > 3 indicates a diagnosis of adrenal cortical
carcinoma
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Table 2 Modified Weiss system

Parameter Score

Mitotic count > 5 per 50 high-power fields (10 mm?)
Clear cells in<25%

Atypical mitosis

Necrosis

Capsular invasion

N = == NN

Total score

A score of > 3 indicates a diagnosis of adrenal cortical
carcinoma

adrenal cortical neoplasms are extensively sampled to be
certain that they do fit into the category of pure oncocytic
tumors to use this classification system. Greater than 90% of
the tumor must be oncocytic for it to be regarded as a pure
oncocytic adrenal cortical neoplasm. If it is not a pure onco-
cytic adrenal cortical neoplasm, then the criteria applied to
conventional adrenal cortical carcinomas should be used.
The “Lin—Weiss—Bisceglia” system is comprised of major
(high mitotic rate, atypical mitosis, or vascular invasion) and
minor criteria (large size and huge weight, necrosis, capsu-
lar invasion, or sinusoidal invasion) [122]. The diagnosis
of malignancy requires the presence of at least one major
criteria, whereas the presence of at least one minor criterion
would indicate a tumor of uncertain malignant potential, and
no major or minor criteria would be an oncocytic adrenal
cortical adenoma.

The Helsinki score (Table 5) integrated the numeric
value of Ki67 labeling index (using an automated image
analysis nuclear algorithm) by adding scores assigned to
increased mitotic rate (score 3 for mitotic rate greater than
5 mitoses per 10 mm?) and tumor necrosis (score 5). A Hel-
sinki score > 8.5 is diagnostic of ACC, and a score of > 17
has been suggested to be helpful in predicting metastasis in
adrenal cortical tumors [132, 133].

A variety of immunohistochemical and molecular bio-
markers have been evaluated diagnostically and prog-
nostically in ACCs [18, 120, 127, 136-138]. While IGF2
immunohistochemistry (Fig. 28) is a useful translational
diagnostic immunohistochemical biomarker of ACC [120],
the role of Ki67 (Fig. 29) as a diagnostic and prognostic
biomarker [120, 139-142] has been expanded in this new

Table 3 Reticulin algorithm

Criteria

Altered reticulin framework in association with one of the following
features indicates malignancy:

-Mitotic count > 5 per 50 high-power fields (10 mm?)

-Tumor necrosis

-Vascular invasion (angioinvasion)

Fig. 27 Reticulin histochemistry in adrenal cortical carcinomas. A
practical tool in the diagnostic workup of adrenal cortical carcinomas
is the demonstration of reticulin alterations using the Gordon—Sweet
Silver histochemistry. An altered reticulin framework forms the basis
of the Reticulin algorithm Most adrenal cortical carcinomas tend to
show a quantitative alteration (loss of reticulin framework) (A, C) but
may have associated areas displaying qualitative alterations (mesh-
like pericellular pattern) (A, B). The qualitative alterations alone do
not stand out as a concerning feature of carcinoma since focal/vari-
able qualitative reticulin alterations may occur in adrenal cortical
adenomas which are associated with a preserved reticulin framework

Table 4 Lin—Weiss—Bisceglia criteria for oncocytic adrenal cortical
neoplasms

Major criteria Minor criteria

Mitoses > 5 per 50 high-power fields (10 mm?)  Large size
(> 10 cm and/
or>200 g)
Atypical mitosis Necrosis

Venous invasion Capsular invasion

Sinusoidal invasion

Oncocytic adrenal cortical carcinoma: at least one major criterion

Oncocytic adrenal cortical neoplasm of uncertain malignant poten-
tial: at least one minor criterion

Oncocytic adrenal cortical adenoma: absence of major and minor
criteria
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Table 5 Helsinki scoring system

Parameter Score

Mitoses > 5 per 50 higher-power fields (10 3
mm?)
Necrosis 5

Ki67 proliferation index (%)* Numeric value of the

Ki67 index from the
highest proliferative
area

Score 0 to 8.5: adrenal cortical adenoma
Score > 8.5: adrenal cortical carcinoma

Score> 17: adverse prognosis

“The original study used an automated image analysis for the assess-
ment of the Ki67 proliferation index

classification. The details on the mitotic tumor grade, Ki67
labeling index, and other immunohistochemical and molecu-
lar biomarkers are discussed in subsequent sections of this
review.

Question 8: What are the Clinicopathological
Correlates of Pediatric Adrenal Cortical
Carcinomas in the 2022 WHO Classification?

Pediatric ACCs are uncommon adrenal cortical neoplasms,
with an annual incidence of 0.2 to 0.3 cases per million
population or 25 patients per year in the USA [143]. Com-
pared to adult forms, pediatric ACCs show distinct clinical,
molecular, and pathologic characteristics [139].

Fig. 28 Paranuclear IGF2
expression in adrenal cortical I G FZ
carcinomas. Irrespective of the g :
tumor grade or cytomorpho- R e
logical features (e.g., oncocytic Qi 3
versus conventional), a juxtanu- R
clear granular IGF2 expression

(optimized at 1/3000-1/6000
dilutions) has been shown to be
the best diagnostic ancillary tool
in adrenal cortical carcinomas.
This photomicrograph illustrates
a characteristic IGF2 reactivity
in a conventional adrenal corti-
cal carcinoma
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Fig.29 Ki67 immunohistochemistry in adrenal cortical carcinoma.
Most adrenal cortical carcinomas show a Ki67 labeling index that
typically exceeds 5%. Clinical series from adult and pediatric adrenal
cortical carcinomas underscored the prognostic role of Ki67 in both
adult and pediatric adrenal tumors. Therefore, it is a required element
in the diagnostic workup of all adrenal cortical carcinomas. This pho-
tomicrograph illustrates an elevated Ki67 labeling index in an adrenal
cortical carcinoma. Please note that any intensity and nucleolar reac-
tivity should also be counted as a positive reactivity when assessing
this biomarker

In terms of epidemiologic correlates, pediatric ACC have
two age peaks, one before the age of 5 years and a second in
adolescents. While very rare, they have a 15-fold increased
frequency in the southern part of Brazil, due to the occur-
rence of a TP53 p.R337H founder mutation [144, 145]. In
this age range, ACCs more frequently present with excess
hormone secretion than in adults, with excess androgen
secretion being the most frequent presentation in up to 80%




Endocrine Pathology (2022) 33:155-196

175

of patients, leading to signs of virilization in both boys and
girls, with pubic hair growth, enlargement of penis or clitoris
and hirsutism [146]. Less commonly, excess cortisol secre-
tion leads to Cushing syndrome [147].

In contrast to adults, up to 80% of ACCs in children are
linked to pathogenic germline 7P53 variants as the most com-
mon genetic abnormality, not only in geographic areas with
increased incidence, but also elsewhere [148]. Indeed, ACC
is a well-recognized entity in the context of Li-Fraumeni
syndrome [127, 148—151]. Genomic instability caused by
loss of p53 leads to loss of heterozygosity of 11p15 with
resultant IGF2 overexpression, which may act as a driver for
ACC development. Interestingly, the hereditary variant of
11p15 abnormalities, Beckwith-Wiedemann syndrome, may
also present with pediatric ACCs, underlining the impor-
tance of this pathogenetic pathway [151]. Additional somatic
mutations in ATRX and CTNNBI have been described, which
may result in poor outcome [152].

The macroscopic features of pediatric ACC largely
resemble those of adult ACCs, with large tumors showing
signs of hemorrhage, necrosis, and gross tumor extension
beyond the adrenal gland. This is in contrast to benign adre-
nal cortical tumors which lack such signs. However, most
adrenal cortical tumors are limited to the adrenal gland and
thus gross appearance only infrequently contributes to tumor
classification.

The histological characteristics of pediatric ACC are not
different than their adult counterparts; however, the interpre-
tation of histological findings and consequent classification
are different (Table 6). Cytologically, they are composed of
adrenal cortical cells with eosinophilic or clear cytoplasm,
sometimes with oncocytic differentiation. Nuclear pleomor-
phism may be pronounced, with prominent nucleoli and/

Table 6 Wieneke criteria for pediatric adrenal cortical neoplasms

Parameter Score

Tumor weight>400 g

Tumor size>10.5 cm

Extension into periadrenal soft tissue or adjacent organs
Invasion into vena cava

Vascular invasion

Capsular invasion

Presence of tumor necrosis

Mitoses > 15 per 20 high-power fields (4 mm?)
Presence of atypical mitosis

O = o = = s e e e

Total score

Malignant/poor outcome: score >4 poor clinical outcome
Uncertain malignant potential: score 3

Benign behavior: score <2

or giant nuclei. Mitoses may be frequent. The presence of
atypical mitoses is a very helpful criterion to establish a
diagnosis of ACC, although these are frequently not pre-
sent. Architecturally, tumors are characterized by nodular,
trabecular or diffuse growth, with areas of necrosis and
sometimes signs of vascular invasion (angioinvasion), lym-
phatic invasion, or adrenal capsule invasion. Unfortunately,
the classification of pediatric adrenal cortical tumors is
fraught with difficulty, and classification on the basis of the
Weiss criteria, used for adult counterparts, leads to over-
diagnosis of tumors with benign clinical behavior as ACC
in children [153]. Thus, the currently preferred criteria are
those described by Wieneke et al. in 2003 [154] (Table 6).
However, additional studies are required to validate the role
of various other multiparameter systems. Recently, Ki67
(MIB1) immunohistochemistry (see Question 9) has been
proposed as an ancillary biomarker in the distinction of pedi-
atric adrenal cortical adenomas from ACC as well as in the
prediction of tumor behavior, with a labeling index less than
10% associated with benign disease and a labeling index of
greater than 15% related to higher risk of malignancy or
poor outcome [139, 155].

Although the AJCC TNM staging system is widely used
in ACCs, a clinical staging scheme has been proposed by
the Children’s Oncology Group (COG), according to tumor
weight, completeness of resection and presence of metastases
[156-158] (Table 7). When present, the brain, liver, lungs, and
bone are the organs most frequently affected by metastases
[159]. In addition to the role of Ki67 immunohistochemistry,
meta-analyses have also confirmed the prognostic significance
of the following parameters: age, stage, tumor weight >200 g,
extra-adrenal extension, incomplete resection, metastatic dis-
ease, and cortisol secretion [152, 155, 157].

Question 9: What is the Role of Mitotic
Tumor Grade and the Ki67 Index in Adult
and Pediatric Adrenal Cortical Carcinomas?

The 2022 WHO classification emphasizes the importance
of an accurate assessment of tumor proliferation rate using
both the mitotic count (as per 10 mm?) (Fig. 24) and Ki67
labeling index (Fig. 29) in the dynamic risk stratification
of tumors [1, 121]. In adrenal cortical pathology, increased
mitotic activity is defined when an adrenal cortical tumor
shows a mitotic count that exceeds 5 mitoses per 10 mm? (50
high-power fields) [129, 132, 160-162]. This cutoff has been
widely applied in all traditional multiparametric diagnostic
schemes in adults [129, 132, 160-162]; however, a mitotic
count that exceeds 15 mitoses per 4 mm? (20 high-power
fields) has been used in pediatric manifestations given their
distinct features [154].

@ Springer



176

Endocrine Pathology (2022) 33:155-196

Table 7 The Children’s
Oncology Group (COG) staging
system for pediatric adrenal
cortical tumors

Stage I: Tumor completely excised with negative margins, tumor weight <200 g, no metastases
Stage II: Tumor completely excised with negative margins, tumor weight>200 g, no metastases
Stage I1I: Microscopic or gross incomplete resection or inoperable tumor

Stage IV: Hematogenous metastasis at clinical presentation

The 2022 WHO classification of adrenal cortical carci-
nomas adopts the mitotic tumor grade that was originally
introduced by Weiss et al. [128]. This grading system uses
the cut-off of 20 mitoses per 10 mm? to distinguish low- and
high-grade carcinomas. Low-grade adrenal cortical carci-
nomas have a mitotic activity <20 mitoses per 10 mm?,
whereas high-grade adrenal cortical carcinomas show > 20
mitoses per 10 mm? [120, 128, 163]. The prognostic value
of this approach has been validated in cohorts from adult
tumors [120, 121, 163]; however, it remains to be validated
in pediatric adrenal cortical carcinomas [164]. Two inde-
pendent series from Duregon et al. [142] and Mete et al.
[120] also showed that a cut-off of 10 mitoses per 10 mm?
shows a better performance; however, further validation of
the optimum cut-off points is encouraged.

Counting mitoses especially in the setting of low-
grade adrenal cortical carcinomas may be facilitated using
phosphoHistone-H3 immunohistochemistry [1, 18, 142]
(Fig. 24). The original study on adrenal cortical carcinoma
employed a methodology that is based on mitotic count
from 10 high-power fields on 5 different sections (50 high-
power fields in toto) with high-mitotic density; however, it is
also acceptable to count mitoses in 10 mm? (50 high-power
fields) from hot spots in multiple individual slides with high
mitotic density.

In terms of the Ki67 proliferation index, most adrenal cor-
tical carcinomas show a labeling index that typically exceeds
5% [4, 18, 120, 139, 155, 165-168] (Fig. 29). Clinical series
from adult and pediatric adrenal cortical carcinomas under-
scored the prognostic role of Ki67 in both adult and pediatric
adrenal tumors [120, 139, 141, 142, 155]. While some large
clinical series introduced a three-tiered Ki67 cutoffs (< 10%,
10-19%, >20%) for prognostication of adrenal cortical car-
cinomas [141], others have applied different prognostic cut-
offs (<20%, 20-50%, > 50%) [142]. In addition, two recently
published independent cohorts of pediatric adrenal cortical
carcinomas underscored the cutoff of 15% as of prognostic
significance [139, 155].

The recently validated S-GRAS (Stage, Grade based on
the Ki67 labeling index, Resection status and Symptoms)
scoring scheme has shown a better prognostic significance
compared to the tumor stage and Ki67 proliferation index in
patients with adrenal cortical carcinomas [169]. The Ki67
proliferation index is a component of the Helsinki scoring
system that uses the proliferation index as a continuous
numeric value [132]. Ki67-based tumor grading has not been
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endorsed in the 2022 WHO classification of adrenal cortical
carcinomas, since the proliferation indices are continuous
variables rather than being static thresholds in tumor biol-
ogy. However, the WHO classification of adrenal cortical
carcinoma classification recommends diagnosticians specify
the numeric value for mitotic count (as per 10mm?) and Ki67
labeling index in all adrenal cortical carcinomas.

Another point to remember is adrenal cortical carcinomas
frequently show proliferative heterogeneity [1, 121]; thus,
the identification of hot spots is an important step to ensure
accurate assessment of the mitotic tumor grade and Ki67
proliferation index in these tumors. Given the impact of the
Ki67 labeling index in the dynamic risk stratification that
also rationalizes the of adjuvant mitotane therapy [1, 118],
the new WHO classification does not suggest eye-balling for
reporting of the Ki67 proliferation index. Similar to all neu-
roendocrine neoplasms, the assessment of Ki67 proliferation
index is done with either manual count or automated image
analysis nuclear algorithms [1, 121, 140, 170] (Fig. 30).
Pathologists should document the methodology used in their
assessment of Ki67 and mitotic count [171].

Question 10: Which Ancillary Tools
should Pathologists Consider Utilizing
in the Workup of Benign and Malignant
Adrenal Cortical Proliferations?

The 2022 WHO classification emphasizes the role of ancillary
tools in the workup of adrenal cortical proliferations to ensure
accurate tumor classification. Several ancillary tools may be
used by pathologists in the diagnostic assessment of adrenal
cortical lesions. Molecular studies may be utilized as diagnostic
and/or prognostic ancillary tools in select clinical settings [1,
4,127, 172-175]; however, molecular studies do not form the
basis of the standard of clinical practice. Therefore, the modern
endocrine pathology practice relies on the application of immu-
nohistochemical biomarkers and/or histochemical stains (e.g.,
Gordon Sweet Silver in the workup of malignancy, Luxol Fast
Blue in the distinction of spironolactone bodies) that are inter-
preted in association with morphological and clinical findings
[1, 18, 120, 130]. Therefore, diagnosticians should be aware
of the various situations that may require the application of
specific biomarker studies to meet clinical practice.

In adrenal cortical proliferations, ancillary tools are typi-
cally used to address specific needs such as the (i) distinction
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Fig.30 Assessment of Ki67 labeling index in adrenal cortical carci-
nomas. The new WHO classification does not suggest eye-balling for
reporting of the Ki67 proliferation index. Similar to all neuroendo-
crine neoplasms, the assessment of Ki67 proliferation index is done
with either manual count or automated image analysis nuclear algo-

of the adrenal cortical origin, (ii) confirmation of functional
adrenal cortical lesions especially in the context of primary
aldosteronism, (iii) distinction of malignancy, (iv) risk strati-
fication in ACC, (v) providing theranostic information in
ACC, and (vi) rationalization of the need for genetic screen-
ing for underlying germline pathogenic variants [1, 18, 120].

The confirmation of the adrenal cortical origin is a criti-
cal task especially when dealing with non-functional adre-
nal lesions which may be mistaken for a primary adrenal
cortical neoplasm. Therefore, the new WHO classification
emphasizes the confirmation of the adrenal cortical ori-
gin as an important step in the diagnostic workup of these
tumors. From that perspective, the use of SF1 immunohis-
tochemistry (Fig. 31) is encouraged since it has been shown
to be the most reliable and specific biomarker of adrenal
cortical origin [18]. Other non-specific biomarkers such as
Melan-A, synaptophysin, alpha-inhibin and calretinin may
only be used in a panel approach; however, it is important to
recognize their limitations [18]. Similar to synaptophysin,
alpha-inhibin cannot be used in the distinction of an adrenal
cortical lesion from a pheochromocytoma (adrenal para-
ganglioma) since paraganglioma/pheochromocytoma with

rithm. Pathologists should document the methodology used in their
assessment of Ki67. This photomicrograph illustrates an automated
image analysis nuclear algorithm in the assessment of Ki67 prolifera-
tion index

a pseudohypoxia-driven pathogenesis often show reactivity
for alpha-inhibin [176].
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Fig.31 Confirmation of the adrenal cortical differentiation. The new
WHO classification emphasizes the confirmation of the adrenal cor-
tical origin as an important step in the diagnostic workup of these
tumors. From that perspective, the use of SF1 immunohistochemistry
is encouraged since it has been shown to be the most reliable and spe-
cific biomarker of adrenal cortical origin. This photomicrograph illus-
trates diffuse strong nuclear reactivity for SF1 in an oncocytic adrenal
cortical carcinoma

@ Springer



178

Endocrine Pathology (2022) 33:155-196

In the past, ultrastructure examination has helped in the
distinction of aldosterone-producing adrenal cortical pro-
liferations from other steroidogenic adrenal cortical lesions
by assessing characteristics of the mitochondrial cristae.
This distinction was based on aldosterone-producing cells
typically showing plate-like cristae, whereas tubulovesicu-
lar cristae featured cortisol-producing adrenal cortical cells
[112]. However, the modern endocrine pathology practice
applies functional immunohistochemistry in the distinction
of certain functional states of adrenal cortical proliferations
[18]. Several antibodies against steroidogenic enzymes
have shown value in the workup of adrenal cortical pro-
liferations. These include (but not limited to) HSD3B1
(3B-hydroxysteroid dehydrogenase type 1), HSD3B2
(3B-hydroxysteroid dehydrogenase type 2), CYPI1BI1
(cytochrome P450 family 11 subfamily B member 1),
CYP11B2 (cytochrome P450 family 11 subfamily B mem-
ber 2, also known as aldosterone synthetase), and CYP21A2
(cytochrome P450 family 21 subfamily A member 2) [1, 18].
Among these, the most popular ones have been CYP11B1
and CYP11B2. While CYP11B1 is considered as a func-
tional biomarker of the zona fasciculata-like cells, CYP11B2
(aldosterone synthase) has gained popularity due to its
important role in the distinction of aldosterone-producing
cortical lesions which may be difficult on H&E-stained sec-
tions [16, 18, 120]. As a consequence, the new WHO classi-
fication endorses the use of CYP11B2 immunohistochemis-
try, which forms the basis of HISTALDO classification, that
provides clinicopathologically relevant diagnostic categories
in the workup of primary aldosteronism [16].

Although SF1 is the most reliable biomarker in the con-
firmation of adrenal cortical origin, this biomarker is also
expressed in gonadotroph tumors (pituitary neuroendocrine
tumors with gonadotroph cell differentiation) as well as in
a subset of steroidogenic gonadal neoplasms (e.g., steroid
cell tumor, Leydig cell tumor) [177]. These pitfalls should
be kept in mind when assessing metastatic tumors with SF1
expression or when assessing adrenal rest-related manifes-
tations including adrenal cortical choristomas in anatomic
sites beyond the developmental pathway (e.g., pituitary
corticotroph tumor with adrenal cortical choristomas) [50,
51]. When the distinction of an adrenal cortical origin from
a steroidogenic gonadal tumor is required, adrenal cortex-
specific steroidogenic enzymes may also provide additional
value [1]. For instance, the application of CYP11B1 and
CYP21A2 has shown promise in the distinction of TARTSs
(testicular adrenal rest tumors) from Leydig cell tumors [58].
Although most laboratories currently do not have access to
the full spectrum of functional immunohistochemistry tools,
it is important to know that there are additional biomarkers
(e.g., abundance of DLK1 and lack of INSL3 expression)
that may be used in the distinction of TARTs from Leydig
cell tumors [58].
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Several biomarkers can be used to support the diagnosis
of malignancy in the background of appropriate morphologi-
cal features. As discussed in the former question, ACCs typi-
cally exceed a Ki67 labeling index of 5% [4, 18, 120, 139,
155, 165-168], and the value of Ki67 also matters in terms
of tumor prognostication. An abnormal p53 expression
(overexpression or global loss) (Fig. 32) and/or nuclear beta-
catenin expression (Fig. 33) may be identified in a subset of
ACCs, which are typically enriched in high-grade carcino-
mas that are reflected in poor-prognostic molecular clusters
[127]. However, such tumors are easily diagnosed based on
conventional morphological features, whereas the distinc-
tion of a low-grade ACC with no angioinvasion or extra-
adrenal tumor spread may remain a diagnostic challenge
[120]. Therefore, the confirmation of increased prolifera-
tion (Ki67 labeling index and phosphoHistone-H3 assisted
mitotic count) may assist the diagnosis of malignancy in
association with other ancillary tools. Evidence suggests
that irrespective of the tumor grade or cytomorphological
features (e.g., oncocytic versus conventional) (Figs. 28 and
34), a juxtanuclear granular IGF2 expression (optimized
at 1/3000-1/6000 dilutions) has been shown to be the best
diagnostic ancillary tool in ACCs [120]. This finding occurs
in around 80% of ACCs in adult series [28877067] and is
thought to reflect IGF2 overexpression-related impaired
translation and processing of the IGF2 molecule in the Golgi
apparatus [178].

While access of IGF2 immunohistochemistry is not
widely available, an additional practical tool is the dem-
onstration of reticulin alterations using the Gordon-Sweet
Silver histochemistry (Fig. 27). As discussed before, an
altered reticulin framework forms the basis of the reticulin
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Fig.32 p53 in adrenal cortical carcinoma. An abnormal p53 expres-
sion (often overexpression and rarely global loss) may be identified in
a subset of adrenal cortical carcinomas which are typically enriched
in high-grade carcinomas that are reflected in poor-prognostic molec-
ular clusters. This photomicrograph illustrates p53 overexpression in
a high-grade adrenal cortical carcinoma
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Fig.33 Beta-catenin in adrenal cortical carcinomas. Similar to p53,
nuclear beta-catenin expression may be identified in a subset of adre-
nal cortical carcinomas which are typically enriched in high-grade
carcinomas that are reflected in poor-prognostic molecular clusters.
This composite photomicrograph illustrates beta-catenin expression
in two adrenal cortical carcinomas. The tumor on the left side (A)
shows membranous beta-catenin expression whereas the tumor on the
right side shows nuclear and cytoplasmic beta-catenin expression (B)

algorithm which combines altered reticulin framework
with one of the followings: (i) necrosis, (ii) vascular inva-
sion (angioinvasion), and (iii) increased mitotic activity (>3
per 10 mm?) [120, 121, 130, 131]. However, diagnosticians
should recognize potential pitfalls with respect to the assess-
ment of reticulin histochemistry. Most ACCs tend to show
a quantitative alteration (loss of reticulin framework) but
may have associated qualitative alterations (mesh-like peri-
cellular pattern) [120]. The qualitative alterations alone do

IGF2 [ & & "
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Fig.34 IGF2 expression in a low-grade oncocytic adrenal cortical
carcinoma

not stand out as a concerning feature of carcinoma since
focal/variable qualitative reticulin alterations may occur
in adrenal cortical adenomas which are associated with a
preserved reticulin framework [120]. In addition, areas of
degeneration including sites of hemorrhage or biopsy sites
in benign cortical proliferations can show disrupted reticulin
[1].Therefore, it is important to match reticulin alterations
with morphological findings.

Global loss of DAXX and/or ATRX expression (Fig. 35)
may also be identified in ACCs, and this has shown to have
prognostic value [18, 120, 136]. The application of MMR
proteins (MLH1, MSH2, MSH6 and PMS2) has gained pop-
ularity not only for the purpose of screening for an extra-
colonic manifestation of Lynch syndrome [18, 179, 180]
(Fig. 36), but also to provide additional guidance on the
use of immunotherapy trials [4, 181]. Similarly, the PDL1/
PD1 expression status of ACCs has been an area of inter-
est. There are also other theranostic biomarkers including
CYP2B6 polymorphism that have shown variable prom-
ise with respect to the prediction of mitotane response in
patients with ACCs [18, 182, 183]; however, these biomark-
ers are not widely used as the standard of practice in most
diagnostic laboratories.

Similar to the role of MMR immunohistochemistry in
Lynch syndrome (Fig. 36), a number of biomarkers may be
used to facilitate the screening of genetic susceptibility in
the setting of appropriate clinical and morphological con-
text [1]. These include (a) nuclear beta-catenin and loss of
APC expression in FAP-related adrenal cortical neoplasia),
(b) loss of SDHB expression in adrenal cortical neoplasia
that occur in the setting of SDH-deficient paraganglioma
syndrome, (c) abnormal p53 expression (Li-Fraumeni syn-
drome), (d) loss of menin expression (MEN1-related adrenal
cortical neoplasia), and (e) loss of p27 expression (MEN4-
related adrenal cortical neoplasia) [1, 4, 184].

Fig.35 Loss of ATRX expression in adrenal cortical carcinomas. A
subset of adrenal cortical carcinomas may show global loss of ATRX.
This has shown to have prognostic value
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Fig.36 MMR immunohistochemistry in an adrenal cortical carci-
noma. This composite photomicrograph illustrates global loss of
PMS2 and MLHI expression in an adrenal cortical carcinoma from
an adult patient that was found to have Lynch syndrome

Question 11: What are the Molecular
Correlates of Adrenal Cortical Proliferations
in the 2022 WHO Classification? Are There
Any Diagnostic or Prognostic Molecular
Studies in the Workup of Adrenal Cortical
Carcinoma?

The molecular background of adrenal cortical neoplasia is
multifaceted and heterogenous. In aldosterone- and cortisol-
producing adrenal cortical adenomas, the underlying genetic
aberrancies are often missense mutations that often hijack
the physiological pathways leading to cell proliferation and
hormone secretion—which is governed by an amplified cell
membrane depolarization in aldosterone-secreting adenomas
and increased protein kinase A (PKA) pathway signaling in
cortisol-producing adenomas [4, 5]. Adrenal cortical carci-
noma often displays multiple gross chromosomal alterations
as well as mutations and deletions of genes regulating clas-
sical cancer-associated signaling networks, such as the Wnt
and P53 pathways [4]. As it is expected that molecular analy-
ses will become an integrated part of the work-up of these
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lesions in the future, an understanding of the background
genetics propelling these tumors will be necessary in order
to provide an optimal diagnostic and prognostic assessment,
as well as to identify possible therapeutic options for non-
responding cases. In this question, we focus on common
genetic aberrancies underlying the development of primary
hyperaldosteronism, cortisol-producing adrenal cortical
adenomas as well as ACCs. As cortisol-producing adrenal
cortical nodular disease patients often carry germline vari-
ants in susceptibility genes, the genetics of these lesions are
separately discussed in the next question.

Molecular Correlates of Primary Aldosteronism

The advent of next-generation sequencing has led to ground-
breaking molecular findings in aldosterone-producing adre-
nal cortical lesions and has helped establish this tumor entity
as a disease of defective ion channels. In the absence of
extracellular angiotensin II, the normal zona glomerulosa
cell is in a resting state facilitated by G-protein activated
inward rectifier potassium channel 4 (GIRK4) encoded by
the KCNJ5 gene, a membrane-bound K* channel that allows
K" to exit the cell and ensure a membrane hyperpolariza-
tion. The build-up of this membrane potential will mediate
entry into the G, phase of the cell cycle, and no CYP11B2
(aldosterone synthase) enzyme will be produced. Upon
physiological response to angiotensin II binding its recep-
tor, the GIKR4/KCNIJ5 channels close, and depolarization
is mediated through the accumulation of intracellular K.
This will initiate an intracellular signaling cascade, leading
to cell cycle activation and aldosterone production [4]. In
aldosterone-producing adrenal cortical adenomas (irrespec-
tive of the size of the cortical proliferation), this process
is mimicked through somatic mutations in genes encoding
several different ion channel proteins. These mutations will
cause constitutive membrane depolarization, even in the
absence of extracellular angiotensin II, leading to augmented
cell proliferation (Fig. 37). Mutations in KCNJ5 [185, 186],
CACNAID [187-189], and CACNAIH [187, 190, 191] will
cause depolarization through the influx of Na+ (KCNJ5) or
Ca2+ (CACNA genes), while mutations in ATPIAI [185,
188, 192] and ATP2B3 [185, 192] will impede the normal
function of these ion channels, i.e., to leak Nat and Ca®*
respectively to the extracellular compartment—thus lead-
ing to membrane depolarization (Fig. 37). Intriguingly, sub-
sets of patients with autosomal dominant forms of familial
hyperaldosteronism have also been linked to pathogenic ger-
mline variants in KCNJ5, CACNAID, CACNAIH, as well as
the CLCN2 chloride channel gene [4].

Somatic ion channel mutations were initially reported
in approximately half of sporadic aldosterone-producing
adrenal cortical adenomas, of which somatic KCNJ5 muta-
tions alone account for 40% of cases—notably with an
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Fig.37 Main molecular aberrations in aldosterone- and cortisol-
producing adrenal cortical adenoma. Left: Mutations in various genes
encoding membrane-bound ion channels underlie the development of
aldosterone-producing adenoma. Mutations confer an increased pas-
sage of cations into the cytosol (KCNJ5, CACNAID/IH) alternatively
inhibit the leakage of cations out of the cell (ATPIAI, ATP2B3). In
either way, depolarization follows, which in turn stimulate cellular

overrepresentation in younger female patients with marked
hormonal activity, with possible correlations also to the
adrenal vein sampling lateralization index as well as the
overall histology—notably zona fasciculata-like clear cells
[193-195]. In contrast, KCNJ5 wild-type tumors are more
frequent in males with a later age at presentation and recur-
rently display smaller tumor sizes and not seldom a compact
cell morphology [5]. Despite the early work suggesting ion
channel mutations in approximately 50% of patients, the
true proportion of patients with is probably much higher,
probably between 90 and 96% as indicated by more recent
work relying on positive CYP11B2 immunoreactivity as
an inclusion criterion [187, 196, 197]. Moreover, muta-
tions in ion channels are not only restricted to conventional
aldosterone-producing adrenal cortical adenomas but are
also found in other benign neoplastic proliferations referred
to as aldosterone-producing nodules (multiple adenomas)

Cortisol producing
adrenal cortical adenoma

MC2R

Adenylyl cyclase
(AC)

Proliferation

Cortisol production

proliferation as well as aldosterone synthase expression. Right: Vari-
ous genetic aberrancies in the protein kinase A (PKA) pathway (gain-
of-function mutations in GNAS or PRKACA or deleterious PRKARIA
and phosphodiesterase (PDE) family mutations) will activate the
pathway and stimulate proliferation and cortisol synthesis. +, activat-
ing mutations; -, deleterious mutations. Created with BioRender.com

and micronodules (multiple microadenomas) [198, 199].
The very rare aldosterone-producing ACCs do not exhibit
mutations in well-characterized ion channel genes, and
additional molecular aberrancies is likely to drive the over-
expression of CYP11B2 in these cases [101].

While ion channel mutations occur in the vast majority of
benign, aldosterone-producing lesions, approximately 5% of
sporadic aldosterone-producing adrenal cortical adenomas
display mutually exclusive CTNNBI mutations [200, 201].
This gene encodes beta-catenin, a Wnt signaling pathway
effector, and activating CTNNBI mutations allows this pro-
tein to escape proteasome-mediated degradation and trans-
locate to the nucleus, where it will associate to various tran-
scription factors and initiate gene transcription. In adrenal
cortical disease, CTNNBI mutations are best-known to be
recurrently observed in adrenal cortical carcinoma, as well
as in non-functional adrenal cortical adenomas and adrenal
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cortical adenomas with mild autonomous cortisol produc-
tion (also known as subclinical Cushing syndrome) [127,
202-204]. Interestingly, while CTNNBI mutations are rare, a
general Wnt pathway activation seems to be a regular theme
in aldosterone-producing adrenal cortical adenoma [205].
While the exact mechanisms coupling the Wnt pathway to
aldosterone production is not known, there have been studies
indicating a link between aberrant beta-catenin expression
and up-regulation of angiotensin II receptors as well as the
CYPI11B2 enzyme [205].

Molecular Correlates of Cortisol-Producing Adrenal
Cortical Adenomas

Just like aldosterone-producing adrenal cortical lesions
hijack the physiological pathways of angiotensin II stimu-
lation via mutations, cortisol-producing adenomas display
genetic aberrancies in the ACTH response mediated protein
kinase A (PKA) pathway. In the normal zona fasciculata, the
cells respond to ACTH stimulation via the melanocortin 2
receptor (MC2R), thus activating a cascade in which cAMP
is produced from ATP via the enzyme adenylyl cyclase. The
cAMP molecules in turn will inhibit regulatory subunits of
PKA, allowing the catalytic subunits to stimulate prolifera-
tion and cortisol production (Fig. 37).

In cortisol-producing adenomas, mutations in PRKACA,
PRKARIA, GNAS, and PRKACB are observed—and these
aberrations will in different ways lead to over-activation of
the PKA pathway [206-212].

Fig. 38 Schematic overview
of genetic differences between
adrenal cortical adenoma and
carcinoma. While adenomas

Adrenal cortical adenoma

Recent pan-genomic work regarding benign correlates of
adrenal Cushing syndrome suggest that these entities segre-
gate into three distinct clusters, including (a) PPNADs and
cortisol-producing adrenal cortical adenomas coupled to an
activated PKA pathway, (b) adrenal cortical adenomas with
mild autonomous cortisol secretion associated to the activa-
tion of the Wnt signaling pathway, and (c) ARMC5-driven
primary bilateral macronodular adrenal cortical disease with
a coupling to a specific ovarian gene expression signature
[172].

Adrenal Cortical Carcinoma

Most ACCs arising in the adult population do so through an
accumulation of somatic genetic aberrances. The pinpoint-
ing of genes associated to the development of this disease is
an effort that spans over several decades and include gene-
specific studies as well as pan-genomic analyses. In compar-
ison to adrenal cortical adenomas, ACCs commonly display
mutually exclusive driver gene alterations associated to the
Whnt and P53 pathways, as well as aberrant IGF2 signaling
and complex gross chromosomal aberrations—all features
those adrenal cortical adenomas regularly lack [4] (Fig. 38).
Moreover, ACCs are characterized by a global hypometh-
ylation pattern, as opposed to adenomas that display global
hypermethylation.

Recurrent genetic events in ACCs include activating
CTNNBI mutations and deleterious ZNRF 3 mutations (alter-
natively homozygous ZNRF3 copy number loss), which will
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lead to an activation of the oncogenic Wnt signaling path-
way. Moreover, cell cycle related gene mutations in 7P53,
RBI1, MDM?2, and CDKN?2A are also commonly seen. 7P53
mutations alone are found in 20% of ACCs, and the deleteri-
ous nature of the mutations abrogates the normal function of
the P53 protein, including cell cycle control, DNA repair, as
well as regulation of cellular aging and apoptosis (Fig. 39)
[213]. Moreover, patients with germline 7P53 mutations
predispose for the Li-Fraumeni syndrome, in which patients
have an increased risk of developing ACC—thus further
solidifying the association between this gene and malignant
cortical tumorigenesis [214].

Subsets of cases also display mutations in chromatin
remodeling genes such as DAXX, ATRX, and MENI, and
some may also exhibit PKA pathway associated mutations
(PRKARIA) [127, 202, 215, 216].

In terms of chromosomal events, loss of the maternal
11p15 allele adjoined by paternal allele duplication is com-
monly noted in ACC [217, 218]. This region encompasses
the H19 and IGF2 genes, which are imprinted and thus

expressed selectively from the maternal and paternal allele
respectively [219]. This selective loss leads to the down-
regulation of H19, a gene encoding a long non-coding RNA
with tumor suppressor abilities, and cause up-regulation of
oncogenic IGF2. Of note, Beckwith-Wiedemann syndrome
patients display uniparenteral disomy (with two inherited
paternal alleles) of this locus and display an increased risk of
developing ACC. Apart from this chromosomal aberrancy,
ACC:s are either seen with whole chromosomal losses, or
with numerous copy number alterations and whole-genome
doubling (Fig. 40) [127].

Next-generation sequencing techniques have prompted
a considerable leap in our understanding of ACCs, in
which several molecular subclassification schemes with
prognostic relevance have been presented [127, 174, 175,
202, 215, 220-222]. Although the studies differ in terms
of case numbers and techniques employed, adrenal cortical
carcinomas adhere to either low-, intermediate-, or high-
risk clusters when profiling their mutational, expressional,
DNA methylation, and gross chromosomal landscapes
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Fig.39 P53 normal functions and effects of 7P53 mutations. In the
wild-type state, P53 is activated upon DNA damage and inhibited via
oncogene activation. P53 has many important cellular roles, including
the regulation of cell cycle progression, DNA repair as well as regula-
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Fig.40 Molecular risk triaging of adrenal cortical carcinoma. By
recent pan-genomic analyses, carcinomas in general adhere to one out
of three main clusters (“Cluster of Clusters; CoC”) I-III. While CoC I
tumors are clinically more indolent and display low levels of Wnt/P53
pathway mutations and a CpG island methylator phenotype (CIMP)

(Fig. 40) [127, 215, 223]. While low progression rate
tumors rarely exhibit Wnt/P53 pathway mutations, display
low levels of DNA methylation (“CpG island methylator
phenotype (CIMP) low”) and associate to mRNA expres-
sional clusters normally associated to a more indolent
clinical course, high-risk ACCs carry frequent Wnt/P53
pathway mutations, an expression pattern often associ-
ated to worse outcome, a CIMP-high profile as well as
extensive chromosomal alterations with whole-genome
doubling (Fig. 40) [127].

While the pan-genomic classification of ACC is promis-
ing for the future integration in clinical work-up of these
lesions, there is still a gap between what we are able to
do in the research laboratory compared to our everyday
clinical routine. The new WHO classification encourages
diagnosticians to provide common immunohistochemical
correlates of poor prognostic molecular clusters (e.g., P53
and beta-catenin); however, routine use of targeted genetic
analyses and/or prognostic molecular analyses (e.g., tran-
scriptome or methylome studies) is anticipated to aid the
management in the near future. Indeed, the TCGA study
on ACCs identified a smaller methylation assay consist-
ing of 68 probes may be helpful in the identification of
high-risk ACCs [127], and subsequent studies provided
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Created with BioRender.com

additional value to the assessment of the GO/G1 Switch 2
(G0S2) gene hypermethylation as a surrogate marker for
CIMP-high cases endowed with poor prognosis [127, 173].

Question 12: What are Correlates of Genetic
Predisposition in Adrenal Cortical
Proliferations?

Although most adrenal cortical proliferations are clonal
expansions due to the acquisition of somatic mutations, sub-
sets of cases arise in patients with an underlying genetic pre-
disposition. Basic knowledge regarding syndromic variants
of adrenal cortical lesions is imperative in order to detect
these cases in the clinical setting, allowing genetic coun-
seling and adequate patient follow-up. In this section, a brief
overview of germline alterations coupled to the development
of adrenal cortical disease is summarized.

Congenital Adrenal Hyperplasia (CAH)
CAH is an autosomal recessive genetic disorder in which

patients display germline mutations in genes encoding vari-
ous enzymes in the adrenal cortical steroidogenesis pathway.
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The dominant gene in this aspect is CYP21A2, which is
found mutated in 95-99% of CAH patients [224, 225].
The CYP21A2 gene encodes the 21-hydroxylase enzyme
involved in both the production of mineralocorticoids and
glucocorticoids, and individuals with bi-allelic mutations
in CYP21A2 will impede the ability to produce aldoster-
one and cortisol, while instead driving excess production
of androgens [226]. This may cause significant virilization.
Also, the reduced production of cortisol will lift the nega-
tive feedback on the hypothalamus-pituitary axis, thereby
leading to elevated ACTH levels, which in turn will cause
the adrenals to become hyperplastic (Fig. 41). Mutations
in other genes may also cause CAH, including CYPI1IBI
(encoding 11-beta-hydroxylase), HSD3B2 (encoding 3-beta-
hydroxysteroid dehydrogenase), and CYPI7A1 (encod-
ing 17-alpha-hydroxylase) [224]. Adrenal cortical tumor
formation is noted in approximately 24% of patients with
genetically confirmed CAH, and almost 40% of patients
may exhibit adrenal myelolipoma (Fig. 41) [227, 228]. The
reason for the overrepresentation of myelolipomas in CAH
is not known.

Bilateral Adrenocortical Nodular Disease

The term “bilateral adrenocortical nodular disease” com-
prises cortisol-producing primary bilateral micronodular
adrenal cortical disease (nodules < 10 mm) and primary
bilateral macronodular adrenal cortical disease (nod-
ules > 10 mm), of which the former can be sub-divided into
primary pigmented micronodular adrenal cortical disease
(PPNAD) and isolated micronodular adrenal cortical disease

A sool g _;,;;?;"'fj A

Fig.41 Morphological correlates of a resected adrenal gland from
a patient with congenital adrenal hyperplasia (CAH). Multinodu-
lar adrenal cortex (A, B) characterized by zona reticularis-like cells
admixed with chronic lymphocytic infiltrates and multifocal myelol-
ipomas. A myelolipoma (C) arising within the hyperplastic adrenal
cortex. This patient carried a germline CYP21A2 mutation

(i-MAD). Irrespectively of entity, these patients regularly
exhibit a germline variant in a susceptibility gene, which is
then followed by a “second hit” occurring on the trans allele.
PPNAD is coupled to Carney complex, a syndrome of car-
diac myxomas, spotty pigmentation and endocrine overactiv-
ity, including adrenal cortical lesions [86]. When occurring
in the context of Carney complex (“c-PPNAD”), mutations
in genes regulating the PKA pathway are predominant, such
as PRKARIA (most common alteration in c-PPNAD and
isolated PPNAD (i-PPNAD) followed by PRKACA gene
aberrancies and CNC2 locus alterations [5, 81]. In a similar
manner, germline variants in PKA pathway related genes
PDEIIA and PDESB may cause i-MAD [4, 15, 229, 230].
Primary bilateral macronodular adrenal cortical disease
(formerly known primary bilateral macronodular adrenal
cortical hyperplasia) is composed of independent clonal
expansions in which the patients usually carry germline
mutations in ARMCS, MENI, FH, APC, GNAS, PDESB or
PDEIIA [4, 5, 7-14, 92, 172]. ARMCS5 mutations are most
commonly seen (occurring in 25-55% of cases), with addi-
tional somatic alterations found in the trans allele in each
independent nodule—strongly arguing for multiclonal tumor
development rather than a “hyperplastic” phenomenon.
Interestingly, patients with primary bilateral macronodular
adrenal cortical disease carrying ARMCS5 mutations more
often present with larger adrenals and a more pronounced
hypercortisolism than those without ARMC5 mutations [9].

Adrenocortical Adenoma and Carcinoma

Genetic syndromes predisposing for adrenal cortical tumors
are summarized in Fig. 42. Adrenal cortical adenomas are
reported as unusual manifestations of the Li-Fraumeni,
MENI, FAP, Beckwith Wiedemann and Carney complex
syndromes. Moreover, in terms of aldosterone-producing
adenomas, subsets of patients may present with a family
history of primary aldosteronism in an autosomal dominant
pattern with several affected first-degree relatives. These
syndromes (familial hyperaldosteronism, FHA) include FHA
type 1 (germline CYPI1IB1/CYPI11B2 chimeric fusions)
[231], FHA type II (germline CLCN2 mutations) [232], FHA
type III (germline KCNJ5 mutations) [186] and FHA type IV
(germline CACNAIH mutations) [191]. Moreover, germline
CACNA 1D mutations may also cause early onset primary
aldosteronism with various neurological abnormalities; also
known as the “PASNA” syndrome [189].

Hereditary conditions in which ACCs are overrepresented
include Li-Fraumeni, Lynch, MEN1, Beckwith Wiedemann,
Carney complex and NF1 syndromes [4]. Overall, approxi-
mately 10% of ACCs are expected to arise in a hereditary
setting [233]. The most common syndromic manifestation
is Li-Fraumeni syndrome, which may be evident in 50-80%
of children that present with ACCs, in addition to 3—5% of
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Fig.42 Hereditary syndromes coupled to adrenal cortical neoplasia.
Schematic overview of the most common syndromes associated to
the development of adrenal cortical adenoma (left) and adrenal cor-

adults. Furthermore, approximately 3% of adults developing
this disease are found be Lynch syndrome patients carry-
ing inactivating germline mutations in one out of the well-
known mismatch repair genes MSH2, MSH6, MLH1, and
PSM?2 [180]. Since mutations in these genes are coupled
to absent immunoreactivity for the corresponding proteins,
MSH2, MSH6, MLH1 and PMS2 immunohistochemistry
may therefore be an efficient way to identify cases in need
of genetic counseling [1, 179]. Moreover, germline SDHx
variants have been coupled to the development of ACCs, but
these findings need additional verification [184]. The role of
ancillary biomarkers with respect to germline screening are
discussed in Question 10; however, careful assessment of the
non-tumorous adrenal cortex may also help to distinguish
c-PPNAD-related ACCs [234]. Given the overall rarity of
ACCs, genetic counseling may be considered for all patients
irrespective of the age of the patient [233].
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