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Abstract

Primary bilateral macronodular adrenocortical hyperplasia (PBMAH) is an uncommon cause of 

adrenal Cushing syndrome (CS) in which cortisol and occasionally other steroid hormones can be 

secreted under the influence of aberrantly expressed G-protein coupled receptors (GPCRs) in the 

adrenal cortex. We describe the unique case of a 64-year-old postmenopausal female with 

PBMAH whose adrenal lesions expressed luteinizing hormone receptors (LHr). She presented 

initially with CS and underwent right adrenalectomy; a few years later she presented with 

macromastia and mastodynia, possibly due to estrogen excess from her remaining left 

adrenocortical masses. Testing before and after treatment with quarterly leupro-lide acetate 

therapy and immunohistochemistry on tissue and targeted sequencing of the genes of interest were 

performed. Tissue from the patient’s right adrenal was tested for P450 aromatase (CYP19A1) and 

LHr expression; both were expressed throughout the hyperplastic cortex, although expression was 

more intense in the adenomatous areas. Targeted sequencing revealed a pathogenic PDE11A 
mutation, as well as variants in the ARMC5 and INHA genes. PDE11A expression was decreased 

in the adenoma but there was no loss of hete-rozygosity for the PDE11A locus. Because of the 

clinical presentation and LHr expression, quarterly leuprolide acetate therapy was started. Shortly 
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after initiation of therapy, the patient reported decreased breast size and pain; she remains well 

controlled to date, after 10 years of treatment. This is the first description of a patient with 

PBMAH presenting with se-vere macromastia and mastodynia from what appears to be excess 

estrogen production from her adrenal tumor. The pa-tient had a long-lasting response to chronic 

leuprolide acetate treatment, showing that drug therapy exploiting the aberrant receptor expression 

in PBMAH is possible even in the absence of cortisol overproduction.
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Introduction

Primary bilateral macronodular adrenocortical hyperplasia (PBMAH) is an uncommon cause 

of adrenal Cushing syndrome (CS). Inactivating mutations in Armadillo repeat containing 5 

(ARMC5), a putative tumor suppressor gene, is the primary genetic cause of PBMAH, being 

mutated in approximately half of the known cases [1] Other genetic defects implicated in the 

pathogenesis of PBMAH include loss of protein kinase A (PKA) type I regulatory subunit 

alpha (PRKAR1A) expression or activating mutations of the guanine nucleotide binding 

protein alpha stimulating subunit (GNAS) gene both at the somatic (tumor) level only, and 

germline mutations in the phosphodiesterase 11 A (PDE11A) or 8B (PDE8B), menin 

(MEN1), adenomatous polyposis coli (APC), and fumarate hydrat (FH) genes [2].

In PBMAH, the synthesis of cortisol, and/or other steroid hormones, such as aldosterone, 

testosterone, and estrogen, can be stimulated by aberrant G-protein coupled receptors 

(GPCRs). Identification of aberrant receptors, such as luteinizing hormone receptor (LHr) 

[3–6], vasopressin [7–9], or gastric inhibitory polypeptide [3, 10, 11], offers the opportunity 

to control hormone production in PBMAH using medical therapy. The gonadotropin-

releasing hormone (GnRH) agonist, leuprolide acetate, has been successfully used in 

patients with LH-responsive CS [3, 11, 12]. Herein, we report the first case of PBMAH 

presenting with macromastia and mas-todynia due to what appeared to be excess estrogen 

secretion from the nodular left adrenal gland; she has been successfully treated with 

leuprolide acetate therapy with long-lasting remission of her symptoms and signs.

Patient and Methods

Participant and data collection

In 2006, a 64-year-old Caucasian female presented to the National Institutes of Health 

Clinical Center for evaluation of progressive macro-mastia and mastodynia (▶Fig. 1a). Her 

past medical history was no-table for recurrent nephrolithiasis, partial hysterectomy due to 

uterine prolapse (premature menopause), and a right adrenalectomy for Cushing syndrome 

(CS) due to a right adrenocortical adenoma [maximum diameter 2 cm, density of 20 

Hounsfield units (HU)] that was discovered during the workup of hypertension at age 55 

years. Over a period of 5 years prior to her diagnosis of CS, she had noted central weight 
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gain of 40 lbs, hair loss, insomnia, palpitations, emotional liability and clitoromegaly. Her 

family history was unremarkable for any endocrinopathies. She underwent an uneventful 

laparoscopic right adrenalectomy and required hydrocortisone replacement therapy for 

adrenal insufficiency for approximately two years. Her CS appearance completely resolved 

post operatively. Her bone mineral density was normal and she did not have diabetes 

mellitus.

From the age of 58 to 64, she noted increasing breast size (32C in her 20’s, 36C in her 40’s 

to 42 DDD at time of presentation), breast tenderness, a 25 lbs weight gain, and skin 

changes, including decreased number and depth of wrinkles, decreased skin dryness, and 

increased firmness, particularly on the face. Her menstrual history was unremarkable until 

the partial hysterectomy. At presentation to our institution she was hypertensive (150/80 mm 

Hg) and felt uncomfortable due to her macromastia and mastodynia. She had no stigmata of 

CS. She was taking a thiazide diuretic and an angiotensin-converting-enzyme inhibitor with 

suboptimal con-trol; she was also on statin therapy.

Biochemical evaluation is summarized in ▶Table 1. The patient’s serum estradiol was 

elevated, despite her being post-menopausal. Her elevated LH and follicular stimulating 

hormone (FSH) were con-gruent with her post-menopausal state. Baseline 24-h urinary 17-

hy-droxysteroids were high at 24.2 mg/24 h (reference 2–6 mg/24 h, ▶Table 1, 2), but 

otherwise her evaluation for CS was unremarkable with late night serum cortisol, 24-h urine 

free cortisol, and adreno-corticotropic hormone (ACTH) levels within the normal range. 

Serum inhibin A (INHA) was < 1 pg/ml (postmenopausal reference value < 2.1 pg/ml). The 

Liddle’s test was performed as described else-where [13] (▶Table 2 and Supplemental Table 

1S). Given the suspicion for estrogen excess from the left adrenal gland as the cause of 

macromastia, serum and urine fractionated estrogens were evaluated during the Liddle’s test 

(▶Table 2). Their pattern of secretion was consistent with non-ovarian origin and suggestive 

of an adrenal source, particularly given the elevations in estrone (E1). Adrenal CT showed a 

hyperplastic left adrenal gland with multiple nodules, with the largest nodule measuring 1.2 

cm (10 HU) on its largest dimension (▶Fig. 2a). Of note, biochemical evaluation before the 

right adrenalectomy did not extend to other steroids and we have no androgen or estrogen 

values available for comparison. Because of the suspicion for possible estrogen-production 

from the left adrenal, additional molecular and genetic testing was performed on tissue from 

the previously resected right adrenal gland. Ethics approval was granted from the 

Institutional Review Board. Informed consent was obtained for all studies from the patient.

DNA investigations

DNA studies of peripheral blood cells and the adenomatous right adrenocortical tissue 

included whole-exome sequencing (WES) and targeted sequencing of ARMC5, MEN1, 

GNAS, FH, and PRKAR1A, as previously reported [1, 14]. PCR was performed for the 20 

coding exons (exons 1–20) and the flanking intronic sequences of the PDE11A gene 

(OMIM: 610475) using specific primers and conditions as described previously [15, 16]. 

Analysis of INHA was performed as described elsewhere [17]. The PDE8B gene was se-

quenced as previously reported [18]. All amplified samples were validated by agarose gel 
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electrophoresis, and direct sequencing of the purified fragments was performed using the 

Genetic Sequencer ABI3100 apparatus (Applied Biosystems, Foster City, CA, USA).

Immunohistochemistry

Tissue from the patient’s previously resected right adrenal gland was obtained: five-micron 

slides from formalin-fixed paraffin embedded tissue blocks were used for 

immunohistochemistry (IHC). Slides were deparaffinized in Histo-Clear (HS-202, National 

diagnostics, Atlanta, GA, USA) for 30 min followed by rehydration in graded ethanol. 

Antigen retrieval was achieved by heating the slides in Vector Antigen Retrieval Solution 

(H3300, Vector Laboratories, Burlingame, CA, USA) at 95 °C for 20 min. Endogenous 

peroxidase activity was blocked by incubation in 3 % hydrogen peroxide for 30 min. After 1 

h blocking, sections were incubated over-night at 4 °C with the following primary 

antibodies: rabbit anti-luteinizing hormone receptor (1:2000, Sigma, Saint Louis, MO, 

USA), rabbit anti-Aromatase (1:1500, Sigma, Saint Louis, MO, USA), and rabbit anti-17-α-

hydroxylase (1:1000, Abcam, Cambridge, MA, USA), and rabbit PDE11A (1:200, Abcam, 

Cambridge, MA, USA). Rabbit immunoglobulins were used at 1 μg/ml instead of primary 

antibodies as negative controls. Horseradish peroxidase-dextran polymer conjugate goat 

anti-rabbit (Envision™ PO System; Dako, Carpinteria, CA, USA) was used as secondary 

antibody and reporter as previously described, with 3,3-diaminobenzidine as chromo-gen. 

The sections were then briefly counterstained with Mayer’s hematoxylin, dehydrated in 

graded alcohols, cleared in Histoclear and permanently mounted. Staining was evaluated in 

3 high-power fields and samples scored as strongly positive (3 + ), moderately positive (2 

+ ), weakly positive (1 + ) or negative (0). Staining pat-tern (membranous, cytoplasmic or 

nuclear) was also recorded.

Results

Medical therapy and follow up

The patient was initiated on 30 mg of intramuscular injections of leuprolide acetate every 4 

months in 2007. She reported immedi-ate improvement in her symptoms with gradually 

decreasing breast size. She was followed yearly; currently, at the age of 75 years, her breast 

size is 38 DD without swelling or mastodynia (▶Fig. 1b) and she remains well, on the same 

therapy, without side effects. Serum gonadotropin and estrogen levels remained suppressed 

to this date. Repeat biochemical evaluations over the years of treatment are summarized in 

▶Table 1 and ▶Table 2. Our patient’s oldest daughter was found to have the same PDE11A 
mutation; she has PBMAH on imaging but retains normal bone mineral density, HbA1c, 

androgen, estrogen, and cortisol levels.

DNA sequencing results

WES from blood leukocytes revealed a non-novel p.Arg52Thr (c.155 G > C; rs77972073; 

NM_016953) pathogenic mutation in PDE11A which was also present in adrenocortical 

tissue from the right adrenalectomy (▶Fig. 3). There were two single nucleotide INHA 
polymorphisms: the first was located early in the 5′ non-cod-ing region of exon 1 (g.3081 G 

> T; NM_002191), and the second was a rare synonymous variant in exon 1 (c.207 C > T; 

rs371366906; NM_002191), corresponding to amino acid 69. No effect on the splice site 
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was identified using the splice site calculator by Desmet et al. [19]. Genetic analysis for 

germline ARMC5 defects revealed only the common benign polymorphism (p.Ala705Val; c.

2114C > T; rs11150624; NM_024742). Genetic analysis for the other genes implicated in 

PBMAH in blood and hyperplastic adrenocortical tissues were negative for any other 

germline or somatic mutations.

Immunohistochemistry

Adrenocortical hyperplasia was evident, with a predominant cortical nodule extending 

centrally in the right adrenal gland (Supplemental Fig. 1a–f). Marked hyperplasia of the 

zona fasciculata with pale-staining, lipid-depleted cells was seen (Supplemental Fig. 1b). 

Table 3 shows a summary of the staining results. The hyperplas-tic area was negative for 

synaptophysin (SYN) staining; SYN instead was strongly positive (3 + ) in the adrenal 

medulla as expected (Supplemental Fig. 1a–f, and 2a, b). Expression of estrogen receptor 

(ER) was consistently negative in all areas; P450 aromatase (CYP19A1) was expressed in 

both, the cortical non-hyperplastic area (1 + ; ▶Fig. 4a and c) and to a higher degree (2 + ) 

in the adenomatous area (▶Fig. 4c and d). LHr showed a similar staining pattern (▶Fig. 5). 

Immunohistochemistry for 17-alpha hydroxylase showed moderate to strong (2–3 + ) 

staining in the cells from the zona reticularis and fasciculata, and to a lesser degree in the 

zona glomerulosa. The expression of PDE11 A was lower in the adeno-matous regions 

compared to surrounding tissues (▶Fig. 6). However, loss of heterozygosity (LOH) for 

PDE11 A was not found in the hyperplastic, or normal adrenocortical tissues.

Discussion

This is the first report of a patient presenting with asynchronous PBMAH, who had initially 

presented with CS and subsequently with androgen and estrogen excess, the latter causing 

presumably macromastia and mastodynia. Biochemical and IHC testing were con-sistent 

with an adrenal source of estrogen excess. The patient had an immediate and sustained 

response to leuprolide acetate thera-py for over 10 years. Genetic testing revealed several 

variants in modifier genes, including what may be a pathogenic mutation in PDE11A, which 

could have potentiated adrenal steroid hormone production by increased PKA signaling 

through the LHr.

Feminizing adrenocortical tumors (ADTs) are rare, with an esti-mated prevalence of 1–2 % 

among patients with adrenocortical cancer [20]. However, excess estrogen production has 

never before been reported in the context of PBMAH. Pre-menopausal patients with 

estrogen-producing ADTs generally present with menstrual changes, whereas post-

menopausal present often with vaginal bleeding. Patients can have elevation of serum 

estradiol and/or serum adrenal androgens, or the adrenal androgen-derived estrone; increased 

urinary estrogen along with 17-ketosteroid excretion is often detected in these cases [21–24]. 

The patient in this report, had mild elevations in serum and urinary estrogen levels and large 

elevations of urinary 17-hydroxysteroids; the latter is common among patients with 

PBMAH, as we have reported previously [14].

After the initial discovery of LH/hCG receptors in cells that contain cytochrome P450 side 

chain cleavage enzyme in zona reticularis [25], several reports have confirmed the presence 

Hannah-Shmouni et al. Page 5

Horm Metab Res. Author manuscript; available in PMC 2019 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



of aberrant LHr expression in adrenocortical tumors. Lacroix et al. [3] first reported on the 

successful treatment with leuprolide acetate, a synthetic nonapeptide gonadotropin releasing 

hormone (GnRH) analogue, of a 63-year-old female with PBMAH; this patient’s cortisol 

production was stimulated by hCG and LH, but not FSH, suggesting that a functional 

receptor for adrenocortical LH/hCG was coupled to steroidogenesis. Goodarzi et al. [26] 

then reported a viri-lized 59-year-old woman with PBMAH and LHr-mediated elevations in 

serum testosterone levels, with normalization of values post le-uprolide acetate [26]. Since, 

other cases have been described with successful treatment of PBMAH using medications 

targeting the corresponding aberrant receptor(s), including leuprolide acetate [6, 27]. The 

fact that leuprolide decreases adrenal androgen production has also been confirmed in other 

settings, such as men being treated for prostate cancer [28]. Our case is unique given the 

asynchronous presentation, elevations in androgens and estrogens, and long-term clinical 

improvement on chronic leuprolide therapy which apparently successfully stopped any 

further aromatization of androstenedione [29].

The LHr, which is predominantly found in gonadal tissues, was overexpressed in the adrenal 

gland of this patient. LH plays an important role in the regulation of steroid hormone 

production and steroid metabolizing enzymes [30, 31]. LHr is one of several G-protein 

couple receptors that have been associated with hypercortisolism in PBMAH [6], and 

hyperaldosteronism in aldosterone-producing adenomas [32, 33]. In one case series of 

patients with ad-renal CS, aberrant cortisol production was found frequently [34]. It has 

been suggested that aberrant receptors may be a frequent cause of increased steroid hormone 

production by ADTs [35]. Ab-errant LHr expression alone is sufficient to cause both cortisol 

excess and tissue hyperplasia in mice [31].

Many of the genetic mechanisms of adrenal tumorigenesis have yet to be elucidated. 

Recently, ARMC5, a tumor suppressor gene, was implicated in PBMAH [1]. PDE11A is 

frequently mutated among patients with PBMAH as well [16]. The PDE11A gene is located 

on chromosome 2q31.2 and encodes a dual-specificity PDE that de-grades both cAMP and 

cGMP [36]. This gene is highly polymorphic in the general population and was the first of 

the PDEs to be asso-ciated with a predisposition to ADTs [37]. Despite the presence of what 

may be a pathogenic variant in the PDE11A gene, our patient did not have LOH of PDE11A 
in the previously excised affected adrenal gland (▶Fig. 3), although there was decreased 

PDE11A expression in the adenomatous area (▶Fig. 5).

In conclusion, we have described the first patient with PBMAH to present with estrogen 

excess, macromastia and mastodynia that was most likely due to an estrogen-producing 

hyperplastic left adrenal gland, several years after her right gland was resected for CS. The 

report speaks volumes for the clinical heterogeneity of PBMAH over time even in the same 

patient; in addition, this case represents one of the longest successfully medically treated 

patients with a hormonal syndrome due to an aberrantly expressed GPCR.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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▶Fig. 1. 
Improvement in bilateral macromastia post-leuprolide acetate therapy (a pre therapy, at 64-

year-old, b post therapy, at 74-year-old).
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▶Fig. 2. 
Adrenal computed tomography pre-adrenalectomy (a Initial presentation, 55-year-old) and 

several years later (b 64-year-old, c; 73-year-old) showing progressive enlargement and 

nodularity of the remaining left adrenal gland (arrows).
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▶Fig. 3. 
DNA sequencing from tumor tissue revealed a non-novel p.Arg52Thr mutation in PDE11A.

Hannah-Shmouni et al. Page 12

Horm Metab Res. Author manuscript; available in PMC 2019 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



▶Fig. 4. 
Immunohistochemistry for P450 aromatase expression in the previously resected right 

adrenal gland. Cortical cells (panel a, c; magnification 10 × ) showed less aromatase 

expression compared to cells from the hyperplastic nodule (b, d; magnification 10 × ).
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▶Fig. 5. 
Staining patterns of luteinizing hormone receptor (LHr) in the previously resected right 

adrenal gland. Granular staining inside the cytoplasm of cortical cells is seen (a, b; 

magnification 10 × ). Membranous staining was predominant in the cells from the nodular 

area (c, d; magnifica-tion 10 × ).
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▶Fig. 6. 
Lower expression of PDE11A in the nodular region (“tumor”) compared to other areas of 

the cortex (“normal”) of the previously resected right adrenal gland (magnification 10 × ).
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