Authorship note: A.L. Lecog, C.A.
Stratakis, S. Viengchareun, and R.
Chaligné contributed equally to this
work

Conflict of interest: The authors have
declared that no conflict of interest
exists.

Submitted: December 8, 2016
Accepted: August 18, 2017
Published: September 21, 2017

Reference information:

JCl Insight. 2017,2(18):92184.
https://doi.org/10.1172/
jci.insight.92184.

insight.jci.org

RESEARCH ARTICLE

Adrenal GIPR expression and chromosome
19q13 microduplications in GIP-dependent
Cushing’s syndrome

Anne-Lise Lecoq,"*? Constantine A. Stratakis,* Say Viengchareun,"? Ronan Chaligné,>®

Lucie Tosca,?”® Vianney Deméocq," Mirella Hage,' Annabel Berthon,* Fabio R. Faucz,*

Patrick Hanna,® Hadrien-Gaél Boyer,™ Nicolas Servant,"" Sylvie Salenave,? Gérard Tachdjian,>”®
Clovis Adam,®™ Vanessa Benhamo,>® Eric Clauser," Anne Guiochon-Mantel,"** Jacques Young,"?3
Marc Lombés,"?? Isabelle Bourdeau,' Dominique Maiter,” Antoine Tabarin,' Jérome Bertherat,”
Hervé Lefebvre," Wouter de Herder,?® Estelle Louiset,” André Lacroix,'™ Philippe Chanson,"?3
Jérome Bouligand,"?" and Peter Kamenicky"??

Inserm U185, Le Kremlin Bicétre, France. 2Université Paris-Sud, Université Paris-Saclay, Le Kremlin-Bicétre, France.
3Assistance Publique-Hépitaux de Paris (AP-HP), Hopital de Bicétre, Service d’Endocrinologie et des Maladies de la
Reproduction, Le Kremlin-Bicétre, France. *Section on Endocrinology and Genetics, Eunice Kennedy Shriver National
Institute of Child Health and Human Development, NIH, Bethesda, Maryland, USA. *Inserm U934, Paris, France. ®Institut
Curie, Centre de Recherche, UMR3215, Paris, France. “Inserm U935, Villejuif, France. 8AP-HP, Hapital Antoine Béclére,
Histologie-Embryologie-Cytogénétique, Clamart, France. °Inserm U1169, Le Kremlin Bicétre, France. °Inserm U1239,
Université de Rouen, Normandie Université, Rouen, France. "Inserm U300, Paris, France. “Institut Curie, Centre de
Recherche, Bioinformatique et Biologie des Systemes, Paris, France. ®AP-HP, Hopital de Bicétre, Service d’Anatomie
Pathologique, Le Kremlin-Bicétre, France. *AP-HP, Hopital Cochin, Service d'Oncogénétique, Paris, France. *"AP-HP,
Hopital de Bicétre, Service de Génétique Moléculaire, Pharmacogénétique, et Hormonologie, Le Kremlin-Bicétre, France.
"Division of Endocrinology, Department of Medicine, Centre de Recherche du CHUM, Université de Montréal, Montréal,
Quebec, Canada. Service d'Endocrinologie et Nutrition, Cliniques Universitaires Saint-Luc, Brusseles, Belgium. ®Service
d’Endocrinologie, Hopital Haut-Lévéque, CHU de Bordeaux, Pessac, France. ®AP-HP, Hopital Cochin, Hépital Cochin,
Service d’Endocrinologie, Paris, France ?°Department of Internal Medicine, Section of Endocrinology, Erasmus MC,
Rotterdam, The Netherlands.

GIP-dependent Cushing’s syndrome is caused by ectopic expression of glucose-dependent
insulinotropic polypeptide receptor (GIPR) in cortisol-producing adrenal adenomas or in bilateral
macronodular adrenal hyperplasias. Molecular mechanisms leading to ectopic GIPR expression in
adrenal tissue are not known. Here we performed molecular analyses on adrenocortical adenomas
and bilateral macronodular adrenal hyperplasias obtained from 14 patients with GIP-dependent
adrenal Cushing’s syndrome and one patient with GIP-dependent aldosteronism. GIPR expression

in all adenoma and hyperplasia samples occurred through transcriptional activation of a single allele
of the GIPR gene. While no abnormality was detected in proximal GIPR promoter methylation, we
identified somatic duplications in chromosome region 19q13.32 containing the GIPR locus in the
adrenocortical lesions derived from 3 patients. In 2 adenoma samples, the duplicated 19q13.32 region
was rearranged with other chromosome regions, whereas a single tissue sample with hyperplasia
had a 19q duplication only. We demonstrated that juxtaposition with cis-acting regulatory sequences
such as glucocorticoid response elements in the newly identified genomic environment drives
abnormal expression of the translocated G/PR allele in adenoma cells. Altogether, our results provide
insight into the molecular pathogenesis of GIP-dependent Cushing’s syndrome, occurring through
monoallelic transcriptional activation of GIPR driven in some adrenal lesions by structural variations.

Introduction

Adrenal Cushing’s syndrome results from excessive pituitary adrenocorticotropin-independent (ACTH-in-
dependent) cortisol production by benign or malignant adrenocortical tumors or from bilateral adrenal
hyperplasia. The recent identification of activating somatic mutations of the PRKACA gene in one-third of
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cortisol-secreting adrenal adenomas (1-3) and of germline and secondary somatic inactivating mutations
of ARMCS in approximately 50% of operated patients with apparently sporadic primary bilateral macro-
nodular adrenal hyperplasias (4) has provided important new insights into the molecular pathogenesis of
adrenal Cushing’s syndrome. Regulatory mechanisms of cortisol secretion in patients with bilateral mac-
ronodular hyperplasia, such as ectopic adrenal ACTH production, have also been recently discovered (5).
In a subset of patients with adrenal Cushing’s syndrome, the cortisol excess is driven by aberrant (ecto-
pic or excessive) expression of certain G protein—coupled receptors in adrenal lesions (6, 7). Although the
molecular pathogenesis of food-dependent Cushing’s syndrome is unknown, the condition is associated with
ectopic glucose-dependent insulinotropic polypeptide receptor (GIPR) expression in adrenocortical adeno-
mas or bilateral macronodular adrenal hyperplasia (8—10). Adrenal GIPR exposes the gland to inappropriate
postprandial stimulation by glucose-dependent insulinotropic polypeptide (GIP). Activation of the ectopic
receptor, functionally coupled to cAMP signaling, triggers adrenal cell proliferation and excessive hormone
production (6). Here, we report molecular events leading to adrenal GIPR expression in a large interna-
tional collection of adrenocortical adenomas and bilateral macronodular adrenal hyperplasias derived from
patients with GIP-dependent adrenal Cushing’s syndrome or with GIP-dependent primary aldosteronism.

Results

Clinical presentation. Detailed clinical phenotypes are described in Table 1 and Supplemental Figure 1;
supplemental material available online with this article; https://doi.org/10.1172/jci.insight.92184DS1.
Twelve patients had overt Cushing’s syndrome, two patients had subclinical Cushing’s syndrome and
one patient had primary aldosteronism. One patient (#13) presented with familial nonsyndromic Cush-
ing’s syndrome, and one patient (#15) presented with multiple endocrine neoplasia type 1 (MEN 1),
caused by the frameshift 219-220delCG mutation in the MENI gene; other patients had nonsyndromic
and nonfamilial presentations.

Adrenal expression of GIPR occurs from a single allele of the GIPR gene. We detected a somatic CTNNBI
p.Ser45Cys mutation in the tumor DNA of patient #1. No abnormalities in other genes known to be
associated with adrenocortical adenomas and bilateral macronodular adrenal hyperplasias were detected
in the tumor DNA of all 15 patients. The GIPR expression profile in the adrenal samples is shown in the
Figure 1A. The relative abundance of GIPR transcripts in the normal adrenal tissue samples was very
low, estimated at 26 molecules/pug RNA. All 16 adrenal samples selected for the study showed abundant
GIPR expression (more than 10-fold of the mean expression in the unaffected adrenal tissue samples). The
relative abundance of GIPR transcripts was not different between the adenoma and hyperplasia samples.
Peritumoral adrenal tissue from patient #1 did not express GIPR. Interestingly, as reported previously (11),
concomitant aberrant expression of one or more G protein—coupled hormone receptors was detected in
one adenoma (from patient #4) and in 3 hyperplasia samples (from patient #6, #10, and #11) in addition
to GIPR (Supplemental Figure 2).

To determine how many GIPR alleles are actively transcribed in patients’ adrenal cells, we applied
nascent RNA FISH, allowing detection of nascent RNA molecules at their transcription sites. This method
enables the study of GIPR expression at the single-cell level and takes into account the heterogeneity of
the adrenal lesions. The method enables the quantification of the number of GIPR alleles transcribed in
the patients’ adrenal cells. Consistent with quantitative PCR (RT-qPCR) results, normal adrenal tissue did
not show GIPR expression. All adenoma and hyperplasia samples expressed GIPR from a single allele in a
different proportion of nuclei (Figure 1B, representative samples showing monoallelic GIPR expression).
Furthermore, samples showing the highest GIPR transcript levels measured by RT-qPCR (Figure 1A) also
exhibited the highest proportion of nuclei expressing GIPR (Figure 1C).

Identification of 19q13.32 duplications. We studied the molecular events leading to transcriptional acti-
vation of a single allele of the GIPR gene in the adrenal lesions. We performed pyrosequencing of the
GIPR promoter region (chr19: 46,171,165-46,171,452), containing 10 CpG islands. Of note, 3 CpGs were
located close to functional Sp1/Sp3 binding motifs as described previously (12). Pyrosequencing showed
absence of methylation in the proximal GIPR promoter in normal adrenal tissue, adenoma, and hyperpla-
sia samples (Supplemental Figure 3).

Alternatively, transcriptional activation of a single allele of GIPR could be related to structural chro-
mosomal imbalances. Oligonucleotide-based array comparative genomic hybridization analysis (array-CGH)
was used to map somatic DNA copy number alterations (CNAs) in all adenoma and hyperplasia samples.
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Table 1. Characteristics of the Patients

Patient Sex Age at
surgery presentation

(yr)

no.

1 F
2 F
3 F
4 M
5 F
6 F
7 F
8 M
9 F
10 F
1 F
12 F
13 F
14 F
15 F

35

45

33

56

58

33

55

35

43

45

54

43

42

46

25

Clinical Urinary  Morning plasma Morning Postprandial Adrenal Adrenal Refs.
free cortisol corticotropin plasma cortisol plasma cortisol histology lesion size
(ng/24 h) (pg/ml) (ng/dl) (ng/di) (mm)
Cushing’s 692 <5 5.2 42.5 Adenoma 44 Unpublished, cf.
syndrome Supplemental
Fig1
Cushing’s 205 <2 17 439 Adenoma 30 31,32
syndrome
Cushing’s 605 <5 24 18.0 Adenoma 20 33, 34 (patient
syndrome #1)
Primary 17 n 10.0 15.7 Adenoma 20 35
aldosteronism
Cushing’s 304 <5 2.3 26.2 Adenoma 30 Unpublished
syndrome
Cushing’s 390 14 101 35.9 Hyperplasia R, 24,25
syndrome 2 nodules,
25and 30
Cushing's 43 <15 31 28.3 Hyperplasia R50,L50 (36)
syndrome
Cushing’s 372 15 5.0 270 Hyperplasia R 35,L35 Unpublished
syndrome
Cushing’s 230 5 15.0 39.8 Hyperplasia R104,L65 37 (patient 12)
syndrome
Cushing’s 525 <5 6.0 35.2 Hyperplasia R35,L40 26 (patient 2),
syndrome 27 (patient 2)
Cushing’s 707 <5 15.9 76.5 Hyperplasia R50,L54 26 (patient 4),
syndrome 27 (patient 3)
Cushing’s 213 <1 5.9 25.9 Hyperplasia  R23,L23 Unpublished
syndrome
Cushing’s 463 <1 5.2 34.7 Hyperplasia R 60, L 32 Unpublished
syndrome,
familial
presentation
Sublinical 34 7 12.8 NA Hyperplasia  R10,L28 Unpublished
Cushing’s
syndrome
Subclinical 63 9 1.2 NA Hyperplasia R38,L12 Unpublished
Cushing’s
syndrome,
MEN 1

R, right; L, left; MEN 1, multiple endocrine neoplasia type 1.

insight.jci.org

The global CGH array profile is presented in Supplemental Figure 4, and identified CNAs are described in
detail in Supplemental Tables 1-3. Very few CNAs were detected in adenoma samples, suggesting that GIPR-
expressing adenomas belong to the “CNA-negative” subgroup of adrenocortical tumors (2). In contrast, as
previously shown (13), hyperplasia samples had a higher number of extensive chromosomal imbalances.

In 3 samples, we identified somatic duplication in 19q13.32. In patient #1, array-CGH revealed a micro-
duplication of 19q13.32 encompassing a 100.4-kb region (hgl9 assembly, chr19:46,167,704—46,268,140)
in the adrenal adenoma (Figure 2A). The duplication was not found in adjacent non-tumorous adrenal
tissue and in the germline DNA. In patient #2, array-CGH also revealed a microduplication of 19q13.32
encompassing a 191.9-kb region (hgl9 chr19:46,149,049-46,340,961) in the adrenal adenoma (Figure 2A).
In patient #10, the entire long arm of chromosome 19 was duplicated in hyperplasia tissue, with ratios sug-
gesting mosaicism. Again, this duplication was absent in the germline DNA. No duplications in 19q13.32
were identified in 4 GIP nonresponsive adenoma samples and 11 GIP nonresponsive hyperplasia samples.

https://doi.org/10.1172/jci.insight.92184 3
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Figure 1. Adrenal glucose-dependent insulinotropic polypeptide receptor (GIPR) expression in patients with GIP-dependent Cushing’s syndrome or
aldosteronoma. (A) GIPR expression profile in adrenal tissue samples obtained on reverse transcription quantitative PCR (RT-gPCR) and normalized

to the S-actin housekeeping gene. Similar results were obtained when G/PR expression was normalized to 785. Four samples of normal adrenal tissue
(NA1-NA4); non-tumorous adrenal tissue (PT) adjacent to adenoma of patient #1; 5 adrenocortical adenomas; and 10 bilateral adrenal hyperplasias from
patients with aberrant adrenal sensitivity to GIP were studied. In one patient with bilateral adrenal hyperplasia (#7), samples from both adrenal lesions
(R, right; L, left) were analyzed. Results are expressed as relative GIPR expression compared with mean expression level in the unaffected adrenal tissue
samples, arbitrary set at 1, representing 1.60 x 10~ + 0.54 x 10~* amol/amol of S-actin. The expression of GIPR in adrenal lesions of patients with GIP-
dependent Cushing’s syndrome or aldosteronoma was increased (570 + 159-fold, ranging from 23- to 2,152-fold) compared with the mean expression level
in the unaffected adrenal tissue (P < 0.0001, Mann-Whitney U test). Experiments were performed twice; one representative experiment is shown here.
Three independent determinations were done for each sample. The lines represent the median values; the whiskers represent the minimal and maximal
values. (B) Representative examples of adrenal GIPR expression as assessed by RNA FISH in adrenal lesions with or without 19g13 duplication. Monoal-
lelic (a maximum of one RNA FISH signal is visible per nucleus) GIPR expression in interphase nuclei is visible as one green pinpoint in adrenal lesions of
patients with GIP-dependent Cushing’s syndrome or aldosteronoma. RNA FISH analysis was performed on all adrenal lesions with aberrant sensitivity

to GIP, except for lesions of patient #11 and #12, due to the lack of good quality frozen tissue in these two samples. Normal adrenal tissue did not show
any GIPR expression. (C) Percentage of nuclei with monoallelic GIPR expression determined by RNA FISH. At the bottom of the histogram, the number of
analyzed nuclei is indicated. Scale bars: 5 pm.
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Figure 2. Genomic 19q13 duplications in adrenal lesions of 3 patients with glucose-dependent insulinotropic polypeptide-dependent (GIP-dependent)
Cushing’s syndrome. (A) 19q13 microduplications, as seen on oligonucleotide-based array comparative genomic hybridization analysis (array-CGH), in the
adenomas of patients #1and #2. Duplicated genomic segments are shown in blue and adjacent nonduplicated segments in white. The genomic coordi-
nates of the duplicated segments are shown above the blue boxes. The magnification scale of chromosome 19 and the genomic content in the duplicated
regions are shown below the boxes (adapted from the UCSC Genome Browser, http://genome.ucsc.edu/). (B) Representative examples of GIP receptor
(GIPR) loci visualized by DNA FISH analysis. Three GIPR loci (green) are visible in the majority of the interphase nuclei in the adrenal tissue of 3 patients
with genomic 19q13 duplication on array-CGH (Supplemental Figure 4), represented here by samples of patients #2 and #10. DNA FISH analysis of the
adrenal sample of patient #1is shown in Figure 3C. Two GIPR loci are present in the interphase nuclei of the normal adrenal tissue and in adrenal lesions
without 19q13 duplication on array-CGH, represented by adenoma of patient #3. Scale bars: 5 um.

The smallest regions of overlap (hgl9 chr19: 46,167,704—46,268,140) encompassed 5 genes, namely GIPR,
SNRPD2, QPCTL, FBX046, and SIX5. RT-qPCR of RNA of these adrenal samples versus RNA from
unaffected adrenal tissue showed that GIPR was the only overexpressed gene. Expression of the other 4
duplicated genes was not significantly different (Supplemental Figure 5).

DNA FISH confirmed duplication of the GIPR locus in adenoma samples from patients #1 and #2
and a hyperplasia sample from patient #10. As expected, two GIPR loci were observed in normal adrenal
tissue. Other adenoma and hyperplasia samples also had two detectable GIPR alleles as resolved by DNA
FISH (Figure 2B).

Characterization of the chromosomal rearrangements. To further characterize the molecular events leading
to transcriptional activation of a single allele of GIPR, we performed mate-pair sequencing on DNA sam-
ples from 6 selected adrenal lesions. We analyzed DNA from the 3 adrenal lesions harboring the 19q13.32
duplication and from 3 lesions without CNAs on the GIPR locus. Sequencing of mate-pair libraries yielded
121,226,487 * 18,679,783 mapped pairs with insert sizes of 3.4 £ 0.8 kb. This provided effective coverage
of 68 + 14X relative to the six billion base pair diploid genome in adrenal cells. BAM preprocessing with
SVDetect yielded 12,752,546 * 2,772,124 abnormally mapped pairs.

In the adenoma of patient #1, mate-pair SVDetect analysis identified an interchromosomal rearrange-
ment between the duplicated segments 19q13.32 and 20q13.12. Abnormal pairs indicated two breakpoints
(hg19 chr19:46,166,265—chr20:45,950,228 and chr19:46,271,027—chr20:46,030,117) compatible with dupli-
cation of one of these chromosome segments, separated by insertion of the other nonduplicated segment in
inverted orientation. Similarly, in adenoma from patient #2, mate-pair analysis identified an intrachromo-
somal rearrangement between the duplicated segments 19q13.32 and 19q13.43. Abnormal pairs revealed
two breakpoints (hgl9 chr19:46,152,434-57,454,276 and chr19:46,344,667-57,820,369), indicating
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a similar configuration of the rearrangement (Figure 3A). In both adenoma samples, breakpoints close to
the GIPR gene were characterized at base pair resolution by conventional Sanger sequencing of the PCR
fragments (Figure 3B), showing a junction of canonical nonhomologous end-joining typical of chromo-
somal translocations in human cells (14). In the hyperplasia sample of patient #10 with 19q duplication,
mate-pair analysis did not identify breakpoints at the pericentromeric region. In the other 4 samples, mate-
pair SVDetect analysis did not reveal rearrangements, including at the GIPR locus.

The rearranged genomic environment drives aberrant monoallelic expression of GIPR. To further explore the
functional impact of the GIPR genomic rearrangements as identified in adenoma of the patient #1, we
performed DNA and RNA FISH on this sample. We confirmed the insertion of the duplicated 19q13.32
region in close proximity to the ZMYNDS gene (zinc finger and MYND [myeloid, Nervy, and DEAF-1]
domain containing 8) on chromosome 20. RNA FISH revealed that GIPR was only expressed from the
allele translocated on chromosome 20, as indicated by ZMYNDS expression (Figure 3C).

We investigated the functional impact of the newly observed genomic environment in the tumor of
patient #1. In this tumor, the chromosome rearrangement juxtaposed the GIPR gene to the second intron
of the ZMYNDS gene, which contains an alternative start site for RNA polymerase II and several cis-acting
regulatory elements, including a glucocorticoid response element (GRE) (15) (Supplemental Figure 6A)
and Spl binding motifs. Transient transfections of HEK 293T cells with a ZMYNDS intron 2-pGL4.26-
luciferase vector showed transcriptional activation of ZMYNDS intron 2 by glucocorticoids, confirming the
functional status of the GRE (Figure 4A). Expression of a chimeric ZMYNDS intron 2-pGL4.26-GIPR vec-
tor (Supplemental Figure 6B) in HEK 293T cells and in adrenocortical H295R cells resulted in increased
cAMP signaling in the presence of 10”7 M GIP, which was abolished by the protein-kinase A inhibitor
H-89. Co-treatment with dexamethasone resulted in a significant increase in cAMP production by HEK
293T cells (Figure 4B) and by H295R cells (Figure 4C). Thus, this GRE-containing fragment of intron 2 of
ZMYNDS was sufficient to drive GIPR expression.

Discussion

Since the initial description of GIP-dependent Cushing’s syndrome (9, 10), molecular mechanisms respon-
sible for ectopic GIPR expression in adrenal tissue have remained elusive (6). Here, we describe the results
of combined molecular analyses in the largest reported collection of adrenocortical adenomas and bilateral
macronodular adrenal hyperplasias from patients with GIP-dependent Cushing’s syndrome or aldostero-
nism. GIPR expression analysis by RNA FISH consistently demonstrated GIPR expression from a single
allele in all adenoma and hyperplasia samples with aberrant sensitivity to GIP, whereas GIPR was not
expressed in normal adrenal cells. Monoallelic GIPR expression observed in all adrenal lesions suggested
a common disease mechanism leading to transcriptional activation of a single allele of this gene. Either
chromosome rearrangements and point mutations and/or epigenetic abnormal modifications of the GIPR
regulatory region (promoter or enhancer) could underlie inappropriate adrenal lesion GIPR expression.

Indeed, molecular and cytogenetic assessments showed that 3 adrenal lesions harbored somatic dupli-
cations in chromosome region 19q13.32. The duplicated region that was common to all 3 samples con-
tained 5 protein-encoding genes, of which only GIPR, located at the extremity of the duplicated region, was
markedly overexpressed in these adrenocortical lesions. Recently, we described Xq26.3 microduplications
in patients with early-onset acrogigantism (16), showing that genomic gains may promote inappropriate
hormonal hypersecretion.

In two adenoma samples, the duplicated 19q13.32 region was rearranged with other chromosome
regions, whereas in one hyperplasia sample, 19q duplication without chromosome rearrangements was
detected. Examples of genomic rearrangements in endocrine tumors include gene fusion involving the RET
oncogene in papillary thyroid carcinomas (17), a chimeric 11 S-hydroxylase/ aldosterone synthase gene in glu-
cocorticoid-remediable aldosteronism (18), and juxtaposition of the parathyroid hormone promoter with
the cyclin D gene in some parathyroid adenomas (19). In the two tumors described here, chromosome rear-
rangements did not result in fusion of the coding sequences of two genes but placed GIPR in a chromatin
environment favoring transcriptional activation in the vicinity of cis-acting regulatory regions. As shown by
RNA FISH experiments, this genomic environment drove abnormal expression of the translocated GIPR
allele in the cells in both adenomas.

In the adenoma of patient #1, GIPR was fused with an intronic regulatory region of the ZMYNDS gene
located in chromosome region 20q13.12. ZMYNDS is ubiquitously expressed and plays a role in chromatin

https://doi.org/10.1172/jci.insight.92184 6
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Figure 3. Chromosome rearrangements in adrenocortical adenoma of two patients with glucose-dependent insulinotropic polypeptide-dependent
(GIP-dependent) Cushing’s syndrome drive ectopic GIP receptor (GIPR) expression in adenoma cells. (A) Genomic rearrangements in adenoma samples
from patient #1and #2, as revealed by mate-pair analysis. Next-generation sequencing (NGS) data identified abnormally mapped reads corresponding

in tumor from patient #1 to interchromosomal rearrangement between chromosome segments 19g13.32 and 20q13.12, and in tumor from patient #2 to
intrachromosomal rearrangement between chromosome segments 19q13.32 and 19q13.43. The genomic coordinates of the rearranged genomic segments
are shown above the boxes. White and blue arrows indicate abnormal reads corresponding to break points. Selected genes in the rearranged chromosome
segments are shown below the boxes (adapted from the UCSC Genome Browser). The break point at position hg19 chr20:45,950,228 in adenoma from
patient #1 corresponds to the second intron of the zinc finger and the MYND (myeloid, Nervy, and DEAF-1) domain containing 8 (ZMYNDS8) gene, which is
consequently truncated. In the adenoma of patient #2, the break point at position hg19 chr19:57,454,276 falls within a noncoding region of chromosome
19. (B) The breakpoints in the proximity of the GIPR gene at base-pair resolution, characterized by conventional Sanger sequencing of the PCR fragments,
showing one base-pair insertion (Ins) typical of canonical nonhomologous end-joining. Microhomologies are indicated in red. (C) DNA (top) and RNA FISH
(bottom) analyses in adenoma of patient #1. On DNA FISH, 3 GIPR loci (green) and two ZMYNDS loci (red) are visible in each interphase nucleus. Thus,
DNA FISH confirms duplication of the 19q13.32 region and its insertion in close proximity to ZMYNDS8 in this sample. Representative examples of GIPR
expression (green) and of ZMYNDS8 expression (white) in adenoma of patient #1, as analyzed by RNA FISH, are also shown. Arrows indicate GIPR expres-
sion from a single allele in each nucleus. The RNA FISH signal corresponds to the translocated G/IPR allele fused with intron 2 of the ZMYNDS8 gene located
in chromosome region 20g13.12. Scale bars: 5 um.
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(bottom and top of the box); the lines within the boxes rep-
resent the median values; the whiskers depict the minimal
and maximal values. Presented data are the means of 2
independent experiments, with n = 8 for each experiment.
Statistical significance was evaluated by Kruskal-Wallis
test followed by Dunn’s post-test. **P < 0.01, ***P < 0.001.
(D) Schematic representation of the positive regulatory
loop that maintains ectopic GIPR expression in the adeno-
ma of patient #1.

recognition of transcription-associated DNA damage (20, 21). We show that GIPR expression in this tumor
was positively regulated by glucocorticoids via a functional GRE located in the second intron of ZMYNDS8
(15). Consequently, GIPR stimulation by GIP led to postprandial cortisol production, which maintained
inappropriate GIPR expression, thus forming an intracrine and/or paracrine positive regulatory loop
responsible for excess cortisol (Figure 4D). In the adenoma of patient #2, GIPR was placed in a vast inter-
genic region, with the closest protein-coding gene USP29 situated 176 kb from the break point. Recently,
the Encyclopedia of DNA Elements (ENCODE) enabled us to assign biochemical functions for 80% of the
genome, in particular outside of the well-studied protein-coding regions, pointing out the importance of
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such apparent “desert” intergenic regions in transcriptional regulation (15).

The observation of structural variations on the 19q13.32 locus does not apply to other adenoma and
bilateral macronodular adrenal hyperplasia cases analyzed. Genetic or epigenetic alterations in the GIPR
promoter region could be the cause of transcriptional activation of GIPR in these adrenal lesions without
structural variations on the 19q13.32 locus. However, no changes in methylation of the proximal GIPR pro-
moter were detected in this study (Supplemental Figure 3). Considering the possible link between chronic
pituitary ACTH stimulation in Cushing’s disease and adrenal GIPR expression (22), in some cases of
primary bilateral macronodular hyperplasia adrenal GIPR expression could be amplified by ectopic ACTH
produced within the adrenocortical tissue (5).

Several adrenal lesions expressed more than one aberrant receptor (Supplemental Figure 2). No
genomic duplications in the corresponding loci were detected by array-CGH analysis in these 4 patients.
Of note, in patients #7 (left adrenal lesion) and #10, the entire long arm of the chromosome 1 was dupli-
cated. Chromosome 1q contains the gene encoding vasopressin receptor type 1b receptor, AVPRIb, but
AVPRI1b was not expressed in these lesions. In contrast to microduplications with chromosome rearrange-
ments, which create a novel genomic environment favorable for transcription, arm-level duplications alone
are probably not sufficient to drive aberrant gene expression. How several receptors encoded on different
chromosomes can be expressed in the same tissues remains enigmatic. Recently, a link between activating
CTNNBI p.Ser33Cys, p.Gly34Arg, and p.Ser45Phe mutations and overexpression of gonadotropin-releas-
ing hormone receptor and luteinizing hormone/chorionic gonadotropin receptor in 3 aldosterone-produc-
ing adenomas has been suggested (23). We did not identify these CTNNBI mutations, in particular in 3
bilateral macronodular adrenal hyperplasia samples (24—27) that also overexpressed luteinizing hormone/
chorionic gonadotropin receptor (Supplemental Figure 2). As reported by others (28), the relation between
these CTNNBI mutations and gonadal receptor expression thus seems not to be a recurrent finding.

However, one GIPR-expressing adrenal adenoma harbored a somatic CTNNB! p.Ser45Cys mutation,
which could contribute to tumor development. By analogy, the MENI mutation in patient #15 may have
presented a genetic hit leading to bilateral adrenal hyperplasia development. No mutations in genes known
to be involved in adrenal tumorigenesis were identified in the remaining 14 adrenal lesions. In particular,
consistent with previous reports (4, 29), no ARMC5 mutations were detected in any of the patients with GIP-
dependent Cushing’s syndrome studied. Thus, ARMC5-related bilateral macronodular adrenal hyperplasia
and GIPR-dependent adrenal proliferation seem to have different pathogeneses. Activation of the ectopic
GIP receptor, functionally coupled to cAMP signaling, not only triggers excessive hormone production, but
very likely contributes to adrenal cell proliferation and tumor development as demonstrated in mice (30).

In conclusion, we demonstrated that ectopic GIPR expression in adrenocortical adenomas and in
bilateral macronodular adrenal hyperplasias of patients with GIP-dependent Cushing’s syndrome or GIP-
dependent aldosteronism is consistently associated with transcriptional activation of a single allele of the
GIPR gene. Three adrenal lesions harbored somatic duplications in 19q13.32 containing the GIPR; in two,
genomic gain was associated with chromosomal rearrangements, creating a chromatin environment favor-
ing GIPR transcription.

Methods

Patients. We analyzed 16 adrenal samples derived from 15 patients who had undergone adrenalectomy for
adrenocortical adenoma or ACTH-independent bilateral macronodular adrenal hyperplasia. In a patient
with primary bilateral macronodular adrenal hyperplasia (#7, Table 1), samples from both adrenal lesions
were available for analysis. Samples were collected at 8 endocrine centers in Europe, the USA, and Canada.
All adrenal lesions with proven GIPR expression available in these participating centers were selected for the
study. Fourteen specimens were obtained from 12 patients with overt GIP-dependent Cushing’s syndrome
and from one patient with GIP-dependent aldosteronism. Eight of these cases were previously reported
(24-27, 31-37). GIP-dependent Cushing’s syndrome was diagnosed according to standard criteria showing
hypercortisolism (38) in combination with low morning (fasting) plasma cortisol and ACTH concentrations
and an increase in plasma cortisol concentration in response to a meal or to other tests, such as GIP infusion.
GIP-dependent aldosteronism was diagnosed in a patient presenting with classical clinical and biological
criteria of hyperaldosteronism (39) and a significant postprandial and post-GIP infusion renin-indepen-
dent increase in plasma aldosterone concentration. Two additional primary bilateral macronodular adrenal
hyperplasia samples from patients with subclinical Cushing’s syndrome without presurgical biochemical
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demonstration of aberrant adrenal sensitivity to food were included (patients #14 and #15), based on GIPR
expression screening among 78 adrenal lesion samples derived from patients with overt or subclinical Cush-
ing’s syndrome collected at the NIH. We further included 4 samples of adrenocortical adenomas and 11
samples of bilateral adrenal hyperplasia with no GIPR expression as controls. Eleven of these control sam-
ples were obtained from patients with adrenal Cushing’s syndrome, two samples were from patients with
primary hyperaldosteronism, and one sample was from a patient with nonfunctioning adrenal adenoma. We
also studied samples of macroscopically and histologically unaffected adrenals obtained from 4 subjects who
underwent total nephrectomy with adrenalectomy for renal cell carcinoma and peritumoral adrenal tissue
from patient #1 (Table 1). We analyzed leukocyte DNA from patients #1 and #10.

Molecular analysis of the adrenal lesions and in vitro studies. We sequenced the ARMC5, PRKACA, and
PRKARIA genes, exon 3 of the CTNNBI gene, and exons 7-9 of the GNAS gene in DNA extracted from
the adrenal lesions. We measured gene expression levels in adrenal samples using reverse transcription
qPCR (RT-gPCR). We analyzed expression of ADRBI, AGTRI, AVPRIa, GIPR, GnRHR, HTR4, LHCGR,
MC2R, QPCTL, SIX5, SNRPD2, FBOX46, and ZMYNDS (Supplemental Table 4). We applied DNA and
RNA FISH to frozen samples. We performed array-CGH on DNA samples from the adrenal lesions. We
performed mate-pair analyses on the tumor DNA of 6 patients. We transfected human HEK 293T cells
and adrenocortical H295R cells with the ZMYNDS intron 2-pGL4.26-Luc and ZMYNDS intron 2-pGL4.26-
GIPR plasmid constructs for in vitro studies. More details are provided in Supplemental Methods, available
online with this article.

Study approval. Patients with adrenocortical adenomas and bilateral macronodular adrenal hyperplasias
expressing GIPR and patients from whom unaffected adrenal tissue was obtained gave written informed
consent for genetic analyses; all studies were approved by the local ethics committee at Bicétre hospital, Le
Kremlin-Bicétre, France.

Statistics. Data are expressed as mean = SEM. Differences between groups were analyzed by nonpara-
metric Mann-Whitney U test or Kruskal-Wallis test, followed by Dunn’s post-test (Prism, GraphPad Soft-
ware). P values less than 0.05 were considered statistically significant.
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