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Abstract

Mutations in ARMCS5 gene have been recently identified as the main cause of Primary
Macronodular Adrenocortical Hyperplasia (PMAH). PMAH patients have an ARMC5 germline
mutation and, in addition, somatic tissue-specific mutations. This is consistent with the two-hit
hypothesis of tumorigenesis and suggests that ARMC5 may be a tumor suppressor gene. As its
function is still unclear, we analyzed the expression of the four ARMCS5 isoforms in 46 normal
human tissues. This showed that at least one ARMC5 isoform is ubiquitously expressed
throughout the body; however, only 7 tissues expressed all isoforms, including the adrenal gland
and the brain. Interestingly, the highest expression for ARMCS in the brain is the pituitary gland.
The isoform ARMC5-003 was present in most endocrine tissues including the pituitary, adrenal
glands and the pancreas. In this report, we present new data about ARMC5 expression pattern in
human tissues; its wide expression in brain, pituitary gland and other tissues suggest that
mutations may be responsible for additional pathologies, beyond what is already known in PMAH
and meningiomas.

Keywords
ARMCS; Adrenal; Primary Macronodular Adrenal Hyperplasia; Isoform; expression

1. Introduction

The ARMCS5 gene is mutated in almost 50% of patients with primary macronodular
adrenocortical hyperplasia (PMAH) (Alencar, Lerario, Nishi et al., 2014,Assie, Libe,
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Espiard et al., 2013,Drougat, Omeiri, Lefevre et al., 2015,Duan, Gomez Hernandez and
Mete, 2014,Faucz, Zilbermint, Lodish et al., 2014,Gagliardi, Schreiber, Hahn et al.,
2014,Espiard, Drougat, Libe et al., 2015). These mutations are found at the germline and
somatic levels consistent with the two-hit hypothesis of tumorigenesis. Functional studies
suggested that ARMC5 may be functioning as a tumor suppressor gene. In 2014, a family
with a germline inactivating ARMC5 mutation and PMAH was described in which there was
also a meningioma and neuroendocrine tumor (NET); a somatic frameshift ARMC5
mutation (p.R502fs) was found in the meningioma but not in the NET (Elbelt, Trovato,
Kloth et al., 2015). Additional patients with meningiomas and ARMC5 mutations have since
been described; this discovery suggested that ARMCS5 defects may have a pathogenic role in
other tissues or diseases.

Most of ARMC5 mutations identified are frameshift (21/54, 38%) and/or nonsense (12/54,
22%) leading to a clear loss of function (Espiard and Bertherat, 2015). Missense variants,
which represent approximately 31% of the identified variants (Drougat et al., 2015), are
harder to classify as pathogenic because ARMCS5’s function remains unclear. Assie et al.
demonstrated /n vitrothat some of the missense variants identified in patients fail to induce
apoptosis after transfection in a human adrenocortical cancer cell line (H295R), suggesting
that these variants affected ARMCS5’s pro-apoptotic function (Assie et al., 2013). However,
if and how the inhibition of apoptosis resulting from biallelic inactivation of ARMCS leads
to hyperplasia remains unknown.

In the existing literature, all ARMCS5 mutations have been analyzed against ARMC5-201
(NM_001105247), one of the four ARMC5isoforms described in the £nsembl database
(http://www.ensembl.org/index.html). However, ARMC5-201 is not the longest isoform of
this gene. Two additional coding exons at the 5’ end of the gene that are present only in the
ARMCS5-001 transcript (NM_001288767) are, thus, often ignored. In this paper, we
determine the respective expression of the four known ARMC5isoforms in a set of 46
human normal tissues including the adrenal gland. This information is useful for the
functional interpretation of ARMCS5 defects; the broad expression of ARMCS5 in various
tissues suggests that ARMC5 may have additional functions in both physiology and perhaps
pathology in a number of other tissues.

2. Materials and methods

2.1 Alignment

ARMCS5 transcripts and proteins sequences have been obtained via £nsembl database (http://
www.ensembl.org/index.html) (Yates, Akanni, Amode et al., 2016). Although ARMC5
transcripts sequences were aligned using Clustal Omega (Sievers, Wilm, Dineen et al.,
2011,Goujon, McWilliam, Li et al., 2010), the alignment of ARMC5 protein sequences and
the phylogenic tree were generated using Geneious version 4.8 (Kearse, Moir, Wilson et al.,
2012).
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2.2. Reverse Transcription quantitative real-time PCR (RTqPCR)

RTQPCR for ARMC5 expression was performed using SYBR Green (4309155, Applied
biosystems) on cDNA from 46 human normal tissues using the Tissue Scan qPCR assays
(HMRT503, Origene). The different brain tissues used for RTqPCR were also obtained from
Origene (HBRT301). The sequence of primers used to discriminate ARMC5 isoforms are
provided in Table 2. For relative quantification, relative expression of ARMCS5 isoforms was
calculated using AACt method. All measurements were normalized to the ARMC5/beta
actin ratio.

2.4. Immunohistochemistry

Paraffin-embedded normal human brain slides were provided by Alpha diagnostic
international (HTS-10301). The slides were deparaffinized in Histoclear (HS-202, National
diagnostics) and rehydrated through ethanol gradient. After the epitope retrieval in Vector
Antigen Retrieval Solution (H3300, Vector Labs) at 95°C, ARMCS5 antibody (NBP1-94024,
Novus, USA) diluted 1/50 was incubated overnight at 4°C. The primary antibody was
detected using an anti-rabbit antibody coupled to biotin (111-065-144, Jackson
ImmunoResearch Laboratory) following by a streptavidin-HRP amplification (016-030-084,
Jackson ImmunoResearch Laboratory). The HRP activity was detected with 3,3'-
diaminobenzidine tetrahydrochloride (DAB) (SK-4105, Vector Labs). The slides were
counterstained with hematoxylin (K8008, Dako).

3. Results
3.1 Structure of the ARMC5 gene

ARMCS5 gene orthologs are found both in vertebrates and invertebrates and their sequence
identity can vary from 30 to 90% at protein level, with the highest conservation among
mammals (Figure 1). Even though there is a large variability in the protein sequence
conservation between species, it is important to notice that both the Armadillo and the BTB
domain are conserved. Therefore, the structure of ARMC5 gene is well conserved
throughout evolution as homologous genes are found for instance, in fish. In humans,
ARMC5 gene (NM_001288767) consists of 8 exons. Eight transcripts resulting from
alternative splicing are reported in Ensembl database but only 6 of them are predicted to
encode for protein. Among these 6 isoforms, four have been confirmed in at least 4 different
sources: European Bioinfornatics Institute (EBI), National Center for Biotechnology
Information (NCBI), the Welcome Trust Sanger Institute (WTSI) and the University of
California at Santa Cruz (UCSC) and have then a Consensus CDS (CCDS) number. In this
paper, we focus our attention on these four isoforms and to avoid any confusion, we are
using the E£nsembl/ nomenclature, ARMC5-001 (NM_001288767), ARMC5-002
(NM_024742), ARMC5-003 (NM_001301820) and ARMC5-201 (NM_001105247) (Figure
2). The isoform ARMC5-001 that is the longest isoform (3626bp, 1030aa) is divided in 8
exons (Figure 2a). The exons 3 to 6 coding for the Armadillo domains are conserved in all
the isoforms. Noteworthy, the last exon of ARMC5-002 is longer than the corresponding
exon in the other isoform. The transcripts varied mostly from their 5” and 3° UTR. The
second protein-protein interaction domain identified in ARMC5, the BTB (Broad-Complex,
Tramtrack and Bric a brac)/POZ (Poxvirus and Zinc finger) is located at the carboxyl-
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terminal end of the protein. This domain is conserved in all the isoforms except
ARMC5-002 (Figure 2b). In conclusion, only ARMC5-001, ARMC5-003 and ARMC5-201
are quite similar at the protein level regarding their domain organization.

3.2. ARMCS5 isoforms expression

Unfortunately, the high similarity between ARMC5-201 and the other isoforms does not
allow us to design primers specific for that isoform (Supplementary Figure 1). Therefore, we
are using one pair of primers recognizing both ARMC5-201 and ARMC5-002 and a second
pair of primers targeting specifically ARMC5-002.

We analyzed ARMCS5 expression by RTgPCR in 46 human normal tissues. The cDNASs used
for this study came from a pool of samples including both genders and different ages. The
diversity of the samples analyzed has to be taken in consideration for the analysis. Although
ARMC5 is ubiquitously expressed in the set of tissues analyzed, the expression level is
highly heterogeneous. ARMC5 expression is higher in the thyroid, the ureter, the brain, the
tonsil, the spinal cord, the adipose tissue, the tongue, the lung and the lymphocyte than in
the adrenal gland (Figure 2¢). Whereas the isoform ARMC5-002 is expressed ubiquitously
(Table 2), the isoform ARMC5-003 and ARMC5-001 show more specific expression pattern
as they are expressed in only 16 and 18 tissues respectively (Table 2). Only 7 out of 46
tissues expressed all 4 ARMC5 isoforms. These tissues were thymus, pancreas, the adrenal
gland, adipose tissue, trachea and lung.

3.3. ARMCS5 expression in brain

The brain was one of the sites with the highest expression of ARMC5'in our analysis and it
was also one of the tissues that expressed all 4 isoforms. Therefore, we analyzed ARMC5
expression in 24 tissues originating from the brain using primers targeting all the isoforms
(Figure 3a). Interestingly, ARMC5 was highly expressed in the pituitary gland.

The expression of ARMC5 in the brain was specific to some other tissues in addition to the
pituitary, such as substantia nigra, choroid plexus, and the cerebellum (Figure 3a). Similarly,
ARMCS is only expressed in a subset of cells in the cerebellum as demonstrated by
imunohistochemistry (Figure 3b), confirming the data available on the protein databases,
where ARMCS is reported as being highly expressed in glial and neuronal cells (Uhlen,
Fagerberg, Hallstrom et al., 2015).

4. Discussion

ARMCS5 is a tumor suppressor gene involved in the development of adrenal hyperplasia but
its expression is not limited to the adrenal gland. Although the four ARMC5isoforms have a
different pattern of expression, ARMC5 is generally ubiquitously expressed. We showed that
the isoform ARMCS5-201, which is used as a reference sequence for the functional analysis
of the missense variants identified in our patients, is expressed in all the studied tissues.
However, in the adrenal gland, all four ARMCS5 isoforms are expressed suggesting that the
sequencing of the first two exons of ARMC5-001 may be useful to search for somatic
mutations where previously none has been identified. Indeed, no somatic ARMC5 mutations
have been identified in tissues from patients with PMAH in a number of publications to date
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(Faucz, Zilbermint, Lodish et al., 2014). These patients could, in theory, carry somatic
mutations in the coding sequence of the ARMC5-001 isoform.

Interestingly, the only ARMCS5isoform that is clearly expressed ubiquitously is the one
without a BTB domain, ARMC5-002, suggesting that the BTB interaction may be part of an
organ-specific function of ARMCS. We can then hypothesize that the presence of the BTB
domain may change the interacting partners leading to ARMCS5 involvement in different
signaling pathways in the sites where the ARMC5-002 is expressed.

On the other hand, ARMC5-003 is expressed mostly in endocrine tissues. Among the 16
tissues expressing this isoform, 9 tissues are either endocrines (pancreas, pituitary, adrenal,
placental, testis, prostate) or they produce hormones (thymus, stomach, adipose tissue).
Therefore, the regulatory region controlling ARMC5-003 expression may be specifically
regulated by the endocrine system.

In conclusion, we present ARMCS’s phylogeny, transcript isoforms, and pattern of
expression. This information is useful for future studies of ARMCS5’s genetic screening and
function. The data suggest that ARMC5 may have a role in the pathogenesis of diseases
involving other tissues beyond the adrenal gland.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. ARMCS phylogeny

ARMCS proteins sequences from 55 different species were classified by phylogenic tree.
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Figure 2. Expression of human ARMCS isoforms in 46 human normal tissues

30000 35.000

a. Schematic representation of human ARMC5 transcripts. The full boxes represent the
coding sequences whereas the open boxes are the 5 and 3’ untranslated region (UTR). b.
Schematic representation of human ARMCS proteins. The orange boxes are the Armadillo
repeats and the red boxes, the BTB domain. c. ARMCS5 expression is expressed in the 46
human normal tissues analyzed by RTqPCR using primers recognizing all the isoforms.

These results were normalized to Bactin expression.
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Figure 3. ARMCS expression in human brain
a. ARMCS5 expression was analyzed in 24 different tissues of the brain by RTqPCR using

primers targeting all ARMCS isoforms. These results were normalized to f—actin
expression. b. ARMCS5 analysis by immunohistochemistry shows that ARMC5 expression is
not ubiquitinously expressed in the brain.
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Table 1

Sequences of the primers used to analyze ARMCS5 expression.

Sequence 5'-3" Amplicon size
ARMC5-001F GGCAGCGAACGTTCTCGTTCC 80b
p
ARMC5-R1 AGGGTTGGCTTCGCAGCCG
ARMC5-002F GAGTGAAGAACTCCCCGTTTCC 100
p
ARMC5-R4 GCCGCTTCCTAGAGTGACGG
ARMC5-003F GCGCTGCGATTAAGTTCCGC g0b
p
ARMC5-R1 AGGGTTGGCTTCGCAGCCG
ARMC5-002-201F CGTGTGCAAGGACAGACTTC 7
p
ARMC5-R6 GAAGACAGGGAAATCGTCGG
ARMC5-F1 GAACCGAACGGCCCGTGCCC 80b
p
ARMC5-R5 GTCAGGCTCTCCACAAGCAGG
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