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Abstract

ARMC5 (Armadillo repeat containing 5 gene) was identified as a new tumor suppressor 
gene responsible for hereditary adrenocortical tumors and meningiomas. ARMC5 is 
ubiquitously expressed and encodes a protein which contains a N-terminal Armadillo 
repeat domain and a C-terminal BTB (Bric-a-Brac, Tramtrack and Broad-complex) domain, 
both docking platforms for numerous proteins. At present, expression regulation and 
mechanisms of action of ARMC5 are almost unknown. In this study, we showed that 
ARMC5 interacts with CUL3 requiring its BTB domain. This interaction leads to ARMC5 
ubiquitination and further degradation by the proteasome. ARMC5 alters cell cycle (G1/S 
phases and cyclin E accumulation) and this effect is blocked by CUL3. Moreover, missense 
mutants in the BTB domain of ARMC5, identified in patients with multiple adrenocortical 
tumors, are neither able to interact and be degraded by CUL3/proteasome nor alter cell 
cycle. These data show a new mechanism of regulation of the ARMC5 protein and open 
new perspectives in the understanding of its tumor suppressor activity.

Introduction

Germline mutations of Armadillo repeat containing 
5 gene (ARMC5) were identified in patients diagnosed 
with multiple bilateral adrenocortical tumors (PBMAH 
or primary bilateral macronodular adrenal hyperplasia) 
(Assie et  al. 2013, Alencar et  al. 2014, Faucz et  al. 2014, 
Gagliardi et al. 2014, Elbelt et al. 2015, Espiard et al. 2015, 
Bourdeau et al. 2016) conducting to increased production 
of cortisol. The excess of cortisol (Cushing’s syndrome) 
leads to central obesity, hypertension, diabetes mellitus 
and osteoporosis. A subset of patients also develop 

meningiomas (Alencar et  al. 2014, Elbelt et  al. 2015). 
These germline mutations are heterozygous and within 
each tumor a second alteration leads to ARMC5 biallelic 
inactivation in keeping with the Kudson’s two-hit model 
of tumor suppressor gene. The discovery of ARMC5 
alterations established the first direct genetic link to 
PBMAH, and several cases of familial PBMAH have been 
described (Alencar et al. 2014, Gagliardi et al. 2014, Elbelt 
et al. 2015, Bourdeau et al. 2016). In vitro studies in cell 
lines show that wild type (WT) ARMC5 induces apoptosis 
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and that ARMC5 point mutants lose this ability (Assie 
et  al. 2013, Espiard et  al. 2015, Cavalcante et  al. 2018). 
Moreover, in addition to its tumor suppressor gene role, 
ARMC5 modulates the adrenal steroid production (Assie 
et  al. 2013, Espiard et  al. 2015). Armc5 knockout mice 
suggest a role in embryogenic development and immune 
system (Berthon et al. 2017b, Hu et al. 2017).

ARMC5, located in the chromosome 16p11.2, is 
ubiquitously expressed (Berthon et al. 2017a) and encodes 
a protein of 935 amino acids mostly and uniformly 
distributed in the cytoplasm (Assie et  al. 2013, Espiard 
et  al. 2015). The protein ARMC5 contains a N-terminal 
Armadillo repeat domain and a C-terminal BTB (Bric-
a-Brac, Tramtrack and Broad-complex) domain, both 
docking platforms for numerous proteins. To date, the 
expression regulation and mechanisms of action of 
ARMC5 are unknown. Two large-scale protein-protein 
interaction screenings (Bennett et  al. 2010, Huttlin 
et  al. 2017), a Yeast Two Hybrid assay (Hu et  al. 2017) 
and co-immunoprecipitation (co-IP) followed by mass 
spectrometry (MS) analysis (Kouranti I, Abdel Khalek W, 
Mazurkiewicz S, Pintard L, Jeunemaitre X & Clauser E, 
unpublished observations) suggest that ARMC5 interacts 
with Cullin3 (CUL3).

CUL3 is a protein involved in the ubiquitin-
proteasome system (UPS), mediating the ubiquitination 
process and leading to target proteins to the 26S 
proteasome complex (Ciechanover 2017, Dubiel 
et  al. 2018). UPS regulates various important cellular 
processes, such as cell cycle regulation and cell growth 
(Ciechanover 2017). Ubiquitination is a process that 
relies on transferring ubiquitin (Ub) to specific substrates 
through complexes dependent on the action of an E1 
ubiquitin-activating enzyme, an E2 ubiquitin conjugating 
enzyme and an E3 ligase, which provides the specificity 
of substrate degradation (Ciechanover 2017). E3 ubiquitin 
ligases are classified into three main groups: homologous 
to the E6-AP carboxyl terminus domain (HECT)-type, 
really interesting new gene (RING)-type and RING-in-
between-RING (RBR)-type E3 ligases (Morreale & Walden 
2016). Cullins are scaffold proteins that organize the 
largest class of RING E3 ligases known as the cullin-
RING ligase complexes (CRLs). CRLs typically catalyze 
the addition of poly-ubiquitin chains to substrates 
and their subsequent degradation by the proteasome 
(Ciechanover 2017, Dubiel et al. 2018). CRL3 is composed 
of the CUL3 protein, the RING protein, RBX1, which 
binds the E2-enzyme, and a protein with a BTB domain 
acting as a substrate-specific adaptor (Dubiel et al. 2018). 

The substrate adaptor proteins can also be ubiquitinated 
by the CRL complex which they are a part of, such as 
Keap1, RhoBTB2 and SPOP (Wilkins et  al. 2004, Zhang 
et al. 2004, Zhou et al. 2015). The balance that regulates 
the stability of E3 ligases and substrates is important to 
maintain physiological homeostasis. CRL3s have been 
involved in various biological processes (cell cycle control, 
protein trafficking, stress responses and apoptosis) and its 
alterations have been associated to pathologies (metabolic 
disorders, muscle atrophy, neurodegeneration and cancer) 
(Ciechanover 2017, Dubiel et al. 2018).

In this study, we showed that ARMC5 interacts with 
CUL3 requiring its BTB domain. This interaction leads to 
the ubiquitination of ARMC5, leading to its degradation 
by the proteasome. Interestingly, ARMC5 silencing or 
overexpression alters cell cycle (G1/S phases and cyclin 
E accumulation) and this effect was blocked by CUL3 
(in case of ARMC5 overexpression). Moreover, missense 
mutants in the BTB domain of ARMC5, identified in 
patients diagnosed with PBMAH, are neither regulated by 
the CUL3/proteasome system nor alter cell cycle. These 
data show a new mechanism of regulation of the ARMC5 
protein and open new perspectives in the understanding 
of the tumor suppressor action of ARMC5 and its role in 
adrenal tumors development.

Materials and methods

Cell culture and cell transfection

The HEK293 and the H295R cell lines authenticated 
by short tandem repeats analysis were obtained from 
American Type Culture Collection (ATCC) and cultured 
as previously described (Ragazzon et al. 2009) for no more 
than 15 passages and regularly tested for mycoplasma 
contamination. Human adrenals were obtained after 
informed consent from two patients undergoing surgery 
for PBMAH. Adrenal tissue collection was approved by the 
ethics committee of the Institute of Biomedical Sciences of 
the University of Sao Paulo. PBMAH cell dissociation and cell 
culture were performed as previously described (Cavalcante 
et  al. 2018). Cells were transfected with plasmids or/and 
siRNA with jetPRIME reagent (Polyplus-transfection, 
Strasbourg, France) according to the manufacturer’s 
instructions. When indicated, cells were treated or not 
treated with cycloheximide (CHX, Sigma-Aldrich), MG132 
(Sigma-Aldrich) and MLN4924 (Calbiochem), Aphidicolin 
(Sigma-Aldrich) as described in each figure legends.
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Plasmids and small interfering RNA (siRNA)

All information and origin concerning the plasmids and 
siRNA used are listed in Supplementary Table 1 (see section 
on supplementary materials given at the end of this 
article). Plasmids were sequenced to confirm the absence 
of undesirable mutations. More details of plasmids are 
available on request.

RNA extraction, RT-qPCR and primer sequences

Total RNA was extracted from the cell lines using Promega 
RNA extraction kit (Promega), and the expression levels 
of target genes were determined by means of real-time 
PCR using a LightCycler Fast Start SYBR Green kit (Roche 
Diagnostics) according to the manufacturer’s instructions. 
Relative quantification of target cDNA was determined by 
calculating the difference in cross-threshold (CT) values 
after normalization to PPIA (CYCLO) signals (ΔΔCT 
method). Primer sequences and conditions for all target 
genes were described in Supplementary Table 1.

Protein extraction, immunoblotting and 
immunoprecipitation experiments

Cell were lysed in lysis buffer (50 mM Tris/HCl, 150 mM 
NaCl, 5 mM EDTA, 30 mM sodium pyrophosphate, 5 
mM NaF, 2% Triton, pH 7.5) supplemented with protease 
inhibitors and phosphatase inhibitors (Roche), followed by 
centrifugation at 15,000 g for 10 min at 4°C. Equal amount 
of proteins were resolved by SDS–PAGE, transferred to 
nitrocellulose membranes and incubated with primary 
antibodies overnight at 4°C. After washing, the membranes 
were incubated with the secondary antibody used at a 
dilution of 1:5000 for 1  h at room temperature. Bound 
antibodies were revealed using an ECL system (Pierce) 
and signal detected with a Pxi Camera (Ozyme). For 
co-immunoprecipitation experiments, cells were lysed in 
the lysis buffer described above and immunoprecipitations 
were performed with 800 µg of protein extracts with 2 μg of 
mouse anti-FLAG or mouse anti-HA overnight at 4°C with 
gentle agitation, magnetic beads (Protein G Mag Sepharose 
#28-9440-08, GE Healthcare) were added for 2 h. After 
washing, immunoprecipitates were eluted with 2× SDS 
loading buffer. For ubiquitination assay, cells were lysed 
under denaturing conditions (lysis buffer supplemented 
with 1% SDS, 1 mM DTT and 1.25 mg/mL N-ethylmaleimide 
(Sigma-Aldrich)) and boiled at 95°C for 5 min. For these 
assays, immunoprecipitations were performed with ANTI-
FLAG M2 Affinity Gel (Anti-FLAG®M2; Sigma-Aldrich) and 

immunoprecipitates were eluted with 3X FLAG peptide 
(F4799, Sigma-Aldrich). All antibodies used in this study 
are listed in Supplementary Table 1.

Bioluminescence resonance energy transfer 
(BRET) assays

The apparent affinity of wild type and the different 
mutants of ARMC5 for CUL3 were evaluated by BRET. 
In each experiment, a fixed amount of BRET donor 
plasmids (WT or mutants ARMC5-luciferase (Luc)) was 
transfected in HEK293 cells (6-well plates) in association 
with increasing amounts of the BRET acceptor plasmid 
CUL3-Yellow Fluorescent Protein (CUL3-YFP plasmid)  
(10–300  ng). For each transfection point, luciferase, 
YFP and BRET signals were measured using a Mithras 
Multimode Microplate reader LB 940 multimode reader 
(Berthold). BRET results were expressed in milli-BRET units 
(mBRET), plotted as a function of YFP/Rluc, in which YFP 
represents the actual amount of expressed BRET acceptor 
and Rluc, the amount of BRET donor in each sample.

Cell cycle analysis

For cell cycle experiments, cells were trypsinized, rinsed 
with PBS and fixed in 70% ethanol after transfection. Fixed 
cells were centrifuged, washed with PBS and resuspended 
in propidium iodide (PI) solution containing 50 µg/mL of 
PI (Sigma Aldrich) and 100 µg/mL RNAse A (Sigma Aldrich) 
in PBS. For each experiment, 20,000 events were acquired 
by flow cytometry using Novocyte Cytometer (Ozyme). 
Data were analysed using the Novoexpress Software.

Statistical analysis

Data are presented as mean ± s.d. No statistical method was 
used to predetermine sample size. Statistical analyses were 
performed by student t-test, by one-way ANOVA, followed 
by Tukey’s test or by two-way ANOVA. Statistically 
significant differences are indicated as *P < 0.05, **P < 0.01 
and ***P < 0.001.

Results

CUL3 interacts with ARMC5 through the BTB domain

We tested the interaction of ARMC5 with CUL3 in 
human embryonic kidney (HEK293) cell protein extracts. 
Overexpressed WT ARMC5-FLAG co-immunoprecipitated 
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(IP) with HA-CUL3 (Fig.  1A-left panel). Reciprocal co-IP 
experiments confirmed the interaction between HA-CUL3 
with ARMC5-FLAG (Fig. 1A-right panel). This interaction 
was further analyzed in living cells using a bioluminescence 
resonance energy transfer (BRET) proximity assay. Specific 
close proximity (<10 nm) between ARMC5 and CUL3 
was demonstrated by a hyperbolic BRET saturation curve 
upon the expression of increasing concentrations of the 
BRET acceptor (CUL3-YFP) in the presence of constant 
amounts of BRET donor (ARMC5-Luc) (Fig. 1B). Then, we 
investigated if three ARMC5 missense mutations located 
in different parts of the protein (p.L548P, p.L754P and 
p.R898W) and identified in patients diagnosed with 
PBMAH might alter its interaction with CUL3. ARMC5 
p.L754P mutant did not co-immunoprecipitate with 
HA-CUL3, contrary to ARMC5 WT and mutants p.L548P 
and p.R898W (Fig. 1C). Similarly, we observed a drastic 
loss of the BRET signal with BRET donor ARMC5.p.L754P-
Luc and the acceptor CUL3-YFP, in contrast to ARMC5 WT 
or to both other ARMC5 mutants (p.L548P and p.R898W) 
(Fig.  1B). Interestingly, the amino acid 754 is localized 
in the BTB domain (748–816aa) of ARMC5. Finally, for 
better characterizing the importance of the BTB domain 
in this interaction, we used different fragments of 
ARMC5 protein and observed that only the construction  
442–935aa, containing the middle, the BTB and the 

C-terminal domains of ARMC5, co-immunoprecipitated 
with HA-CUL3 (Fig. 1D). However, CUL3 does not interact 
with shorter protein fragments containing the BTB 
domain (442–818aa and 745–935aa). Altogether, these 
complementary approaches demonstrate that ARMC5 
and CUL3 form a complex and that the BTB domain of 
ARMC5 is necessary but not sufficient for this interaction.

ARMC5 is a direct substrate of the CUL3-based 
ubiquitin ligase complex

Whereas ARMC5 silencing had no effect on accumulation 
of CUL3 protein (data not shown), CUL3 silencing leads 
to increased endogenous ARMC5 protein level without 
changing ARMC5 mRNA levels in both HEK293 and human 
adrenocortical (H295R) cell lines (Fig. 2A and B). Moreover, 
endogenous ARMC5 protein half-life is increased in CUL3-
deficient cells compared to control cells after inhibition 
of the de novo protein synthesis (Fig.  2C). To determine 
whether the mutation in the BTB domain might affect the 
stability of ARMC5, we compared half-life of overexpressed 
WT ARMC5-FLAG and mutated L754P ARMC5-FLAG 
proteins. Half-life of L754P ARMC5-FLAG mutant is 
higher than WT ARMC5-FLAG (Fig. 2D). Moreover, CUL3 
overexpression decreased the half-life of WT ARMC5, 
while no significant effect was observed on ARMC5 L754P 

Figure 1
Identification of ARMC5 as a partner of Cullin3. (A) HEK293 cells were transfected with HA-CUL3 and WT ARMC5-FLAG. Cell extracts were 
immunoprecipitated with HA (left) or FLAG antibodies (right), followed by immunoblotting. (B) Cells were transfected with the indicated constructs, 
followed by BRET proximity assays. Hyperbolic saturation curves were obtained between CUL3-YFP, WT ARMC5-Luc, R898W ARMC5-Luc and L548P-Luc, 
but not between CUL3-YFP and L754P ARMC5-Luc. (C) Cells were transfected with HA-CUL3, WT ARMC5-FLAG, R898W ARMC5-FLAG, L548P ARMC5-FLAG 
and L754P ARMC5-FLAG, followed by immunoprecipitation with HA antibody. The interaction between ARMC5 and CUL3 is disrupted by a mutation in the 
BTB domain of ARMC5 (L754P). (D) Cell extracts were obtained from cells transfected with the five indicated fragments of the ARMC5 protein-FLAG 
tagged and HA-CUL3 and immunoprecipitated with HA antibody. Images are representative of at least three independent experiments.

Downloaded from Bioscientifica.com at 05/22/2023 04:41:57PM
via free access

https://doi.org/10.1530/ERC-19-0502
https://erc.bioscientifica.com


https://erc.bioscientifica.com © 2020 Society for Endocrinology

Printed in Great Britain
Published by Bioscientifica Ltd.https://doi.org/10.1530/ERC-19-0502

225I P Cavalcante et al. CUL3 targets ARMC5 for 
proteasomal degradation

27:4Endocrine-Related 
Cancer

mutant (Fig.  2D). These results suggest that CUL3 and 
potentially the CRL3 complex control the accumulation of 
ARMC5 protein through a post translational modification.

Inhibition of cullin neddylation (required for CRL 
activity) with MLN4924 increased endogenous ARMC5 
protein level (Fig. 3A). Moreover, in H295R cells and in 
cell cultures from PBMAH, inhibition of the UPS with 
MG132 increased accumulation of the endogenous 
and/or overexpressed ARMC5 WT (Fig.  3B and C-left 
panel and D-left panel), while no effect was observed 
in the accumulation of BTB mutated ARMC5 proteins 
(p.L754P and p.H808P) (Fig. 3C-right panel and D-right 
panel). These results suggest that ARMC5 half-life and 
degradation are dependent of its BTB domain and likely 
regulated by CUL3 and UPS. In order to investigate 
if ARMC5 is a substrate of the CUL3-based complex, 
we performed cell-based ubiquitination assays. We 
observed that CUL3 silencing decreases ubiquitination of 
overexpressed WT ARMC5 (Fig. 4A). On the other hand, 

overexpressed WT ARMC5 ubiquitination was increased 
when CUL3 was co-expressed in both HEK293 and H295R 
cell lines (Fig. 4B and C). As expected, ubiquitination of 
overexpressed ARMC5 p.L754P mutant was not increased 
when CUL3 was co-expressed (Fig.  4B and C). Finally, 
we performed the same ubiquitination assays using two 
Ub mutants (K48R and K63R), the most predominant 
forms of Ub chain linkages in the cell (Ciechanover 2017, 
Dubiel et al. 2018). Through this approach, we observed 
that the ubiquitination level of ARMC5 was drastically 
decreased when Ub-K48R was used, while Ub-K63R did 
not affect WT ARMC5 ubiquitination (Fig.  4D). This 
result is consistent with the previously mentioned data 
(Figs 2 and 3), given that K48-linked Ub chains are the 
main signal for targeting substrates for degradation by the 
26s proteasome (Ciechanover 2017, Dubiel et  al. 2018). 
Taken together, these data provide evidences for a model 
in which ARMC5 is a direct substrate of a CUL3 ubiquitin 
ligase complex and is degraded by the UPS.

Figure 2
CUL3 regulates ARMC5 protein stability. CUL3 
silencing by three different siRNA increases 
accumulation of ARMC5 protein (middle panel) 
without modifying ARMC5 mRNA level (bottom 
panel) in (A) HEK293 and (B) H295R cells 
compared to control cells (siCTR). (C) Protein 
stabilization assays with 10 µM cycloheximide 
(CHX) treatment for 4, 15 and 24 h were 
performed, demonstrating that CUL3 knockdown 
stabilizes ARMC5 protein in HEK293 cells. (D) 
HEK293 cells were transfected with equal 
amounts of WT ARMC5-FLAG, L754P ARMC5-FLAG 
and HA-CUL3 and submitted to 10 µM 
cycloheximide treatment of 4 and 8 h. 
Co-expression of HA-CUL3 accentuates WT 
ARMC5 degradation, while no effect is observed in 
the L754P ARMC5 degradation. Images are 
representative of at least three independent 
experiments. To simplify the representation of 
the results, we only display the most informative 
comparisons on graph D. All values are provided 
hereafter: at 4 h of treatment with CHX, the 
percentage of protein was 74% ± 12 (WT + CUL3) 
vs 97 ± 1 (L754P) (P < 0.01); 74% ± 12 (WT + CUL3) 
vs 97% ± 4 (L754P + CUL3) (P < 0.01); at 8 h, the 
percentage of protein was 77% ± 6 (WT) vs 97% ± 2 
(L754P) (P < 0.05); 42% ± 12 (WT + CUL3) vs 87% ± 3 
(L754P + CUL3) (P < 0.001) and 77% ± 6 (WT) vs 
42% ± 12 (WT + CUL3) (P < 0.001). Student’s t-test 
was used to analyze experiments A and B, and 
two-way ANOVA followed by Bonferroni post-test 
was used for experiments C and D.
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ARMC5/CUL3 participates in the G1-S  
cell cycle progression

We investigated cell cycle progression in cells depleted for 
ARMC5 compared to control cells. Propidium iodide DNA 
staining analyzed by flow cytometry in asynchronized cells 
showed that ARMC5 silencing decreases the percentage 
of cells in G1 phase and increases the percentage of 
cells in S phase in H295R and HEK293 cells (Fig. 5A and 
Supplementary Fig.  1A). Consistent with this cell cycle 
alteration, cyclin E mRNA and protein accumulation 
(essential for the cell cycle G1-S phase progression) were 
increased in ARMC5-deficient cells compared to control 
cells (Fig.  5B and Supplementary Figs 1B, 2). Moreover, 
ARMC5-deficient cells synchronized in late G1 phase with 
aphidicolin for 24 h and then released, progress in cell 
cycle faster than control cells (Supplementary Fig. 3A, B, 
C, D, E and F). Indeed, 12 h after release, ARMC5-depleted 
cells returned to G1 phase more rapidly compared to 
control cells (Supplementary Fig. 3E). On the other hand, 
WT ARMC5 overexpression increased the percentage of 
cells in G1 phase (Fig.  5C and Supplementary Fig.  1C) 
and decreased cyclin E protein accumulation (Fig.  5D), 
suggesting a cell cycle arrest in G1 phase. These latest 

effects were not observed in cells which co-overexpressed 
CUL3 with ARMC5 (Fig. 5C, D and Supplementary Fig. 1C), 
suggesting that ubiquitination of ARMC5 by CUL3 alters 
its functions. As expected, ARMC5 p.L754P mutant 
overexpression (alone or in combination with CUL3) had 
no effect on the cell cycle phases or the accumulation of 
cyclin E protein (Fig. 5C, D and Supplementary Fig. 1C). 
These results show that ARMC5 is involved in cell cycle 
progression and the cyclin E accumulation. Moreover, 
this ARMC5 feature can be controlled by the CUL3/
proteasome system.

Discussion

Our results demonstrate that ARMC5 is a direct substrate 
of the CUL3 ubiquitin complex and that the BTB domain 
of ARMC5 is important for this interaction. ARMC5 
degradation is prevented by mutations in its BTB domain 
or by CUL3 silencing/inhibition leading to increased 
ARMC5 half-life. Hence, ARMC5 stability is mainly 
regulated by CUL3, even though other mechanisms may 
be involved. Moreover, ARMC5 is involved in cell cycle 
progression (G1/S phases and cyclin E accumulation) and 

Figure 3
ARMC5 is regulated by the ubiquitin/proteasome 
system in vitro. (A) Endogenous ARMC5 is stabilized 
by inhibition of cullin neddylation (NEDD8) with  
2 µM MLN4924 and (B) by proteasome inhibition 
with 20 µM MG132 in H295R cells. (C) WT ARMC5 is 
less stable than the L754P ARMC5 mutant. The 
degradation of WT ARMC5 is blocked by 
proteasomal inhibition with 20 µM MG132 during  
4 h, while no effect is observed in the L754P 
ARMC5 mutated protein. (D) Endogenous WT 
ARMC5 is stabilized by proteasomal inhibition with 
20 µM MG132 during 4 h, while no effect is 
observed in H808P ARMC5 mutated protein in 
PBMAH cell cultures. Images are representative of 
at least three independent experiments. 
Significance was assessed by student’s t-test for 
experiments shown in A and B, while two-way 
ANOVA followed by Bonferroni post-test was used 
for experiments shown in C and D.
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this effect is regulated by the CUL3/proteasome system. 
Interestingly, cyclin E was found to be overexpressed 
in other types of adrenocortical tumors (Bourcigaux 
et al. 2000, Tissier et al. 2004), suggesting a general role 
in adrenocortical pathophysiology. ARMC5 might not 
be just a target of CUL3 ubiquitin complex but also an 
adaptor protein for recruiting specific substrates. ARMC5 
alterations would lead to an increase of one or more 
proteins acting as oncogenes. Indeed, several E3 ligases 
or adaptor proteins can be targeted for degradation in 
a self-ubiquitination manner (Wilkins et  al. 2004, Zhou 
et  al. 2015). Moreover, it has been suggested that the 
CUL3 dimer complex formation is mediated via the 
BTB domains of the substrate adaptors. In this way, a 
Yeast Two Hybrid assay in which ARMC5 protein served 
as bait identified ARMC5 as prey, suggesting a ARMC5 
self-dimerization (Hu et al. 2017). In this context, some 
ARMC5 missense mutants (as p.L754P) fail to bind 
CUL3 and would therefore not recruit target protein(s) 
for ubiquitination/degradation. Other ARMC5 missense 
mutants (as p.L548P and p.R898W), which are still able 

to bind CUL3, would not be able to recruit substrate(s) or 
to lead to their ubiquitination. As depletion of ARMC5 
increases cyclin E accumulation and free full length 
cyclin E is known to be targeted by CRL3 complex (Lu & 
Pfeffer 2013), we could speculate that ARMC5 could be an 
adaptor of the CUL3 complex leading to ubiquitination 
of cyclin E. However, ARMC5 silencing leads to increased 
CCNE1 mRNA accumulation (Supplementary Fig.  2), 
according to previously described PBMAH cell cultures 
(Cavalcante et  al. 2018). Moreover, ARMC5 regulates 
preferentially low molecular cyclin E protein (Fig. 5B, D 
and Supplementary Fig. 1B), which have been shown to 
not be ubiquitinated by CUL3 (Singer et al. 1999, Davidge 
et  al. 2019). These data suggest that ARMC5 regulates 
cyclin E by underlying mechanisms that remain to be 
elucidated. In this study, we show a novel mechanism of 
ARMC5 protein regulation, opening up new perspectives 
for the study of adrenal tumors. Consistent with this 
finding, recent studies highlight the growing evidences 
of the ubiquitination/proteasome system alterations in 
endocrine and more specifically adrenal and pituitary 

Figure 4
ARMC5 turnover is regulated by the CUL3-based 
ubiquitin complex. HEK293 cells were transfected 
with UB-WT, UB-K48R, UB-K63R, WT ARMC5-FLAG 
and HA-CUL3 as indicated in each experiment, 
followed by cell-based ubiquitination assays. (A) 
Followed by endogenous CUL3 knockdown, 
ubiquitination assays were performed. WT ARMC5 
ubiquitination level was decreased in the absence 
of CUL3. Ubiquitination of WT ARMC5 was 
increased by the co-expression of HA-CUL3, while 
no effect was observed in the L754P mutant 
protein in HEK293 and H295R (B and C, 
respectively) cells. (D) Ubiquitination of WT 
ARMC5 was decreased by a mutation in the K48 
ubiquitin chains, responsible for proteasome 
degradation, while no effect was observed by K63 
ubiquitin mutated chains. Images are 
representative of at least three independent 
experiments.
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tumors causing Cushing syndrome development. While 
the ubiquitin-specific protease 8 (USP8) gene is frequently 
altered in pituitary corticotroph adenomas (Ma et al. 2015, 
Reincke et al. 2015), the ubiquitin ligase SIAH1 is involved 
in the adrenal cortex organization (Scortegagna et  al. 
2017). Furthermore, the most frequently altered gene in 
aggressive adrenal tumors is an E3 ubiquitin ligase, ZNRF3 
(Zinc and ring finger protein 3) (Assie et al. 2014, Zheng 
et al. 2016). Beyond being a substrate of the CUL3-based 
ubiquitin complex, we cannot exclude that ARMC5 might 
also be a substrate adaptor protein that recruits specific 
substrates for degradation. If confirmed, this mechanism 
could participate to the tumor suppressor function of 

ARMC5. Further investigations are needed to identify 
other ARMC5 binding proteins and potential substrates 
for the CUL3-ARMC5 complex, ultimately leading to the 
identification of pathways regulated by ARMC5.
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Figure 5
ARMC5 regulates cell cycle and cyclin E turnover in H295R cells. Propidium iodide was used to determine DNA content. (A) Flow cytometry analysis after 
ARMC5 depletion revealed a decrease in the percentage of cells in G1 phase and an increase in S phase. (B) Depletion of ARMC5 led to an increase in full 
length (FL) and low molecular weight (LMW) in cyclin E. (C) Overexpression of WT ARMC5 increases the number of cells in G1 phase and (D) inhibits cyclin 
E protein accumulation compared to control cells. However, co-expression of WT ARMC5 and CUL3 as well as overexpression of p.L754P mutated ARMC5 
have no longer an effect in cell cycle and (D) in cyclin E inhibition. Images are representative of at least three independent experiments. Significance was 
assessed by using two-way ANOVA, followed by Bonferroni post-test.
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