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ABSTRACT

ARMC5 is implicated in several pathological condi-
tions, but its function remains unknown. We have
previously identified CUL3 and RPB1 (the largest
subunit of RNA polymerase II (Pol II) as poten-
tial ARMC5-interacting proteins. Here, we show that
ARMC5, CUL3 and RBX1 form an active E3 ligase
complex specific for RPB1. ARMC5, CUL3, and RBX1
formed an active E3 specific for RPB1. Armc5 dele-
tion caused a significant reduction in RPB1 ubiquiti-
nation and an increase in an accumulation of RPB1,
and hence an enlarged Pol II pool in normal tissues
and organs. The compromised RPB1 degradation did
not cause generalized Pol II stalling nor depressed
transcription in the adrenal glands but did result in
dysregulation of a subset of genes, with most up-
regulated. We found RPB1 to be highly expressed in
the adrenal nodules from patients with primary bilat-
eral macronodular adrenal hyperplasia (PBMAH) har-
boring germline ARMC5 mutations. Mutant ARMC5
had altered binding with RPB1. In summary, we dis-

covered that wildtype ARMC5 was part of a novel
RPB1-specific E3. ARMC5 mutations resulted in an
enlarged Pol II pool, which dysregulated a subset of
effector genes. Such an enlarged Pol II pool and gene
dysregulation was correlated to adrenal hyperplasia
in humans and KO mice.

INTRODUCTION

DNA-dependent RNA polymerase II (Pol II) is responsi-
ble for the synthesis of all mRNA and some small RNAs
(1). It is comprised of 12 subunits, with RPB1 being the
largest one (2). Protein biosynthesis and degradation de-
termine intracellular protein homeostasis. Thus, it is logi-
cal to assume that RPB1 degradation is involved in deter-
mining the homeostasis of the Pol II pool size. The effect
of an abnormal Pol II pool size is poorly understood. It is
assumed that since Pol II is implicated in the transcription
of all genes, its pool size will affect the transcription of all
genes which are expressed. This assumption has not been
confirmed.

During transcription, if template DNA is damaged or the
cells are under some other stress, Pol II will stall until the
damage is repaired or the stress is relieved (3–6). In the case
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of prolonged stalling, experimental data suggest that Pol II
will be channeled to proteasomes for degradation so that
transcription may resume (5,7–13).

Proteins need to be ubiquitinated before being degraded
in proteasomes. Such ubiquitination depends on a cascade
of three enzymes, that is, E1 (Ub-activating enzyme), E2
(Ub-conjugating enzyme), and E3 (Ub ligase) (14). There
are two E1s (UBA1 and UBA6) in humans, but they lack
substrate specificity (15). There are a total of 40 known E2s
with limited specificity (16). E3 determines the substrate
specificity. Each protein has a specific, or sometimes several
E3s, and each E3 can have several substrates (14). There are
three families of E3s: Really Interesting New Gene (RING)-
type E3s (single or multiple subunits), Homologous to the
E6-AP Carboxyl Terminus (HECT)-type E3s, and RING-
between-RINGS (RBR)-type E3s (17). The RING-type
E3s are the largest family. A multiple subunit RING E3 con-
tains a RING-finger protein (e.g. ROC1/RBX1), a cullin
(CUL) protein (CUL1, 2, 3, 4A, 4B, 5 and 7), and a sub-
strate recognition unit (18). CUL3 interacts with a RING-
finger protein RBX1. CUL3 has a BTB-interacting domain,
and it recruits a BTB domain-containing protein as its sub-
strate recognition unit to form an active E3 (19).

Given the critical roles of RPB1 degradation, there is
much interest in identifying RPB1-specific E3s (11,13). Sev-
eral such E3s have been reported in yeast and mammalian
cells (11,20–26). However, most of these E3s only have
proven functions in irradiated cells or those treated with
DNA-damaging agents. E3 activity of a few of them in un-
perturbed cell lines is suggested by some knockdown stud-
ies, but these have not been studied at the tissue or whole-
organ level (23,26).

ARMC5 is a protein containing an armadillo (ARM)
domain, which comprises multiple ARM repeats in its N-
terminus and a BTB domain towards its C-terminus. Hu-
man and mouse ARMC5 proteins share 90% amino acid
(aa) sequence homology and also have similar tertiary struc-
tures. Mouse ARMC5 is 926 aa in length (NP 666317.2).
Human ARMC5 has several isoforms due to alternative
splicing or the use of additional exons (27). The longest hu-
man ARMC5 isoform has 1030 aa (NP 001275696.1), and
the most highly and abundantly expressed isoform is 935 aa
long (NP 001098717.1) (27).

Primary bilateral macronodular adrenal hyperplasia
(PBMAH) is a rare disease accounting for less than 1% of
all Cushing’s syndrome, itself a disease with an incidence of
between 1 and 3 per million per year (28). Cushing’s syn-
drome due to PBMAH has an insidious onset and is usu-
ally diagnosed in the fifth and sixth decades of life (29).
Whilst we were investigating the function of ARMC5 in
knockout (KO) mice, several groups identified ARMC5 mu-
tations in about 21–26% of PBMAH patients (28–33). The
biosynthesis of cortisol per adrenocortical cell is relatively
inefficient due to partial deficiency of several steroidogenic
enzymes (30,34–36). Hypercortisolism ultimately develops
because of the massively enlarged nodular adrenals (28,30).
Recently we reported that Armc5 bi-allelic KO mice were
small and had compromised T-cell proliferative capacity
and impaired T-cell immune responses (37). Aged KO mice
had adrenal hypertrophy accompanied by moderately aug-
mented blood cortisol levels (37), similar to that observed

in PBMAH patients, suggesting that Armc5 deletion alone
is sufficient to cause a PBMAH-like condition. Consistent
with our data, blood cortisol levels were also elevated in 30%
of aged mice with monoallelic Armc5 deletion in another
study (38).

The mechanisms of action of ARMC5 are unknown.
ARMC5 does not contain any conserved enzymatic mo-
tifs or domains and is thus unlikely an enzyme per se. Its
function is likely to depend on its interaction with other
molecules. To identify binding partners of ARMC5, we con-
ducted a yeast 2-hybrid assay (Y2H), using human ARMC5
as bait. RPB1, CUL3 and ARMC5 itself were among the
binding partners of the highest scores (37).

In the present study, we demonstrated that ARMC5 phys-
ically interacted with CUL3 and RPB1 and was the sub-
strate recognition subunit of a novel multiple-unit RING-
finger E3. This E3 is largely responsible for RPB1 ubiq-
uitination in normal cells and tissues. Armc5 deletion led
to compromised RPB1 degradation. It is widely believed
that RPB1 degradation is required to resolve stalled Pol II.
Interfering with RPB1 degradation might cause increased
stalling and hence reduced transcription. However, we did
not observe augmented Pol II stalling nor a generally re-
duced transcription in Armc5 KO cells in spite of the failed
RPB1 degradation. This implies either RPB1 degradation is
not the only way or other E3s are compensating to resolve
the stalling. Among 1486 differentially expressed genes in
KO adrenal glands, most of them were up-regulated, pre-
sumably due to an enlarged Pol II pool size. We further
showed that the adrenal gland nodules from PBMAH pa-
tients carrying ARMC5 mutations presented highly ele-
vated RPB1 protein levels, demonstrating the relevance of
our findings to human PBMAH.

MATERIALS AND METHODS

Armc5 KO mice

Armc5 KO mice and their littermates used in this re-
port were of 129/sv × CD1 background. Armc5 KO mice
were generated as described previously (37). All mice were
housed and handled in accordance with a protocol ap-
proved by the Institutional Animal Protection Committees
of the CRCHUM and INRS-IAF. All the murine stud-
ies were approved by the Animal Protection Committee
(Comité institutionnel d’intégration de la protection des an-
imaux) of the CRCHUM.

Cell culture and transfection

HEK293 cells were cultured in Dulbecco’s modified Eagle’s
medium (DMEM). Mouse embryonic fibroblasts (MEFs)
were derived from E12.5 KO or WT fetuses and cultured
in DMEM. SW-13 adrenal gland carcinoma cells were cul-
tured in L-15 medium at 37◦C. All culture media were sup-
plemented with 10% fetal bovine serum (FBS), penicillin
(100 U/ml), and streptomycin (100 U/ml). Transfection of
HEK293 cells and SW-13 cells was performed using Lipo-
fectamine 2000 and Lipofectin (both from Invitrogen), re-
spectively. Proteasome inhibitor MG132 (10 �M; Cayman
Chemical) or nuclear export inhibitor leptomycin B (20 nM;
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Cell Signaling Technology) was added to cell culture as re-
quired. Cells were analyzed 48 h after the transfection.

Plasmids

Plasmid ARMC5-HA (EX-H0661-M07) expressing full-
length ARMC5 (aa1-935) with HA at its C-terminus
and plasmid ARCM5-FLAG (EX-H0661-M14) express-
ing full-length ARMC5 (aa1-935) with FLAG at its C-
terminus were obtained from GeneCopeia. Plasmid CUL3-
Myc (RC208066) expressing full-length human CUL3
with Myc at its C-terminus was obtained from OriGene.
Plasmid CUL3-HA expressing full-length human CUL3
with HA tag at its C-terminus was cloned by restric-
tion enzyme-based method using the insert from plas-
mid CUL3-Myc and the vector from plasmid ARMC5-
HA. Plasmid FLAG-RPB1 (Plasmid #35175) expressing
full-length human RPB1 with FLAG at its N-terminus,
plasmid FLAG-RPB1-�CTD (C-terminal domain; Plas-
mid #35176) expressing CTD-deleted human RPB1 with
FLAG at its N-terminus, and plasmid HA-Ubiquitin (Plas-
mid #18712) were obtained from Addgene. Following plas-
mids expressing human ARMC5 and CUL3 deletion mu-
tants were generated using the Q5 Site-Directed Muta-
genesis Kit (New England Biolabs): ARMC5(�aa2–142)-
HA with aa 2-142 deleted, ARMC5(�aa143–444)-HA with
aa 143–444 deleted, ARMC5(�aa445–747)-HA with aa
445–747 deleted, ARMC5(�aa748–816)-HA with aa 748–
816 deleted, ARMC5(�aa817–934)-HA with aa 817–934
deleted, CUL3(�aa31–385)-HA with aa 31–385 deleted,
CUL3(�aa377–675)-Myc with aa 377–765 deleted, and
CUL3(�aa695–762)-Myc with the neddylation site (aa
695–762) deleted. Plasmids ARMC5-BTB-HA expressing
the ARMC5 BTB domain (aa 748–935) with HA at its
C-terminus, and CUL3(aa1–376)-Myc expressing CUL3
N-terminal culling repeats (aa 1–376) with Myc at its C-
terminus were generated by retrieving the needed fragments
with PCR using Q5 Hot Start High-Fidelity DNA poly-
merase (New England Biolabs) from full-length ARMC5 or
CUL3 cDNA and re-cloned them to the original vectors.

Antibodies (Abs), bacteria, chemicals, peptides, recombinant
proteins, commercial assay kits, plasmids , and software

These reagents and software and their sources are listed in
Supplementary Information Table 1 (Supplementary Table
S1).

Immunoprecipitation and Western blotting

For protein-protein interaction experiments, cells were lysed
in TNE buffer (50 mM Tris–HCl at pH 7.4, 100 mM
NaCl, 0.1 mM EDTA, 1% Triton X100) supplemented
with Halt™ Protease Inhibitor Cocktail (ThermoFisher)
and Phosphatase Inhibitors (Roche). The extracts were in-
cubated with the corresponding antibodies overnight at 4◦C
and then incubated with Protein G magnetic beads (Bio-
Rad) for another two hours at 4◦C. The beads were washed
five times with wash buffer (50 mM Tris–HCl at pH 7.4,
150 mM NaCl, 1 mM EDTA, 0.2 mM sodium orthovana-
date, 1% Triton X100). The bound proteins were eluted by

a 2× SDS-loading buffer. For protein ubiquitination ex-
periments, cells or tissues were lysed or homogenized in
RIPA buffer (25 mM Tris at pH 7.6, 150 mM NaCl, 1%
Nonidet P-40, 1% sodium deoxycholate, 0.1% SDS) sup-
plemented with Halt™ Protease Inhibitor Cocktail, Phos-
phatase Inhibitors, and 4 mM of N-ethylmaleimide (Milli-
pore Sigma). The cleared supernatants were incubated with
Abs overnight at 4◦C, followed by protein G-conjugated
magnetic beads (Bio-Rad) for another 2 h at 4◦C. The beads
were washed five times with RIPA buffer. The bound pro-
teins were eluted by a 2× SDS-loading buffer and then re-
solved by SDS-PAGE. The proteins were then transferred
to polyvinylidene difluoride membranes. The membranes
were blocked with 5% (w/v) milk in TBST (Tris-Buffered
Saline, 0.05% Tween 20) and incubated with first Abs for
2 h at room temperature or overnight at 4◦C, followed by
HRP-conjugated secondary Abs for 1 h at room temper-
ature. The signal was revealed by the Western Lightening
pro-ECL (PerkinElmer) and detected with either X-ray film
or ChemiDoc Imaging system (Bio-Rad).

Tandem liquid chromatography and mass spectrometry

HEK293 cells were transfected with ARMC5-HA or
control plasmid, and after 48 h, the cells were lysed
in TNE buffer supplemented with Halt™ Protease In-
hibitor Cocktail and Phosphatase Inhibitors. Lysates were
centrifuged and immunoprecipitated by anti-HA Ab-
conjugated agarose beads (Sigma) at 4◦C overnight. The
beads were washed five times by wash buffer (50 mM Tris–
HCl at pH 7.4, 150 mM NaCl, 1mM EDTA, 0.2 mM
sodium orthovanadate, 1% Triton X100), and the precipi-
tated proteins were eluted by HA peptides (GenScript). The
eluates were resolved by 4–15% Mini-PROTEAN® TGX™
Precast Protein Gels, and the gels were stained with the sil-
ver staining kit (ThermoFisher).

Visible bands in the silver-stained gel were excised and
destained in 50% methanol (Sigma-Aldrich). Each band
was shrunk in 50% acetonitrile (ACN), reconstituted in
50 mM ammonium bicarbonate with 10 mM Tris (2-
carboxyethyl) phosphine hydrochloride (Thermo Fisher
Scientific), and vortexed for 1 h at 37◦C. Chloroacetamide
(Sigma-Aldrich) was added for alkylation to a final concen-
tration of 55 mM. Samples were vortexed for another hour
at 37◦C. One microgram of trypsin was added, and diges-
tion was performed for 8 h at 37◦C. Peptide extraction was
conducted with 90% ACN. The extracted peptide samples
were dried and solubilized in 5% ACN-0.2% formic acid.
The samples were loaded on a homemade C18 pre-column
(0.3-mm inside diameter × 5 mm) connected directly to the
switching valve. Peptides were separated on a home-made
reversed-phase column (150-�m inside diameter × 150 mm)
with a 56-min gradient from 10 to 30% ACN-0.2% FA and
a 600 nl/min flow rate on an Ultimate 3000 HPLC con-
nected to a Q-Exactive Plus Hybrid Quadrupole-Orbitrap™
mass spectrometer (MS) (Thermo Fisher Scientific). Each
full MS spectrum acquired at a resolution of 70 000 was
followed by 12 tandem-MS (MS-MS) spectra on the most
abundant multiply charged precursor ions. Tandem-MS ex-
periments were performed using collision-induced dissoci-
ation at a collision energy of 27%.
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Table 1. Clinical information and genotype of the Adelaide cohort

Patient ID
Age at

operation Gender Diagnosis Histopathology
Germline ARMC5 mutation
status

III-1 69 M Cushing’s due to
PBMAH

PBMAH Chr16:g.31476121; c.1777C→T;
p.(R593W)

III-2 62 M Cushing’s due to
PBMAH

PBMAH Chr16:g.31476121; c.1777C→T;
p.(R593W)

III-3 66 M Cushing’s due to
PBMAH

PBMAH Chr16:g.31476121; c.1777C→T;
p.(R593W)

CS-01 39 F Cushing’s syndrome Adrenal adenoma not tested
CS-02 48 F Cushing’s syndrome Adrenal adenoma not tested
PA-01 57 M Primary aldosteronism Adrenal adenoma not tested
PA-02 76 M Primary aldosteronism Adrenal hyperplasia -

micro- and macronodular
not tested

PA-03 50 M Primary aldosteronism Adrenal hyperplasia -
micro- and macronodular

not tested

N-1 50 M normal adrenal gland a N/A not tested
N-2 unknown M normal adrenal gland b N/A not tested

For RPB1 expression analysis, PBMAH macronodules were obtained from resected adrenal glands of PBMAH patients with germline ARMC5 mutations.
Adrenal gland adenomas and adrenocortical carcinoma tissues not known to have ARMC5 mutations were used as controls. The clinical diagnosis and
histopathology of the patients are indicated. aThe normal adrenal gland of patient N-1 was obtained from normal tissues adjacent to the adrenal gland
adenoma of patient PA-03. bNormal adrenal gland N-2 was obtained from a patient undergoing nephrectomy for renal cell carcinoma. PBMAH: primary
bilateral macronodular adrenal gland hyperplasia. N/A: not applicable.

The data were processed using PEAKS 8.5 (Bioinfor-
matics Solutions, Waterloo, ON) and a human database.
Mass tolerances on precursor and fragment ions were 10
ppm and 0.01 Da, respectively. Variable selected posttrans-
lational modifications were carbamidomethyl (C), oxida-
tion (M), deamidation (NQ), and phosphorylation (STY).
The data were analyzed with Scaffold 4.3.0. A protein was
categorized as a hit if it met the threshold of 99%, with
at least two peptides identified and a false-discovery rate
(FDR) of 1% for peptides.

The hits were further filtered for data presentation ac-
cording to the criteria described in the Result section.

Construction of the E3 3D model

The ARMC5 3D structure was obtained from Alphafold
Protein Structure Database (39). The cullin-repeat struc-
ture of CUL3 was derived from the crystal structure of the
KLHL3-CUL3 complex (Protein Database Band (PDB)
4HXI). The cullin homology domain and C-terminal do-
main of CUL3 conjugated with RBX1 were extracted
from the crystal structure of an RBX1–UBC12∼NEDD8–
CUL1–DCN1 complex (PDB 4P5O), in which CUL1 was
highly homologous to CUL3. The RPB1 structure was ob-
tained from the crystal structure of the human RNA Pol
II complex (PDB 6DRD). The structures of UBE2E1 and
UBC were derived from the structures of the TRIM21–
UBE2E1 complex (PDB 6FGA) and UbcH5A–UBC com-
plex (PDB 4AP4), respectively. The docking of UBE2E1 on
RBX1 was modeled according to the structure of TRIM21–
UBE2E1 (PDB 6FGA) by replacing the RING domain of
TRIM21 with RBX1. The interaction between ubiquitin
UBC and UBE2E1 was based on the UbcH5A-UBC struc-
ture (PDB 4AP4) by replacing UbcH5A with UBE2E1. The
interactions among RPB1, ARMC5, and RPB1 were mod-
eled according to the results of our deletion studies by posi-
tioning the interacting domains close to each other. UCSF
Chimera (40) was used to extract and position proteins in
the 3D model.

Immunofluorescence

MEFs, ARMC5-HA-transfected HEK293 cells, and SW-
13 cells were grown on coverslips in 6-well plates. In some
experiments, nuclear export inhibitor leptomycin (20 nM)
was added to the culture for the final 2–4 h of culture,
as indicated. After 48 hours, the cells were fixed with
4% (w/v) paraformaldehyde for 30 min at room temper-
ature and permeabilized with 0.3% Triton in PBS for 5
min. The cells were then blocked with 5% goat serum in
PBS for 1 h at room temperature and reacted with corre-
sponding first Abs overnight at 4◦C. The coverslips were
washed three times with PBS and incubated with Alexa
Fluor 488 goat anti-mouse Ab or Alexa Fluor 555 goat
anti-rabbit Ab for 2 h at room temperature. After the third
wash, the coverslips were mounted with ProLong Diamond
Antifade Mountant containing DAPI (4,6-diamidino-2-
phenylindole) (ThermoFisher Scientific). Images were ac-
quired with a Zeiss microscope. For RPB1 signal quantifica-
tion in MEFs, the corrected total cell fluorescence (CTCF)
intensity was evaluated by ImageJ using the following for-
mula: CTCF = integrated density – (area of selected cells ×
mean fluorescence of background readings).

In vitro ubiquitination assay

HEK293 cells were transfected with plasmids expressing
ARMC5-HA or FLAG-RPB1. Forty-eight hours af-
ter transfection, the cells were lysed with RIPA buffer.
The lysates were immunoprecipitated by anti-HA
Ab-conjugated agarose beads or anti-FLAG M2 Ab-
conjugated agarose beads. The beads were washed three
times with RIPA buffer and then three times with wash
buffer (50 mM Tris–HCl at pH 7.4, 300 mM NaCl, 1mM
EDTA, 0.2 mM sodium orthovanadate, 1% Triton-X100).
The bound proteins were eluted by 10 �g HA peptides
(GenScript) or 10 �g FLAG peptides (GenScript) in 200
�l protein preservation buffer (40 mM Tris, 110 mM NaCl,
2.2 mM KCl, 0.04% Tween20, 30% glycerol). ARMC5-HA
protein and ARMC5-�BTB-HA protein eluates were
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concentrated by Microcon-30 kDa centrifugal filter devices
(Amicon, Millipore). Flag-RPB1 protein eluates were con-
centrated by Microcon-100 kDa centrifugal filter devices
(Amicon, Millipore). The control eluate was extracted
from HEK293 cells transfected with empty vectors and
underwent the same purification steps. CUL3/Rbx1-GST
complexes were obtained from BPS Bioscience.

Preliminary screening for an optimal E2 was performed.
Eight different E2s (UBE2N, UBE2C, UBE2L3, UBE2E3,
UBE2E1, UBE2D3, UBE2D2 and UBE2D1) were avail-
able in the UbcH Enzyme Kit (Boston Biochem) and
were tested in in vitro ubiquitination assays, using RPB1-
Flag as the substrate. Four of these E2s (i.e. UBE2E3,
UBE2E1, UBE2E2 and UBE2D2) were known to interact
with CUL3 according to a BioGrid search (Supplementary
Figure S1A). The levels of RPB1 ubiquitination profile by
these E2s are shown in Supplementary Figure S1B. To avoid
E2s that might cause high background, we chose UBE2E1,
which generated an intermediate level of the signal, for the
final in vitro ubiquitination assay.

The purity of the recombinant proteins used in the in vitro
ubiquitination was determined by Coomassie Blue or silver
staining (Supplementary Figure S2).

For a typical in vitro ubiquitination reaction, ARMC5-
HA, ARMC5-�BTB-HA and FLAG-RPB1 (500 ng each,
affinity-purified from transfected HEK293 cells) were
added to a mixture containing 100 ng of E1 (UBE1), 500 ng
of E2 (UBE2E1), 10 �g of His6-ubiquitin (all from Boston-
Biochem), 260 ng of CUL3/RBX1-GST (BPS Bioscience),
and 10 mM ATP in ubiquitination buffer (25 mM Tris–Cl at
pH 8.0, 125 mM NaCl, 10 mM MgCl2, 50 �M DTT). The
reaction was carried out at 30◦C for 90 min and stopped
by 20 mM EDTA. The ubiquitinated RPB1 was immuno-
precipitated with anti-FLAG Ab plus Protein G conjugated
magnetic beads, resolved by 6% SDS-PAGE gel, and im-
munoblotted with anti-ubiquitin Ab.

RNA-seq

KO and WT adrenal glands were homogenized, and to-
tal RNA extracted using an RNeasy kit (Qiagen). Total
RNA was quantified using a NanoDrop Spectrophotome-
ter ND-1000 (NanoDrop Technologies, Inc.), and its in-
tegrity was assessed on a 2100 Bioanalyzer (Agilent Tech-
nologies). rRNA was depleted from 250 ng of total RNA
using QIAseq FastSelect (Human 96rxns; Qiagen). cDNA
synthesis was performed with the NEBNext RNA First-
Strand Synthesis and NEBNext Ultra Directional RNA
Second Strand Synthesis Modules (New England BioLabs).
The remaining steps of library preparation were performed
using NEBNext Ultra II DNA Library Prep Kit for Illu-
mina (New England BioLabs), according to the manufac-
turer’s instructions. Adapters and PCR primers were pur-
chased from New England BioLabs. Libraries were quanti-
fied using the Quant-iT PicoGreen dsDNA Assay Kit (Life
Technologies) and the Kapa Illumina GA with Revised
Primers-SYBR Fast Universal kit (Kapa Biosystems). The
average fragment size was determined using a LabChip GX
(PerkinElmer).

The libraries were normalized and pooled and then dena-
tured in 0.05 N NaOH and neutralized using HT1 buffer.

The pool was loaded at 225 pM on an Illumina NovaSeq
S2 lane using the Xp protocol as per the manufacturer’s in-
structions. The run was performed for 2×100 cycles (paired-
end mode). A phiX library was used as a control and mixed
with libraries at a 1% level. Base-calling was performed with
RTA v3. Program bcl2fastq2 v2.20 was then used to demul-
tiplex samples and generate fastq reads.

Reads were trimmed from the 3’ end to have a phred score
of at least 30. Illumina sequencing adaptors were removed
from the reads, and all reads were required to have a length
of at least 32 bp. Trimming and clipping were performed
using Trimmomatic (41).

Upstream processing of FastQ files was performed as
described previously (42), using the ENSEMBL GRCm38
(Mus musculus) release 97 mouse reference genome se-
quences and annotations. Each readset was aligned using
STAR (43), which creates a Binary Alignment Map (.bam)
file. Then, all readset BAM files from the same sample were
merged into a single global BAM file using Picard.

The pairwise Pearson’s correlation values of samples were
calculated. The correlation controlled the general tran-
scripts expression consistency between samples. It could
check sample mix-up or error in name assignment. Thus,
samples belonging to the same design group/condition were
expected to show a higher level of correlation.

Gene expression levels were quantified using StringTie.
Specifically, the count matrix was extracted from StringTie
output using the auxiliary script prepDE.py as provided on
the StringTie website. A gene here could be a novel gene
with no overlap with a known gene. This resulted in count
data for StringTie-assembled gene models.

For this data set, we filtered genes that did not exceed 1
CPM in at least three samples. After filtering, 17,711 genes
remained.

Each gene was tested for differential expression between
WT and Armc5 KO adrenal glands with EdgeR Likely Ra-
tio Tests. Since the augmented Pol II pool resulting from
Armc5 deletion might affect the transcription of all genes
in the KO adrenal glands, we set normalization factors for
each sample as the ratio between the log2CPM value of
Rn7sk of the sample to the average of all log2CPM val-
ues of Rn7sk across all samples. Rn7sk is transcribed by
Pol III and is thus independent of the putative influence
of the Pol II pool size. A similar level of Rn7sk expression
in WT and KO adrenal glands is shown in Supplementary
Figure S3. This normalization was used instead of using
edgeR::calcNormFactors, which uses a trimmed mean of
M-value normalization by default.

The heatmaps were constructed using R pheatmap. The
volcano plots, pie charts, and bar plots were produced using
R v3.6.3. ggplot2. The violin plot was generated by Rain-
cloud Plots (44).

RT-qPCR

Total RNA was extracted by RNeasy kit with on-column
DNase A digestion (Qiagen) and reverse-transcribed with
SuperScript IV Reverse Transcriptase (Invitrogen). Power-
Track™ SYBR Green Master Mix (ThermoFisher) was used
with fast cycling mode (2-min of enzyme activation at 95◦C,
40 cycles of 5-s denaturation at 95◦C, 30-s annealing, and
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extension at 60◦C) on a 7500 Fast Real-time PCR System
(ThermoFisher). Rn7sk was the internal control. Six pairs
of mouse biological samples were analyzed for each gene.
The ��CT method was applied to the analysis of CT values.
The paired two-way Student’s t-tests were used for mouse
samples and unpaired two-way Student’s t-tests for human
samples. The primer sequences are found in Supplementary
Table S2.

Chromatin immunoprecipitation and sequencing (ChIP-seq)

The adrenal glands from 8- to 12-month-old WT and KO
female mice were resected and stored in liquid nitrogen im-
mediately until use. The ChIP method was adapted from
Cotney and Noonan’s protocol (45). Each gland was ho-
mogenized in 200 �l ice-cold PBS buffer with a handheld
Polytron homogenizer. The final volume was brought to
1 ml with ice-cold PBS. The homogenized samples were
crosslinked with 66.7 �l 16% formaldehyde (1% final) at
room temperature for 15 minutes. They were quenched with
107 �l 1.25 M glycine (0.125 M final) at room tempera-
ture for another 10 minutes in rotating tubes. The samples
were centrifuged, and the pellets were washed twice with
ice-cold PBS. The crosslinked pellets were re-homogenized
with the Polytron homogenizer and suspended in 300 �l
cell lysis buffer (50 mM Tris (pH 8.0), 140 mM NaCl, 1
mM EDTA, 10% glycerol, 0.5% NP-40, 0.25% Triton X-
100) and incubated on ice for 20 min to release nuclei. The
nuclei were harvested by centrifugation, resuspended in 200
�l ChIP sonication buffer (10 mM Tris (pH 8.0), 1 mM
EDTA, 0.5 mM EGTA, 0.5% SDS), and incubated on ice
for 20 min. The nuclei were sonicated with a probe-based
sonicator (FB120 with a CL-18 probe; ThermoFisher) at a
20% amplitude setting. The sonication was conducted us-
ing 15-s pulses at 15-s intervals for a total of 8 min. The
sonicated nuclei were harvested by centrifugation, and then
diluted with 800 �l ChIP dilution buffer (0.01% SDS, 1.1%
Triton X-100, 1.2 mM EDTA, 16.7 mM Tris (pH 8.1), 167
mM NaCl) to reach the final SDS concentration of 0.1%.
These samples represented sonicated chromatin ready for
immunoprecipitation.

To quantify precipitated DNA and assess the size of the
fragmented DNA, we used a rapid de-crosslinking protocol
(45) by treating 5% of the sonicated nuclei (50 �l/sample)
with 10 �g of RNase A for 15 min at 37◦C followed by
20 �g of proteinase K for 30 min at 65◦C. They were de-
crosslinked for 5 min at 95◦C. DNA was extracted with the
QIAquick PCR Purification Kit (Qiagen). DNA concen-
tration was determined with a Nanodrop 1000 Fluorospec-
trometer (ThermoFisher). We used electrophoresis to con-
firm DNA fragment sizes were 200–800 bp in length.

For the remaining 95% chromatin to be used in ChIP-
seq, an equal amount of sonicated chromatin, based on
their prior DNA measurements, of different samples was in-
cubated with anti-RPB1 N-terminal domain Ab (D8L4Y)
(1:100) at 4◦C overnight, followed by 40-�l magnetic pro-
tein G beads (Bio-Rad) for another 2 h at 4◦C. The beads
were rinsed with wash buffer (100 mM Tris (pH 8.0), 500
mM LiCl, 1% NP-40, 1% deoxycholic acid) five times and
then with TE buffer once. The chromatin was eluted with
elution buffer (50 mM Tris (pH 8.0), 10 mM EDTA, 1%

SDS) at 65◦C for 10 min. The immunoprecipitated chro-
matins were de-crosslinked at 65◦C overnight with NaCl ad-
justed to 200 mM. The chromatins were then treated with
10 �g RNase A/sample at 37◦C for 1 h, followed by 200
�g proteinase K/sample for 2 h at 45◦C. DNA was purified
with QIAquick PCR Purification kit and quantified by the
Bioanalyzer (Agilent).

Libraries were prepared robotically with 0.2–2 ng of frag-
mented DNA ranging 100–300 bp in length, using the NEB-
Next Ultra II DNA Library Prep Kit for Illumina (New
England BioLabs), as per the manufacturer’s recommenda-
tions. Adapters and PCR primers were purchased from In-
tegrated DNA Technologies. Size selection was carried out
using SparQ beads (Qiagen) prior to PCR amplification (12
cycles). Libraries were quantified using the Kapa Illumina
GA with Revised Primers-SYBR Fast Universal kit (Kapa
Biosystems). The average size of the fragments was deter-
mined using a LabChip GX (PerkinElmer) instrument.

The libraries were normalized and pooled and then dena-
tured in 0.05 N NaOH and neutralized using HT1 buffer.
The pool was loaded at 225 pM on an Illumina NovaSeq
S4 lane using Xp protocol as per the manufacturer’s rec-
ommendations. The run was performed for 2×100 cycles
(paired-end mode). A phiX library was used as a control
and mixed with libraries at 1% level. Each library was se-
quenced at 25 million reads. Base-calling was performed
with RTA v3. Program bcl2fastq2 v2.20 was then used to
de-multiplex samples and generate fastq reads.

ChIP-seq reads were first trimmed for adaptor sequences
and low-quality score bases using Trimmomatic (41). The
resulting reads were mapped to the mouse reference genome
(GRCm38) using BWA-MEM (46) in paired-end mode at
default parameters. Only reads that had a unique align-
ment (mapping quality > 20) were retained, and PCR du-
plicates were marked using Picard tools. Peaks were called
and annotated using MACS2 (47) and HOMER (48) soft-
ware suites, respectively.

To assess differences in Pol II occupancy patterns
between WT and KO samples, we obtained ChIP-seq
read counts within the following genomic regions using
HOMER: the promoter region (from TSS (transcription
starting site) –400 bp to TSS +100 bp), gene body (from
TSS +100 bp to TES (transcription ending site) –100 bp),
region downstream of the gene body (from TES –100 bp to
TES +2000 bp), the 5’ untranslated region (5’UTR), intron,
3’UTR, the enhancer region (from TSS –5000 bp to TSS
–400 bp), the region from –10 000 bp to TSS, the region
from TSS to +10 000 bp, and the intergenic region. Since
the RPB1 levels in the KO tissues were elevated, we specu-
lated that there would be more Pol II association with the
genes, hence higher RPB1 ChIP signal in the KO promoter
regions than in the WT counterparts. Therefore, genes that
lacked RPB1 ChIP-seq signal in the promoter region in the
KO tissues were filtered out, as these genes were believed to
have no signals in WT tissues either. Raw counts were nor-
malized using edgeR’s TMM algorithm (49) and were then
transformed to log2 counts per million (log2CPM) using the
Voom function implemented in the Limma R package (50).

To construct the global metagene Pol II-binding profile,
normalized read counts (Fragments per Kilobase of tran-
script per Million Mapped reads (FPKM) of a full gene
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length plus 2000-bp flanks (TSS –2000 bp to TES +2000
bp) were obtained from all the genes that passed the filter-
ing. Both flanks were divided into 20 equal-sized bins of 100
bp each. The gene bodies were scaled to 60 bins for the full
gene length. FPKM was calculated from BAM input files
using ngs.plot (51) with the following parameters: -G mm10
-R genebody -D ensembl -FL 200 -BOX 0 -SE 1 -VLN 0 -
LWD 2 -WD 9. These global metagene Pol II binding pro-
files were only for visualization of differences in Pol II den-
sity, and customarily inferential statistics was not conducted
for such profiling.

The peak count versus distance (–10 kb to +10 kb from
TSS) profile was generated from 51 equal-sized bins of 400
bp for this region of all the genes that passed filtering. This
was meant to give an overall view of the genomic location of
all the peaks, and again, inferential statistics were not con-
ducted.

To test for differential Pol II density in WT and KO tis-
sues, we used the R package DESeq2 (52) to analyze the raw
counts of the promoter region, gene body, and the region
downstream of the gene body. Differential expression anal-
ysis of DESeq2 is based on the Negative Binomial (a.k.a.
Gamma-Poisson) distribution. Genes with the threshold of
5% FDR were analyzed.

Genome browser tracks were created with the HOMER
makeUCSCfile command and bedGraphToBigWig utility
from UCSC. Tracks were normalized so that each value rep-
resented the read count per base pair per 10 million reads.
UCSC Genome Browser (http://genome.ucsc.edu/) was im-
plemented for track visualization.

Patient cohort information

All patients provided written informed consent to the reten-
tion of adrenal tissue for research purposes. For the Ade-
laide and Montreal cohorts, respectively, the study was ap-
proved by the Royal Adelaide Hospital Human Research
Ethics Committee and the Ethical Committee at Centre
hospitalier de l’Université de Montréal (CHUM) (SL05-
054).

The Adelaide cohort. PBMAH patients III-1, III-2 and
III-3 were three male siblings from the first Australian
kindred we previously reported (33,53). Briefly, III-1 pre-
sented with advanced Cushing’s syndrome due to PBMAH.
Despite bilateral adrenalectomy, he died from complica-
tions of advanced Cushing’s syndrome. His two siblings,
III-2 and III-3, self-presented for evaluation and were
found to have mild hypercortisolism. Both underwent single
adrenalectomy, at the most recent evaluation, remain eu-
cortisolaemic. Their age, gender, and diagnosis are shown
in Table 1. Additional clinical and laboratory findings
of these three PBMAH patients were detailed previously
(53). These PBMAH patients were genotyped by whole-
exome sequencing, and ARMC5 mutations were subse-
quently confirmed by Sanger sequencing (33). They all car-
ried the same heterozygous Chr16:g.31476121; c.1777C→T
germline ARMC5 mutation resulting in R593W. For con-
trols, we used adrenal adenomas from patients with ACTH-
independent Cushing’s (n = 2), a large adrenal inciden-
taloma (n = 1), hyperplastic adrenal glands from patients

with primary aldosteronism (n = 2), and two normal
adrenals, one (N-1) from normal adrenal adjacent to the
adenoma (patient PA-03, Table 1) and the second (N–2)
from a patient undergoing nephrectomy for renal cell car-
cinoma.

The Montreal cohort. PBMAH patients E35 and E202
were a father and daughter that were described previ-
ously (31,54). They had Cushing’s syndrome secondary
to PBMAH, and their cortisol secretion was beta-
adrenergic/vasopressin sensitive. These PBMAH patients
were genotyped by whole-exome sequencing, and ARMC5
mutations were subsequently confirmed by Sanger se-
quencing. They both carried the heterozygous germline
pathogenic variant in the ARMC5 gene c.327 328insC,
(p.Ala110Argfs*9) (Table 2). Patient E191 was a 47-year-old
man with PBMAH co-secreting cortisol and aldosterone
with clinical and biochemical Cushing’s syndrome and pri-
mary aldosteronism. The patient also had a 2.8 cm mass
in the pancreatic tail that was resected, and histopathol-
ogy was compatible with a pancreatic neuroendocrine tu-
mor. This patient carried a heterozygous germline ARMC5
deletion of exons 5–8. The deletion is predicted to prema-
turely truncate the protein product and cause loss of func-
tion. The adrenal gland adenomas from three patients with
primary aldosteronism and one patient with adrenocortical
carcinoma co-secreting cortisol and androgens were used as
controls (Table 2). Two PBMAH patients without ARMC5
mutation were included as additional controls. All the tissue
samples were stored at –80◦C until use.

RESULTS

ARMC5 physically interacted with CUL3 and RPB1

Our Y2H assay showed that CUL3, RPB1 , and ARMC5
itself are potential binding partners of ARMC5 (37). Sev-
eral additional methods were used to confirm this. HEK293
cells were transfected with a plasmid expressing human
ARMC5-HA, and ARMC5 was affinity-precipitated with
anti-HA Ab and resolved by SDS-PAGE (Figure 1A). The
bands in the gel were analyzed with LC–MS/MS. The ex-
periments were conducted as three biological replicates.
Protein hits satisfying both the following conditions in any
of the 3 biological replicates are listed in Figure 1B. (i) Three
or more peptides corresponding to the protein were de-
tected, and (ii) the number of the peptides in the test sample
was >2-fold larger than that in the controls. Two proteins,
that is, RPB1 and CUL3 identified in Y2H (37), were also
found to associate with ARMC5 in this LC–MS/MS anal-
ysis. CUL3 binds with a RING-finger protein RBX1 and
forms a multiple-unit RING-finger E3, using a protein con-
taining a BTB domain as its substrate recognition subunit
(19). We hypothesized that ARMC5, which harbors a BTB
domain at its C-terminus, was the substrate recognition sub-
unit of a novel RPB1-specific multiple-unit RING-finger
E3. Consistent with this hypothesis, some components of
the ubiquitination system, such as an E1 (UBE) and ubiq-
uitin (UBC) (shown in blue in the list), were also found in
ARMC5 co-precipitates. Detailed information about these
hits, including the number of peptides representing a given
protein and the fold change of the number of these peptides

http://genome.ucsc.edu/
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Table 2. Clinical information and genotype of the Montreal cohort

Patient ID
Age at

operation Gender Diagnosis Histopathology
Germline ARMC5 mutation
status

E35 56 M Cushing’s syndrome PBMAH c.327 328insC, (p.Ala110Argfs*9)
E191 37 M Cushing’s syndrome and

primary aldosteronism
PBMAH Deletion of exons 5 to 8

E202 44 F Cushing’s syndrome PBMAH c.327 328insC, (p.Ala110Argfs*9)
B148 46 F Primary aldosteronism Adrenal adenoma not tested
B193 47 M Primary aldosteronism Adrenal adenoma not tested
B17 55 F Primary aldosteronism Adrenal adenoma not tested
B183 77 M Cushing’s syndrome and

hirsutism
Adrenocortical
carcinoma

not tested

B206 54 F Cushing’s syndrome and
Primary aldosteronism

PBMAH WT

E58 33 F Cushing’s syndrome PBMAH WT

For RPB1 expression analysis, PBMAH nodules were obtained from resected adrenal gland macronodules of PBMAH patients with germline ARMC5
mutations. Adrenal adenomas and adrenocortical carcinoma tissues not known to have ARMC5 mutations were used as controls. Two PBMAH samples
with confirmed WT ARMC5 were included as additional controls. The clinical diagnosis and histopathology of the patients are indicated. PBMAH:
primary bilateral macronodular adrenal hyperplasia. WT: wild type.

in the test versus control samples, is provided in Supplemen-
tary Table S3, in which a less stringent criterion was em-
ployed. Proteins were included in this list if they had two
or more peptides detected and had a 2-fold higher num-
ber of peptides in the test sample than that in the controls.
This allows a more comprehensive appreciation of the LC–
MS/MS results.

Immunoprecipitation was employed to further prove the
interaction among ARMC5, CUL3 and RPB1. CUL3-
Myc was found in ARMC5-HA precipitates from HEK293
cells transfected with plasmids expressing ARMC5-HA
and CUL3-Myc (Figure 1C), and endogenous RPB1 was
present in ARMC5-HA precipitates from HEK293 cells
transfected plasmid expressing ARMC5-HA (Figure 1D).
This confirms that ARMC5 interacts with CUL3 and
RPB1, respectively. ARMC5 always showed as two bands
at 130 and 100 kDa. This is due to protease cleavage,
as will be further explained in the Discussion. We previ-
ously showed in the Y2H analysis that ARMC5 bait inter-
acts with ARMC5 prey (37), suggesting that ARMC5 can
dimerize with itself. Indeed, ARMC5-FLAG was found in
ARMC5-HA precipitates from HEK293 cells transfected
with plasmids expressing ARMC5-FLAG and ARMC5-
HA (Figure 1E), indicating that ARMC5 partnered with it-
self, forming homodimers. Using HEK293 cells transfected
with plasmids expressing both ARMC5-HA and CUL3-
Myc, we first precipitated CUL3-Myc from the cell lysates
and then further precipitated ARMC5-HA from the first-
round precipitates. CUL3-Myc, ARMC5-HA, and endoge-
nous RPB1 were all found in the second precipitation (up-
per panel; Figure 1F), indicating that ARMC5, CUL3 and
RPB1 formed a tri-molecule complex. It is to be noted that
after the first immunoprecipitation, the endogenous RPB1
could be found in the sample without ARMC5-HA overex-
pression (lane 4). This is because the endogenous ARMC5
is still present in the cells, and it can bridge the endogenous
RPB1 with CUL3-Myc. When we precipitated CUL3-Myc
using anti-Myc Ab, the endogenous RPB1 was pulled down
via the endogenous ARMC5. We also conducted an exper-
iment using a reverse order in immunoprecipitation, that
is, ARMC5-HA was first precipitated by anti-HA Ab, and

the precipitates were used for the second round of CUL3-
Myc precipitation by anti-Myc Ab. RPB1 was also found
in the second round precipitates (lower panel; Figure 1F).
This further validates our conclusion that ARMC5, CUL3
and RPB1 form a tri-molecular complex.

To alleviate any artifact caused by excessive protein ex-
pression in HEK293 cells, we transfected adrenal cortex car-
cinoma SW-13 cells with plasmids expressing ARMC5-HA.
We detected both endogenous CUL3 and RPB1 in the anti-
HA precipitates (Figure 1G), proving that ARMC5 was as-
sociated with endogenous CUL3 and RPB1 in these cells.
In these experiments, ARMC5 was always detected as two
bands of 130 and 100 kDa in size in immunoblotting due
to proteolysis. Due to the poor specificity of all the anti-
ARMC5 Abs currently available, we were not able to con-
firm the interactions among endogenous ARMC5, RPB1
and CUL3.

Identification of regions of interaction in ARMC5, CUL3 and
RPB1 molecules

Human ARMC5 contains an ARM domain at its N-
terminus (aa 143–444) and a BTB domain at its C-terminus
(aa 748–816) (Figure 2A). CUL3 has 3 Cullin repeats
in its N-terminus (aa 30–377), followed by a Cullin ho-
mology domain (aa 378–675). In its C-terminus, there
is a neddylation site spanning aa 695–762. We created
deletion mutations of both molecules to identify regions
of their interaction. A CUL3 deletion mutant containing
only the cullin repeats plus the 30-aa N-terminal seg-
ment (CUL3(aa 1–376)-Myc; Figure 2B) could still bind
to full-length ARMC5-HA (Figure 2B). Conversely, a
CUL3 mutant with deletion of the cullin repeats plus its
following 9-aa (CUL3(�aa 31–385)-HA) was no longer
bound to full-length ARMC5-FLAG, although the full-
length CUL3-HA did (Figure 2C). On the other hand,
CUL3 with the cullin homology domain deleted (CUL3
(�aa 377–675)-Myc) or with the C-terminal neddylation
site deleted (CUL3(�aa 695–762)-Myc) still associated
well with ARMC5 (Figure 2D). These deletion studies
demonstrate that CUL3 uses its cullin repeats in its N-
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Figure 1. ARMC5 forms a complex with CUL3, RPB1, and itself. (A) Silver staining of ARMC5 precipitates resolved by SDS-PAGE. Lysates of HEK293
cells transfected with ARMC5-HA-expressing constructs were precipitated with anti-HA Ab. The precipitates were resolved by SDS-PAGE. The regions
(rectangles with dashed lines) with visible bands in the test sample and the corresponding positions in the empty vector-transfected lane were excised and
were analyzed by LC–MS/MS. Three independent experiments were conducted, and a representative gel with silver staining is shown. (B) Proteins found
in the ARMC5 precipitates according to the LC–MS/MS analysis. Proteins met with both the following two conditions in any of the biological replicates
(200-500 kDa: duplicates; 80–150 kDa: duplicates; 45–80 kDa: triplicates; 30 kDa: no replicate) were listed. 1) The protein had equal or more than three
peptides corresponding to its sequence in the ARMC5-HA transfected sample; 2) the number of the peptides in the ARMC5-HA-transfected sample was
more than 2-fold larger than that in the empty vector control. The gel pieces from which the proteins were derived were indicated. (C) ARMC5 interacted
with CUL3. HEK293 cells were transfected with plasmids expressing ARMC5-HA and CUL3-Myc. Cell lysates were precipitated with anti-HA Ab and
immunoblotted with anti-Myc Ab. (D) ARMC5 interacted with RPB1. HEK293 cells were transfected with plasmids expressing ARMC5-HA. Cell lysates
were precipitated with anti-HA Ab and immunoblotted with anti-RPB1 N-terminal Ab (clone F12). (E) ARMC5 interacted with itself. HEK293 cells were
transfected plasmids expressing ARMC5-HA and ARMC5-FLAG. Cell lysates were precipitated with anti-HA Ab and immunoblotted with anti-FLAG
Ab. (F) ARMC5, CUL3, and RPB1 formed tri-molecule complexes. HEK293 cells were transfected with plasmids expressing ARMC5-HA and CUL3-
Myc. In the upper panel, cell lysates were first precipitated with anti-Myc Ab and eluted with Myc peptides. The precipitates were then re-precipitated
with anti-HA Ab. The secondary precipitates were blotted with anti-RPB1 N-terminus Ab (clone F12). In the lower panel, the order of precipitation
was reversed. The lysates were first precipitated with anti-HA Ab. The precipitates were then precipitated with anti-Myc Ab. (G) ARMC5 interacted
with endogenous CUL3 and RPB1 in adrenal cortical carcinoma SW-13 cells. SW-13 cells were transfected with plasmids expressing ARMC5-HA. Cell
lysates were precipitated with anti-HA Ab. The precipitates were immunoblotted with anti-CUL3 Ab or anti-RPB1 N-terminus Ab (clone F12). In all the
experiments, the lysates were also immunoblotted with Abs against HA, MYC, or FLAG, as applicable, to demonstrate the effectiveness of transfection.
Empty vectors were used in transfection as controls. IgG was employed in immunoprecipitation as a control. All the experiments were conducted more
than three times, and representative results are shown.
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Figure 2. Identification of the regions of interaction in ARMC5, CUL3, and RPB1 molecules. (A) Schematics of key domains of human ARMC5, CUL3
and RPB1 molecules. (B) The cullin repeats of CUL3 interacted with ARMC5. HEK293 cells were transfected with plasmids expressing CUL3 N-terminal
cullin repeats (CUL3(aa1–376)-Myc) and full-length ARMC5-HA. The lysates were precipitated with anti-Myc Ab and blotted with anti-HA and anti-
Myc Abs. (C) CUL3 with cullin repeats deleted no longer interacted with ARMC5. HEK293 cells were transfected plasmids expressing either full-length
CUL3 or CUL3 with culling repeats deleted (CUL3(�aa31–385)-HA) and full-length ARMC5-HA. The lysates were precipitated with anti-HA Ab and
blotted with anti-FLAG and anti-HA Abs. (D) The CUL3 cullin homology domain and its C-terminal fragment were not necessary for interaction with
ARMC5. HEK293 cells were transfected plasmids expressing CUL3 with the cullin homology domain deleted (CUL3(�aa377–676)-Myc) or with its C-
terminal sequence, including the neddylation site deleted (CUL3(�aa 695–762)-Myc), and full-length ARMC5-FLAG. The lysates were precipitated with
anti-Myc Ab and blotted with anti-FLAG and anti-Myc Abs. (E) The ARMC5 C-terminal sequence containing the BTB domain was sufficient to interact
with CUL3. HEK293 cells were transfected plasmids expressing CUL3-Myc and the ARMC5 C-terminal sequence containing the BTB domain plus the
following 119-aa sequence (ARMC5(aa748–935)-HA). The lysates were precipitated with anti-HA Ab and blotted with anti-HA or anti-Myc Abs. (F)
ARMC5 without BTB domain no longer bound to CUL3. HEK293 cells were transfected with plasmids expressing CUL3-Myc and BTB domain-deleted
ARMC5-HA (ARMC5(�aa748–816)-HA). The lysates were precipitated with anti-Myc Ab and blotted with anti-HA or anti-Myc Abs. (G) The CTD of
RPB1 was not essential for the association between RPB1 and ARMC5. HEK293 cells were transfected plasmids expressing ARMC5-HA and full-length
RPB1 (FLAG-RPB1) or RPB1 with its CTD deleted (FLAG-RPB1-�CTD). The lysates were precipitated with anti-FLAG Ab and blotted with anti-HA
or anti-FLAG Abs. (H) The N-terminal sequence (aa2–142) before the ARM domain (aa143–444) and the ARM domain of ARMC5 were both needed
for RPB1 binding. The sequence after the ARM domain and before the BTB domain, and the sequence after the BTB domain also contributed to RPB1
binding but to a lesser degree. HEK293 cells were transfected plasmids expressing HA-tagged ARMC5 deletion mutants as described. The lysates were
precipitated with anti-HA Ab and blotted with anti-RPB1 (clone F12) or anti-HA Abs. (I) ARMC5 interacted with ARMC5 through their ARM domains
(positions aa 143-444). FLAG-tagged full-length ARMC5 was transfected into HEK293 cells along with HA-tagged full-length ARMC5 or deletion
mutants. The lysates were immunoprecipitated with anti-FLAG Ab and blotted with anti-HA or anti-FLAG Abs. (J) A schematic showing the regions
that contributed to the interaction among RPB1, ARMC5, and CUL3. The grey shading between the molecules represents the interaction regions. The
lighter shade between RPB1 and ARMC5 indicates a lesser contribution of the regions to the association between these two molecules. The position of
ARMC5 R593, which is mutated in Adelaide PBMAH patients, is indicated. (K) A 2D schematic of the novel dimeric RPB1-specific E3. (L) A 3D model
of the novel dimeric RPB1-specific E3. In all the experiments, empty vectors were used in transfection as controls. The lysates were also immunoblotted to
confirm that the transfected proteins were present. All the experiments were conducted more than three times, and representative results are shown.
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terminus to interact with ARMC5. A short ARMC5
C-terminal segment containing the BTB domain
(ARMC5(aa 748–935)-HA) was sufficient to precipi-
tate down CUL3-Myc (Figure 2E). Further, CUL3-Myc
could precipitate the full-length ARMC5-HA but not the
mutant ARMC5-HA (ARMC5(�748–816)-HA) with the
BTB domain deleted (Figure 2F). These data show that
the BTB domain in ARMC5 is necessary and sufficient for
ARMC5 to associate with the cullin repeats of CUL3. In
immunoprecipitated samples, due to higher salt concentra-
tion, the proteins often moved more slowly and appeared
at a higher position than their counterparts in the lysates,
and such retardation was more obvious for molecules of
smaller molecular weight and over abundance, such as
ARMC5(aa748–935) in lane 3 of panel 2E.

We next investigated the interaction between ARMC5
and RPB1. We obtained an RPB1 mutant with its C-
terminal repeats deleted (FLAG-RPB1-�CTD; Addgene).
FLAG-RPB1-�CTD could precipitate ARMC5-HA as ef-
ficiently as the full-length FLAG-RPB1 (Figure 2G), sug-
gesting that the RPB1 sequence upstream of the CTD
was essential for ARMC5 binding. ARMC5 mutants with
deletions of the following regions were generated: the N-
terminal sequence (ARMC5(�aa 2–142)-HA) before the
ARM domain; the ARM domain (ARMC5(�aa 143–444)-
HA); the sequence between the ARM domain and BTB
domain (ARMC5(�aa 445–747)-HA); the BTB domain
(ARMC5(�aa 748–816)-HA); and the C-terminal sequence
after the BTB domain (ARMC5(�aa 817–935)-HA). These
mutants, as well as full-length ARMC5-HA, were ex-
pressed in HEK293 cells. ARMC5(�aa 2–142)-HA and
ARMC5(�aa143–444)-HA could not pull down endoge-
nous RPB1, while the full-length ARMC5-HA and the rest
of the mutants could (Figure 2H). This indicates that the
ARM domain and the sequence before it at the N-terminus
are essential for RPB1 binding. We noticed that ARMC5
mutants with the deletions of the sequence between the
ARM domain and BTB domain (ARMC5(�aa 445–747)-
HA) and the sequence after the BTB domain (ARMC5(�aa
817–935)-HA) were less effective in pulling down RPB1,
compared to the full-length ARMC5-HA (Figure 2H). Al-
though the ARMC5 with the BTB domain deleted could
pull down RPB1, it was somewhat less effective than the
WT ARMC5 (Figure 2H). It is possible that these re-
gions all contribute to RPB1 binding, albeit to a lesser
extent.

The essential regions needed for ARMC5 and ARMC5
homologous interaction were assessed by ARMC5 deletion
mutants ARMC5(�aa 2–142)-HA, ARMC5(�aa 143–
444)-HA, ARMC5(�aa 445–747)-HA, and ARMC5(�
aa748–816)-HA (Figure 2I). The full-length ARMC5-
FLAG could precipitate well the full-length ARMC5-HA
and the other HA-tagged deletion mutants, except that it
could only weakly precipitate the mutant with the aa 143–
444 deletion, which corresponded to the ARM domain, in-
dicating that this domain contributes significantly to the
dimeric interaction between two ARMC5 molecules.

It is to be noted that the binding assays, as illus-
trated in Figures 1 and 2, are qualitative in nature. They
are only designed to determine whether the molecules
concerned interact with each other, regardless of their

post-translational modifications (e.g. phosphorylated ver-
sus non-phosphorylated RPB1).

The interacting regions between RPB1 and ARMC5,
CUL3 and ARMC5, and ARMC5 and ARMC5 are de-
picted in Figure 2J.

CUL3 is known to interact with a RING-finger pro-
tein RBX1, the enzymatic component of the multiple sub-
unit RING-finger E3s, as previously reported (55). We con-
firmed this in HEK293 cells (data not shown). This RPB1–
ARMC5–CUL3–RBX1 complex has the necessary features
of an RPB1-specific multiple subunit RING-finger E3, with
ARMC5 as the substrate recognition unit. We later demon-
strated that an E2 UBE2E1 was functional for this RPB1-
specific E3 according to E2 profiling and in vitro ubiqui-
tination assays. A 2D schematic is depicted in Figure 2K
and illustrates the proposed structure of the dimeric RPB1–
ARMC5–CUL3–RBX1–UBE2E1–UBC complex based on
our results and literature. We extracted X-ray crystallo-
graphic 3D information of the components in the complex,
that is, RPB1, CUL3, RBX1, UBE2E1, and UBC from the
Protein Database (56–59). The 3D structure of ARMC5 has
not been resolved but is predicted by AlphaFold (39). A 3D
model of this E3 complex was constructed (Figure 2L), pro-
viding a better visual perspective. Whilst the 3D structure
of each component is reliable, the contour of the complex is
speculative.

Armc5 KO led to an accumulation of RPB1 in normal or-
gans under a physiological condition and in adrenal glands of
PBMAH patients

RPB1 is mainly a nuclear protein. Its E3 should therefore
also have a nuclear presence. We previously reported that
when ARMC5 was overexpressed in HEK293, ARMC5 sig-
nals were found mainly in the cytosol (37). While this still
holds true, we found that in the presence of the nuclear ex-
port blocker leptomycin B, ARMC5 was easily detectable
in the nuclei (Figure 3A). This suggested that ARMC5
did enter the nuclei, but that there was also active shut-
tling of ARMC5 between the cytosol and nuclei. We also
transfected ARMC5-HA-expressing plasmid into human
adrenal cortex carcinoma SW-13 cells (Figure 3B). In these
cells, ARMC5 was detected both in the cytosol and nuclei in
the absence of leptomycin B. However, the presence of lep-
tomycin B enhanced ARMC5 signals in the nuclei. These
data indicate that ARMC5 is ubiquitous in the nuclei, but
in different cell types, there are different ARMC5 shuttling
dynamics between the cytosol and nuclei, resulting in differ-
ent degrees of distribution of ARMC5 molecules between
these two cellular compartments. The detection of intranu-
clear ARMC5 is dependent on the equilibrium between its
import into and export from the nucleus. In SW-13 cells, the
ARMC5 import to the nucleus is likely faster than its ex-
port, so it could be detected without an export inhibitor. In
the HEK293 cells, its export is likely faster than import, so
we cannot observe ARMC5 in the nuclei unless the export
is blocked.

RPB1 is heavily modified by phosphorylation of the S2
and S5 residues in its C-terminal domain (CTD), which con-
tains multiple 7-aa long repeats (60). RPB1 with different
degrees of phosphorylation could be detected by different
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Figure 3. ARMC5 KO or mutation led to RPB1 accumulation. (A and B) ARMC5 was presented in both the cytosol and nuclei of HEK293 cells (A) and
human adrenal carcinoma SW-13 cells (B). Both types of cells were transfected with plasmids expressing ARMC5-HA. The cells were harvested after 36
h and were stained with anti-HA Ab (pseudo-red) and DAPI (pseudo-cyan). In some cultures, nuclear export inhibitor leptomycin B (LMB; 20 nM) was
present for the last 2 or 4 h of culture, as indicated. (C–G) Accumulation of RPB1 in KO tissues. The spleen, lymph node, and adrenal gland protein of KO
and WT mice were assessed by immunoblotting for total RPB1 (C); mAb clone F12 against the N-terminal sequence of RPB1), RPB1 with phosphorylated
S5 in CTD (D); mAb clone D9N5I), RPB1 with phosphorylated S2 in CTD (E); mAb clone E1Z3G), hyper- and hypo-phosphorylated RPB1 (F); mAb
clone 4H8), and non-phosphorylated RPB1 (G): mAb clone 8WG16). �-actin or �-actinin was blotted as a loading control. (H) Elevated RPB1 protein (red)
expression in the nuclei of KO MEFs, according to immunofluorescence using rabbit anti-RPB1 Ab (D8L4Y) followed by Alexa Fluor™ 555-conjugated
goat anti-rabbit IgG. Filamentous actin (green) was stained with Alexa Fluor™ 488 Phalloidin. Representative micrographs are shown on the left. A bar
graph on the right shows the means ± SD of corrected total cell fluorescent intensity (CTCF), which is derived from RPB1 signals of 35 WT and 35 KO
MEFs from three independent experiments. ****P < 0.0001 (unpaired two-way Student’s t-test). (I). Augmented total RPB1 levels (as determined by F12
mAb) in both the cytosolic and nuclei fractions of KO adrenal glands. Cytosolic tubulin and nuclear histone H3 were used as fraction purity and loading
controls. (J) Schematics of ARMC5 mutations in the Adelaide and Montreal cohorts. Patient ID numbers are indicated in the parentheses. (K and L)
Elevated RPB1 protein expression in the adrenal macronodules from Adelaide (K) and Montreal (L) PBMAH cohorts with germline ARMC5 mutations.
Adrenal adenomas or normal adrenals were employed as controls as indicated. Immunoblotting was performed using mAb (clone F12) against total RPB1
protein. (M) Normal RPB1 protein levels in PBMAH adrenals without ARMC5 mutations. The RPB1 protein levels of adrenal macronodules from two
PBMAH patients without ARMC5 mutation (Montreal cohort) were compared to that of six adrenal macronodules from PBMAH patients with germline
ARMC5 mutations (Montreal and Adelaide cohorts). (N) RPB1 mRNA levels of the Adelaide and Montreal PBMAH adrenal samples with ARMC5
mutations were similar to those of the controls (adrenal adenomas and normal adrenals). (O) The ARMC5 R539W mutation found in the Adelaide
cohort resulted in reduced RPB1 association. HEK293 cells were transfected with plasmids expressing WT ARMC5-HA or ARMC5-R539W-HA. Their
association with endogenous RPB1 was detected by immunoblotting after immunoprecipitation.
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Abs (61). Total RPB1 (detected by anti-RPB1 N-terminus
mAb clone F12, Figure 3C), RPB1 with CTD S5 phos-
phorylation (detected by mAb clone D9N5I, Figure 3D),
RPB1 with CTD S2 phosphorylation (detected by mAb
clone E1Z3G, Figure 3E), RPB1 with both high and low
phosphorylation of its CTD (detected by mAb 4H8, Figure
3F), and un-phosphorylated RPB1 (detected by mAb clone
8WG16, Figure 3G) were all increased according to im-
munoblotting in the Armc5 KO lymphoid organs (the spleen
and lymph nodes) and adrenal glands, compared to their
WT counterparts. Immunofluorescence showed that the nu-
clear RPB1 level in Armc5 KO mouse embryonic fibroblasts
(MEFs) was also augmented (Figure 3H). Such accumula-
tion of RPB1 with different CTD phosphorylation was also
observed in all other mouse KO organs tested (i.e. the thy-
mus, liver, kidney, lung, brain, heart, stomach, colon, and
small intestine) (Supplementary Figure S4). These results
suggest that this E3 acts on RPB1 regardless of its phos-
phorylation status. As RPB1 phosphorylation is a dynamic
process, we cannot exclude the possibility that this E3 only
targets RPB1 of a given type of phosphorylation, but due
to the consequent RPB1 pool size increase, RPB1 of all the
other phosphorylation statuses are affected.

We fractionated the nuclei and cytosolic RPB1 of the KO
and WT adrenal glands. The RPB1 levels in both fractions
from the KO tissue were elevated (Figure 3I), suggesting
that this E3 is active in both these cellular compartments.
With that said, since Pol II is assembled in the cytosol and
translocated to the nuclei, we cannot completely rule out
the possibility that this E3 acts in the cytosol and the accu-
mulated RPB1 in the cytosol spills over to the nuclei.

ARMC5 germline mutations predispose patients to
PBMAH. We assessed the RPB1 expression in the adrenal
glands of PBMAH patients from the two cohorts, one
from Adelaide, Australia, and one from Montreal, Canada,
which were described in the Materials and Methods. The
ARMC5 mutations of patients in these cohorts are depicted
in Figure 3J. In the Adelaide cohort, the three affected sib-
lings all carried the same missense germline C→T point mu-
tation at Chr16:g.31476121, resulting in an R593W muta-
tion in the ARMC5 protein sequence. The R593W muta-
tion was in a region between the ARM domain and BTB
domain.

In the Montreal cohort, the heterozygous germline vari-
ant in the ARMC5 gene c.327 328insC (p.A110Rfs*9)
caused a frameshift starting from the N-terminal region be-
fore the ARM domain and resulted in an early truncation
and a lack of functional ARMC5 protein (Figure 3J). An-
other PBMAH patient, E191, from the cohort harbored a
heterozygous germline ARMC5 deletion of exons 5–8. This
deletion started in the middle of the ARM domain and re-
sulted in a truncation of all the downstream ARMC5 se-
quences and hence a lack of functional ARMC5.

RPB1 protein levels in the resected PBMAH nodular
adrenal tissues with ARMC5 mutations of the Adelaide co-
hort (Figure 3K) and Montreal cohort (Figure 3L) were
all elevated compared to those in the adrenal adenomas
and normal adrenal glands. Intriguingly, only the PBMAH
samples with ARMC5 mutation had elevated RPB1, while
two PBMAH samples without ARMC5 mutation showed
RPB1 levels similar to control adenomas (Figure 3M). This

indicated that RPB1 accumulation was not a general feature
of PBMAH, but rather a result of ARMC5 mutation. RPB1
mRNA expression was similar between PBMAH tissues
and controls (Figure 3N), indicating that the upregulation
of the RPB1 protein occurred at the post-transcriptional
level, likely due to compromised degradation since we found
that ARMC5 was the substrate recognition subunit of the
novel RPB1-specific E3. We assessed how the ARMC5 mu-
tations found in the patients affected ARMC5 binding to
RPB1. Compared to WT ARMC5, ARMC5 with R593W
mutation (Adelaide cohort) had a significantly reduced as-
sociation with the endogenous RPB1 in HEK293 cells (Fig-
ure 3O). According to our deletion studies, R593 was lo-
cated in a region that contributed to the association between
RPB1 and ARMC5 (Figure 2H and I). Thus, this mutation
resulted in an altering of the interaction between ARMC5
and RPB1. These results highlight the relevance of our in
vitro and in vivo data in the KO mice to human pathophys-
iology and indicate that the novel E3 is indeed essential for
maintaining RPB1 homeostasis, hence Pol II pool size, in
humans in the absence of massive DNA damage.

ARMC5-CUL3 was an RPB1-specific E3 according to in
vivo and in vitro ubiquitination

The increased RPB1 protein levels in Armc5 KO tissues sug-
gested that ARMC5-CUL3-RBX1 might be an E3 respon-
sible for RPB1 ubiquitination, which is a necessary step to
channel RPB1 to the proteasome for degradation. We an-
alyzed the ubiquitination of the endogenous RPB1 in the
KO spleen and lymph nodes (Figure 4A) and MEFs (Figure
4B). Although the RPB1 protein levels in these KO tissues
were all increased, their K48-linked RPB1 ubiquitination
was reduced, indicating that ARMC5 is essential for such
RPB1 ubiquitination. When WT MEFs were cultured in
the presence of a proteasome inhibitor MG132, their RPB1
ubiquitination was drastically augmented (Figure 4B), sug-
gesting that ubiquitinated RPB1 is usually channeled to the
proteasome for degradation. The RPB1 ubiquitination in
the KO MEFs was only marginally increased in the presence
of MG132 compared to that without the inhibitor, suggest-
ing that in the absence of this putative RPB1-specific E3,
RPB1 ubiquitination is very limited, even after the degra-
dation blockage. The slight increase of RPB1 ubiquitina-
tion KO MEFs in the presence of MG132 suggests the ex-
istence of other RPB1-specific E3(s), which could ubiquiti-
nate RPB1 but to a much lesser extent.

The RPB1 protein level in WT adrenal glands was ex-
tremely low. This made the detection of RPB1 ubiquitina-
tion in this WT tissue difficult. To circumvent this, we there-
fore used 5-fold more input protein of the WT tissue than
the KO tissue during the immunoprecipitation, along with
a limited amount of anti-RPB1 Ab. This allowed us to com-
pare the ubiquitination of a similar amount of precipitated
RPB1 proteins in the WT and KO tissues. The validity of
this method was first confirmed in lymph nodes because
the WT lymph nodes had a reasonable RPB1 signal to be
detected for ubiquitination without the equimolar compar-
ison (Figure 4A). The result revealed that on an equimolar
RPB1 basis, RPB1 from the KO lymph nodes had drasti-
cally lower total ubiquitination as well as K48-linked ubiq-
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Figure 4. ARMC5-CUL3-RBX1 as an RPB1-specific E3 based on in vivo and in vitro ubiquitination. (A and B) Reduced K48-linked RPB1 in the KO
spleen and lymph nodes (A) and MEFs (B). MEFs were cultured in the absence or presence of proteasome inhibitor MG132 (10 �M) for the last 4 h of
culture. �-Actin was blotted for lysate loading control. (C and D) Reduced total and K48-linked RPB1 ubiquitination in KO lymph nodes (C) and adrenal
glands (D). Tissue proteins were precipitated with anti-total RPB1 mAb (F12) and immunoblotted with Abs against K48-linked ubiquitin or total ubiquitin,
as indicated. �-actinin was blotted for lysate loading control. In (C and D), 5-fold (5×) more WT lysates than the KO counterpart were used as input for
immunoprecipitation to detect the weak WT RPB1 ubiquitination signals, using a limited amount of anti-RPB1 Ab during the immunoprecipitation. A
similar amount of RPB1 protein in the WT and KO precipitates was shown by immunoblotting. (E) ARMC5-CUL3-RBX1 was a novel RPB1-specific
multiple subunit RING-finger E3 according to in vitro ubiquitination assays. Different recombinant proteins, as indicated, were added to the in vitro
ubiquitination assay in the presence of E1, E2 (UBE2E1) and ATP. ARMC5 with BTB domain deletion was used as an additional control. The reaction
product was immunoprecipitated with anti-FLAG Ab followed by magnetic protein G beads. The immunoprecipitates were blotted with anti-Ub Ab to
detect RPB1 ubiquitination. The flow-through of the immunoprecipitation was blotted to confirm the presence of RPB1-FLAG and ARMC5-HA using
Abs against these molecules. All the experiments were conducted three times or more, and representative results are shown.

uitination (Figure 4C), and this result was compatible with
that of the equal protein input method. This equal molar
RPB1 input method was then applied to the adrenal glands.
We showed significantly reduced total and K48-linked ubiq-
uitination of RPB1 in the KO adrenal glands (Figure 4D).

The gold standard to prove E3 activity is the in vitro ubiq-
uitination assay, in which a substrate is ubiquitinated in vitro
by a reconstituted ubiquitination enzyme cascade of E1,
E3 and E3. The reconstituted ubiquitination enzymatic cas-
cade comprises ARMC5, CUL3, RBX1, E1, E2 (UBE2E1),
ATP and WT ubiquitin. This E3 effectively ubiquitinated
RPB1 (Figure 4E). A mutant ARMC5 with BTB domain
deletion (ARMC5-�BTB), which rendered the mutant in-
capable of binding CUL3, failed to ubiquitinate RPB1 in
this system. This finding indicates that ARMC5 is part of
a novel RPB1-specific multi-subunit RING-finger E3, and
ARMC5 depends on its BTB domain to interact with CUL3
to form a functional E3 complex.

Armc5 KO resulted in increased transcription of a large num-
ber of genes in the adrenal glands

To understand how an enlarged Pol II pool due to ARMC5
deletion affects the transcriptome, we conducted RNA se-
quencing (RNA-seq) of the WT and KO adrenal glands.
The read counts were normalized against Rn7sk RNA,
which was transcribed by Pol III and was not subjected
to a putative general influence by abnormal levels of Pol

II. Indeed, Rn7sk levels in KO and WT adrenal samples
had no significant difference (Supplementary Figure S3).
A threshold for gene-level significance of < 5% FDR was
applied to the paired comparison of RNA-seq results from
three KO and three WT adrenal glands. After filtering out
nominal genes that were generated by GenPipe but were
not presented in the mouse reference genome (GRCm38 re-
lease 97), we obtained 1486 genes with significantly differ-
ent expressions between KO and WT adrenal glands. These
genes are listed in Supplementary Table S4, along with their
FDRs, fold changes, and raw readcounts. Eighty genes in
this list with the lowest FDRs are shown in a heatmap (Fig-
ure 5A). A volcano plot illustrates the fold change and FDR
of these 1486 genes, with several prominently changed ones
annotated (Figure 5B). Armc5 was among the downreg-
ulated genes, as expected (Figure 5B and Supplementary
Figure S5a). It still had some signal due to transcripts ap-
pearing in the undeleted gene body (Supplementary Fig-
ure S5b), although these transcripts would not produce any
functional proteins due to frameshifts or early stops. The
volcano plot shows that there were more up- than down-
regulated genes. This is more clearly depicted in a bar graph
(Figure 5C). Among the 1486 genes with FDR <0.05, 1389
genes (93.5%) were upregulated. Only a small fraction (97
genes; 6.5%) was downregulated. The gene length of the up-
regulated, downregulated, and unchanged genes showed no
significant difference (Figure 5D). We arbitrarily divided
the upregulated genes into short (< 30 kb), medium-sized
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Figure 5. RNA-seq of WT and KO adrenal glands. (A) A heatmap of differentially expressed genes. Eighty genes with the lowest FDR were shown. For a
given gene, color represents SDs beyond the mean of raw reads in all the six samples (3 KO and 3 WT) tested. (B) A volcano plot of FDR and expression
fold changes (FC) of all the genes detected in the KO versus WT adrenal glands according to RNA-seq. Some prominently changed ones are annotated,
and dysregulation of genes indicated in brown was confirmed by RT-qPCR. Dashed horizontal and vertical lines represent FDR = 0.05 and log2FC = ±1,
respectively. (C) Fold changes of expression for 1486 genes with FDR < 0.05 in the KO versus WT adrenal glands. (D) The length distribution of the genes
with significant upregulation or downregulation or without change. The box graphs show the median (solid horizontal line in the box), the 75th percentile
(upper part of the box), 25th percentile (lower part of the box), 95th percentile (upper whisker), 5th percentile (lower whisker), and outliers (dots beyond
the 95th and 5th percentile) of the gene length of each group. The violin plots illustrate the gene size distribution of each group. (E) The length of the
upregulated genes was similar to those in the whole genome. The percentages of short (<30 kb), medium (≥30 kb and <100 kb), and long (≥100 kb) genes
of the significantly upregulated genes (FDR < 0.05) and the percentages of genes of these sizes in all the genes in the genome are shown. No significant
difference was observed in any length category (P > 0.05; � 2 test). (F) Reduced Star mRNA levels in the KO adrenal glands according to RT-qPCR. (G)
Reduced STAR protein levels in the KO adrenal glands according to immunoblotting. A representative blot from three replicates is shown. (H) Elevated
mRNA levels of tumor suppressor genes (Pcdh8 and Tfcp2l1) and oncogenes (Mafa and Taf4b) in the mouse KO adrenal glands, according to RT-qPCR.
(I). Elevated mRNA levels of oncogenes MAFA and TAF4B in the human PBMAH adrenal gland samples according to RT-qPCR. Genes in (H) and (I)
were selected from the ones with significant upregulation in the mouse KO adrenal glands according to RNA-seq. The signal ratios of the test genes versus
Rn7sk were presented. Means ± SEM are shown. **P < 0.01; ***P < 0.001 (paired two-way Student’s t-tests for mouse samples and unpaired two-way
Student’s t-test for human samples).
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(≥30 kb and <100 kb), and long (≥100 kb) ones. Most
upregulated genes were short. However, their percentage
(50.2%) among all the upregulated genes was similar to that
of short genes in the genome (55%) (Figure 5E). Therefore,
the enlarged Pol II pool does not specifically favor the tran-
scription of short genes.

PBMAH patients have inappropriately regulated and
increased cortisol levels. The large mass of the nodu-
lar adrenals can result in Cushing’s syndrome. However,
the glucocorticoid biogenesis per cell in the hypertrophic
adrenal cortex is reduced (36). STAR is a rate-limiting en-
zyme in steroidogenesis, regulating cholesterol transfer in
the mitochondria (62). RNA-seq revealed that the Star
mRNA level was significantly reduced in the KO adrenal
gland (Supplementary Table S4). This was confirmed by
RT-qPCR (Figure 5F), and reduced STAR protein level in
the KO adrenal glands was demonstrated by immunoblot-
ting (Figure 5G). The reduced STAR expression in the
Armc5 KO is likely to be a key contributor to the reduced
cortisol production by each adrenocortical cell.

Among 1486 differentially expressed genes in the Armc5
WT and KO adrenal gland, we selected those involved in tu-
morigenesis and subjected them to further RT-qPCR con-
firmation. The results are presented in Supplementary Fig-
ure S6. Four of the confirmed genes are known tumor sup-
pressors (e.g. Pcdh8 and Tfcp2l1) or oncogenes (Mafa and
Taf4b), and their validation by RT-qPCR is shown in Figure
5H. The upregulation of two oncogenes at the mRNA level
(MAFA and TAF4b) was also validated in the hyperplastic
adrenal glands of PBMAH patient samples with ARMC5
mutations (Figure 5I). These findings raise an interesting
possibility that these genes are among the effector genes that
cause adrenal gland hypertrophy and PBMAH.

The higher Pol II density in genes of KO adrenal gland cells
was not a sign of stalling and did not cause a general decrease
in transcription

The accumulation of RPB1 in KO cells raised the question
of whether it was part of stalled Pol II due to failed degrada-
tion. We conducted an anti-total RPB1 mAb F12 ChIP-seq
of the adrenal gland, which was analyzed along with RNA-
seq data to address this question. RPB1 signals in ChIP-seq
were used customarily as a surrogate marker of Pol II peak
density in the genes (11). A total of 12,718 genes showed dis-
cernible ChIP-seq signals. The distribution of Pol II peaks
in different regions of genes is illustrated in Figure 6A. In
both the KO and WT adrenal glands, the introns had the
highest peak number, followed by intergenic regions and
then the promoter regions. Representative CPM heatmaps
for the region from –2000 bp upstream of TSS to +2000
bp downstream of the transcription ending site (TES) of all
genes in one pair of WT and KO samples are illustrated in
Figure 6B. Within the genes, the highest normalized RPB1
readcounts (readcount per million mapped reads (CPM))
were accumulated near the TSS (Figure 6C). In this meta-
gene analysis (Figure 6C), no visually discernible difference
in Pol II peak density was observed between the KO and
WT adrenal glands. We also conducted anti-phospho-S2
RPB1 Ab ChIP-seq, which detected Pol II peaks mainly in
the gene body and TES, and the results revealed no signifi-

cant difference between WT and KO adrenal glands either,
as expected (data not shown). However, for the mAb F12
ChIP-seq in a fixed region analysis in which the Pol II den-
sity of all the genes for the region spanning from –10 kb to
+10 kb surrounding the TSS was measured, the KO tissue
had a slightly higher Pol II density across this region ac-
cording to visual inspection (Figure 6D). We also carried
out a metagene analysis of the RPB1 CPM distribution of
970 upregulated genes found in KO adrenals according to
RNA-seq. As shown in Figure 6E, the KO tissue had higher
RPB1 CPM across the TSS, gene-body, and TES regions,
supporting our hypothesis that failed RPB1 degradation in
the KO tissues does not cause Pol II stalling but rather in-
creases transcription in a subset of genes. We will elaborate
on this further later. It is to be noted that such metagene il-
lustration (Figure 6C–E) is not suitable for statistical analy-
sis and is only meant for visual appreciation. The statistical
analysis results are presented below.

Two hundred and seventy-three of the 12 718 genes that
had ChIP-seq signals showed a statistically significant dif-
ference (FDR < 0.05) in Pol II density in the KO versus
WT adrenal glands (95 genes (all increased) in the TSS re-
gion (from TSS –400 bp to TSS +100 bp); 179 genes (172 in-
creased and seven decreased) in the gene body region (from
TSS +100 bp to TES –100 bp (transcription ending site));
and 102 genes (94 increased and eight decreased) in the TES
region (from TES –100 bp to TES +2000 bp) (left panel,
Figure 6F; Suuplmentary Tables S5–S7). Thus, for those
273 genes with FDR <0.05, the majority of them (26) in the
KO group presented increased Pol II density. The increased
Pol II peak density in different gene regions (i.e. TSS, gene-
body, or TES) for the 261 genes with upregulated Pol II peak
density are shown in Figure 6G (left panel).

RPB1 ChIP-seq only provided a snapshot of the loca-
tion of Pol II during the dynamic transcription process. To
assess whether these Pol IIs were actively transcribing or
stalled, we conducted a combined ChIP-seq and RNA-seq
data analysis. In the KO adrenal glands, among the 1486
dysregulated genes according to RNA-seq, 1024 of them
(69%) had detectable ChIP-Seq signals, 970 being upregu-
lated and 54 downregulated (right panel, Figure 6F). The
upregulated genes tended to have higher Pol II peak density
in different regions of the genes, as shown in Figure 6E. The
P-values, FCs and FDRs of the ChIP-seq signals of these
genes in the TSS, gene body, and TES regions are presented
in Suuplmentary Tables S8–S10.

Conversely, among the 261 genes with higher Pol II den-
sity, approximately one-third were upregulated (100/261,
38%; right panel, Figure 6G). On the other hand, none of
the genes with an increased Pol II density presented de-
creased mRNA levels (data not shown).

The higher Pol II density of six genes with concomitant
mRNA upregulation in the KO adrenal glands is illustrated
in Figure 6H. The obviously increased Pol II density in the
TSS region (all the six genes), in the gene body (all the
genes), and in the TES region (Hist1h1a, Oas1a and Ccl7)
could be appreciated by visual inspection.

Four genes (Pddh8, Tfcp2l1, Mafa and Taf4b) with func-
tions related to tumorigenesis had confirmed mRNA upreg-
ulation (Figure 5H) accompanied by significantly higher Pol
II density in their genes (Figure 6I).
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Figure 6. RPB1 ChIP-seq of WT and KO adrenal glands. (A) Pol II peak distribution in different gene regions of a representative pair of KO and WT
samples. (B) Heatmaps of the normalized readcounts based on data from a representative pair of KO and WT adrenal glands. (C) Means (solid lines) ±
SE (shadows) of normalized readcounts (readcounts per million mapped reads) in a metagene analysis for a genomic region from –2 kb of TSS to +2 kb of
TES. Data were based on three biological replicates for WT and KO pairs. (D) Pol II peak distribution (mean ± SE) in a fixed region from –10 kb upstream
to +10 kb downstream of TSS. (E) Means (solid lines) ± SE (shadows) of normalized readcounts in a metagene analysis (from –2 kb of TSS to +2 kb of
TES) of 970 genes that were upregulated in the KO adrenal glands. (F and G) Combined analysis of RNA-seq and ChIP-seq. The numbers of genes with
significantly dysregulated Pol II density in different gene regions (TSS, gene body and TES) are shown in the left panel of (F) Please note that one gene
could have dysregulation in more than one region. The numbers of genes showing significant up- or down-regulation according to RNA-seq and at the
same time with detectable signals in ChIP-seq are shown in the right panel of (F). The locations (i.e. TSS, gene body, and TES) of the significantly different
Pol II peak density of 261 genes with increased Pol II density are illustrated in the left panel of (G). The overlap of genes with higher Pol II density and
mRNA upregulation is depicted in the right panel of (G). (H) ChIP-seq readcount tracks in the gene regions of six genes with a prominent difference in
Pol II density in KO versus WT adrenal glands. (I) ChIP-seq readcount tracks showing increased Pol II density in four genes with upregulated mRNA.
The tracks were normalized so that each value was proportional to the readcount per base pair per 10 million reads.
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These results suggest that the increased Pol II density fa-
vors upregulation of a subset of genes, some of which might
be effector genes causing adrenal gland hypertrophy in the
KO mice and PBMAH in patients.

This ChIP-seq did not employ control spike-in DNA to
normalize inter-sample variation and increase assay sensi-
tivity. As a consequence, this ChIP-seq might not have suf-
ficient sensitivity to detect those genes with low-level differ-
ences between the WT and KO samples.

DISCUSSION

In the present study, we show that ARMC5 forms a
multiple-subunit E3 ligase complex with CUL3 and RBX1
that targets RPB1, the largest subunit of RNA pol II, for
degradation. This E3 was largely responsible for RPB1
ubiquitination in all the tissues tested under physiological
conditions. Due to compromised RPB1 ubiquitination and
the subsequent degradation via the proteasome pathway,
Armc5 deletion caused RPB1 accumulation in all the major
organs in KO mice. Similar RPB1 accumulation was also
found in the hyperplastic adrenal tissues of PBMAH pa-
tients with ARMC5 mutations. Such accumulation likely re-
sulted in an enlarged Pol II pool size. We did not find any
evidence of generalized Pol II stalling or a generalized de-
crease of mRNA transcription in the KO adrenal glands.
However, a subset of genes had altered expression, with
most being upregulated. It is plausible that some of these
affected genes are effectors that cause adrenal hyperplasia
in the KO mice and in PBMAH patients with ARMC5 mu-
tations.

ARMC5-CUL3-RBX1 was a primary RPB1-specific E3 un-
der a physiological condition

Several RPB1-specific E3s have been reported in yeast and
mammalian cells. Rsp5, an E3 ligase in yeast, polyubiquiti-
nates RPB1 with an S5 hypo-phosphorylated CTD (63,64).
Rsp5 also mono-ubiquitinates Rpb1, and then a second E3
Elc1/Cul3 adds polyubiquitin K48-linked chains to Rpb1
(21). NEDD4, a mammalian homolog of yeast Rsp5, coop-
erates with Elongins/CUL5 and catalyzes polyubiquitina-
tion via a two-step reaction (21). However, in the HEK293
cells, the ubiquitination of RPB1 catalyzed by NEDD4 only
occurs when they are UV irradiated (20). CRL4-CSA has
been suggested as an RPB1-specific E3 in irradiated cells
(11). Its E3 activity for RPB1 at K1268 has been proven by
in vitro ubiquitination (65). Two RPB1-specific E3 for cell
lines without exogenous DNA damage have been reported.
pVHL-EloB/EloC-CUL2-RBX1 is specific for RPB1 with
a hyperphosphorylated CTD, and its activity is found in
unperturbed PC12 cells based on pVHL anti-sense knock-
down (26). WWP2, a HECT E3, ubiquitinates the RPB1
CTD domain in the absence of exogenous DNA damage
(23). However, this is only proved in vitro in F9 embry-
onic carcinoma cells, in which WWP2 siRNA knockdown
leads to increased total RPB1 as well as RPB1 containing S2
or S5 hyperphosphorylation of the CTD. WWP2 was also
shown to ubiquitylate RPB1 in response to DNA break-
age in a manner that requires DNA-PK (12). The activity
of these RPB1-specific E3s highly depends on RPB1 CTD

phosphorylation. WWP2 (23,24) and pVHL (22) KO mice
have been generated, but there is no report on the possible
RPB1 accumulation in the organs of these mice. In theory,
an E3 acting on RPB1 in normal tissues or organs should
exist.

The novel ARMC5-CUL3-RBX1 E3 we discovered in
this work is a constitutive RPB1-specific E3 under a phys-
iological condition because when its function was compro-
mised by ARMC5 deletion or mutation, there was a consid-
erable accumulation of RPB1 protein in most tissues and or-
gans without exogenously induced DNA damage or stress.
The phosphorylation of S2 and S5 in the RPB1 C-terminal
domain repeats is related to the location of RPB1 in the
genes (66). In the absence of ARMC5-CUL3-RBX1 E3, the
degradation of RPB1 with hyper- or hypo-phosphorylated
S2 or S5 in the CTD or unphosphorylated RPB1 was all
compromised (Figure 3), resulting in significant accumula-
tion of all these RPB1 species. As RPB1 constantly trans-
forms between these different phosphorylation states, we
have not determined whether the E3 targets one, a few, or
all the forms of RPB1. It is interesting that even in organs
where ARMC5 expression is low, e.g., the liver and heart
(37), the absence of this E3 still caused drastically increased
RPB1 levels. Thus, this E3 likely plays a significant role in
maintaining Pol II pool size homeostasis in all the organs
and tissues under a physiological condition. We found that
the cytosolic RPB1 level in the KO tissue was also increased
(Figure 3I), suggesting that this E3 is also involved in de-
grading misassembled Pol II or misfolded RPB1 under a
physiological condition. Due to the vital roles of RPB1 and
Pol II in cell biology, other RPB1-specific E3s might provide
the much-needed redundancy to allow cells to survive when
this major ARMC5–CUL3–RBX1 E3 is dysfunctional or
inadequate. However, they cannot fully compensate for the
dysfunction of this E3, as evidenced by the accumulation of
RPB1 in the KO organs and tissues.

K48-linked ubiquitination ushers proteins to the protea-
some for degradation (67). The KO lymphoid organs and
adrenal glands showed reduced K48-linked RPB1 ubiquiti-
nation (Figure 4A–D). These findings are compatible with
augmented RPB1 levels in these tissues.

Using tagged ARMC5 overexpression in HEK293 cells
or SW-13 is an effective method of detecting the interaction
of ARMC5 with other proteins and identifying interaction
regions of ARMC5 with other proteins in a qualitative way.
However, this system is not effective at assessing ARMC5’s
function on RPB1 levels, which is expected to decrease.
Such a decrease was not observed in SW-13 cells (Figure
1G) and was only occasionally found in HEK293 cells at a
very moderate degree (Figure 1D and F). This is explained
by low plasmid transfection efficiency. The transfection effi-
ciency in SW-13 cells was ∼3%. Therefore, 97% of the SW-
13 cells did not have ARMC5 overexpression, and RPB1
levels in these cells were unchanged (Figure 1G). Even if
the 3% transfected cells have all their RPB1 destroyed by
the overexpressed ARMC5, the 3% decrease of RPB1 in the
lysates cannot be detected amongst 97% unchanged back-
ground. The transfection efficiency in HEK293 cells was
better at about 20–30%. The 70-80% background noise ex-
plains why only a slight decrease of RPB1 levels in HEK293
cells overexpressing ARMC5 could occasionally be noticed.
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The structure of ARMC5–CUL3–RBX1 E3 and its acces-
sory molecules

Through a series of deletion mutations, we established that
ARMC5 utilized its BTB domain to interact with the cullin
repeats of CUL3. The ARM domain and the preceding N-
terminal sequences were essential for ARMC5’s association
with the N-terminal region before the CTD of RPB1. How-
ever, the remaining sequences after the ARM domain ex-
cept the BTB domain in ARMC5 also contributed to RPB1
binding, but to a lesser extent. The critical component,
a RING-finger protein RBX1, of this multi-unit RING-
finger E3, is well known to bind to CUL3 (68,69). These
four molecules formed a basic ensemble. We demonstrated
previously by Y2H that ARMC5 is able to homodimerize.
We showed that the ARM domain in ARMC5 was crit-
ical for its dimerization, according to the deletion study.
It is possible that this basic 4-molecule ensemble exists as
dimers, as illustrated in Figure 2K, or even exists in poly-
meric form. We constructed a 3D model of the complex
(Figure 3L) based on information extracted from the Pro-
tein Database and computer modeling. This model needs
to be confirmed and detailed in the future by structural
biology studies, especially in the context of this E3 in as-
sociation with Pol II. We will then have a better under-
standing of how this dimeric E3 functions and a better an-
swer to the following questions. (i) Does this dimeric E3 (or
polymeric E3) target only one RPB1 or different RPB1s in
the vicinity simultaneously? (ii) Even more intriguingly, will
this dimeric or polymeric E3 simultaneously target other
subunits of the Pol II or even other components of the
transcription machinery such as those in the pre-initiation
complex?

There should be other obligatory components attached
to or near this E3 complex for its E3 enzymatic activity,
such as E1, E2 and ubiquitin. We indeed found E1 (UBE1)
and ubiquitin (UbC) in the ARMC5 immunoprecipitates
according to LC–MS/MS analysis (Figure 1B). No E2 was
found in the ARMC5 immunoprecipitates, but this was not
unexpected, as they might not have survived the immuno-
precipitation due to lower affinity to the E3 complex.

In this E3 complex, RBX1 is the catalytic subunit, and
CUL3 is the scaffold to bridge the catalytic subunit to the
substrate recognition subunit. RBX1, in the presence of
E1, E2, ubiquitin and ATP, is likely capable of ubiquiti-
nating anything in its vicinity, including CUL3 and RBX1.
Indeed, CUL3-RBX1 auto-ubiquitination has been docu-
mented (70). The function of ARMC5 as a substrate recog-
nition subunit is probably to draw a substrate (e.g. RPB1)
close enough to the catalytic subunit and retain it there long
enough to be ubiquitinated. Since ARMC5 is also near the
RBX1 catalytic subunit, it should be ubiquitinated by this
E3 as well. Such ARMC5 ubiquitination was recently re-
ported by Cavalcante et al. (71). Whilst ARMC5 could be
considered a substrate of RBX1-CUL3, a more accurate
characterization of such ARMC5 ubiquitination is auto-
ubiquitination of this E3 complex. Enzymes are not usually
regarded as a substrate even if it acts on itself because an
enzyme needs to work on a different molecule (with a few
exceptions such as Lck autophosphorylation) to propagate
a signaling cascade or execute a function. Therefore, we en-

visage that RPB1 but not ARMC5 is a true substrate of this
novel ARMC5–CUL3–RBX1 E3.

Each E3 often has more than one substrate (72). Since
the ARM domain in an ARM-containing protein can often
dock different proteins (73), it follows that ARMC5 may be
able to serve as a recognition subunit for several different
substrates. Thus, in addition to RPB1, this novel ARMC5–
CUL3–RBX1 E3 might have other substrates pending dis-
covery. Potential other substrates could be hits found in
our LC–MS/MS analysis of ARMC5 precipitates from
HEK293 cells. A total of 164 hits with more than 2-fold
presence than that in the controls. Among these, some could
be additional substrates recognized by ARMC5. Dysfunc-
tion of these additional putative substrates and RPB1 might
collectively contribute to Armc5 KO/mutation phenotype
in mice and humans.

ARMC5 isoforms and cleavage products

ARMC5 has eight isoforms at the mRNA level (27). Among
them, six encode proteins. The dominant isoform ARMC5-
201 encodes a peptide of 935 aa in length. This isoform is
expressed in most tissues, albeit at different levels. In our
study, the cDNA encoding this 935-aa peptide was em-
ployed for transfection. The expressed exogenous ARMC5
always appeared as two bands at 130 and 100 kDa. This size
is bigger than the calculated size based on mRNA length,
probably due to posttranslational modifications. The rel-
ative intensity of these two bands varied in different ex-
periments (Figures 1C–E, and 2D). This suggests that the
lower band is a protease degradation product rather than
a peptide translated from a second ATG downstream in
the 935-nt mRNA. Since the HA and FLAG tags are at
the C-terminus, according to size calculation, this cleav-
age site is near the end of the ARM domain (aa 143–444).
As expected, when this domain was deleted, the 100-kDa
band no longer existed (Figure 2H, the third lane of the left
panel). However, with the deletion of aa143–444 or aa445–
747, there appeared a new band of about 50 kDa in size,
likely due to the exposure of a new protease cleavage site
(Figure 2H, third and fourth lanes). These results suggest
that in the cells, a fraction of ARMC5 (30–50%) was cleaved
in two. The cleaved N-terminal part contained the RPB1-
binding site, and the C-terminal part, the CUL3-binding
BTB domain. These fragments can no longer serve as an
E3 substrate recognition unit, as they cannot bring RPB1
close to CUL3-RBX1. Instead, they might act as negative
competitors to interfere with the interaction of the full-size
ARMC5 with RPB1 and CUL3.

Decreased RPB1 degradation did not cause Pol II stalling

Transcription by Pol II is a dynamic process. It can fre-
quently pause due to damage of the template DNA, defec-
tive Pol II assembly, or stress in growth conditions (74). In
quiescent cells at the G0 phase, some Pol IIs are paused at
promoter-proximal regions of many genes, and they need
to be nudged along to increase the transcription rate to al-
low cells to enter the G1 phase (75). The paused Pol II will
continue its journey once DNA damage is repaired, the qui-
escent cell status is changed, or the stress is relieved (11–13).
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If the pause persists, for the transcription to start or to re-
sume, data suggest that the Pol II has to be destroyed by
the proteasomes after being ubiquitinated (5,7–13). If the
major machinery for Pol II degradation was dysfunctional,
as was the case in Armc5 KO or ARMC5 mutations, we ex-
pect to see extensive Pol II stalling, and consequently, a gen-
eral decrease of mRNA transcription. However, this did not
happen in the KO adrenal glands.

Among 12 718 genes with detectable anti-total RPB1
ChIP-seq signals, only 261 genes in the KO tissue had a
significantly higher Pol II density. A caveat of this ChIP-
seq observation is that with our experimental methods, it
is likely that only genes with significantly changed Pol II
density are detected. With a better normalization approach,
we might be able to detect more genes with increased Pol
II density. However, it remains true that there was no gen-
eral transcription-hampering Pol II stalling in the KO tis-
sue, as no gene with higher Pol II density presented lower
mRNA levels, and no generally decreased transcription was
observed. We also conducted anti-P-S2 ChIP-seq, which
mainly detects RPB1 in the genebody. No obvious Pol II
stalling was detected (Supplementary Figure S7) either, sim-
ilar to that found using anti-total RPB1 ChIP-seq.

There are two possible non-mutually exclusive explana-
tions for such an unexpected result. Most of our knowledge
related to Pol II stalling and the role of the proteasome sys-
tem in resolving such stalling was derived from experiments
where significant DNA damage was induced (74) or from
experiments conducted in vitro (76,77). It is possible that the
ubiquitination/proteasome system is not required at all for
removing the stalled Pol II in vivo. This is the case in yeast
(78,79). Recently, two groups reported that K1268 ubiqui-
tination is responsible for UV-induced RPB1 degradation
by the proteasome (11,13). In HEK293 cells with RPB1
K1628R mutation, in spite of failed RPB1 degradation af-
ter UV irradiation, Pol II still comes off from the damaged
DNA sites, and computer modeling suggests it recycles nor-
mally (11). This is consistent with our finding that there
was no apparent Pol II stalling in the absence of this ma-
jor RPB1-specific ARMC5–CUL3–RBX1 E3. The primary
function of this novel E3 is probably to maintain the home-
ostasis of the Pol II pool size and to degrade misfolded or
misassembled RPB1. Another possible explanation is that
under a physiological condition, Pol II stalling is an insignif-
icant event. Hence, the task of removing the stalled Pol II,
although vital, is light. E3 redundancy is in place, as man-
ifested by the existence of several other RPB1-specific E3s
(11–12,21,23,26). Although most of the other E3s play a mi-
nor role without massive DNA damage, in the absence of
ARMC5, they are probably sufficient to carry out the light-
duty of removing the stalled Pol II.

Another surprising observation is that the accumulation
of RPB1 was correlated to significantly increased mRNA
levels of a large number of genes (1,389) in the adrenal
glands, while only a small number of genes (97) had reduced
mRNA levels (Figure 5C). Such a heavily skewed expres-
sion pattern has rarely been seen in RNA-seq datasets with
other gene deletions or mutations. Although the steady-
state mRNA level is determined by the balance of mRNA
transcription and degradation, in most cases, it reflects the
rate of mRNA transcription. It is, therefore, reasonable to

assume that in the KO adrenal glands, the heavily biased
expression pattern towards the augmentation for a sub-
set of genes was due to a generally increased transcrip-
tion rate. The increased transcription is probably due to a
bigger Pol II pool in the KO cells. In supporting this hy-
pothesis, Vidakovic et al. reported that the K1268R mu-
tation of RPB1 renders it incapable of being degraded
by the ubiquitination/proteasome system in UV irradiated
HEK293 (13). Consequently, there is an enlarged Pol II
pool in cells after UV irradiation, resulting in increased
transcription of >1600 genes but decreased transcription
of fewer than 400. Thus, both our results and the results
of Vidakovic et al. support the notion that a larger Pol II
pool favors enhanced transcription, at least for a subgroup
of genes in certain tissues (13).

A larger Pol II pool does not affect all the genes, unlike we
would expect intuitively. Instead, only a subgroup of genes,
1,389 out of 18,500 expressed genes in the adrenal glands,
showed increased transcription. Vidakovic et al. reported
that a large Pol II pool size preferably increases the tran-
scription of short genes after UV irradiation (13). Although
in our study, 50.2% of the genes in the upregulated group
are short ones, this percentage was not significantly differ-
ent from that of short genes in the entire genome, in which
short genes are predominant. Therefore, gene length is not
a factor for the Pol II pool size to influence transcription
under an unperturbed condition.

In the KO adrenal glands, among 261 genes with in-
creased Pol II density, 100 (38%) were upregulated at the
mRNA level (Figure 6G). What is the mechanism for a
larger Pol II pool to upregulate some genes? For the genes
with an increase in both mRNA levels and Pol II density,
they must have a particular gene sequence to enable more
active transcription due to a larger Pol II pool. A possible
location of such sequences is the TSS region, where most Pol
IIs reside according to ChIP-seq (Figure 6B). About 24% of
human genes have a TATA-like element as the TSS in the re-
gion (80). Others might have multiple noncanonical Pol II
binding sites for transcription initiation (80,81). It is possi-
ble that under a condition of excessive Pol IIs, genes with
multiple TSSs have an increased transcription rate since
they can dock multiple Pol IIs. It will be interesting to iden-
tify these Pol II pool size-sensitive noncanonical Pol II bind-
ing motifs (transcription initiation sites) in the promoter
region. Of course, such augmentation of transcription will
likely be subjected to further tissue-specific regulation. Dif-
ferent tissue types had different numbers and different sub-
sets of upregulated genes under the influence of a larger Pol
II. For example, in the Armc5 KO mouse embryonic fibrob-
lasts, similar to the KO adrenal, more than 1,000 genes were
upregulated, but most of them were different from those
upregulated in the adrenal (data not shown). Another ex-
ample is the upregulated genes in HEK293 cells with RPB1
K1268R mutation (13). The 1,600 upregulated genes, in that
case, were mostly different from the 1,389 upregulated ones
we observed in the Armc5 KO adrenal glands.

It is more difficult to understand why a larger Pol II pool
causes the downregulation of some genes. It is possible that
some of the downregulated genes lack other means to re-
move the stalled Pol II, which exists functionally but is not
detected as significant in ChIP-seq after multiple-testing
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correction. It is also possible that some of these downreg-
ulated genes are indirectly influenced by the larger Pol II
pool via upregulated ones.

The biological consequence of the Pol II pool size has
not attracted much attention until recently (11,13). The in-
creased Pol II pool size could cause abnormal regulation
of a subset of genes, and the consequence is often detri-
mental, as demonstrated in the RPB1 K1268R knock-in
mice (11), which have a Cockayne syndrome-like manifes-
tation. These mice and our Armc5 KO mice share some
common pathology, such as a significant degree of prenatal
lethality, defective neural development (our KO mice had
a high incidence of neural tube defects; data not shown),
and dwarfism. Based on their cellular studies of the effect
of the enlarged Pol II pool caused by RPB K1268R muta-
tion, Vidakovic et al. suggested that “the Pol II pool size
might contribute significantly to genome instability disor-
ders (e.g., Cockayne syndrome, Fanconi anemia, Blooms
syndrome, and Huntington’s disease), and perhaps even to
the regulation of cell-type-specific transcription programs
in normal cells.” (13). Indeed, our current work proved the
biological importance of the Pol II pool size in normal cells
and whole animals/humans without irradiation.

ARMC5 mutations and diseases

A general phenotype of the Armc5 KO cells was reduced
proliferation. This was observed in T cells (37), MEFs, neu-
ral tube cells, and neural progenitor cells (data not shown).
The generally reduced proliferation might also be a con-
tributing factor to dwarfism. How do we reconcile this phe-
notype with adrenal hyperplasia and meningiomas found in
PBMAH patients with ARMC5 mutation? It is possible that
some upregulated genes caused by the larger Pol II pool are
oncogenes. However, such an oncogenic effect is counter-
acted by reduced cell proliferation, which is caused by an-
other set of anti-proliferation genes (detailed examples will
be given later). As a result of these two opposing effects,
ARMC5 mutations lead to very slow-growing hyperplasia
(adrenal hyperplasia in mice and PBMAH in humans) or
tumors (meningiomas in humans). Indeed, both PBMAH
and meningiomas take decades to develop and are often de-
tected after 50–60 years of age (28,82).

Our studies of two cohorts from Adelaide, Australia, and
Montreal, Canada, were able to show that PBMAH pa-
tients with ARMC5 mutations had abnormally high RPB1
levels in their hyperplastic adrenal nodules. This has demon-
strated that our findings of ARMC5-CUL3-RBX1 as a
novel RPB1-specific E3 are relevant to PBMAH. The three
Australian PBMAH kindred had a missense mutation of
R593W caused by a point mutation at C1777T in the
ARMC5 coding sequence. The mutation is located in a re-
gion between the ARM domain and BTB domain. Accord-
ing to our deletion studies (Figure 2H), this region con-
tributes to the association between RPB1 and ARMC5.
Based on the 3D structure of ARMC5 predicted by Al-
phaFold, R593 is located at a hinge region of the ARMC5
molecule. We speculate that this mutation might alter the
angulation of ARMC5 and consequently cause a weaker
binding between ARMC5 and RPB1. Such reduced inter-
action was proven in vitro using ARMC5 R593W mutants

according to immunoprecipitation (Figure 3O). As a con-
sequence, the E3 became less potent, resulting in inade-
quate RPB1 ubiquitination followed by RPB1 accumula-
tion. Among many point mutations that occur naturally
in ARMC5, only the critical ones will render pathological
manifestations, hence becoming clinically apparent. Some
PBMAH patients of other cohorts have mutations in the
ARMC5 BTB domain (83), which, based on our deletion
experiment, is critical for binding with CUL3. It is likely
that any critical mutations affecting the interaction between
the subunits of this RPB1-ARMC5-CUL3-RBX1 complex
will result in compromised RPB1 ubiquitination, which in
turn causes RPB1 accumulation and an abnormally larger
Pol II pool.

It is known that the PBMAH patients with germline
mutations also develop somatic ARMC5 mutations in the
hyperplastic adrenal tissues (30). Such biallelic mutations
generate a condition in their adrenals akin to the biallelic
ARMC5 KO in mice, leading to severely reduced ARMC5
levels, which in turn result in RPB1 accumulation in the
adrenals. The monoallelic germline mutations in the pa-
tients probably can still produce enough ARMC5 and hence
do not cause an obvious phenotype, like heterozygous KO
mice, until the second allele is compromised somatically
later in life. Since the somatic mutations occur randomly
and it takes time to affect critical nucleotides by chance, this
can also explain the late onset of the disease.

The adrenal hyperplasia in the KO mice and PBMAH pa-
tients is likely caused by increased cortical cell proliferation
or reduced apoptosis, or both. We conducted gene ontogeny
analysis of genes with significantly different transcription
accompanied by upregulated Pol II peak density and vali-
dated their dysregulated transcription by RT-qPCR. Some
confirmed upregulated genes seem to function as tumor
suppressors and are anti-proliferative. For example, Pcdh8
encodes a membrane protein belonging to the cadherin su-
perfamily and is a candidate tumor suppressor in breast
cancer (84). Tfcp2l1 encodes a transcription factor that is
known to maintain the pluripotency of embryonic stem cells
(85). It positively regulates CRYAB protein expression, and
its downregulation is associated with thyroid carcinomas
(86). They were both highly upregulated (∼200-fold and
∼6-fold, respectively) in KO adrenal glands.

On the other hand, some confirmed upregulated genes
can act as oncogenes. Mafa is a case in point. It is a large-
Maf family member and has a strong transforming capa-
bility in fibroblasts (87). However, its oncogenic activity de-
pends on the cell context, and under some circumstances, it
counteracts the oncogenic function of the Ras/Raf/MEK
pathway activation (88). This gene was highly upregulated
in KO adrenals (5-fold) and greatly so in human PBMAH
adrenal nodules (40-fold). TAF4b also belongs to this onco-
gene category. Its protein is a subunit of the transcription
factor IID (TFIID) (89), which is essential for the initia-
tion of transcription by Pol II (90). TAF4b is known to ac-
tivate anti-apoptotic genes and can thus promote cell sur-
vival (91). It was upregulated 3- and 5-fold in the KO mouse
adrenal gland and human PBMAH adrenal glands, respec-
tively.

It is possible that the collective effects of these multi-
ple dysregulated genes but not of a single gene resulted in
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the phenotype observed in the KO mice and patients with
ARMC5 mutations. The upregulation of tumor suppres-
sor and anti-proliferative genes such as Pcdh8 and Tfcp2l1
curbs the growth of cells and tumors while elevated levels
of oncogenes such as Mafa and Taf4b trigger oncogenesis.
The end results depend on the equilibrium of these two op-
posing forces in different tissues and often lead to gradual
hyperplasia or tumors such as PBMAH and meningiomas.
The upregulation of the anti-proliferative genes (Pcdh8 and
Tfcp2l1 or similar ones) can also explain the generally re-
duced growth rate of many types of KO cells, such as lym-
phocytes (37), MEFs, and neural progenitor cells (data not
shown). There is no prior literature related to this hypothe-
sis, and further validation is warranted.

Since ARMC5 mutation is associated with PBMAH and
meningioma, can it be characterized as a tumor suppressor
gene? To be defined as an oncogene or tumor suppressor
gene, it should affect cell transformation, proliferation, or
death in most cell types and have a clear, immediate mech-
anism leading to such phenotypes. ARMC5 does not ful-
fill these criteria. The abnormally large Pol II pool size af-
ter ARMC5 deletion or mutation might influence some real
effector genes (e.g. upregulating certain oncogenes or tu-
mor suppressor genes), causing cell type-dependent indirect
effects, be they anti-proliferative or pro-proliferative, and
anti-apoptosis or pro-apoptosis. Thus, despite the eventual
cell growth or death caused by ARMC5 KO/mutation, it is
inappropriate to categorize ARMC5 as either a tumor sup-
pressor gene or an oncogene per se, for the same reason that
we do not consider ARMC5’s downstream target RPB1 as a
tumor suppressor or oncogene even Pol II transcribes every
tumor suppressor gene and oncogene.

Although ARMC5 mutation is associated with PBMAH
risks, only about 25% of PBMAH patients have ARMC5
mutations. What causes PBMAH in the remaining 75%
of patients? We found that only in PBMAH patients with
ARMC5 mutations the RPB1 protein levels in their adrenal
gland nodules were elevated. This finding confirms that
ARMC5 mutation results in RPB1 accumulation. It also
supports the heterogeneous nature of PBMAH pathogen-
esis. We propose that for PBMAH patients with ARMC5
mutations, the enlarged Pol II pool size is the cause, al-
though not a direct one, but this hypothesis is yet to be
validated. The real culprits might be the downstream effec-
tor genes that are dysregulated by the enlarged Pol II pool.
Some of these effector genes are upregulated oncogenes
such as MAFA and TAF4B (Figure 5I). For those PBMAH
patients without ARMC5 mutations, although they have
a normal Pol II pool size, their PBMAH might be caused
by the mutations of the same effector genes (e.g. MAFA or
TAF4B, as alluded above). Thus, precisely identifying the
Pol II downstream effector genes in the PBMAH patients
with ARMC5 mutations might help identify risk genes for
those PBMAH patients without ARMC5 mutations.

Three of our coauthors previously conducted Affymetrix
microarray analysis to discover differentially expressed
genes in three PBMAH versus two normal adrenal gland
tissues (92). The complete dataset has now been deposited
in the Gene Expression Omnibus of NCBI (accession
#GSE171558). We compared the mouse RNA-seq and hu-
man microarray datasets and found 43 genes that were com-

monly upregulated in the mouse KO and human PBMAH
adrenal gland tissues and four genes that were commonly
downregulated (Supplementary Table S11). The oncogene
TAF4b was among the upregulated ones found in both stud-
ies. It will be interesting to investigate TAF4b and other
commonly regulated genes for their roles in PBMAH patho-
genesis. There are apparent profile differences between the
mouse RNA-seq and human microarray data. This is not
unexpected due to the following reasons: (a) the sensitivity
and specificity of RNA-seq and microarray are different; (b)
in the KO mouse tissue, all the cells have bi-allelic Armc5
deletion, while all the PBMAH tissues carry a monoallelic
R593W point mutation; (c) in the mouse samples, the whole
adrenal gland, including the medulla, was used. Armc5 in all
the cell types in the gland was deleted. The human samples
were derived from macronodules of the adrenal gland cor-
tex, but they also contained non-malignant cells (e.g. cells
in the blood vessel and fibroblasts) without ARMC5 muta-
tions. In both datasets, there were false-positive and false-
negative genes. Mafa is one such example. This gene was sig-
nificantly upregulated in mouse RNA-seq. This prompted
us to assess its expression in the PBMAH samples. The
RT-qPCR results showed that it was also highly upregu-
lated (25–90-fold) (Figure 5I) in the same three Adelaide
PBMAH samples used in the microarray, which did not
identify it as significant and d) there is also a species dif-
ference.

ARMC5 mutations cause PBMAH accompanied by re-
duced cortisol biogenesis per cell, although due to the mas-
sive adrenal gland hyperplasia, the patients have varying
degrees of biochemical hypercortisolism. Among the small
number of downregulated genes, Star had particular rele-
vance to the reduced per cell cortisol biogenesis. The pro-
tein coded by this gene is a transport protein for choles-
terol within the mitochondria and is the rate-limiting en-
zyme for the biogenesis of glucocorticoids (93). Thus, Star
might be one of the effector genes downstream of the en-
larged Pol II for cortisol biogenesis. The significantly re-
duced Star mRNA and protein levels in the KO adrenal
gland likely contribute to the reduced cortisol production
per cell. Mechanisms by which the large Pol II pool-caused
suppression of Star transcription need to be elucidated.
There was no significant increase in Pol II density in the
Star gene in the KO adrenal glands, as it is absent from
the list of genes with significantly different Pol II densities
(Supplementary Table S5-7). Possibly the Star downregu-
lation is an indirect effect mediated by some upregulated
genes. We cannot, however, exclude the possibility that for
this gene, some minimal degree of Pol II stalling occurs,
and this gene lacks a degradation-independent Pol II recy-
cling mechanism as alluded to before, resulting in depressed
transcription.

The enlarged Pol II pool due to ARMC5 mutation might
cause other diseases, some of which are subtle and can only
be revealed if carefully examined. The Armc5 KO pheno-
type in mice can serve as a guide in searching for the cause
of such human diseases.

In summary, we discovered a novel and major RPB1-
specific E3 that functioned under a physiological condition.
The dysfunction of this E3 led to an enlarged Pol II pool,
which rendered dysregulation of a subset of genes. Some of
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these genes might be effectors causing adrenal gland hyper-
plasia in the KO mice and PBMAH in humans.
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