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Abstract
Aldosterone-producing adenoma (APA) is a leading cause of primary aldosteronism (PA), a condition marked by excessive 
aldosterone secretion. CYP11B2, the aldosterone synthase, plays a critical role in aldosterone biosynthesis and the devel-
opment of APA. Despite its significance, encoding regulatory mechanisms governing CYP11B2, particularly its degrada-
tion, remain poorly understood. In this study, we sought to uncover novel regulators of CYP11B2 stability by conducting 
a siRNA screen targeting E3 ubiquitin ligases. Our results identified TRIM2 as a key negative regulator of CYP11B2, 
where its overexpression led to a significant reduction in CYP11B2 protein levels and a concomitant decrease in aldo-
sterone production in adrenal tumor cells. Mechanistically, we demonstrated that TRIM2 interacts with CYP11B2 via its 
RBCC domain, promoting K29/48-linked polyubiquitination and destabilization of CYP11B2. Further results revealed that 
TRIM2 is downregulated in APA tissues, showing differential expression between the zona glomerulosa (ZG) and zona 
fasciculata (ZF) of normal adrenal tissue. These findings highlight TRIM2 as a novel modulator of aldosterone synthesis 
through CYP11B2 degradation, offering a potential therapeutic target for APA.
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Introduction

Aldosterone (ALD) is a mineralocorticoid hormone synthe-
sized by the adrenal glands, contributing to the regulation of 
electrolyte balance and blood volume. Primary aldosteron-
ism is a state of extracellular fluid volume expansion, low 
renin condition, excessive and non-suppressible aldosterone 
production [1–3]. Primary aldosteronism stands as one of 
the most prevalent causes of endocrine hypertension, affect-
ing approximately 6–10% of hypertensive patients [4–6]. 
Aldosterone-producing adenoma (APA) is a common func-
tional benign tumor of the adrenal cortex and a prevalent 
subtype of primary aldosteronism [7].

Cytochrome P450 11B2 (CYP11B2), also referred to as 
aldosterone synthase, is a constituent of the cytochrome P450 
(CYP) superfamily and assumes a pivotal role in catalyzing 
three successive oxygenation reactions during the synthesis 
of aldosterone [8]. Moreover, it is increasingly acknowl-
edged as a promising therapeutic target for cardiovascular 
conditions associated with primary aldosteronism. As com-
monly understood, CYP11B2 catalyzes the conversion of 
deoxycorticosterone to corticosterone, corticosterone to 
18OH-corticosterone, and ultimately 18OH-corticosterone 
to aldosterone [9]. Elevated CYP11B2 expression is the key 
factor leading to excessive production and secretion of aldo-
sterone in APAs.

Recent investigations have employed diverse methodolo-
gies, unveiling numerous novel and pivotal insights into the 
molecular pathogenesis of aldosterone-producing adenomas 
(APAs), notably the upregulation of aldosterone synthase 
(CYP11B2) in APAs [10–13]. The transcriptional regulation 
of CYP11B2 is governed by the renin-angiotensin system 
(RAS). Within the zona glomerulosa of the adrenal cortex, 
angiotensin II (Ang II) binds to Ang II type 1 receptors 
(AT1R), members of the G protein-coupled receptor fam-
ily. Upon ligand activation, AT1R initiates various signal-
ing cascades including inositol triphosphate (IP3), Ca2+/
calmodulin (CaM), and MAPK signaling pathways [14, 15]. 
Transcription factors such as NR4A and CREB/ATF1 fami-
lies are known to be activated via these signaling routes, 
thereby promoting the transcriptional activity of CYP11B2 
[16, 17]. Additionally, somatic mutations, such as potassium 
channel KCNJ5, ATPase function-related genes ATP1A1 
and ATP2B3, as well as mutations influencing calcium 
channel activity in CACNA1D and CACNA1H, along with 
mutations in CLCN2 affecting [18] chloride ion channels, 
can all promote the expression of CYP11B2 by influencing 
its gene transcription activity [13, 19–21]. However, there is 
limited reported research concerning the protein-level regu-
latory mechanisms of functional CYP11B2, necessitating 
further exploration.

Various modifications, including phosphorylation, gly-
cosylation, nitration, and ubiquitination, have been docu-
mented for P450s [22–26]. Protein stability of P450s is 
primarily regulated by phosphorylation and ubiquitination 
mechanisms [22, 27]. Proteins serve as the fundamental 
building blocks of life processes, with ubiquitination stand-
ing as the second most prevalent form of post-translational 
modification among proteins. Ubiquitin ligases (UBEs) are 
responsible for attaching ubiquitin molecules to specific 
protein substrates, countering modifications catalyzed by 
deubiquitinating enzymes (DUBs). However, the specific 
ubiquitination and stabilization functions of the ubiquitina-
tion enzyme (UBE) responsible for CYP11B2 remain largely 
unexplored. In this study, we demonstrate that a UBE-
TRIM2-regulates aldosterone production in adrenal tumor 
cells by regulating the expression of CYP11B2. Mechanisti-
cally, TRIM2 ubiquitinates and destabilizes CYP11B2 in a 
catalytic activity-dependent manner. Furthermore, TRIM2 
expression was downregulated in APA samples, suggesting 
that it may be involved in the pathogenesis of APA and may 
be a target for therapeutic intervention in APA.

Materials and methods

Cell culture and reagents

The human adrenocortical carcinoma cell line (H295R) was 
obtained from the American Type Culture Collection (CRL-
2128; ATCC) and grown in H295R cell culture medium 
(CM-0399; Procell, Wuhan, China) at 37  °C in 5% CO2. 
293T cells were cultured in Dulbecco’s Modified Eagle 
Medium (DMEM) supplemented with 10% FBS (Gibco, 
China). Cells were maintained in a humidified incubator 
at 37 °C with 5% CO2. Antibodies against TRIM2 (20356-
1-AP, Proteintech), CYP11B2 (MABS1251, Millipore), 
CYP11B1 (MABS502, Millipore), β-Actin (sc-47778, 
Santa Cruz), MYC (18583, CST), GFP (ab290, Abcam), HA 
(TA180128, OriGene), and Ub (3933, CST) were purchased 
from specified commercial sources.

siRNA library screening

We procured the ON-TARGETplus siRNA library, which 
includes a pool of E3 ligase siRNAs, from Dharmacon (GE 
Healthcare, catalog G-105635-01). H295R cells were cul-
tured in 96-well plates at a density of 4 × 103 cells per well. 
The transfection reagent (Lipofectamine 3000 Transfec-
tion Reagent) was diluted using Opti-MEM and then added 
to each well containing the siRNA pool. After a 15-min-
ute incubation period, the siRNA (50 nM)/Opti-MEM/
Lipo3000 mixture was transfected into the H295R cells. 
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48  h post-transfection, cells were harvested, and lysates 
were prepared for immunoblotting analysis to assess endog-
enous CYP11B2 expression. Detailed siRNA sequences for 
E3 ligases are provided in Table 1.

Plasmids and siRNAs

We subcloned HA-tagged TRIM2 (amino acids 1-744) and 
its truncations, including TRIM2-R (amino acids 1-111), 
TRIM2-BCC (amino acids 108–321), TRIM2-fn (amino 
acids 318–472), and TRIM2-NHL (amino acids 469–744), 
into the pcDNA 3.1 vector. Transfection of the plasmids 
into cells was performed using Lipofectamine 3000 trans-
fection reagent (Thermo Fisher Scientific, USA) according 
to the manufacturer’s instructions, in serum-free OptiMEM 
medium (Gibco). The DNA construct sequences were thor-
oughly validated through DNA sequencing. For TRIM2 
knockdown, the following siRNAs were utilized: TRIM2-
si1: 5’-​G​G​A​C​G​A​U​C​U​U​A​A​C​C​A​C​C​A​A-3’, TRIM2-si2: 
5’-​G​G​G​U​G​U​A​G​C​A​G​U​G​G​A​U​U​U​C​A​A-3’, and siNC: 5’-​
U​U​C​U​C​C​G​A​A​C​G​G​U​G​U​C​A​C​G​U​T​T-3’, all procured from 
Shanghai, China Gene Pharma Ltd. Opti-MEM medium, 
Lipofectamine® 3000, and P3000TM (Invitrogen) were 
employed for transfecting cells with siRNA and plasmids 
according to manufacturer’s instructions after the H295R 
cells reached 80–90% confluent. The transfection efficiency 
was detected by quantitative polymerase chain reaction 
(PCR) at 24 h after transfection.

Measurement of aldosterone concentration

When H295R cells were grown to confluence in 24-mul-
tiwell plates, they were transfected with HA-TRIM2 or 
empty vector for 48  h. Angiotensin II (ANGII) was then 
added to the media at a concentration of 100 nmol/L, and 
the cells were incubated for 6 h. Before treating the cells 
with ANGII, they were incubated in serum-free medium for 
24 h. Aldosterone concentrations of the media were there-
after measured by Aldosterone EIA kit (Cayman Chemi-
cal, Ann Arbor, MI, USA) according to the manufacturer’s 
instructions.

Total RNA isolation and qRT-PCR

We isolated total RNA from APA cells using the RNeasy 
Mini Kit (Cat. #74101, Qiagen, Germany) according to the 
provided protocol. Subsequently, cDNA synthesis was per-
formed using the ReverTrace qRT-PCR Kit (Toyobo, China) 
for reverse transcription reactions. Each qRT-PCR reaction 
consisted of 3 μl primer, 4.5 μl cDNA, and 7.5 μl iQTM 
SYBR® Green Supermix (Bio-Rad, USA). The primer 

sequences for qRT-PCR are provided in Table 2. The cycle 
threshold (Ct) was determined relative to GAPDH.

Proliferation assays

The MTT test involved seeding 3000 BLCA cells per well 
in a 96-well plate. Next, 20 μL of MTT solution was added 
to every well, and the plate was subjected to a 4-hour incu-
bation period. A microplate reader (SpectraMax M2, USA) 
was used to measure the absorption values at 540 nm after 
the precipitate was dissolved in DMSO. A colony formation 
assay was performed for 10 days on a 6-well dish contain-
ing 1000 cells per well. Then, 4% paraformaldehyde was 
used to fix the colonies, and 0.1% crystal violet was used 
to stain them.

Western blotting

The process of total protein isolation and western blotting 
commenced with the centrifugation and ice-based lysis of 
cells for a duration of thirty minutes, employing RIPA buf-
fer supplemented with protease inhibitor and phosphatase 
inhibitor (Sigma-Aldrich, USA). Subsequently, the cells 
underwent treatment using an ultrasonic crusher for 10  s 
followed by centrifugation at 14,000 × g for 10 min. Pro-
tein separation and detection procedures were executed in 
accordance with the methods previously outlined [28, 29]. 
Finally, immune response bands were visualized using the 
electromagnetic interference XRS imaging system (Bio-
Rad, USA).

Co-immunoprecipitation

Following transfection for 48  h, cells were harvested and 
subjected to lysis using a cell lysis buffer containing a pro-
teasome inhibitor. The lysis process was conducted on ice 
for 30 min, followed by centrifugation at 14,000 × g at 4 °C 
for 10 min. A small aliquot of the resulting supernatant was 
utilized as Input for western blot analysis. Magnetic beads, 
bound to the corresponding antibodies, were then added to 
the remaining supernatant and allowed to incubate at 4 °C 
with gentle shaking overnight to facilitate the conjugation 
of antigen-antibody magnetic beads. After the immunopre-
cipitation reaction, the magnetic bead coupling complex 
was washed with buffer. Following this, 15 μl of 1 × SDS 
buffer was added and the mixture was heated at 100 °C for 
5  min. The proteins were then separated via SDS-PAGE 
electrophoresis, followed by western blotting to identify the 
interacting proteins.
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Gene Name Gene ID Sequence
PCGF3 10,336 ​G​C​A​C​U​U​A​G​A​U​U​C​C​C​A​U​C​G​G
PCGF3 10,336 ​G​U​A​C​A​U​C​G​G​U​C​A​U​G​A​C​A​G​A
PCGF3 10,336 ​G​G​A​G​U​U​C​U​A​U​C​A​C​A​A​A​U​U​G
PCGF3 10,336 ​G​C​G​A​C​C​G​U​C​U​U​G​C​A​U​C​U​G​A
VPS41 27,072 ​G​A​A​C​G​G​U​C​U​U​G​G​A​U​G​A​A​C​A
VPS41 27,072 ​A​G​U​C​A​U​A​G​U​U​C​A​A​G​C​A​G​U​U
VPS41 27,072 ​U​G​A​C​A​U​A​G​C​A​G​C​A​C​G​C​A​A​A
VPS41 27,072 ​C​A​G​C​A​U​G​U​G​U​A​U​U​U​G​C​A​U​A
TRIML1 339,976 ​U​C​A​G​A​G​A​G​C​C​U​G​U​G​U​G​U​A​A
TRIML1 339,976 ​C​A​G​C​A​A​A​U​C​A​G​A​A​G​C​C​U​A​A
TRIML1 339,976 ​A​C​A​C​A​A​C​U​A​U​U​A​A​G​A​C​G​A​U
TRIML1 339,976 ​G​G​A​C​C​U​G​U​U​C​U​C​A​C​U​A​A​U​A
PHF13 148,479 ​G​G​G​G​A​G​A​G​G​U​G​U​U​C​G​G​U​U​U
PHF13 148,479 ​C​C​G​U​G​G​U​A​G​C​U​G​U​G​C​G​U​U​U
PHF13 148,479 ​A​C​U​G​A​A​G​G​C​A​A​A​C​G​G​A​C​U​A
PHF13 148,479 ​C​A​A​A​C​A​G​C​C​A​G​G​A​C​G​C​A​U​U
TRIM22 10,346 ​G​U​A​G​A​U​G​U​G​U​C​U​G​G​A​A​A​G​A
TRIM22 10,346 ​A​G​U​G​A​A​A​G​C​U​G​G​A​C​A​U​U​G​A
TRIM22 10,346 ​U​A​A​A​C​G​A​G​G​U​G​G​U​C​A​A​G​G​A
TRIM22 10,346 ​G​U​A​C​G​C​A​C​C​U​G​C​A​C​A​U​U​U​A
MARCH6 10,299 ​A​C​G​G​A​A​A​U​C​U​G​G​C​A​A​A​C​A​A
MARCH6 10,299 ​C​U​A​A​G​G​A​A​U​U​U​G​A​A​U​G​A​U​C
MARCH6 10,299 ​C​A​U​A​C​A​A​U​G​U​C​A​U​G​C​U​C​U​A
MARCH6 10,299 ​U​C​A​U​A​G​A​U​C​U​C​G​U​C​G​C​U​U​A
TRIM46 80,128 ​U​G​A​C​A​A​A​G​A​G​C​C​U​G​A​C​A​U​A
TRIM46 80,128 ​G​C​G​A​A​U​A​C​A​G​U​G​A​A​G​A​U​G​U
TRIM46 80,128 ​G​C​C​A​A​C​G​C​C​U​G​G​U​A​U​G​U​C​A
TRIM46 80,128 ​G​C​U​C​A​G​G​U​C​U​G​G​U​G​G​G​C​U​A
TRIM45 80,263 ​G​C​A​C​C​G​A​G​G​A​G​U​C​U​A​C​U​U​A
TRIM45 80,263 ​G​G​A​C​A​U​A​C​U​A​C​A​U​U​U​C​C​U​A
TRIM45 80,263 ​G​C​U​C​A​G​A​U​C​C​A​C​A​U​A​A​U​A​A
TRIM45 80,263 ​G​U​G​C​A​G​G​G​C​U​C​G​C​C​A​U​U​C​A
RNF4 6047 ​G​A​A​U​G​G​A​C​G​U​C​U​C​A​U​C​G​U​U
RNF4 6047 ​G​C​A​A​U​A​A​A​U​U​C​U​A​G​A​C​A​A​G
RNF4 6047 ​G​A​C​A​G​A​G​A​C​G​U​A​U​A​U​G​U​G​A
RNF4 6047 ​G​C​U​A​A​U​A​C​U​U​G​C​C​C​A​A​C​U​U
IBRDC1 154,214 ​C​A​U​A​G​C​G​G​U​U​G​U​A​A​U​C​G​U​U
IBRDC1 154,214 ​G​U​U​G​U​U​A​A​G​U​G​A​U​A​U​G​C​U​A
IBRDC1 154,214 ​C​A​U​A​U​G​A​C​C​U​G​C​U​C​A​C​A​A​U
IBRDC1 154,214 ​G​A​A​C​U​U​G​G​C​C​G​U​A​U​U​G​A​U​U
RFP2 10,206 ​G​A​A​G​G​G​A​G​U​G​U​G​C​G​G​A​A​U​U
RFP2 10,206 ​G​A​C​A​C​U​G​G​C​A​C​A​U​U​C​A​U​U​A
RFP2 10,206 ​U​A​A​A​A​C​A​G​C​C​G​A​U​U​U​C​A​U​A
RFP2 10,206 ​G​A​G​A​C​C​A​G​C​U​C​C​A​U​U​C​A​A​G
RNF190 162,333 ​U​C​A​U​U​U​A​G​G​U​U​C​C​G​A​G​A​U​G
RNF190 162,333 ​C​C​A​A​A​C​A​G​A​G​U​U​C​U​A​G​U​G​A
RNF190 162,333 ​G​A​G​C​A​G​A​G​G​U​U​U​G​C​A​G​A​A​C
RNF190 162,333 ​G​A​G​A​G​A​G​G​U​U​G​U​C​A​A​G​A​A​A
TRIM72 493,829 ​C​A​U​G​C​A​U​G​C​G​U​A​A​G​G​A​G​A​A
TRIM72 493,829 ​G​A​G​C​A​G​A​C​A​U​U​G​C​G​G​C​A​C​U
TRIM72 493,829 ​G​G​G​A​G​G​U​G​G​A​U​G​U​U​G​G​C​G​A
TRIM72 493,829 ​C​C​A​G​A​A​U​A​C​U​G​A​C​A​A​G​C​G​U
LNX1 84,708 ​G​G​A​A​G​A​A​U​U​A​C​U​C​U​A​A​C​U​A
LNX1 84,708 ​G​C​A​C​G​G​C​C​C​U​U​U​G​A​G​A​G​A​U
LNX1 84,708 ​C​G​A​U​A​G​U​A​C​U​C​A​A​A​G​C​U​U​U

Table 1  The List of siRNA Sequences
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Gene Name Gene ID Sequence
LNX1 84,708 ​G​G​A​G​A​A​U​G​A​C​C​G​U​G​U​G​U​U​A
MYLIP 29,116 ​G​G​U​G​A​A​A​G​U​U​U​A​U​G​G​C​U​A​A
MYLIP 29,116 ​C​C​A​G​A​A​C​A​C​U​G​C​C​A​A​G​U​A​U
MYLIP 29,116 ​G​A​C​U​U​U​A​G​C​C​C​A​A​U​U​A​A​U​A
MYLIP 29,116 ​U​A​A​C​A​G​A​G​A​C​G​C​A​C​G​C​A​U​U
PJA2 9867 ​G​C​A​G​G​A​G​G​G​U​A​U​C​A​G​A​C​A​A
PJA2 9867 ​G​A​A​G​C​A​C​C​C​U​A​A​A​C​C​U​U​G​A
PJA2 9867 ​G​U​U​A​G​A​U​U​C​U​G​U​A​C​C​A​U​U​A
PJA2 9867 ​A​G​A​C​U​G​C​U​C​U​G​G​C​C​C​A​U​U​U
MDM4 4194 ​C​C​A​C​G​A​G​A​C​G​G​G​A​A​C​A​U​U​A
MDM4 4194 ​C​G​U​C​A​G​A​G​C​U​U​C​U​C​C​G​U​A​A
MDM4 4194 ​C​C​U​A​A​A​G​A​U​G​C​G​U​A​U​A​U​A​A
MDM4 4194 ​A​A​G​C​A​U​G​G​G​A​G​A​A​C​A​G​U​U​A
TRIM47 91,107 ​C​C​A​A​A​G​G​U​G​U​C​A​A​G​A​G​G​G​U
TRIM47 91,107 ​G​U​A​C​G​G​G​A​C​G​G​C​A​A​G​A​U​G​A
TRIM47 91,107 ​C​C​C​A​A​G​A​C​C​U​C​G​A​G​A​G​U​A​C
TRIM47 91,107 ​C​A​U​C​A​A​G​A​G​U​G​C​A​G​C​C​G​U​A
TRIM49 57,093 ​C​A​A​G​A​U​G​U​A​C​C​C​U​A​U​U​U​C​A
TRIM49 57,093 ​C​A​U​A​U​U​A​C​U​C​U​G​C​A​U​C​A​U​G
TRIM49 57,093 ​G​U​U​A​A​U​C​A​A​A​G​C​U​C​C​C​U​A​A
TRIM49 57,093 ​G​A​A​G​A​U​A​G​A​U​G​G​A​A​A​G​G​C​G
ARIH1 25,820 ​C​G​A​G​A​U​A​U​U​U​C​C​C​A​A​G​A​U​U
ARIH1 25,820 ​G​A​G​A​G​U​C​G​A​C​G​A​A​G​G​G​U​U​U
ARIH1 25,820 ​C​C​A​A​A​U​G​C​C​A​U​G​U​C​A​C​A​A​U
ARIH1 25,820 ​G​G​A​U​A​U​G​C​C​U​U​G​U​C​A​G​A​U​C
ZNRF1 84,937 ​A​C​G​A​U​G​A​U​G​U​G​C​U​G​A​C​U​A​A
ZNRF1 84,937 ​G​A​A​C​A​G​A​U​C​U​U​G​U​C​C​G​G​A​A
ZNRF1 84,937 ​G​G​A​A​A​U​G​C​A​C​U​U​U​A​U​A​A​U​G
ZNRF1 84,937 ​G​C​A​U​A​G​U​G​G​U​U​U​C​A​A​G​U​G​C
RNF103 7844 ​G​U​U​C​A​U​G​U​G​C​C​A​A​U​A​A​A​U​A
RNF103 7844 ​U​U​A​C​C​A​A​U​G​U​G​G​C​G​A​U​U​U​A
RNF103 7844 ​G​C​C​A​U​U​G​U​G​U​G​G​U​A​U​G​A​A​A
RNF103 7844 ​G​A​G​C​U​U​G​G​U​U​C​U​A​G​U​U​A​A​U
PHF16 9767 ​A​G​G​A​A​C​A​G​A​U​C​U​U​C​G​G​U​U​U
PHF16 9767 ​C​U​G​C​U​G​A​G​G​U​A​U​U​C​C​G​G​A​A
PHF16 9767 ​G​G​A​U​G​G​A​A​C​C​G​A​U​C​A​C​G​A​A
PHF16 9767 ​C​A​G​U​G​A​C​A​G​U​U​C​A​G​A​C​G​A​A
LRSAM1 90,678 ​C​A​G​A​U​C​A​G​G​A​G​C​C​A​G​A​U​U​A
LRSAM1 90,678 ​G​A​A​C​G​A​U​U​C​C​A​G​C​A​G​A​U​U​C
LRSAM1 90,678 ​U​G​A​C​G​G​A​G​U​U​A​G​A​A​G​C​C​A​A
LRSAM1 90,678 ​G​C​A​G​A​U​G​A​C​A​U​U​C​U​C​G​A​C​A
RNF149 284,996 ​G​C​U​A​G​A​A​G​C​C​G​G​C​A​G​G​A​G​U
RNF149 284,996 ​G​A​G​U​C​U​A​G​C​U​U​U​A​C​C​A​G​A​U
RNF149 284,996 ​U​A​U​A​C​U​G​G​C​U​C​U​C​A​G​A​U​U​G
RNF149 284,996 ​C​A​U​G​A​U​G​A​U​U​A​U​C​U​C​G​U​U​A
PHF10 55,274 ​G​C​G​C​A​G​U​G​A​U​G​A​A​G​U​G​A​U​U
PHF10 55,274 ​A​C​U​U​A​A​A​C​C​G​G​G​A​A​C​G​C​A​U
PHF10 55,274 ​A​A​A​G​A​A​C​G​U​C​A​A​C​G​A​A​U​U​A
PHF10 55,274 ​A​A​U​A​A​A​G​G​C​A​C​U​U​C​G​G​A​C​A
SH3RF2 153,769 ​G​C​G​G​C​C​A​G​C​U​C​C​C​U​C​A​U​U​A
SH3RF2 153,769 ​G​G​A​C​A​G​G​U​C​A​G​C​A​C​U​U​A​U​C
SH3RF2 153,769 ​G​C​A​A​A​G​G​C​C​U​U​A​U​G​C​A​A​C​U
SH3RF2 153,769 ​G​G​G​C​G​G​A​G​C​A​G​C​A​U​G​A​G​A​A
PHF23 79,142 ​G​C​A​A​G​A​A​G​C​G​G​A​A​G​U​U​A​A​A

Table 1  (continued) 
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the cells were again washed three times with PBS and then 
subjected to overnight incubation at 4 °C with the desired 
antibodies. After another three washes with PBS, the cells 
were incubated with fluorescein-labeled secondary anti-
bodies for 40 min at 37 °C. Following an additional three 

Immunofluorescence

H295R cells underwent a series of procedures: they were 
initially washed with PBS and subsequently fixed with 4% 
PFA for 20 min at room temperature. Following fixation, 

Gene Name Gene ID Sequence
PHF23 79,142 ​A​A​G​A​A​G​A​G​A​U​G​G​C​A​A​C​A​G​U
PHF23 79,142 ​C​G​A​C​A​G​U​G​C​U​A​C​C​U​U​G​C​U​U
PHF23 79,142 ​A​A​A​C​G​G​C​G​G​A​G​A​A​C​A​A​U​U​G
ZNF330 27,309 ​C​C​U​A​A​A​U​G​U​G​G​G​C​A​U​G​A​A​A
ZNF330 27,309 ​G​A​U​C​G​A​A​G​C​A​A​U​U​G​A​A​G​U​A
ZNF330 27,309 ​G​C​A​A​U​A​G​G​G​U​G​U​A​G​C​G​U​U​U
ZNF330 27,309 ​G​C​U​G​A​G​A​A​C​C​G​C​C​G​A​G​A​A​C
RFPL2 10,739 ​G​A​G​A​A​U​C​U​G​U​U​C​A​C​C​G​C​A​A
RFPL2 10,739 ​G​A​G​C​G​U​A​U​C​U​G​C​U​G​A​G​G​A​G
RFPL2 10,739 ​G​A​A​G​U​G​G​G​C​G​C​A​U​C​A​G​A​C​A
RFPL2 10,739 ​C​U​U​C​G​U​A​G​A​C​C​G​C​A​A​G​U​U​A
RAD18 56,852 ​G​C​U​C​U​C​U​G​A​U​C​G​U​G​A​U​U​U​A
RAD18 56,852 ​G​A​A​A​U​G​A​G​U​G​G​U​U​C​U​A​C​A​U
RAD18 56,852 ​G​G​G​A​G​C​A​G​G​U​U​A​A​U​G​G​A​U​A
RAD18 56,852 ​C​C​A​A​G​A​A​A​C​A​A​G​C​G​U​A​A​U​A
MLL3 58,508 ​C​C​A​G​G​U​C​A​A​U​C​A​A​C​A​G​U​U​A
MLL3 58,508 ​C​C​A​A​A​G​C​A​U​U​U​C​A​U​C​A​G​U​A
MLL3 58,508 ​G​C​A​G​U​U​A​C​C​A​G​A​U​A​C​U​U​U​A
MLL3 58,508 ​G​C​A​A​U​G​G​U​C​U​U​U​C​U​G​G​A​U​A
TRIM2 23,321 ​G​G​U​C​A​A​C​U​A​U​G​G​C​C​U​C​A​A​A
TRIM2 23,321 ​G​C​A​A​G​A​G​U​G​U​G​C​U​G​C​U​U​A​U
TRIM2 23,321 ​G​U​A​U​A​U​G​C​C​U​G​G​A​A​C​G​G​U​A
TRIM2 23,321 ​C​A​A​C​C​A​A​U​G​U​G​U​G​C​A​G​A​U​A
RFFL 117,584 ​C​A​U​G​A​C​A​U​C​U​C​U​A​C​C​G​A​A​A
RFFL 117,584 ​G​A​G​G​A​G​A​A​C​C​U​G​U​G​U​A​A​G​A
RFFL 117,584 ​C​C​U​G​A​G​A​G​C​U​U​G​C​A​U​C​G​G​U
RFFL 117,584 ​G​G​A​C​U​C​A​C​C​C​A​U​U​G​A​C​U​G​U
RNF150 57,484 ​U​C​G​C​A​U​G​G​C​U​C​G​U​C​U​U​U​U​A
RNF150 57,484 ​G​A​C​G​U​C​A​U​C​U​U​U​A​C​U​A​C​U​A
RNF150 57,484 ​A​A​G​C​A​G​U​G​A​U​U​C​U​G​A​C​A​U​U
RNF150 57,484 ​C​C​A​A​U​G​A​C​G​U​U​G​U​C​C​G​G​A​U
RNF25 64,320 ​A​G​G​C​U​G​A​G​C​G​A​A​A​C​C​G​A​U​A
RNF25 64,320 ​G​G​U​C​A​A​A​U​C​A​G​C​A​A​A​G​G​U​U
RNF25 64,320 ​G​A​C​C​A​G​G​A​U​U​C​A​C​A​G​U​A​U​G
RNF25 64,320 ​U​G​A​G​U​C​A​G​C​U​G​U​A​G​A​U​G​U​C
RNF148 378,925 ​G​A​U​C​A​C​A​U​C​G​G​A​A​U​U​A​G​G​A
RNF148 378,925 ​C​U​A​C​U​U​A​G​C​U​U​U​C​C​U​G​A​C​U
RNF148 378,925 ​G​A​G​G​C​G​A​A​G​U​C​A​A​A​U​A​A​A​G
RNF148 378,925 ​G​C​A​U​A​G​U​U​C​U​G​U​U​U​C​A​U​C​U
MKRN1 23,608 ​U​C​A​A​G​U​C​U​C​U​C​A​U​C​G​A​U​A​G
MKRN1 23,608 ​G​A​G​U​G​G​G​A​C​U​U​G​U​U​U​C​A​U​G
MKRN1 23,608 ​G​C​A​A​G​U​G​G​A​G​G​A​G​U​G​C​U​A​A
MKRN1 23,608 ​U​G​A​C​U​U​G​G​A​U​C​U​A​U​A​G​C​A​A
TRIM61 391,712 ​G​G​A​G​A​G​A​G​U​G​G​A​A​C​U​A​A​U​U
TRIM61 391,712 ​U​C​A​G​A​A​A​G​A​C​C​U​A​G​A​G​C​U​U
TRIM61 391,712 ​C​U​G​G​G​U​A​G​U​U​U​G​A​C​U​G​A​A​A
TRIM61 391,712 ​G​G​A​U​C​U​A​C​A​U​G​A​U​A​G​U​U​U​C
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was multiplied by the staining positivity rate score. The 
immunohistochemical grading was performed in a blinded 
manner by two independent pathologists.

Mass spectrometry analysis

After transfecting plasmids into H295R cells, the cells were 
incubated for 48 h and IP was performed. After the immuno-
precipitation reaction, the magnetic bead coupling complex 
was washed with cold PBS buffer. Mass spectrometry anal-
ysis was conducted using timsTOF Pro (Bruker, USA). The 
mass spectrometry data were processed using MaxQuant 
(V1.6.6) software and the Andromeda database search algo-
rithm. The Proteome Reference Database for Humans in 
UniProt was used for the search.

Molecular docking

Molecular docking is utilized to validate the binding activ-
ity between proteins or between proteins and small mole-
cules. The HDOCK online platform ​(​​​h​t​t​p​:​/​/​h​d​o​c​k​.​p​h​y​s​.​h​u​s​t​
.​e​d​u​.​c​n​/​​​​​) was employed for molecular docking in this study. 
HDOCK can analyze different conformations of protein-
protein docking, binding activities under different confor-
mations, and amino acid residues within 5Å of interaction 
distance. Proteins with UniProt IDs P19099 and Q9C040, 
corresponding to CYP11B2 and TRIM2, were down-
loaded from the UniProt database and subjected to docking 
analysis. Ligplus software can be used to analyze the two-
dimensional interactions between the two proteins. PyMOL 
(version 4.3.0) software is employed for visualizing the 
amino acid residues involved in the interaction between the 
two proteins.

Statistical analyses

The data are presented as the mean ± standard deviation 
(SD) of three independent experiments. The two-tailed t-test 
was used to analyze normally distributed data, while non-
parametric Kruskal-Wallis test was used for non-normally 
distributed data. Data with more than two groups using one-
way ANOVA. Spearman’s test was employed to investigate 
the correlations between variables. All statistical analy-
ses were performed using GraphPad Prism 9.00 software. 
Image analysis and quantification were conducted using 
ImageJ v1.45 software. In statistical analysis, p-values less 
than 0.05 were considered statistically significant.

washes with PBS, the cells were incubated with DAPI 
(D8417, Sigma-Aldrich, Germany) at room temperature 
for 30 min and mounted in mounting medium. The slides 
were subsequently analyzed using a laser scanning confocal 
microscope (LSM880, Zeiss, Germany).

Human adrenal tissues and immunohistochemistry

The human adrenal tissue samples used in this study were 
obtained from primary aldosteronism (PA) patients who 
underwent lateral adrenalectomy at Zhongnan Hospital of 
Wuhan University. The diagnosis of PA was determined 
according to the clinical practice guidelines of the Ameri-
can Endocrine Society [30]. Normal adrenal tissues were 
obtained from the adjacent tissue within 1 cm of the tumor 
margins. All adrenal tumors and normal adjacent tissues 
were pathologically confirmed. Patients provided informed 
consent for participation in the study. The protein expres-
sions of CYP11B2 and TRIM2 in human aldosterone-pro-
ducing adenomas (APAs) and normal adrenal tissues were 
detected using immunohistochemistry (IHC). Initially, fresh 
tumors were fixed in 4% paraformaldehyde (PFA) for 24 h. 
Subsequently, they were embedded in paraffin and sec-
tioned into 5 μm slices. The sections were then subjected 
to IHC staining using the CYP11B2 antibody (MABS1251, 
Millipore, dilution 1:200) and the TRIM2 antibody (20356-
1-AP, Proteintech, dilution 1:200). The DAB chromogen 
was applied for incubation, followed by counterstaining 
with hematoxylin. Finally, the IHC-detected images were 
scanned and analyzed using a molecular microscope (Olym-
pus BX53). In this study, tissue microarrays (TMAs) and 
IHC analysis were also utilized to assess protein expression 
and distribution, which have been widely applied in previ-
ous studies [28]. The IHC staining scores were evaluated 
using the following criteria: 0 indicated negative staining, 
1 indicated weak positive staining, 2 indicated moderate 
positive staining, and 3 indicated strong positive staining. 
The positivity rate was assessed based on the percentage of 
cells showing positive staining, with the scoring as follows: 
0 indicated negative staining, 1–25% scored 1, 26–50% 
scored 2, 51–75% scored 3, and 76–100% scored 4. To cal-
culate the total staining score, the staining intensity score 

Table 2  The specific primer sequences
ID Primer Primer sequences (5’to3’) Base count
1 TRIM2-F ​T​G​C​G​C​C​A​G​A​T​T​G​A​C​A​A​G​C​A 19
2 TRIM2-R ​G​C​A​C​C​T​C​T​C​G​C​A​G​A​A​A​G​T​G 19
3 CYP11B2-F ​G​C​A​C​C​T​G​C​A​C​C​T​G​G​A​G​A​T​G 19
4 CYP11B2-R ​C​A​C​A​C​A​C​C​A​T​G​C​G​T​G​G​T​C​C 19
5 CYP11B1-F ​A​C​T​A​G​G​G​C​C​C​A​T​T​T​T​C​A​G​G​T 20
6 CYP11B1-R ​G​G​C​A​G​C​A​T​C​A​C​A​C​A​C​A​C​C 18
7 GAPDH-F ​T​G​C​A​C​C​A​C​C​A​A​C​T​G​C​T​T​A​G 19
8 GAPDH-R ​G​A​T​G​C​A​G​G​G​A​T​G​A​T​G​T​T​C 18
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CYP11B2 degradation through the ubiquitin-proteasome 
pathway (Fig. 2C). Similarly, overexpression of wild-type 
(WT) TRIM2, but not its catalytically inactive mutant 
(TRIM2ΔRBCC), could reverse the increase in CYP11B2 
caused by TRIM2 knockdown (Fig. 2B and D). To further 
demonstrate that TRIM2 affects the stability of CYP11B2, 
H295R and 293T cells were treated with cycloheximide 
(CHX) for 0, 2, 4, and 8  h. In cells lacking TRIM2, the 
half-life of CYP11B2 was prolonged. Overexpression of 
TRIM2-WT, but not TRIM2ΔRBCC, reduced the stability of 
CYP11B2 (Fig.  2E-F). These results indicate that TRIM2 
destabilizes CYP11B2 through the ubiquitin-proteasome 
pathway.

TRIM2 interacts with CYP11B2

Firstly, we conducted mass spectrometry analysis of HA-
TRIM2-overexpressing proteins in H295R cells to eluci-
date the precise molecular mechanism by which TRIM2 
regulates the ubiquitination of CYP11B2. We found that 
CYP11B2 was included in the list of proteins interacting 
with TRIM2 (Fig. 3A-B). Upon overexpression of these two 
proteins in 293T cells, the interaction between HA-TRIM2 
and GFP-CYP11B2 was confirmed (Fig.  3C-D). Subse-
quently, TRIM2 and CYP11B2 were localized by immu-
nofluorescence analysis. Moreover, endogenous TRIM2 
interacted with CYP11B2 in H295R cells (Fig.  4A-B). In 
immunostained adrenocortical tumor cells, CYP11B2 and 
TRIM2 were co-localized (Figure S2A). By constructing 
a series of truncation plasmids, we were able to determine 
the specific binding region between TRIM2 and CYP11B2. 
It has been reported that TRIM proteins share a common 
structural feature, the TRIM or RBCC motif, which con-
tains a conserved RING domain responsible for ubiquitin 
transfer. The protein molecular docking model indicates that 
the RBCC domain of TRIM2 can interact with CYP11B2 
(Fig. 4C). To identify the key structural domains involved 
in this interaction, we constructed HA-tagged truncations of 
TRIM2 and investigated the interaction of each truncation 
with CYP11B2 (Fig. 4D). In this study, we found that the 
RBCC domain, which includes the RING-type domain, is 
crucial for maintaining this interaction.

TRIM2 ubiquitylates CYP11B2

As TRIM2 is a ubiquitin ligase, we further investigated 
whether CYP11B2 is a substrate of TRIM2. As shown in 
Fig. 5A, overexpression of TRIM2 significantly increased 
the ubiquitination levels of CYP11B2. Conversely, knock-
down of TRIM2 markedly reduced the ubiquitination levels 
of CYP11B2 (Fig.  5B). Moreover, ectopic expression of 
TRIM2-WT (but not TRIM2ΔRBCC) significantly increased 

Results

TRIM2 inhibits CYP11B2 protein level and 
aldosterone production

To systematically identify the E3 ligases regulating 
CYP11B2, we randomly selected 39 E3 ligases from an 
siRNA library and conducted an unbiased siRNA screen to 
monitor the levels of CYP11B2. Among these E3 ligases, 
we observed that TRIM2 could potentially serve as a can-
didate for ubiquitinating and destabilizing CYP11B2, 
as siRNA-mediated depletion of TRIM2 significantly 
increased the abundance of CYP11B2 (Fig. 1A). We then 
used two non-overlapping siRNAs to confirm that knock-
down of TRIM2 increased the protein level of CYP11B2, 
and this effect was specific to CYP11B2 without affecting 
CYP11B1 expression(Fig.  1B). Conversely, TRIM2 over-
expression reduced CYP11B2 protein expression, while 
having no impact on CYP11B1 expression (Fig. 1C). Simi-
larly, overexpression of wild-type TRIM2 significantly 
decreased the expression of CYP11B2 in a dose-dependent 
manner (Fig. 1D). However, RT-PCR analysis revealed that 
TRIM2 does not alter the mRNA abundance of CYP11B2 
(Fig. 1E-F). Furthermore, we found that overexpression of 
TRIM2 could inhibit aldosterone production induced by 
ANGII in H295R cells (Fig. 1G). Additionally, we exam-
ined both TRIM2 knockdown and overexpression in H295R 
cells under basal conditions. These results show that TRIM2 
knockdown increases aldosterone levels (Fig.  1H), while 
overexpression significantly reduces aldosterone produc-
tion (Fig. 1I). We also confirmed that TRIM2 overexpres-
sion had no effect on H295R cell proliferation, ruling out 
potential toxicity effects (Figure S1A-C).

TRIM2 regulates CYP11B2 stability in a ubiquitin-
proteasome-dependent manner

We hypothesize that TRIM2 may control the turnover of 
CYP11B2 through the ubiquitin-proteasome pathway since 
overexpression of TRIM2 reduces the protein levels without 
affecting the mRNA levels. We transfected 293T cells with 
GFP-tagged CYP11B2 plasmids and HA-tagged TRIM2 
plasmids. We observed that the proteasome inhibitor 
MG132 partially inhibited TRIM2-mediated degradation 
of CYP11B2, while the autophagy inhibitor chloroquine 
(CQ) had no inhibitory effect (Fig. 2A). The catalytically 
inactive mutant ΔRBCC (TRIM2ΔRBCC) did not reduce 
CYP11B2 protein levels, indicating that TRIM2 decreases 
CYP11B2 protein levels through its E3 ligase activity 
(Fig. 2B). Furthermore, in H295R cells treated with the pro-
teasome inhibitor MG132, CYP11B2 protein levels were 
not influenced by TRIM2, confirming that TRIM2 regulates 
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Fig. 1  TRIM2 depletion increases CYP11B2 protein expression in adre-
nal tumor cells. A Specific E3 ligases were knocked down by siRNA 
transfection, followed by protein immunoblot analysis of CYP11B2 
in H295R cells. Cells were seeded into a 96-well plate, and then ON-
TARGET plus siRNA library (final siRNA concentration of 50 nM) 
mixed with Lipofectamine 3000 and Opti-MEM was added to each 
well. B TRIM2 depletion increased the expression of CYP11B2 but had 
no effect on CYP11B1 protein expression using two different siRNA 
oligos in H295R cells. C TRIM2 overexpression decreased CYP11B2 
protein expression in H295R cells. D In 293T cells, after transfecting 
with different doses of GFP-CYP11B2 and HA-TRIM2 plasmids, cells 
were cultured for 48  h. Western blotting was performed using anti-

GFP antibody to determine the levels of exogenous CYP11B2. E-F 
TRIM2 depletion or overexpression have no effects on the expression 
of CYP11B2 and CYP11B1 mRNA level using two different siRNAs. 
G Aldosterone inhibition by TRIM2 overexpression in the presence 
of 100 nmol/L Angiotensin II (ANGII, an aldosterone activator). H 
Aldosterone were detected after TRIM2 knckdown using two distinct 
siRNAs without ANGII treatment. I Aldosterone were detected after 
TRIM2 overexpression without ANGII treatment. Aldosterone levels 
were described as fold changes from control group. Statistical signifi-
cance was assessed using two-tailed t-tests. Error bars represent the 
standard deviations of three independent experiments. *P value < 0.05; 
**P value < 0.01; ***P value < 0.001; ****P value < 0.0001
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Fig. 2  TRIM2 regulates CYP11B2 stability in a ubiquitin-protea-
some-dependent manner. A GFP-CYP11B2 and HA-TRIM2 were 
transfected into 293T cells for 24 h, then the cells were treated with 
dimethyl sulphoxide (DMSO), 10 μM MG132 (#S2619, Selleck) or 
20 μM chloroquine (CQ, #S8808, Selleck) for 8 h. The cells were col-
lected and anti-GFP immunoreactivity were detected by western blot. 
B 293T cells were transfected with TRIM2 (wild type or TRIM2ΔRBCC) 
together with TRIM2 siRNA. The CYP11B2 level were measured. 
C HA-TRIM2 were transfected into H295R cells for 24 h, then the 
cells were treated with dimethyl sulphoxide (DMSO), 10 μM MG132 
(#S2619, Selleck) or 20 μM chloroquine (CQ, #S8808, Selleck) for 8 h. 
The cells were collected and anti-GFP immunoreactivity were detected 
by western blot. D H295R cells were transfected with TRIM2 (wild 

type or TRIM2ΔRBCC) together with TRIM2 siRNA. The CYP11B2 
level was measured. E-F HA-TRIM2 plasmid was transfected into 
H295R cells, and then 100 μg/ml cycloheximide (CHX, #S7418, Sell-
eck) was respectively added at the specified time points for 0 h, 4 h, 
8 h, and 12 h. Then, the cells were harvested, and western blot deter-
mined the half-life of CYP11B2 protein. G-H HA-TRIM2 plasmid 
was transfected into 293T cells, and then 100 μg/ml cycloheximide 
(CHX, #S7418, Selleck) was respectively added at the specified time 
points for 0 h, 2 h, 4 h, and 8 h. Western blot detected GFP antibodies 
to determine the half-life of GFP-CYP11B2 protein. Statistical sig-
nificance was assessed using two-tailed t-tests. Error bars represent the 
standard deviations of three independent experiments. *P value < 0.05; 
**P value < 0.01; ***P value < 0.001; ****P value < 0.0001
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significantly lower than those in normal tissues as deter-
mined by immunohistochemistry (Fig. 6C-E). We performed 
immunohistochemistry staining of normal tissues adjacent 
to the tumor, specifically examining TRIM2 expression in 
both the zona glomerulosa (ZG) and zona fasciculata (ZF). 
Interestingly, our new results reveal that TRIM2 expression 
is notably higher in the ZG compared to the ZF (Fig. 6F-
G), which aligns well with its proposed role in regulating 
aldosterone synthesis. Furthermore, there was a significant 
negative correlation between the protein levels of TRIM2 
and CYP11B2 in APA tissues (Fig.  6H). Our results also 
demonstrate that CYP11B2 ubiquitination levels are higher 
in normal adjacent tissues compared to APA tissues (Fig-
ure S2B). These results support the notion that TRIM2 and 
CYP11B2 may be associated with regulatory relationships.

Discussion

Adrenocortical adenomas (APAs) that produce aldosterone 
are the primary cause of clinically diagnosed primary aldo-
steronism. However, the mechanisms underlying the occur-
rence of APAs remain largely unknown. Post-translational 
modifications (PTMs) play a pivotal role in regulating 
protein expression by modulating their function, stability, 

the ubiquitination of CYP11B2 in cells (Fig. 5C). In vivo 
ubiquitination assays indicated that TRIM2 dose-depend-
ently increased the ubiquitination levels of CYP11B2 
(Fig.  5D). To further investigate which type of ubiquitin 
chain TRIM2 adds from CYP11B2, we conducted ubiqui-
tination assays using different types of mutant ubiquitins 
(K6, K11, K27, K29, K33, K48, and K63). The results indi-
cated that TRIM2 can efficiently add K29 and K48-linked 
ubiquitin chains to CYP11B2 protein (Fig. 5E). These find-
ings suggest that TRIM2 may act as a CYP11B2-directed 
E3 ligase, leading to ubiquitination and destabilization of 
CYP11B2.

TRIM2 and CYP11B2 expression are negatively 
correlated in APA samples

To clarify the expression of TRIM2 in APA tissues, we 
obtained 7 pairs of human APA tissues and paired normal 
tissues adjacent to the tumor. We performed western blot 
and found that compared with paired normal tissues, the 
expression of TRIM2 in APA tissues was reduced (Fig. 6A-
B). To further investigating the relationship between TRIM2 
and CYP11B2 in APA samples, we determined the expres-
sion levels of these two proteins in APA tissues and nor-
mal tissues. In APA samples, protein levels of TRIM2 were 

Fig. 3  TRIM2 interacts with CYP11B2. A Flow chart analyzing the 
proteins interacting with TRIM2 in H295R cells by mass spectrom-
etry. B Liquid chromatography-tandem mass spectrometry analysis 

of CYP11B2-associated peptides corresponding to HA-TRIM2. C-D 
293T cells were transfected with the described plasmids for 48 h, and 
co-IP was performed with anti-GFP or anti-HA antibodies
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This multi-layered regulation could explain why TRIM2 
manipulation alone does not completely abolish aldoste-
rone production, suggesting the existence of compensatory 
mechanisms.

Significantly, our study revealed that TRIM2 displays 
differential expression between the zona glomerulosa (ZG) 
and zona fasciculata (ZF) of normal tissues adjacent to 
adrenal tumor. The enrichment of TRIM2 in the ZG, where 
CYP11B2 is primarily expressed, suggests an evolved regu-
latory mechanism to maintain appropriate aldosterone pro-
duction under normal conditions. This spatial organization 
might serve as a crucial checkpoint preventing excessive 
aldosterone synthesis [36]. The downregulation of TRIM2 
in APAs disrupts this homeostatic mechanism, potentially 
contributing to autonomous aldosterone production.

The therapeutic implications of our findings are particu-
larly noteworthy in the context of primary aldosteronism 
treatment. Current treatment options are limited, primar-
ily consisting of mineralocorticoid receptor antagonists or 
surgical intervention for unilateral disease [1]. The identi-
fication of TRIM2 as a negative regulator of aldosterone 
production opens new therapeutic possibilities. Developing 

and interactions within the cell, making them essential 
components of cellular biology regulation [31]. Among 
PTMs, ubiquitination stands out as an important mechanism 
contributing significantly to cellular homeostasis and pro-
tein degradation [32]. However, there is currently limited 
literature on the degradation mechanism of CYP11B2. Our 
study revealed that TRIM2 interacts with and ubiquitinates 
CYP11B2, leading to its degradation by the proteasome. 
Knockdown of TRIM2 increased the level of CYP11B2 and 
aldosterone secretion in adrenal cells, while overexpression 
of TRIM2 has the opposite effect. These findings suggest 
that TRIM2 may critically regulate aldosterone synthesis by 
targeting CYP11B2 degradation.

While our findings highlight TRIM2’s significant role in 
CYP11B2 regulation, it is important to acknowledge that 
protein homeostasis typically involves multiple regulatory 
mechanisms [33]. Our siRNA library screen, while identify-
ing TRIM2 as a key regulator, also suggested the potential 
involvement of other E3 ligases in CYP11B2 regulation. 
Furthermore, other post-translational modifications such as 
phosphorylation [34] and SUMOylation [35] might work in 
concert with ubiquitination to fine-tune CYP11B2 levels. 

Fig. 4  RBCC domain of TRIM2 interacts with CYP11B2. A-B Co-IP 
assay showing that endogenous CYP11B2 interacts with TRIM2 in 
H295R cells. C Docking model of the CYP11B2/TRIM2 complex. D 

293T cells were transfected with the described plasmids for 48 h, and 
co-IP was performed with anti-HA antibody
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technically challenging [39], although recent advances in 
this field are encouraging.

Future research directions should focus on several key 
areas. First, comprehensive proteomics studies could iden-
tify additional post-translational modifications of CYP11B2 
and their potential interplay with TRIM2-mediated regula-
tion. Second, structural studies of the TRIM2-CYP11B2 
interaction could facilitate the design of specific therapeu-
tic modulators. Third, investigation of potential resistance 
mechanisms to TRIM2-mediated regulation could help pre-
dict and overcome therapeutic limitations. Finally, develop-
ment of biomarkers based on TRIM2 expression or activity 
might help in patient stratification and treatment selection.

In conclusion, we demonstrated that TRIM2 functions 
as a crucial E3 ubiquitin ligase for CYP11B2, destabilizing 
CYP11B2 and inhibiting aldosterone synthesis through its 

TRIM2-specific activators could provide a novel approach 
for medical treatment of primary aldosteronism, particularly 
beneficial for patients who are poor surgical candidates or 
those with bilateral disease.

Recent advances in therapeutic approaches targeting 
protein degradation pathways offer promising directions 
for translating our findings [37]. The success of proteol-
ysis-targeting chimeras (PROTACs) in cancer treatment 
demonstrates the feasibility of therapeutically manipulat-
ing protein degradation pathways [38]. Similar strategies 
could be explored for enhancing TRIM2-mediated degra-
dation of CYP11B2. However, several challenges need to 
be addressed, including achieving tissue specificity to avoid 
off-target effects, as TRIM2 is expressed in multiple tissues 
and has other known substrates. Additionally, the develop-
ment of small molecule activators of E3 ligases remains 

Fig. 5  TRIM2 polyubiquitylates CYP11B2. A H295R cells transfected 
with the empty vector and HA-TRIM2 for 48  h before collection. 
CYP11B2 was immunoprecipitated with anti-CYP11B2 and immu-
noblotted with anti-Myc. B Immunoblotting was used to detect the 
ubiquitination of CYP11B2 in 293T cells co-transfected with EGFP-
CYP11B2, Myc-Ub, and siTRIM2. C Immunoblotting to detect the 
ubiquitination of CYP11B2 in HEK293 cells co-transfected with GFP-

CYP11B2, Myc-Ub and HA-TRIM2 (wild type or RBCC domain 
deletion). D TRIM2 promoted the ubiquitin chain of CYP11B2 in a 
dose-dependent manner. E Myc-WT, K6, K11, K27, K29, K33, K48 
or K63 Ub were co-transfected with EGFP-CYP11B2 and HA-TRIM2 
into 293T cells. After 48 h, cell lysates were subjected to ubiquitina-
tion assay and the ubiquitination level of CYP11B2 detected by Myc 
antibody
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Fig. 6  TRIM2 correlates with CYP11B2 protein levels in human APA 
samples. A-B Total protein was extracted from APA tissues (APA) and 
paired normal tissues adjacent to the tumor (Normal), and the expres-
sion of TRIM2 was detected by western blot. β-Actin was used as an 
internal reference. C-E 77 samples were used for IHC analysis, includ-
ing normal tissues adjacent to the tumor (n = 39) and APA tissues 
(n = 38). Specific primary antibodies against CYP11B2 (MABS1251, 
Millipore), TRIM2 (Proteintech, 20356-1-AP) were used for IHC. Sta-
tistical graphs were used to show the total staining scores of TRIM2 
and CYP11B2 in APA and normal tissues. The staining scoring method 
can be found in Materials and Methods. F 10 normal samples were 
used for H&E and IHC analysis. Specific primary antibodies against 
TRIM2 (Proteintech, 20356-1-AP) were used for IHC. G Statistical 
graphs were used to show the total staining scores of TRIM2 in zona 
glomerulosa (ZG) and zona fasciculata (ZF). H Correlation analysis 
showed that the expression of CYP11B2 negatively correlated with 
TRIM2 in human APA samples. I The mechanism diagram of the 
study. TRIM2 is a E3 ubiquitin ligase that destabilizes CYP11B2 and 
inhibits the production of aldosterone though its ubiquitylation activ-
ity. The n number represents n biologically independent experiments 
in each group. The data are presented as the mean ± SD (bar plots). 
*P value < 0.05; **P value < 0.01; ***P value < 0.001
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