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X-linked ubiquitin-specific peptidase 11 2
(USP11) increases susceptibility to Cushing's
disease in women
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Abstract

The incidence of pituitary adrenocorticotropic hormone (ACTH)-secreting PitNETs, commonly known as ACTH
PItNETs, is significantly higher in females; however, the underlying causes for this gender disparity remain unclear.
In this study, we analyzed the expression of deubiquitinating enzymes in functioning ACTH PitNETs from both male
and female subjects using RNA sequencing and identified USP11 as a potential susceptibility factor contributing
to the higher prevalence of these PitNETs in females. Further investigation revealed that USP11 expression is
markedly elevated in female functioning ACTH PitNETs, with levels significantly higher than those observed in
male PitNETs and normal pituitary tissue. Experimental data indicate that USP11 promotes the transcription of
proopiomelanocortin (POMC) and the secretion of ACTH. In contrast, knockdown of USP11 leads to a substantial
reduction in both POMC transcription and ACTH secretion, as demonstrated in both in vitro and in vivo models.
Mechanistically, we found that USP11 facilitates the deubiquitination of the key transcription factor TPIT in
functioning ACTH PitNETs, enhancing its protein stability and thereby promoting POMC transcription and ACTH
secretion. Additionally, virtual screening identified Lomitapide and Nicergoline as potential inhibitors of USP11,
reducing POMC expression and ACTH secretion. Thus, USP11 emerges as a potential therapeutic target, and drugs
aimed at inhibiting its function could benefit women with Cushing’s disease.
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Introduction

Adrenocorticotropic hormone (ACTH)-secreting Pit-
NETs, commonly known as Cushing’s disease, are distin-
guished by the expression of the upstream transcription
factor TPIT, which regulates the pro-opiomelanocortin
(POMC) gene—the precursor for ACTH transcription
and secretion [1]. These PitNETs show positive immuno-
histochemical staining for ACTH. Patients with ACTH-
secreting PitNETs suffer from hypercortisolism due to
excess ACTH, leading to a spectrum of serious endocrine
and metabolic disorders, such as hypertension, diabetes
mellitus, hyperlipidemia, osteoporosis, central obesity,
and cardiovascular diseases [2]. These complications
affect multiple organs and systems, presenting a substan-
tial clinical risk, with mortality rates that are four times
higher than in the general population [2, 3].

ACTH PitNETs exhibit a strong gender predilection,
primarily affecting young women aged 35 to 44 years,
with an incidence rate 5 to 10 times higher in women
than in men [4]. An analysis of 2,230 patients with pitu-
itary neuroendocrine tumors (PitNETs) found that
female patients with ACTH PitNETs outnumbered male
patients by more than fourfold [5]. At the Endocrinology
Clinical Center at Sofia Medical University in Bulgaria,
of the 386 cases of Cushing’s disease managed, 84% were
female [6]. Similarly, data from the Pituitary Adenoma
Treatment Center at Santa Clara Hospital showed that
92.3% of patients who underwent surgery for ACTH
PitNETs were women [7]. Analysis from Huashan Hos-
pital, affiliated with Fudan University, indicates that
among 124 patients who had ACTH PitNETs surgically
excised, only 17.2% were male [8]. Our recent research
further supports these findings, revealing that women
constitute 90% of the ACTH adenoma patient popula-
tion [9]. Despite these statistics, the underlying reasons
for the female predisposition to ACTH PitNETs remain
unknown.

Deubiquitination processes are crucial in the pathogen-
esis and progression of ACTH PitNETs [10, 11]. Disrup-
tion of the dynamic balance between ubiquitination and
deubiquitination not only promotes tumor initiation and
progression but may also influence gender differences in
tumor pathogenesis [12, 13]. In males, androgens mod-
ulate the expression of USP18 via binding and activa-
tion of the androgen receptor (AR) transcription factor,
thereby promoting tumor initiation and progression [14].
Conversely, the X chromosome-linked genes USP9X and
USP11—both of which escape X chromosome inactiva-
tion—are expressed at higher levels in females, contribut-
ing to the pathogenesis of female breast cancer [15, 16].
However, the specific roles and mechanisms by which the
ubiquitin-proteasome system contributes to gender dif-
ferences in the pathogenesis of ACTH PitNETs remain
unexamined.
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In this study, we found that USP11 promotes the deu-
biquitination of TPIT, enhancing POMC transcription
and ACTH secretion, thereby increasing susceptibil-
ity to Cushing’s disease in women. Additionally, virtual
screening identified potential USP11 inhibitors, suggest-
ing a therapeutic strategy for Cushing’s disease in female
patients.

Materials and methods

Clinical data and human tissues samples

Samples of pituitary adenomas (PAs) were obtained from
patients undergoing surgical procedures at Ruijin Hos-
pital during the period spanning from 2016 to 2023. The
study received ethical approval from the Ethical Review
Board of Ruijin Hospital, affiliated with Shanghai Jiao
Tong University School of Medicine. All patients whose
tumor tissues were utilized in this study provided writ-
ten, informed consent. The information of patients was
listed in Supplementary Table 1.

Cell culture and reagents

The cell lines were tested for mycoplasma contamination
prior to use using the Mycoplasma Stain Assay kit (Beyo-
time, C0296). HEK293T and AtT-20 cells were kindly
provided by Cell Bank, Chinese Academy of Sciences. In
cell culture, the AtT-20 cells were cultivated in Ham’s/
F2 K (Kaighn’s) medium (Basal Media, L450K], Shang-
hai, China) supplemented with 2.5% (v/v) fetal bovine
serum (FBS, Basal Media, S660]], Shanghai, China) and
15% horse serum (Absin, abs989, Shanghai, China). The
HEK293T cells were cultured in Dulbecco’s Modified
Eagle Medium (DMEM, Basal Media, L110K], Shanghai,
China) supplemented with 10% FBS. The cell lines were
maintained in a humidified atmosphere at 37 °C with 5%
CO2.

Plasmids

See Supplementary Table 2 for details. pLVShRNA-
EGFP(2 A)Puro cloning vector was used to generate the
shRNAs targeting gene at various regions. Mouse USP11
knockdown adenoviruses were purchased from Vigene
Biosciences. The sequences of the shRNAs can be found
in Supplementary Table 3.

Stable cell lines

HEK?293T cells were transfected with plasmids, including
targeting plasmid, pMD2.G and pSPAX2. After 48 hours’
post-transfection, media containing the virus were col-
lected and filtered through 0.45 um nitrocellulose filters
(Millipore, SLHV033RS). The virus was then concen-
trated using PEG8000 (5 x PEG8000: 150 mm NaCl; 25%
PEGS8000) and used to infect AtT-20 cells. The stable cells
were selected using puromycin at 1 pg/ml (Beyotime,
ST551).
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Immunoblot analysis

Total proteins were extracted using Triton X-100 lysis
buffer supplemented with protease inhibitors (NCM Bio-
tech, P003) and sonicated with a Qsonica Q700 Sonica-
tor. Protein concentration was determined using a BCA
protein assay kit (Yoche Biotech, YSD-500T) and mea-
sured at 562 nm with a Biotek 800 TS microplate reader.
Equal amounts of whole-cell lysates were prepared with
SDS-PAGE loading buffer and subjected to SDS-PAGE
analysis, followed by transfer to polyvinylidene difluoride
membranes (Millipore, ISEQ10100). The specified anti-
bodies were listed in Supplementary Table 4.

Immunohistochemistry (IHC)

The immunohistochemistry experiment was con-
ducted as previously described [17]. The expression lev-
els of USP11 were assessed using the H-Score method
[H-SCORE =X(PI x I) = (percentage of cells with weak
intensity x 1) + (percentage of cells with moderate inten-
sity x 2) + (percentage of cells with strong intensity x 3)],
employing QuantCenter 2.3 software. The quantification
of expression in each sample was conducted in 10 ran-
domly selected fields (at a magnification of 400x) for each
case, by two impartial observers who were unaware of
the participants’ medical characteristics.

Quantitative real-time PCR (qRT-PCR)

Total RNA was extracted from cells using a total RNA
extraction kit (NCM Biotech, M5105). RNA concen-
tration was measured with a DS-11 microphotometer.
cDNA synthesis was performed using a cDNA synthesis
kit (ABclonal, RK20429). Quantitative real-time poly-
merase chain reaction (QRT-PCR) was conducted with
the SYBR Green qPCR kit (ABclonal, RK21203) follow-
ing the manufacturer’s instructions, using an ABI 7500
Real-Time PCR System (Applied Biosystems). The primer
sequences for qRT-PCR are listed in Supplementary
Table 5.

Xenograft model

The Ethical Review Board at Shanghai Jiao Tong Univer-
sity School of Medicine’s Ruijin Hospital approved of the
study’s animal experimentation. The protocols followed
the Institutional Animal Care and Use Committee’s
(IACUC) guidelines. Four-week-old nu/nu female mice
were procured and maintained in a controlled specific
pathogen-free environment. One million AtT-20 cells
were mixed with Matrigel (Yeasen, 40187) and subcuta-
neously injected.

ELISA

1 mL of culture medium containing 40,000 cells was
added to each well of a 12-well plate. After 24 h, the
supernatant was collected and centrifuged at 4 °C at
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2,000 g for 20 min. ACTH levels were measured using an
ELISA kit (Abcam, ab263880).

Isolation and cultivation of pituitary tumor cells

To culture primary pituitary tumor cells, freshly collected
PA tissues were washed with HBSS, cut into ~3 mm
pieces, and digested with HBSS (Gibco, 14025092) con-
taining 100 U/mL collagenase type IV (Gibco, 17104019)
at 37 C for 6-8 h. After digestion, cells were filtered
through a 100 pm strainer, washed with HBSS, and
treated with ACK Lysing Buffer for 5 min. They were
then cultured in DMEM with 10% FBS in a 10 cm dish.
After 48 h of incubation, the suspended tumor cells were
used for experiments. The relevant patient data can be
found in Supplementary Table 6.

Mass spectrometry (MS)

The primary corticotroph tumor cells were infected with
Flag-USP11 adenovirus at a multiplicity of infection
(MOI) of 10. Cells were lysed using a Triton X-100 lysis
buffer composed of 150 mM NaCl, 50 mM Tris, and 1%
Triton X-100 (pH 7.5). The immunoprecipitation com-
plex was isolated using anti-DYKDDDDK affinity beads
obtained from Smart-lifesciences Biotechnology. The
beads were washed five times with Triton X-100 lysis buf-
fer and then eluted with elution buffer containing 8 M
urea and 100 mM Tris (pH 8.0). The eluted proteins were
subsequently analyzed using MS.

Co-immunoprecipitation (Co-IP)

The cells were lysed using Triton X-100 lysis buf-
fer supplemented with a protease inhibitor cocktail
and sonicated. The resulting whole-cell lysates were
then incubated overnight with 1-2 ug of antibody, fol-
lowed by a 1-hour incubation with rProtein A/G Beads
(Smart-lifesciences Biotechnology, SA032025) at room
temperature. The immunoprecipitates were washed five
times with lysis buffer and subsequently analyzed by
immunoblotting.

GST pulldown assay

GST and GST-TPIT were expressed in BL21 competent
cells and purified using glutathione-agarose beads (GE
Healthcare, 17075601) according to the manufacturer’s
instructions. USP11-His proteins were purified using
Ni—NTA agarose beads (Qiagen, 18735328) following the
manufacturer’s protocols. The purified USP11-His and
GST-TPIT proteins were incubated in pulldown buffer
[50 mM Tris—Cl (pH 8.0), 200 mM NaCl, 1 mM EDTA,
1% NP-40, 1 mM DTT, and 10 mM MgCl2] for 2 h at
4 °C. The beads were then washed five times with pull-
down buffer and analyzed by immunoblotting.
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Immunofluorescence microscopy

AtT-20 cells were infected with lentivirus carrying Flag-
TPIT and subsequently seeded in a 12-well plate pre-
coated with matrigel (Absin, abs9410). The cells were
fixed in a 4% formaldehyde solution for 20 minutes, fol-
lowed by washing with PBS. Next, the cells were per-
meabilized with cold 0.2% Triton X-100 for 15 minutes
and then incubated overnight at 4°C with USP11 and
Flag antibodies after blocking with 3% BSA. Afterward,
secondary antibodies conjugated with Alexa 488 (CST,
4412S) or Alexa 555 (CST, 4409S) were applied for 1
hour at 37°C. Nuclei were stained with DAPI (Beyotime,
C1002), and’ the stained slices were observed using a
Zeiss LSM880 lightning confocal microscope (Carl Zeiss
AG, Oberkochen, Germany).

Ubiquitination assay

HEK293T cells were co-transfected with plasmids for
24 h. Following transfection, the cells were lysed with
RIPA lysis buffer (50 mM Tris-Cl, 150 mM NaCl, 5 mM
EDTA, 1% Triton X-100, 0.5% sodium pyrophosphate,
0.1% SDS, pH 7.4) supplemented with a protease inhibi-
tor cocktail. The whole-cell lysates were then incubated
overnight with anti-DYKDDDDK affinity beads. After-
ward, the beads were washed five times with lysis buffer
and analyzed via immunoblotting using the appropriate
antibodies.

Cycloheximide (CHX) chase assay

The cells were treated with 100 pg/ml CHX (ApexBio,
AB8244) and collected at specified time intervals for sub-
sequent immunoblotting analysis.

Virtual screening analysis

In the PubChem database (https://pubchem.ncbi.nlm.n
ih.gov/), the standard SMILES format content of target
active molecules was searched. RDKit (2023.09.1) was
used for the structural standardization and processing
of compounds, generating a molecular library suitable
for virtual screening. All molecules were converted into
the required three-dimensional structures (SDF for-
mat) using OpenBabel 2.4.1. The structure of the pro-
tein USP11 was predicted using AlphaFold software. The
binding pocket of the protein USP11 was predicted using
an internally developed software—PLI (Protein Ligand
Interaction)—to determine the central position and size
of the binding region for active molecules on the protein.
The central coordinates were (4.8, 4.1, 11.6) A, and the
dimensions of the binding box were 26 A, 22 A, and 26
A. Docking was performed using AutoDockTools 1.5.6
and Vina 1.1.2. The energy difference range at the bind-
ing site was set to 4 kcal/mol, and the exhaustiveness
parameter was set to 12. The best binding modes of the
ligands were searched using a combination of Genetic
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Algorithm (GA) and Particle Swarm Optimization (PSO).
A scoring function based on empirical formulas was used
to evaluate the binding results of all compounds with
the target protein, obtaining the binding energy (affin-
ity) and binding modes for each compound. Potential
compounds with lower binding energies were selected,
and the results were visualized using PyMOL 2.2.0. PLIP
(Protein-Ligand Interaction Profiler) was used to analyze
the binding modes and interactions of potential active
compounds with the protein USP11. The relevant data
can be found in Supplementary Table 7.

Statistical analysis

Data analysis was performed using GraphPad Prism ver-
sion 7 (GraphPad Software, La Jolla, CA, USA) and pre-
sented as means +standard error of the mean (SEM).
Statistical analyses included two-tailed t-tests, one-way
ANOVA and two-way ANOVA. Statistical significance
was denoted by p<0.05 and visually represented in Fig.s
by one asterisk (p <0.05), two asterisks (p <0.01), or three
asterisks (p <0.001).

Results

RNA sequencing identified USP11 as a potential
susceptibility factor for functioning ACTH PitNETs in
women

Mutations in the deubiquitinating enzymes USP8 and
USP48 have been shown to promote the development
of ACTH PitNETs, suggesting that these enzymes play a
crucial role in the pathogenesis of the disease [10, 11]. To
further investigate the role of deubiquitinating enzymes
in the observed gender-specific differences in function-
ing ACTH PitNETs, we conducted a gender-based dif-
ferential analysis of 105 deubiquitinating enzymes using
RNA sequencing. The analysis included data from 13
female and 5 male patients with functioning ACTH Pit-
NETs, revealing that 15 deubiquitinating enzymes were
upregulated in females, with no enzymes showing down-
regulated. Additionally, we analyzed datasets from the
European Bioinformatics Institute (EMBL-EBI) ArrayEx-
press (accession number E-MTAB-7768), which included
21 female and 5 male samples. In this dataset, 19 deu-
biquitinating enzymes were upregulated in females,
with no downregulation observed. In both datasets, the
expression levels of USP11, USP22, USP46, OTUD3, and
JOSD1 were significantly elevated in female PitNETs
(Fig. 1A-C, Supplementary Fig. 1A-D). No significant
differences were observed between males and females
in the expression of USP8 and USP48 (Supplementary
Fig. 1E-F). To further explore the role of these five can-
didate genes in the pathogenesis of functioning ACTH
PitNETSs, we overexpressed them in the AtT-20 cell line.
Our results showed that the overexpression of USP11
specifically led to an increase in POMC expression, while
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Fig. 1 RNA sequencing identified USP11 as a susceptibility factor for women with functioning ACTH PitNETs. (A) Differential expression of deubiquitinat-
ing enzymes in male and female Cushing’s disease based on our data and the dataset from EMBL-EBI Array Express (accession numbers E-MTAB-7768). (B)
The expression of USP11 in female and male PitNETs (accession numbers E-MTAB-7768). Female Cushing’s disease =21, male Cushing’s disease=5. Data
are presented as mean + SEM values. (C) The expression of USP11 in female and male PitNETs. Female Cushing’s disease =13, male Cushing’s disease=5.
Data are presented as mean +SEM values. (D) The AtT-20 cells were infected with indicated genes and then immunoblotted. (E) The representative IHC
images of USP11 in normal pituitary, male and female functioning ACTH PitNETs with analysis. Scale bar, 50 um. Normal pituitary =5, female Cushing's
disease =13, male Cushing's disease =5. Data are presented as mean + SEM values. **p < 0.01, ***p <0.001

the other genes did not produce similar effects (Fig. 1D)
As a result, USP11 was selected as the focus for further
analysis. Immunohistochemical analysis confirmed that
USP11 expression is significantly elevated in functioning
ACTH PitNETs in females, with markedly higher levels
compared to male PitNETs and normal pituitary tissue
(Fig. 1E).

Therefore, USP11 may serve as a potential susceptibil-
ity factor contributing to the higher incidence of func-
tioning ACTH PitNETs observed in females.

USP11 promotes POMC transcription and ACTH secretion

To investigate the role of USP11 in ACTH-secreting Pit-
NETs, we overexpressed USP11 in AtT-20 cells. The over-
expression of USP11 resulted in increased POMC protein
levels in these cells (Fig. 1E). Additionally, ¢PCR analysis
indicated that USP11 enhanced the Pomic transcription
without affecting the transcription of Tpit in AtT-20 cells
(Fig. 2A, Supplementary Fig. 2A). Similarly, knockdown
of USP11 led to a reduction in POMC protein expres-
sion (Fig. 2B), and suppressed Pomc transcription with-
out affecting Tpit transcription (Fig. 2C, Supplementary

Fig. 2B). Importantly, we evaluated the effect of USP11 on
ACTH secretion using enzyme-linked immunosorbent
assay (ELISA), which demonstrated that overexpression
of USP11 increased ACTH secretion, whereas knock-
down reduced ACTH secretion in AtT-20 cells (Fig. 2D-
E). To explore the impact of USP11 on POMC and ACTH
in vivo, we implanted USP11 knockdown or control AtT-
20 cells into nude mice. Immunohistochemistry analysis
revealed that USP11 knockdown resulted in decreased
POMC levels (Fig. 2F). Notably, USP11 knockdown sig-
nificantly inhibited ACTH secretion in vivo (Fig. 2G).

These findings collectively indicate that USP11
enhances the transcription of POMC and promotes
ACTH secretion.

USP11 directly interacts with the transcription factor TPIT

EGEFR and the ERK/MAPK signaling pathway are known
to promote the development of ACTH PitNETs [10, 11].
USP11 deubiquitinates EGFR, stabilizing its protein lev-
els and activating the ERK/MAPK pathway [18, 19]. How-
ever, overexpression of USP11 did not significant affect
EGER or ERK signaling in AtT-20 cells (Supplementary
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Fig. 2 USP11 regulates POMC expression and ACTH secretion. (A) gPCR showed that USP11 promoted the transcription of Pomc in AtT-20 cells. Data
are presented as mean=+SEM values. n=3. ***p <0.001. (B-C) Knockdown of USP11 suppressed the protein (C) and mRNA (D) expression of POMC in
AtT-20 cells. Data are presented as mean + SEM values. **p < 0.01. (D-E) USP11 regulated the secretion of ACTH in AtT-20 cells. The secretion of ACTH from
stable AtT-20 cells with USP11 overexpression (D) or knockdown (E) was measured by ELISA. Data are presented as mean+SEM values. n=5. **p <0.01,
**¥p<0.001. (F) Immunohistochemistry of xenograft tumors. Representative IHC images of USP11, POMC and ACTH in xenograft tumors with USP11
knockdown compared to control. Scale bar, 50 um. (G) Knockdown of USP11 inhibited ACTH secretion in vivo, which was measured by ELISA in nude
mice with xenograft tumors. Data are presented as mean + SEM values. n=5. ***p <0.001

Fig. 3A). Estradiol is known to stimulate USP11 expres-
sion in breast cancer [15], but Estradiol and progesterone
failed to upregulate USP11 levels in AtT20 and pituitary
primary cells (Supplementary Fig. 3B-C). To clarify the
molecular mechanism by which USP11 regulates POMC
transcription and ACTH secretion, we performed coim-
munoprecipitation (Co-IP) and mass spectrometry (MS)
experiments to identify potential proteins associated
with USP11 in corticotropin cells. Among the interact-
ing proteins, TPIT was selected as a promising candi-
date for further investigation (Fig. 3A). The interaction
between USP11 and TPIT was further validated by Co-IP
in HEK-293T cells, where USP11 was shown to inter-
act with TPIT. Endogenous USP11 was also observed
to bind with TPIT in AtT-20 cells (Fig. 3B-C). In vitro,

purified His—USP11 directly interacted with a glutathi-
one S-transferase (GST)-TPIT fusion protein, but not
with GST alone (Fig. 3D). Moreover, immunofluores-
cence analysis revealed that TPIT and USP11 co-local-
ized in AtT-20 cells (Fig. 3E).

Thus, these results suggest that USP11 interacts
directly with the transcription factor TPIT.

USP11 deubiquitinates TPIT

To further characterize the mechanism by which USP11
regulates TPIT, we identified USP11 as a deubiquitinase
that deubiquitinates TPIT. Knockdown of USP11 led to
increased TPIT ubiquitination (Fig. 4A-B). To investi-
gate the interaction region between USP11 and TPIT,
Co-IP experiments revealed that USP11 lacking the USP
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Fig. 3 USP11 interacts with the transcription factor TPIT. (A) Flowchart for identifying potential proteins that interact with USP11. USP11 and its interact-
ing proteins were immunoprecipitated and identified using mass spectrometry. (B-C) Interaction of TPIT with USP11. External (B) and endogenous (C)
Co-IP experiments were performed to detect the interaction between TPIT and USP11. (D) The direct interaction between USP11 and TPIT was deter-
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domain failed to interact with TPIT (Fig. 4C-D). Ubiq-
uitination assays showed that USP11, when missing the
USP domain but retaining the DUSP domain, was unable
to deubiquitinate TPIT (Fig. 4E). To identify the lysine
(K) residues on TPIT that are deubiquitinated by USP11,
we constructed several TPIT mutants (3KR, 4KR, 5KR,
and 12KR), as previously described [9]. Ubiquitination
assays indicated that TPIT mutants 4KR, 5KR, and 12KR
exhibited decreased ubiquitination by USP11 (Fig. 4F).
Additionally, our previous research indicated that the
ubiquitin ligase TRIM65 enhances TPIT ubiquitination,
while overexpression of USP11 reduced TPIT ubiquitina-
tion by TRIM®65 (Fig. 4G).

Overall, our findings indicate that USP11 interacts
with and reduces the ubiquitination of TPIT via its USP
domain.

USP11 stabilizes TPTI by reducing its proteasomal
degradation

To investigate the regulatory effect of USP11 on TPIT
expression, USP11 was overexpressed in HEK-293T and
AtT-20 cells. The results showed that USP11 overex-
pression increased TPIT protein levels in both cell lines
(Fig. 5A). Furthermore, USP11 overexpression mitigated
the reduction in TPIT levels induced by TRIM65 in HEK-
293T cells (Fig. 5B). Cycloheximide (CHX) chase assays
further revealed that USP11 overexpression prolonged

the half-life of TPIT protein in both HEK-293T and AtT-
20 cells (Fig. 5C-D). Additionally, knockdown of USP11
decreased the half-life of TPIT in these cells (Fig. 5E-F).
Additionally, USP11 knockdown led to a reduction in
TPIT protein levels, which could be reversed by inhibit-
ing proteasomal activity with the inhibitor MG132, sug-
gesting that USP11 regulates TPIT levels through the
proteasomal pathway (Fig. 5G). Immunohistochemistry
analysis also showed reduced TPIT levels in vivo follow-
ing USP11 knockdown (Fig. 5H).

Collectively, these findings demonstrate that USP11
stabilizes TPIT by suppressing its proteasomal
degradation.

Lomitapide and Nicergoline inhibit USP11 function,
reducing POMC expression and ACTH secretion

At present, there are no specific USP11 inhibitors. In this
study, we aimed to explore potential USP11 inhibitors
and investigate whether inhibiting USP11 could serve as
a therapeutic strategy for functioning ACTH PitNETs
in females. Virtual screening is an effective approach
for identifying inhibitors, as demonstrated in previous
research [20]. We performed structure-based virtual
screening to identify USP11 inhibitors targeting the USP
domain. Binding affinity is a critical factor in evaluating
effective USP11 inhibitors. Starting with a virtual library
of 10,637 compounds, we selected 12 potential inhibitors
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plasmids, and cell lysates were analyzed by ubiquitination assays. (B) Knockdown of USP17 increased TPIT ubiquitination. (C) Schematic showing wild-type
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for further validation based on binding affinity and their
potential as treatments for functioning ACTH PitNETs
(Fig. 6A). Further investigations revealed that Bem-
centinib, AC628, Lomitapide, and Nicergoline reduced
TPIT and POMC protein levels without affecting USP11

protein levels (Fig. 6B). Ubiquitination assays indicated
that Lomitapide and Nicergoline suppressed deubiq-
uitination activity of USP11, whereas Bemcentinib and
AC628 failed (Fig. 6C). Additionally, Lomitapide and
Nicergoline affected TPIT ubiquitination when USP11
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was knocked down (Fig. 6D). Both compounds also sup-
pressed Pomc transcription but had no effect on Tpit
transcription in AtT-20 cells (Fig. 6E, Supplementary
Fig. 6A). Notably, as the concentration of Lomitapide
and Nicergoline increased from 0 to 1 pM, POMC and
TPIT protein levels decreased (Fig. 6F). Lomitapide and
Nicergoline reduced TPIT protein levels, and knock-
down of USP11 reversed this effect, suggesting that
Lomitapide and Nicergoline regulate TPIT by inhibiting
USP11 activity (Fig. 6G). Additionally, these compounds
lowered TPIT and POMC protein levels, and this reduc-
tion was reversed by inhibiting proteasomal activity with
MG132, suggesting that the downregulation of TPIT
occurs via the proteasomal pathway (Fig. 6H). Subse-
quent ELISA analysis of ACTH secretion showed that
both compounds significantly inhibited ACTH secretion
in AtT-20 cells (Fig. 6I). Cell toxicity analyses confirmed
that Lomitapide and Nicergoline were non-toxic to AtT-
20 cells (Supplementary Fig. 6B-C), suggesting that their

inhibition of ACTH secretion was not due to cell death.
Furthermore, immunohistochemical analysis and ELISA
assays demonstrated that Lomitapide and Nicergoline
reduced the protein levels of TPIT, POMC, and ACTH,
leading to decreased ACTH secretion in vivo (Fig. 6]-K).

Taken together, Lomitapide and Nicergoline inhibit
USP11 activity and exhibit anti-tumor effects in func-
tioning ACTH PitNETs.

Discussion
This study demonstrates that USP11 promotes the deu-
biquitination of TPIT, resulting in enhanced ACTH
secretion and an increased risk of Cushing’s Disease in
women. Virtual screening identified potential USP11
inhibitors, offering a promising therapeutic target and
strategy for female patients with Cushing’s Disease
(Fig. 7).

Functioning ACTH PitNETs are complex neuroendo-
crine tumors that cause elevated ACTH levels, leading
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to Cushing’s syndrome, a serious condition with high
mortality if left untreated [2, 4]. These tumors are more
prevalent in females, although the underlying reasons
remain unclear, and they present significant treatment
challenges. This study identifies USP11 as a susceptibility
gene that may contribute to the higher incidence of func-
tioning ACTH PitNETs in females. USP11 modulates the
stability of the TPIT protein through deubiquitination,
which in turn enhances the transcription of the POMC
gene and the subsequent secretion of ACTH. This mech-
anism presents a potential therapeutic target for treating
female patients with functioning ACTH PitNETs. How-
ever, the observed gender differences in tumor incidence
may result from a complex interplay of factors, including
genes on the sex chromosomes, genetic predispositions,
hormonal influences, and immune system variations
[21]. Regarding sex chromosomes-associated genes,
some located on the X chromosome may escape the

inactivation process, leading to higher expression levels
in females and a more prominent role in disease devel-
opment [22, 23]. The mechanism by which the X-linked
USP11 gene evades X chromosome inactivation warrants
further investigation and could be crucial for understand-
ing the gender disparities observed in functioning ACTH
PitNETs. Furthermore, additional studies are needed to
explore the role of other factors contributing to the dif-
ferences between males and females in ACTH adenoma
development.

The aberrant expression and activity of USP11 play a
crucial role in the pathogenesis and progression of vari-
ous diseases. USP11 regulates the stability and function
of numerous disease-related proteins through its deu-
biquitination activity [24]. For instance, USP11 deubiq-
uitinates EGFR, thereby stabilizing its protein levels and
promoting partial epithelial-to-mesenchymal transition
[19]. In colorectal cancer, USP11 promotes tumor growth
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and metastasis via the ERK/MAPK pathway by stabiliz-
ing PPP1CA [18]. Estradiol stimulates USP11 expression,
which in turn enhances the transcriptional activity of
estrogen receptor alpha, correlating with poorer prog-
nosis in breast cancer [15]. Furthermore, USP11 con-
tributes to an increased risk of Alzheimer’s disease in
females by stabilizing tau protein, and inhibiting USP11
has been shown to slow disease progression [25, 26]. In
this study, we identified two potential inhibitors target-
ing the functional domain of USP11, which effectively
promote the ubiquitination and degradation of TPIT,
thereby suppressing ACTH secretion. However, we did
not observe evidence supporting the regulation of EGFR
by USP11 in pituitary tumor cells and primary models.
Additionally, estrogen and progesterone did not appear
to influence the expression levels of USP11. These dis-
crepancies may be attributed to variations in tumor
types or differences between in vitro and in vivo models.
Future research should further investigate the expression
patterns, functional roles, and regulatory mechanisms of
USP11 across various diseases and genders, which could
inform the development of gender-specific cancer treat-
ment strategies.

Treatment strategies for functioning ACTH PitNETs
are continuously evolving. For instance, somatostatin
analogs and pasireotide have been used to treat Cush-
ing’s disease [27]. Lomitapide, a pharmacological agent
approved for the management of homozygous famil-
ial hypercholesterolemia, is associated with potential
adverse effects such as diarrhea, indigestion, and a risk
of hepatotoxicity [28]. In addition to its primary use in
hypercholesterolemia, emerging evidence suggests that
lomitapide may have therapeutic potential for various
malignancies, including glioma and colorectal cancer [29,
30]. Research has shown that lomitapide can inhibit can-
cer cell proliferation and induce autophagic cell death by
suppressing the mTOR signaling pathway [31]. Nicergo-
line, a pharmacological agent used to manage cognitive
impairment, enhances cognitive function by modulating
cerebral blood flow through its action on the central ner-
vous system [32]. Although there are no reports suggest-
ing that nicergoline can treat tumors, it has been shown
to inhibit the PIBK/AKT signaling pathway [33]. Fur-
ther research and clinical trials are needed to assess the
potential efficacy of lomitapide and nicergoline in treat-
ing functioning ACTH PitNETs in females.

Conclusions

In summary, we found that USP11 expression is signifi-
cantly elevated in female functioning ACTH PitNETs,
with levels notably higher than those observed in male
PitNETs and normal pituitary tissue. Experimental data
suggest that USP11 promotes the deubiquitination of
the key transcription factor TPIT in these PitNETs,
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stabilizing its protein and thereby enhancing POMC
transcription and ACTH secretion. Furthermore, vir-
tual screening identified Lomitapide and Nicergoline as
potential USP11 inhibitors, which were found to reduce
POMC expression and ACTH secretion. Therefore,
USP11 emerges as a potential therapeutic target, and
inhibitors of its function could offer potential benefits for
women with Cushing’s disease.
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