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Introduction

Cushing’s disease  (CD), or pituitary‑dependent Cushing’s 
syndrome, is the most common cause of endogenous 
Cushing’s syndrome accounting for about 70% of the chronic 
endogenous hypercortisolism.[1] It induced a series of several 
comorbidities and clinical complications, mainly including 
hypertension, diabetes mellitus, dyslipidemia, osteoporosis, 
cardiovascular disease, infection, and mental disorders, which 
associated with increased morbidity and mortality if not 
appropriately treated.[2] Until recently, no available medical 
treatment was licensed for CD although several drugs had 
demonstrated efficacy in lowering excess cortisol.[3,4]

Using next‑generation sequencing approach, Reincke et al. 
have identified recurrent somatic mutations in the gene 
encoding USP8 in four in an initial set of ten corticotroph 

tumors. These mutations were validated in a small group 
of seven Cushing’s patients, with a final prevalence of 
35%.[5] Subsequently, two different retrospective studies 
analyzed the prevalence of ubiquitin‑specific protease 
8 (USP8) mutations in two large cohorts of CD patients, 
identifying a prevalence of 36% and 62%, respectively.[6,7] 
It is noteworthy that somatic mutations in USP8 gene show 
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a remarkable specificity for CD, with no mutations found 
in other type of pituitary adenoma and only rare somatic 
mutations reported in other tumors.[5‑7] All of the mutations 
were located in exon 14, defining a hotspot region that 
overlaps with the sequence coding for the 14‑3‑3 binding 
motif, highly conserved between different species. These 
mutations inhibited 14‑3‑3 protein binding to USP8 and 
resulted in a higher deubiquitinating enzyme  (DUB) 
activation. The consequence of this hyperactivation is 
increased epidermal growth factor receptor  (EGFR) 
deubiquitination and a longer retention of EGFR at the 
plasma membrane which leads to inhibition of degradation, 
thereby preventing downregulation of ligand‑activated 
EGFR and promotes and enhances adrenocorticotropic 
hormone (ACTH) production.

The identification of USP8 mutations as specific contributors 
to the pathogenesis of ACTH‑secreting pituitary adenomas 
represents an exciting advance in our understanding of CD. 
The aim of our study was to investigate the anticancer efficacy 
of USP8 inhibitor in CD. Here, we demonstrate that treatment 
with USP8 inhibitor, 9‑ehtyloxyimino9H‑indeno[1,2‑b] 
pyrazine‑2,3‑dicarbonitrile, suppresses ACTH secretion, 
cell viability, and promotes cell apoptosis in AtT20 cells 
suggesting that UPS8 inhibitor could be a new therapeutic 
candidate for CD.

Methods

Cell culture and reagents
All of the cell lines were obtained from the American Tissue 
Type Collection (ATCC, Manassas, VA, USA). The mouse 
AtT20 pituitary corticotroph cell line and hepatocellular 
carcinoma cell line Hepa 1‑6 were maintained in Dulbecco’s 
modified Eagle’s medium (DMEM)  (GIBCO, New York, 
USA) containing 10% fetal bovine serum (FBS) (GIBCO, 
New  York, USA) and 2 mmol/L L‑glutamine and 
100 IU/ml penicillin and 100 µg/ml streptomycin (GIBCO, 
New  York, USA) at 37°C in a humidified incubator 
with 5% CO2. The cells were starved with DMEM 
supplemented with 2% FBS for 16 h prior to each 
experiment. The 9‑ehtyloxyimino9H‑indeno[1,2‑b] 
pyrazine‑2,3‑dicarbonitrile was obtained from Melone 
Pharmaceutical, Dalian, China.

Cell proliferation assay and colony formation assay
The AtT20 cells were seeded at 2 × 103 cells per well in 
96‑well plates and left them to attach for 24 h. After that 
we changed the medium to cell culture medium with 2% 
FBS with indicated concentrations of USP8 inhibitor for 
24 and 48  h. Viable cells were measured using a Cell 
Counting Kit‑8 (CCK‑8, Dojindo, Japan) according to the 
manufacturer’s instructions.

AtT20 cells were plated at a density of 103 cells per well in 
a 6‑well plate in DMEM culture medium containing 10% 
FBS. The medium with indicated concentrations of USP8 
inhibitor was replaced every 3 or 4  days. After 15  days, 

colonies were fixed with 4% paraformaldehyde  (Sigma, 
St. Louis, USA) for 20 min and stained with 0.05% crystal 
violet at room temperature for 20 min. Then, the cells were 
washed three times with phosphate‑buffered saline (PBS) for 
5 min. Colonies containing more than 50 cells were counted 
using a light microscope.

Western blotting
Total cell lysate was prepared with radioimmunoprecipitation 
assay buffer containing Protease Inhibitor Cocktail. 
Protein concentrations were measured by DC protein 
assay reagent  (Bio‑Rad, CA, USA) and extracts 
resolved by SDS/PAGE on 8% gels. Membranes 
were blocked for 2 h at room temperature in tris 
buffered saline‑tween‑20 containing 5% nonfat dried 
milk (Bio‑Rad), washed, and then incubated with primary 
antibodies  (anti‑EGFR from Santa Cruz, CA, USA; 
anti‑pErbB2, anti‑Met, anti‑Akt, anti‑pAkt, anti‑GAPDH, 
anti‑p27/kip1, anti‑cleaved‑caspase 3, anti‑bax, and 
anti‑bcl‑2 from Cell Signaling Technology, Boston, 
USA) at 4°C overnight. After washing, membranes 
were incubated with horseradish peroxidase‑conjugated 
secondary antibodies  (Cell Signaling Technology, 
Boston, USA). The signal was detected using enhanced 
chemiluminescence (PerkinElmer, Waltham, MA, USA).

Adrenocorticotropic hormone assay
The cells were incubated for 4 and 24 h with the indicated 
concentrations of USP8 inhibitor. The medium was then 
aspirated, and the ACTH levels in the supernatants were 
measured using an ACTH enzyme‑linked immunosorbent 
assay kit (Phoenix, Milpitas, USA).

Apoptosis assay
Cell apoptosis was measured using the fluorescein 
isothiocyanate  (FITC) Annexin V Apoptosis detection 
Kit I (BD Biosciences Pharmingen, San Jose, CA, USA) 
according to the manufacturer’s instructions. AtT20 cells 
were plated in 6‑well plates. After exposure to USP8 
inhibitor for 24 and 48 h, cells were detached and then 
washed once with cold PBS, suspended in 1  ×  binding 
buffer at a concentration of 5  ×  105  cells/ml. And then 
FITC Annexin V and propidium iodide were added. After 
incubating for 15  min at room temperature in the dark, 
200 µl of 1  ×  binding buffer were added to each tube. 
The cells were analyzed with a BD FACSVerse flow 
cytometer (BD Biosciences Pharmingen) and BD FACSuite 
Software (BD Biosciences Pharmingen). The fraction of the 
cell population in different quadrants was analyzed using 
quadrant statistics.

Statistical analysis
The statistical analysis was performed using the   SPSS 
version 16.0 (SPSS Inc., USA). Values are described as a 
mean  ±  standard deviation (SD). Significant differences 
were analyzed using two‑tail unpaired Student’s t‑test and 
one‑way ANOVA. A value of P  <  0.05 was considered 
statistically significant.
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Results

Ubiquitin‑specific protease 8 inhibitor inhibit cell 
viability by downregulating oncogenic receptor tyrosine 
kinases
To investigate that targeting USP8 with its specific inhibitor 
might exhibit an anticancer effect in the corticotroph 
adenomas, we first examined the effect of USP8 inhibitor 
on downstream protein levels including EGFR, ERBB2, and 
Met. AtT20 cells were treated with a recently synthesized 
USP8 inhibitor, 9‑ehtyloxyimino9H‑indeno[1,2‑b] 
pyrazine‑2,3‑dicarbonitrile  [Figure  1a].[8,9] Our data 
revealed that treatment with USP8 inhibitor could effectively 
downregulate the expression levels of EGFR, ERBB2, and 
Met in AtT20 cells in a dose‑dependent manner [Figure 1b], 
demonstrating the inhibition potency of this small molecule 
for USP8 in AtT20 cells. The treatment of USP8 inhibitor 
for 24 and 48 h induced an inhibition of cell viability from 
concentration of 1 µmol/L (4.1%, 4.7%; P < 0.05) and the 
maximum inhibition was obtained with 10 µmol/L (12.4%, 
27.8%; P < 0.001) [Figure 1c]. Moreover, treatment with 
USP8 inhibitor for 36 h also could inhibit cell growth, while 
it had no effect on cell growth after 12 h treatment (data 
not shown).

Effects of ubiquitin‑specific protease 8 inhibitor on cell 
viability of renal, adrenal, and liver cells
To determine the specificity of USP8 inhibitor effects, cell 
viability was assessed in Hepa 1‑6, HEK293T, and PC12 
cell lines after 24 h treatment without or with increasing 
concentration of USP8 inhibitor (1–10 µmol/L). As shown 

in Figure 2a–2c, USP8 inhibitor did not significantly modify 
the viability of any investigated cell line.

Ubiquitin‑specific protease 8 inhibitor inhibits the 
clonogenic ability of AtT20 cells
Next, we explore whether USP8 inhibitor would have an effect 
on the clonogenic ability of AtT20 cells [Figure 3a and 3b]. 
AtT20 cells were seeded in complete growth medium and 
allowed to adhere for 24 h. The medium was then replaced 
with complete growth medium containing the indicated 
concentrations of USP8 inhibitor, and the ability of 
AtT20 cells to form colonies was monitored over the next 
15 days. Our data showed that significant inhibition (9.4%; 
P < 0.05) of colony formation was detected with 1 µmol/L 
USP8 inhibitor and maximum reduction (94%; P < 0.001) 
of clonogenic ability was obtained when 10 µmol/L USP8 
inhibitor were used.

Ubiquitin‑specific protease 8 inhibitor induces apoptosis 
in AtT20 cells
To investigate whether USP8 inhibitor reduces cell 
viability by inducing apoptosis, flow cytometry analysis 
and apoptosis‑related proteins analysis were performed. 
The results showed that dose‑dependent treatment with 
1–10 µmol/L USP8 inhibitor for 24 and 48 h markedly induced 
early apoptosis at a level of 11.1% and 29.2%, 12.3%, and 
31.6%, respectively [Figure 4a]. However, gefitinib treatment 
induced early apoptosis at a level of 14.9%. Moreover, the 
pro‑apoptotic effect of USP8 inhibitor was accompanied by 
the induction of activated caspase‑3 and Bax expression and 
the suppression of Bcl‑2 expression [Figure 4b].

Figure 1: Ubiquitin‑specific protease 8 inhibitor suppresses AtT20 cell growth by downregulation of oncogenic receptor tyrosine kinases. (a) Chemical 
structure of ubiquitin‑specific protease 8 inhibitor. (b) Effect of ubiquitin‑specific protease 8 inhibitor on receptor tyrosine kinases, epidermal growth 
factor receptor, ERBB2, Met, and Akt. (c) Effects of ubiquitin‑specific protease 8 inhibitor on cell viability. * P<0.05, ** P<0.01, ***P<0.001.
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Figure 2: Effects of ubiquitin‑specific protease 8 inhibitor on cell viability of liver, renal, and adrenal cells. Cells were incubated for 24 h with 
1–10 µmol/L ubiquitin‑specific protease 8 inhibitor; control cells were treated with vehicle solution. HEK 293T (a), Hepa 1‑6 (b), PC12 (c), cell 
viability was assessed in at least three independent experiments with six replicates.
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Figure 3: Formation of AtT20 cells colonies. The number of AtT20 cell colonies was determined after 14 days of culture in Dulbecco’s modified 
Eagle’s medium supplemented with 10% fetal bovine serum contain ubiquitin‑specific protease 8 inhibitor at concentrations of 1–20 µmol/L. Phase 
contrast microscopy of AtT20 cell colony was observed on 6‑well culture plates (a) and quantitative representation of the colonies formed (b). 
* P<0.05, *** P<0.001.
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Ubiquitin‑specific protease 8 inhibitor suppressed 
proop iomelanocor t in  gene express ion  and 
adrenocorticotropic hormone secretion in AtT20 cells
AtT20  cells were incubated with USP8 inhibitor 
f o r  4  a n d  2 4  h  t o  d e t e r m i n e  i t s  e f f e c t s  o n 
proopiomelanocortin (POMC) mRNA levels. As shown, 
POMC mRNA levels decreased in a dose‑dependent 
manner, with significant effects observed from 5 
µmol/L (32.1%; P < 0.05) [Figure 5a and 5b]. To determine 
the effects of USP8 inhibitor on ACTH secretion, 
ACTH levels were assessed in conditioned medium in 
AtT20  cells treatment for 4 and 24 h. As we can see, 
USP8 inhibitor significantly reduced ACTH secretion 
after 4 h treatment at both 5 and 10 µmol/L (26.1% and 
30.1%, respectively; P < 0.01). After 24 h, USP8 inhibitor 
significantly reduced ACTH secretion at ≥5 µmol/L (from 
16.7% to 40.5%; P  <  0.001)  [Figure  5c and 5d]. In 
addition, USP8 inhibitor could enhance the effects of 
dexamethasone on endogenous ACTH secretion.

Discussion

Posttranslational modification of proteins by ubiquitination 
represents a central mechanism for modulating a wide range 
of cellular functions, such as protein stability, intracellular 
transport, protein interactions, and transcriptional 
activity.[10] Analogous to other posttranslational modifications, 
ubiquitination is a reversible process counteracted by 
DUBs.[11] Due to the key role for deubiquitination in 
regulating the stability and activity of a variety of proteins 
crucial to cell cycle progression, apoptosis and DNA damage 
repair including p53,[12] MDM2,[13] histones,[14] Norch,[15] 
β‑catenin,[16] and more DUBs have been considered as good 
targets for cancer treatment. USPs, with more than sixty 
members, comprise the largest class of DUBs. More and 
more researches have focused on assessing their function, 
substrates, and role in specific diseases, especially cancer. 
USP8, also designated as Ub‑specific protease Y, is an 
ubiquitin isopeptidase that belongs to the USP family 
of cysteine proteases. USP8 was originally identified to 

Figure 4: Ubiquitin‑specific protease 8 inhibitor‑induced apoptosis in AtT20 cells. (a) AtT20 cells were treated with indicated concentration of 
ubiquitin‑specific protease 8 inhibitor for 24 and 48 h. Cells were washed and labeled with annexin V fluorescein isothiocyanate and propidium 
iodide and analyzed by flow cytometry. Data are presented as % of gated cells. (b) The apoptosis‑related protein levels of Bcl‑2, Bax, P27, and 
cleaved caspase‑3 were analyzed by Western blot in AtT20 cells treated with ubiquitin‑specific protease 8 inhibitor.
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enhance cell growth as its expression increases upon serum 
stimulation in cancer cells.[17] In addition, it has been reported 
that USP8 interacts with a number of clinically relevant 
cancer targets including Cdc25,[18] Erbb2,[19] EGFR,[20] and 
Nrdp1[21] and implying a crucial role of USP8 in cancers.

Two recent studies demonstrated that the USP8 gene is 
frequently mutated in corticotroph adenomas.[5,7] ACTH 
adenomas harboring USP8 mutant had higher EGFR 
levels, expressed more POMC mRNAs, and had higher 
ACTH production than those with wild‑type USP8. USP8 
knockdown in primary ACTH‑secreting tumor cells, 
however, reduced ACTH secretion and EGFR levels, 
suggesting that inhibition of USP8 activity may be an 
effective treatment strategy for CD.[7]

Recently, it was also demonstrated that USP8 inhibitor impairs 
the growth of gefitinib‑resistant and ‑sensitive nonsmall cell 
lung cancer cells by decreasing receptor tyrosine kinase (RTK) 
expression.[8,22] Here, we explored the effect of the novel 
specific USP8 inhibitor, 9‑ehtyloxyimino9H‑indeno[1,2‑b] 
pyrazine‑2,3‑dicarbonitrile, on murine AtT20 pituitary 
adenoma cells. First, we assessed the potency of USP8 
inhibitor in AtT20  cells. Inhibition of USP8 results in 
a dramatic decrease in the total protein levels of RTKs 
including EGFR, ERBB2, and Met, while has no effect 
on Akt protein level. Moreover, USP8 inhibitor has an 
inhibitory effect on the cell viability of AtT20  cells in a 

concentration‑dependent manner, while it does not affect cell 
viability of the endocrine cell PC‑12, indicating that USP8 
inhibitor cytotoxic effects are not generalized to endocrine 
cells. In addition, the viability of nonendocrine cells, such as 
Hepa 1‑6 cell lines and HEK 293T cells, is not influenced by 
the drug, supporting the hypothesis that USP8 inhibitor acts 
rapidly with a specific effect at the pituitary level.

Moreover, we observed that the inhibitory effects of USP8 
inhibitor on mouse ACTH‑secreting pituitary adenoma cell 
viability are, at least in part, due to apoptosis induction, 
accompanied by increased cleaved caspase 3 and Bax and 
decreased Bcl‑2 as previously reported in other experimental 
models.[8,22] Arrest of tumor growth is often associated with 
induction of cell apoptosis, and USP8 inhibitor has been 
shown to induce apoptosis in tumor cells, in parallel with 
growth inhibition. In HCC827 GR cells, treatment with 
0.1–10 µmol/L USP8 inhibitor markedly induced early 
apoptosis at a level of 29.7% and 40.8%.

Excess ACTH production and hypercortisolemia are 
associated with the progression of CD, decreasing hormone 
levels, therefore, is a therapeutic goal. We finally investigated 
whether USP8 inhibitor had any effect on ACTH secretion 
in AtT20 cells. Our data showed that USP8 inhibitor could 
decrease ACTH secretion from 5 µmol/L, which clearly 
demonstrate the potential of USP8 inhibitor to achieve the 
therapeutic purpose of lowering hormone secretion.

Figure 5: Effect of ubiquitin‑specific protease 8 inhibitor on proopiomelanocortin expression and adrenocorticotropic hormone secretion. AtT20 cells 
were incubated for 4 and 24 h with 1–20 μmol/L ubiquitin‑specific protease 8 inhibitor; proopiomelanocortin mRNA expression was assessed by 
quantitative reverse transcription polymerase chain reaction (a and b). Adrenocorticotropic hormone levels were measured in conditioned medium 
by enzyme‑linked immunosorbent assay in six independent experiments in three replicates (c and d). * P<0.05, ** P<0.01, *** P<0.001.
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In conclusion, USP8 inhibitor could inhibit proliferation, 
abolishes clonogenic ability, and induces apoptosis in 
pituitary corticotroph tumor cell‑AtT20  cells. We also 
demonstrate that USP8 inhibitor suppresses POMC mRNA 
levels and ACTH secretion. We therefore propose small 
molecular USP8 inhibitor as pharmacotherapy against CD 
with dual effects of suppressing ACTH overproduction to 
alleviate hypercortisolemia and metabolic complications, 
while also achieving control or shrinkage of pituitary 
corticotroph tumor growth. Collectively, our findings suggest 
that USP8 could be a new therapeutic target for CD.
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