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Cushing’s disease, also known as adrenocorticotropic hormone (ACTH)-secreting pituitary adenomas (PAs) that
cause excess cortisol production, accounts for up to 85% of corticotrophin-dependent Cushing’s syndrome cases.
However, the genetic alterations in this disease are unclear. Here, we performed whole-exome sequencing of DNA
derived from 12 ACTH-secreting PAs and matched blood samples, which revealed three types of somatic mutations
in a candidate gene, USP8 (encoding ubiquitin-specific protease 8), exclusively in exon 14 in 8 of 12 ACTH-secreting
PAs. We further evaluated somatic USP8 mutations in additional 258 PAs by Sanger sequencing. Targeted sequenc-
ing further identified a total of 17 types of USPS variants in 67 of 108 ACTH-secreting PAs (62.04%). However, none
of these mutations was detected in other types of PAs (n = 150). These mutations aggregate within the 14-3-3 binding
motif of USP8 and disrupt the interaction between USP8 and 14-3-3 protein, resulting in an elevated capacity to pro-
tect EGFR from lysosomal degradation. Accordingly, PAs with mutated USP$ display a higher incidence of EGFR
expression, elevated EGFR protein abundance and mRNA expression levels of POMC, which encodes the precursor
of ACTH. PAs with mutated USPS8 are significantly smaller in size and have higher ACTH production than wild-
type PAs. In surgically resected primary USP8-mutated tumor cells, USP8 knockdown or blocking EGFR effectively
attenuates ACTH secretion. Taken together, somatic gain-of-function USP8 mutations are common and contribute
to ACTH overproduction in Cushing’s disease. Inhibition of USP8 or EGFR is promising for treating USP8-mutated
corticotrophin adenoma. Our study highlights the potentially functional mutated gene in Cushing’s disease and pro-
vides insights into the therapeutics of this disease.
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Introduction

Adrenocorticotropic hormone (ACTH)-secreting pitu-
itary adenomas (PAs), referred to as Cushing’s disease,
arise from pituitary corticotroph cells and secrete large
amounts of ACTH, promoting the adrenal glands to pro-
duce elevated levels of cortisol and then induce endoge-
nous hypercortisolism [1, 2]. Cushing’s disease accounts
for up to 85% of corticotrophin-dependent Cushing’s
syndrome cases [3]. Cushing’s disease is a severe and
potentially fatal disease. Patients may have many clinical
features such as central obesity, hypertension, cardiovas-
cular disease and metabolic syndrome [2, 4], which are
variably present in any given case. Both the diagnosis of
hypercortisolism and the preoperative location of PAs in
Cushing’s disease are complicated and sometimes diffi-
cult [1, 4]. Currently, the first-line treatment of Cushing’s
disease is pituitary adenomectomy, generally performed
via a transsphenoidal approach. However, only some pa-
tients achieve initial remission after surgery and PAs tend
to recur after periods of remission [5], emphasizing the
need to develop novel therapeutic approaches for Cush-
ing’s disease.

ACTH hypersecretion is a hallmark of Cushing’s dis-
ease and reported to be caused by several molecular de-
fects. For example, downregulation of Brgl and histone
deacetylase 2 (HADC?2) is found in Cushing’s disease,
which promotes proopiomelanocortin (POMC) transcrip-
tion [6]. Reduced expression of the cell cycle inhibitor
p27 (Kipl) is detected in human Cushing’s adenoma [7],
and mice with disrupted p27(Kip1l) develop ACTH-se-
creting PAs [8]. High expression of EGFR is frequently
observed in ACTH-secreting PAs and blocking EGFR
signaling effectively inhibits ACTH secretion [9, 10].
However, the genetic basis for these molecular alter-
ations remains elusive.

Several genetic alterations have been described in
PAs. For example, somatic activating mutations of gua-
nine nucleotide-binding protein o subunit (GNAS) are
found in 30%-40% of sporadic somatotroph adenomas
and account for McCune-Albright syndrome accompa-
nied by PAs [11, 12]. Germline A/P mutations are found
in sporadic PA patients without a family history of this
disease [13, 14]. However, ACTH-secreting PAs are
rarely reported to associate with adenoma-predisposing
syndromes as well as mutations of GNAS or AIP [15].
Although case reports of mutations in p53 [16], DAX-1
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[17], DICERI [18] or the glucocorticoid receptor gene
NR3C1 [19] have been described in ACTH-secreting PAs
or pituitary blastomas, the prevalent genetic alterations in
these adenomas are still unknown.

In this study, we identified a total of 17 types of USPS
(ubiquitin-specific protease 8) variants, which occurred
in more than 60% of ACTH-secreting corticotrophin
adenomas. These mutations could induce ACTH over-
production via deregulation of EGFR signaling and may
lead to different clinical phenotypes. We further showed
that USPS8 knockdown or gefitinib (a clinically available
EGFR inhibitor) treatment significantly reduced ACTH
secretion in primary USPS8-mutated corticotrophin ade-
noma cells, but not in wild-type cells.

Results

Somatic USPS8 mutations in Cushings disease

To search for the genetic alterations in ACTH-secret-
ing PAs, whole-exome sequencing was performed in
DNA from 12 tumors and matched blood samples (Sup-
plementary information, Table S1). Mean tumor purity
was estimated as 90%. The average sequencing depth
was 74x (42x to 162x) for the tumors and 113% (47x%
to 175x) for blood (Supplementary information, Figure
S1A). Furthermore, 94% (91%-95%) of target regions
were covered by at least 10x sequencing depth (Supple-
mentary information, Figure S1B). This study revealed a
low number of somatic mutations (median, 5; range, 1-9)
per case and a total of 45 non-synonymous and 12 syn-
onymous somatic mutations (Figure 1A and Supplemen-
tary information, Table S2), which were further validated
by Sanger sequencing.

Except for nonsense mutation of NR3C/ in one pa-
tient, no mutations were detected in any previously re-
ported genes associated with adrenal Cushing’s syndrome
or PAs, including GNAS or PRKACA (Figure 1A). Strik-
ingly, three recurrent somatic mutations (¢.CTC2151-
2153del/p.S718del; ¢.C2159G/p.P720R; ¢.T2152C/
p.S718P), exclusively in exon 14 of the USPS§ gene,
were found in 8 out of 12 tumors (Figure 1A). Sanger se-
quencing revealed that there was no allelic imbalances of
USP8 mutations in tumor tissues (Supplementary infor-
mation, Figure S2), indicating a heterozygous status of
these mutations, which is consistent with the observation
by exome sequencing that their variant allele frequencies
were comparable to those of other somatic mutations in
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Figure 1 Recurrent USP8 mutations in Cushing’s disease. (A) The number of somatic mutations (top) and the mutational
status of the indicated gene (bottom) in each patient, as revealed by whole-exome sequencing and Sanger sequencing. The
total number of each type of somatic mutation in 12 cases is shown on the top right. Patients carrying the indicated mutated
gene are marked in pink (bottom). (B) Schematic diagram of USP8 domains and landscape of USP8 alterations in the 14-3-3
binding motif and its nearby region. These alterations were identified in 108 patients with Cushing’s disease by Sanger se-
quencing. The number of cases with the indicated USP8 mutation among 108 patients is denoted in parentheses. The purple
bar represents the 14-3-3 binding motif of USP8, and its amino acid sequence is shown on the bottom left. MIT, microtubule
interaction and transport domain; Rhod, rhodanese-like domain; DUB, deubiquitinating domain.

tumor cells (Supplementary information, Figure S3). Ex-
cept for USPS8 mutations, no other mutations occurred in
more than one tumor tissue (Supplementary information,
Table S2). Finally, no copy number variation (CNV) of
the USPS8 gene was detected in 12 ACTH-secreting PAs
based on whole-exome sequencing data.

To study the prevalence of USP8 mutations in various
PAs, we screened an additional 258 PAs including 108
ACTH-secreting, 50 growth hormone (GH)-secreting, 50
prolactin (PRL)-secreting and 50 non-functioning (NF)
PAs (Supplementary information, Table S1). In addition
to the three types of USP8 mutations detected above,
targeted sequencing identified other 14 types of somatic
USP$ mutations distributed in 67 out of 108 ACTH-se-
creting PAs (62.04%, Figure 1B and Supplementary
information, Figure S4). Notably, the S718del, P720R
and S718P mutations account for the vast majority of
the USPS8-mutated cases (77.61%; Figure 1B). All these
mutations were not detected in matched blood samples.
All the 17 types of detected USP8 mutations were not
found in dbSNP v138 and 1000 Genomes Project. Ex-
cept for ¢.C2159G/p.P720R and C2159A/p.P720Q mu-
tations, other mutations were not found in the COSMIC
v68 database, indicating that these mutations are novel
somatic mutations. Strikingly, none of the other types of
PAs had similar genetic alterations in exon 14 of USPS8

(Supplementary information, Table S1). Taken together,
these data indicate that USP8 mutations are common and
unique genetic alterations in ACTH-secreting PAs.

Functional characterization of USP8 mutants

USPS is a deubiquitinating enzyme that protects
growth factor receptors including epidermal growth fac-
tor receptor (EGFR) from degradation [20, 21]. EGFR
activation promotes POMC transcription in primarily
cultured human ACTH-secreting tumor cells [10]. USP8
contains a putative 14-3-3 binding motif RSXSXP that
is encoded by part of exon 14 of USPS in humans (Fig-
ure 1B) and is identically conserved in various species
(Supplementary information, Figure S5). The phosphor-
ylation of USP8 on the fourth serine (S718) of its 14-3-3
binding motif results in its binding with 14-3-3 proteins
and catalytic inactivation [22, 23]. A structural study
demonstrated that within the 14-3-3 binding motif, the
amino acid preferences in each position are very similar,
and the phosphorylation of serine at the fourth position
is essential for its binding ability [24]. Furthermore, this
serine (S718) was most frequently disrupted via deletion
or missense mutation in all USP§-mutated cases (37/75).
Other affected amino acids were either in the 14-3-3
binding motif or its adjacent regions (Figure 1B). Thus,
we examined whether three prevalent tumor-derived
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Figure 2 Molecular characterization of USP8 mutants. (A) USP8 mutants fail to bind 14-3-3 protein. Cell lysates from 293T
cells expressing Flag-tagged WT-USP8 or the indicated USP8 mutants were incubated with GST-14-3-3¢ immobilized on Glu-
tathione-Sepharose beads. GST pull-down or input samples were immunoblotted with anti-Flag antibody. (B) Reduced EGFR
ubiquitination in USP8 mutants. Cell lysates from HelLa cells stably expressing Flag-tagged WT-USPS8, the indicated mutant
or the vector only (Ctrl) were immunoprecipitated (IP) using anti-EGFR antibody, and the immunoprecipitation products were
analyzed by immunoblotting with anti-EGFR and ubiquitin (Ub) antibodies. (C) Slower EGFR degradation in HelLa cells ex-
pressing USP8 mutant relative to WT. Serum-starved Hela cells stably expressing Flag-tagged USP8 protein were treated
with EGF (20 ng/ml) in the presence of cycloheximide (25 pg/ml) for 3 h. Immunoblot analysis was performed to determine
p-EGFR, EGFR and Flag-USP8 protein levels. (D) Enhanced EGF-induced Erk phosphorylation in USP8 P720R mutant.
HeLa cells stably expressing WT, USP8 P720R mutants or the control were treated with EGF (20 ng/ml) for the indicated
times. Cell lysates were subjected to immunoblot analysis for total Erk and phospho-Erk (p-Erk). The densitometric ratio of

p-Erk1/2 to total-Erk1/2 is shown between panels. Three independent experiments were repeated with similar results.

USPS8 mutations abolish or reduce USP8 binding abili-
ty with 14-3-3¢ and increase the capability of blocking
EGFR degradation.

As expected, WT USP8 was shown to bind 14-3-3¢
in a GST pull-down assay. Interestingly, the three tested
USPS8 mutants were not detected in the 14-3-3¢ bound
complexes, although they were expressed at levels sim-
ilar to WT (Figure 2A). Moreover, EGFR ubiquitination
was obviously reduced in cells transduced with mutant
USPS (Figure 2B). EGF treatment induced a faster deg-
radation of EGFR protein in HeLa cells expressing WT
USP8 compared to mutants, although EGFR protein lev-
els were comparable in these cells under serum-starved
conditions (Figure 2C). Finally, EGF treatment induced
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a stronger phosphorylation of Erk1/2 in HeLa cells ex-
pressing mutant USPS§ (Figure 2D).

We next assessed the consequences of USPS mutation
in tumor tissue. Immunochemical analysis demonstrat-
ed that the USP8 protein was ubiquitously expressed
in normal pituitary tissue and in USP§ WT or mutated
ACTH-secreting PAs at comparable levels (Figure 3A).
However, only part of PAs were positive for EGFR
staining, and EGFR-positive cases were more frequently
detected in USPS8-mutated PAs (P = 0.01, Pearson’s
test), where they account for ~80% of the cases (28/35),
compared to 50% in WT cases (15/30). Notably, EGFR
staining intensity in EGFR-positive tumors with WT
USPS was generally lower (Figure 3A). Furthermore,
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Figure 3 USP8 mutation enhances EGFR protein expression and POMC mRNA abundance in ACTH-secreting PAs. (A)
Immunohistochemical staining for USP8 and EGFR in a representative normal pituitary, USP8 WT and mutated PAs. Scale
bar, 50 um. Inset, high magnification. In both WT and mutated groups, the percentage of USP8- and EGFR-positive cases
was calculated (right). On top of the column, actual number of mutated samples over total analyzed. P values were calculat-
ed by Pearson’s j’ test. (B) Immunoblot analysis of USP8, EGFR and actin levels in USP8 WT and mutated PAs (left). Each
lane represents one case. The relative protein levels of USP8 and EGFR are normalized to actin and shown on the right.
(C) Relative mRNA levels of USP8, EGFR and POMC in USP8 WT and mutated PAs, assessed by RT-gPCR analysis and
normalized to the housekeeper gene HPRT. In B and C, a total of 6 WT and 8 USP8-mutated cases are analyzed and the
number is indicated by n. Each symbol represents an individual case and lines indicate the median. P values were calculated
by the Mann-Whitney U-test. (D) Suppression of ACTH secretion in primary human ACTH-secreting tumor cells after USP8
knockdown using lentivirus-mediated shRNA. (E) Decreased ACTH secretion in primary tumor cells treated with Gefitinib (1
uM) for 48 h. In D and E, ACTH levels in culture media were measured with radioimmunoassy (RIA) and presented as % of
control media. Error bar indicates SEM of 3 replicates. *P < 0.05 compared to control (Mann-Whitney U-test). One WT and
two USP8-mutated PAs are shown.

immunoblot analysis demonstrated notably increased  Figure S6). RT-qPCR analysis revealed a higher mRNA
EGFR protein levels in half USP§-mutated PAs and  abundance of POMC (P = 0.009, Mann-Whitney U-test),
Erk1/2 phosphorylation in most USP8-mutated PAs  but not USP8 and EGFR, in ACTH-secreting PAs with
examined (Figure 3B and Supplementary information, =~ USP8 mutations (Figure 3C). To assess the important
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role of USP8 mutation in ACTH production, we estab-
lished surgically resected primary human ACTH-secret-
ing tumor cells. USP8 knockdown resulted in a signifi-
cant reduction of ACTH secretion in culture media from
USP8-mutated tumors cells (P < 0.05, Mann-Whitney
U-test), but not WT tumor cells (Figure 3D). Treatment
of gefitinib, a clinically available EGFR inhibitor, also
effectively attenuated ACTH secretion in USPS-mutated
tumor cells (Figure 3E). Moreover, USP8 knockdown re-
duced EGFR protein level in USP8-mutated tumor cells
(Supplementary information, Figure S7). Taken together,
these results indicate that USP§ mutations contribute to
the pathogenesis of ACTH-secreting PAs.

Clinical phenotypes and USP8 mutational status
Few genetic alterations have been linked to the clinical
phenotype of Cushing’s disease. We explored whether
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patients with Cushing’s disease carrying USP8 muta-
tions display distinct clinical features. USP§ mutations
were identified in both female and male patients, but
their frequency was significantly higher in female pa-
tients (67.7%) compared to male patients (38.1%) (P =
0.01, Pearson’s " test; Figure 4A). Contrast-enhanced
T1-weighted magnetic resonance imaging (MRI) demon-
strated that 16 of 39 USPS-WT PAs (41.0%) were very
large and extended into the parasellar space, including
the cavernous sinus and the sphenoidal sinus. In contrast,
the vast majority of USP§8-mutated PAs was small in size
(maximal diameter) and diffusely distributed within the
sella, and only 8 of 63 cases (12.7%) displayed parasellar
invasion (P = 0.001, Pearson’s i’ test; Figure 4B and 4C)
[25, 26]. This morphological difference is further sup-
ported by the fact that USP8-mutated PAs were generally
smaller in size compared to USPS-WT PAs (P < 0.001,

61 P<0.001
| ——
AR
2- - - ) : )
Nl
WT Mutant

(n=34) (n=59)

Figure 4 Clinical characteristics of patients with Cushing’s disease in relation to USP8 mutational status. (A) Frequency of
USP8 mutations in male and female patients with Cushing’s disease. (B) Representative contrast-enhanced T1 weighted
MRI of PAs with or without USP8 mutations. Tumor bulk is indicated by arrows. The WT tumor is very large and invasively ex-
tends into the sphenoidal sinus and the cavernous sinus, whereas the mutant tumor is markedly smaller in size and diffusely
distributed within the sella. (C) Percentage of cases with invasion in both USP8 WT and mutated groups. Invasive adenomas
were defined as fulfilling 1 of 2 conditions: (1) Hardy’s modified classification grade lll, IV and/or stage C, D and E; (2) Knosp
classification grade Ill and IV. In A and C, the actual number of mutated cases over the total cases analyzed is shown on top
of each column. P values were calculated by Pearson’s y” test. (D) Different maximal diameter between USP8 WT and mu-
tated groups. Each symbol (dot) represents an individual case. Lines indicate the median with interquartile range (25% and
75%). The number of patients with each genotype is indicated by n. P values were calculated by the Mann-Whitney U-test.
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Table 1 A comparison of clinical characteristics of patients with ACTH-secreting PAs with or without USP8 mutations

Characteristic WT (n=45) Mutant (n = 75) P value

Age at diagnosis (Year)
Median 40 36 0.08+
Interquartile range 29.5-46.0 26.0-42.0

Body Mass Index (BMI)
Median 25.4 242 0.36F
Interquartile range 21.6-27.8 22.4-26.7

Plasma corticotropin (ACTH) (pg/ml)
Median 94.0 68.8 0.054+
Interquartile range 60.6-163.0 51.4-105.5

ACTH (pg/ml)/Size (cm)
Median 51.0 103.0 <0.001F
Interquartile range 31.5-104.6 76.3-201.7

Midnight serum cortisol (pg/dl)
Median 21.82 22.86 0.79+
Interquartile range 16.18-31.20 18.35-29.41

Urinary free cortisol (ug/24 h)
Median 650.24 552.64 0.39+
Interquartile range 412.13-1168.25 262.75-977.47

Immediate postoperative biochemical remission (%)®
Yes 33(73.3) 63(84.0) 0.16%
No 12(26.7) 12(16.0)

Postoperative recurrence (%)51
Yes 8(25.8) 12(20.7) 0.58%
No 23(74.2) 46(79.3)

Average recurrence period (month)
Median 48 29 0.28+
Interquartile range 15.0-48.0 16.3-38.3

FValues were compared by Mann-Whitney U-test.
1 Values were compared by Pearson’s ” test.

®dImmediate postoperative biochemical remission was defined on the basis of the biochemical evidence of adrenal cortical insufficiency as
witnessed by the drop in the immediate postoperative serum cortisol (range, < 3 pg/dL).

STPostoperative recurrence was defined when a patient with initial biochemical and clinical evidence for remission after operation devel-
oped symptomatic recurrence of Cushing disease with biochemical reconfirmation of pituitary-dependent endogenous hypercortisolism.
Summary of patient number for each parameter:

Age: Data were available for 45 patients with no mutation and 75 patients with mutation.

BMI: Data were available for 45 patients with no mutation and 75 patients with mutation.

ACTH: Data were available for 43 patients with no mutation and 65 patients with mutation.

ACTH/Size: Data were available for 32 patients with no mutation and 51 patients with mutation.

Midnight serum cortisol: Data were available for 29 patients with no mutation and 45 patients with mutation.

Urinary free cortisol: Data were available for 28 patients with no mutation and 41 patients with mutation.

Immediate postoperative biochemical remission: Data were available for 45 patients with no mutation and 75 patients with mutation.
Postoperative recurrence: Among patients who reached immediate postoperative biochemical remission, long-term follow-up was per-
formed in 33 cases with no mutation (2 were lost) and 63 cases with mutation (5 were lost).

Average recurrence period: In no mutation group, data were available for 8 recurrent patients, while in mutation group, data were available
for 12 recurrent patients.
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Mann-Whitney U-test; Figure 4D). However, patients
with mutated USP8 showed comparable levels of plasma
ACTH, midnight serum cortisol and 24-h urinary free
cortisol (UFC; Table 1), indicating that USP§-mutated
PAs have higher ACTH production.

The rate of immediate biochemical remission after
initial transsphenoidal surgery was indistinguishable
between USP8 WT and mutated patients. One month to
nine years follow-up of patients receiving initial remis-
sion further demonstrated that the recurrence rate and the
average recurrence period were unrelated to the USPS§
mutational status (Table 1).

Discussion

ACTH-secreting adenomas are monoclonal in na-
ture, although sporadic in origin, and genetic alterations
have been implicated in their tumorigenesis [27, 28].
However, genetic lesions have seldom been reported in
these tumors. Our current study revealed that 62.04% of
ACTH-secreting PAs harbor somatic mutations in exon
14 of the USPS§ gene. The number of somatic mutations
per case was low, and except USPS§ mutations, no other
recurrent mutations were found in 12 ACTH-secreting
PAs examined. Moreover, the CNV of the USP§ gene
was not detected based on exome sequencing data from
12 ACTH-secreting PAs. Collectively, our study identi-
fied somatic USPS mutations as the dominant genetic al-
terations in ACTH-secreting PAs, suggesting that Cush-
ing’s disease may result from genetic alterations. It is
expected that other rare recurrent gene mutations may be
found in Cushing’s disease if we increase sample size for
exome sequencing and/or examine mutational status of
each of other 56 mutated genes (listed in Supplementary
information, Table S2) in 108 PAs using Sanger sequenc-
ing. Importantly, none of other types of PAs harbor muta-
tions in exon 14 of USPS. Previous studies reported that
GNAS or AIP mutation-associated PAs usually secrete
GH or PRL [15]. Genetic alteration of either the GNAS
or AIP genes was rarely detected in ACTH-secreting
PAs. Thus, our finding provides evidence that the genetic
origin of PAs is heterogeneous and that ACTH-secreting
PAs are pathogenically distinct. Of note, a nonsense mu-
tation of NR3CI, resulting in a truncated glucocorticoid
receptor, was detected in one WT-USPS patient. Inacti-
vation of the glucocorticoid receptor signal is involved in
the pathogenesis of ACTH-secreting PAs, especially for
ACTH overproduction [29, 30]. Therefore, the NR3C1
mutation could be an important genetic lesion in some
PAs, especially for WT-USPS cases.

Strikingly, all three prevalent tumor-derived USPS8
mutants fail to bind 14-3-3 proteins and display an ele-
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vated deubiquitinating activity toward EGFR, indicating
that these represent gain-of-function mutations. Several
lines of evidence support that USP8 mutation contributes
to ACTH hyperproduction: (1) USPS8-mutated PAs ex-
pressed higher level of POMC mRNA, (2) patients with
USPS§-mutated PAs had similar levels of plasma ACTH,
although PAs were markedly smaller in size, and (3)
USPS8 knockdown attenuated ACTH secretion in primary
USPS8-mutated tumor cells. Therefore, we conclude that
gain-of-function USP§ mutation plays an important role
in ACTH overproduction.

USP8 deubiquinates numerous proteins, and some of
them are implicated in ACTH production. As a well-stud-
ied USP8 target, EGFR appears to play a central role
in ACTH hyperproduction in Cushing’s disease carry-
ing USP8 mutation. We found that USPS§-mutated PAs
have a higher incidence of EGFR expression, increased
EGFR protein abundance and activation of downstream
Erk1/2, indicating that USP8 mutations enhance EGFR
signaling in tumors. Importantly, USP8 inactivation
attenuated ACTH secretion and EGFR expression in pri-
mary tumor cells. Activation of EGFR promotes POMC
transcription via MAPK signaling in Cushing’s disease
[10]. Taken together, we conclude that USPS mutation
sustains EGFR-MAPK signaling to promote ACTH pro-
duction in Cushing’s disease (Figure 5). Interestingly,
low p27(Kipl) expression is more frequently observed
in corticotropinoma expressing high level of EGFR [9].
Considering that activation of EGFR-MAPK signaling
induces p27(Kipl) degradation, and p27(Kip1)-deficient
mice develop corticotropinoma [7, 31], we speculate that
through activating EGFR signaling USP8 mutation ac-
celerates p27(Kip1) degradation, representing an import-
ant molecular mechanism underlying ACTH hyperpro-
duction (Figure 5). In addition, USP8 regulates the ex-
pression of other receptor tyrosine kinases (RTKs) such
as ErbB3 and C-Met [32, 33], which share very similar
signaling cascades with EGFR. Indeed, we observed the
high expression level of ErbB3 and C-Met in a substan-
tial number of USP§-mutated PAs via immunochemistry
(Supplementary information, Figure S8). Smoothened, a
key component of Hedgehog pathway, is deubiquitinat-
ed by USPS8 [34] and activation of Hedgehog pathway
induces ACTH secretion [35]. It is expected that USPS
mutations deregulate these molecules to drive ACTH
production and secretion. Further studies are required
to fully understand the role of USP§ mutations in the
pathogenesis of ACTH-secreting PAs and the underlying
molecular mechanisms.

Our findings have important clinical implications.
Most USP8-mutated PAs are small in size (< 0.5 cm)
and diffusely distributed within the sella, making them
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Figure 5 Mechanisms of USP8 mutation-mediated ACTH hyperproduction. The deubiquitinating enzyme USP8 can be phos-
phorylated allowing for association with 14-3-3 protein, which subsequently inhibits its activity. USP8 mutant fails to bind 14-
3-3 protein, leading to an elevated USP8 activity. USP8 deubiquitinates numerous targets and protect them from degradation.
EGFR is an crucial USP8 target, and deregulation of EGFR leads to increased MAPK signaling and subsequently promotes
POMC transcription partially through inducing the degradation of p27(Kip1), perhaps other regulators such as Brg1 and
HDAC2. USP8 also regulates other RTKs such as c-MET and ErbB3, both of which potentially play a role in ACTH produc-
tion. Finally, through regulating Smoothened expression and cellular location, USP8 mutation activates Hedgehog signaling,
resulting in ACTH secretion. Therefore, inhibiting USP8 and/or EGFR activity represents a potential therapeutic approach for

Cushing’s disease.

difficult to be detected by MRI scanning and even by
those experienced neurosurgeons using intraoperative
neuronavigation. In contrast, almost half of the USPS§-
WT PAs were very large and featured by parasellar inva-
sion, increasing the difficulty and risk of surgery. In each
situation, it is almost impossible to completely remove
the entire tumor, which could explain the similarly low
remission and high recurrence rate after initial surgery in
both USP8 WT and mutated ATCH-secreting PAs. In ad-
dition, considering that USP§-mutated PAs usually dis-
play much smaller size, we speculate that patients with
small tumor even difficultly detected by MRI scanning,
most likely carry USP8 mutations. Therefore, inhibiting
USP8 activity might be the first-line treatment of choice
for patients with such PAs. As surgery alone seems to
be unlikely to cure most cases of Cushing’s disease,
new therapeutic approaches are needed to specifically
target tumor and suppress ACTH production [1, 5]. Our
findings strongly indicate that inhibiting USP8 catalytic
activity might be a promising therapeutic strategy for
Cushing’s disease cases with USP§ mutations, especially
for patients with either residual or recurrent adenomas.
Moreover, anti-EGFR therapy, a potential therapeutic
strategy for treatment of Cushing’s disease [10], seems to

be more effective for patients carrying USP8 mutation,
given that these patients more likely harbor activated
EGFR-MAPK signaling.

While this manuscript was in preparation, Reincke et
al. [36] reported similar findings that dominant mutations
in USPS lead to Cushing’s disease through activation
of EGFR signaling. Of note, there are some significant
differences between our study and study by Reincke et
al. To our knowledge, our study which includes 120 cor-
ticotrophin adenomas is the largest genetic investigation
for Cushing’s disease so far. The study by Reincke et al.
[36] only reported 5 types of USPS mutations in 6 of 17
Cushing’s disease cases. We reported a total of 17 types
of USPS8 mutations in 75 of 120 Cushing’s disease cases.
We further identified three highly prevalent USP8 mu-
tations, which account for the vast majority of mutated
cases (77.61%). These data clearly define the spectrum of
USP$ mutations. Furthermore, our study added valuable
information which may provide guidance for the clinical
practice in future: (1) Attributing to the larger sample
size of the cohort, our study presents more clinical data
to imply the clinical relevance of USP8 mutation. The
major novel clinical finding is that USP§-mutated corti-
cotrophin adenomas are significantly smaller in size but
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possess higher capacity to produce ACTH (P < 0.001),
which clearly describes the clinical characteristics of the
potential subjects who may benefit from targeted thera-
py developed from USP§ mutations. (2) We performed
inhibitory functional experiments in primary human
ACTH-secreting corticotrophin adenoma cells, which
was a more genetically and clinically faithful cell model.
For the first time, we showed that USP8 knockdown or
gefitinib treatment significantly reduced ACTH secretion
in primary USP8-mutated corticotrophin adenoma cells,
but not in wild-type cells. These novel findings provide
direct evidence that inhibition of USP8 and EGFR is
promising for treating USP§-mutated corticotrophin
adenoma. Taken together, the findings from our study
and study by Reincke et al. will contribute to the devel-
opment of novel therapies for Cushing’s disease. New
therapy targeting USP8 and/or EGFR might become
the first-line treatment for USP8-mutated corticotrophin
adenomas, especially for those surgically uncured and
relapsed cases.

Materials and Methods

Study patients

Patients were recruited at the department of neurosurgery at
Huashan Hospital affiliated to Shanghai Medical College, Fudan
University from 2003 to 2014 for this study. A total of 120 patients
(99 women and 21 men; age range from 14 to 60) with Cushing’s
disease were included in this study. 12 randomly selected cases
were used for initial exome sequencing, and the remaining 108
cases were used to study the prevalence of USPS mutation (Sup-
plementary information, Table S1). In addition, we analyzed 50
NF PAs, 50 GH-secreting PAs and 50 PRL-secreting PAs (Supple-
mentary information, Table S1). Two normal pituitary tissues were
obtained from cadaveric organ donations and tested to be suitable
for immunohistochemical studies. All patients gave written in-
formed consent, and the ethics committee at Huashan Hospital
approved the study.

Cushing’s disease was diagnosed using previously described
and currently accepted criteria [4]. Briefly, the diagnosis of hy-
percortisolism was based on typical catabolic features (ie, facial
plethora, purple striae, muscle atrophy of the limbs) and a com-
bination of biochemical test results are as follows: increased
awake midnight serum cortisol levels (> 7.5 pg/dl (> 207.3 nmol
per liter)), elevated 24-h UFC (> 129.13 pg (> 356.9 nmol)) and
nonsuppressible serum cortisol levels (> 5 pg/dl (> 138.2 nmol
per liter)) after the administration of 1 mg of dexamethasone. The
pituitary source of hypercortisolism was defined by increased
morning plasma ACTH levels (> 20 pg/ml (> 4.4 pmol per liter))
and > 50% suppression of 24-h UFC in the classic high-dose dexa-
methasone-suppression test (HDST). Finally, contrast-enhanced
T1-weighted MRI scanning was used to visualize adenomas. The
presence of microadenomas (usually maximal diameter < 6 mm),
which were undetected by MRI, was inferred by bilateral inferior
petrosal sinus sampling (BIPSS). The final diagnosis of all Cush-
ing’s disease cases was histologically confirmed by two senior pa-
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thologists in blinded fashion. Of note, all surgically resected PAs
from these patients are positive for ACTH staining, and ACTH
immunostaining for 12 PAs used for whole-exome sequencing
is shown in Supplementary information, Figure S9. The clinical
details of 120 patients with Cushing’s disease are provided in Sup-
plementary information, Table S3. All reference ranges over the
endocrine parameters in this study are provided in Supplementary
information, Data S1.

Whole-exome sequencing and candidate gene validation

We performed exome sequencing of DNA from fresh tumor tis-
sues of 12 ACTH-secreting PAs and matched blood samples on the
HiSeq 2500 platform (Illumina). Exome sequencing libraries were
enriched using the TruSeq™ Exome Enrichment 62 Mb Kit (Illu-
mina). Sanger sequencing was performed to validate the candidate
gene in 108 ACTH-secreting PAs and 150 other PA types. Detailed
methods of DNA extraction, library preparation and variant detec-
tion are described in Supplementary information, Data S1.

DNA constructs and site-directed mutagenesis

Full-length wild-type human USPS8 and 14-3-3¢ expression
plasmids were purchased from GE Dharmacon. cDNA encoding
14-3-3¢ was cloned into pGEM2 (Promega) expression vectors.
The USPS8 encoding sequence was amplified and cloned into the
T-easy vector (Promega), which was used for site-directed muta-
genesis. The desired mutations in USP§ cDNA were introduced
with the QuikChange II Site-Directed Mutagenesis Kit (Agilent
Technologies). cDNA fragments encoding wild-type and mutant
USPS8 were subcloned into the Flag-tagged pcDH-EF-T2A-pu-
romycin lentivirus expression vector (System Biosciences). The
primers used in the mutagenesis are listed in Supplementary infor-
mation, Table S4.

Statistical analysis

The statistical analysis was performed using SPSS version16.0
(SPSS Inc.), and graphs were prepared with Prism 6.0 (GraphPad)
software. Pearson’s i’ test and the Mann-Whitney U-test were
used for the categorical variables and the continuous variables, re-
spectively. P < 0.05 was considered to be statistically significant.

Additional methods are provided in Supplementary informa-
tion, Data S1.
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