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Abstract: In the current work, we aimed to evaluate the association of clinical data of Cushing’s
disease (CD) patients with USP8 mutation status and to study USP8-related molecular mechanisms
connected to the regulation of corticotropinoma growth and activity. 35 CD patients were enrolled;
the sequencing of exon 14 in USP8 revealed variants in eighteen adenomas, two of which were
described for the first time in CD. USP8 variants were more common in women (94% vs. 76%;
p = 0.001), and microadenomas and tumor recurrence were prevalent in the USP8-mutant group
(44% vs. 29%; p = 0.04 and 44% vs. 22%; p = 0.0015). Preoperative ACTH and serum cortisol did not
differ in the USP8-WT and USP8-mutant patients. All USP8-mutant adenomas were SST5-positive,
and 73% of them were double-positive (SST5+/SST2+). A total of 50% of USP8-WT adenomas were
double-negative (SST5−/SST2−), and 40% of them were SST5-positive. Analysis of transcriptome
was performed for nine USP8-mutant and six USP8-WT adenomas and revealed the that the bidi-
rectional dysregulation of Wnt signaling, including both the agonist RSPO2 and antagonist SFRP1,
in the USP8-mutant corticotropinomas was downregulated. These alterations may indicate the
existence of regulatory connections between USP8 enzyme activity, Wnt signaling, EGFR signaling
and somatostatin receptors’ trafficking, which can explain, at least in part, the clinical manifestations
of CD in patients with corticotropinomas harboring USP8 variants.

Keywords: Cushing’s disease; corticotropinomas; pituitary adenomas; PitNETs; USP8 variants;
somatostatin receptors; SST2; SST5; Wnt signaling

1. Introduction

Cushing’s disease (CD) is a severe endocrine disorder associated with increased
morbidity and mortality due to cardiovascular and cerebrovascular complications, throm-
boembolism, diabetes, osteoporosis, fractures and infections [1]. The cause of CD is an
adrenocorticotropic hormone (ACTH)-producing pituitary neuroendocrine tumor (PitNET),
also named a corticotropinoma [2]. The prevalence of CD is considered about 40 cases per
million people, and its incidence is 0.7 to 2.4 new cases per million per year [3–5].

Somatic mutations in USP8 have been detected in a significant fraction of corti-
cotropinomas [6–9]. It remains unknown how USP8 mutations affect the regulation of
tumor growth and the severity of disease. Some authors report the association of USP8
with the severity of CD [10,11], while others report no association [7,12]. Normally, CD-
associated USP8 variants are gain-of-function mutations clustered in a hotspot region in
exon 14 encoding the 14-3-3 binding motif (RSYSSP) [7,13].
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The data on the association of USP8 variants with clinical manifestations of CD
and tumor growth are controversial [7,11–14]. Hayashi K. and coauthors [14] showed a
significant decrease in ACTH secretion and tumor size in patients with USP8 mutations,
while others have found no differences in their plasma ACTH [7,12], morning serum
cortisol [7,12,14], 24 h cortisol excretion [13], or maximum tumor size [12]. It has been
reported that recurrences are more common among patients carrying the mutation [11].

Works studying the molecular mechanisms related to somatic mutations in USP8 are
limited. There is evidence that USP8 mutations in the hotspot region of exon 14 result in
the increased catalytic activity of USP8, leading to the deubiquitination of the epidermal
growth factor receptor (EGFR) and the activation of EGFR recycling and EGFR-induced
signaling essential for the production of proopiomelanocortin (POMC), which is a precursor
of ACTH [13].

The expression of somatostatin receptors (SST) on cell membranes is important for
tumors’ ability to achieve the binding of the somatostatin ligand, the activation of antipro-
liferative signal transduction and the inhibition of hormone secretion [15]. In the human
pituitary gland, SST subtype 2 (SST2) and SST subtype 5 (SST5) are the most common [16].
The expression of SST in different PitNETs is various and depends on numerous factors. As
for corticotropinomas, it is generally accepted that in CD the expression of SST2, but not of
SST5, is downregulated by the high levels of cortisol [17].

The aim of this study was to evaluate clinical data of a cohort of CD patients with
different USP8 mutation statuses and to perform transcriptome analysis of tumor tis-
sue to define USP8-related molecular mechanisms determining the biological features
of corticotropinoma.

2. Results
2.1. Clinical Data

Thirty-five patients (twenty-nine women) with CD, with a median age of 38 years
[31; 55] (18–67) were enrolled into this study. Clinical data for the whole cohort of patients
are shown in Table S1. The histological examination of resected tissue confirmed pitu-
itary adenomas, and immunohistochemistry staining (IHC) showed ACTH expression in
all cases.

2.2. USP8 Mutations Spectrum in Patients with Cushing’s Disease

Fifty-one percent (18/35) of adenomas harbor USP8 mutations. Seven different vari-
ants of the USP8 gene were identified including five missense mutations and two deletions,
as summarized in Figure 1A. The variants Fwd719del, P720R, S718P and P720Q have been
described previously [18]. The variant T739A, located outside the «hotspot» region, was
shown in CD patients for the first time in our recent work [19]; in one case this mutation
was combined with the variant S718P. Another novel USP8 variant, P720_D721delinsR, is
located at the border of the «hotspot» region.

2.3. Associations Between Somatic USP8 Mutation and Clinical Parameters

The clinical and demographic parameters of patients with USP8-mutant and USP8-wild
type (USP8-WT) corticotropinomas are presented in Tables 1, S1 and S2 and Figure 1B–E.

Variants in USP8 were more common in women (94% vs. 76%; p = 0.001). Microade-
nomas prevailed in the USP8-mutant tumors (44% vs. 29%; p = 0.04) (Table 1, Figure 1C).
Furthermore, all tumors ≥ 20 mm were USP8-WT tumors (Figure 1D). Plasma ACTH,
morning serum cortisol and 24 h UFC levels did not differ between the USP8-mutant
and USP8-WT groups. (shown in Table 1). This being considered, macroadenomas were
later excluded from analysis (shown in Table S2). It is noteworthy that the size of the
microadenomas did not differ between the USP8-mutant and USP8-WT tumors (shown in
Table S2). Despite the similar levels of ACTH and cortisol in the patients with USP8-mutant
and USP8-WT corticotropinomas, the mortality and necessity of BLAE were perceived in
the WT group (Table S1).
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Figure 1. USP8 mutation spectrum in our cohort of patients with Cushing’s disease and association 
of carrying USP8 mutation with clinical data. (A) USP8 structure: microtubule-interacting and traf-
ficking domain (MIT), rhodanese-like domain (Rhod), SH3-binding motif (SBM), WW-like domain, 
14-3-3-binding motif (14-3-3 BM, «hotspot» region), and deubiquitinase catalytic domain (DUB) that 
removes the conjugated ubiquitin molecules from the target proteins. Exon 14 sequencing region 
showing previously described variants located in «hotspot» region; identifying novel variant 
P720_D721delinsR as overlapping with «hotspot» region; and mutation T739A out of «hotspot» re-
gion, located in SBM3. Green indicates the wild-type sequence, and red highlights the mutation that 
replaces the wild-type sequence. (B) Histograms representing distribution of cases with USP8-WT 
and USP8-mutant among males and females in different age groups. (C) Prevalence of pituitary 
microadenomas and macroadenomas among USP8-mutant and USP8-WT corticotropinomas. Data 
were analyzed using Fisher’s exact test: microadenomas, n(Mutant) = 8(44%) and n(WT) = 5(29%); 
macroadenomas, n(Mutant) = 10(56%) and n(WT) = 12(71%). (D) Size of pituitary adenomas in 
groups with different USP8 mutation statuses. Bar plot representing distribution of adenoma size 
in all patients. Data were analyzed using Chi-square test: n(Mutant, <10 mm) = 8(44%); n(WT, <10 
mm) = 5(29%); n(Mutant, 10–20 mm) = 10(56%); n(WT, 10–20 mm) = 5(29%); and n(WT, >20 mm) = 
7(42%). (E) Recurrence rate of tumor growth during follow-up period in USP8-mutant and USP8-
WT groups. Data were analyzed using Fisher’s exact test: recurrence, n(Mutant) = 8(44%) and n(WT) 
= 2(22%); no recurrence, n(Mutant) = 10(56%) and n(WT) = 7(78%). WT—cases with absence of USP8 
mutation. Mutant—cases with presence of USP8 mutation. 
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Figure 1. USP8 mutation spectrum in our cohort of patients with Cushing’s disease and association
of carrying USP8 mutation with clinical data. (A) USP8 structure: microtubule-interacting and
trafficking domain (MIT), rhodanese-like domain (Rhod), SH3-binding motif (SBM), WW-like domain,
14-3-3-binding motif (14-3-3 BM, «hotspot» region), and deubiquitinase catalytic domain (DUB)
that removes the conjugated ubiquitin molecules from the target proteins. Exon 14 sequencing
region showing previously described variants located in «hotspot» region; identifying novel variant
P720_D721delinsR as overlapping with «hotspot» region; and mutation T739A out of «hotspot»
region, located in SBM3. Green indicates the wild-type sequence, and red highlights the mutation that
replaces the wild-type sequence. (B) Histograms representing distribution of cases with USP8-WT
and USP8-mutant among males and females in different age groups. (C) Prevalence of pituitary
microadenomas and macroadenomas among USP8-mutant and USP8-WT corticotropinomas. Data
were analyzed using Fisher’s exact test: microadenomas, n(Mutant) = 8(44%) and n(WT) = 5(29%);
macroadenomas, n(Mutant) = 10(56%) and n(WT) = 12(71%). (D) Size of pituitary adenomas in
groups with different USP8 mutation statuses. Bar plot representing distribution of adenoma size in
all patients. Data were analyzed using Chi-square test: n(Mutant, <10 mm) = 8(44%); n(WT, <10 mm)
= 5(29%); n(Mutant, 10–20 mm) = 10(56%); n(WT, 10–20 mm) = 5(29%); and n(WT, >20 mm) = 7(42%).
(E) Recurrence rate of tumor growth during follow-up period in USP8-mutant and USP8-WT groups.
Data were analyzed using Fisher’s exact test: recurrence, n(Mutant) = 8(44%) and n(WT) = 2(22%); no
recurrence, n(Mutant) = 10(56%) and n(WT) = 7(78%). WT—cases with absence of USP8 mutation.
Mutant—cases with presence of USP8 mutation.

The long-term follow-up period was similar for the USP8-mutant and USP8-WT cases
(2 years, [1; 3]; (1–9) vs. 2 years, [1; 3]; (1–10) p = 0.94). Of the 18 patients with USP8-mutant
pituitary adenomas, hypercortisolism remission was proved in 10 cases (55%). Among
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the nine patients with USP8-WT corticotropinomas, the remission of hypercortisolism was
confirmed in six cases (60%).

Table 1. Clinical data and comparison of patients with USP8-mutant and USP8-WT corticotropinomas.

Clinical Data USP8-Mutant USP8-WT p

Sex, m/f, % 6%/94% 24%/76% p = 0.001

Age, years
Me [25%; 75%]

(min.–max.)

36.5 [29; 56.5]
(18–67)

45 [34; 54]
(21–60) p = 0.43

Microadenomas/macroadenomas, % 44%/56% 29%/71% p = 0.04

Maximum adenoma size, mm
Me [25%; 75%]

(min.–max.)

11.25 [8; 15]
(3–18)

12 [6; 30]
(4–49) p = 0.21

Adenoma volume, mL
Me [25%; 75%]

(min.–max.)

0.27 [0.1; 0.43]
(0.003–1.56)

0.37 [0.043; 6.23]
(0.01–42.34) p = 0.25

Morning plasma ACTH *, pg/mL
Me [25%; 75%]

(min.–max.)

61.57 [50.56; 81.76]
(23.54–128.3)

82.99 [45.67; 161.2]
(15.34–645.6) p = 0.39

Morning serum cortisol *, nmol/L
Me [25%; 75%]

(min.–max.)

735 [588.2; 837.3]
(448–1094)

638.85 [430.1; 831.6]
(261–1690) p = 0.51

24 h UFC *, nmol/24 h
Me [25%; 75%]

(min.–max.)

492.5 [271.3–696.6]
(137.88–1752)

570 [195.8; 861.8]
(56.8–3392) p = 0.93

Ki67, % 1 [0.4; 3.27]
(0.1–5.3)

1.47 [0.53; 3.64]
(0.1–17.0) p = 0.6

24 h UFC—24-h urinary free cortisol; ACTH—adrenocorticotropic hormone; Me—median; * patients with Nelson’s
syndrome were excluded.

Of the eighteen patients with USP8-mutant corticotropinomas, the recurrence of
pituitary adenoma growth was detected in eight (44%) cases, and among nine patients
with USP8-WT tumors, the continued growth of pituitary adenomas was confirmed in two
(22%) cases. In the patient who underwent BLAE 1.5 year after TSS, adenoma growth was
not detected during the next 3 years of follow up. Two patients with Nelson’s syndrome
were excluded from this analysis. Thus, the frequency of hypercortisolism remission did
not differ between the USP8-mutant and USP8-WT patients (p = 0.57) but the recurrence of
pituitary adenoma growth was more common (p = 0.0015) in corticotropinomas with USP8
variants (shown in Figure 1E).

2.4. SST2/SST5 Expression and USP8 Mutation Status

Staining for SST2 and SST5 receptors was performed in 23 corticotropinomas, 12 in
USP8-mutant and 11 in USP8-WT samples. The expression of both types of SST was
calculated for 21 corticotropinomas (Figure 2); in two cases, only SST2 or SST5 receptors
were stained due to the limited amount of adenoma tissue (Table S1).

All mutant adenomas were SST5+, and most of them (8/11) were double-positive
(SST2+/SST5+); only four out of the ten USP8-WT adenomas were SST5+, and two out of
the ten were SST2+/SST5+ (Figure 2E). Out of the six SST5-negative USP8-WT adenomas,
five were double-negative (SST2−/SST5−) and one was SST2+/SST5−.
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Figure 2. IHC expression of SST2/5 between USP8-mutant and USP8-WT in CD patients. Data
were analyzed using Chi-square test. (A–D) Examples of different patterns of SST2/SST5 expression:
(A) patient P1 with double-positive expression of SST2+/SST5+; (B) patient P21 with double-negative
expression of SST2−/SST5−; (C) patient P5 with positive expression of SST2+ and negative expres-
sion of SST5−; (D) patient P20 with negative expression of SST2− and with positive expression of
SST5+; (E) percentage of patients with each kind of SST2/5 expression in WT and mutant tumors.
Scale bar = 200 µm. IHC—immunohistochemical staining.

2.5. Transcriptome Analysis of Pituitary Adenomas Harboring USP8-Mutant or USP8-WT in
Patients with Cushing’s Disease

To uncover the possible molecular mechanisms that might be responsible for the
differences between the USP8-mutant and USP8-WT adenomas, we performed transcrip-
tome analysis.

Though the principal component analysis (PCA) showed no clear separation between
the groups (Figure S1A), the analysis of the differentially expressed genes (DEGs) revealed
52 downregulated genes and 80 upregulated genes in samples from the USP8-mutant
tumors (Figure S1B; the whole list of DEGs associated with USP8 mutations in adenomas
is given in Supplementary Table S3). Also, the results of the analysis are visualized on a
volcano plot (Figure 3A).

To reveal the biological functions and regulatory mechanisms that could be associated
with the identified DEGs, we performed pathway enrichment analysis and found a few
gene signatures associated with important molecular mechanisms that may be involved
in the regulation of tumor growth. Thus, in USP8-mutant samples, we found significant
alterations in the expression of genes associated with the regulation of MAPK family
signaling cascades (ERBB3, RASGRF1, MAPK4), regulation of epithelial cell proliferation
(SFRP1, LAMB1) and regulation of the Wnt signaling pathway (SFRP1, RSPO2). All these
genes are shown on the volcano plot (Figure 3A) and visualized on a heatmap in Figure 3B;
we found no difference in the expression of USP8, EGFR, POMC, SST2 and SST5 (Figure 3C).
Interestingly, all these genes are related to tumor biology in different ways, and most of
them were shown to be involved in USP8-mediated processes.
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pituitary adenomas. (A) Volcano plot of differently expressed genes between USP8-mutant and
USP8-WT. DEGs upregulated (right side) and downregulated (left side) in USP8-mutant. Blue dots
are DEGs. Y axis is significant differences in gene expression between groups with FDR < 0.01. X axis
is Log2 fold changes in gene expression with cutoff |Log2FC| > 1. (B) Heatmap of specific DEGs’
expression. (C) Heatmap of USP8, EGFR, POMC, SST2 and SST5 expression which are not related to
DEGs between USP8-mutant and USP8-WT.

3. Discussion

In our work, we aimed to evaluate the clinical significance of somatic USP8 variants in
corticotropinomas derived from patients with CD and to clarify the molecular mechanisms
of the found effects. In our cohort of 35 patients with CD, we detected USP8 variants
within or close to the 14-3-3 downregulatory site in 18. The main clinical findings in the
patients with corticotropinomas harboring USP8 variants were the prevalence of microade-
nomas, more frequent recurrence after successful surgery and the prevailing of SST5 and
SST2 receptors’ expression. The analysis of transcriptome showed the possible regulatory
connections between the USP8 mutations and clinical features.

When analyzing our own data and data from other researchers, we noticed the duality
of USP8-mutated corticotropinomas’ clinical manifestations. As it has been described
before, in corticotropinomas harboring USP8 variants, the increased deubiquitination
of EGFR results in decreased EGFR lysosomal degradation and the activation of EGFR
signaling, which contributes to oncogenic transformation in aggressive tumors [13,20,21].
Indeed, the more frequent recurrence of USP8-mutated corticotropinomas was shown after
successful neurosurgery in our study and by others [22–24]. At the same time, in our
cohort, microadenomas prevailed in the USP8-mutant group. Furthermore, the maximum
diameter of all USP8-mutant corticotropinomas did not exceed 2 cm, while about 40% of
USP8-WT tumors were >2 cm. In vitro studies have revealed that in corticotropinomas
harboring USP8 variants the activation of EGFR signaling enhances proopiomelanocortin
(POMC) transcription and ACTH hyperproduction [13,14,20], supporting the hypothesis
that USP8-mutant corticotropinomas more actively produce ACTH. However, in our study,
we did not show differences in the morning plasma ACTH and morning serum cortisol
levels in patients with USP8-mutant and USP8-WT tumors. The same data were found
after the macroadenomas were excluded to offset the effect of tumor size (Table S2). The
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association of more severe hypercortisolism with USP8 variants was also not found; all
patients who died, and those who underwent BLAE, harbored a USP8-WT tumor.

Thus, we assumed the existence of another USP8-dependent mechanism, opposing
the canonical effects on EGFR signaling and providing the dualistic effects of USP8 acti-
vation in corticotropinomas harboring USP8 variants. Our results on the expression of
SST5 and SST2 in corticotropinomas support this hypothesis. In this work, we detected
SST5 expression in all USP8-mutant tumors, while only a small fraction of USP8-WT was
SST5 positive, which fits the data obtained by others well [14,25–28]. An unexpected
finding was positive SST2 expression in the majority of USP8-mutant corticotropinomas
(in eight of eleven cases) and in three of the ten USP8-WT tumors. Most previous studies
have shown low or no expression of both SST2 mRNA and protein in ACTH-secreting
PitNETs [14,26,28–32]. This may be explained by the data obtained in AtT-20 pituitary
adenoma cell lines, which have demonstrated the suppression of SST2 expression in cor-
ticotropinomas under glucocorticoid excess [29]. Somatostatin receptors, including SST5
and SST2, are known to mediate the action of somatostatin, which downregulates different
hormones’ production and suppresses cell proliferation by potentiating cell cycle arrest
and apoptosis [17]. Thus, considering our clinical data and data on the predominant ex-
pression of SST5 and SST2 in USP8-mutant tumors, we hypothesize that USP8 mutation
may result in multidirectional alterations in the regulation of cell growth and proliferation
and hormonal production in corticotropinomas. The duality of changes induced by USP8
mutation in corticotropinomas and alterations in the balance between proliferative and
antiproliferative effects in each individual case can explain the inconsistency of clinical
data obtained by researchers from CD patients with corticotropinomas with different USP8
mutation statuses [7,13,14,20,22,23,33,34].

Though the analysis of transcriptome did not reveal differences in SST5/SST2 between
the USP8-mutant and USP8-WT tumors, there were differences in the SST5/SST2 proteins’
presence on the tumors’ cell membranes, possibly due to alterations in mechanisms that
regulate receptors’ internalization, recycling and lysosomal degradation [35,36], which can
be mediated by both USP8 activity and WNT signaling.

Although there are data showing that SST5 is not ubiquitinated after treatment with an
SST5-specific ligand, and there is no direct effect of USP8 on SST5 at least in in vitro AtT-20
mouse pituitary gland cells [37], data exist that show that Dvl1 (the WNT pathway’s pro-
tein) may regulate SST2 receptor ubiquitination and degradation in a ligand-independent
manner through interaction with the E3 ubiquitin ligases ZNRF3/RNF43 [38]. We specu-
late that similar mechanisms may also affect SST5, contributing to the observed receptor
expression patterns. WNT signaling, as well as EGFR signaling, is known to be activated
in corticotropinomas [39,40]. Furthermore, the role of USP8 activity in the modulation of
Wnt signaling via influencing Fzd receptors, whose activation is essential for Wnt signal-
ing [41], has been described [42–44]. It has been shown that the gain and loss of USP8
function has led to the up- and downregulation, respectively, of canonical Wnt signaling
due to an alteration in the balance between the ubiquitylation and deubiquitylation of Fzd
receptors [42,43].

In this work, we have shown the significant downregulation of RSPO2 (agonist)
and SFRP1 (antagonist) in WNT signaling in USP8-mutant corticotropinomas, which
supports our hypothesis on the role of USP8-mutation-altered WNT signaling regulation in
these tumors. SFRP1- and RSPO2-dependent mechanisms are known to be among those
controlling Fzd cell membrane expression [41,45]. RSPO2 negatively controls the activity
of the E3 ubiquitin ligases ZNRF3/RNF43 for preventing the ubiquitination of Fzd and
for the activation of WNT signaling [46], while SFRP1 inhibits Wnt pathway activation
through preventing WNT ligand coupling with Fzd [45]. Interestingly, EGFR cell membrane
expression is also controlled by the E3 ligases ZNRF3/RNF43 in the same way as Fzd [47].

We speculate that the downregulation of RSPO2 in USP8-mutant corticotropinomas
may result in the activation of the E3 ubiquitin ligases ZNRF3/RNF43 and, as a consequence,
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the increased recruitment of Dvl1 for Fzd degradation. In this case, Dvl1-mediated SST re-
ceptor ubiquitination and degradation may be depleted in USP8-mutant corticotropinomas.

To summarize, we assume that the existence of mechanistical connections between
USP8 enzyme activity, Wnt signaling, EGFR signaling and somatostatin (SST) receptors’
trafficking can explain, at least in part, the clinical alterations found in CD patients harbor-
ing corticotropinomas with USP8 variants. Importantly, all the parts of the complicated
network involved in the control of the Wnt signaling pathway are subjects for feedback
loop regulations [41]; therefore, disturbances in any part of this regulatory system would
result in multidirectional biological and clinical outcomes.

This study has some limitations; one of them is the small size of the group. The
possibility to collect a larger sample in one center is hindered by CD’s peculiarities. This
rare pathology is mainly caused by corticotropinomas of small sizes, and sufficient ma-
terial for histological, immunohistochemical and genetic studies is not always available.
Genetic testing was performed only when pathology examination, including immunohis-
tochemistry, had confirmed the diagnosis. We did not test the samples for the presence
of corticotropinoma cells before the genetic testing, and this may be another limitation
of our study. But the high prevalence of USP8 variants among the microadenomas sup-
ports our proposal that the pathology confirmation was sufficient. The results of the
transcriptomic analysis and our hypothesis on the interaction between different pathways
in USP8-mutated corticotropinomas need to be confirmed in additional experimental works
with in vitro cellular models, and this is in the scope of our future investigations.

4. Materials and Methods
4.1. Study Population of Patients with Cushing’s Disease

This study was conducted in accordance with the Declaration of Helsinki and ap-
proved by the Institutional Review Board (or Ethics Committee) of Almazov National
Medical Research Centre (protocol code, 193-4, date of approval, 11 April 2016). All pa-
tients signed an institutional review board-approved statement of informed consent. The
study population comprised 35 CD patients who underwent transsphenoidal surgery (TSS)
from 2012 to 2021 in the Federal Almazov National Medical Research Centre (Table S1). CD
was diagnosed according to the current guidelines [48,49]. Endogenous hypercortisolism
was confirmed based on midnight serum or salivary cortisol levels, elevated 24 h urinary
free cortisol (UFC) levels and a lack of cortisol suppression after a low dexamethasone
suppression test (LDST) [48,49]. ACTH-dependent syndrome was diagnosed if the ACTH
plasma level was >2 pmol/L [50]. Dynamic pituitary magnetic resonance imaging (MRI)
was performed for corticotropinoma visualization. When the MRI pituitary adenoma size
was <8 mm, bilateral cavernous and inferior petrosal sinuses sampling was performed as
described in [51–53].

Twenty-seven patients underwent a primary operation, and six repeated the operation
due to adenoma relapse. In two patients, surgery was performed for Nelson’s syndrome
(P26, P35—patients’ IDs, shown in Table S1). Histological examination of resected tis-
sue confirmed pituitary adenomas, and immunohistochemistry staining (IHC) showed
ACTH expression.

In the late postoperative period (2–3 weeks after TSS), three patients died: one
(c77—patient ID, shown in Table S1) died due to a massive pulmonary embolism and
two died due to the fulminant course of acute hepatitis B (P24—patient ID, shown in
Table S1) and bacterial pneumonia (P21—patient ID, shown in Table S1).

Five patients underwent bilateral adrenalectomy (BLAE), including two with Nelson’s
syndrome. One patient (c144—patient ID, shown in Table S1) with an invasive pituitary
macroadenoma underwent BLAE a month before TSS because of the severe hypercorti-
solism complicated by persistent infection that interfered with pituitary surgery.

In two cases, BLAE was performed after TSS; in one (P24—patient ID, shown in
Table S1), it was performed two weeks after non-radical TSS due to severe hypercortisolism
that was resistant to medical therapy, and in the other (PK—patient ID, shown in Table S1),
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it was performed 1.5 years after TSS because of the CD’s persistence despite medical
treatment and an inability to perform repeated TSS or radiosurgery due to unfavorable
MRI data.

The late postoperative results of the TSS were evaluated for 31 out of the 35 patients. In
twenty-six patients, adrenal insufficiency developed after TSS, and in five, hypercortisolism
persisted. Long-term results were analyzed for patients with a follow-up period one year or
more; the median of follow-up period was two years [1; 4], (1–9). In patients with pituitary
adenoma regrowth, the time of tumor relapse was considered the end of follow-up period.

Long-term follow-up data were obtained for twenty-nine out of the thirty-five patients;
among the other six, three patients died and contact was lost with the three others. Of
the two patients with Nelson’s syndrome, adenoma growth was confirmed for one. The
recurrence of pituitary adenoma was detected by MRI in 10 cases, in 17 cases, including a
patient who underwent BLAE 1.5 years after TSS, pituitary adenoma relapse was absent.
CD remission was observed in 16 cases, in 11 patients, hypercortisolism was confirmed.
Remission was diagnosed if the need for glucocorticoid replacement therapy persisted or
in the case of a combination of the following criteria: the normalization of 24 h UFC level,
the normalization of midnight salivary and/or midnight serum cortisol levels and serum
cortisol in LDST < 50 nmol/L.

4.1.1. Hormone Measurements

Cortisol (serum, salivary, urinary) and ACTH (serum) were measured using enzyme
immunoassays Cobas E411 (Roche Diagnostics, Indianapolis, IN, USA).

4.1.2. Pituitary Magnetic Resonance Imaging

Dynamic pituitary magnetic resonance imaging (MRI) was performed after the intra-
venous administration of gadolinium-111In-diethylenetriamine-pentacetic acid. Magnetom
Trio A Tim 3.0 T (Siemens Healthineers, Erlangen, Germany), with a detection limit of
2 mm, was used. A macroadenoma was defined as a pituitary tumor with a diameter ≥
1 cm, and microadenomas were defined as those with a diameter < 1 cm.

4.1.3. Immunnohistochemical (IHC) Staining

Paraffin-embedded fixed material was first deparaffinized/rehydrated using Xylol
and a descending series of ethanol solutions. Then, the sections were pre-treated with
3% hydrogen peroxide (room temperature, 5 min) in order to inactivate endogenous
peroxidase. Then, the sections were washed in distilled water. An antigen retrieval
procedure was carried out in Tris-EDTA pH 9.0 for ACTH and SSTR5 and pH 6.0 for
SSTR2 (Dako (Agilent Technologies), Glostrup, Denmark) at 95–98 ◦C for 35 min. Then, the
material was cooled at room temperature. Subsequently, the sections were washed in Tris-
buffered saline using Tween 20 two times for 5 min (Dako (Agilent Technologies), Glostrup,
Denmark). The mounted sections were circumscribed with a hydrophobic pen Elite PAP
Pen (Diagnostic BioSystems, Pleasanton, CA, USA). Immunolabeling was performed with
the following antibodies: a mouse monoclonal antibody against ACTH at a dilution of 1:400
clone AH26 (Diagnostic BioSystems, Pleasanton, CA, USA), a rabbit monoclonal antibody
SSTR2 at a dilution of 1:25 (Clone UMB-1, Epitomics, Inc., Burlingame, CA, USA) and a
rabbit monoclonal antibody SSTR5 at a dilution of 1:100 (Clone UMB-4, Epitomics, Inc.,
Burlingame, CA, USA). After incubation with primary antibodies, the sections were washed
two times in Tris-buffered saline using Tween 20. For the detection of primary antibodies,
we used the Real EnVision Detection System, Peroxidase/DAB, Rabbit/Mouse kit (Dako
(Agilent Technologies), Glostrup, Denmark). Incubation with the primary and secondary
antibodies was performed for 30 min at room temperature. After washing in distilled
water, the sections were counterstained with hematoxylin (2 min) and dehydrated and then
coverslips were mounted using permanent mounting medium Polystyrol, BioMount (Bio-
Optica, Milan, Italy). To quantify the SST staining, only tumor cell membrane expression
was taken in account. The percentage of tumor cells with membrane expression (positive
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cells) was calculated as the mean from data collected after positive cells were counted in
ten fields of view at a magnification of 200x. The staining results were scored as “+++” (if
>50% cells showed SST expression), “++” (if ≥30–50% cells showed SST expression), “+”
(if ≥10–30% cells showed SST expression) or “-” (if <10% cells showed SST expression).
For the purposes of binary analysis, cases that scored “-” or “+” were considered negative,
while those that scored “++” and “+++” were considered positive.

4.1.4. Statistical Analysis

The results were presented as the median (Me), interquartile range [25%; 75%] and
minimal and maximal values (min.–max.). The Mann–Whitney test was used for quantita-
tive variables and Fisher’s exact or the Chi-square (for contingency table more than 2 × 2)
tests were used for qualitative variables. Statistical significance was accepted for p < 0.05.

4.2. DNA/RNA Purification from Tumor Samples

The tumor samples were collected during TSS. A total of 19 samples were immediately
snap-frozen in liquid nitrogen and stored at −80 ◦C. A total of 16 samples were stored as
paraffin-embedded samples.

The Trizol (Thermo Fisher Scientific, Waltham, MA, USA) method of DNA/RNA
extraction was used for the snap-frozen tissue samples according to manufacturer’s man-
uals. The process typically involves the following: The tissue is homogenized in Trizol
reagent to break down cellular structures and release nucleic acids. Chloroform is added
to separate the phases, allowing RNA to remain in the aqueous phase, while DNA and
proteins separate into the organic and interphase layers, respectively. The aqueous phase,
containing RNA, is then further purified, while the other layers are stored at −80 ◦C before
further processing. During the Trizol DNA guide extraction, we added an additional step
with 500 µL of BEB (back extraction buffer; 4 M guanidine thiocyanate, 50 mM sodium
citrate and 1M Tris base) to maximize the DNA recovery. After adding the BEB, 10 min of
incubation followed. Centrifugation at 12,000× g and 4 ◦C for 15 min followed, with the
aqueous phase collected in a new tube, and was followed by further steps (precipitation
with isopropanol, washing and elution) according to the Trizol user guide.

DNA from the paraffin-embedded tissue samples was extracted using the QIAamp
DNA FFPE Kit (QIAGEN, Germantown, MD, USA) according to manufacturer’s manuals.
The kit is specifically designed for the recovery of high-quality DNA from FFPE tissue,
where DNA may be cross-linked or fragmented due to formalin fixation. The extraction
process involves the following: deparaffinizing the tissue by using solvent to remove the
paraffin wax; digesting the tissue with proteinase K to break down proteins and facilitate
the release of DNA; using silica-based membrane technology to capture the DNA; and, to
follow, washing and elution to recover purified DNA.

The DNA and RNA samples were carefully stored at −80 ◦C. The concentration and
integrity of the extracted DNA were assessed using spectrophotometric measurements
(using a NanoDrop) and gel electrophoresis to ensure that the nucleic acids were of a
sufficient quality for downstream molecular analyses. For the RNA samples, quality
control was performed with Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA).
Integrity was assessed by evaluating the RNA’s RIN (RNA integrity number).

4.3. Sanger Sequencing of USP8

Sanger sequencing of the USP8’s exon 14 was performed using the BigDye terminator
Sequencing Kit (Thermo Fisher Scientific (Applied Biosystems), Foster City, CA, USA)
and an ABI PRISM 3100 Genetic Analyzer (Thermo Fisher Scientific (Applied Biosystems),
Foster City, CA, USA). The primers were designed using the NCBI Primer Blast forward, 5′-
CCCAATCACTGGAACCTTTCG-3′, and reverse, 5′-CCAACTCCCTGACACTAACATAC-
3′. Analysis of chromatograms was carried out in the Geneious Prime suite v2024.0.7
(Biomatters, Auckland, New Zealand) with the following NCBI reference sequence:
NC_000015.10 Homo sapiens chromosome 15, GRCh38.p14 Primary Assembly (Table S4).
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4.4. Transcriptome Sequencing and Analysis

Libraries for RNA sequencing were synthesized using the TruSeq Stranded mRNA
kit (Illumina Inc., San Diego, CA, USA) and quality control was performed using the
4150 TapeStation system (Agilent, Santa Clara, CA, USA) using High Sensitivity DNA
ScreenTape Analysis. Sequencing was performed using Illumina NextSeq 2000 with a
P2 reagent cartridge and 100 cycles (2 × 50 bp). Reads were aligned to hg38 with gen-
code.v41.annotation.gtf using STAR v2.6.1a (Developed by Alexander Dobin and collab-
orators (University of NC at Chapel Hill), Chapel Hill, NC, USA). Mapped reads were
counted with the featureCounts program v1.6.2 (Wei Shi and colleagues at the Depart-
ment of Biomedical Informatics, Harvard Medical School, Boston, MA, USA). R v4.2.2
(developed by Ross Ihaka and Robert Gentleman, university of Auckland, New Zealand)
was used for next data processing. The DESeq2 v1.38.0 (Developed by Michael Love,
Rafael Irizarry, and the Bioconductor project, Boston, MA, USA) R package was used for
analyzing the differential expression of genes. The genes’ p values were adjusted using the
Benjamini–Hochberg procedure; only genes filtered with an FDR < 0.01 and |Log2FC| > 1
were considered differentially expressed genes (DEGs). The Enrichr web annotation tool
(The Ma’ayan Lab, Icahn School of Medicine at Mount Sinai, New York City, NY, USA,
https://maayanlab.cloud/Enrichr/, accessed on 21 October 2024) was used [54] for the
identification of biological pathways related to the DEGs with p cutoff = 0.05.

5. Conclusions

In corticotropinomas harboring USP8 variants, we showed the activation of differ-
ent intracellular multidirectional processes whose cross-talks may lead to a variety of
manifestations of CD. We assume that USP8 mutation-associated dysregulations of Wnt
signaling may result in alterations in SST2/5 receptors’ trafficking causing alterations in
molecular mechanisms that control tumor growth and progression. The impact of USP8
mutation on the relationship between Wnt signaling, EGFR signaling and SST trafficking in
corticotropinomas needs further investigations.
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