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Purpose: Assessing the invasiveness of pituitary adenomas (PAs) is critical to making the 
best surgical and treatment plan. However, it is difficult to determine the invasiveness of 
pituitary adenomas based on current clinical methods, such as imaging and histological 
methods. The present article aims to investigate noninvasive methods to discover viable 
biomarkers for invasive pituitary adenomas and provide a basis for early intervention of 
pituitary adenomas.
Methods: E-cadherin, N-cadherin, Epcam, TGF-β, Smad3, and Smad7 were detected in the 
tissues and exosomes in 10 cases of invasive PAs and 10 cases of noninvasive PAs by real- 
time quantitative reverse transcription polymerase chain reaction (qRT-PCR), Western blot-
ting, and immunohistochemical analysis.
Results: Compared with that in the noninvasive group, the expression of N-cad in the 
exosomes of the invasive group was significantly increased, and the expression of E-cad and 
Epcam was reduced. In the invasive group, the expression levels of TGF-β1 and Smad3 were 
reduced. These results were consistent across exosomes and groups. In further cell experi-
ments, the EMT ratio in the SIS3 treatment group, and especially in the TGF-β1 plus SIS3 
treatment group (P <0.001), was significantly increased, and the EMT ratio was significantly 
lower when one-half the dose of TGF-β and SIS3.
Conclusion: The results indicate that EMT-related biomarkers in serum exosomes can be 
potentially used for assessing the invasiveness of pituitary adenoma.
Keywords: pituitary adenoma, serum exosomes, epithelial-mesenchymal transition, TGF-β/ 
Smad, invasiveness

Introduction
Pituitary adenoma is a relatively common neuroendocrine tumor that represents 10– 
15% of intracranial neoplasms.1 Pituitary adenomas can be classified as functional 
pituitary adenomas (FPAs) or nonfunctional pituitary adenomas (NFPAs) according 
to the clinical perspective.2 FPAs often accompany changes in hormone levels and 
can be treated with drugs or surgical intervention. NFPAs account for more than 
40% of all pituitary adenomas, and they are frequently difficult to diagnose until 
they become a large tumor mass, and hypopituitarism, visual field defects, or 
neurological symptoms are observed due to the production of fewer functional 
hormones. NFPAs are more difficult to treat than FPAs because there are nearly 
no clinical signs until the NFPAs reach a large enough mass to produce compres-
sion symptoms. Although pituitary adenomas are considered benign, they also show 
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early aggressive behavior associated with the invasion into 
adjacent structures such as the cavernous sinus, skull base, 
and sphenoid sinus when clinical symptoms are atypical; 
this type of adenoma is called invasive pituitary adenoma 
(IPA).3 During tumor surgery, complete resection is almost 
impossible because of the invasion into adjacent struc-
tures, and other treatment options (such as postoperative 
chemotherapy and radiotherapy) have traditionally been 
ineffective.4 As a result, the diagnosis, phenotype and real- 
time monitoring of invasive pituitary adenomas remain 
challenging. It is difficult to assess the biological charac-
teristics of tumors based on current clinical approaches, 
namely, imaging and histology. Currently, there is a lack of 
accurate noninvasive methods and viable biomarkers for 
the diagnosis of invasive pituitary adenomas.5

Exosomes are extracellular vesicles with a lipid bilayer 
and are 20–100 nm in diameter. They can carry a variety 
of proteins, mRNAs, microRNAs, and DNA and partici-
pate in important physiological and pathological pro-
cesses, such as cell communication, cell migration, 
angiogenesis, and tumor cell growth. These functions 
make exosomes interesting sources of potential cancer 
biomarkers.6 In recent years, a many studies have shown 
that exosomes can act on the central nervous system by 

passing the blood-brain barrier.7 Although certain circulat-
ing tumor cells (CTCs) CTCs are used worldwide as 
markers, there is a particular need for new biomarkers 
due to the technological limitations of CTC detection. In 
this regard, exosomes have constituted an important 
research area in recent years.

The epithelial-mesenchymal transition (EMT) is a unique 
process that transforms polar, immobile epithelial cells into 
mesenchymal cells. This change is usually accompanied by 
a decrease in the strengthening intercellular adhesion proteins 
such as E-cadherin and Epcam and an increase in the expres-
sion of mesenchymal markers such as vimentin and 
N-cadherin.8 M Yilmaz and G Christofori found that the 
EMT plays an important role in tumor invasion and 
metastasis.9 Through EMT phenotypic transformation, cells 
that have no invasion or migration ability can gain the ability to 
infiltrate and metastasize during tumorigenesis and ultimately 
be transferred to other tissues or organs. Consisting with pre-
vious studies,10 we confirmed that epithelial markers (such as 
Epcam) are underexpressed in exosomes in invasive pituitary 
adenomas. These results led us to investigate whether the 
expression of epithelial markers is low in exosomes and 
whether exosomes can be used to evaluate invasiveness of 
tissues and thus have potential clinical applications. The 
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purpose of this study was to verify the expression and mole-
cular mechanism of EMT-related signals in exosomes and 
tissues and to explore the value of exosomes for diagnosing 
invasive pituitary adenomas.

Materials and Methods
Serum and Tissue Collection from 
Patients
This study was authorized by Beijing Tian Tan Hospital, 
Capital Medical University (KY2014-021-02). Twenty pitui-
tary adenoma patients were enrolled on the basis of an 
institutional board approved protocol. All patients signed 
the informed consent form. The study complies with the 
principles of the Declaration of Helsinki. Peripheral blood 
was taken before the surgery, and pituitary adenoma tissues 
were obtained during the surgery with informed consent. The 
serum was extracted by centrifugation at 2500 g for 10 min 
and was then aliquoted in 1.5-mL centrifugal tubes. Then, the 
serum and tissues were stored at −80°C for further analysis.

Isolation of Exosomes
Exosomes in serum were isolated by ultracentrifugation: 800 
µL of serum was spun at 800 g for 5 min to precipitate all the 
cells, followed by centrifugation at 2000 g for 10 min to 
precipitate large cell debris. Then, the supernatant was ultra-
centrifuged at 150,000 g for 6 h and 2 h to obtain exosomes that 
stick to the wall of the tube, and the exosomes were then 
resuspended in 100 µL of PBS and stored at −80°C for 
preservation.

The Characterization of Exosomes
We fixed exosomes in 2% paraformaldehyde in PBS. Then 
We deposited five microliters of exosomes on carbon- 
coated Formvar 400-mesh grids and held them for two 
minutes to allow the exosomes to absorb. The grids were 
subsequently negatively stained with 1% buffered uranyl 
acetate and ddH2O for 45s. The grids were cleaned with 
ultrapure water and then dried in a cleaning culture dish 
for approximately 2 hours before using. Finally, the grids 
were observed using a transmission electron microscope 
(TEM) (HT-7700; Hitachi, Ltd., Japan) operated at 180 kV.

Nanoparticle Tracking Analysis
Nanoparticle tracking analysis (NTA) was performed to 
determine particle concentration and size with a ZetaView 
(Particle Metrix GmbH, Meerbusch, Germany) equipped 
with ZetaView 8.04.02 SP2 analytical software. A syringe 

was used for sample injection, and exosomes were diluted 
in PBS before the analysis. These parameters were used in 
the analysis: maximum size 1000, minimum size 10, mini-
mum brightness 30, sensitivity 65, and shutter 100.

Western Blot Analysis of Exosome 
Proteins
The protein concentration of the exosome suspension was 
determined by a bicinchoninic acid (BCA) protein assay kit 
(Solarbio, PC0020). The exosomes were first lysed by lysis 
buffer (Cell Signaling Technology, 9803 s) on ice for 30 
minutes, followed by ultrasonic lysis. The BCA experimental 
procedure was performed precisely according to the manufac-
turer’s instructions, and the absorbance value at 562 nm was 
obtained with a microplate reader. The protein concentration of 
exosomes was obtained by BCA protein assay as described 
above. Equal amounts of total protein from each sample were 
resolved using 10% sodium dodecyl sulfate-polyacrylamide 
gel electrophoresis (SDS-PAGE) and then transferred to poly-
vinylidene difluoride (PVDF) membranes (Roche, Shanghai, 
China). After blocking with 5% nonfat milk in Tris-buffered 
saline Tween (TBST) for 1 h, the membranes were incubated 
with various primary antibodies overnight and an appropriate 
HRP-conjugated secondary antibody for 1 h. Density analysis 
was detected using the ECL system. Proteins were detected 
with the following antibodies: CD63 (Abcam), CD81 
(Abcam), TGF-β1 (Abcam), E-cadherin (Abcam), 
N-cadherin (Abcam), and Epcam (Abcam).

RNA Extraction and RT-qPCR
Total RNA was extracted from exosomes using the 
RNeasyMini Kit (QIAGEN, Germany) according to the 
manufacturer’s instructions. Reverse transcription was per-
formed with the PrimeScript™ RT reagent Kit with gDNA 
Eraser (TaKaRa, Japan) according to the manufacturer’s 
instructions. Primers were designed and synthesized by 
Invitrogen to locate gene sequences (Table 1). 
Quantitative PCR (qPCR) was performed using SYBR 
Premix Ex Taq™ II, ROX Plus (TaKaRa, Japan), and 
a real-time PCR system (ABI7500, USA). The relative 
quantities of each gene were analyzed by 2−ΔΔCt.

Immunofluorescence of Human Tissue 
Specimens
Immunohistochemistry was performed on 5-μm sections from 
paraffin-embedded pituitary adenoma blocks. After conven-
tional xylene dewaxing and gradient ethanol hydration, the 
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sectioned samples were placed in 0.01 mol/L sodium citrate 
buffer (pH 6.0), heated for antigen retrieval and then cooled to 
room temperature. The sections were then incubated in 0.3% 
hydrogen peroxide solution at room temperature for 30 min to 
inactivate endogenous peroxidase. Sections were subsequently 
blocked with 5% goat serum/0.3% Triton X for 1 h and then 
incubated with various primary antibodies overnight at 4°C. 
Next, the primary antibody was targeted with an appropriate 
HRP-conjugated secondary antibody (1:500) for 1 h. The reac-
tion was visualized using DAB staining reagent (Zhongshan 
Golden Bridge, Beijing, China) to produce a brown product, 
and sections were counterstained with hematoxylin. Finally, 
each section was mounted in buffered glycerol, observed and 
photographed under a microscope (ZEISS Axio Vert. A1, 
Zeiss, Germany). For the immunohistochemical analyses, the 
following antibodies were used: anti-TGF-β1 (Abcam), anti- 
E-cadherin (Abcam), anti-N-cadherin (Abcam), anti-Epcam 
(Abcam), anti-vimentin (Abcam), anti-Smad3 (Abcam), and 
anti-Smad7 (Abcam).

Immunofluorescence Staining
Immunofluorescence staining was performed on the tissue 
sections. After blocking in 10% goat serum for 1 h, sec-
tions were incubated with primary antibodies followed by 
incubation with fluorescence-conjugated secondary antibo-
dies (AF488; Invitrogen). Nuclei were counterstained with 
DAPI (Sigma) and observed by confocal microscopy 
(FLUOVIEW FV300, Olympus, Tokyo, Japan).

Western Blot Analysis for Tissue 
Specimens
The tissue homogenates were processed for immuno-
blotting studies. To extract protein from pituitary ade-
nomas, ~100 mg of tissue was homogenized in RIPA 

buffer on ice using a rotor/stator. Lysates were then 
centrifuged for 10 min at 10,000 g at 4°C. 
Supernatants were collected, and the protein concentra-
tions were determined using a BCA assay kit followed 
by Western blot analysis. Equal amounts (20 μg) of 
proteins were separated by 10% sodium dodecyl sul-
fate–polyacrylamide gel electrophoresis (SDS-PAGE) 
and transferred to a polyvinyl difluoride membrane. 
Membranes were blocked at room temperature for 1 
h in a blocking buffer containing 5% bovine serum 
albumin to prevent nonspecific binding and then incu-
bated with an appropriate primary antibody at 4°C over-
night. Density analysis was detected using the ECL 
system.

Cell Culture and Treatment
GH3 cells were obtained from a rat pituitary adenoma that 
spontaneously synthesizes and secretes both prolactin 
(PRL) and growth hormone (GH). The GH3 cell line was 
purchased from Cell Resource Center at Peking Union 
Medical College (Beijing, China). The use of this cell 
line did not require an ethics statement from the institu-
tional review board. GH3 cells were cultured in 82.5% 
Ham’s F10 medium with 15% horse serum and 2.5% fetal 
calf serum, 100 U/mL penicillin, and 100 μg/mL strepto-
mycin at 37°C in a humidified atmosphere of 95% air-5% 
CO2. The nutrient solution was changed every 3 days. 
GH3 cells were seeded in a six-well plate. When cells 
reached 70% to 80% confluence, they were serum- 
starved for 24 h and then stimulated with 3 μM SIS3 
(Selleck Chemicals, Houston, TX; Cat. #S7959) and/or 
20 ng/mL TGF-β1 (PeproTech, Rocky Hill, NJ; Cat. 
#100-21) for the indicated times. Protein was collected at 
specific time points.

Table 1 Sequences of the Primers Used for RT-qPCR

Gene Name Sequences (5ʹ to 3ʹ) Sequences (5ʹ to 3ʹ)

TGF-β1 F-AGCTGGTGAAGCGGAAGCGCATCGA R-TCAGGCTCGGGCTCCGGTTCTGCACTCT

E-cadherin F-TTACTGCCCCCAGAGGATGA R-CAACGTCGTTACGAGTCACTTCA

Epcam F-ATGGACCTGACAGTAAATGGGG R-CAGCACAACAATTCCAGCAACA

Smad3 F-CTATTTTCGTCCAGTCTCCCAAC R-ATAAGCCAATCCCAGGACCAC

Smad7 F-AGGTGTTCCCCGGTTTCTCCA R-TTCACAAAGCTGATCTGCACGGT

N-cadherin F-GAAGAAGGTGGAGGAGAAGAAGAC R-CGGATTCCCACAGGCTTGA

GAPDH F-CACCCACTCCTCCACCTTTGA R-TCTCTCTTCCTCTTGTGCTCTTGC

Abbreviation: F- and R-, forward and reverse primer sequences, respectively.
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Statistical Analysis
All statistical analyses were performed with GraphPad Prism 
software. Unpaired t-test was used to calculate the difference 
in the expression of the markers, with a P-value of <0.05 
determined to be statistically significant. In exosomes obtained 
from patients with invasive and noninvasive PA, protein and 
mRNA expression of EMT-related markers and TGF-β/Smad 
markers were normalized using the following equation:

r ¼
x � xmin

xmax � xmin
(1) 

where x represents the individual expression level of the 
marker proteins or mRNA in the exosomes or cells, which 
were tested by Western blot and qRT-PCR, respectively;xmin 

represents the minimum value of the protein or mRNA 
expression level, and xmax represents the maximum value 
of the protein or mRNA expression level.

The EMT tendency was calculated according to the 
following equation:

REMT ¼
rvimentin þ rN � cad

rEpCAM þ rE� cad
(2) 

where r represents the normalized expression of the 
markers as calculated according to Equation 1.

Results
Exosomes Were Characterized Using 
TEM, Western Blot and NTA
First, we verified the existence of exosomes by transmis-
sion electron microscopy (TEM), and their morphology 
displayed classical aspects (Figure 1A). Analysis by 
TEM revealed that the exosomes had a size of 100–250  
nm, which is consistent with the results obtained through 
the nanoparticle tracking system (Figure 1B). The purity 
of the exosomes was determined by Western blotting with 
a panel of exosomes markers. TSG101, CD63 and CD81 
and showed a positive band, indicating the purity of the 
exosomes samples (Figure 1C).

The Expression of TGF-β1/Smads and 
EMT-Related Markers in Pituitary 
Adenoma Tissues
Expression levels for each protein were detected by two 
methods(immunohistochemistry and Western blot), and 
their results were consistent. Western blot and immunohis-
tochemistry revealed that the N-cad/Vimentin expression 
in invasive tissues (n=3) was significantly higher than that 

Figure 1 Characterizing exosomes. (A) Transmission electron microscopy (TEM) images showing the morphology of isolated exosomes. (B) Nanoparticle tracking analysis 
(NTA) revealed the size distribution and particle concentration of isolated exosomes. (C) Western blot analysis confirmed EV-specific protein marker expression.
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in non-invasive tissues (n=2). Additionally, the expression 
of E-cad and Epcam was significantly lower in the inva-
sive group than the non-invasive group(Figures 2 and 3A 
and B). The key proteins of TGF-β/Smads pathway’s were 
also detected using immunohistochemistry and Western 
blot assays (Figures 4 and 3A and B). Although TGF-β1 
and Smad3 expression levels were higher in the non- 
invasive group than in the invasive group, there was no 
significant statistical difference between these groups due 
to the small sample size.

An Analysis of TGF-β1/Smads and EMT- 
Related Markers in Exosomes
Compared with that in the noninvasive group, the expres-
sion of N-cad was increased in the invasive group at the 
RNA and protein levels (Figure 5)(Table S1). Compared 
with the noninvasive group, the expression of E-cad and 
Epcam was reduced significantly in the invasive group at 
the protein level (p<0.001 or<0.05)(Figure 5C). This was 
consistent with the results obtained by q-PCR analyses 
(Figure 5A and B). In serum exosomes, the expression 

Figure 2 Immunohistochemical staining of EMT-related marker proteins in representative tissue specimens. Immunohistochemical staining for E-cad, Epcam, N-cad, and 
vimentin in pituitary adenoma tissue in each group as observed with a Zeiss microscope (20×).
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trend of EMT-related markers was consistent with that in 
tissues. It was found that the epithelial marker Epcam and 
E-cad expressed low in invasive group and high in non- 
invasive group, whereas N-cad showed the opposite trend, 
which was significantly different between invasive and 
non-invasive groups. The TGF-β1 expression trend 
between the two groups, however, was not significantly 
different. According to this research, EMT is important for 
cell migration and invasion of pituitary adenomas, but 
TGF-β1/Smad pathway is barely involved in this process, 
and tissue trend is consistent with that of exosomes.

Invasive PA Patients Showed an EMT 
Tendency in Serum Exosomes
To better illustrate the EMT tendency in the individual 
patient, we calculated the N-cad/Epcam ratio and found 
that this ratio was significantly higher in the exosomes 
from the invasive group than in those in the noninvasive 
group (P<0.01) (Figure 6A and B), further proving the 
EMT tendency in the exosomes from the invasive PA 
patients. Furthermore, there were three patients with recur-
ring PA in the invasive group, and we found that N-cad 
expression can be used to distinguish the recurrence and 
initial diagnosis groups (P<0.05) (Figure 6C). A logistic 

regression model was developed for markers associated 
with EMT (Figure 6D). In order to evaluate the diagnostic 
efficacy of EMT-related markers and models for invasive 
pituitary adenomas (Table S2).

The TGF-β/Smad Signaling Pathway 
Negatively Regulates EMT-Related Protein 
Expression Levels in GH3 Cells
Based on our literature review, we found the TGF-β/Smad 
signaling pathway is closely linked to tumor invasion, and 
particularly TGF-β/Smad involved in epithelial- 
mesenchymal transformation of tumors. However, we 
found no significant differences between invasive and non- 
invasive pituitary adenomas in TGF-β/Smad signaling 
pathways in previous clinical sample experiments. Due to 
the large variations in clinical sample individualization and 
our small sample size, we decided to further investigate 
whether the TGF-β/Smad pathway mediates EMT in inva-
sive pituitary adenomas in pituitary adenoma cell lines.

The relative EMT ratio, (N-cad+Vimentin)/(E-cad 
+Epcam), is used to calculate changes in EMT, in order 
to better describe expression trend in EMT. In pituitary 
adenoma cells, the expression of EMT did not change 
significantly based on TGF-β1 stimulation, but inhibiting 

Figure 3 Protein expression of TGF-β/Smad and EMT-related markers and in tissues of pituitary adenomas was analyzed by Western blot analysis. (A) A representative 
Western blot of EMT-related markers and TGF-β/Smad pathway protein in pituitary adenomas. GAPDH was probed as a loading control. (B) Quantitative analysis showed 
that the level of EMT-related markers and TGF-β/Smad protein. Internal control used was GAPDH.
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Smad3 by SIS3 enhanced its expression (Figure 7A). We 
found decreased expression of the epithelial markers 
Epcam and E-cadherin and increased expression of the 
mesenchymal markers N-cadherin and vimentin in the 
group treated with SIS3. This implies that Smad3 nega-
tively regulated the EMT tendency in GH3 cells.

Since stimulation of GH3 cells with TGF-β1 alone failed 
to reduce EMT as expected, so we created two groups of 50% 
TGF-β1/SIS3 and TGF-β1/SIS3 to test the real effect of 
TGF-β1 on EMT. TGF-β1 levels were positively correlated 
with EMT rate when Smad3 was blocked and TGF-β1 was 
increased (Figure 7B, P < 0.001). Therefore, there may be 
other signaling pathways related to TGF-β1 that promote 
EMT in pituitary adenomas. It appears that TGF-β1/Smad3 
signaling, rather than other TGF-β1-related pathways, 

inhibits epithelial-mesenchymal transformation in pituitary 
adenoma cells.

Discussion
The current traditional diagnosis of invasive pituitary ade-
nomas is based on imaging and histopathology. Until 
tumors are invasive and detected by MRI or CT, there 
are currently no effective marker levels to evaluate tumor 
biological behavior. Pathological puncture has risks, espe-
cially for use in brain tumors, which cannot be repeatedly 
detected and tracked dynamically. Liquid biopsy has 
become an emerging method for the diagnosis of tumors 
and other diseases. Noninvasive blood monitoring can 
provide many pieces of molecular information to help 
diagnose, treat and monitor the prognosis of tumors.11 

Figure 4 Immunohistochemical staining of TGF-β/Smad marker proteins in representative tissue specimens. (A) Immunofluorescent staining for TGF-β in pituitary adenoma 
tissue in each group (20×). (B) Immunohistochemical staining for Smad3 and Smad7 in pituitary adenoma tissue in each group observed with a Zeiss microscope (×20).
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Numerous studies have shown that exosomes can be suc-
cessfully used to diagnose cancers.12,13 However, there are 
currently few studies on exosomes that have been applied 
to pituitary adenoma diagnosis. In our study, we found that 
the expression of markers in serum exosomes was consis-
tent with that in tumor tissues, suggesting that serum 
exosomes can be used as a noninvasive detection method 
for invasive pituitary adenomas in clinical applications.

The EMT is an important phenomenon in which 
epithelial cells acquire the properties of mesenchymal 
cells that possess a fibroblastoid morphology with 
increased motility and have the potential to cross through 
the basal membrane by losing adhesion and tight junctions 
to help them communicate with neighboring cells.14 The 
EMT is accompanied by changes in the expression of 
multiple markers. The most significant epithelial markers 
are downregulated, while mesenchymal markers are 
upregulated.15 The EMT is involved in multiple processes, 
such as wound healing, tissue fibrosis and cancer 

metastasis.16 Recently, its role has been extended to 
tumor progression, invasion and metastasis. Studies have 
shown that tumor cells with EMT characteristics are not 
sensitive to apoptotic and senescence signals and are 
accompanied by changes in the tumor cell microenviron-
ment, which is one of the important mechanisms for the 
development of various tumors. In recent years, the EMT 
has been observed in studies of breast cancer, lung cancer, 
and pancreatic cancer. Studies have shown that the EMT 
plays an important role in the invasion and metastasis of 
hepatocellular carcinoma.17 In pituitary adenomas, the 
EMT may play an important role in the occurrence and 
development of pituitary adenomas.18–22 The results of our 
study indicated that mesenchymal markers (such as 
N-cadherin and vimentin) were overexpressed and that 
epithelial markers (such as E-cadherin and Epam) were 
weakly expressed in exosomes in invasive pituitary ade-
nomas. The opposite trend was observed in the noninva-
sive group, and we also verified this trend in tissue 

Figure 5 Comparison of the expression of EMT-related markers and TGF-β/Smad at the RNA and protein levels in serum exosomes from invasive and noninvasive PAs. (A) 
Relative gene expression of EMT-related markers in exosomes showing higher expression of EMT markers in the invasive group (n=7) than in the noninvasive group (n=7). 
(B) No significant differences were seen in the relative gene expression of TGF-β/Smad markers between the two groups. (C) The expression of EMT-related markers and 
TGF-β/Smad markers at the protein level in serum exosomes from patients (n = 10 individuals, 20 patients). *P<0.05,***P<0.001.
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Figure 6 Invasive PA patients exhibited the epithelial−mesenchymal transition (EMT). (A) The N-cad/Epcam ratio of proteins in exosomes of noninvasive and invasive 
patients. (B) The N-cad/Epcam ratio of mRNA in exosomes of noninvasive and invasive patients. (C) Protein expression in exosomes in the recurrence (n=3) or initial 
diagnosis groups (n=7). (D) ROC curves of EMT-related markers for diagnosing invasive pituitary adenomas. **P<0.01.

Figure 7 EMT-related marker and TGF-β/Smad expression in GH3 cells. (A) Representative Western blotting bands showing the protein expression of EMT-related factors 
and TGF-β/Smad signaling pathway. (B)The relative EMT ratio in cells of each group. The relative EMT ratio was calculated according to the equation in the Materials and 
Methods, P value <0.001. ***P<0.001.
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samples. These results suggest that infiltration and migra-
tion of pituitary adenomas may be related to the EMT. 
Epithelial-mesenchymal markers can be used as biological 
indicators to judge whether pituitary adenomas invade. In 
addition, the results from exosomes and tissues were con-
sistent, and we consider that exosomes can be used as 
noninvasive, and feasible diagnostic markers. To further 
investigate the underlying characteristics of the EMT, we 
also investigated the relationship between the TGF-β/ 
Smad signaling pathway and the trend of EMT.

Previous reports have described TGF-β/Smad signaling 
pathway as a negative regulator of invasion in benign 
adenomas,23,24 such as pituitary adenomas.25 In our 
study, pathway-associated signaling proteins, such TGF-β 
and Smad3 expression at the protein and RNA levels, 
showed differences between the invasive and noninvasive 
groups. We next performed experiments in cells and found 
that although the TGF-β/Smad pathway inhibits EMT in 
GH3 cells, blocking this pathway can promote the EMT. 
Interestingly, after blocking the TGF-β/Smad signaling 
pathway, TGF-β stimulation increased the EMT ratio. 
Thus, we hypothesize that TGF-β may promote the EMT 
through a nonclassical pathway. Hence, we used one-half 
the concentration of TGF-β in the same situation and 
found that the EMT ratio was lower than before. This 
result further supported our conjecture. These results 
implied that the TGF-β/Smad signaling pathway can play 
a role in the negative regulation of invasion.

However, in exosomes, the TGF-β/Smad pathway 
showed no significant difference in patients with invasive 
and noninvasive pituitary adenomas. This may be because 
exosomes transmit EMT-related signals between pituitary 
adenoma cells, not through TGF signaling pathways, but 
through other signaling pathways.8 Another possible rea-
son is that due to the small sample size in our study, the 
results were not reliable. Thus, the intrinsic molecular 
mechanism was not studied in depth. In subsequent experi-
ments, a larger sample size and in-depth research into 
molecular mechanisms are required.

In summary, we observed a significant EMT tendency in 
invasive pituitary adenomas. Furthermore, we observed that 
the expression of EMT-related markers in serum exosomes 
was consistent with that in tumor tissues. The consistency of 
the EMT tendency in serum exosomes and tumor tissues 
suggests the potential of serum exosomes as an effective 
biomarker to evaluate the EMT tendency in pituitary ade-
noma and to diagnose invasive pituitary adenomas.

The limitation of this study is the small number of 
pituitary adenoma samples. The pituitary adenoma subtype 
was not homogeneous. Further studies with larger sample 
sizes and homogeneous patient groups are necessary to 
confirm these findings.
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