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Abstract: Pituitary adenomas (PAs) are noncancerous tumors, and about 35% of those reported to be invasive 
have been classified as “invasive pituitary adenomas (IPAs)”. In clinical, operative complications, total resection 
failures, and high relapse rates result from invasive features during the therapeutic process. Invasive mechanism is 
a complex process, including metalloproteases, inhibitors and tumor microenvironment factors etc. Thus, studying 
invasive mechanism of PAs might contribute to understanding its biological behavior. In our research, three type tis-
sue samples of human, pituitaries, PAs, IPAs, their mRNA expression of MMP1, MMP2, MMP9, MMP14, and MMP15 
were measured using real-time PCR. MMP2 and MMP14 protein levels also were measured with immunohistochem-
istry in same samples. We confirmed that elevated matrix metalloproteinase-14 expression correlates with invasive 
characteristics of IPAs. To investigate molecular mechanism of how MMP14 contributes to invasiveness, an ATT20 
cell was used in this study. After transient-transfection of the MMP14-shRNA expression vector into ATT20 cells, 
we observed that mRNA expression of PTTG, VEGF, and TGFβ was significantly suppressed in interference groups. 
Meanwhile, ATT20 cells in high concentration TIMP-1 environment exhibit reduced PTTG, VEGF, and TGFβ expres-
sion accompanied with the down-regulation of MMP14. Thus, we propose that MMP14 plays an important role in 
tumor invasion and angiogenesis and that a novel regulatory pathway for MMP14 may exist through VEGF and PTTG. 
In brief, MMP14 may be a target for therapeutic treatment.
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Introduction

Pituitary adenoma (PA) is a noncancerous 
tumor arising from the pituitary gland which 
can be categorized as a benign or invasive pitu-
itary adenoma (IPA) or as histologically indis-
tinct carcinomas. PAs are capable of prolifera-
tive expansion and the diagnosis of such is usu-
ally accompanied with intracranial invasion. 
Although invasive PAs are benign, they can 
invade surrounding structures as evidenced by 
magnetic resonance imaging (MRI). IPAs have 
such “malignant behavior” in 33.3% of patients, 
invading into the cavernous and sphenoid 
sinus, the orbit, and the clivus [1, 2]. Except for 
prolactinomas which are sensitive to bro-
mocriptine, therapeutic strategies of IPAs chief-
ly depend on surgical resection and postopera-
tive radiotherapy. IPAs grow rapidly, recur post-

operatively, and are poor prognosis [3]. Also, 
the molecular mechanism by which PAs invade 
surrounding tissue is unclear. 

Matrix metalloproteinases (MMPs) are a broad 
family of zinc-binding endopeptidases that help 
degrade the extracellular matrix (ECM), which is 
associated with cancer cell invasion, metasta-
sis, and angiogenesis [4]. Studies focused on 
PAs’ invasiveness chiefly center on MMP1, 
MMP2, MMP3, MMP9 and its inhibitors TIMP1 
and TIMP2. Among these invasive factors, high 
expression of MMP2 and MMP9 is correlated 
with invasiveness of the dural or cavernous 
sinus [5, 6]. Meanwhile, MMP14 has been iden-
tified to be a major physiological activator of 
pro-MMP-2 [7]. MMP14 is a membrane-type 
metalloproteinase with collagenase activity 
with potential roles in many biological process-
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es in normal and cancerous tissues [8]. Most 
studies of MMP14 primarily focus on angiogen-
esis and invasion [9, 10]. In addition to inva-
siveness, oncogenes and tumor suppressor 
genes associated with malignant transforma-
tion have received attention. Pituitary tumor 
transforming gene (PTTG) is highly expressed in 
PAs compared to normal pituitaries [11] and 
PTTG contributes to cell migration, invasion 
and angiogenesis by inducing MMP-2 secretion 
and expression [12]. Also, PTTG promotes 
angiogenesis of pituitary tumors by regulating 
relevant markers, particularly VEGF and bFGF 
[13, 14]. Thus, we sought to determine whether 
expression of MMP14 may help with invasion 
and angiogenesis in IPAs and we explored a 
potential role for MMP14, VEGF and PTTG in 
ATT20 cells (mouse pituitary corticotrope tumor 
cell line, ATT20), to better understand the 
molecular mechanism of IPA invasiveness. 

Materials and methods

Ethical statement

This study was approved by the Institutional 
Review Board of the First Affiliated Hospital of 
Soochow University. Written informed consents 
were signed and biological samples were 
donated by participants.

Patients

We studied PAs from 82 patients who visited 
the Department of Neurosurgery, First Affiliated 
Hospital, Soochow University, between January 
2010 and March 2012. Patients included 35 
males aged 21-76 years (average = 41.3 ± 9.2 
years) and 47 females aged 18-68 years  
(average = 39.5 ± 10.2 years). The disease 
duration of the patients ranged between 5 days 
and 18 years. The maximum tumor diameter 
measured with MRI before surgery was less 
than 10 mm in 13 cases, 10-20 mm in 24 
cases, 20-40 mm in 26 cases, and greater 

than 40 mm in 19 cases. With tumors classi-
fied in accordance with the results of immuno-
histochemical staining for endocrine hormones, 
there were 21 cases of nonfunctioning adeno-
ma, 16 cases of multiple-hormone-type, 18 
cases of PRL-type, 13 cases of GH-type, 6 
cases of ACTH-type, 4 cases of TSH-type, and 4 
cases of gonadotropin adenoma. Tumors were 
classified according to Knosp classification 
[15]. 12 cases were grade 0, 25 cases were 
grade I, 8 cases were grade II, 26 cases were 
grade III, 11 cases were grade IV. In this study, 
37 cases were defined as invasive pituitary 
adenoma with knosp grade III or IV. In addition, 
5 cases of normal pituitary tissue were derived 
from fresh corpses as control.

Cell culture

ATT20 cell is a mouse pituitary corticotrope 
tumor cell line, purchased from ATCC. All ATT20 
cells were cultured in Dulbecco’s modified 
Eagle’s medium (DMEM) supplement with 10% 
calf serum, 1.5 mM glutamine and penicillin-
streptomycin (1:1000, 100 IU/mL; 100 g/mL). 
All cells cultivated at 37°C, 5% CO2 atmosphere 
and change culture medium once every two 
days.

Cell transfection

Four pieces of short hairpin RNA segments 
(shRNA fragments; See Table 1) for MMP14 
gene mRNA were designed according to the 
MMP14 sequence in GenBank (NM_008608.3). 
Then, the recombined plasmid pGPU6/GFP/
Neo-Mmp14 of four groups containing the 
interference fragment was constructed by 
GenePharma Co., Ltd. (Shanghai, China). ATT20 
cells (1.5 × 104) in 6-well plates were transfect-
ed with recombinant plasmids using Lipo- 
fectamine™ 2000 (Invitrogen, USA). Transfected 
cells expressing GFP were measured with fluo-
rescent microscopy (Zeiss; Gottingen, Germany) 
after 24-48 h. Then, transient transfected cells 

Table 1. shRNA expression vector used in experiment
shRNA expression vector Template sequence of shDNA
pGPU6/GFP/Neo-MMP14-mus-1050: 5’-CACCGGATGGACACAGAGAACTTCGTTCAAGAGACGAAGTTCTCTGTGTCCATCCTTTTTTG-3’

5’-GATCCAAAAAAGGATGGACACAGAGAACTTCGTCTCTTGAACGAAGTTCTCTGTGTCCATCC-3’

pGPU6/GFP/Neo-MMP14-mus-1246: 5’-CACCGCTCCGAGGAGAGATGTTTGTTTCAAGAGAACAAACATCTCTCCTCGAGCTTTTTTG-3’

5’-GATCCAAAAAAGCTCCGAGGAGAGATGTTTGTTCTCTTGAAACAAACATCTCTCCTCGGAGC-3’

pGPU6/GFP/Neo-MMP14-mus-1358: 5’-CACCGCATCCATCAATACTGCCTACTTCAAGAGAGTAGGCAGTATTGATGGATGCTTTTTTG-3’

5’-GATCCAAAAAAGCATCCATCAATACTGCCTACTCTCTTGAAGTAGGCAGTATTGATGGATGC-3’

pGPU6/GFP/Neo-MMP14-mus-537: 5’-CACCGCTGTGGTGTTCCGGATAACTTTCAAGAGAACTTATCCGGAACACCACAGCTTTTTTG-3’

5’-GATCCAAAAAAGCTGTGGTGTTCCGGATAAGTTCTCTTGAAACTTATCCGGAACACCACAGC-3’
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were counted to confirm transfection efficiency. 
The effective interference plasmid and concen-
tration were selected using real-time PCR com-
pared to untreated groups.

ATT20 cells treated with different concentra-
tion of TIMP-1

ATT20 cells were grown to confluence in three 
days. Then, cells were digested and plated into 
6-well plate (1.5 × 104 cells/well). Three groups 
were divided as followed: controls (cells cul-
tured with conditioned medium), a second 
group cultured with conditioned medium with 
TIMP1 (R&D, Minneapolis, MN) protein (10 
μmol/mL), and a third group cultured with con-
ditioned medium with TIMP1 protein (50 μmol/
mL). All groups were cultured for 72-96 h. 

Isolation of total RNA

Homogenize tissue samples were full ground in 
liquid nitrogen environment and the powder 
was dissolved in 0.75 ml of TRIzol (Invitrogen). 
Then, add 0.2 ml of chloroform into sample 
tubes and shake tubes for 25 times. After incu-
bating them for 15 min at room temperature, 
centrifuge the sample for 15 min (12000 g, 
4°C). The upper phenol-chloroform phases 
were collected into new tubes and add isomet-

ric alcohol volume and 
shake tubes for 25 
times. After incubating 
them for 15 min at room 
temperature, centrifuge 
the sample for 10min 
(12000 g, 4°C). Then, 
remove the supernatant 
and wash the RNA 
deposit with 75% ethyl 
alcohol. Centrifuge and 
collect the RNA deposit 
for 5 min (7500 g, 4°C). 
Then, briefly air-dry the 
RNA deposit about 5 
min and dissolved in 
RNasefree-water. The 
total RNA in cells is con-
sistent with above steps 
except grinding process. 
Total RNA was detected 
by micro-spectropho-
tometer at 260/280 nm.

Gene expression analy-
sis

Table 2. Sequences of primers used for tissue sample of human
Gene for human Oligonucleotide sequence (5’-3’)
GAPDH F: GGAGCGAGATCCCTCCAAAAT R: GGCTGTTGTCATACTTCTCATGG
MMP1 F: TCTATGATGGCACTGCTGAC R: TGTCCAGGTTTCATCATCATC
MMP2 F: AGATACCCTCAAGAAGATGC R: AGCATCATCCACGGTTTCAG
MMP9 F: AGTCTGGATAAGTTGGGTCT R: AGATGTCGTGTGAGTTCCAG
MMP14 F: AAACATCAAAGTCTGGGAAGG R: ACTTGGGATACCCTGGCTCT
MMP15 F: ATCCAGAACTACACTGAGAAG R: TGGAAGCCAGAGGCAAAGAG

Table 3. Sequences of primers used for mouse
Gene for mouse Oligonucleotide sequence (5’-3’)
GAPDH F: TGCTGAGTATGTCGTGGAGT R: AGTTGTCATATTTCTCGTGG
MMP1 F: TCTATGATGGCACTGCTGAC R: TGTCCAGGTTTCATCATCATC
MMP2 F: AGATACCCTCAAGAAGATGC R: AGCATCATCCACGGTTTCAG
MMP9 F: AGTCTGGATAAGTTGGGTCT R: AGATGTCGTGTGAGTTCCAG
MMP14 F: AAACATCAAAGTCTGGGAAGG R: ACTTGGGATACCCTGGCTCT
MMP15 F: ATCCAGAACTACACTGAGAAG R: TGGAAGCCAGAGGCAAAGAG
TGFβ-1 F: ACCAAAGACATCTCACACAG R: ACCAAGGTAACGCCAGGAAT
VEGF F: ATGGATGTCTACCAGCGAAG R: ATGGTGATGTTGCTCTCTGAC
P53 F: CTACAAGAAGTCACAGCACAT R: TGCCTGTCTTCCAGATACTC
PTTG F: TGCCTAAAGCCAGCAGAAAG R: ATCATCAGGAGCAGGAACAG

cDNA was synthesized from 1 μg of total iso-
lated RNA using an RNA reverse transcription 
diagnostic kit (TaKaRa). The 25 μL model of 
real-time PCR system: 12.5 μL SYBR Green, 9.5 
μL ddH2O, 1 μL primer R, 1 μL primer F, 1 μL 
cDNA. Then, the sample in 96 well plates was 
mixed with centrifuge and was performed with 
the ABI PRISM 7500 sequence detection sys-
tem (Applied Biosystems). PCR procedure was 
amplified in 40 cycles of denaturation (95°C, 
60 s), annealing (95°C, 15 s), and extension 
(60°C, 60 s). Gene expression was measured 
using the 2-ΔCt method. Primer sequences used 
for real-time PCR are included in Tables 2, 3.

Western blot assay

Total-proteins were exacted from ATT20 cells 
using lysis buffer containing 125 mM NaCl, 50 
mM Tris-HCl, 1.5% Triton X-100. pH 7.2, 1 mM 
EDTA, 1 mM PMSF and placed in ice for 30 min. 
Then, 20 μg of proteins were mixed with loading 
buffer (1:5) and boiled for 5-10 min. Proteins 
were separated via 10% SDS-PAGE [16] in 40 
min and transferred to nitrocellulose filter 
membrane (Millipore) (NC membrane) using a 
semi-dry process in 120 min. Then, the NC 
membrane was blocked with 5% fat-free milk 
for 1.5 h at 37°C. After washing with TBST three 
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times, membrane was incubated with primary 
antibody at 4°C overnight. Then washing three 
times, extracted proteins were incubated with 
horseradish peroxidase (HRP)-conjugated 
mouse anti-rabbit IgG-AP at room temperature 
for 90 min. Detection and autoradiography 
were performed using an eECL Western Blotting 
kit (Cwbio, China) according to the manufactur-
er’s protocol. Blots were quantified using 
Quantity-one software. Mouse monoclonal 
MMP2 and rabbit monoclonal MMP14 were 
purchased from Abcam (Cambridge, UK). 
GAPDH antibody was purchased from Beyotime 
(Shanghai, China).

Transwell invasion assay

Three groups of ATT20 cells treated with TIMP1 
proteins were grown to confluence and then 
digested in 0.25% trypsin. Then, ATT20 cells (1 
× 105) were plated in the top chambers of 8-μm 
pore Transwells with serum-free DMEM medi-
um, the lower stratum adding DMEM medium 
with 10% BSA. Cells and Matrigel in the upper 
chamber were removed after 24 h and cells at 

the filter bottom were fixed with 1% paraformal-
dehyde. After washing with PBS, the chamber 
was stained with Eosin dye liquor. Cell penetra-
tion through the membrane was detected by 
pathological microscopy in 10 fields (200 × 
magnification) per filter. This experiment was 
repeated 3 times each.

Histopathological examination

Specimens obtained from patients were fixed in 
10% formalin and embedded into petrolin. 
Then, paraffin-embedded samples were cut in 
3-4 μm slices and incubated at 65°C overnight. 
Sections were de-paraffinized and re-hydrated 
through xylene and alcohol gradient. After PBS 
washing 3 times, antigen retrieval was soaked 
in 3% H2O2 for 10 min. Then, washing three 
times, retorted in microwave oven with 0.05% 
phosphate buffer to exposure antigen sites. 
Then, sections were incubated with FBS at 
37°C for 30 min. After PBS washing 3 times, 
Incubations with mouse monoclonal MMP2 
(Abcam) or rabbit monoclonal MMP14 (Abcam) 
antibody (1:1,000) were carried out at 4°C 

Figure 1. MRI depicts differences in benign PAs and IPAs. (A) benign PA (PA) in a 43-year-old male, tumor size: 0.69 
× 1.46 × 1.2 cm; Knosp I; noninvasive (B) invasive PA in a 27-year-old male, tumor sizes: 7 × 6.5 × 6.2 cm; Knosp 
IV; invasion to both sides of the cavernous sinus with encasement of the internal carotid artery.
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overnight. 0.01 M PBS washed the tissue sec-
tions for three times. The sections were incu-
bated with HRP-conjugated mouse anti-rabbit 
IgG-AP (1:500) at 37°C for 30 min. After wash-
ing, chromogenic agents were added as fol-

Figure 2. MMPs expression in pituitaries, PAs and IPAs. A. mRNA expression of MMP1, MMP2, MMP9, MMP14 and 
MMP15 was measured with real-time PCR. Each datum was mean values, including pituitarium, PAs and IPAs. B. 
PAs and IPAs were evaluated with hematoxylin and immunohistochemical staining of MMP2, MMP14. Score based 
on number of staining cells and intensity of staining color consisted of four levels: +0, achromaticity, < 5% cells; +1, 
faint yellow, 10-25% cells; +2, pale brown, 25%-40% cells; +3, tan, > 40% cells.

Figure 3. Differential expression of MMP2, MMP9, 
MMP14, MMP15, TGFβ, VEGF, P53 and PTTG in 
ATT20 cell lines and mouse pituitaries. mRNA of rela-

tive factors was measured with real-time PCR. mRNA 
intensity was normalized against GAPDH. Relative 
changes in gene expression were measured using 
the 2-ΔCT method and relative quantitative compari-
son mRNA expression was taken mouse pituitaries 
as control. Three dependent results were presented 
as mean ± SD, *P < 0.05 was considered significant.
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lowed: 0.05% DAB, 5% H2O2, 0.05% phosphate 
buffer. Then, sections were washed, counter-
stained with hematoxylin, dehydrated and pro-
tected with coverslips. The results were 

observed and photographed under 200 × path-
ological microscopy. The gradational distinction 
was based on positivity cell numbers and  
staining intensity.

Figure 4. Selection transfectants and expression of MMP2, MMP9, MMP15, TGFβ, VEGF, P53 and PTTG in transient-
ly transfected cells and controls. A. Transfection efficiency was detected with fluorescent microscopy (40 ×magnifi-
cations). B. Downregulated MMP14 mRNA efficiency was measured by real-time PCR in five interference plasmids. 
C. mRNA of relative factors was measured with real-time PCR. Results are presented as means ± SD from three 
independent data. *P < 0.05 was significant compared to control.
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Statistical analysis

Data analyses were performed using the 
SPSS19.0 program. Three independent results 
are measured as mean ± SD. Statistical signifi-
cance was achieved when the P value is < 0.05.

Results

Radiological results

Compared to benign PAs (Figure 1A), the radio-
logical results of IPAs (Figure 1B) clearly invad-
ed into the cavernous sinus on both sides with 
encasement of the internal carotid artery. In 
our research samples, it occurs in 37 of 82 
patients and defined as invasive pituitary ade-
noma with knosp grade III and IV. Accordingly, 
in 18 of 37 patients, IPAs were incompletely 
surgically removed. Although IPAs were benign, 
they did migrate into surrounding structures. 

MMPs mRNA expression in pituitaries, PAs and 
IPAs

The expression of MMP1, MMP2, MMP9, 
MMP14 and MMP15 was measured in pituitar-
ies, PAs and IPAs. As shown in Figure 2A, MMPs 
expressed in IPAs were higher than that of PAs 
and pituitaries using real-time PCR. And expres-
sion of MMP14 compared to other MMPs was 
elevated expressed (P < 0.01) in IPAs. Results 
revealed that MMP14 may play an important 
role in invasive PAs.

Immunohistochemistry

Because of high expressed MMP14 detected in 
mRNA level, we also measured the protein 
expression of MMP2 and MMP14 in IPAs 
(Figure 2B). We stained 82 PA samples with 
MMP2 and MMP14 antibodies (1:1,000) in 
duplicate. Data were plotted for representative 
images and MMP2/14-positive case distribu-
tions among clinical samples. As shown in 
Figure 2B, IPAs had more MMP14 staining (> 
25%) than benign PAs, which has strong stain-
ing intensity located in cytomembrane. And the 
MMP2 staining was also obvious in cytoplasm. 
IPAs had high MMP14 immunoreactivity com-
pared to benign PAs suggesting that high 
MMP14 correlated with pituitary tumor migra-
tion. Thus, elevated MMP14 in IPAs may co-
relate with tumor invasiveness and migration.

MMPs, VEGF, TGFβ, P53 and PTTG mRNA ex-
pression in ATT20 cells

To investigate the potential regulatory mecha-
nism behind IPAs, we measured MMP2, MMP9, 
MMP14, MMP15, TGFβ, VEGF, P53 and PTTG 
mRNA expression in ATT20 cells using real-time 
PCR (Figure 3). Using mouse pituitaries as con-
trols, MMP14, TGFβ, VEGF and PTTG mRNA 
were significantly elevated (P < 0.05) compared 
to other genes. And MMP14 expression in 
ATT20 cells was higher than other MMPs sug-
gesting that this gene may be important in 
tumorigenesis and invasiveness in vitro. 

Effect of downregulated MMP14 in ATT20 cells

To explore the role of MMP14 in ATT20 cells, 
pGPU6/GFP/Neo-MMP14 (shRNA carrier) were 
transfected into an ATT20 cell line. Transfection 
efficiency was measured using fluorescent 
microscopy to measure expression of the plas-
mid- encoded eGFP gene (Figure 4A). Then, the 
efficiency of different interference plasmids 
was measured with real-time RCR (Figure 4B). 
MMP14-mus-1246 groups had more significant 
interference effect than that of untreated 
groups (control) and other interference groups. 
Thus, pGPU6/GFP/Neo-MMP14-mus-1246 pla- 
smid was used to investigate whether modula-
tion of MMP14 expression affects tumorigenic 
properties of PAs. We then measured MMP2, 
MMP9, MMP15, TGFβ, VEGF, P53 and PTTG 
mRNA expression (Figure 4C). Compared with 
the untransfected group, MMP9, TGFβ, VEGF 
and PTTG (P < 0.05) were significantly sup-
pressed in MMP14-downregulated cells. The 
expression of MMP14 has a potential relation-
ship with MMP9, TGFβ, VEGF and PTTG. 

Inhibitory effect of TIMP-1 on cell invasive sig-
naling in ATT20 cells

To investigate the effect of high concentration 
of TIMP-1 in ATT20 cells, several cell tumorigen-
ic and invasive signals were measured with 
real-time PCR and Western blot. With increas-
ing TIMP-1 concentration, MMP2, MMP9, 
MMP14, TGFβ, VEGF, P53 and PTTG mRNA 
expression were gradually suppressed (Figure 
5A). MMP-2 and MMP-14 protein from different 
treatment groups were measured with Western 
blot (Figure 5B, 5C, respectively). MMP2 and 
MMP14 protein expression were decreased 
when treated with 10 and 50 μmol TIMP1 
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respectively. High concentration of TIMP-1 can 
inhibit MMP14 expression in ATT20 cells. And 
down-regulated expressed MMP14 may result 
to less expressing of TGFβ, VEGF and PTTG in 
mRNA level. And this was consistent with the 
transfected results above.

Down-regulated MMP14 inhibits ATT20 cell 
migration and invasion

To confirm the invasion and migration of cell 
lines affected by disproportionated Matrix 
Metalloproteinases (MMPs) and Tissue Inhibitor 
of Metalloproteinases (TIMPs), transwell migra-
tion and invasion chambers coated with 
Matrigel were used. Cells were treated with 10 

and 50 μmol TIMP1. As shown in Figure 6, the 
inhibited degree of invasive and metastasis 
ability highly increased with concentration of 
TIMP1 and treated times. Consistent with previ-
ous experimental results, down-regulated 
MMP14 affected by high concentration of TIMP-
1 contributes to its invasive and metastasis 
behavior.

Discussion

PAs are benign brain tumors accounting for 
10-15% of all primary brain tumors [17, 18]. 
Jefferson first proposed the concept of an IPA, 
which was considered to possess histologic 
characteristics of non-infiltrative PAs but to act 

Figure 5. Analysis of MMP2, MMP9, MMP14, TGFβ, VEGF, P53 and PTTG expression in TIMP1 treated cells and 
controls. A. mRNA expression of relative factors was measured with real-time PCR. B, C. MMP2 and MMP14 protein 
were measured with Western blot. *P < 0.05 was significant.
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as a pituitary carcinoma with malignant biologi-
cal behaviors [19]. As shown in Figure 1, IPAs 
invade into both sides cavernous sinus with 
encasement of the internal carotid artery, cre-
ating potentially fatal complications. Whether 
the PAs invades adjacent regions and relapses 
post-surgery depends on the extent of invasive-
ness [20, 21]. Until now the molecular mecha-
nisms of PAs invasiveness are unclear. Some 
factors including MMPs, growth factors, and 

TIMPs correlate with PAs invasive phenotypes. 
Specifically, high expression of MMP2 and 
MMP9 correlate with invasiveness of the dural 
or cavernous sinus in diverse PAs. It also pre-
dicted the importance of other MMPs such as 
MMP13 and MMP14 in PAs invasion [5, 6]. 
Thus, we measured MMPs expression in pitu-
itaries, PAs and IPAs. Both mRNA expression 
and immunoreactivity of MMP14 were higher in 
IPAs groups compared with other groups 

Figure 6. Comparison of in vitro cell invasiveness. In vitro invasion of ATT20 cells were measured by Matrigel-coated 
Transwell chambers (12-AM pore size). Data represent 3 independent experiments in 72 and 96h respectively. 1: 
control group: cultured with condition medium; 2: sample group: cultured with conditioned medium with 10 μmol 
of TIMP1; 3: sample group: cultured with conditioned medium with 50 μmol of TIMP1 (*P < 0.05, **P < 0.01 com-
pared to the untreated group). 
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(Figure 2). This indicates the important role of 
MMP14 in IPAs.

MMP14 is a family of zinc-dependent endopep-
tidases, identified as an important membrane-
type MMPs. It has been studied for its roles in 
many biological processes of normal or tumor 
tissues but has not been investigated in IPAs. 
MMP14 participate in mediating pericellular 
proteolysis of extracellular matrix (ECM) macro-
molecules and can assemble MMPs with differ-
ent substrate specificities to degrade the ECM 
environment [22]. MMP14 can cleave type I, II 
and III collagen [23], MMP2 and MMP9 have 
type IV collagen activity, which effectively 
degrade basement membrane (BM) containing 
type IV collagen. These MMPs are usually 
secreted as pro-enzymes and are activated by 
MMP14 (particularly MMP2). Tumor invasion 
and metastasis is a complex process that may 
be accompanied by lymphatic induction and 
angiogenesis, which is co-regulated by various 
genes and proteins. MMP14 promotes angio-
genesis, and vasculogenesis inhibits apoptosis 
by mediating VEGF in the cornea [24], glioma 
[25] and in breast carcinoma [26] etc.

To investigate whether MMP14 is a key enzyme 
driving tumor invasion and migration in invasive 
PAs, we selected ATT20 cell lines to study inva-
sion mechanisms in vitro. As MMP2, MMP9, 
MMP14, TGFβ, VEGF, P53 and PTTG mRNA 
expression measured in ATT20 cell line, 
MMP14, PTTG, VEGF and TGFβ were highly 
expressed compared to other factors. Next, we 
measured MMP14 in the presence of an 
MMP14 shRNA vector and observed that PTTG, 
VEGF and TGFβ mRNA were significantly sup-
pressed in MMP14 downregulated groups as 
measured by real-time PCR. The PTTG expres-
sion was associated with VEGF secretion from 
human pituitary adenomas, but their internal 
connection seems unclear [27]. VEGF, an 
important angiogenic cytokine, regulates physi-
ological angiogenesis and mediating pathologi-
cal angiogenesis such as tumor-associated 
neovascularization. In addition, MMP14 regu-
late tumor aggressiveness by modulating tar-
get molecules such as VEGF. And it together 
with TGFβ also maintains vessel stability and 
vascular response to tissue injury [28]. Thus, 
we proposed that high expression of PTTG in 
IPAs may promote MMP14 to induce VEGF 
expression, which eventually causes angiogen- 
esis.

Increased MMPs activity and low tissue inhibi-
tors of metalloproteinases cause robust ECM 
degrading activity. To confirm the effect of 
MMP14 and the function of TIMP-1 in ATT20 
cells, TIMP-1, a inhibitor of MMP14 [29], was 
added to conditioned medium. Suppressed 
expression of MMP14 and MMP2 protein were 
observed as measured by Western blot. The 
C-terminal domain of TIMP-1 binds to hemopex-
in-like domain of pro-MMP2 and it affected the 
activation of MMP2 by MMP14 [30]. Down-
regulated MMPs ultimately result to restrained 
migration and invasion ability of ATT20 cells. 
And in TIMP-1 treated groups and shRNA 
groups, a consistent gene expression of down-
regulated VEGF, TGFβ and PTTG level was 
accompanied with inhibited MMP14 expres-
sion. This emphasizes the important relation of 
MMP14 to VEGF and PTTG. In addition, dispro-
portionate MMPs and its inhibitors were also a 
cause for malignant phenotype. TIMP1 is not 
only an inhibitor of MMP14, but also has been 
recognized as a multifunctional protein which 
can inhibit new blood vessel formation and 
exert an anti-angiogenic activity both in vitro 
and in vivo [31, 32]. It was reported that TIMP-1 
endogenously regulates growth factors. Low 
expression of MMP14 may reduce tumor 
aggressiveness and invasion through feedback 
down-regulation of VEGF that is inhibited by 
high concentrations of TIMP1 protein, which 
may better illustrate the connection of MMP14 
and VEGF.

Thus, we concluded that MMP14 is critical for 
tumor invasion and angiogenesis and we sup-
posed a new regulatory pathway for MMP14, 
VEGF and PTTG. Our data lay the foundation for 
future studies to identify a novel therapeutic 
target for invasive PAs.
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