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Abstract Object We analyzed MMP-9 expression using

mRNA and protein level determinations and explored the

possibility that Matrix metalloproteinase-9 (MMP-9) is a

potential biological marker of pituitary adenoma inva-

siveness and whether MMP-9 could be used to discriminate

the extent of invasiveness among different hormonal sub-

types, tumor sizes, growth characteristics, and primary

versus recurrent tumors. Materials and methods 73 pitui-

tary tumor specimens were snap frozen in liquid nitrogen

immediately after surgical resection. RNA and protein

were extracted. MMP-9 mRNA transcripts were analyzed

by quantitative RT-PCR. MMP-9 protein activity was

analyzed by gelatin zymography and validated by western

blot analysis. Immunohistochemistry was performed to

identify the presence and localization of MMP-9 in pitui-

tary adenomas. Statistical differences between results were

determined using Student’s t-test or one way ANOVA.

Results Comparing different hormonal subtypes of nonin-

vasive and invasive pituitary tumors, MMP-9 mRNA

expression was significantly increased in the majority of

invasive adenomas. Considering the protein levels, our data

also showed a significant increase in MMP-9 activity in the

majority of invasive adenomas and these differences were

confirmed by western blot analysis and immunohisto-

chemistry. In addition, consistent differences in MMP-9

expression levels were found according to tumor subtype,

tumor size, tumor extension and primary versus redo-sur-

gery. Conclusions MMP-9 expression can consistently

distinguish invasive pituitary tumors from noninvasive

pituitary tumors and would reflect the extent of invasive-

ness in pituitary tumors according to tumor subtype, size,

tumor extension, primary and redo surgery, even at early

stages of invasiveness. MMP-9 may be considered a

potential biomarker to determine and predict the invasive

nature of pituitary tumors.
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Introduction

Pituitary adenomas are common benign neoplasms and

represent 15–20% of primary brain tumors. Although in

most cases they do not metastasize, greater than 40% of

pituitary tumors demonstrate microscopic evidence of local

invasion [1, 2]. They may infiltrate adjacent structures and

grow in several directions: superiorly, permeating the di-

aphragma sellae to reach the suprasellar cistern; inferiorly,

eroding the sellar floor and extending into the sphenoid

sinus; laterally, disrupting the medial wall of the cavernous

sinus, obliterating the venous structures, even encasing the

internal carotid artery; posteriorly, destroying the clivus

and reaching the brain-stem. From a surgical standpoint,

invasive pituitary tumors carry increased risks of cerebro-

spinal fluid leak, and damage to cranial nerves and the

internal carotid artery in the cavernous sinus. Moreover,

invasiveness in pituitary tumors makes total resection

impossible with standard surgical techniques, and adjunc-

tive therapy is usually necessary for long-term control of

disease. Undoubtedly, invasiveness is the major factor that
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determines therapeutic efficacy and prognosis in pituitary

tumors, including the fate of postoperative residual tumor,

rate of remission, rate of recurrence and patient survival

[3].

At present, the diagnosis of invasive adenomas is made

by imaging, histopathology and intraoperative gross

observation. Because of the limitations of subjective fac-

tors in imaging analysis, during surgery, and with

specimens submitted for pathology, an objective biological

marker is required to improve the accuracy of diagnosis. It

should be sensitive enough to label invasive tumor at an

early stage and could become an important complement to

the former methods. According to the recognized tumor

behavior of invasive lesions, physicians could alter the

strategy of operation and postoperative radiation or medi-

cal therapy and predict the propensity for recurrence.

Furthermore, a biological marker could provide a clue for

development of an inhibitor which might block the pro-

gression of invasiveness in pituitary tumors.

So far, several biological markers for dural invasiveness

have been investigated, but it is not clear which factors are

responsible for invasiveness in pituitary adenomas. Isono

et al. immunohistochemically examined the expression of

leptin and found that leptin expression correlated with the

invasive potential of functioning pituitary adenomas [4].

The polysialated neural cell adhesion molecule (NCAM)

was found strongly to be related to pituitary tumor invasion

[5]. Soluble CD44v6 in peripheral blood was found lower

in patients with invasive pituitary adenomas [6]. The p53

tumor suppressor gene did seem to have some usefulness in

identifying biologically aggressive pituitary tumor [7] and

purine-binding factor (nm23) gene expression was inver-

sely associated with invasive pituitary adenomas [8]. These

conclusions have not been accepted by all investigators.

Although tumor cell invasion and metastasis are com-

plex cascades involving multiple host–tumor interactions,

the degradation of matrix is a prerequisite to tumor inva-

sion [9]. As for the essential step of extracellular matrix

(ECM) and basement membrane (BM) degradation, matrix

metalloproteinases (MMPs), particularly MMP-9, are

thought to play a central role in this proteolytic process

[10]. MMP-9 is a member of the zinc-containing endo-

peptidases (type IV collagenase, gelatinase B), and is

reported to be markedly associated with invasion and

metastasis in several human cancers [11–18]. It has been

shown in vitro that the secretion of MMP-9 appears at an

early stage of tumor cell migration through the ECM [19].

For pituitary tumors, it is well known that, within the sella

tucica, the capsule of tumor is enclosed by dura, which is

composed of collagen of which the key compartment is

type IV collagen [20, 21]. MMP-9 specifically degrades

type IV collagen and paves the way for pituitary tumor

cells to migrate through the dura and invade into

surrounding tissues. In the present study, we determined

MMP-9 expression at mRNA and protein levels and

explored whether MMP-9 was a potential biomarker for

pituitary adenoma invasiveness, in particular whether it is

capable of distinguishing invasive from noninvasive

tumors and discriminating invasiveness among different

tumor sizes, directions of growth, hormonal subtypes and

primary versus recurrent tumors. This is a systematic study

to correlate MMP-9 expression with the invasive nature of

pituitary tumors and the results provide a novel information

for the clinician which can be used to recommend appro-

priate therapeutic strategies.

Materials and methods

Patients

Pituitary tumor specimens were obtained at the University

of Virginia Medical Center from November, 2005 to

October, 2006, under the approval of the Human Investi-

gation Committee. There were 73 patients, including 50

cases of nonfunctioning adenomas (NFAs) and 23 cases of

functioning adenomas (FAs). In the former group, there

were 22 women and 28 men, with a mean age of 55 years

(range: 19–79 year). In the latter group, there were 14

women and 9 men, with a mean age of 44 years (range:

11–74 year). All of them underwent surgical resection of

pituitary adenomas and were classified by histological,

immunohistochemical, and ultrastructural analysis. The

diagnosis of tumor invasion or noninvasion was made

according to the combination of histological evidence of

dural invasion and gross observation of invasiveness at

surgery. The subtypes and numbers of noninvasive/inva-

sive tumors are: null cell adenomas (7/16), gonadotrophic

adenomas (8/9), silent ACTH adenomas (1/7), silent GH

adenomas (1/1), Cushing’s disease (ACTH adenoma) (6/3),

acromegaly (GH adenoma) (4/7), and prolactinomas (PRL

adenoma) (0/3). With regard to tumor size and extension,

we classified them into microadenoma (tumor diameter

equal to or less than 1 cm), macroadenoma (tumor diam-

eter is more than 1 cm but still restricted to the sella

turcica), extending adenoma, in which the tumor extended

out of sella turcica to the suprasellar, cavernous sinus and

sphenoid sinus regions. The numbers and proportion of

NFAs/FAs in different groups are following: microadeno-

ma 8(16%)/13(58%), macroadenoma 4(8%)/3(13%),

suprasellar extension 21(42%)/2(8%), cavernous sinus

extension 7(14%)/3(13%), sphenoid sinus extension

10(20%)/2(8%). There were 60 primary tumors and 13

recurrent or persistent tumors. The adenomas were

obtained at surgery, adherent blood was removed by

washing in 1· PBS Buffer, and then samples were snap
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frozen in liquid nitrogen immediately and stored at –80�C.

In 52(71%) tumor specimens, RNA and protein were

extracted. For some small surgical specimens, 5 (7%)

samples were protein extracted only and 16 (22%) samples

RNA were extracted only.

RNA extraction

Total RNA was extracted from human pituitary tumors

using Trizol (Invitrogen), according to the manufacturer’s

protocol (Invitrogen, Carlsbad, California, USA).

Protein extraction

The tumor specimens were weighed and trimmed by scis-

sors and solublized in 1% Triton X-100 buffer

(0.25%TritonX-100, 0.01 M CaCl2, pH 7.5), the tissues

were homogenized for 15–20 s in the KIMAX homoge-

nizer and centrifuged at 10,000 rpm at 4�C for 30 min.

Supernatant was pooled for assays of MMP-2 and MMP-9

activities in zymography and western blotting. The protein

concentration of the supernatant was determined by the

BCA protein assay (Bio-Rad).

Gelatin zymography

The activities of MMP-2 and MMP-9 in the pituitary

adenoma specimens were detected by gelatin zymography.

Aliquots of protein (25 lg) were mixed with four times

quantity of sample loading buffer (0.25 M Tris, 40%

glycerol, 0.04% bromphenol blue, 8% SDS, pH 6.8) and

incubated at 37�C for 30 min. Equal amounts of proteins

were loaded for electrophoresis on 10% SDS (Sodium

dodecyl sulfate)-polyacrylamide gels containing 1% gela-

tin under nonreducing conditions. The gels were incubated

for 20 h at 37�C and stained with 0.1% Coomassie Blue

solution. The gelatinolytic bands of MMP-2 and MMP-9

were identified according to a previous report [22].

Densitometric and semi-quantitation of MMP-9 protein

levels

Bands of MMPs were scanned and their activities were

quantitated by densitometry and ImageQuant software

(Amersham Biosciences). Each gel, under the same con-

dition, was run on five lanes of purified pro-MMP-9 at

different concentrations (0.05, 0.25, 0.5, 1, 2 ng/ml). A

linear range of a relationship between the concentrations of

MMP-9 and integrated optical density (IOD) of the lysis

bands was established and a concentration curve was

generated. From the standard curve, the MMP-9 activity of

each sample was semi-quantitatively analyzed according to

its relative concentration (Fig. 1).

Immunohistochemistry

Immunohistochemistry for MMP-9 (#3852 polyclonal

antibody at 1:50 dilution from Cell Signaling, Beverly,

MA) was performed in formalin-fixed, paraffin embedded

tissues. All slides were stained using the automated Nexes

IHC stainer (Ventana, Tucson, AZ) providing consistency

of the experimental conditions. Positive and negative

controls were run concomitantly in all cases.

Western blot analysis

Proteins were boiled for 5 min in SDS-PAGE

sample buffer. Proteins (200 lg/lane) were separated by

Fig. 1 Densitometric and semi-quantitation of MMP-9 protein levels.

The activities of MMP-2 (72 kDa) and MMP-9 (92 kDa) in the

pituitary adenoma specimens were detected by gelatin zymography

(Top). Lane 1–3 were noninvasive and lane 4–6 were invasive

gonadotrophic adenomas. Under the same conditions, five lanes of

purified pro-MMP-9 (lane7–11) at different concentrations (0.05,

0.25, 0.5, 1, 2 ng/ml) were run. A linear range of a relationship

between the concentrations of MMP-9 and integrated optical density

(IOD) of the lysis bands was established and a concentration curve

was generated (Bottom). From the standard curve, the MMP-9

activity of each sample was semi-quantitively analyzed according to

its relative concentration. GN: gonadotrophic adenoma, Plus: Invasive

adenoma, Minus: Noninvasive adenoma
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SDS-PAGE on 10% polyacrylamide gels and then elec-

troblotted onto nitrocellulose and reacted with monoclonal

and polyclonal antibodies. Polyclonal antibodies against

MMP-2 and MMP-9 were purchased from Santa Cruz

Biotechnology, Inc. (sc-8835) and Cell Signaling (#3852,

Beverly, MA) respectively. MMP-2 and MMP-9 antibodies

were used at 1:1000 dilutions. The second antibodies were

horseradish peroxidase-conjugated secondary antibodies

(Sigma, St. Louis, MO). Immunoblotted proteins were

detected using ECL reagents (Amersham Biosciences) as

described by the manufacturer.

Quantitative RT-PCR

Total RNA was extracted as described earlier. Reverse

transcription was performed with MultiScribe reverse

transcriptase (Applied Biosystems, Forster City, CA) and

random hexamers as per the manufacturer’s instructions.

Primers were designed from the target sequences by

NCBI refseq mRNA database using Primer Express 2.0

software (Applied Biosystems). Quantitative PCRs were

carried out in triplicate using equal amounts of each

cDNA sample equivalent to approximately 50 ng of

starting total RNA. Each reaction contained the fluores-

cent indicator SYBR1 Green I Dye, and 200 nM of each

forward and reverse primer (5 lM) in a total volume of

25 ll. Amplifying PCR and monitoring of the fluorescent

emission in real time were performed in the ABI Prism

7900HT Sequence Detection System (Applied Biosys-

tems) as described (ABI SYBR Green Protocol). To

verify that only a single PCR product was amplified per

transcript, dissociation curve data were analyzed with the

7900HT Sequence Detection Software (SDS). To account

for differences in starting material, quantitative PCR was

also carried out for each cDNA sample using house-

keeping, glyceraldehyde-3-phosphate dehydrogenase

(GAPDH) and b-actin (ACTB). The data collected from

these quantitative PCRs defined a threshold cycle number

(Ct) of detection for the target or the housekeeping genes

in each cDNA sample.

Relative quantity (RQ) of the perspective target genes

was calculated using the relative quantitation method.

Briefly, each Ct value was normalized to the correspondent

geometric means of the endogenous reference genes

(GAPDH and ACTB). For each comparison, the RQ is

given by: RQ = 2–DDCt, where DDCt represents the dif-

ference in Ct between the transcript and the housekeeping

gene for the same RNA sample. The ratio of the RQs for

the treated sample and the experimental sample was used to

derive the fold change. Analysis of the variance (ANOVA)

was then used to determine the mean and standard error for

each comparison.

Statistical analysis

Representative experiments with average changes and

SEM are shown. Statistical differences between results

were determined using Student’s t-test for paired or

unpaired data and multiple data from different groups were

analyzed by one way ANOVA followed by multiple range

tests as appropriate using Prism GraphPad Software. A P

value of 0.05 or less was considered significant.

Results

Comparison of MMP-9 mRNA expression among

different subtypes of noninvasive and invasive pituitary

tumors by Real-Time PCR

Total RNA was extracted from 68 (93%) frozen samples

and was analyzed for MMP-9 mRNA transcripts by real-

time PCR. Comparing noninvasive and invasive pituitary

tumors, MMP-9 mRNA expression was significantly

increased in the invasive groups of all pituitary tumors

(0.58 ± 0.09 fold vs. 2.32 ± 0.38 fold, P \ 0.01), non-

functioning tumors (0.61 ± 0.13 fold vs. 2.21 ± 0.44 fold,

P \ 0.01), functioning tumors (0.52 ± 0.12 fold vs.

2.55 ± 0.76 fold, P \ 0.01), null cell tumors (0.48 ± 0.17

fold vs. 1.87 ± 0.61 fold, P \ 0.05), gonadotrophic tumors

(0.70 ± 0.26 fold vs. 2.55 ± 0.48 fold, P \ 0.01), and

active ACTH tumors (0.36 ± 0.09 fold vs. 2.53 ± 0.48

fold, P \ 0.01). There was a slight increase of MMP-9

mRNA in active GH tumors (0.84 ± 0.20 fold vs.

1.38 ± 0.75 fold, P [ 0.05). Moreover, MMP-9 mRNA

was significantly overexpressed in invasive prolactinomas

(6.67 ± 1.82 fold) and positive controls (including three

invasive meningiomas and three chordomas) (4.13 ± 2.97

fold) when compared with other subtypes of invasive

tumors (P \ 0.05) (Fig. 2A).

Comparison of MMP-9 protein expression between

different subtypes of noninvasive and invasive pituitary

tumors by zymography

Total protein was extracted from 57 (78%) frozen speci-

mens and MMP-9 activity was analyzed by zymography.

Two bands corresponding to monomer MMP-9 (92 kDa)

and the lipocalin-bound heterodimer of MMP-9 (130 kDa)

were detected as described previously [23]. Comparing

noninvasive and invasive pituitary tumors, the data showed

a significant increase in MMP-9 activity in the invasive

groups of all pituitary tumors (1.03 ± 0.20 ng/ml vs.

2.37 ± 0.33 ng/ml, P \ 0.01), nonfunctioning tumors

(0.77 ± 0.21 ng/ml vs. 1.94 ± 0.34 ng/ml, P \ 0.01),

40 Pituitary (2008) 11:37–48

123



functioning tumors (1.41 ± 0.19 ng/ml vs. 3.23 ± 0.65 ng/

ml, P \ 0.05), active ACTH tumors (1.34 ± 0.13 ng/ml vs.

3.2 ± 0.55 ng/ml, P \ 0.01). There was a slight increase in

null cell tumors (0.82 ± 0.38 vs. 1.82 ± 0.44 ng/ml,

P [ 0.05), gonadotrophic tumors (0.70 ± 0.10 ng/ml,

P [ 0.01), and active GH tumors (1.53 ± 0.53 ng/ml vs.

1.93 ± 0.68 ng/ml, P [ 0.05). Additionally, MMP-9 pro-

tein expression was significantly elevated in invasive silent

ACTH tumors (3.32 ± 0.55 ng/ml), invasive prolactinomas

(4.81 ± 1.11 ng/ml) and positive controls (4.03 ± 0.46 ng/ml)

Fig. 2 (A) Comparison of MMP-9 mRNA expression between

noninvasive and invasive pituitary tumors of different subtypes by

Real-Time PCR. MMP-9 mRNA expression was significantly

increased in the invasive groups of PAs, NFAs, FAs, Null, GN, and

ACTH. Number of samples in different group (Noninvasive/Inva-

sive): PAs:26/42, NFAs:16/30, Fas:10/12, Null:7/14, GN: 7/9, Silent

ACTH:1/6, Silent GH:1/1, Active ACTH:6/3, Active GH:4/6, PRL: 0/

3, Positive Control:0/6. (B) Comparison of MMP-9 protein expression

between noninvasive and invasive pituitary tumors of different

subtypes. (relative concentration (top) and partially corresponding

bands (bottom) in zymography). Number of samples in different

group (Noninvasive/Invasive): PAs: 23/34, NFAs: 13/22, FAs: 10/12,

Null: 6/10, GN: 5/6, Silent ACTH:1/5, Silent GH:1/1, Active

ACTH:6/3, Active GH:4/6, PRL: 0/3, Positive Control:0/6. There

were no statistically significant differences in noninvasive silent

ACTH and silent GH tumors. PAs: all pituitary adenomas (NFAs,

FAs), NFAs: nonfunctioning adenomas (Null, GN, Silent ACTH,

Silent GH), FAs: functioning adenomas (GH, ACTH, PRL), Null: null

cell adenomas, GN: gonadotrophic adenomas, GH: active growth

hormone adenomas, PRL: prolactinomas. Star symbol: comparison

between noninvasive and invasive tumors in the same group

(*P \ 0.05, **P \ 0.01). Pound symbol: Comparison among inva-

sive tumors or among noninvasive tumors of different subtypes

(#P \ 0.05, ##P \ 0.01). Plus: Invasive adenoma, Minus: Noninva-

sive adenoma

Pituitary (2008) 11:37–48 41

123



when compared with other subtypes of invasive tumors

(P \ 0.05) (Fig. 2B Top). Notably, in most cases, there

was relatively low activity of MMP-2 (72 kDa) and there

was no correlation with MMP-9 activity in both invasive

and noninvasive pituitary adenomas. (Fig. 2B Bottom)

Validation of MMP-9 protein expression by western

blot analysis

To verify the results of zymography, 34 randomized cases

(60%) were analyzed for MMP-9 protein expression by

western blot. As shown in Fig. 3A, pituitary tumor MMP-9

expressions, analyzed by zymography (panel A), were

consistent with counterpart expressions by western blot

(panel B). The bands of MMP-2 by western blot were faint

and exhibited the same low activity as demonstrated by

zymography.

Validation of MMP-9 protein expression by

immunohistochemistry

To identify the source of MMP-9 in the noninvasive and

invasive pituitary adenomas, we performed immunohisto-

chemical staining in 23 random cases (40%). As a positive

control, we used meningioma sample which was intensely

stained by the MMP-9 antibody in tumor cells, vessels and

connective tissues (Fig. 3B–A). MMP-9 immunoreactivity

was seeing weakly in the cytoplasma of adenoma cells and

vascular structures (arrow) in the noninvasive pituitary

adenomas (Fig. 3B–B, sample 6 in Fig. 3A). In contrast,

the invasive pituitary tumors expressed either focal or

diffuse but intense cytoplasmic immunoreactivity of ade-

noma cells for MMP-9 (Fig. 3B–C, sample 17 in Fig. 3A).

Figure 3B–D shows intense cytoplasmic immunoreactivity

for MMP-9 (arrow) in a pituitary adenoma with bone

invasion.

Fig. 3 (A) MMP-9 protein

activity expression in partial

samples were shown by

zymography (Panel A) and

validated by western blot

analysis (Panel B). The MMP-9

protein activity expressions of

pituitary tumors by zymography

were consistent with their

counterparts in western blot

analysis. The bands of MMP-2

showed faint, low activities.

Null Cell: null cell adenomas,

GN: gonadotrophic adenomas,

Plus: Invasive adenoma, Minus:

Noninvasive adenoma. (B)

Validation of MMP-9 protein

expression by

immunohistochemistry. B–A:

Positive control: meningioma

intensely stained for MMP-9 in

tumor cells, vessels and

connective tissues. B–B: Non-

invasive adenoma: MMP-9

diffuse and weakly

immunoreactive adenoma cells

and some faint positive staining

of the vascular structures

(arrow) were noted. B–C:

Invasive pituitary tumor

expressing focal but intense

cytoplasmic immunoreactivity

of adenoma cells for MMP-9.

B–D: An adenoma in which

bone invasion was present

shows intense cytoplasmic

immunoreactivity for MMP-9

(arrow)
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Comparison of MMP-9 expression among different

sizes of pituitary tumors

In the NFAs, with an increase in tumor size, MMP-9 mRNA

expression increased correspondingly (0.74 ± 0.28 fold,

1.22 ± 0.21 fold, 1.69 ± 0.35 fold) and the level of MMP-9

mRNA was significantly higher in extending adenomas than

in microadenomas (P \ 0.05). In the FAs, however,

compared to the macroadenomas, microadenmas slightly

(0.78 ± 0.17 fold vs. 1.32 ± 0.61 fold, P [ 0.05) and

extending adenomas significantly (0.78 ± 0.17 fold vs.

2.86 ± 1.23 fold, P \ 0.01) demonstrated elevated MMP-9

mRNA expression. Hence, considering all pituitary tumors,

there were no significant changes in MMP-9 mRNA tran-

scripts between micro and macroadenomas, but a significant

increase was noted in extending adenomas. The general

trends of MMP-9 protein activities were consistent (Fig. 4).

Comparison of MMP-9 expression among different

extensions of pituitary tumor

In pituitary adenomas, comparing nonfunctioning and

functioning tumors, MMP-9 expression slightly decreased

(mRNA level, 1.64 ± 0.29 fold vs. 1.34 ± 0.36 fold) or

increased (protein level, 1.52 ± 0.23 vs. 2.18 ± 0.36 ng/

ml), and there was no statistically significant difference. In

microadenomas only, comparing nonfunctioning and

functioning tumors, the latter had slightly increased MMP-

9 expression at the mRNA level (0.74 ± 0.28 fold vs.

1.32 ± 0.61 fold, P [ 0.05) and it was significantly

increased at the protein level (0.61 ± 0.19 vs. 2.25 ± 0.53

fold, P \ 0.01). In NFAs, comparing micro-, macro- and

suprasellar adenomas, to tumor which extended into the

cavernous sinus and sphenoid sinus, there was a significant

increase in MMP-9 expression at both mRNA and protein

levels. Interestingly, in FAs, there was no significant dif-

ference between microadenomas and cavernous sinus/

sphenoid sinus extending tumors in terms of MMP-9

expression (Fig. 5).

Comparison of MMP-9 expression in pituitary tumor

between primary surgery and redo-surgery

In current group, there were 13 samples from redo surgery

(NFAs:7, FAs: 6). One case was clearly recurrent, all the

others classified as enlargement of persistent tumors. As

seen in Fig. 6, all the redo cases expressed more MMP-9 as

compared with primary cases at both the mRNA and pro-

tein levels. The nonfunctioning tumors from redo surgery

had a significantly increased MMP-9 mRNA expression

(1.18 ± 0.65 fold vs. 4.84 ± 1.99 fold).

Discussion

Invasive pituitary adenomas present a major challenge to

physicians because of their local invasive behavior; total

surgical resection is not possible with standard surgical

techniques [3]. Any residual tumor, even just a few tumor

cells, still retains its inherent ability to proliferate and may

be the source of tumor recurrence. Accordingly, adjunctive

therapy in the form of radiation therapy or medical therapy

is often recommended. Recently, however, preventive

postoperative treatment in the form of radiation therapy has

been frequently withheld [24], because of the risk of sig-

nificant side-effects [25]. A biological marker of

invasiveness in pituitary tumors would be most helpful and

should be sensitive enough to identify invasive tumors at

an early stage so as to guide clinicians in recommending a

reasonable therapeutic strategy, including surgery and

adjunctive treatment, with close follow-up and clinical

surveillance, seeking to reduce both the risks of side-effects

and the recurrence rate as much as possible.

Fig. 4 (A) Correlation between mRNA expression of MMP-9 and

pituitary tumor size. Number of samples in different groups (Micro/

Macro/Extension): pituitary tumor: 21/7/40, NFAs: 8/4/33, FAs: 13/3/

7. (B) Correlation between protein expression of MMP-9 and pituitary

tumor size. Number of samples in different groups (Micro/Macro/

Extension): pituitary tumor: 17/7/33, NFAs: 6/4/26, FAs: 11/3/7.

NFAs: non-functioning adenoma, FAs: hyperfunctioing adenoma.

Micro: microadenoma, Macro: macroadenoma, Extension: extending

adenoma. Star symbol: comparison among microadenomas, mac-

roadenomas and extending adenomas in the same group (*P \ 0.05,

**P \ 0.01)
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The mechanisms that dictate local invasive behavior of

pituitary adenomas remain poorly understood; several bi-

omarkers for dural invasiveness have been investigated but

none has been universally accepted. In fact, the degradation

of matrix is a prerequisite to tumor invasion and type IV

collagen is the key component of dura. As tumor cell

invasion involves selective remodeling of the ECM by the

secretion of proteases (MMPs and uPA), we confirmed the

hypothesis that MMP-9, a type IV collagenase, increases

invasion in pituitary tumor cells through collagen IV [26].

In the current study, we tested MMP-9 expression in

noninvasive and invasive pituitary adenomas and explored

whether MMP-9 might become a potential biomarker to

label invasiveness of pituitary tumors.

Criteria for invasive pituitary tumors

In our study, the fundamental issue is to clearly define the

concept of the invasive pituitary tumor. Usually, the

definition of invasive pituitary tumor depends on pre-

operative imaging studies, intraoperative gross observation

and post-operative histopathology. Hence, the evidence of

invasion varies depending on whether the lesion is exam-

ined radiologically, at surgery, or microscopically. As

Laws et al. pointed out [3, 27], there was a good deal of

confusion about the concept of invasion in pituitary ade-

nomas; this confusion added to the difficulty of diagnosis

and had an impact on recommendations for therapy and the

risks of surgical management. It is probably incorrect to

discuss invasion of pituitary adenomas simply on the basis

of MRI appearance. Although high-quality MRI may

occasionally show clear evidence of a pituitary tumor

breaking through its dural barriers, but this is often

inconclusive. Moreover, an adenoma can extend into the

cavernous sinus, pushing the dura laterally and on occasion

even apparent total encasement of the carotid artery may

occur without breaching the dura. Certainly, evidence of

dural invasion by histopathology is a golden criterion in the

definition of an invasive tumor. However, the dural spec-

imen is usually sampled from a single location at the

central inferior portion of the sella turcica, regardless of the

location or size of the tumor. This seriously underestimates

the actual incidence of dural invasion, especially when the

Fig. 5 (A) Comparison of MMP-9 mRNA expression between

nonfunctioning and functioning pituitary adenomas with different

extension. Number of samples in different group (non-functioning/

functioning adenomas): micro: 8/13, macro: 4/3, supra: 17/2, caver.s.:

7/3, sphenoid s.:9/2, all sizes: 45/23. (B) Comparison of MMP-9

protein expression between nonfunctioning and functioning pituitary

adenomas with different extension. Number of samples in different

group (non-functioning/functioning adenomas): micro:6/11, macro:4/

3, supra:12/2, caver.s.:6/3, sphenoid s.:8/2, all sizes: 36/21. There

were no statistical significances in functioning adenomas of supra-

sellar extending and sphenoid sinus extending. Star symbol:

comparison between nonfunctioning and functioning tumors in the

same group (*P \ 0.05, **P \ 0.01). Pound symbol: Comparison

among different groups in non-functioning adenomas or in function-

ing adenomas (#P \ 0.05, ##P \ 0.01) Micro: microadenoma;

macro: macroadenoma; supra: suprasellar extension; caver.s.: cav-

ernous sinus extension; sphenoid s.: sphenoid sinus extension

Fig. 6 (A) Comparison of MMP-9 mRNA expression in pituitary

tumors between primary surgery and redo-surgery. Number of

samples in different group (primary surgery/redo-surgery): PAs: 56/

12, NFAs: 38/7, FAs: 18/5. (B) Comparison of MMP-9 protein

expression in pituitary tumors between primary surgery and redo-

surgery. Number of samples in different groups (primary surgery/

redo-surgery): PAs: 48/9, NFAs: 31/5, FAs: 17/4. Star symbol:

comparison between primary surgery and redo-surgery in the same

group (*P \ 0.05, **P \ 0.01). PAs: pituitary adenomas, NFAs:

non-functioning adenomas, FAs: functioning adenomas
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diaphragma sellae and the cavernous sinus dura are inva-

ded [2]. In our present study, there were 21 cases diagnosed

as noninvasive or invasive adenomas by pathology which

were inconsistent with intraoperative gross observation.

Among them, there were five cases in which there was

clear evidence of invasion of the medial wall of the cav-

ernous sinus at surgery, but evidence of dural invasion was

absent in the pathological analysis. Additionally, some

investigators favored the concept that intraoperative dem-

onstration of invasion may be a more important factor

affecting therapeutic strategy than the isolated finding of

dural infiltration on microscopic studies [28]. Regarding

the basis of dural invasion assessed by pathology, if com-

bined with surgical observation, we believe that the

diagnosis of invasive pituitary adenomas is accurate and

reliable.

Correlation between MMP-9 expression and pituitary

tumor invasion

Since the mechanism whereby pituitary tumors become

invasive is poorly understood, the correlation between

MMP-9 expression and invasiveness of pituitary tumors is

controversial. Some authors, using retrospective analysis

on the basis of immunohistochemistry [29, 30], suggested

that invasive pituitary adenomas were significantly more

likely to express MMP-9 than noninvasive tumors. Pereda

et al. reported surprisingly high levels of MMP-9 activity

indicating a high level of ECM-degrading activity in

pituitary adenomas [31], and Kawamoto strongly suggested

that MMP-9 secretion, especially the number of MMP-9

secreting cells, may be associated with cavernous sinus

invasion by pituitary adenomas. MMP-9 secretion by

adenoma cells can be considered an important factor in

predicting invasion of pituitary adenomas [32]. Using fro-

zen tumors, Kawamoto believed that type IV collagenase

may play a role in the invasion of the cavernous sinus by

pituitary adenomas [20], and Beaulieu et al. reported that

MMP-9 plays a role in the invasive nature of pituitary

tumors studied [33]. Conversely, Knappe found no corre-

lation between MMP-9 expression and tumor invasion

[34], and Yokoyama et al. did not find any difference in

immunoexpression of MMP-9 in nonsecreting adenomas

with or without encasement of the carotid artery within the

cavernous sinus [27]. Both of these experiments depended

on immunocytochemical analysis.

In the present study, compared with noninvasive tumors,

MMP-9 expression, either at the mRNA level or at the

protein level, was significantly increased in invasive pitu-

itary tumors of nonfunctioning, functioning and the

majority of subtypes. Because our tissues were freshly

frozen, they should be more representative of their original

status than cell culture or paraffin-embedded specimens;

the results should be more reliable and they were validated

by multiple analytical approaches. The present report

provides evidence that MMP-9 can be used to distinguish

invasive pituitary tumors from noninvasive indolent ones

and provides the surgeon with complementary information

regarding clinical invasiveness of pituitary tumors. Since

there are no reliable pathological markers to determine

pituitary tumor invasiveness, MMP-9 is proposed as a

potential marker to alert the clinician to the possibility of a

more biologically aggressive variant of tumor and should

prompt careful postoperative clinical surveillance.

Notably, MMP-2 and MMP-9 are both type IV colla-

genases, which have been shown to be important in tumor

invasion because they are able to break down BM, in par-

ticular, degrading collagen IV [20]. However, Beaulieu

found no correlation could be established between the

invasive potential pituitary tumors and the expression levels

of MMP-2 [33]. The current study confirmed our previous

report [26] that there was very low activity of MMP-2 in

both invasive and noninvasive pituitary tumors and that

there may be no correlation between MMP-2 and MMP-9

expression [34]. Marbaix et al. have reported that MMP-9

but not MMP-2 could be activated by trypsin [35]. It is likely

that MMP-9 or other trypsin-activated type IV collagenases

contribute to the high concentration of type IV collagenase

activity in pituitary adenomas. So, of all the type IV colla-

genases, we suggest that MMP-9 rather than MMP-2 plays a

key role in the invasiveness of pituitary tumors.

Correlation between MMP-9 expression and pituitary

tumors subtypes

There are few studies that report the correlation between

invasiveness and different adenoma subtypes. In general,

poorly differentiated sparsely granulated, and hormonally

inactive pituitary adenomas are more often invasive than

well-differentiated, densely granulated, and hormonally

active adenomas [28, 36, 37].

From our results, MMP-9 expression in invasive silent-

ACTH adenomas, active ACTH adenomas and prolacti-

nomas was slightly higher at the mRNA level and

significantly higher at the protein level than that of other

invasive subtypes. It has been demonstrated that the

frequency of recurrence and aggressiveness of silent cor-

ticotroph adenomas is higher than average and this

underscores the need for long-term follow-up [38–40]. In

ACTH-secreting adenomas, overexpression of MMP-9

contributes to the relatively high proportions of ACTH-

secreting adenomas that are invasive [41, 42].

Comparing nonfunctioning and functioning pituitary

tumors, Meij et al. reported that dural invasion was present
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in more than 50% of NFAs and in 30–35% of patients with

endocrinologically active adenomas [2]. Regarding MMP-

9 expression, Kawamoto proposed that there was no

obvious difference between nonfunctioning and function-

ing tumors [32]. Our data showed the same results as

Kawamoto and it may reflect that there is no different

invasiveness between nonfunctioning and functioning

pituitary tumors.

Correlation between MMP-9 expression and tumor size,

and extension

Many investigators found a positive correlation between

tumor size and the frequency of microscopic or radiologi-

cal invasion in pituitary tumors [1–3, 28]. Using the

correlation between MMP-9 expression and tumor size,

Turner stated that there was no difference among various

sizes of prolactinomas [29] and Liu suggested that there

was no correlation between MMP-9 expression and tumor

size [43]. In contrast, Beaulieu, reported MMP-9 activity

detected by zymography showed some correlation between

MMP activity and tumor grade [33]. Our study showed, in

nonfunctioning tumors, that MMP-9 expression was posi-

tively correlated with increase of tumor size, consistent

with the relationship between frequency of dural invasion

and tumor size. However, in FAs, MMP-9 expression in

microadenomas was higher than in macroadenomas and

was not statistically significantly different from extending

tumors. This may reflect the high level of invasiveness

in certain microadenomas such as ACTH adenomas

characterized by frequent invasiveness [42]; these mic-

roadenomas often infiltrate the medial wall of cavernous

sinus [44, 45]. Accordingly, MMP-9 demonstrated its

ability to discriminate invasive tumors even at an early

stage, depending on the principle that the secretion of

MMP allowing migration of tumor cells is an important

early aspect of the invasive process [19]. As for tumor

extension, MMP-9 expression significantly increased when

tumor invaded into the cavernous sinus or the sphenoid

sinus.

Correlation between MMP-9 expression and primary/

redo surgery

Dural invasion was present more frequently in the repeat

surgery group than in the primary transsphenoidal surgery

group [2]. We demonstrated that MMP-9 expression

increased in the redo surgery group. This change was

particularly significant in NFAs and confirms the progres-

sion of invasiveness between primary and repeat surgery. It

remains debatable whether tumor invasiveness significantly

impacts the recurrence rate. Theoretically, the ability of

pituitary adenomas to invade may be reflected in their

tendency to persist or recur after transsphenoidal excision.

This may influence the rate of cure for endocrinologically

active tumors and the rate of recurrence for clinically NFAs

[28]. Comtois reported a higher incidence of recurrence in

invasive tumours (33%) than in enclosed adenomas (15%)

[46]. Nevertheless, Meij showed that the recurrence rate

was not related to dural invasion in a consistent or signif-

icant fashion on the basis of histopathological evidence [2].

As for MMP-9 expression, Turner suggested that recurrent

tumors were more likely to express MMPs [29] and

Knappe insisted that there was no difference in expression

of MMP-9 in recurrent adenomas [41]. Because of the

small numbers in the current study, further research is

ongoing to explore whether there is a positive correlation

between MMP-9 expression and the recurrence rate and

whether levels are higher at the tumor’s second

presentation.

In conclusion, MMP-9 expression can reliably distin-

guish invasive pituitary tumors from noninvasive pituitary

tumors and may also reflect the different extent of inva-

siveness in pituitary tumors according to tumor subtype,

size, extension, and primary and redo surgery. MMP-9 is a

potential candidate for predicting the invasive nature of

pituitary tumors. Further study will be required to formu-

late an invasive index with an absolute value that could

become an objective basis for individual cases. With long

term follow up, MMP-9 expression from primary tumors

and subsequent recurrence in the same patients will be

compared and MMP-9 may become a predictor for tumor

regrowth if a significant difference is confirmed. Moreover,

there are several ongoing trials of synthetic inhibitors of

MMP-9 in metastatic tumors of epithelial origin, and, if

successful, they may play a role in pituitary tumor

management [47].
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