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Abstract Brain-invasive growth of a subset of menin-

giomas is associated with less favorable prognosis. The

molecular mechanisms causing invasiveness are only par-

tially understood, however, the expression of matrix met-

alloproteinases (MMPs) has been identified as a

contributing factor. We have previously found that loss of

density enhanced phosphatase-1 (DEP-1, also designated

PTPRJ), a transmembrane protein-tyrosine phosphatase,

promotes meningioma cell motility and invasive growth in

an orthotopic xenotransplantation model. We have now

analyzed potential alterations of the expression of genes

involved in motility control, caused by DEP-1 loss in

meningioma cell lines. DEP-1 depleted cells exhibited in-

creased expression of mRNA encoding MMP-9, and the

growth factors EGF and FGF-2. The increase of MMP-9

expression in DEP-1 depleted cells was also readily de-

tectable at the protein level by zymography. MMP-9

upregulation was sensitive to chemical inhibitors of growth

factor signal transduction. Conversely, MMP-9 mRNA

levels could be stimulated with growth factors (e.g. EGF)

and inflammatory cytokines (e.g. TNFa). Increase of

MMP-9 expression by DEP-1 depletion, or growth fac-

tor/cytokine stimulation qualitatively correlated with in-

creased invasiveness in vitro scored as transmigration

through matrigel-coated membranes. The studies suggest

induction of MMP-9 expression promoted by DEP-1 defi-

ciency, or potentially by growth factors and inflammatory

cytokines, as a mechanism contributing to meningioma

brain invasiveness.
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Introduction

Meningiomas, arising from arachnoidal cap cells, are the

most frequently occurring intracranial tumors in adults.

They are largely benign ([90 % WHO grade I), but a

smaller fraction is classified as atypical or invasive (WHO

grades II and III) [1]. Treatment of meningioma is surgical

or through radiation. Thus far, no effective chemotherapy

has been established [2]. Most meningiomas are sporadic,

but inheritance of inactivating mutations in the NF2 gene

(encoding the protein merlin) predispose for meningioma

formation. Mutation of NF2 is also frequent in sporadic

tumors, and genetic inactivation of Nf2 in mouse menin-

geal cells is sufficient for meningiomagenesis [1, 3, 4].

Among further genetic defects, the loss of CDK-inhibitor

encoding loci CDKN2A/B in NF2-defective meningiomas

has been associated with a more aggressive phenotype [5],

which has been recapitulated in a mouse model [6]. Mu-

tations in the genes encoding TRAF7, KLF4, AKT1, and
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SMO have recently been identified as genetic lesions in

tumors with intact NF2 [7, 8].

Brain invasive growth of meningiomas, more common

in WHO grade II/III tumors, is considered the major cause

of recurrence. As of now, the molecular basis for brain

invasion remains to be completely understood. Enhanced

cell motility and alterations in cell–matrix interaction are

likely contributors to an invasive phenotype. As important

molecules in this process, the matrix metalloproteinases 2

and 9 (MMP-2 and 9) have been proposed. Their expres-

sion, notably that of MMP-9, has been shown to correlate

with an invasive/recurrent meningioma phenotype [9–12].

The mechanisms leading to enhanced MMP-expression in

invasive meningioma entities, are currently elusive.

We have previously identified the protein-tyrosine

phosphatase (PTP) DEP-1/PTPRJ as a negative regulator of

meningioma cell motility [13]. As we show in the present

study, loss of DEP-1/PTPRJ caused a marked upregulation

of MMP-9, and was associated with increased invasion

in vitro. Moreover, inflammatory cytokines and growth

factors enhanced MMP-9 expression and tended to also

promote cell invasion. We propose that DEP-1 loss and

cytokine/growth factor exposure may contribute to the

invasiveness of meningioma through regulation of MMP

expression.

Materials and methods

RT2 ProfilerTM PCR Array analysis and qRT-PCR

To analyze the effect of DEP-1 and NF2 knockdown on mi-

gration-related genes, the RT2 ProfilerTM PCR Array System

(Qiagen, Hilden, Germany) was used. DEP-1-depleted, NF-2

depleted, DEP-1/NF2-depleted or control SF4068 cell lines

were grown for 2 days until they reached confluence. RNA

was extracted using RNeasy-Kit (Qiagen, Hilden, Germany)

according to manufacturer’s protocol. The optional on col-

umn-DNAse treatment was performed by incubating the

column with 5 Units of DNase I, RNAse-free (Thermo Sci-

entific, Schwerte, Germany) in 50 ll reaction buffer for

20 min at room temperature. Concentration of eluted RNA

was measured photometrically, and 0.5 lg of isolated RNA

was converted to cDNA using RT2 First Strand Kit (Qiagen,

Hilden, Germany) according to manufacturer’s protocol.

102 ll of cDNA synthesis reaction was mixed with 29 RT2

SYBR Green ROX qPCR Mastermix (Qiagen, Hilden, Ger-

many) and H2O to a total volume of 2,700 ll. 25 ll of the
reaction mixture were distributed into each well of RT2 Pro-

filerTM PCR Array Human Cell Motility (PAHS-128Z; Qia-

gen, Hilden, Germany). The PCR was performed in an

Eppendorf realplex4 Mastercycler under the following con-

ditions: 1 min of initial denaturation at 95 �C followed by 40

cycles of [15 s at 95 �C and 1 min at 60 �C]. Melting curve

analysis was subsequently performed. Data Analysis was

performed using web-based RT2 Profiler PCR Array Data

Analysis software version 3.5, provided by the array

manufacturer, which calculates fold-changes based on the

DDCt method. The mean of five housekeeping genes served

for normalization.

For normal qRT-PCR analysis RNA isolation was per-

formed as described; including the column-DNAse treat-

ment step. cDNA was synthesized using First Strand cDNA

Synthesis Kit (Thermo Scientific, Schwerte, Germany)

according to manufacturer’s protocol, with 1 lg RNA

template and Oligo-dT-based priming. qRT-PCR was per-

formed using Maxima SYBR Green/ROX qPCR Master

Mix (29) (Thermo Scientific, Schwerte, Germany). The

diluted master mixes containing 0.125 lM of each

GAPDH primer or 1x QuantiTect primer assay mixture for

MMP-9, MMP-2, EGF or FGF-2, respectively, were pre-

pared according to the manufacturer’s protocol, with ana-

lysis performed in duplicates or triplicates using 1 ll of the
cDNA preparation in a total reaction volume of 12 ll. The
PCR was performed in an Eppendorf realplex4 Mastercy-

cler under the following conditions: 10 min of initial de-

naturation at 95 �C followed by 45 cycles of [15 s at 95 �C,
30 s at 55 �C and 40 s at 72 �C]. Melting curve analysis

was subsequently performed. Data analysis was performed

with the aforementioned software, using GAPDH expres-

sion levels for normalization.

Invasion assays

BD MatrigelTM Basement Membrane Matrix, growth factor

reduced (GFR) (BD Biosciences, Heidelberg, Germany;

356230) was thawed on ice and diluted with cold water to a

concentration of 0.125 lg/ml. 12 well-migration inserts

containing membranes with 8 lm-pores (Thin Certs;

Greiner Bio-One, Frickenhausen, Germany) were coated

with 135 ll diluted Matrigel by drying the solution over-

night onto the membranes. Matrigel was rehydrated with

135 ll DMEM for 1 h at 37 �C before use.

Cells were trypsinized, resuspended with DMEM con-

taining 10 % FCS, washed twice with DMEM containing

1 mg/ml BSA, counted and diluted to a concentration of

50,000 cells/mlDMEM ? 1 mg/ml BSA. Bottomwells were

filled with 1,400 ll of either DMEM ? 1 mg/ml BSA alone,

orwith the additionof either 100 ng/mlTNFa, 10 ng/mlEGF,

10 ng/ml EGF ? 100 ng/ml TNFa, or 10 % FCS (positive

control). 600 ll of cell suspension corresponding to 30,000

cells were added to the inserts. After 24 h incubation,medium

was removed, insertswerefixed in 5 %formaldehyde solution

(Fischar, Saarbrücken,Germany) for 30 minat 37 �C,washed
once with PBS and stained with 0.5 % crystal violet in 19

PBS/20 % methanol for 30 min at room temperature. Inserts
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Fig. 1 DEP-1 knockdown enhances expression ofMMP-9 andMMP-2

in SF4068 meningioma cells. a Generation of DEP-1- and/or NF2-

depleted SF4068 cell lines. Stable knockdown of DEP-1 was achieved

by lentiviral transduction of SF4068 cells with a DEP-1 shRNA or a

non-targeting shRNA expression construct. In stably transduced cells,

lentiviral transduction with a NF2 shRNA expressing or control

construct was performed. For detection of DEP-1 by immunoblotting,

equal protein amounts of the cell lysates were subjected to enrichment

bywheat-germ agglutinin affinity precipitation. Vinculin andNF2were

analyzed in equal amounts of total cell lysate. b mRNA expression of

MMP-9, MMP-2, EGF and FGF-2 in DEP-1-depleted and control

SF4068 cell lines was measured by qRT-PCR. Expression levels were

normalized to the expression of the housekeeping gene GAPDH.

Expression levels in DEP-1 -depleted cells are plotted relative to levels

in the control cells. Mean of 3 independent experiments ± SEM;

*p\ 0.05; **p\ 0.01 by t test. c Detection of MMP-9 and MMP-2 in

cell culture supernatants of DEP-1 -depleted or control SF4068 cell

lines by zymography. One representative zymography out of 3

independent experiments is shown and mean ± SEM of quantification

ofMMPactivities of all three experiments are also presented. *p\ 0.05

by t test. dDetection ofMMP-2 in cell culture supernatants. Serum-free

culture supernatants of DEP-1 -depleted or control SF4068 cell lines

collected after 24 h incubation were analyzed by immunoblotting. One

representative experiment and quantification of 4 independent ex-

periments are shown.Mean ± SEM; *p\ 0.05 by t test. eDetection of
MMP-2 in total cell lysates of DEP-1 -depleted or control SF4068 cell

lines by immunoblotting. Mean of 4 independent experiments ± SEM;

**p\ 0.01 by t test

J Neurooncol (2015) 122:451–459 453

123



were washed three times with water. Non-migrated cells on

the upper side of the membrane were removed with a cotton

swab.Migrated cells on the bottomsideof themembranewere

quantified by taking microscopic images of the whole mem-

brane, then counting the cells on those images.

Statistics

Statistical analysis was performed using SigmaPlot 11.0

software. Data are shown as mean ± standard error of mean

(SEM), and were analyzed for statistically significant differ-

ences by two-tailed t test, or one-way or two-way ANOVA

with all pairwisemultiple comparisonprocedure (Holm-Sidak

method), as specified in the respective figure legends. Dif-

ferences with p\ 0.05 are indicated as significant.

Results

DEP-1 loss causes MMP-9 upregulation in meningioma

cells

We have previously observed that loss of the PTP DEP-1/

PTPRJ occurs in a fraction of human meningiomas, and its

recapitulation by shRNA-mediated depletion in menin-

gioma cell lines revealed an inhibitory role of DEP-1 for

meningioma cell motility. Moreover, DEP-1 depleted cells

exhibited an invasive potential in an orthotopic xeno-

transplantation model in mice [13]. The basis for enhanced

invasion was not explored in the previous study. We con-

sidered the possibility that DEP-1/PTPRJ loss may cause

alterations in the expression of genes, which are known to

relate to invasive properties and motility of cells. We

employed the meningioma cell line SF4068 [14] to screen

for such genes. This cell line expresses DEP-1/PTPRJ and

also has intact NF2. It was therefore of interest to explore

also a possible combined effect of DEP-1 loss with NF2/

merlin loss. A set of cell line pools with depletion of DEP-

1, NF2, or both—and a control cell pool harboring non-

targeting shRNA vectors only—was obtained by lentiviral

transduction and appropriate selection (Fig. 1a). For RNA

extraction, cell cultures with similar cell densities were

used, since both DEP-1 and NF2 are reportedly regulated

by cell density in several cell types. Expression profiling

for 84 genes was done using the Human Cell Motility RT2

ProfilerTM PCR Array (Qiagen). Interestingly, DEP-1 de-

pletion led to the upregulation of only a few genes, most

prominently MMP-9, and, to a lesser extent, MMP-2.

Fig. 2 DEP-1 knockdown enhances expression of MMP-9, EGF and

FGF-2 in SF3061 meningioma cells. a Expression of MMP-9, MMP-2,

EGF and FGF-2 in SF3061 meningioma cells stably transduced with

DEP-1 shRNA or control shRNA expression constructs was measured

byqRT-PCR.Expression levelswere normalized to the expression of the

housekeeping gene GAPDH. Expression levels in DEP-1-depleted cells

are plotted relative to levels in the control cells. Mean of 5 (for MMP-2,

EGF, FGF-2) or 4 (for MMP-9) independent experiments ± SEM;

*p\ 0.05; **p\ 0.01; ***p\ 0.001 by t test. b Detection of MMP-9

in cell culture supernatants of DEP-1-depleted or control SF3061 cell

lines by zymography. DEP-1-depleted and control SF3061 cells were

starved for 16 h and subsequently treated with either 10 ng/ml EGF,

100 ng/ml TNFa or 10 ng/ml EGF ? 100 ng/ml TNFa. Controls were
left untreated. Supernatants were collected after 24 h, concentrated and

analyzed by zymography
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Moreover, the genes encoding the growth factors EGF and

FGF-2 were also increased in mRNA expression (Elec-

tronic Supplementary Material, Supplementary Fig. S1).

These findings were confirmed by independent RT-qPCR

assays (Fig. 1b). In contrast to DEP-1 depletion, NF2

knockdown had little effect on expression of the genes in

the analyzed panel (Supplementary Fig. S1). To establish

regulation of MMP-expression on protein level, im-

munoblotting and zymography with gelatine-containing

SDS-PAGE gels was performed. MMP-9 protein levels in

conditioned media were robustly increased by DEP-1 de-

pletion, as seen in zymography (Fig. 1c). The available

antibodies for MMP-9 were not sufficiently sensitive in

immunoblotting (not shown). Consistent with the RNA

data, MMP-2 levels detected by zymography and blotting

were also increased, albeit only mildly (Fig. 1c–e). In ad-

dition to this, we detected increased MMP-9 (but not

MMP-2) mRNA and protein expression in the cell line

SF3061 (Fig. 2a, b) upon depletion of DEP-1.

We assessed sections of mouse brain too—these sec-

tions were derived from xenotransplantation experiments

of DEP-1 depleted MG-KT21 human meningioma cells

[13]—for MMP-9 expression by IHC. Tumors harboring a

non-targeting control shRNA did not reveal MMP-9 pro-

tein staining (Supplementary Fig. S2a). MMP-9 expression

was, however, clearly detectable in tumors grown from

DEP-1 depleted cells. It was confined to the cells in the

invasion front, whereas the—partially necrotic—center of

the invading tumor mass was negative (Supplementary Fig.

S2b). This MMP-9 expression pattern was reminiscent of

that in human invasive meningiomas (shown for compar-

ison in Supplementary Fig. S2c).

These findings show that, depending on the cellular

context, DEP-1 loss can upregulate MMP-9, and, depend-

ing on the cell context, MMP-2 in meningioma cells—

which may relate to the invasive phenotype of DEP-1 de-

ficient cells observed previously [13].

Growth factors and cytokines stimulate MMP-9

expression in meningioma cells

DEP-1 depletion in SF4068 and SF3061 cells also caused

upregulation of EGF and FGF-2 mRNA expression

(Figs. 1b, 2a). Production of EGF and FGF-2 by

Fig. 3 Growth factors, cytokines and DEP-1 knockdown enhance

expression of MMP-9 in SF4068 meningioma cells. a DEP-1 -

depleted (DEP-1/Ctrl) and control (Ctrl/Ctrl) SF4068 cells were

starved for 16 h and subsequently treated with either 100 ng/ml

TNFa, 100 ng/ml IL1b, 10 ng/ml EGF, 30 ng/ml FGF-2, 10 ng/ml

EGF ? 100 ng/ml TNFa, 10 ng/ml EGF ? 100 ng/ml IL1b, 30 ng/

ml FGF-2 ? 100 ng/ml TNFa or 30 ng/ml FGF-2 ? 100 ng/ml

IL1b. Controls were left untreated. After 24 h incubation RNA was

extracted and MMP-9 mRNA expression was measured by qRT-PCR.

Expression levels were normalized to the expression of the

housekeeping gene GAPDH. Expression levels in DEP-1 -depleted

cells are plotted relative to levels in the control cells. Mean of three

independent experiments ± SEM is shown. *p\ 0.05; **p\ 0.01

by two-way ANOVA. §§§ The difference in MMP-9 expression

between the series of DEP-1 depleted cells versus control cells was

highly significant (p\ 0.001). (b) Zymographic detection of MMP-9

in supernatants of DEP-1 -depleted (D/C) and control (C/C) SF4068
cells. Cells were treated as described in (a), supernatants were

collected after 24 h, concentrated and analyzed by zymography. One

representative out of 3 independent experiments is shown
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meningiomas has previously been reported [15, 16]. It

appeared possible that these growth factors may play a role

in MMP induction. Stimulation of MMP-9 expression by

growth factors and cytokines has been described in fi-

broblasts, different brain tumor cells and epithelial cancer

cells [17–19]. Activation of NFjB and ERK1/2 were im-

plicated in the induction [17, 19]. Therefore, we tested the

effect of EGF and FGF-2, as well as the inflammatory

cytokines TNFa and IL1b, on MMP mRNA expression in

SF4068 cells. As shown in Fig. 3a, all factors tended to

increase the MMP-9 expression in control cells, while also

further enhancing MMP-9 expression in DEP-1 depleted

cells. Due to the large variation of the magnitude of re-

sponses in individual experiments, these effects were,

however, only partially statistically significant when indi-

vidually normalized experiments were analyzed (Supple-

mentary Figure S3). These findings could qualitatively be

recapitulated in zymography assays, although the com-

bined enhancement effect of cytokines and growth factors

was quite variable (Fig. 3b). A trend of cytokine-mediated

stimulation of MMP-9 levels could also be detected by

zymography in SF3061 cells (Fig. 2b). In contrast, little

stimulation of MMP-2 protein levels could be detected by

any of the growth factor- or cytokine-treatments in any of

the tested cell lines (Supplementary Fig. S4 and data not

shown). Small differences of signals and relatively high

background unfortunately precluded a quantitative assess-

ment of these experiments. Still, taken all findings together,

growth factor and cytokine exposure tend to increase

MMP-9 expression in meningioma cells, and may further

enhance the effect of DEP-1 loss.

DEP-1 deficiency has been shown to stimulate growth

factor signaling in meningioma and other cell types, in-

cluding EGF and FGF signaling [13, 20, 21]. However,

DEP-1 has not previously been implicated in NFjB sig-

naling. Given that both signaling axes can contribute to

MMP-9 induction, we intended to differentiate whether

DEP-1 depletion would affect growth factor or cytokine

signaling pathways, or both. Thus, we assessed the effects

of well characterized signaling inhibitors on MMP-9 ex-

pression and its increase by DEP-1 depletion. As Fig. 4

illustrates, inhibitors of EGF receptor (Gefitinib), FGF re-

ceptor (PD173074), and the downstream mediators PI3 K

(phosphoinositide 3-kinase; LY294002) and MEK (MAP/

ERK-kinase; UO126) all tended to attenuate basal MMP-9

expression in SF4068 cells (although effects did not reach

significance); whereas the IKK (inhibitor of NFjB-kinase)
inhibitor BMS-345541, which blocks NFjB activation,

apparently had less effect. MMP-9 induction by DEP-1

depletion was significantly affected by all inhibitors except

Gefintinib. The strongest effect on MMP-9 induction by

DEP-1 depletion was exerted by LY294002. Taken to-

gether, these experiments suggest that, primarily, growth

factor/receptor-tyrosine kinase (RTK) signaling—notably

PI3 K activation—contributes to both basal and DEP-1-

loss mediated MMP-9 upregulation in this meningioma cell

line. A (weaker) modulation of NFjB signaling may ad-

ditionally contribute to MMP-9 regulation by DEP-1

deficiency.

Effects of DEP-1 loss, growth factors and cytokines

on meningioma cell invasion

It appeared reasonable that the increased MMP expression

described above would translate into enhanced invasive

properties of the meningioma cells. This was tested in in-

vasion assays, using matrigel-coated membranes. We lim-

ited the analysis of growth factor and cytokine effects to

EGF and the cytokine TNFa. As shown in Fig. 5a and b,

DEP-1 loss led to a robust increase in cell migration

through matrigel, consistent with the pronounced

upregulation of MMPs under these conditions. EGF

stimulated basal invasion and tended to further enhance

invasion of DEP-1 depleted cells. TNFa was ineffective as

a sole treatment. In some experiments, the combination of

EGF and TNFa was more potent than the single factors.

Overall, the invasive behavior of the meningioma cells

Fig. 4 MMP-9 expression in SF4068 meningioma cells is reduced by

various signal transduction inhibitors. DEP-1 -depleted (DEP-1/Ctrl)
and control (Ctrl/Ctrl) SF4068 cell lines were serum starved for 8 h,

followed by a treatment with 0.1 % DMSO (solvent control), 2 lM
BMS-34551, 2 lM Gefitinib, 25 lM LY294002, 1 lM PD173074 or

10 lM UO126 for 16 h. RNA was isolated and mRNA expression of

MMP-9 was measured by qRT-PCR. Expression levels were

normalized to the expression of the housekeeping gene GAPDH.

Expression levels in DEP-1 depleted cells are plotted relative to levels

in the control cells. Mean of 3 independent experiments ± SEM.

*p\ 0.05; **p\ 0.01; ***p\ 0.001 by two-way ANOVA;

#p\ 0.05; ##p\ 0.01; ###p\ 0.001 for comparisons relative to

DMSO-treated cells. §§§The difference in MMP-9 expression between

the series of DEP-1 depleted cells versus control cells was highly

significant (p\ 0.001)
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largely correlated with the expression level of MMP-9 as

seen through mRNA analyses and zymography; with the

exception that exposure to TNFa alone was incapable of

stimulating invasion.

Discussion

MMP expression has been linked with the invasive be-

havior and recurrence of meningioma [11, 12]. This study

expands knowledge of this phenomenon in two directions:

1. Loss of the PTP DEP-1, which occurs in a significant

fraction of human meningioma, drives upregulation of

MMP-9 (and to a lesser extent MMP-2). MMP-9 induction

may underlie the invasive phenotype of DEP-1 depleted

cells previously shown in an orthotopic xenotransplantation

model [13]. 2. Inflammatory cytokines and the growth

factors EGF and FGF-2 also tended to enhance MMP-9

expression in meningioma cells. Elevation of MMP-9 ex-

pression was correlated with promoting an invasive phe-

notype in vitro, and may indicate the importance of

inflammatory conditions for meningioma invasion in vivo.

Of interest, depletion of NF2 in the meningioma cell

lines did not increase expression of MMP-9 (Supplemen-

tary Fig. S1) or any other of the analyzed motility associ-

ated genes (not shown). This finding may correspond with

the known lack of correlation of NF2 status and menin-

gioma invasiveness [1].

An initial analysis of the signaling pathways involved in

induction of MMP-9 expression by DEP-1 depletion with

pharmacological inhibitors, revealed a role of typically

growth factor-induced signaling. The best inhibitor of

MMP-9 induction was LY294002, a PI3 K inhibitor. Also,

interference with ERK/MAPK signaling by inhibition of

the upstream kinase MEK, and direct inhibition of FGF

receptor tyrosine kinases with PD173074, reduced MMP-9

Fig. 5 DEP-1 knockdown and MMP-9-inducing factors enhance

invasiveness of SF4068 meningioma cells. DEP-1 -depleted (DEP-1/
Ctrl) and control (Ctrl/Ctrl) SF4068 cell lines were seeded in

matrigel coated migration inserts in serum-free medium. Bottom

chambers were filled with serum-free medium containing 10 ng/ml

EGF, 100 ng/ml TNFa, 10 ng/ml EGF ? 100 ng/ml TNFa or no

stimulant. After 24 h incubation, cells were fixed and stained with

crystal violet. Non-invasive cells on the upper side of the membrane

were removed and invasive cells on the bottom side of the membrane

were counted. For each condition, duplicates were measured. a Mean

of three independent experiments ± SEM. *p\ 0.05 by t test;

#p\ 0.05 by t test relative to unstimulated cells. §§The difference

in invasion between the series of DEP-1 depleted cells versus control

cells was significant as tested by two-way ANOVA (p\ 0.015).

b One representative microscopic image per condition of one

representative experiment is shown
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induction by DEP-1 depletion. These observations are

consistent with the possibility that DEP-1 depletion causes

MMP-9 upregulation, primarily, via enhancement of RTK

signaling. Indeed, DEP-1 has previously been shown to

negatively regulate several RTKs [13, 20] and also specific

downstream steps, including PI3 K activation [22] and

ERK1/2 activation [23]. Assessment of the regulation of

EGF and FGF receptor signaling by DEP-1 in meningioma

cells will be of interest to better characterize the pathways

for MMP-9 upregulation. Since expression of EGF and

FGF-2 were also found upregulated in DEP-1 depleted

cells, the possibility of an autocrine circuit in MMP-9 in-

duction merits attention.

Several promoter elements, such as AP-1 binding sites,

an AP-2 site, an Ets consensus binding site and an NFjB
binding site, have been previously shown to be involved in

MMP-9 transcriptional regulation [17, 24–28]. Interest-

ingly, a synergistic upregulation of MMP-9 expression by

growth factors and inflammatory cytokines has been ob-

served in rabbit aortic smooth muscle cells [29] and dermal

fibroblasts [17]. For this synergistic MMP-9 upregulation,

transcription factor binding to the proximal AP-1 site and

the NFjB site were involved; with, neither AP-1 nor NFjB
activation alone being sufficient for synergistic regulation

[17]. Our findings in meningioma cells are consistent with

such a mechanism of MMP-9 expression control.

Elevated expression of MMP-9 by DEP-1 depletion, or

cytokine and growth factor treatment qualitatively corre-

lated with enhanced invasion through matrigel in vitro.

TNFa stimulation alone was, however, insufficient to

promote invasion in this assay, in contrast to EGF as single

agent. It is conceivable that invasion may require both a

motogenic stimulus and the promotion of MMP expression.

TNFa tended to elevate MMP-9 induction, but may be

ineffective in stimulating migration.

Few studies have addressed the possible role of inflam-

matory cytokines for meningioma recurrence and invasion.

For example, early studies showed responses of meningioma

cells in vitro to IL1 stimulation in terms of IL6 production

[30]; also, the presence of CD70/CD27 ligand, a relative of

TNFa, has been demonstrated in ameningioma cell line [31].

Recently, the cytokine MIF—a potent activator of NFjB—
and upregulation of MMP-9 have been linked with menin-

gioma recurrence [32]. Clearly, further investigation of this

issue is highly warranted.
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