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Abstract 

Transforming growth factor (TGF)-β1, a cytokine released into the 

cerebrospinal fluid (CSF) after intraventricular hemorrhage (IVH), 

stimulates the expression of the components of the extracellular matrix 

(ECM), which causes progressive ventricular dilatation by impaired CSF 

absorption.  Matrix metalloproteinase-9 (MMP-9), a proteinase involved in 

the removal of ECM proteins, has been shown to contribute to the resolution 

of progressive ventricular dilation after IVH.  The aim of this study is to 

clarify the mechanism by which MMP-9 is expressed following IVH.  

Cultured human meningeal cells were treated with human recombinant 

TGF-β1.  RT-PCR demonstrated that TGF-β1 induced MMP-9 expression in 

the meningeal cells in a dose-dependent manner.  The TGF-β1-induced 

MMP-9 expression was attenuated in the presence of either MEK or Smad 3 

inhibitor.  Our data indicated that MMP-9 is released into the CSF from 

meningeal cells in response to TGF-β1, most probably through the activation 

of ERK and Smad pathways. 
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Posthemorrhagic hydrocephalus (PHH) is the most serious 

complication of intraventricular hemorrhage (IVH) in extremely low birth 

weight infants (ELBWIs).  A shunt operation is the only definitive therapy 
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for PHH; however, an early shunt operation is not usually feasible because of 

the small size and instability of the patients.  Therefore, alternative 

approaches are required to treat infants with PHH.  Approximately 35% of 

infants with a large IVH develop slowly progressive ventricular dilation [1].  

Of these, approximately 15% of the infants require a shunt operation; 

however, the remaining 85% of the infants exhibit a resolution of ventricular 

dilation without a shunt operation [1].  The mechanisms for this remain 

unknown.  Thus, elucidating the intrinsic mechanism underlying the 

resolution of ventricular dilation will contribute to the development of a 

novel treatment strategy for PHH.   

Transforming growth factor (TGF)-β1, a cytokine released into the 

cerebrospinal fluid (CSF) after IVH, is considered to play an important role 

in the pathogenesis of PHH [2].  This cytokine causes progressive 

ventricular dilation by stimulating the expression of the components of the 

extracellular matrix (ECM) [3].  In contrast, the removal of ECM is 

mediated by matrix metalloproteinases (MMPs) [4].  We previously 
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measured MMP-9 activity in the CSF of infants with PHH and showed that 

there was higher MMP-9 activity in patients who avoided a shunt operation 

than in patients who required a shunt operation [5].  Thus, our earlier data 

may indicate that MMP-9 contributes to the resolution of progressive 

ventricular dilation after IVH.  However, the mechanism by which MMP-9 

is produced in the CSF of infants with PHH remains to be elucidated.  The 

aim of this study is to clarify the mechanism by which MMP-9 is expressed 

following IVH.  

Expression of MMP-9 has been shown to be regulated by various 

growth factors and cytokines, including TGF-β1 [6-9].  TGF-β1 stimulates 

the expression of MMP-9 in various human cell lines through the activation 

of mitogen-activated protein kinase (MAPK) and/or Smad pathways [6-9].  

These data suggest that TGF-β1 may not only play a role in the progression 

of PHH but also has a beneficial role in the resolution of PHH by enhancing 

MMP-9 expression.   

We hypothesized that meningeal cells may be a source of MMP-9 
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production because TGF-β1-mediated deposition of the ECM proteins occurs 

in the channels of CSF absorption [3].  Here, we show that cultured human 

meningeal cells express MMP-9 in response to TGF-β1, most probably 

through the activation of the ERK1/2 and Smad signaling pathways.   

 

Materials and Methods 

Cell culture and treatment 

Human meningioma (HKBMM) cells (obtained from Dr. K. Ishiwata 

[10]) were used in this study because they have been shown to retain most 

characteristics of meningeal cells [11, 12].  The cells were cultured in 

Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal 

calf serum (FCS), 50 U/ml penicillin and 50 μg/ml streptomycin.  The cells 

were grown at 37˚C in an atmosphere of 5% CO2 and 95% air.   

HKBMM cells were seeded in 60 mm collagen type 1-coated dishes 

(Asahi Techno Corporation, Tokyo, Japan).  One day later, they were 

cultured for 24 hours in a serum-free medium before being treated with 
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recombinant human TGF-β1 (R&D Systems, Minneapolis, MN, USA).  To 

determine whether HKBMM cells produce MMP-9 in response to TGF-β1, 

the cells were treated at different concentrations (0, 0.2, 1 or 5 ng/ml) for 48 

hours.  They were then washed with ice-cold phosphate-buffered saline 

(PBS), scraped from the dish using a rubber scraper, and centrifuged at 5000 

rpm for 5 min at 4˚C.  The pelleted cells were stored at -80˚C until analyzed.  

To examine the effect of MAPK and Smad3 inhibitors on MMP-9 expression, 

TGF-β1 (5 ng/ml) was added 2 hours after incubation with the inhibitors, 

and the cells were incubated for 48 hours.  The inhibitors were used at the 

indicated concentrations as follows:  10 μM PD98059, a specific inhibitor of 

MEK; 10 μM SP600125, a specific inhibitor of JNK; 10 μM SB203580, a 

specific inhibitor of p38 MAPK; and 10 μM SIS3, a specific inhibitor of 

Smad3.  These inhibitors were purchased from Calbiochem (San Diego, CA, 

USA).  To examine the phosphorylation kinetics of ERK1/2 and Smad2, 

TGF-β1 (5 ng/ml) was added for 0, 15, 30, 60 and 120 min and 24 hours.  

The cells were then subjected to Western blot analysis.   
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RNA isolation and RT-PCR 

RNA extraction was performed using the RNase Micro Kit (Qiagen, 

Hilden, Germany) according to the manufacturer’s instruction.  RT-PCR 

was performed using SuperScript III First-Strand Synthesis System 

(Invitrogen, Carlsbad, CA, USA) for the generation of cDNA using equal 

amounts of total RNA.  The following primers were used:  for TGF-βRI, 

5’-CGTGCTGACATCTATGCAAT-3’ and 5’-AGCTGCTCCATTGGCATAC-3’, 

generating a 244-bp product [13]; for TGF-βRII, 

5’-TATGACTAGCAACAAGTCAGG-3’ and 

5’-TCCACCTGTGACAACCAGAAA-3’, generating a 318-bp product [14]; for 

MMP-9, 5’-GTGCTGGGCTGCTGCTTTGCTG-3’ and 

5’-GTCGCCCTCAAAGGTTGGAAT-3’, generating a 303-bp product [15]; for 

TIMP-1, 5’-AATTCCGACCTCGTCATCAGG-3’ and 

5’-ACTGGAAGCCCTTTTCAGAGC-3’, generating a 404-bp product [16]; and 

for GAPDH, 5’-CCAGCCGAGCCACATCGCTC-3’ and 
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5’-ATGAGCCCCAGCCTTCTCCAT-3’, generating a 360-bp product [17].  

The PCR products were visualized by ethidium bromide staining, following 

electrophoresis on 2% agarose gels.  The optical densities of the bands were 

quantified using an image analysis system with NIH Image-J software.   

 

Protein extraction and western blot analysis 

The pelleted cells were sonicated in 2% SDS and boiled for 5 min.  

The protein concentration in each sample was determined by BCA protein 

assay (Pierce, Rockford, IL, USA).  Equal amounts of protein were 

separated by SDS-PAGE before being transferred onto a nitrocellulose 

membrane.  The membranes were blocked in PBS containing 5% skim milk 

and 0.05% Tween-20 and incubated with primary antibodies overnight at 4˚C.  

The primary antibodies were purchased from Cell Signaling Technology 

(Beverly, MA, USA) and were used at the indicated dilutions as follows: 

anti-ERK1/2 (1:1000), anti-phospho-ERK1/2 (1:250), anti-Smad2/3 (1:500) 

and anti-phospho-Smad2 (1:500).  Incubation with peroxidase-conjugated 
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anti-rabbit IgG (Sigma, St. Louis, MO, USA) was performed at room 

temperature for 60 min.  A signal was detected by enhanced 

chemiluminescence (GE Healthcare, Uppsala, Sweden), and the optimal 

densities of the bands were then quantified as described above.   

 

Statistical analysis 

 All experiments were performed at least three times with 

reproducible results.  Data are presented as mean ± SD.  The statistical 

significance of the data was analyzed using repeated-measures ANOVA and 

Dunnett’s test.  Statistical values of p < 0.05 were considered to be 

significant.   

 

Results 

TGF-β1 increases MMP-9 expression in meningeal cells 

We first examined whether TGF-β1 receptors are expressed in the 

HKBMM cells.  RT-PCR revealed that the cultured HKBMM cells express 
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TGF-β1 receptor I and II (Figure 1A).  To examine the effect of TGF-β1 on 

MMP-9 expression, HKBMM cells were treated with rh-TGF-β1 (0-5 ng/ml) 

for 48 hours in a serum-free condition.  TGF-β1 increased MMP-9 

expression in HKBMM cells in a concentration-dependent manner (Figure 

1B), while no changes in the expression of TIMP-1, the specific inhibitor of 

MMP-9, was observed (Figure 1C).   

 

TGF-β1-induced MMP-9 expression was attenuated by inhibition of ERK1/2 

and Smad3 

 TGF-β1 has been demonstrated to induce the expression of MMP-9 

in various human cell lines through the activation of MAPK or Smad 

pathways [6-9].  To elucidate the signaling pathway responsible for 

TGF-β1-induced MMP-9 expression in HKBMM cells, several inhibitors 

specific to the candidate signaling molecules were used.  RT-PCR 

demonstrated that the inhibitors of MEK (PD98059) and Smad3 (SIS3) 

significantly attenuated TGF-β1-induced MMP-9 expression (Figure 2A), 
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while the inhibitors of JNK (SP600125) and p38 MAPK (SB203580) had no 

effect (Figure 2B).  Thus, these results suggested that TGF-β1 induced 

MMP-9 expression in meningeal cells through the activation of ERK1/2 and 

Smad3.   

 

TGF-β1 treatment leads to phosphorylation of ERK1/2 and Smad2 

 To further confirm the effect of TGF-β1 on the activation of the 

ERK1/2 and Smad signaling pathways, the activation of the ERK1/2 and 

Smad2 was examined in TGF-β1-treated meningeal cells by western blot 

analysis using phosphorylation-dependent and phosphorylation-independent 

antibodies.  TGF-β1 induced the activation of ERK1/2 and Smad2 in the 

meningeal cells in a time-dependent manner, as evident from the finding 

that the phosphorylation of ERK1/2 and Smad2 increased in the meningeal 

cells treated with TGF-β1 (Figure 3A and B).   

 

Discussion 
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The present study demonstrated that MMP-9 is produced from 

human meningeal cells in response to TGF-β1.  Furthermore, this was 

mediated through the ERK1/2 and Smad signaling pathways.  There are 

conflicting reports about the role of TGF-β1 in regulating MMP-9 expression.  

TGF-β1 has been reported to stimulate the production of MMP-9 in human 

skin fibroblasts, keratinocytes and oral tumor cells [18, 19, 20], but it 

reduces the production of MMP-9 in human lung fibroblasts and 

myometrical smooth muscle cells [21, 22].  These results suggest that the 

effect of TGF-β1 on MMP-9 expression may be tissue- or cell-type specific.  

In this study, we demonstrated that TGF-β1 increased MMP-9 expression in 

HKBMM cells, which have been used as a model of human meningeal cells 

[11, 12].  Thus, it is possible that this TGF-β1-mediated MMP-9 expression 

in human meningeal cells may play a role in the arrest or resolution of PHH.   

 The TGF-β1 signaling pathway is a linear pathway that begins with 

type II receptor kinase activation, leading to type I receptor kinase 

activation and eventually Smad activation.  Following the ligand binding, 
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the type II receptor kinases phosphorylate and thereby activate the type I 

receptor cytoplasmic domains.  The activated type I receptor rapidly 

associates with and phosphorylates Smad2 and Smad3, which then form an 

oligometric complex with Smad4 [23, 24, 25].  In addition, TGF-β1 can also 

signal independently of Smad via the MAPK signaling pathway that 

includes ERK, JNK and p38 MAPK [26].  In this study, we demonstrated 

that treatment with the inhibitors of MEK and Smad3 significantly reduced 

the inductive effect of TGF-β1 on MMP-9 expression in HKBMM cells.  

These findings were further corroborated by western blot analysis for 

ERK1/2 and Smad2 using phosphorylation-specific antibodies.  TGF-β1 

activated the phosphorylation of ERK1/2 and Smad2 in the HKBMM cells in 

a time-dependent manner.  Thus, these findings suggested that the ERK 

and Smad pathways are both involved in TGF-β1-mediated MMP-9 

production in human meningeal cells.   

TGF-β1 has been shown to play an important role in the 

pathogenesis of PHH by stimulating the expression of ECM components [2, 
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3].  However, the suppression of TGF-β1 expression has failed to improve 

the degree of PHH in a neonatal animal model [27].  In this study, we 

demonstrated that TGF-β1 induces MMP-9 expression in meningeal cells.  

Taken together with our earlier report demonstrating that MMP-9 

contributes to the resolution of ventricular dilation following IVH [5], 

TGF-β1 may have a dual role in the progression and resolution of PHH.   

In conclusion, we showed that TGF-β1 induced MMP-9 expression 

in human meningeal cells, most probably through the activation of both the 

ERK1/2 and Smad signaling pathways.  It is premature to extend these in 

vitro findings to in vivo.  However, it is possible that MMP-9 is released into 

the CSF from meningeal cells in patients with PHH in response to TGF-β1, a 

cytokine that is released into the CSF after IVH.  If so, our findings may 

contribute to clarify the pathophysiology of PHH, leading to the development 

of a novel strategy for the treatment of PHH in ELBWIs.   

 

Acknowledgements 

 15 



 We sincerely thank Dr. Ishiwata for his generous gift of human 

meningioma (HKBMM) cells.   

 

References 
 

[1] Volpe JJ, Intracranial hemorrhage, in: Volpe JJ. Neurology of the 

Newborn, Philadelphia, Saunders, 2001, pp. 428-493.   

[2] Whitelaw A, Cherian S, Pople I, Transforming growth factor-β1: a 

possible signal molecule for posthemorrhagic hydrocephalus? Pediatr. Res. 

46 (1999) 576-580.   

[3] Whitelaw A, Cherian S, Thoresen M, Pople I, Posthaemorrhagic 

ventricular dilatation: new mechanisms and new treatment, Acta. Paediatr. 

Suppl. 444 (2004) 11-14.   

[4] Visse R, Nagase H, Matrix metalloproteinases and tissue inhibitors of 

metalloproteinases: structure, function, and biochemistry, Circ. Res. 92 

(2003) 827-839.   

[5] Okamoto T, Takahashi S, Nakamura E, Nagaya K, Hayashi T, Shirai M, 

 16 



Fujieda K, Matrix metalloproteinases in infants with posthemorrhagic 

hydrocephalus, Early. Hum. Dev. 84 (2008) 137-139.   

[6] Dziembowska M, Danilkiewicz M, Wesolowska A, Zupanska A, Chouaib S, 

Kaminska B, Cross-talk between Smad and p38 MAPK signaling in 

transforming growth factor β signal transduction in human glioblastoma 

cells, Biochem. Biophys. Res. Commun. 354 (2007) 1101-1106.   

[7] Safina A, Vandette E, Bakin AV, ALK5 promotes tumor angiogenesis by 

upregulation matrix metalloproteinase-9 in tumor cells, Oncogene. 26 (2007) 

2407-2422.   

[8] Sinpitaksakul SN, Pimkhaokham A, Sanchavanakit N, Pavasant P, 

TGF- β 1 induced MMP-9 expression in HNSCC cell lines via Smad/MLCK 

pathway, Biochem. Biophys. Res. Commun. 371 (2008) 713-718.   

[9] Tian YC, Chen YC, Chang CT, Hung CC, Wu MS, Phillips A, Yang CW, 

Epidermal growth factor and transforming growth factor-β1 enhance HK-2 

cell migration through a synergistic increase of matrix metalloproteinase 

and sustained activation of ERK signaling pathway, Exp. Cell. Res. 313 

 17 



(2007) 2367-2377.   

[10] Ishiwata I, Ishiwata C, Iguchi M, Soma M, Sato Y, Sonobe M, Kiguchi K, 

Tachibana T, Ishikawa H, Biological characteristics of cultured cells derived 

from various types of human brain tumors, Hum. Cell. 17 (2004) 117-124.   

[11] Rutka JT, Giblin BA, Dougherty BA, McCulloch JR, DeArmond SJ, 

Rosenblum ML, An ultrastructural and immunocytochemical analysis of 

leptomeningeal and meningioma cultures, J. Neuropathol. Exp. Neurol. 45 

(1986) 285-303.   

[12] Feurer DJ, Weller RO, Barrier functions of the leptomeninges: a study of 

normal meninges and meningiomas in tissue culture, Neuropathol. Appl. 

Neurobiol. 17 (1991) 391-405.   

[13] McCaffrey TA, Consigli S, Du B, Falcone DJ, Sanborn TA, Spokojny AM, 

Bush HL Jr., Decreased type II/type I TGF-β receptor ratio in cells derived 

from human atherosclerotic lesions. Conversion from an antiproliferative to 

profibrotic response to TGF-β1, J. Clin. Invest. 96 (1995) 2667-2675.   

[14] Sable DB, Yen J, Growth factor receptor messenger RNA expression in 

 18 



human fetal brain regions, Obstet. Gynecol. 86 (1995) 240-247.   

[15] Ueda M, Yamashita Y, Takahara M, Terai Y, Kumagai K, Ueki K, Kanda 

K, Hung YC, Ueki M, Gene expression of adhesion molecules and matrix 

metalloproteinases in endometriosis, Gynecol. Endocrinol. 16 (2002) 

391-402.   

[16] Carome MA, Striker LJ, Peten EP, Moore J, Yang CW, Stetler-Stevenson 

WG, Striker GE, Human glomeruli express TIMP-1 mRNA and TIMP-2 

protein and mRNA, Am. J. Physiol. 264 (1993) F923-929.   

[17] Lehmann J, Retz M, Harder J, Krams M, Kellner U, Hartmann J, 

Hohgrawe K, Raffenberg U, Gerber M, Loch T, Weichert-Jacobsen K, Stockle 

M, Expression of human beta-defensins 1 and 2 in kidneys with chronic 

bacterial infection, BMC. Infect. Dis. 2 (2002) 20.   

[18] Kobayashi T, Hattori S, Shinkai H, Matrix metalloproteinases-2 and -9 

are secreted from human fibroblasts, Acta. Derm. Venereol. 83 (2003) 

105-107.   

 19 



[19] Salo T, Lyons JG, Rahemtulla F, Birkedal-Hansen H, Larjava H, 

Transforming growth factor-beta 1 up-regulates type IV collagenase 

expression in cultured human keratinocytes, J. Biol. Chem. 266 (1991) 

11436-11441.   

[20] Dang D, Yang Y, Li X, Atakilit A, Regezi J, Eisele D, Ellis D, Ramos DM, 

Matrix metalloproteinases and TGFbeta1 modulate oral tumor cell matrix, 

Biochem. Biophys. Res. Commun. 316 (2004) 937-942.   

[21] Eickelberg O, Kohler E, Reichenberger F, Bertschin S, Woodtli T, Erne P, 

Perruchoud AP, Roth M, Extracellular matrix deposition by primary human 

lung fibroblasts in response to TGF-®1 and TGF-®3, Am. J. Physiol. 276 

(1999) L814-824.   

[22] Roberts AB, Sporn MB, Physiological actions and clinical applications of 

transforming growth factor-beta (TGF-beta), Growth. Factors. 8 (1993) 1-9.   

[23] Derynck R, Zhang Y, Feng XH, Smads: transcriptional activators of 

TGF-beta responses, Cell. 95 (1998) 737-740.   

 20 



[24] Massague J, TGF-beta signal transduction, Annu. Rev. Biochem. 67 

(1998) 753-791.   

[25] Derynck R, Zhang YE, Smad-dependent and Smad-independent 

pathways in TGF-beta family signaling, Nature. 425 (2003) 577-584.   

[26] Massague J, Blain SW, Lo RS, TGFbeta signaling in growth control, 

cancer, and heritable disorders, Cell. 103 (2000) 295-309.   

[27] Aquilina K, Hobbs C, Tucker A, Whitelaw A, Thoresen M, Do drugs that 

block transforming growth factor beta reduce posthaemorrhagic ventricular 

dilatation in a neonatal rat model? Acta. Paediatr. 97 (2008) 1181-1186.   

 

Figure legends 

Figure 1: TGF-β1 induces MMP-9 expression in human meningioma 

(HKBMM) cells but dose not affect TIMP-1 expression.  (A) TGF-β receptor 

type I (TGF-βRI) and type II (TGF-βRII) are expressed in HKBMM cells, as 

shown by RT-PCR on RNA extracted from cultured HKBMM cells.  (B and 

C) RT-PCR revealed that MMP-9, but not TIMP-1, expression is induced by 
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TGF-β1 in a concentration-dependent manner in HKBMM cells.  In the bar 

graphs, quantitative results indicate the levels of MMP-9 and TIMP-1 mRNA 

relative to those in an untreated condition, and are shown as mean ± SD (n = 

3).  Data are expressed in arbitrary units.  These data were analyzed using 

repeated-measures ANOVA and Dunnett’s test and considered to be 

significantly different when p < 0.05.   

 

Figure 2: TGF-β1-induced MMP-9 expression in human meningioma 

(HKBMM) cells is mediated by the activation of the ERK and Smad 

pathways.  Cell signaling pathways involved in TGF-β1-induced MMP-9 

expression were examined by RT-PCR on RNA extracted from 

TGF-β1-treated HKBMM cells with or without MAPK and Smad inhibitors.  

HKBMM cells were treated with TGF-β1 (5 ng/ml) for 48 hours in the 

presence or absence of MAPK inhibitors: 10 μM of the MEK inhibitor 

PD98059; 10 μM of the JNK inhibitor SP600125; 10 μM of the p38 inhibitor 

SB203580 (A); and of 10 μM of the Smad3 inhibitor SIS3 (B).  
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TGF-β1-induced MMP-9 expression is attenuated in the presence of MEK or 

Smad3 inhibitors, but not in the presence of JNK and p38 MAPK inhibitors.  

In the bar graphs, quantitative results indicate the levels of MMP-9 mRNA 

relative to those in an untreated condition, and are shown as mean ± SD (n = 

3).  Data are expressed in arbitrary units.  These data were analyzed using 

repeated-measures ANOVA and Dunnett’s test and considered to be 

significantly different when p < 0.05.   

 

Figure 3: TGF-β1 activates the ERK and Smad signaling pathways.  

Cellular extracts were prepared from human meningioma cells treated with 

TGF-β1 (5 ng/ml) for different periods of time up to 24 hours and subjected to 

immunoblotting to examine the phosphorylation state of ERK1/2 and Smad2 

using phospho-ERK1/2 (A) and phospho-Smad2 antibodies (B).  The results 

are representative of at least three independent experiments and indicate 

that phosphorylation of ERK1/2 and Smad2 increased in the meningioma 

cells treated with TGF-β1.  It was determined that equal amounts of protein 
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were loaded on the gels by using total ERK1/2 and total Smad 2/3 antibodies, 

respectively.   
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