Calcif Tissue Int (2006) 78:285-292
DOLI: 10.1007/s00223-005-0092-x

cified
1ssue
nternational

© 2006 Springer Science+Business Media, Inc.

Tissue Inhibitor of Matrix Metalloproteinase-1 Suppresses Apoptosis
of Mouse Bone Marrow Stromal Cell Line MBA-1

L.-J. Guo, X.-H. Luo, H. Xie, H.-D. Zhou, L.-Q. Yuan, M. Wang, E.-Y. Liao

Institute of Endocrinology and Metabolism, Second Xiangya Hospital of Central South University, 86 Middle Renmin Road, Changsha,

Hunan 410011, People’s Republic of China

Received: 18 April 2005 / Accepted: 16 February 2006 / Online publication: 10 May 2006

Abstract. We investigated the action of tissue inhibitor
of metalloproteinase-1 (TIMP-1) on apoptosis and dif-
ferentiation of mouse bone marrow stromal cell line
MBA-1. TIMP-1 did not affect alkaline phosphatase
(ALP) activity, suggesting that it is not involved in
osteoblastic differentiation in MBA-1 cells. However,
TIMP-1 inhibited MBA-1 apoptosis induced by serum
deprivation in a dose-dependent manner. Our study also
showed increased Bcl-2 protein expression and de-
creased Bax protein expression with TIMP-1 treatment.
TIMP-1 decreased cytochrome ¢ release and caspase-3
activation in MBA-1 cells. TIMP-1 activated phospha-
tidylinositol 3-kinase (PI3-kinase) and c-Jun N-terminal
kinase (JNK), and the PI3-kinase inhibitor LY 294002 or
the JNK inhibitor SP600125 abolished its antiapoptotic
activity. To investigate whether antiapoptotic action of
TIMP-1 was mediated through its inhibition on MMP
activities, we constructed mutant TIMP-1 by side-di-
rected mutagenesis, which abolished the inhibitory
activity of MMPs by deletion of Cysl to Ala4. Wild-
type TIMP-1 and mutant TIMP-1 expression plasmids
were transfected in MBA-1 cells, and results showed
that mutant TIMP-1 still protected the induced MBA-1
cell against apoptosis. These data suggest that TIMP-1
antiapoptotic actions are mediated via the PI3-kinase
and JNK signaling pathways and independent of TIMP-
1 inhibition of MMP activities.
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Tissue inhibitors of metalloproteinases (TIMPs) are the
natural protease inhibitors of matrix metalloproteinases
(MMPs), which belong to a family of endopeptidases
marked by their ability to degrade extracellular matrix
[1-4]. In the TIMP family, TIMP-1 is the predominant
form expressed by bone cells [2]. Recently, it was shown
that TIMP-1 overexpression increased bone density in
the mouse [5]. Although the ability of TIMP-1 to inhibit
MMP activation could be partially accounted for by
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increased bone density, the mechanism remains un-
known.

Besides the ability to inhibit the activity of MMPs,
TIMP-1 has additional physiological functions. Re-
cently, TIMP-1 has been shown to display antiapoptotic
activity on B cells, Burkitt’s lymphoma cell lines, a
breast cell line, and erythroid cells [6-9]. Studies have
shown that some biological activity of TIMP-1 appeared
to be a direct cellular effect mediated by cell-surface
“receptors” or “binding sites” and was independent of
their functions as MMP inhibitors [10, 11]. Liu et al. [12]
revealed that TIMP-1 inhibition of apoptosis in human
breast epithelial cells was involved in signaling related to
focal adhesion kinase (FAK) and mitogen-activated
protein kinase (MAPK), rather than in regulation of
cell-extracellular matrix interactions via MMP activity.
In a study on bone metabolism, Sobue et al. [3] dem-
onstrated that TIMP-1 directly stimulates the bone-
resorption activity of isolated mature osteoclasts at
physiological concentrations; this stimulatory action is
likely to be independent of TIMP-1’s ability to inhibit
MMPs.

Here, we investigated the action of TIMP-1 on
apoptosis and differentiation of the mouse bone marrow
stromal cell line MBA-1.

Materials and Methods
Antibodies and Reagents

We used the following antibodies and reagents: recombinant
human TIMP-1 (Calbiochem, San Diego, CA, USA); re-
combinant human bone morphogenetic protein-2 (BMP-2;
Peprotech Asia); DMEM (Sigma, St. Louis, MO, USA); fetal
bovine serum (FBS; GIBCO BRL, Grand Island, NY); anti-
mouse PB-actin polyclonal antibody (Sigma); anti-Bcl-2, Bax,
caspase-3, cytochrome ¢, phosphorylated phosphatidylinositol
3-kinase (p-PI3-kinase) p850, PI3-kinase p85a, phospho-c-Jun
N-terminal kinase (p-JNK), JNK, phospho-p38, p38,
phposphorylated extracellular signal-regulated kinase (p-
ERK)1/2, ERK1/2 antibody, antimouse immunoglobulin G
(IgG) peroxidase conjugate, and antirabbit IgG peroxidase
conjugate antibodies (Santa Cruz Biotechnology, Waltham,
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MA); antiphosphotyrosine monoclonal antibody (mAb) clone
4G10 (Upstate Biotechnology, Lake Placid, NY); immobilized
protein G-agarose beads (Pierce, Rockford, IL); alkaline
phosphate (ALP, Sigma); osteocalcin (OC), radioimmunoas-
say kit (DiaSorin, Stillwater, MN); and PD098059, SB203580,
LY294002, and SP600125 (Calbiochem).

Mouse Marrow Stromal Cell Line MBA-1 Cell Culture

The mouse bone marrow cell line MBA-1 was kindly provided
by Professor Shamay (Department of Histology and Cell
Biology, Sackler Faculty of Medicine, Tel Aviv University, Tel
Aviv, Israel). Benayahu et al. [13] showed that MBA-1 cells
constitutively express collagen I, noncollagenous proteins, and
ALP mRNA and can form primary mineralized bone. Matu-
ration of MBA-1 cells in vitro was accompanied by low
expression of mRNA for procollagen I or by a marked in-
crease in osteonectin and osteopontin mRNA levels [13]. Thus,
the ability to follow the expression of these genes through bone
formation in vitro has been demonstrated. Our study showed
the ability of mineralized matrix formation. Treatment with
mineralization medium [Dulbecco’s modified Eagle medium
(DMEM) containing 10% FBS and 50 pg/mL ascorbic acid +
10 mM B-glycerophosphate] began on culture day 4, and cells
were recultured for 21 days. Mineralization of cells was eval-
uated with 1% alizarin red stain after fixation in 95% ethanol.

MBA-1 cells were plated in a 25 cm? flask in phenol red-free
DMEM containing 10% FBS, 100 U/mL penicillin, 100 pg/mL
streptomycin, and 50 pg/mL ascorbic acid. The cells were
plated in culture plates for 1 day and then treated with vehicle,
dimethylsulfoxide (DMSO) or 200-1,000 ng/ml TIMP-1 for 48
hours in serum-free medium. The cells were harvested for
apoptotic analysis and Western blotting.

ALP Activity Assay

Cells were distributed in six-well plates at a density of 1 x 10°/
well for 1 day and then treated in the absence or presence of
200-1,000 ng/mL TIMP-1 for 48 hours in serum-free medium.
Cell layers were scraped into solution containing 20 mM Tris-
HCI (pH 8.0), 150 mM NacCl, 1% Triton X-100, 0.02% NaNj,
and 1 pg/mL aprotinin. After the lysates were homogenized by
sonication for 20 seconds, ALP activity was measured using an
ALP kit. To normalize the protein expression to total cellular
proteins, a fraction of lysate solution was used in a Bradford
protein assay.

Cell Apoptosis Measurement

Apoptosis was assessed directly by measurement of cytoplas-
mic nucleosomes (i.e., DNA complexed with histone in the
cytoplasm) using a Cell Death Detection enzyme-linked
immunosorbent assay (ELISA) kit (Roche, Mannheim, Ger-
many), according to the kit protocol. Briefly, cells were plated
at a density of 1 x 10*/well in 24-well plates for 1 day, followed
by culture in serum-free medium for 48 hours in the absence or
presence of 200-1,000 ng/mL TIMP-1 and 800 ng/mL TIMP-1
for 4-48 hours. The cell layers were rinsed with phosphate-
buffered saline (PBS) and extracted with 0.5 mL of lysis buffer
after a 30-minute incubation at 4°C. The cell lysates were then
centrifuged for 10 minutes at 15,000 rpm, and the aliquots of
aqueous supernatant were tested for apoptosis using the Cell
Death Detection kit.

We tested the effects of these signal inhibitors on apoptosis.
The cells were serum-deprived in the absence or presence of
800 ng/mL TIMP-1 for 48 hours and treated with various
inhibitors of signal transduction, 10 uM PD098059 (specific
inhibitor of ERK/MAPK), 10 uM SB203580 (specific inhibitor
of p38 kinase), 50 nM LY294002 (inhibitor of PI3-kinase), 20
uM SP600125 (JNK inhibitor II), or vehicle (DMSO), then
analyzed by Cell Death Detection ELISA.
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Western Blot Analysis

MBA-1 cells were plated in six-well plates for 1 day, followed
by culture in serum-free medium for 48 hours in the absence or
presence of 200-800 ng/mL TIMP-1. Cell layers were homo-
genated with Triton lysis buffer [SO mM Tris-HC1 (pH 8.0)
containing 150 mM NaCl, 1% Triton X-100, 0.02% NaN3, 10
mM ethylenediaminetetraacetic acid (EDTA), 10 pug/mL ap-
rotinin, and 1 pg/mL aminoethylbenzenesulfonyl fluoride
(ABSF)]. Lysates were centrifuged for 15 minutes at 12,000g to
remove debris. Protein concentrations were determined using
the Bradford protein assay. Protein from each cell layer
homogenate (40 pg) was loaded onto a 10% polyacrylamide gel
and transferred to a polyvinylidene difluoride (PVDF) mem-
brane. After blocking with 5% nonfat milk, membranes were
incubated with antimouse Bcl-2 mAb, antimouse Bax mAb, or
antirabbit caspase-3 antibody. The membrane was reprobed
with peroxidase-conjugated secondary antibodies. Blots were
processed using an enhanced chemiluminescence kit and ex-
posed to film, then analyzed by densitometry.
Phosphorylation levels of p38, ERK, and JNK were
examined by Western blot to evaluate the role of the MAPK
viability signal pathway. First, MBA-1 cells were treated with
800 ng/mL TIMP-1 for the desired times. Then, cells were
washed quickly with cold PBS containing 5 mM EDTA and
0.1 mM Na3;VOy, and lysed with a lysis buffer consisting of 20
mM Tris-HCI (pH 7.5), 150 mM NacCl, 1% Triton X-100, 10
mM NaH,PO,, 10% glycerol, 2 mM Na3;VO,, 10 mM NaF, 1
mM ABSF, 10 pg/mL leupeptin, and 10 pg/mL aprotinin.
Protein concentrations were determined using the Bradford
protein assay. Western blots were performed as above with
anti-p-JNK, JNK, p-p38, p38, p-ERK, and ERK antibodies.

Analysis of Cytochrome ¢ Release

Release of cytochrome ¢ from mitochondria into cytosol was
measured by Western blot. Briefly, cells were treated with or
without 200-800 ng/mL TIMP-1 and homogenated with Tri-
ton lysis buffer as described above. Cell lysates were centri-
fuged at 100,000g for 30 minutes to yield soluble cytosolic
fraction (supernatant). Supernatants were then subjected to
Western blot analysis as described above with antirabbit
cytochrome ¢ antibody.

Detection of PI3-Kinase Phosphorylation

Cells were lysed in a radioimmunoprecipitation assay buffer
[20 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
(HEPES, pH 7.4), 100 mM NacCl, 0.1% deoxycholic acid, 10%
Nonidet P-40, 1 mM EDTA, 1 mM ethyleneglycoltetraacetic
acid (EGTA), 10% glycerol, 1 mM phenylmethylsulfonyl
fluoride, 10 pg/mL aprotinin, 10 pg/mL leupeptin, I mM so-
dium vanadate, and 50 mM sodium fluoride] at 4°C for 30
minutes. Lysates were centrifuged for 15 minutes at 12,000g to
remove debris and immunoprecipitated using antiphosphoty-
rosine mAb clone 4G10 and immobilized protein G-agarose
beads. Immunoprecipitates were washed three times with ra-
dioimmunoprecipitation assay buffer and resolved by 8%
reducing sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis. Tyrosine-phosphorylated PI3-kinase proteins were
detected by Western blot using p-PI3-kinase p85a antibody.
The amount of immunoprecipitated protein was determined by
Western blot analysis using a primary antibody that recognizes
PI3-kinase p85a.

Plasmid Constructs and Transfection

Mouse wild-type full-length TIMP-1 cDNA (WT TIMP-1) was
constructed by polymerase chain reaction (PCR) using primers
5-GAAGCTTGCCACCATGATGGCCCCCTTT-3" and 5-
GGGATCCTCATCGGGCCCCAAGGGAT-3'. HindI1l sites
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were introduced to 5" ends and BamHI sites were introduced to
3" ends of the mouse full-length TIMP-1 cDNA. WT TIMP-1
was incubated with Taq polymerase and adenosine triphos-
phate for 30 minutes to add the A’s at the tail; the cDNA was
then cloned using pGEM-T vector systems (Promega, Madi-
son, WI). Mutant TIMP-1 cDNA (Mut TIMP-1) [14, 15], in
which Cysl-Sre2-Cys3-Ala4 was deleted to abolish the inhib-
iting activity of MMPs, was constructed by PCR using primers
5-CCACCCCACCCACAGACAGCCTTC-3" and 5-GGCC
TTACTGGAAGCTATCAG-3". The reaction was performed
using the pGEM-T vector as the template. DNA products
were phosphorylated by T4 polynucleotide kinase (Takara,
Otsu Shiga, Japan), and self-ligation of the linear DNA
product was then transformed in JM109. The WT and Mut
TIMP-1 fragments were excised from the pPGEM-T vector with
restriction enzymes BamHI and Hindlll. These fragments were
isolated by agarose gel electrophoresis, and the purified frag-
ments were ligated to pPCDNA3.1. DNA sequencing analysis
confirmed the fidelity of these constructs.

WT TIMP-1 and Mut TIMP-1 overexpressing clones were
produced through stable transfection. Briefly, the plasmids of
WT TIMP-1, Mut TIMP-1, and pCDNA3.1 control were
respectively transfected into MBA-1 cells using lipofectamine
2000 (Invitrogen, La Jolla, CA) according to the manufac-
turer’s protocol. Stably transfected cells were subjected to 400
ug/mL G418 antibiotic selection for 14 days, and at least six
colonies from each transfection were isolated for further
analysis. The overexpression of WT TIMP-1 and Mut TIMP-1
was confirmed by Western blot with anti-TIMP-1 antibody,
and levels of TIMP-1 in medium were measured using an
ELISA kit (Amersham, Piscataway, NJ). Apoptosis was as-
sayed by ELISA as above.

MMP Inhibition Study: WT TIMP-1 and Mut TIMP-1
Transfection

The inhibitory action of WT TIMP-1 and Mut TIMP-1 on
MMP activity was evaluated using an MMP-2 and MMP-9
activity assay system (Amersham). Briefly, medium of cultured
WT TIMP-1 and Mut TIMP-1 overexpressing clones was col-
lected and subjected to MMP-2 and MMP-9 activity analysis.

Statistical Analyses

Data are presented as means + standard deviation (SD).
Comparisons were made with one-way analysis of variance.
All experiments were repeated at least twice, and representa-
tive experiments are shown.

Results

Effect of TIMP-1 on ALP Activity in MBA-1 Cells

MBA-1 cells were cultured in medium containing 10%
FBS, 50 pg/mL ascorbic acid, and 10 mM -glycerol-
phosphate and formed the mineralization nodules on
culture day 21 (data not shown), showing that the cells can
differentiate into osteoblast-like cells. MBA-1 cells were
treated in the absence or presence of 200-1,000 ng/mL
TIMP-1 for 48 hours in serum-free medium. However,
TIMP-1 showed no effects on ALP activity (Table 1).

TIMP-1 Protected MBA-1 Cells against Serum
Deprivation-Induced Apoptosis

The results demonstrated that TIMP-1 inhibited MBA-1
apoptosis induced by serum deprivation in a time-
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Table 1. Effects of TIMP-1 on ALP activity in cultured
MBA-1 cells

ALP activity
[nmol/(min'mg protein)]

Control 12.5 £ 3.1
TIMP-1
400 ng/mL 14.1 £ 3.9
600 ng/mL 13.1 + 3.1
800 ng/mL 123 £ 4.3
1,000 ng/mL 104 + 3.8

MBA-1 cells were treated with vehicle or TIMP-1 at 400-1,000
ng/mL for 48 hours. Cell lysates were homogenized, and ALP
activity was measured using an ALP kit. Results are expressed
as means = SD (n = 5)

dependent manner (Fig. 1A). At 48 hours of culture,
apoptotic cells at 200 ng/mL TIMP-1 (1.36 £ 0.22
ELISA absorbance units) were fewer than in controls
(2.43 £ 0.25, P < 0.05) in a dose-dependent manner,
showing a maximal apoptotic effect at 800 ng/mL
(0.30 £ 0.16, P < 0.001) after 48 hours of incubation
(Fig. 1B). There were also statistically significant dif-
ference between the 200, 600, 800, and 1,000 ng/mL
TIMP-1 treatment groups.

Effect of TIMP-1 on Bcl-2 and Bax Protein Expression,
Cytochrome ¢ Release, and Caspase-3 Activity in MBA-1 Cells

Western blot was performed to examine the role of
TIMP-1 on Bcl-2 and Bax protein expression in MBA-1
cultures. TIMP-1 dose-dependently induced Bcl-2 pro-
tein expression but downregulated Bax protein expres-
sion (Fig. 2).

Cytochrome ¢ was released into cytoplasm in the
serum-free culture; however, release was inhibited after
addition of TIMP-1 (Fig. 2). Activated caspase-3 was
also markedly decreased in TIMP-1-treated cells
(Fig. 2).

TIMP-1 Activated JNK and PI3-Kinase Signaling Pathways in
MBA-1 Cells

TIMP-1 had no effect on p38 and ERK phosphoryla-
tion, whereas it enhanced the levels of phosphorylated
JNK1/2. This effect was observed at 5 minutes and
reached the maximal level of p-JNK1/2 at 30 minutes
after TIMP-1 treatment (Fig. 3A). The levels of p-PI3-
kinase in MBA-1 cells rapidly increased after 10 minutes
of TIMP-1 incubation (Fig. 3A). These data demon-
strated that TIMP-1 activated JNK and PI3-kinase
signaling pathways in MBA-1 cells.

TIMP-1-mediated cell apoptosis was reduced by
inhibitor of PI3 -kinase LY294002 in MBA-1 cells
(Fig. 3B). Similarly, inhibition of the MAPK pathway
reduced MBA-1 cell apoptosis in the presence of
SP600125 but not in the presence of PD98059 and
SB203580.
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Fig. 1. Effect of TIMP-1 on MBA-1 cell apoptosis by Cell
Death ELISA Detection. Cells were exposed to 800 ng/mL
TIMP-1 for 448 hours and to 200-1,000 ng/mL TIMP-1 in
serum-free medium for 48 hours. Apoptosis was assessed using
a Cell Death Detection kit and expressed as ELISA absor-
bance units. (A) Time-course effects of TIMP-1 on cell apop-
tosis. Dots represent the percentage viability at various time
points. “P < 0.05and **P < 0.001 compared with control. (B)
Dose-response effects of TIMP-1 on cell apoptosis. Bars rep-
resent means = SD (n = 6). "P < 0.05 and “P < 0.001
compared with control.

Effects of various inhibitors of signal transduction on
Bcl-2 and Bax expression by TIMP-1 were also evalu-
ated (Fig. 4). TIMP-1-induced Bcl-2 expression was re-
duced by LY294002 and SP600125 but not PD98059
and SB203580. The decreased Bax expression by TIMP-
1 was weakened in the presence of LY294002 and
SP600125 but not PD98059 and SB203580 (Fig. 4).

Effects of WT TIMP-1 and Mut TIMP-1 Transfection on
MMP Inhibitory Activity and Cell Apoptosis

Western immunoblot was performed to examine the
expression of TIMP-1 in the medium of transfection
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Fig. 2. Effects of TIMP-1 on Bcl-2 and Bax protein expres-
sion, cytochrome c¢ release, and caspase-3 activity in MBA-1
cells. Cells were exposed to 200-800 ng/mL TIMP-1 for 48
hours. Western blot analysis was performed using anti-Bcl-2,
-Bax, -cytochrome ¢, and -caspase-3 antibodies. The band
intensity of Bcl-2, Bax, cytochrome ¢, and active caspase-3
subunit was quantified by densitometry and is shown in
the corresponding bar graph as percentage of control
(mean = SD, n = 3). "P < 0.05 compared with control.

cells. WT TIMP-1 and Mut TIMP-1 were overex-
pressed in the medium compared to control (Fig. 5A).

Conditioned media were collected from the following:
vector-transfected MBA-1 cells (control), WT TIMP-1-
transfected MBA-1 cell clones 1 and 6 (WT TIMP-1 #1
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Fig. 3. Effects of TIMP-1 on MAPK (p38, ERK1/2, and
JNK) and PI3-kinase activation in MBA-1 cells and effects of
various inhibitors of signal transduction on TIMP-1-induced
MBA-1 apoptosis. (A) Effects of TIMP-1 on MAPK (p38,
ERK1/2, and JNK) and PI3-kinase activities in MBA-1 cells.
MBA-1 cells serum-starved for 48 hours were treated with or
without 800 ng/mL recombinant TIMP-1 proteins for 0, 5, 10,
30, and 60 minutes. Cell lysates (80 pg/lane) were subjected to
Western blot with anti-active ERK, JNK1/2, and p38 and anti-
ERK, -JNK1/2, and -p38 antibodies. Active p85 was immu-
noprecipitated from equal amounts of infected whole-cell ly-
sate (500 pg) using anti-p-PI3-kinase p85a. The amount of
immunoprecipitated protein was determined by Western blot
analysis using a primary antibody that recognizes PI3-kinase
p85a. (B) Effects of various inhibitors of signal transduction
on TIMP-1-induced MBA-1 apoptosis. MBA-1 cells were
cultured in serum-free medium as control (DMSO) or with 800
ng/mL recombinant TIMP-1 (T1), T1+50 nM LY294002,
T1+10 pM PD98059, T1+ 10 pM SB203580, or T1+20 uM
SP600125. After 48 hours of culture, cell apoptosis was
determined by Cell Death Detection assay. Shown are the
means + SD of triplicate experiments. "P < 0.05 vs. control,
#P < 0.05vs. TI.
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Fig. 4. Effects of various inhibitors of signal transduction on
Bcl-2 and Bax expression by TIMP-1. MBA-1 cells were cul-
tured in serum-free medium as control (DMSO) or with 800 ng/
mL recombinant TIMP-1 (T1), T1+ 50 nM LY294002, T1+ 10
UM PD98059, T1+ 10 uM SB203580, or T1-+20 uM SP600125.
After 48 hours of culture, Western blot analysis was performed
using anti-Bcl-2/-Bax antibodies. The band intensity of Bcl-2
and Bax was quantified by densitometry and is shown in the
corresponding bar graph as percentage of control
(mean = SD,n = 3).*P < 0.05vs. Control, "P < 0.05vs. T1.

and #6), and Mut TIMP-1-transfected MBA-1 cell
clones 2 and 8 (Mut TIMP-1 #2 and #8). These samples
were subjected to MMP-2 and MMP-9 activity via
ELISA. Overexpression of WT TIMP-1, but not of Mut
TIMP-1, dramatically decreased the levels of active
MMP-2 and MMP-9 (Fig. 5B). This demonstrated that
Mut TIMP-1, constructed by side-directed mutagenesis
through deletion from Cysl to Ala4, could abolish the
inhibitory activity of MMPs.

Similarly, compared with control, overexpression of
WT TIMP-1 enhanced MBA-1 cell viability. Mut
TIMP-1 overexpression, which abolished the inhibitory
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Fig. 5. Expression of WT TIMP-1 and Mut TIMP-1 in MBA-
1 cells, as well as WT TIMP-1 and Mut TIMP-1 effects on
MMP activity and on MBA-1 cell apoptosis. (A) Expression of
TIMP-1 in the medium of cultured stably transfected cells by
Western blot and ELISA. Bands were control, WT TIMP-1
#1, WT TIMP-1 #6, Mut TIMP-1 #2, and Mut TIMP-1 #8.
(B) Effects of WT TIMP-1 and Mut TIMP-1 expression on
MMP activity. Conditioned medium was collected and sub-
jected to MMP-2 and MMP-9 activity ELISA analysis. 7,
control; 2, WT TIMP-1 #1; 3, WT TIMP-1 #6; 4, Mut TIMP-1
#2; 5, Mut TIMP-1 #8. (C) Apoptosis was determined using
the Cell Death Detection kit in control, WT TIMP-1 overex-
pression cell clones 1 and 6 (WT TIMP 1 #1 and #6), and Mut
TIMP-1 overexpression cell clones 2 and 8 (Mut TIMP-1 #2
and #8) by culturing in serum-free medium for 48 hours.
Apoptosis was expressed as ELISA absorbance units. Bars
were control, WT TIMP-1 #1, WT TIMP-1 #6, Mut TIMP-1
#2, and Mut TIMP-1 #8. Bars represent means + SD
(n = 5). "P < 0.05 vs. control.

activity of MMP, still protected cells from apoptosis
(Fig. 5C).
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Table 2. Effects of TIMP-1 on ALP activity in cultured
MBA-1 cells

TIMP-1 (ng/mL)

Control 2.6 £ 0.9
WT TIMP-1 #1 184.0 £ 7.2
WT TIMP-1 #6 178.6 + 14.6
Discussion

We investigated the effects of TIMP-1 on osteoblastic
differentiation in cultures of MBA-1 cells. TIMP-1 had
no effects on ALP activity, suggesting that TIMP-1 had
no effect on MBA-1 cell differentiation. This finding was
consistent with previous data that the differentiation
and function of osteoblasts from TIMP-1 transgenic
mice were normal [5].

Recent studies demonstrated that TIMP-1 was in-
volved in bone metabolism and that TIMP-1 overex-
pression increased mouse bone density [5]. We have
shown that the mouse bone marrow stromal cell line
MBA-1 could be one of the direct targets of TIMP-1.
TIMP-1 protected MBA-1 cells against apoptosis via the
PI3-kinase and JNK signaling pathways. Additionally,
this action was independent of TIMP-s inhibitory action
on MMP activities.

Apoptosis is a tightly regulated physiological process
[16, 17]. In the present study, TIMP-1 induced expres-
sion of Bcl-2 protein and downregulated production of
Bax protein in MBA-1; it also blocked the release of
cytochrome ¢ and activation of caspase-3. This indicated
that the change in Bcl2/Bax correlates with the change in
apoptosis. It suggested that TIMP-1 inhibited MBA-1
cell apoptosis by regulating Bax/Bcl-2 expression, then
blocked the release of cytochrome ¢ and activation of
caspase-3.

We found that the antiapoptotic action of TIMP-1
was mediated via MAPK and PI3-kinase signaling
pathway activation. Here, we show that among the
MAPK family members, INK was effectively activated
in MBA-1 cells following treatment with recombinant
TIMP-1 proteins, whereas the same treatment showed
no effect on p38 kinase and ERK. TIMP-1 can activate
ERKSs in human osteosarcoma MG-63 cells, MCF10A
cells, and breast carcinoma T-47D cells [18-20]. JNK,
p38, and ERK function cooperatively or independently
in apoptosis and various other biological processes [21,
22]. Our data demonstrated that TIMP-1 mediated
MBA-1 cell viability through the JNK, but not the p38
or ERK, signaling pathway.

In addition to activation of JNK signaling, we dem-
onstrated that TIMP-1 protects MBA-1 cells against
apoptosis via PI3-kinase stimulation. PI3-kinase activity
plays an active role in mitogenic and antiapoptotic sig-
naling pathways [23]. It was shown that TIMP-1 pro-
tected human breast epithelial cells and erythroid cells



L.-J. Guo et al.: TIMP-1 Suppresses Apoptosis

against apoptosis via the FAK and PI3-kinase signaling
pathways [9, 12]. Our study suggests that the PI3-kinase
signaling pathway is important for the inhibition of
apoptosis by TIMP-1 in MBA-1 cells.

Furthermore, we found that the antiapoptotic action
of TIMP-1 was independent of its inhibitory action on
MMP activities. TIMP-1 is a classical inhibitor of me-
talloproteinases; thus, some of its biological effects are
likely mediated by inhibition of enzymatic activity [1, 4].
However, other data showed that some biological
activity of TIMPs appeared to be a direct cellular effect
mediated by cell-surface “‘receptors” or “‘binding sites”
and was independent of their functions as MMP inhib-
itors [10, 11]. We constructed Mut TIMP-1 by side-di-
rected mutagenesis, which abolished the inhibitory
activity of MMPs by deletion of Cysl to Ala4. It still
protected the induced MBA-1 cell against apoptosis.
This strongly suggests that the antiapoptotic activity of
TIMP-1 in MBA-1 cells is independent of its inhibition
of MMP activities.

The role of TIMP-1 in MBA-1 cell differentiation
and apoptosis may contribute partly to understanding
the role of TIMP-1 in bone metabolism. Recently, it
was shown that TIMP-1 overexpression increased bone
density in the mouse [5]. Although the ability of TIMP-
1 to inhibit MMP activation could be partially ac-
counted for by increased bone density, the mechanism
remains unknown. Using primary osteoblast culture,
the differentiation and function of osteoblasts from
transgenic TIMP-1 overexpressing mice were normal.
Our study also showed that TIMP-1 had no effects on
ALP activity in cultures of MBA-1 bone marrow
stromal cells. Our data demonstrated that TIMP-1
protected MBA-1 cells against apoptosis and may
contribute partly to the increased bone density in the
TIMP-1 overexpressing mouse. However, there are
limitations to using the stromal cell line since primary
stromal cell or osteoblast cultures were not performed.
It would be worth looking at apoptosis in TIMP-1
overexpressing mice to see whether what is reported in
this cell line occurs in vivo.

In conclusion, our study provides evidence that
TIMP-1 protected MBA-1 cells against apoptosis and
induced expression of Bcl-2 protein, downregulated
production of Bax protein, and blocked release of
cytochrome ¢ and activation of caspase-3. These TIMP-
1 antiapoptotic actions are mediated via the PI3-kinase
and JNK signaling pathways and independent of TIMP-
1 inhibitory action on MMP activities. These data may
contribute partly to the recent finding that TIMP-1
overexpression increases bone density in the mouse.
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