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Abstract
In more than 90 percent of cancers including glioma, telomere elongation reverse transcriptase
(hTERT) is overexpressed. In the present study, we sought to explore whether matrix
metalloproteinase-9 (MMP-9) shRNA could alter hTERT-mediated proliferation in glioma cells.
MMP-9 shRNA induced senescence and apoptosis in glioma cells by inhibiting hTERT expression
and telomere activity. MMP-9 silencing decreased oncogenic c-Myc expression (hTERT
activator), whereas the expression of the c-Myc antagonist MAD increased drastically (hTERT
repressor); both c-Myc and MAD are transcription factors for hTERT. In addition, MMP-9
suppression turns the switch from c-Myc/MAX to MAD/MAX heterodimer binding to the hTERT
promoter as determined by chromatin immunoprecipitation assay. We also show that silencing
MAD via siRNA restored hTERT expression and inhibited senescence in glioma cells. MMP-9
transcriptional suppression decreased the expression of FAK, phosphor FAK and β1 integrin in
glioma xenograft cells. Further, MMP-9 suppression decreased the interaction of β1 integrin/FAK
and also MMP-9/β1 integrin as confirmed by immunoprecipitation analysis. Studies with either
function blocking β1 integrin or FAK shRNA indicate that suppression of MMP-9 decreased β1
integrin-mediated induction of FAK, which led to decreased hTERT expression. Moreover, 4910
and 5310 glioma xenograft tissue sections from mice treated with MMP-9 shRNA showed reduced
expression of FAK/c-Myc and elevated MAD levels. Decreased co-localization of β1 integrin and
MMP-9 was associated with MMP-9-suppressed tumor sections. Further, immunoprecipitation
analysis showed decreased association of proteins involved in telomere end repair in MMP-9
shRNA-treated glioma cells. Elevated levels of p73 and TRAIL and the results of the FACS
analysis show induction of apoptosis in MMP-9-silenced glioma cells. Taken together, these data
provide new insights into the mechanisms underlying MMP-9-mediated hTERT expression in
glioma proliferation.
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1. Introduction
Tumor cell proliferation requires active telomerase activity with every cell division and to
attain immortalization. Telomerase is a ribonucleic-acid protein involved in adding telomere
repeats TTAGGG to linear chromosomes to maintain its stability. Telomerase is composed
of an internal telomerase RNA template and the enzyme human telomerase elongation
reverse transcriptase (hTERT). hTERT gene was overexpressed in more than 90 percent of
cancer cells, thereby contributing to cancer cell proliferation.

The c-Myc/MAX/MAD network of transcription factors are implicated in cell growth, cell
division and cell differentiation [1]. Expression of c-Myc proteins are involved in promoting
cell proliferation, whereas MAD acts as a c-Myc antagonist by inhibiting proliferation [1,2].
It is also demonstrated that the high binding efficiency of c-Myc//MAX and MAD/MAX
heterodimer to an E box element (CACGTG) acts as positive or negative switch for cell
proliferation, senescence and apoptosis. hTERT and cyclin D2 are a few of the target genes
regulated by this network [2]. Recent studies show that c-Myc/MAX or MAD/MAX binding
to the hTERT promoter E-box regulates its transcriptional expression or repression [3].
Grade IV gliomas show close to 100% telomerase activity compared to other lower grades
of gliomas, and normal brain cells show no activity.

Matrix metalloproteinase-9 (MMP-9) is a proteolytic enzyme that is overexpressed in most
cancers as compared to normal tissue. It regulates the tumor microenvironment and has been
shown to degrade structural components of the extracellular matrix such as integrins.
MMP-9 regulates various cancer cell characteristics such as cell growth, differentiation,
invasion, migration and apoptosis. Earlier studies and studies from our laboratory have
shown that downregulation of MMP-9 induced apoptosis and inhibited cancer cell
migration, invasion and proliferation by regulating the expression of MMP-9 and affecting
the downstream cellular signaling of integrins [4,5]. In an earlier study, we demonstrated
that MMP-9 shRNA in combination with uPAR/cathepsin B shRNA reduced proliferation
by inducing apoptosis in glioma xenograft cells with accumulated DNA damage (Ponnala et
al., under review).

hTERT is a catalytic subunit of telomerase and processes telomere ends, which are a form of
DSBs [6,7]. Lack of or insufficient telomerase and its activity have been associated with an
inability to process telomere ends, which contributes to genetic instability in the form of
DNA damage and induces senescence [8,9]. Previously, we have shown that MMP-9
downregulation induced senescence and apoptosis in medulloblastoma [10]. Here, in the
present study, we show that MMP-9 silencing induces senescence and apoptosis in glioma
xenograft cells via β1 integrin-mediated, FAK-induced hTERT expression.

2. Materials and Methods
2.1 Cell culture conditions

Glioblastoma xenograft cells (4910 and 5310) were kindly provided by Dr. David James
(University of California at San Francisco). Cells were generated and maintained in mice
and were highly invasive in the mice brain [11]. At 3 to 4 passages of xenograft cells from
mice, heterotrophic tumors were frozen. These frozen stocks were used for further
experimental studies up to the 10th passage to obtain consistent results. Xenograft cells were
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maintained in RPMI 1640 buffer supplemented with 10% FBS (Invitrogen Corporation,
Carlsbad, CA), 50 units/mL penicillin, and 50 μg/mL streptomycin (Life Technologies, Inc.,
Frederick, MD). Cell lines were maintained in a 37°C incubator with a 5% CO2 humidified
atmosphere. We used the following antibodies from Santa Cruz Biotechnology (Santa Cruz,
CA): hTERT, c-Myc, MAD, MAX, Ku80, ATM, POT1, EGFR, p73, p16, p18, FAK,
phospho FAK (Tyr 397), IgG and glyceraldehyde-3-phosphate dehydrogenase (GAPDH).
Antibody for TRAIL was purchased from Cell Signaling (Danvers, MA). We used species-
specific secondary antibodies conjugated to HRP, Alexa Fluor 488, and Alexa Fluor 595
(Invitrogen, Carlsbad, CA) in this study. All transfections were carried out using FuGene
HD transfection reagent according to the manufacturer’s instructions (Roche Applied
Science, Madison, WI).

2.2 Construction of shRNA-expressing plasmids and transfection conditions
Plasmid constructs containing shRNA against MMP-9 (pMMP-9), FAK (pFAK) and
scrambled vector (pSV) with an imperfect sequence were designed in our laboratory [12,13].
Xenograft cells at 70–80% confluence were transfected with plasmids expressing shRNA
against MMP-9, FAK or SV for 72 hours. pDNR-CMV vector expressing full length
MMP-9 (M-fl) plasmid was designed and constructed in our laboratory. MAD siRNA was
purchased from Santa Cruz Biotechnology, and transfection was carried out according to the
manufacturer’s instructions. For the inhibitor study, cells seeded in six-well plates were
treated with MAD siRNA according to the manufacturer’s instructions (Santa Cruz
Biotechnology, Santa Cruz, CA).

2.3 Cell proliferation and cell cycle analysis
BrdU incorporation assay was performed (Roche Diagnostics, Indianapolis, IN) according to
the manufacturer’s instructions. Clonogenic assay was carried out by seeding 500 cells in
100-mm plates after the transfection as described above, and survival fraction was calculated
based on the colony forming ability of cells after two weeks. Fluorescence activate cell
sorting (FACS) analysis was done 72 hours after transfection as described previously [14].
FACS analysis was carried out on at least 10,000 cells from each sample, and cell cycle data
were analyzed using a FACS Calibur flow cytometer (BD BioSciences, San Jose, CA).

2.4 Immunoblotting and immunoprecipitation assay
For Western blot analysis, equal amounts of protein fraction were resolved over SDS-PAGE
and immunoblotted with primary antibody followed by HRP-conjugated secondary
antibodies. Signals were detected using the ECL Western blotting detection system (Pierce,
Rockford, IL). Immunoprecipitation assays were carried out by incubating a minimum of
100–500 μg total cell lysate with antibody overnight at 4°C on a rotating shaker. Protein A/
G agarose beads (Miltenyi Biotec, Auburn, CA) were added to the above complex and
incubated on ice for 1 hour. Immunoprecipitates were eluted using μMac columns according
to the manufacturer’s instructions and were immunoblotted with appropriate primary and
secondary antibodies.

2.5 TRAP assay
Telomerase activity was measured in MMP-9-transfected and control glioma cells using the
PCR-based telomere repeat amplification protocol according to the manufacturer’s
instructions (TRAPeze kit, Chemicon, Temecula, CA). Briefly, the cell extracts of treated
and untreated samples were washed in PBS. The cell pellet (105 cells) was collected and
lyzed in 200 μL CHAPS lysis buffer. The suspension was mixed and incubated on ice for 30
min and then centrifuged at 14,000 rpm for 30 min. The resulting supernatant was aliquoted
and stored at −80°C. The TS primer in the kit served as a telomerase substrate. The cell
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extract from an individual sample was incubated at 37°C with TRAP reaction mixture for 30
min and followed by a three-step PCR (94°C for 30 sec, 50°C for 30 sec, and 72°C for 45
sec; total of 35 cycles). The PCR products were analyzed by 15% non-denaturing PAGE.
The gels were stained with ethidium bromide and visualized with a UV trans-illuminator.
Telomerase activities were quantified by comparing the mean band intensity of each lane
and with the control. The control mean band intensity was defined as 100% telomerase
positive. Appropriate positive and negative heat-inactivated cell extracts were set up with
test samples. Each experiment was carried out in triplicate.

2.6 SA-β-gal staining
Cells were seeded in six-well plates, transfected with pMMP-9, and SA-β-gal staining was
performed according to the manufacturer’s instructions (Cell Signaling, Danvers, MA).
Control and transfected cells were washed twice with PBS and fixed for 10 min at room
temperature in 37% formaldehyde. After washing, the cells were incubated at 37°C (without
CO2) overnight with freshly prepared 1 mg/mL concentration of β-gal stain. For each
sample, at least 200 cells were counted under the microscope. Each experiment was
performed in triplicate.

2.7 Reverse transcription-polymerase chain reaction (RT-PCR) analysis
Total RNA was extracted from transfected cells using TRIZOL reagent (Invitrogen, CA)
following standard protocol. RNA (1 μg) was used as a template for reverse transcription
reaction (Roche Applied Science, Indianapolis, IN) and followed by PCR analysis. We used
the following sequences for the forward and reverse primers:

Gene product (F: forward) Primer sequence 5′ to 3′ Gene product (R: reverse) Primer sequence 5′ to 3′

hTERT F gtgaccgtggtttctgtgtg hTERT R tcgcctgaggagtagaggaa

Max F gaacgaaaacgtagggacca Max R cttgctggtgtgtgtggttt

Madl1 F tgtcagcagaacttggatgc Madl1 R tttttgtgttgcaggtccag

c-MYC F cagatcagcaacaaccgaaa c-MYC R ggccttttcattgttttcca

TINF2 F ctgagcccatggaacagaat TINF2 R tccttatggcctcccctagt

RAP1 F gtctcactgcaccttcaatggca RAP1 R tggccctgctctttgccaact

TNKS2 F caaatgggctttcacacctt TNKS2 R gcttctcacaccattgagca

POT1 F ccttacgtgtttgggcatct POT1 R tttgtagccgatggatgtga

STAU1 F tcctctcagccacctctgat STAU1 R ctcccacacacagacattgg

TEP1 F cccaagtccctgaactgtgt TEP1 R acattgaaggccaaggtacg

DKC1 F atgtgcttgatgctcagtgg DKC1 R gcagattgcttctcctttgg

TRF1 F ggcagcggcaaaagtagtag TRF1 R gtcttgttgctgggttccat

TRF2 F gtacccaaaggcaagtggaa TRF2 R tgacccactcgctttcttct

Ku80 F tgacttcctggatgcactaatcgt Ku80 R ttggagccaatggtcagtcg

GAPDH F agccacatcgctcagacacc GAPDH R gtactcagcggccagcatcg

Reverse transcriptase PCR was set up using the following PCR cycle: 95°C for 5 min, (95°C
for 30 sec, 55–60°C for 30 sec, and 72°C for 30 sec) × 30 cycles, and 72°C for 10 min. PCR
products were resolved on a 1.6% agarose gel, visualized, and photographed under UV light.
All reactions were performed in triplicate.

2.8 Chromatin immunoprecipitation (ChIP) assay
ChIP assays were performed according to the manufacturer’s instructions (Roche Applied
Science, Madison, WI). In brief, cells (~2×106 cells/100-mm dish) were fixed by adding 20
mL of minimal essential medium with 0.54 μL of 37% formaldehyde prepared in 15%
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methanol. Then, cells were incubated for 10 min at room temperature (RT) on an end-to-end
rotor. The cells were washed once with ice-cold PBS. After preparing the lysates, 4 μg of
specific antibodies (c-Myc and MAD; Santa Cruz Biotechnology, Santa Cruz, CA) were
used to immunoprecipitate the protein-DNA complexes. Antibody controls were also
included for each ChIP assay; no precipitation was observed. The antibody/protein
complexes were collected using magnetic beads and processed further according to the
manufacturer’s instructions. The samples were treated with proteinase K for 1 hour, and the
DNA was purified by phenol/chloroform extraction and precipitated using ethanol. The
recovered DNA was resuspended in elution buffer and used as templates for PCR of TERT
or β-actin promoters. The following primers were used for PCR: hTERT promoter-sense, 5′-
AGCCCCTCCCCTTCCTTT-3′, and hTERT promoter-antisense, 5′-
AGCACCTCGCGGTAGTGG-3′; β-actin promoter-sense, 5′-
CCAACGCCAAAACTCTCCC-3′, and β-actin promoter-antisense, 5′-
AGCCATAAAAGGCAACTTTCG-3′. Initially PCR was performed with different numbers
of cycles or dilutions of input DNA to determine the linear range of the amplification; all
results shown fall within this range. Following 30 cycles of amplification, PCR products
were run on 2% agarose gels and analyzed by ethidium bromide staining.

2.9 Immunofluorescence
Cells grown in two-well chamber slides were washed with PBS, fixed with ice-cold
methanol, permeabilized with 0.3% triton X, and blocked with 2% BSA in PBS. Cells were
incubated with primary antibodies for either 2 hours at room temperature or overnight at
4°C, washed with PBS, and incubated with Alexa Fluor® conjugated secondary antibodies
for 1 hour at room temperature. Nuclei were counterstained with DAPI and analyzed under a
microscope (Olympus BX61 Fluoview, Minneapolis, MN).

2.10 Gelatin zymography
MMP-9 activity in the conditioned medium was determined by gelatin zymography. 4910
and 5310 human glioma xenograft cells were transfected with pSV, pMMP-9 and pFAK for
72 hours. Cells were washed and incubated in serum-free medium overnight. Equal amounts
of protein were electrophoresed in 10% SDS-polyacrylamide gels containing 1.5 mg/mL
gelatin. The gels were washed and gently shaken in three consecutive washings in 2.5%
Triton X-100 solution to remove SDS. The gels were then incubated at 37°C overnight in
incubation buffer [50 mmol/L Tris-HCl (pH 7.5), 0.05% NaN3, 5 mmol/L CaCl2 and 1
μmol/L ZnCl2]. Next, the gels were stained with 0.1% amido black in 10% acetic acid and
10% isopropanol and subsequently destained for 1 hour. Gelatinolytic activities were
identified as clear zones of lysis against a dark background.

2.11 DNA extraction and DNA fragmentation assay
DNA was extracted from all the treated and untreated glioma cells as described earlier [15].
1 μg of genomic DNA was loaded onto 0.8% agarose gel for analysis.

2.12 Immunohistochemistry
The 4910 and 5310 glioma xenograft cells were injected intracerebrally into nude mice with
a 10 μl aliquot (0.2×105 cells/μL) under isofluorane anesthesia with the aid of a stereotactic
frame. Tumors were allowed to grow for 10 to 12 days, and the animals were separated into
groups (six animals per group). Alzet mini pumps were implanted for pMMP-9 delivery at
the rate of 0.2 μL/h. The concentration of the plasmid solution was 2 μg/μL (100 μl per
mouse, six mice in each group). After five weeks or when the control animals started
showing symptoms the mice were sacrificed by intracardiac perfusion, first with PBS and
then with 4% paraformaldehyde in normal saline. The brains were collected, stored in 4%
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paraformaldehyde, processed, embedded in paraffin, and sectioned (5 μm thick) using a
microtome. Paraffin embedded sections were stained with hematoxylin and eosin to
visualize tumor cells and to examine tumor volume.

Paraffin-embedded brain sections (5 μm thick) from control and treatment groups were
deparaffinized following standard protocol. Antigen retrieval was performed by treating the
section with citrate buffer at 95° for 15–20 minutes followed by hydrogen peroxide
treatment for 30 min. The sections were rinsed with PBS and blocked with 1% BSA in PBS
to prevent non-specific staining and further incubated overnight with primary antibodies
(1:50 dilution) at 4°C. The sections were then incubated with HRP-conjugated secondary
antibodies for 1 hour at room temperature followed by incubation with DAB for 30 min. The
sections were counterstained with hematoxylin to visualize the nucleus, mounted and
observed under a light microscope. Negative controls were maintained using IgG.

2.13 Densitometry
ImageJ software (National Institutes of Health) was used to quantify the band intensity. Data
represent intensities relative to the indicated loading control.

2.14 Statistical analysis
All data are presented as mean ± standard deviation (SD) of at least three independent
experiments. Statistical comparisons were performed using Graph Pad Prism software
(version 3.02). Bonferroni’s post hoc test (multiple comparison tests) was used to compare
any statistical significance between groups. Differences in the values were considered
significant at p<0.05.

3. Results
3.1 MMP-9 silencing regulates hTERT expression and activity

MMP-9 is known to play a role in senescence induction [10]. GBM often express 100% of
telomerase activity, a key factor in cancer cell immortalization. Telomerase function
prevents progressive loss of chromosomal ends with every cell division. We examined the
effect of MMP-9 shRNA on glioma cell-induced telomerase expression and activity. Figure
1 shows that downregulation of MMP-9 in 4910 and 5310 glioma xenograft cells
significantly lowered the expression of hTERT at both the mRNA and protein levels when
compared to control cells (Figures 1A and 1B). Telomerase activity as assessed by TRAPeze
kit showed markedly decreased telomere repeat amplification in pMMP-9-transfected 4910
and 5310 glioma cells as compared to pSV and controls (Figures 1C and 1D). SA-β-gal stain
indicated that number of senescent cells was high in pMMP-9-treated 4910 (43%) and 5310
(45%) cells as compared to untreated cells (<5%) (p<0.05) (Figure 1E and 1F).

3.2 pMMP-9 transfection retards glioma proliferation
In the present study, BrdU incorporation assay and survival fraction showed significant
decreases in the proliferation of 4910 and 5310 glioma cells treated with pMMP-9 as
compared to control and pSV cells. Cell proliferation by BrdU assay showed 35–45%
reduced proliferation in pMMP-9-treated 4910 and 5310 glioma cells as compared to control
and pSV (Supplementary Figure 1A). Survival fraction from a clonogenic assay showed a
70–80% decrease in colony forming units two weeks after pMMP-9 treatment as compared
to controls and pSV treatment (Supplementary Figure 1B).
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3.3 MMP-9 regulates hTERT expression via the c-Myc/MAX/MAD network of transcription
factors

The c-Myc/MAX/MAD network has been shown to regulate the expression of hTERT. c-
Myc/MAX and MAD/MAX heterodimers bind to E-boxes of the hTERT promoter to either
activate or repress its transcription, respectively. In the present study, pMMP-9-transfected
glioma cells altered the expression of c-Myc and MAD at both the mRNA and protein levels
as compared to control and pSV (Figure 2A). 4910 and 5310 glioma cells treated with
pMMP-9 showed significant decreases in oncogenic c-Myc levels and increases in the
expression of MAD protein levels as compared to control and pSV-treated cells (Figure 2B).
However, no noticeable difference in the expression of MAX was observed in both glioma
cell types after pMMP-9 treatment as compared to control and pSV-treated cells (Figure
2A). Immunoprecipitation (IP) analysis of 4910 and 5310 glioma cells after pMMP-9
transfection was carried out to analyze the interaction of c-Myc/MAX and MAD/MAX
complex interaction. Figure 2C clearly shows that IP with MAX followed by immunoblot
with c-Myc and MAD antibodies showed reduced c-Myc/MAX and increased MAD/MAX
heterodimer in pMMP-9-treated 4910 and 5310 glioma xenograft cells as compared to
control and pSV (Figure 2C). pMMP-9 lowered the co-localization of c-Myc/MAX
heterodimer whose binding to E-box of promoter acts as a gene transcription activator and
increased the interaction of MAD/MAX heterodimer, which acts as a transcriptional
repressor, in both 4910 and 5310 glioma cells as assessed by immunofluorescence
(Supplementary Figure 2). We have analyzed the interaction between c-Myc and MAD
proteins at the hTERT proximal promoter E-box with the use of the chromatin
immunoprecipitation assay. The results showed lowered association of c-Myc with hTERT
E-box compared to MAD binding in pMMP-9-treated glioma cells as compared to control
and pSV-treated cells (Figure 2D). The ratio of c-Myc and MAD binding to hTERT
promoter in pMMP-9-transfected cells compared to control and pSV showed significant
differences in both 4910 and 5310 glioma cells (Figure 2E)

3.4 MAD silencing activates telomerase activity
To further confirm that the MAD/MAX heterodimer was responsible for silencing hTERT,
the expression of MAD was silenced using specific MAD siRNA capable of degrading
mRNA transcripts in a target-specific manner. MAD siRNA significantly reduced the
expression of MAD at both the mRNA and protein levels (Figure 3A). The TRAP assay
results demonstrated stimulation in telomerase activity in MAD siRNA-transfected cells as
compared with pSV-transfected and control glioma cells (Figure 3B and 3C). Next, we
analyzed the SA-β-gal staining in MAD siRNA-treated cells. As expected, siRNA-treated
glioma cells revealed that MAD siRNA treatment resulted in a decrease in the induction of
senescence in glioma cells. A similar trend was observed in 5310 glioma cells treated with
MAD siRNA (data not shown). Overall, our results suggest that MAD inhibition
upregulated hTERT expression, which led to a lowered percentage of senescence-positive
cells.

3.5 pMMP-9 seeks focal adhesion kinase (FAK)-mediated signaling in altering the c-Myc/
MAD expression in glioma cells

ECM interaction with FAK via integrins is known to initiate a number of intracellular
signaling pathways in cancer [16,17]. Therefore, we determined the effect of MMP-9
suppression on the expression of β1 integrin and FAK. As shown in Figure 4A, transfection
with pMMP-9 inhibited the expression of β1 integrin, FAK and phosphor FAK (Tyr 397) at
both the mRNA and protein levels in glioma cells. Co-localization of β1 integrin and FAK
in pMMP-9-transfected glioma cells was markedly reduced as compared to control cells
(Figure 4B). To determine the contribution of FAK signaling in pMMP-9-mediated c-Myc
family of protein expression, we transfected the glioma cells with FAK shRNA. As shown
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in Figure 4A, transient transfection of glioma cells with FAK shRNA lowered the
expression and activity of MMP-9. Further, β1 integrin expression was also reduced in
FAK-silenced glioma cells (Figure 4A). Immunoprecipitation analysis showed lowered
signaling of FAK mediated by p130CAS and Src in pMMP-9- and FAKsh-treated glioma
cells compared to control and pSV cells (Figure 4C). We next sought to find out if FAK
signaling was involved in regulating the c-Myc family of protein expression. As shown in
Figure 4D, expression of c-Myc was markedly reduced whereas the expression of the c-Myc
antagonist MAD was increased drastically. At least in part, these results show that the
deregulation of c-Myc/MAD expression in MMP-9-suppressed glioma cells is mediated
through FAK signaling.

3.6 Transcriptional silencing of MMP-9 inhibits hTERT expression via β1 integrin in glioma
cells

hTERT expression is regulated by various growth factors and the expression of transcription
factors. The interaction of β1 integrin and FAK has been well established, and the signal
transduction mediated by coordinated interplay between these molecules in proliferation,
cell migration, invasion and apoptosis has been documented [16,17]. In the present study,
we determined the interaction of MMP-9 and β1 integrin in FAK-regulated hTERT
expression in glioma cells. Immunocytochemical analysis showed that the co-localization of
MMP-9 and β1 integrin decreased in pMMP-9-transfected glioma cells as compared to
control and pSV-transfected cells (Figure 5A). Immunoprecipitation analysis revealed
significantly reduced interaction of MMP-9 and β1 integrin in both glioma cell types with
pMMP-9 treatment as compared to control and pSV treatment (Figure 5B). To further
evaluate the effect of MMP-9 and β1 integrin interaction on hTERT expression, we
transfected glioma cells with FL-MMP-9 and carried out co-immunoprecipitation using an
antibody for MMP-9. As expected, interaction of MMP-9 with β1 integrin was significantly
increased with MMP-9 overexpression in control compared to pMMP-9-transfected cells
(Figure 5B). FL-MMP-9 expression noticeably increased the expression of FAK, pFAK, c-
Myc and hTERT in control and pMMP-9-treated cells (Figure 5C) as compared to glioma
cells transfected with pMMP-9 only. Similarly, incubation of glioma cells with β1 integrin
for protein neutralization prevented the FL-MMP-9-induced levels of FAK, pFAK, c-Myc
and hTERT (Figure 5C).

3.7 MMP-9 depletion retards telomere end processing and induces apoptosis in glioma
cells

Telomerase complex-associated proteins play important roles in regulating telomerase
activity. In the present study, we investigated the expression of various proteins involved in
telomere end processing using semi-quantitative RT-PCR. Our results clearly show that
pMMP-9 altered the expression of the telomere end processing complex (Figure 6A). We
further sought to determine the interaction of these proteins in repairing telomere ends. Our
results demonstrate that pMMP-9-transfected cells have decreased interaction of ATM,
Ku80 and POT1 as compared to control and pSV-transfected cells (Figure 6B). Moreover,
downregulation of MMP-9 in 4910 and 5310 glioma cells resulted in increased expression of
TRAIL and p73 proteins associated with apoptosis, and p16 and p18, which are associated
with cell cycle arrest (Figure 6C [I], [II]). EGFR, a key survival signaling growth receptor,
was downregulated in pMMP-9-treated 4910 and 5310 glioma cells as compared to control
and pSV-treated cells (Figure 6C [III]). Induction of apoptosis was confirmed by FACS
analysis. A characteristic ladder pattern indicative of DNA degradation due to apoptotic cell
death was observed in MMP-9 silenced glioma cells compared to intact DNA of control and
pSV-treated cells (data not shown). Figure 6D demonstrates accumulation of pMMP-9-
transfected cells in the sub-G0–G1 phase (apoptotic cells) as compared to control and pSV-
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treated cells. pMMP-9-treated glioma cells showed 35–40% apoptosis in both 4910 and
5310 glioma cells as compared to control and pSV-treated cells (Figure 6D).

3.8 pMMP-9 treatment decrease MMP-9, β1 integrin interaction, reduces expression of
FAK, c-Myc and increases MAD expression in in vivo nude mice

We next extended our work to an in vivo model to determine the effect of pMMP-9
transfection on c-Myc/MAD transcription factors that regulate hTERT expression in vivo.
Our previous study demonstrated that pMMP-9 treatment decreased tumor growth and
completely prevented tumor growth [18]. Aggressive tumor formation was noticed in
xenograft-injected mouse brains as compared to pMMP-9-treated group. Co-localization of
MMP-9 and β1 integrin in tumors from mice treated with pMMP-9 was markedly reduced
when compared to untreated tumor tissue sections from control mice (Figure 7A). Figure 7B
shows immunohistochemical analysis of paraffin-embedded brain tissue sections of nude
mice pre-injected with 4910 and 5310 glioma cells revealing a decrease in the expression of
c-Myc (hTERT transcriptional activator) and an increase in MAD expression (hTERT
transcriptional repressor) after pMMP-9 treatment as compared to controls. We observed a
drastic reduction in the expression of FAK in tissues treated with pMMP-9 as compared to
untreated tumor tissue sections (Figure 7B).

4. Discussion
More than 90 percent of cancers show activated telomerase [19,20]. Telomerase activity
permits cancer cell immortalization and promotes tumorigenesis. Based on expression of
telomerase and its genetic variation, it has been correlated with malignant glioma
progression [21–25]. Loss of telomere length below the critical threshold induces growth
arrest associated with cellular senescence and apoptosis [26,27]. Even though telomerase
inhibitors are considered potential anti-tumor agents, the effect of these inhibitors on normal
stem cells limits its application, and the potential use of our constructs may have the added
advantage over these inhibitors. In the present study, we have demonstrated that MMP-9
inhibition using shRNA induced senescence and apoptosis in glioma xenograft cells both in
vitro and in vivo. Further, our results indicated that MMP-9 inhibition altered the expression
of hTERT via deregulation of the Myc family of transcription factors involved in hTERT
transcription. hTERT is one of the target genes of the c-Myc/MAX/MAD network of
transcription factors and alteration of these transcription factors regulates hTERT gene
transcription [3,28–34]. However, it still remains unclear how hTERT activation or
repression takes place in cancer and normal cells.

The c-Myc/MAX/MAD network of transcription factors are involved in the control of cell
growth, proliferation, differentiation and apoptosis, and their expression is altered in a large
number of human tumors [35]. c-Myc dimerization with MAX binds E-box (5′-
CACGTG-3′). Recruitment of the c-Myc/MAX dimer acts as a repressor of the target gene.
Like c-Myc, MAD also interacts with MAX. However, MAD/MAX dimer binding to E-box
activates the target gene expression [35,36]. In this study, immunoprecipitation (IP) and
chromatin IP assays showed reduced interaction of c-Myc/MAX and increased MAD/MAX
association in cell lysates and also at hTERT promoter-associated E-box. This retards the
hTERT expression and lowers its activity in glioma cells, thereby inducing senescence.
Recent studies suggest that switching of c-Myc/MAX to MAD/MAX dimer binding to
hTERT promoter decreases its promoter activity [3,37–39]. Inhibition of MAD1 has shown
to reverse the hTERT expression and reduced the percentage of senescence of glioma cells.
This observation is consistent with earlier findings [3,37].

To further establish signaling mediated by MMP-9 inhibition in the regulation of the Myc
family of proteins, we anticipated early signaling events. Integrins form the basic cellular
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structures in attaching cells to the extracellular matrix and form the basis to activate various
intracellular signaling events. Integrins engagement onto ECM is associated with
phosphorylation of focal adhesion kinase (FAK), which triggers various intracellular signal
transduction pathways and promotes cell survival [16,17]. In the present study, we noticed
markedly lowered expression of FAK in pMMP-9-treated glioma cells. Further, to delineate
the role of FAK in c-Myc/MAD signaling, we transfected the glioma cells with FAK
shRNA. Western blot analysis showed lowered expression of c-Myc and an increase in
MAD expression. This clearly shows that MMP-9 inhibition altered the expression of the
Myc family of proteins and that this is mediated by FAK signaling. Moreover, inhibition of
β1 integrin by antibody neutralization studies showed a decrease in the phosphorylation of
FAK. Association of β1 integrin and FAK-mediated signaling has been described in earlier
studies [40,41]. In corroboration with these findings, our studies with FL-MMP-9
overexpression showed increased expression of hTERT, β1 integrin and FAK, which was
downregulated markedly by MMP-9 and FAK shRNA. The cumulative effect of FL-MMP-9
expression provides further evidence of MMP-9-induced downregulation of hTERT
mediated by β1 integrin and FAK intracellular signaling via deregulation of c-Myc and
MAD expression.

In cancer cells, stabilization of telomeres by reactivation of telomerase is suggested to be a
crucial step during cellular immortalization and tumorigenesis. Moreover, its inhibition is
associated with induction of apoptosis and senescence [42–44]. Earlier studies have shown
that selective silencing of hTERT using hTERT siRNA and oligonucleotides targeting the
RNA component of telomerase induced both apoptosis and senescence [27,45].
Accumulating evidence suggests that unstable telomere ends increase the chances of
chromosomal rearrangements and DNA fusions, thereby elevating genetic instability in the
cells. This is further supported by the expression of the HR 23B gene, an early DNA damage
marker in adenocarcinoma SEG 1 cells with reduced telomerase activity [46]. In the present
study, we anticipate that loss of telomerase activity mediated by MMP-9 silencing
contributes to an increase in DNA damage, wherein cells reached a point of crisis to initiate
signaling for programmed cell death by activation of p73 and TRAIL expression. FACS
analysis showed an increase in apoptotic cell population in MMP-9-inhibited glioma cells.
These results are in accord with our earlier findings, which showed that silencing of MMP-9
in combination with uPAR/cathepsin B induced apoptotic cell death in DNA damage
accumulated glioma cells (Ponnala et al, under review). Altered telomerase activity mimics
cellular DNA damage inducing senescence, and continued replication of cells leads to
induction of cell death [47]. Telomere shortening mediated by ATM has been associated
with senescence induction and telomerase inhibition induces apoptosis in human tumor cells
[44,48]. Reduced expression of ATM, Ku80 and POT1 at both the mRNA and protein levels
(along with other proteins involved in telomere end processivity) was observed in pMMP-9-
transfected glioma cells. In addition, the interaction of these proteins was drastically
decreased in MMP-9-silenced glioma cells. The telomere end processivity involving ATM,
Ku80 and POT1 further strengthen our hypothesis regarding the induction of apoptosis in
cells with accumulated DNA damage. Taken together, these results show that DNA repair
proteins like ATM and Ku80, which are involved in telomere length maintenance and
telomere protection, are downregulated in MMP-9-silenced glioma cells. The reduced
activity of these repair proteins has a direct role in regulating telomere length and protection
[49].

Progressive loss of telomere length has been shown to regress the growth of various cancers
[43,50–52]. In the present study, intracranial implantation of glioma xenograft cells in nude
mice followed by treatment with pMMP-9 resulted in significantly reduced tumor growth. In
vivo expression of Myc/MAD transcription factors was consistent with our in vitro data. In
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conclusion, silencing MMP-9 acts as telomerase antagonist and induces apoptosis and
senescence in glioma cells.
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Refer to Web version on PubMed Central for supplementary material.
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Highlights

• MMP-9 induced senescence and apoptosis in glioma by silencing telomerase.

• MMP-9 regulates hTERT levels via c-Myc/MAX/MAD network of transcription
factors.

• MMP-9 seeks FAK-mediated signaling in altering c-Myc/MAD expression in
glioma.

• MMP-9 retard hTERT expression via β1 integrin both in vitro and in vivo in
glioma.

• MMP-9 depletion retards telomere end processing and induced apoptosis in
glioma.
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Figure 1. Effect of MMP-9 on the expression of hTERT expression and its activity
A. RT-PCR and Western blot analysis shows effect of pMMP-9 transfection on hTERT
expression in 4910 and 5310 glioma xenograft cells. B. Further, quantification of the
Western blots using software to determine levels of protein after pMMP-9 treatments is
shown. Values shown are the mean (±SD). *p<0.05 vs. control. (n = 3). C and D. TRAP
assay was performed to evaluate the effect of pMMP-9 treatment on the activity of
telomerase in both glioma cell types. 36bp band shows internal control. Bar diagram
showing densitometry quantified data of TRAP product in single lane/positive control (PC)
of TRAP reaction ratios from three independent experiments. IC - Internal control for TRAP
reaction. Each bar represents triplicate analyses of mean ± SD. *p<0.05 vs. control. E.
Senescence associated beta gal (SAβgal) staining shows effect of pMMP-9 transfection on
4910 and 5310 glioma cells in induction of senescence. Percent SAβgal positivity was
calculated by scoring 200 cells from three different fields from single treatment. Mean was
obtained from three independent experiments and values shown are the mean (±SD).
*p<0.05 vs. control. (n=3).
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Figure 2. MMP-9 regulates expression of c-Myc/MAD/MAX and switch c-Myc/MAX and MAD/
MAX interaction
A. RT-PCR and Western blot analysis shows effect of pMMP-9 transfection on c-Myc,
MAD and MAX expression in 4910 and 5310 glioma xenograft cells compared to control
and pSV. B. Further, quantification of the Western blots using software to determine levels
of protein after pMMP-9 treatments is shown. (n = 3). Values shown are the mean (±SD).
*p<0.05 vs. control. C. Immunoprecipitation (IP) analysis. IP of MAX was immunoprobed
with c-Myc and MAD in both 4910 and 5310 glioma xenograft cells transfected with
pMMP-9 along with control and pSV cells. D. ChIP assay was performed on pMMP-9-
treated 4910 and 5310 glioma cells. The formaldehyde cross linked chromatin was IP with
antibodies specific for c-Myc and MAD. Purified DNA was amplified for the hTERT
promoter associated proximal E-Box by using specific primers. Controls show input
genomic DNA before the addition of antibody and eluants from no antibody
immunoprecipitations. E. Quantification of the c-Myc and MAD ChIP fractions on the
hTERT promoter in both 4910 and 5310 glioma cells. Each bar represents triplicate analyses
of mean ± SD. Significant changes are represented by an asterisk (*) (P <0.05). (n=3).
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Figure 3. Effect of MAD silencing on hTERT expression in glioma cells
A. Western blot analysis shows MAD protein expression levels after MAD siRNA treatment
in 4910 and 5310 glioma cells. B. RT-PCR analysis shows expression of hTERT after MAD
silencing in 4910 and 5310 glioma cells compared to pSV and control cells. C. TRAP assay
was performed to evaluate the effect of MAD treatment on the activity of telomerase in 5310
glioma cells. 36bp band shows internal control.
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Figure 4. MMP-9 regulates hTERT expression via FAK signaling
A. Western blot, RT-PCR and gelatin zymography analyses show effect of FAK silencing
on MMP-9 expression in 4910 and 5310 glioma xenograft cells compared to control and
pSV. Western blot analysis shows MMP-9 and FAK silencing on β1 integrin. B.
Immunocytochemistry analysis was carried out for co-localization of FAK and β1 integrin in
pMMP-9-transfected 4910 and 5310 glioma xenograft cells along with control and pSV
cells. C. Immunoprecipitation (IP) analysis. IP of FAK was immunoprobed with p130CAS
and Src in 5310 glioma xenograft cells transfected with pMMP-9 and FAKsh along with
control and pSV cells. D. Western blot analysis shows effect of FAKsh transfection on c-
Myc, MAD and MAX expression in 4910 and 5310 glioma xenograft cells compared to
control and pSV (n=3).
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Figure 5. MMP-9 silencing inhibits β1-integrin-mediated hTERT expression in glioma cells
A. pMMP-9-transfected glioma cells were analyzed by immunocytochemistry for co-
localization (yellow color) of MMP-9 (green color) and β1-integrin (red color) using
specific antibodies. B. After 24 hours of pMMP-9 transfection, 4910 and 5310 glioma cells
were double transfected with FL-MMP-9 and incubated for 24 hours. Western blot analysis
shows effect of FL-MMP-9 transfection on MMP-9 expression in 4910 and 5310 glioma
xenograft cells compared to control and pSV. Immnunoprecipitation was carried out by anti-
MMP-9 antibody and immuprobed with β1-integrin. C. After 24 hours of pMMP-9
transfection, 4910 and 5310 glioma cells were double transfected with FL-MMP-9, non-
specific IgG and/or anti-β1-integrin antibodies for another 24 hours. Western blot analysis
was performed for FAK, phospho FAK (Tyr 397), hTERT and c-Myc using total cell
lysates. GAPDH served as loading control. Protein band intensities were quantified by
densitometric analysis using ImageJ software (National Institutes of Health). Each bar
represents triplicate analyses of mean ± SD. Significant changes are represented by an
asterisk (*) (P <0.05). (n=3).
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Figure 6. pMMP-9 lowers telomere end processivity and effects expression of apoptotic, cell cycle
and growth signaling proteins induces apoptosis in glioma
A. RT-PCR and Western blot analyses show effect of MMP-9 transfection on telomere end
processing proteins in 4910 and 5310 glioma xenograft cells. B. Immunoprecipitation (IP)
analysis. IP of hTERT was immunoprobed with Ku80 and POT1 in both 4910 and 5310
glioma xenograft cells transfected with pMMP-9 along with control and pSV samples. IgG
shows equal loading. C. Western blot analysis shows effect of pMMP-9 treatment on
apoptotic [I], cell cycle [II] and growth signaling [III] related protein expression in both
glioma cell types compared to control and pSV cells. D. FACS analysis shows cell cycle
distribution after pMMP-9 transfection along with control and pSV in 4910 glioma cells.
10,000 cells were scored for the analysis (n=3).
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Figure 7. MMP-9 silencing decreased FAK, c-Myc/MAD expression associated with hTERT
transcription and co-localization of MMP-9 and β1 integrin in 4910 and 5310 glioma xenograft
cells in vivo.
A. Immuohistochemistry was performed for the co-localization (yellow) of MMP-9 (green)
and β1 integrin (red) using specific antibodies. B. IHC analysis shows expression of FAK, c-
Myc and MAD in pre-established 4910 and 5310 glioma tumors treated with pMMP-9
construct. Inset show negative control (IgG). Magnification 60X. Bar = 20 μm. (n=6).
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