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Transcriptional activation of eukaryotic genes depends on the precise and ordered recruitment of activators,
chromatin modifiers/remodelers, coactivators, and general transcription factors to the promoters of target
genes. Using the human matrix metalloproteinase 9 (MMP-9) gene as a model system, we investigated the
sequential assembly and dynamic formation of transcription complexes on a human promoter under the
influence of mitogen signaling. We find that, coincident with activation of the MMP-9 gene, activators,
chromatin remodeling complexes, and coactivators are recruited to the preassembled MMP-9 promoter in a
stepwise and coordinated order, which is dependent on activation of MEK-1/extracellular signal-regulated
kinase and NF-kB signaling pathways. Conversely, corepressor complexes are released from the MMP-9
promoter after transcriptional activation. Histone modifications shift from repressive to permissive modifi-
cations concurrent with activation of the MMP-9 gene. Chromatin remodeling induced by Brg-1 is required for
MMP-9 gene transcription, which is concomitant with initiation of transcription. Therefore, coordination of
cell signaling, chromatin remodeling, histone modifications, and stepwise recruitment of transcription regu-
lators is critical to precisely regulate MMP-9 gene transcription in a temporally and spatially dependent
manner. Given the important role of MMP-9 in both normal development and pathological conditions,
understanding MMP-9 gene regulation is of great relevance.

Gene transcription in eukaryotic cells is controlled by pro-
tein complexes, including general and tissue-specific transcrip-
tion factors, coregulators, chromatin-remodeling complexes,
and complexes responsible for signal-specific histone modifi-
cations (26). As eukaryotic DNA is packaged into chromatin,
generally a repressive structure for transcriptional activation,
transcription in the context of chromatin requires remodeling
processes to reconfigure the chromatin, so that activators, co-
activators, and general transcription factors (GTFs) have ac-
cess to promoters of target genes (12). Chromatin remodeling is
dependent on either ATP-dependent chromatin-remodeling-
complex-induced structural modifications of nucleosomes or
histone acetyltransferase- (HAT) and histone methyltrans-
ferase-mediated covalent modifications of the N-terminal tails
of core histones (12). The SWI/SNF chromatin-remodeling
complex can alter chromatin structure by either shifting nu-
cleosomes along the DNA or twisting DNA to modulate the
nucleosome structure (42). Brg-1 and Brm are two ATPase
subunits of the SWI/SNF complex. Recruitment of the SWI/
SNF complex to target promoters requires protein-protein in-
teractions through Brg-1 and other transcription regulators, as
Brg-1 does not recognize sequence-specific DNA (21).

The basic unit of chromatin is the nucleosome, a protein and
DNA complex formed by 147 bp of DNA wrapped around the
histone octamer (12). The N-terminal tails of core histones
have several basic amino acid residues that are subject to
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modifications such as acetylation, methylation, phosphoryla-
tion, and ubiquitination (6). Histone acetylation requires the
activities of HATSs, including GCNS, p/CAF, CBP/p300, and
the p160 family. Acetylation of lysine residues by HATSs has a
critical role in relaxing the compact structure of nucleosomes
(6). Histone deacetylases (HDACsS) reverse the acetylation of
histones (6). HDAC-1 and HDAC-2 interact with the core-
pressor Sin3A to suppress gene transcription, while HDAC-3
and HDAC-4 associate with NcoR and SMRT corepressor
complexes to inhibit transcription (20). Methylation of argi-
nine and lysine residues in the N-terminal tail of H3 or H4 has
important regulatory effects on gene transcription (23). Meth-
ylation of H3-K9 is linked to gene silencing, DNA methylation,
and heterochromatin formation (24). Methylation of H3-K9
has also been shown to be involved in regulation of gene
transcription in euchromatin (33). Methylation of H3-K4, H4-
R3, H3-R26, and H3-R17 is associated with nuclear receptor-
induced transcriptional activation (5, 27).

GTFs are important for recruiting RNA polymerase II (Pol
II) to target promoters and subsequent initiation of transcrip-
tion (17, 26). Mediator complexes such as TRAP100 and
TRAP250 are critical for interactions between activators and
GTFs (17, 26). Pol II controls the synthesis of mRNA in eu-
karyotic cells. The C-terminal domain (CTD) is composed of
52 tandem repeats of heptapeptide YSPTSPS that are subject
to phosphorylation. The two major phosphorylation sites of
Pol IT are Ser2 and Ser5; phosphorylation at these sites results
in two forms of Pol II (hypophosphorylated IIa and hyperphos-
phorylated Ilo) (28). In the process of transcription initiation,
the predominant phosphorylation of Pol II is on Ser5, while in
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transcription elongation, the major form is Ser2 phosphoryla-
tion (9).

Using the human matrix metalloproteinase 9 (MMP-9) gene
as a model system, we investigated the sequential assembly and
dynamic formation of transcription complexes on the MMP-9
promoter induced by mitogen signaling. MMPs are a family of
structurally related zinc-dependent endopeptidases capable of
degrading extracellular matrix components. MMPs also regu-
late the availability and function of cytokines and growth fac-
tors through sequence-specific cleavage (43). MMP-9 has im-
portant roles in normal growth and development, stem cell
differentiation, and pathological conditions such as tumor in-
vasion and angiogenesis (40). Transcriptional regulation is
the rate-limiting step in MMP-9 synthesis. cis-acting elements
found in the ~2.2-kb human MMP-9 promoter include AP-1,
NF-«B, Spl, and Ets-1 binding sites. Maximal induction of
MMP-9 gene expression requires all these elements, although
the proximal AP-1 site is critical for MMP-9 gene transcription
(36). Our results demonstrate that coordination of cell signal-
ing (extracellular signal-regulated kinase [ERK] and NF-«B
pathways), chromatin remodeling, histone modifications, and
the stepwise recruitment of transcription regulators is critical
to the regulation of MMP-9 gene expression.

MATERIALS AND METHODS

Materials and reagents. Phorbol 12-myristate 12-acetate (PMA) and MTA
[5'-deoxy-(5'-methylthio) adenosine] were purchased from Sigma (St. Louis,
Mo.). Micrococcal nuclease (MNase) was purchased from Worthington Bio-
chemicals (Lakewood, N.J.). Antibodies against AcH3, AcH4, pS10AcK14-H3,
MeR26-H3, MeR3-H4, MeK9-H3, MeK4-H3, CARMI, and trichostatin A
(TSA) were purchased from Upstate Biotechnology (Lake Placid, N.Y.). The
antibody against p65 was purchased from Abcam (Cambridge, United Kingdom).
Antibodies against Ser5-P-Pol II-CTD and Ser2-P-Pol II-CTD were purchased
from Covance (Princeton, N.J.). All other antibodies were purchased from Santa
Cruz Biotechnology (Santa Cruz, Calif.).

Cell lines. HeLa cells were maintained in Dulbecco’s modified Eagle’s medium
with 2 mM L-glutamine, 100 U of penicillin/ml, 100 pg of streptomycin/ml, and
10% fetal bovine serum.

Gelatin substrate gel zymography. Zymography was performed as described
previously (31). In brief, HeLa cells were treated with PMA for 36 h. Superna-
tants were collected and concentrated and then subjected to sodium dodecyl
sulfate-polyacrylamide gel electrophoresis in 8% polyacrylamide gels that were
copolymerized with 1 to 2 mg of gelatin/ml. The gels were developed and
quantified as described previously (31).

Total RNA isolation and RNase protection assay (RPA). Experiments were
performed and quantified as previously described (31). Twenty micrograms of
total RNA was hybridized with human MMP-9 (50 X 10° cpm) and GAPDH
(glyceraldehyde-3-phosphate dehydrogenase; 25 X 10° cpm) riboprobes at 42°C
overnight. The hybridized mixture was then treated with RNase A/T1 (1:200) at
room temperature for 1 h and analyzed by 5% denaturing (8 M urea) polyacryl-
amide gel electrophoresis. Values for MMP-9 mRNA expression were normal-
ized to GAPDH mRNA levels for each experimental condition.

Preparation of nuclei. Isolation of nuclei from HeLa cells was carried out as
described previously (2). Briefly, cells were spun at 300 X g for 5 min at 4°C and
washed twice with ice-cold phosphate-buffered saline. Pelleted cells were resus-
pended in 10 mM Tris-HCI (pH 7.4)-10 mM NaCl-3 mM MgCl,-0.5% (vol/vol)
Nonidet P-40. After 5 min of incubation on ice, the lysate was spun at 500 X g
for 10 min at 4°C, and then the nuclei were resuspended in MNase digestion
buffer.

Nuclear run-on. HeLa cells were serum starved for 12 h before stimulation by
PMA. Nuclei were purified as described above. Nuclear run-on transcription was
carried out in the presence of 300 pCi of [a->?P]JUTP. After digestion with
DNase I and protease K, RNA was extracted by Trizol (Invitrogen). Hybridiza-
tion was performed on a nylon membrane dotted with MMP-9 cDNA, GAPDH
c¢DNA, and the control vector. Transcription intensity was determined by nor-
malizing the intensity of MMP-9 to that of GAPDH.
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Mapping of nucleosomes by MNase. Nuclei were isolated from HeLa cells as
described above. Then, 2 X 107 nuclei in 200 ul of MNase digestion buffer (30
mM Tris-HCI [pH 8.3], 150 mM KCl, 10 mM CaCl,, 5 mM MgCl,, 20% glycerol,
0.05 mM EDTA) were incubated with increasing amounts of MNase at 30°C for
10 min. The digestion reaction was stopped by the addition of 0.5 mM EDTA.
Genomic DNA was purified as described previously (2).

Southern blotting. Twenty micrograms of control DNA or DNA isolated from
MNase-digested nuclei was first digested by appropriate restriction enzymes and
then separated in a 1.5% (vol/vol) agarose gel and transferred to a Hybond N*
membrane (Amersham-Pharmacia, Piscataway, N.J.). The UV-cross-linked blot
was hybridized with random-primer-labeled probes.

Restriction enzyme hypersensitivity analysis. Nuclei were isolated from HeLa
cells as described above. The purified nuclei were digested with 5 U of EcoRI
and EcoRV per g of DNA for 20 min at 25°C. Genomic DNA was then purified
and subjected to Southern blotting as described above.

LM-PCR. Ligation-mediated PCR (LM-PCR) was performed as previously
described (13). MNase-digested DNA (1 pg) was kinased and ligated with the
unidirectional linker. The amplification PCR included 22 PCR cycles with upper
and lower primers. The labeling PCR was performed for 5 cycles with end-
labeled upper and lower primers. The products were fractioned on a 6% dena-
turing sequence gel and exposed to the PhosphorImager (Molecular Dynamics,
Sunnyvale, Calif.).

ChIP and chromatin reimmunoprecipitation (Re-ChIP). Chromatin immuno-
precipitation (ChIP) assays were performed as described previously (1, 37).
Nuclei from cross-linked cells were resuspended in Tris-EDTA buffer and son-
icated. The soluble chromatin was adjusted into radioimmunoprecipitation assay
(RIPA) buffer (0.1% sodium dodecyl sulfate, 1% Triton X-100, 0.1% sodium
deoxycholate, 140 mM NaCl) and precleared. Immunoprecipitation was per-
formed with 2 to 5 pg of appropriate antibodies, and the immune complexes
were absorbed with protein A beads (Upstate Biotechnology) or protein A/G
beads (Pierce) blocked with bovine serum albumin and salmon sperm DNA. For
the ChIP assay for Ser2 and Ser5 phosphorylation of the Pol II CTD, protein L
beads (Pierce) were used. Immunoprecipitated DNA was amplified by a primer
pair corresponding to a 269-bp fragment (—67 to —336) from the human MMP-9
promoter and subjected to semiquantitative PCR. The PCR products were re-
solved in 1.5% agarose gels in 1X TAE electrophoresis buffer, and the gels were
stained with ethidium bromide. In some experiments, PCR was performed for 25
to 28 cycles in the presence of 2.5 pCi of [@->’P]dCTP and the products were
fractionated in 4% polyacrylamide gels. The dried gels were exposed to the
PhosphorImager. Densitometry was used to quantify the PCR results, and all
results were normalized by the respective input values. For reimmunoprecipita-
tion, the chromatin complex was eluted from beads with 10 mM dithiothreitol at
37°C, diluted with RIPA buffer, and then immunoprecipitated with specific
antibodies.

Transient transfection and luciferase assays. Luciferase reporter plasmids
containing 670 bp of the human MMP-9 promoter and serial deletion constructs
were obtained from D. Boyd (M. D. Anderson Cancer Center, Houston, Tex.)
(15). Chloramphenicol acetyltransferase (CAT) reporter plasmids driven by site-
directed mutant versions of the MMP-9 promoter were obtained from A. R.
Mackay (University of L’Aquila, L’Aquila, Italy) (11). Transient transfection was
performed as previously described (31) with Lipofectamine (Life Technologies,
Grand Island, N.Y.). Cells were also transfected with a promoterless vector
control (pGL3-basic) and pRL-null vector (Promega). Cell extracts were assayed
in triplicate with the Dual-Luciferase reporter assay system (Promega). For the
site-directed mutation experiments, cell extracts were assayed in triplicate with
the CAT enzyme-linked immunosorbent assay kit (Roche Diagnostics Corpora-
tion). The luciferase or CAT activity from the vector control was arbitrarily set
at 1 for calculation of induction.

RESULTS

AP-1, NF-kB, and Spl binding sites are indispensable for
PMA-induced MMP-9 gene transcription in HeLa cells. PMA
was utilized to stimulate MMP-9 gene expression in HeLa
cells. PMA-induced MMP-9 protein expression was deter-
mined by zymography assay (Fig. 1A). MMP-9 mRNA expres-
sion was examined at different time points after PMA stimu-
lation. MMP-9 mRNA was first detected 4 h after addition of
PMA, peaked at 10 h (16.8-fold induction), and then declined
over time (Fig. 1B). These results were confirmed by reverse
transcription-PCR analysis (data not shown). Nuclear run-on
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FIG. 1. NF-kB, AP-1, and Sp1 binding sites are indispensable for PMA-induced MMP-9 gene transcription in HeLa cells. (A) Serum-starved
HeLa cells were treated without or with PMA (50 ng/ml) for 36 h, and supernatants were collected and subjected to zymography. Induction is
shown. (B) Kinetics of MMP-9 mRNA levels after PMA stimulation for up to 48 h were detected by RPA. Induction, representative of four
experiments, is shown. (C) Nuclear run-on analysis of MMP-9 gene transcription in HeLa cells treated with PMA for up to 24 h. The normalized
value of the MMP-9 transcript was graphed. Data are representative of two experiments. (D) Schematic diagram of the —670 human MMP-9
promoter and serial deletion constructs. Serial deletion constructs of the MMP-9 promoter linked to the luciferase reporter were transiently
transfected into HeLa cells and stimulated with PMA for 12 h, and then luciferase activity was analyzed. Data are means = standard deviations
(SD) from three experiments. (E) Site-directed mutant constructs of the MMP-9 promoter were transiently transfected into HeLa cells and
stimulated with PMA for 12 h, and then CAT activity was examined. Data are means = SD from four experiments.
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analysis was performed to examine the transcription rate of the
MMP-9 gene. MMP-9 gene transcription in response to PMA
was detectable at 2 h, peaked at 6 h, and then declined over
time (Fig. 1C). To define the cis-acting elements critical for
MMP-9 induction in HelLa cells, serial deletion and site-di-
rected mutation constructs of the human MMP-9 promoter
were tested. Deletion of the —670 to —634 region led to a
small reduction in PMA-induced MMP-9 promoter activity,
while deletion of the —634 to —531 region substantially re-
duced MMP-9 promoter activity. Deletion to —73 bp of the
MMP-9 promoter abolished PMA-induced promoter activity
(Fig. 1D). Mutation of the NF-kB element, the distal and
proximal AP-1 sites (dAP-1 and pAP-1), and the Spl site
inhibited PMA-induced MMP-9 promoter activity, while mu-
tation of the Ets-1 site had only a modest effect (Fig. 1E).
These results indicate that NF-«kB, the distal and proximal
AP-1 sites, and the Spl site are indispensable for PMA-in-
duced MMP-9 gene transcription in HeLa cells.

The human MMP-9 promoter is wrapped into a regular
array of nucleosomes. To determine the chromatin structure of
the MMP-9 gene, limited MNase digestion in combination
with Southern blotting was utilized to map nucleosomes on the
MMP-9 promoter. Nuclei were isolated from HeLa cells and
then digested with increasing amounts of MNase. DNA from
MNase-digested nuclei was digested with HindIII, Nael, or
EcoRlI, and the presence of nucleosomes was examined with
probes generated from the immediate downstream sequences
of the three restriction sites (Fig. 2A). Regularly positioned
nucleosomes were found in the 2.2-kb human MMP-9 pro-
moter, as shown by the ladder pattern (~180 bp apart) ob-
tained from Southern blotting (Fig. 2B). Purified genomic
DNA (lane G) subjected directly to MNase digestion did not
produce this ladder pattern, confirming that the ladder pattern
induced by the MNase digestion digest is due to nucleosome
protection (Fig. 2B). PMA stimulation did not lead to the
disappearance or translocation of the MNase-protected bands;
however, the intensity of MNase-protected bands from PMA-
treated nuclei was less than that from untreated nuclei, sug-
gesting the nucleosomes in the promoter region are relaxed
during transcriptional activation (Fig. 2B). The boundary of the
nucleosome covering the —634 to —531 region of the MMP-9
promoter was mapped by LM-PCR with the primers shown
(Fig. 2C). With the upper primer, the results indicate that the
nucleosome located in the —634 to —531 region starts at —648
and ends at —501 (Fig. 2C). With the lower primer, the bound-
ary of the nucleosome located in the —634 to —531 region was
confirmed to start at —648 (Fig. 2C). Our results indicate that
the human MMP-9 promoter is packaged into an ordered
chromatin structure and that the nucleosome located between
—501 and —648 covers the NF-kB, dAP-1, and Spl elements.

Chromatin remodeling is required for transcription of the
MMP-9 gene. Chromatin undergoes structural reconfiguration
or remodeling to facilitate transcription complex formation.
Restriction enzyme hypersensitivity analysis was utilized to ex-
amine chromatin remodeling in relation to MMP-9 transcrip-
tion. We focused on the N4 nucleosome that covers the NF-
kB, dAP-1, and Spl elements (Fig. 3A). Nuclei purified from
unstimulated and PMA-stimulated HeLa cells were digested
with EcoRI, and purified DNA was further digested with
Xmal/BgllI and then blotted with the probe at the EcoRI site
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(Fig. 3A). There is only modest accessibility for EcoRI to
nucleosome N4 in unstimulated HeLa cells, as the 1.5-kb band
resulting from in vivo digestion with EcoRI is very weak (Fig.
3B). After PMA stimulation, accessibility for EcoRI increases,
peaking at 4 h and then decreasing over the 24-h time course,
suggesting that PMA stimulation resulted in chromatin remod-
eling on the MMP-9 promoter.

Brg-1 is the ATPase subunit of the SWI/SNF complex, and
Brg-1-deficient SW-13 cells are deficient in chromatin remod-
eling (29). Therefore, SW-13 cells were used to examine the
requirement for chromatin remodeling for MMP-9 gene ex-
pression. SW-13 cells transfected with the control vector BJ-5
do not express MMP-9 mRNA or protein upon PMA stimu-
lation; however, reconstitution with Brg-1 restored the ability
of the cells to express MMP-9 upon PMA stimulation (Fig. 3C
and D). Reconstitution with the ATPase-null mutant Brg-1
protein [Brg-1(K798R)] had only a modest effect in restoring
responsiveness to PMA stimulation (Fig. 3C and D). These
results indicate that Brg-1 is essential for MMP-9 gene tran-
scription. The role of Brg-1 in the chromatin remodeling of the
MMP-9 promoter was next examined (Fig. 3E). Chromatin
remodeling, as assessed by detection of the 1.5-kb band gen-
erated from in vivo digestion with EcoRI, was absent in SW-13
cells, either in the absence or presence of PMA. However,
reconstitution of Brg-1 restored PMA-induced chromatin re-
modeling on the N4 nucleosome of the MMP-9 promoter (Fig.
3E). Results from a ChIP assay indicated that reconstitution of
Brg-1 in SW-13 cells led to recruitment of Brg-1 to the MMP-9
promoter upon PMA stimulation (Fig. 3F). Thus, chromatin
remodeling mediated by Brg-1 is important for MMP-9 gene
transcription.

MEK-1/ERK and NF-kB signaling pathways are involved in
PMA-induced MMP-9 gene transcription. PMA induces target
gene expression through numerous signaling pathways, includ-
ing mitogen-activated protein kinase (MAPK), NF-«kB, and
phosphatidylinositol 3-kinase pathways in a variety of cell types
(16). To investigate the signaling pathways critical for PMA
induction of MMP-9 gene expression in HeLa cells, the MAPK
pathway was first evaluated. When pharmacological inhibitors
for ERKI1 and 2 (ERK1/2), c-Jun N-terminal kinase, and the
p38 pathways were used, it was found that only the ERK1/2
pathway was involved (data not shown). PMA treatment leads
to the phosphorylation of ERK1/2, which was blocked by the
MEK-1 inhibitor U0126 (Fig. 4A). In addition, transfection of
a dominant negative (DN) MEK-1(K/A) construct decreased
phosphorylation of ERK1/2 induced by PMA (data not shown).
Both U0126 and MEK-1(K/A) abolished PMA-induced MMP-
9 promoter activity in a dose-dependent manner (Fig. 4B).

The involvement of the NF-kB pathway in MMP-9 gene
transcription was also investigated. HeLa cells were treated
with PMA for up to 24 h, and nuclear translocation of p65 was
determined. PMA treatment leads to nuclear accumulation of
po65, peaking at 1 to 2 h after stimulation (Fig. 4C). Interest-
ingly, nuclear accumulation of IkB kinase o (IKK-a) occurred
with the same kinetics as those for p65 (Fig. 4C). Use a DN
construct of IKK- (IKK-B K/M) resulted in inhibition of the
nuclear translocation of p65, while a DN construct of IKK-a
(IKK-a K/M) had only a modest effect on p65 nuclear accu-
mulation (Fig. 4D). However, both the IKK-a and IKK-g DN
constructs partially inhibited PMA-induced MMP-9 promoter
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promoter, with the positions of the HindIII, Nael, and EcoRI restriction sites indicated. The horizontal bars indicate the probes used for Southern
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deviations (SD) from three experiments. (C) HeLa cells were treated with PMA for 24 h, and then nuclear extracts were subjected to
immunoblotting with antibodies against p65 and IKK-«. Expression levels of TFIIB were used as nuclear protein loading control, and Eps15 was
used as a cytoplasmic marker. (D) HeLa cells were transfected with pcDNA3, IKK-a (K/M), and IKK-B (K/M) for 48 h, and the transfected cells
were treated with PMA for up to 2 h. Nuclear extracts from transfected cells were immunoblotted for p65, and total cell lysates were blotted for
the Flag tag of the IKK mutant constructs. (E) The MMP-9 promoter construct (0.2 wg) was transfected into HeLa cells with increasing amounts
of pcDNA3, IKK-a (K/M), and IKK-B (K/M). Transfected cells were treated without or with PMA for 12 h, and luciferase activity was determined.
Data are means * SD from three experiments. (F) HeLa cells were transfected with pcDNA3, MEK-1(K/A), IKK-a (K/M), or IKK-B (K/M). The
transfected cells were treated without or with PMA for 10 h, and MMP-9 mRNA levels were determined by RPA. Induction is shown.

activity (Fig. 4E), suggesting that IKK-a enhances MMP-9
expression independent of its effect on the nuclear accumula-
tion of p65. The MEK-1(K/A), IKK-a K/M, and IKK- K/M
constructs inhibited PMA-induced endogenous MMP-9 gene
expression, as revealed by RPA (Fig. 4F). Therefore, the
MEK-1/ERK and NF-kB pathways are critical for PMA-in-
duced MMP-9 gene expression.

Dynamic recruitment of activators and modifications of his-
tones in transcriptional activation of the MMP-9 gene. Al-

though previous studies suggested that NF-kB, Sp1, and AP-1
factors play critical roles in MMP-9 gene transcription, it is still
unknown what transcription factors are recruited to the en-
dogenous MMP-9 promoter and, more importantly, how this is
coupled to MMP-9 gene transcription. To monitor transcrip-
tion factor binding in vivo, ChIP assays were performed with
antibodies against c-Jun, JunB, JunD, c-Fos, p65, p50, c-Rel,
p52, Spl, and normal rabbit immunoglobulin G (as a negative
control). PCR analysis of the positive control (input) indicated
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FIG. 5. Dynamic recruitment of activators and modification of histones in transcriptional activation of the MMP-9 gene. (A) HeLa cells were
treated with PMA for up to 6 h, and the cells were cross-linked with formaldehyde. The soluble chromatin was subjected to immunoprecipitation
with antibodies against the AP-1, NF-«kB, and Sp1 transcription factors. The basal level was set as 1.0, and induction upon PMA treatment was
compared to that. IgG, immunoglobulin G. (B) ChIP was performed on HelLa cells treated with PMA for 2 h with an antibody against JunD. Then,
soluble chromatin was eluted from the beads and subjected to a second round of ChIP with the antibodies shown (c-Fos, p65, p50, and Sp1).
(C) ChIP was performed with antibodies against histone acetylation and phosphorylation. (D) ChIP was performed with antibodies against histone
methylation. (E) HeLa cells were pretreated with MTA (1 mM) and TSA (50 ng/ml) for 30 min, and then PMA was added for an additional 10 h.
Total RNA was subjected to RPA analysis of MMP-9 mRNA levels. Induction is shown. DMSO, dimethyl sulfoxide.

that the soluble chromatin samples obtained from each time
point had equal amounts of chromatin fragments containing
the MMP-9 promoter (Fig. 5A). In untreated cells, the major
AP-1 subunits bound to the MMP-9 promoter were JunD and

c-Fos. Increased binding of JunB, JunD, and c-Fos was ob-
served 2 to 4 h after addition of PMA. The binding of JunB and
c-Fos returned to basal levels after 6 h, while the binding level
of JunD was relatively stable over the 6-h time course. Occu-
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pancy of c-Jun on the MMP-9 promoter was observed rela-
tively late, at 6 h (Fig. 5A). Regarding NF-kB subunits, p65,
p50, c-Rel, and p52 were weakly associated with the MMP-9
promoter in untreated cells. Strong binding of p50 and p65 was
observed at 2 to 4 h after PMA stimulation, while c-Rel and
p52 were recruited at later time points (4 to 6 h) (Fig. 5A). The
earliest time point at which enhanced binding of p65, p50,
c-Fos, and JunD was observed on the MMP-9 promoter was 30
min after PMA stimulation (data not shown). The binding of
Sp1 throughout the 6-h time course was relatively stable (Fig.
5A). Nuclear translocation of AP-1, NF-«kB, and Sp1 transcrip-
tion factors induced by PMA was examined by immunoblot-
ting; recruitment of these transcription factors to the MMP-9
promoter correlated temporally with the kinetics of nuclear
translocation (data not shown).

Re-ChlIP assays were performed to examine what transcrip-
tion factors localized simultaneously on the MMP-9 promoter
with JunD. HeLa cells were treated with PMA for 2 h, and then
soluble chromatin was immunoprecipitated with the anti-JunD
antibody. The eluted chromatin was then diluted and reimmu-
noprecipitated with antibodies against c-Fos, p65, p50, and
Spl. c-Fos, p65, p50, and Spl were present in the chromatin
immunoprecipitated by the antibody against JunD (Fig. 5B),
demonstrating that these transcription factors are simultane-
ously present on the MMP-9 promoter after PMA treatment.

In addition to having functional roles in gene transcriptional
regulation, covalent histone modifications are indicators of the
recruitment of histone modifier complexes, such as HATs,
HDAGCS, and histone methyltransferases, to promoters (19).
To study histone modifications during PMA-induced MMP-9
gene transcription, ChIP assays were performed. Enhanced
acetylation of H3 and H4 was observed 2 to 4 h after PMA
stimulation (Fig. 5C), which corresponds to the onset of PMA-
induced MMP-9 mRNA synthesis. Enhanced acetylation of H3
and H4 after PMA stimulation was observed as early as 30 min
(data not shown). In addition, enhanced acetylation of K9-H3
was observed 4 to 6 h after PMA stimulation, K14-H3 acety-
lation was modestly enhanced 2 h after PMA treatment, and
K8-H4 acetylation was observed 2 to 6 h after PMA treatment.
Phosphorylation of Ser10 and acetylation of lysine 14 of H3
were slightly increased after 2 h of PMA stimulation and then
diminished at 4 to 6 h. A more detailed kinetic analysis of 0 to
120 min of PMA stimulation demonstrated enhanced modifi-
cation at 30 to 60 min, suggesting that the AcK14pSer10-H3
modification occurs prior to other modifications (Fig. 5C). We
also found that MeR26-H3, MeR3-H4, and MeR17-H3 are
involved in PMA-induced transcriptional activation of the
MMP-9 gene (Fig. 5D). Furthermore, the ChIP assay for
MeK4-H3 demonstrated that PMA-induced methylation of ly-
sine 4 in H3 is optimal at 4 h and then diminishes over time
(Fig. 5D). However, methylation of K9-H3, generally a sup-
pressive modification, demonstrated a different kinetic pattern.
MeK9-H3 was decreased upon PMA stimulation, reaching its
lowest levels at 4 to 6 h, and then was restored to basal levels
at 12 to 24 h (Fig. 5D). To confirm the functional role of
histone modifications in MMP-9 gene transcription, HeLa cells
were pretreated with MTA, a specific protein methyltrans-
ferase inhibitor, or TSA, an HDAC inhibitor, for 30 min and
then PMA induction of MMP-9 mRNA expression was evalu-
ated. MTA suppressed PMA-induced MMP-9 mRNA levels,
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while TSA substantially enhanced MMP-9 mRNA expression
(Fig. SE).

Recruitment of general transcription machinery, coactiva-
tors, and chromatin-remodeling complexes to the MMP-9 pro-
moter. To examine the recruitment of general transcriptional
machinery over the time course of PMA-induced MMP-9 gene
activation, ChIP assays were performed. The binding of TFIIA,
TFIIB, TATA binding protein, TFIIE, and TAF,5, was rela-
tively stable over the 0- to 6-h time course, while recruitment of
TFIIH increased 2 h after PMA stimulation (Fig. 6A). Coac-
tivators were recruited in a PMA-inducible manner (Fig. 6B).
The peak of p300 and CARMI1 recruitment was at 2 h, while,
for CBP, maximal binding occurred at 4 h. Binding of IKK-«
on the MMP-9 promoter was observed 4 h after PMA stimu-
lation (Fig. 6B). However, recruitment of IKK-B, MEK-1,
MEKK-1, or ERK1/2 on the MMP-9 promoter was not de-
tected at any time points (data not shown). The recruitment of
chromatin-remodeling complexes, as represented by the bind-
ing of Brg-1 and Brm to the MMP-9 promoter, occurred 2 to
4 h after PMA stimulation (Fig. 6B). The levels of GTFs and
coactivators were also examined by immunoblotting; protein
levels were stable over the 24-h time course of PMA stimula-
tion (data not shown).

ChIP assays were also performed to examine the kinetics of
Pol II recruitment. The binding of Pol II to the MMP-9 pro-
moter increased between 2 and 4 h and diminished afterward
(Fig. 6C). As the average size of chromatin fragments is ~500
to 1,000 bp (data not shown), PCR was also performed with
primers specific for the coding region (+2630 to +2842 of the
human MMP-9 genomic sequence) and 3’ untranslated region
(UTR; +7533 to +7853 of the human MMP-9 genomic se-
quence) of the MMP-9 gene, which are more than 3 kb apart.
Maximal binding of Pol II at the coding region was at 4 to 6 h
after PMA stimulation, which was ~2 h later than the peak of
Pol II at the promoter region; however, the binding of Pol II at
the 3" UTR was not detected (Fig. 6C). Therefore, these data
suggest the transition of Pol II over the entire genomic locus of
the MMP-9 gene during transcriptional activation. Antibodies
against phospho-Ser2 and -Ser5 of the Pol II CTD were used
to examine changes in phosphorylation during MMP-9 gene
transcription by ChIP assay. Ser5 phosphorylation of Pol II
CTD increased 2 h after PMA stimulation, reached maximal
levels at 4 h, and then diminished over time (Fig. 6D). Ser2
phosphorylation was relatively stable over the entire time
course (Fig. 6D). Data obtained from immunoblotting illus-
trated that total Pol II levels were relatively stable over the
24-h course of PMA stimulation, as were the levels of Pol II
CTD Ser2 phosphorylation and Ser5 phosphorylation after
PMA stimulation (Fig. 6E).

Dynamic occupancy of the MMP-9 promoter by corepressor
complexes during MMP-9 gene activation. Recruitment of
corepressor complexes on the MMP-9 promoter was examined
by ChIP assays. The corepressor complexes Sin3A/HDAC-1
and NcoR/HDAC-3 occupied the MMP-9 promoter in un-
stimulated HeLa cells (Fig. 7A). Upon PMA stimulation,
Sin3A/HDAC-1 and NcoR/HDAC-3 were removed from the
MMP-9 promoter at 4 to 6 h and then restored at 12 to 24 h
(Fig. 7A). To evaluate the functional significance of Sin3A and
HDACs on MMP-9 gene transcription, increasing amounts of
these corepressor constructs were transfected with the MMP-9
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FIG. 6. Recruitment of general transcription machinery, coactivators, and chromatin-remodeling complexes to the MMP-9 promoter. (A) ChIP
was performed with antibodies against general transcription factors in HeLa cells treated with PMA for up to 6 h. The basal level was set as 1.0,
and induction upon PMA treatment was compared to that. IgG, immunoglobulin G. (B) ChIP was performed with antibodies against CBP, p300,
CARMI, IKK-a, Brg-1, and Brm. (C) DNA purified from ChIP with anti-Pol II antibodies was subjected to PCR analysis with primer pairs
corresponding to the promoter, coding region, and 3" UTR of the MMP-9 gene. (D) ChIP was performed with antibodies against Ser5 and Ser2
phosphorylation of Pol IT CTD. (E) Nuclear extracts from HeLa cells treated with PMA for up to 24 h were immunoblotted with antibodies against
total Pol IT and Ser2 or Ser5 phosphorylation of Pol II CTD.

promoter reporter construct. Sin3A, HDAC-1, and HDAC-3 DISCUSSION

suppressed PMA-induced MMP-9 promoter activity in a dose- We investigated chromatin remodeling and dynamic for-
dependent manner, while HDAC-2 and HDAC-4 had no effect mation of transcriptional complexes during PMA-induced
(Fig. 7B). Therefore, the Sin3A/HDAC-1 and NcoR/HDAC-3 activation of the MMP-9 gene. Activators, chromatin-remod-
corepressor complexes function to suppress MMP-9 gene tran- eling complexes, and coactivators were recruited to the pre-
scription and are removed from the promoter after activation assembled MMP-9 promoter in vivo in a stepwise and coor-
of the MMP-9 gene. dinated order, which was dependent on activation of the
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FIG. 7. Functional involvement and dynamic occupancy of the MMP-9 promoter by corepressor and HDAC complexes in transcription of the
MMP-9 gene. (A) HeLa cells were treated with PMA for up to 24 h. ChIP was performed with antibodies against Sin3A, NcoR, HDAC-1, and
HDAC-3. The basal level was set as 1.0, and induction upon PMA treatment was compared to that. (B) The MMP-9 promoter construct (0.2 p.g)
was transiently transfected into HeLa cells with increasing amounts of Sin3A, HDAC-1, HDAC-2, HDAC-3, and HDAC-4 expression vectors.
pcDNA3 was used to normalize the amount of DNA in each condition. After 12 h of recovery, transfected cells were treated with serum-free
medium or PMA for 12 h. Luciferase activity was determined from the cell lysates. Data are means *+ standard deviations from three experiments.

MEK-1/ERK and NF-kB signaling pathways. In contrast, core-
pressor complexes were released from the MMP-9 promoter
after transcriptional activation. Histone modifications shifted
from repressive to permissive modifications concurrent with
activation of the MMP-9 gene. Chromatin remodeling induced
by Brg-1 was required for MMP-9 gene transcription and was
concomitant with initiation of transcription. Thus, coordina-
tion of cell signaling, chromatin remodeling, histone modifica-
tions, and stepwise recruitment of transcription regulators is
critical to regulate MMP-9 gene expression.

Dynamics of chromatin remodeling and transcription com-
plex formation during MMP-9 gene transcription. Chromatin
structure analysis illustrated that the endogenous MMP-9 pro-
moter is packaged into regularly phased nucleosomes and,
more importantly, that the chromatin structure of the MMP-9
promoter is remodeled in coordination with the activation
of MMP-9 gene transcription. ChIP assays demonstrated that
recruitment of Brg-1 and Brm peaked 4 h after PMA stimula-
tion, the time point at which maximal relaxation of chromatin
on the MMP-9 promoter occurs. In addition, Brg-1-mediated
chromatin remodeling was functionally required for MMP-9
gene transcription. Therefore, chromatin remodeling is a crit-
ical step involved in transcriptional activation of the MMP-9
gene.

The composition of AP-1 and NF-«B factors on the MMP-9
promoter dynamically changed over the course of MMP-9 in-
duction. JunD, c-Fos, p65, and p50 associated with the MMP-9
promoter in unstimulated cells. After PMA treatment, the
binding of JunD and c-Fos increased and c-Jun appeared at a
later time (6 h) on the promoter. Recruitment of p65/p50
increased between 2 and 4 h, while at 4 to 6 h the NF-«xB
composition changed to c-Rel/p52. The Re-ChIP assays illus-
trated that JunD, c-Fos, p65, p50, and Sp1 were simultaneously
associated with the MMP-9 promoter 2 h after PMA stimula-
tion, suggesting the assembly of an enhanceosome induced by
PMA. Previous studies proposed that AP-1 factors can act as
either activators or repressors, depending on the composition

of subunits and partner proteins in the transcription complex
(7). In addition, the composition of NF-kB dimers constantly
changes during lipopolysaccharide-induced gene transcription
(35). These findings suggest that dynamic changes in the com-
position of AP-1 and NF-kB dimers constitute an important
regulatory mechanism to fine tune transcription of the MMP-9
gene.

Our results illustrate that general transcription machinery,
chromatin-remodeling complexes, coactivators, and corepres-
sors display distinct patterns of recruitment. GTFs, except
TFIIH and Pol II, are present on the MMP-9 promoter in
untreated cells, and PMA stimulation does not alter binding,
suggesting that the MMP-9 promoter is preassembled. This has
been proposed as a mechanism for a prompt response to an
inductive signal (38, 39). The recruitment kinetics of Pol IT and
TFIIH and the phosphorylation of Ser5 Pol II CTD correlated
with transcriptional activation of the MMP-9 gene, suggesting
that Pol II, TFIIH, and Ser5 phosphorylation are the compo-
nents of the general transcription machinery recruited to the
MMP-9 promoter upon initiation of transcription. Interest-
ingly, we found that Ser5 phosphorylation in the promoter
region of the human MMP-9 gene is more closely correlated
with transcriptional activation than that of Ser2. This may be
caused by the distribution of CTD phosphorylation during
transcription, since Ser5 phosphorylation is more concentrated
in the promoter region, while Ser2 phosphorylation is evenly
distributed along the promoter and coding regions (9, 22). It
has also been shown that gamma interferon-activated CIITA
(major histocompatibility complex class II transactivator) gene
transcription is more dependent on Ser5 phosphorylation than
on Ser2 phosphorylation (39). CBP and p300, the two struc-
tural and functionally related HATS, displayed differential
recruitment kinetics. Several groups have proposed that CBP
and p300 may play distinct roles in transcription activation
(14). Considering our data and results from other groups (37),
we propose that p300 may be involved in transcription initia-
tion and that CBP is important for transcription and disassem-



VoL. 24, 2004 TRANSCRIPTION PROGRAM OF THE HUMAN MMP-9 GENE 5507
=
PMA
on
EE off
MEKI1/ERK IKK/NF-xB

1 neutral I ]

Chromatin Regulator Histone

remodeling recruitment modifications

PMA :

Cell signaling

Transcription

Chromatin remodeling

Histone modification

(permissive)
Histone modification
(repressive)

e T

[

General transcription

|

factor

Pol 11 /CTD Ser5P

SWI/SNF complex

Activator

Coactivator

Corepressor

FIG. 8. Transcription program of the human MMP-9 gene. The sequential recruitment of activators, coactivators, chromatin remodeling com-
plexes, and general transcription machinery to the preassembled MMP-9 promoter results in transcriptional activation of the human MMP-9 gene.

See text for details.

bly of transcription complexes by acetylating other proteins.
Indeed, the maximal levels of phosphorylation of Ser5 Pol II
CTD, which is a marker of transcription initiation, occur at the
same time point (4 h) at which CBP displays maximal associ-
ation on the MMP-9 promoter. Our results also demonstrate
that IKK-« translocates into the nucleus and binds the MMP-9
promoter with the same kinetics as that of CBP; thus IKK-«
may function to facilitate recruitment of CBP (3, 45). Our data
also demonstrated that CARM1 is involved in MMP-9 gene
transcription activation. CARM1 is recruited to the MMP-9
promoter concurrent with CBP and p300. Therefore, in addi-
tion to inducing methylation of R17-H3, CARM1 may meth-
ylate arginine residues in the KIX domains of CBP and p300
and subsequently enhance transcription of the MMP-9 gene by
enhancing the affinity of activators and coactivators (44). In-
deed, CARMI1 can activate MMP-9 promoter activity in syn-
ergy with CBP and p300 (data not shown).

In contrast to activation forces, the corepressor complexes,

including Sin3A/HDAC-1 and NcoR/HDAC-3, associate with
the MMP-9 promoter with kinetics distinct from those for
activators and coactivators. This suggests that transcriptional
activation of the MMP-9 gene requires simultaneous release of
corepressor complexes and recruitment of activators and co-
activators. The switching of corepressors and coactivators may
be regulated by the MAPK pathway, as the MEK-1 kinase
pathway has been shown to inhibit the activities of NcoR and
SMRT and, at the same time, enhance nuclear export of core-
pressor complexes (4, 18).

Histone code of MMP-9 gene activation. In addition to acet-
ylation of H3 and H4 and arginine methylation of R17-H3,
R26-H3, and R3-H4, we found that lysine methylation of
K4-H3 and K9-H3 and phosphorylation of S10-H3 are also
involved in transcriptional activation of the MMP-9 gene. We
observed relatively high levels of Ser10 phosphorylation and
K14 acetylation of H3 on the MMP-9 promoter prior to PMA
stimulation. It has been shown that elevated levels of H3 phos-
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phorylation may be responsible for relaxed chromatin struc-
ture and aberrant gene expression in transformed cells (8, 41).
In addition, Ser10-H3 phosphorylation is functionally linked to
GenS-mediated acetylation of AcK14-H3 (10, 30). Therefore,
constitutive and induced K14 acetylation and phosphorylation
of Ser10 of H3 may contribute to the prompt response of the
MMP-9 gene to an exogenous stimulus such as PMA. Concur-
rent with transcription complex formation, histone modifica-
tions that correlate with gene activation increase, following the
recruitment kinetics of activators, coactivators, and chromatin-
remodeling complexes. However, for suppressive modifications
such as methylation of K9-H3, levels decrease upon transcrip-
tion activation and then are restored. In agreement with our
findings, Saccani and Natoli have shown that changes of K9-H3
methylation strongly correlate with Pol II recruitment and re-
lease in inducible inflammatory genes (34). In addition, it has
been reported that c-Jun/c-Fos-induced chromatin-remodeling
activity increased 10-fold on an acetylated nucleosome tem-
plate, suggesting that there is an inherent connection among
chromatin remodeling, regulator recruitment, and histone
modifications (32). Thus, histone modifications may not only
be the “phenotypes” of histone modification complex recruit-
ment, but also may play important functional roles in modu-
lating transcriptional complex formation. It has been suggested
that chromatin-remodeling complexes may serve as “transla-
tors” to remodel nucleosomes corresponding to the instruction
of the histone code (19).

Coordinated and stepwise recruitment of transcription com-
plexes on a preassembled MMP-9 promoter. Previous studies
indicate that the time course of gene expression and ordered
recruitment is accomplished by gene-specific transcription pro-
grams (1, 37, 38). Two models are proposed to explain the
possible mechanisms of eukaryotic transcription regulation
(25). The first is the stepwise-assembly model, which suggests
that activators are first targeted to the promoter and then
chromatin remodeling and histone modifications by SWI/SNF
and coactivators allow the recruitment of Pol II, GTFs, and
mediator complexes and finally trigger mRNA synthesis by
promoter clearance (25). The second model suggests a preas-
sembly process for transcription activation, which proposes
that transcription complexes are formed as a complex includ-
ing all the major components of transcription, such as GTFs,
and some of the coactivators, but without Pol II, TATA bind-
ing protein, or the chromatin-remodeling complex (25). Our
results suggest that transcription activation of the MMP-9 gene
depends on the coordinated and stepwise recruitment of tran-
scription complexes on the preassembled MMP-9 promoter.
In the basal state, the MMP-9 promoter is occupied by GTFs
and corepressor complexes. The major histone modification is
methylation of K9-H3, which defines the suppressive chro-
matin structure on the MMP-9 promoter. Induction of the
MMP-9 gene triggers activation of the ERK and NF-«kB path-
ways, inducing nuclear translocation of transcription factors
and subsequent recruitment to the MMP-9 promoter. Concur-
rently, corepressor complexes are released from the promoter
and coactivator and chromatin-remodeling complexes are re-
cruited. Concurrent with regulator recruitment, the chromatin
is relaxed by the SWI/SNF complex, resulting in the binding of
Pol II and other coactivators such as CBP. Histone modifica-
tions switch from repressive modifications to inductive modi-
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fications. Subsequently, mRNA is synthesized through Pol II
elongation following the MMP-9 coding sequence after initia-
tion of Ser5 phosphorylation at Pol II CTD. Finally, coincident
with methylation of K9-H3 and restoration of corepressor
complexes, coactivator and chromatin-remodeling complexes
are removed from the MMP-9 promoter, which correlates with
attenuation of MMP-9 gene expression (Fig. 8). Therefore,
cell-specific factors and signaling pathways regulate transcrip-
tional activation of the human MMP-9 gene by modulating its
gene-specific transcriptional program.
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