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Abstract

Zta is a lytic transactivator of Epstein-Barr virus (EBV) and has been shown to promote migration and invasion of epithelial
cells. Although previous studies indicate that Zta induces expression of matrix metalloproteinase (MMP) 9 and MMP1, direct
evidence linking the MMPs to Zta-induced cell migration and invasion is still lacking. Here we performed a series of in vitro
studies to re-examine the expression profile and biologic functions of Zta-induced MMPs in epithelial cells derived from
nasopharyngeal carcinoma. We found that, in addition to MMP9, MMP3 was a new target gene upregulated by Zta. Ectopic
Zta expression in EBV-negative cells increased both mRNA and protein production of MMP3. Endogenous Zta also
contributed to induction of MMP3 expression, migration and invasion of EBV-infected cells. Zta activated the MMP3
promoter through three AP-1 elements, and its DNA-binding domain was required for the promoter binding and MMP3
induction. We further tested the effects of MMP3 and MMP9 on cell motility and invasiveness in vitro. Zta-promoted cell
migration required MMP3 but not MMP9. On the other hand, both MMP3 and MMP9 were essential for Zta-induced cell
invasion, and co-expression of the two MMPs synergistically increased cell invasiveness. Therefore, this study provides
integrated evidence demonstrating that, at least in the in vitro cell models, Zta drives cell migration and invasion through
MMPs.
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Introduction suggested that EBV reactivation and certain lytic proteins
o . . . ) ) enhance genome instability of NPC cells [12,13].
Epstein-Barr virus (EBV) is a human herpesvirus which Another link between lytic EBV infection and NPC comes from

infects both lymphoid and epithelial cells and contributes to
pathogenesis of several lymphomas and carcinomas. Nasopha-
ryngeal carcinoma (NPC) is an epithelial cancer endemic in
southern China, southeast Asia, the Arctic, and North Africa
[1]. In the endemic areas, the strong association between NPC
and EBV is supported by prevalent detection of viral genomes,
transcripts, and antigens in the tumor specimens [2]. Although

the potential contribution of a viral lytic protein Zta to NPC
metastasis. Zta, also named BZLF1, is a unique member of the
basic leucine-zipper (b-Zip) transcription factors and functions as
an essential transactivator for the switch from EBV latency to the
lytic cycle [14,15]. It forms a homodimer and binds to its target
promoters through the DNA elements that are identical or similar
to the binding sites for other cellular b-Zip proteins such as AP-1

EBV majorly adopts latent infection in NPC tumors, a small or C/EBP [16] Through the promoter binding, Zta regulates
subset of the tumor cells undergo abortive lytic infection where

some immediate early or early viral genes are expressed but late
Iytic transcripts are rarely detected [3-5]. Some clues suggest
that EBV reactivation into the lytic cycle is linked to
development or progression of NPC. Elevated antibody titers
in sera against EBV lytic antigens predict a high risk of NPC
[6] and are also correlated with advanced clinical stage, poor
prognosis, or tumor recurrence of NPC [7-9]. Meanwhile, some
environmental or dietary factors associated with a high
incidence of NPC act as not only carcinogens but also potent
inducers of the viral lytic cycle [10,11]. Recent studies have also

transcription of not only viral lytic genes but also some cellular
genes [17-20]. Previous studies indicate that anti-Zta antibodies
are increased in NPC patients [21] and the patients with higher
titers of anti-Zta antibodies have a poorer clinical outcome owing
to high incidence of tumor metastasis [9]. Notably, an immuno-
histochemical study shows that positive detection of Zta protein in
tumor cells is correlated with advanced NPC metastasis to neck
lymph nodes [4]. The potential of Zta to promote metastasis is
further supported by an in vitro study showing that stable Zta
expression in a keratinocyte cell line enhances cell motility and
invasiveness in a collagen gel [22].

PLOS ONE | www.plosone.org 1 February 2013 | Volume 8 | Issue 2 | 56121



How Zta promotes cell migration and invasion is largely
unknown. Two previous studies suggest that it may involve
induction of matrix metalloproteinases (MMPs), a family of zinc-
dependent proteolytic enzymes associated with multiple processes
of cancer progression, including cell growth, migration, invasion,
and angiogenesis [23,24]. Zta upregulates MMP9 in a cervical
carcinoma cell line but the biologic effects of Zta-induced MMP9
on this cell line have not been tested previously [4]. On the other
hand, MMP1 is induced by Zta in a keratinocyte cell line and
essential for survival of the cells growing in a collagen gel, while
the contribution of MMP1 to cell migration or invasion has not
been shown [22]. These two studies indicate that Zta upregulates
different MMPs probably in a cell-dependent manner. However,
we are not sure whether and what Zta-induced MMPs functionally
contribute to cell motility or invasiveness.

For two specific aims, we used a series of i vitro studies to re-
examine the expression profile and biologic functions of Zta-
induced MMPs in epithelial cells derived from NPC. The first aim
is to test whether multiple MMPs can be co-induced by Zta in
NPC cells. Since promoters of some MMP genes contain similar
cis-regulatory elements, these MMPs are likely to be co-regulated.
For example, MMP9, MMP14, and MMP15 are regulated by the
Rb-E2F pathway and co-expressed in non-small cell lung cancer
[25], while MMP2 and MMP9 are co-induced by some other
mechanisms [26,27]. The second aim of this study is to prove that
MMPs functionally contribute to Zta-induced migration and
invasion of NPC cells in vitro. Since various MMPs exert distinct or
overlapped functions [24], we speculated that co-induction of
multiple MMPs may be required for the full biologic effects of Zta.
Indeed, we found that MMP3 and MMP9 were co-upregulated by
Zta through a similar mechanism. Furthermore, the Zta-induced
MMP3 and MMP9 differentially affected cell migration but
synergistically contributed to cell invasion. Therefore, our results
reveal an underlying mechanism of Zta-induced cell migration and
invasion.

Materials and Methods

Cell Culture, Drug Treatment, and Induction of EBV
Reactivation

EBV-negative HONE-1 is an epithelial cell line derived from
NPC tumors [28]. The doxycycline-inducible, Zta-expressing
HONE-tetonZ cells were previously generated from HONE-1
cells [29]. The doxycycline-inducible, Rta-expressing TWO1-
tetER cells were generated from NPC-TWOI cells [30], and the
EBV-infected TWOI-ERGV cells were established by i witro
conversion of TWOI-tetER cells with a recombinant EBV
expressing green fluorescence protein [31]. SCC15 is a cell line
derived from oral squamous cell carcinoma [32], and AGS is a cell
line derived from gastric carcinoma [33]. All the epithelial cell
lines were cultured in RPMI 1640 medium supplemented with
10% fetal bovine serum (HyClone, UT, USA) at 37°C with 5%
COy. MMP3 activity was inhibited by treatment of cells with
10 pM MMP3 inhibitor IT (Calbiochem, CA, USA) for 48 h, while
MMP9 activity was inhibited by treatment with 10 pM MMP9
inhibitor I (Calbiochem) for 48 h. For induction of Zta expression
in HONE-tetonZ cells, the cells were treated with doxycycline
(1 pg/ml) (Sigma, MO, USA) for 72 h. For induction of Rta
expression and EBV reactivation in TWO01-ERGV cells, the cells
were treated with doxycycline (50 ng/ml) for 48 h.

Plasmids, siRNAs, and Cell Transfection

DNA plasmids expressing wild-type Zta or its DNA binding-
defective mutants have been used previously [18,34]. The pGL2-
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based reporter plasmids driven by the wild-type MMP3 promoter
(-2290 to +10) or its derivatives with mutations at various AP-1
sites have also been described in a previous study [35]. Plasmids
expressing human MMP3 and MMP9 were purchased from
Origene (Rockville, MD, USA). All synthetic siRNAs in this study
were purchased from Invitrogen (Carlsbad, CA, USA), including
two siRNAs targeted against Zta (siZta-1 5'- UUCAGAAGUC-
GAGUUUGGGUCCAUC-3 and siZta-2 5'- UUCUAGUUCA-
GAAUCGCAUUCCUCC-3"), two against MMP3 (siMMP3-1 5'-
UCAACAAUUAAGCCAGCUGUUACUC-3" and siMMP3-2
5'-UUCCUUAUCAGAAAUGGCUGCAUCG-3’), two against
MMP9 (siMMP9-1 5’-AAGGUUUGGAAUCUGCCCAGGU-
CUG-3' and siMMP9-2 5'-AAUACAGCUGGUUCCCAAU-
CUCCGC-3"), and a control siRNA with comparable GC
content. Single plasmid transfection and dual plasmid/siRNA
transfection were performed as described previously [36] by using
Lipofectamine 2000 reagent (Invitrogen). At 4 h posttransfection,
cells were washed and cultured in serum-free medium for further
experiments.

MMP Antibody Array and Enzyme-linked Immunosorbent
Assay (ELISA)

Expression profiles of MMPs in the cell culture supernatants
were analyzed by using a human MMP antibody array
(RayBiotech, GA, USA) according to the protocol provided in
the kit. MMP3 in the cell culture supernatants were quantified by
using the DuoSet ELISA kit (R&D Systems, MN, USA) according
to the manufacturer’s instruction.

Antibodies and Immunoblotting Assay

Primary antibodies used in the immunoblotting assay included
mouse monoclonal antibodies recognizing Zta (4F10), Rta (467),
EA-D (88A9), and B-actin (C4; purchased from Chemicon,
Billerica, MA, USA). Extraction of cellular proteins and the
subsequent analysis by electrophoresis and the immunoblotting
assay were carried out as described previously [18].

RNA Extraction and Quantitative Reverse Transcription
(RT)-PCR

Extraction of cellular RNA and synthesis of cDNA were carried
out as described previously [36]. Real-time PCR analysis for
quantification of MMP3 cDNA was performed by using Light-
Cycler reagents and the compatible detection system (Roche, CT,
USA). PCR primers for detecting MMP3 were 5'-
GCAGTTTGCTCAGCCTATCC-3" and 5'-TTTCTCCTAA-
CAAACTGTTTCACATC-3', and the locked nucleic acid-based
probe was 5'- GGATGGAG-3'. Primers for detecting an internal
reference, TATA box-binding protein, were 5'-GCTGGCCCA-
TAGTGATCTTT-3" and 5 -TCCTTGGGTTATCTTCA-
CACG-3', and the probe was 5'-CCCAGCAG-3'. Duplicated
experiments were carried out and the relative MMP3 mRNA
levels were calculated by using the LightCycler software (Roche).

Reporter Gene Assay and Chromatin
Immunoprecipitation (ChIP) Assay

Firefly luciferase activity reflecting the promoter activity of
reporter plasmids was detected as described previously [18] by
using a Bright-Glo assay kit (Promega, WI, USA). Recruitment of
Zta to the target promoter was detected by using the ChIP assay as
described in our previous study [37]. Zta was immunoprecipitated
by using a mouse monoclonal antibody AZ-69 (Argene, Varilhes,
France). DNA fragment of the MMP3 promoter in the
immunoprecipitants were quantified by real-time PCR using the
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forward primer 5'-AATTTGGAATGTTTGGAAATGG-3', the
reverse primer 5'-GCTTGACTCATCCTTGCTTTC-3', and
the probe 5'- CTGCTGCC-3'. The relative amounts of target
promoter DNA in the immunoprecipitants were calculated and
presented as the “percentage of input”.

Gelatin Zymography

MMP9 and MMP2 in the cell culture supernatants were
detected by gelatin zymography as described previously [36]. In
brief, samples were electrophoresed on an 8% polyacrylamide gel
containing gelatin (1 mg/ml) under nonreducing conditions. After
electrophoresis, MMP9 and MMP2 in the gels were renatured and
reacted with their substrate gelatin. Subsequent gel staining with
Coomassie blue R250 visualized the transparent bands of 92-kDa
MMP9 and 72-kDa MMP2.

Transwell Cell Migration Assay and Matrigel Invasion
Assay

Transwells (6.5-mm diameter and 8-um pore size; Corning,
MA, USA) were used for the cell migration assay, while Biocoat
Matrigel invasion chambers (Becton Dickinson, NJ, USA) coated
with extracellular matrix (ECM) were used for the cell invasion
assay. Both assays were carried out in 24-well plates in similar
ways. Cells suspended in serum-free RPMI 1640 medium were
plated onto the upper chambers (25000 cells/well) of transwells or
Matrigel chambers, and the lower chambers contained 10% fetal
bovine serum as the chemoattractant. After incubation at 37°C in
5% CO, for 24 h, the cells remaining on the upper chambers were
removed by a cotton swab, and the cells migrating or invading to
the underside of the membrane were fixed and stained with
Giemsa dye. In each chamber, the migrating or invading cells
were counted from five randomly-chosen microscopic fields and
the average cell numbers per field were calculated.

Results

Zta Upregulates MMP3 and MMP9

First we used an MMP antibody array to analyze the
conditioned medium of an EBV-negative NPC cell line, HONE-
1, with or without ectopic expression of Zta. Compared with the
vector transfectants, Zta-transfected cells showed more than
twofold increase of production of MMP3 and MMP9 (Fig. 1).
MMP1, which can be induced by Zta in a keratinocyte cell line
[22], was only slightly (1.5 fold) upregulated by Zta in HONE-1
cells, suggestion that Zta-mediated regulation of MMP1 is cell-
dependent. Zta-mediated induction of MMP9 and its underlying
mechanism have been studied previously [4], but the effect of Zta
on MMP3 expression has not been reported before. Therefore, we
focused on the induction of MMP?3 in following experiments.

Zta Induces MMP3 Expression

To confirm Zta-mediated MMP3 induction, the mRNA and
protein levels of MMP3 were further examined by using
quantitative RT-PCR and ELISA, respectively. Transient Zta
expression in EBV-negative NPC cells was carried out either
through plasmid transfection into HONE-1 cells or by using a
doxycycline-inducible, Zta-expressing derivative, HONE-tetonZ
[29]. In both cell models, ectopic expression of Zta significantly
increased intracellular MMP3 mRNA and also the secreted
MMP3 protein in the conditioned medium (Fig. 2A). Zta was also
able to induce MMP3 production from two EBV-negative, non-
NPC epithelial cell lines, SCC15 and AGS (Fig. 2B), indicating
that Zta-mediated induction of MMP3 is not restricted to NPC
cells.
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Figure 1. MMP3 and MMP9 are upregulated by Zta. HONE-1 cells
were transfected with a vector plasmid (Vec) or a Zta-expressing
plasmid (Zta). In the upper panel, the profiles of MMP production in the
cell culture supernatants were analyzed by using an antibody array,
where the positive control (PC) and the negative control (NC) were
included. In the lower panel, Zta-mediated induction of each MMP was
quantified as folds of induction compared with the vector control. In
this analysis, only MMP3 and MMP9 were induced more than two folds
by Zta.

doi:10.1371/journal.pone.0056121.g001

Endogenous Zta Contributes to Induction of MMP3
Expression, Migration and Invasion of EBV-infected Cells
Next we wondered whether endogenous Zta expressed in EBV-
infected cells can be also involved in upregulation of MMP3. We
examined an EBV-infected NPC cell line, TW01-ERGV, where
doxycycline treatment drives expression of a lytic transactivator
Rta, resulting in induction of endogenous Zta and its downstream
lytic genes [38]. After doxycycline treatment, TWO1-ERGV cells
expressed Rta, Zta and a downstream lytic protein EA-D/BMRF'1
(Fig. 3A), and meanwhile their production of MMP3 was also
increased (Fig. 3B). To clarify the role of endogenous Zta, we
transfected the cells with Zta-targeted siRNAs, which inhibited
expression of endogenous Zta and Zta-induced Rta [20] while did
not affect expression of doxycycline-induced exogenous Rta. As
expected, transfection with the Zta siRNAs completely blocked
Zta expression but only partially reduced Rta expression (Fig. 3A).
Since EA-D expression is regulated by both Zta and Rta [17],
knockdown of endogenous Zta reduced half the level of EA-D
(Fig. 3A). Notably, knockdown of endogenous Zta abolished the
induction of MMP3 (Fig. 3B), supporting that Zta is important for
regulation of MMP3 expression in the context of EBV-infected
cells. We further tested the effect of endogenous Zta on cell
migration and invasion. Cell motility was examined by using a
transwell migration assay, and cell invasiveness in ECM was
examined by using a Matrigel invasion assay. Doxycycline-
induced EBV reactivation enhanced migration and invasion of
TWO1-ERGV cells, and both the effects were inhibited when
endogenous Zta was knocked down by siRNAs (Fig. 3C). This
result supports that, during lytic EBV infection, endogenous Zta is
an important trigger of cell migration and invasion. Meanwhile we
do not rule out the possibility that downstream lytic proteins
induced by Zta may be also involved in the biologic effects.
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Figure 2. Zta induces MMP3 expression. (A) HONE-1 cells were transfected with a vector plasmid (Vec) or a Zta-expressing plasmid, and HONE-
tetonZ cells were treated with (+) or without (-) doxycycline (Dox). In the upper panel, protein expression of Zta and B-actin was examined by an
immunoblotting assay. In the middle panel, concentrations of MMP3 protein in the cell culture supernatants were quantified by using ELISA. In the
lower panel, the expression levels of MMP3 mRNA were measured by quantitative RT-PCR. (B) SCC15 and AGS cells were transfected with a vector
plasmid (Vec) or a Zta-expressing plasmid. Expression of Zta and B-actin was examined by an immunoblotting assay, and concentrations of MMP3
protein in the cell culture supernatants were quantified by using ELISA.

doi:10.1371/journal.pone.0056121.g002
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Figure 3. Endogenous Zta contributes to induction of MMP3 expression, migration and invasion of EBV-infected cells. EBV-infected
TWO1-ERGV cells were transfected with control siRNA (siCtrl) or Zta-targeted siRNAs (siZta-1 and siZta-2) in the presence (+) or absence (-) of
doxycycline (Dox) treatment. (A) EBV lytic proteins (Zta, Rta and EA-D) and cellular B-actin were detected by using an immunoblotting assay. The
relative expression levels of individual viral proteins were quantified by normalization with their corresponding B-actin, and the expression level in
the control siRNA-transfected, doxycycline -treated cells was set as 1.00. (B) MMP3 concentrations in the cell culture supernatants were measured by
using ELISA. (C) Cell migration was examined by using a transwell migration assay, and cell invasion in ECM was examined by using a Matrigel
invasion assay. Shown are the microscopic observations of migrating or invading cells and the average numbers of the cells per field.
doi:10.1371/journal.pone.0056121.g003
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Zta-induced Activation of the MMP3 Promoter Requires

Three AP-1 Elements

A previous study shows that Zta transactivates the MMP9
promoter and an AP-1 site in the promoter is essential for the
transactivation [4]. Since the MMP3 promoter contains three AP-
1 elements [35], as illustrated in Figure 4A, we examined whether
Zta can also regulate activity of the MMP3 promoter. Using
doxycycline-inducible, Zta-expressing HONE-tetonZ cells, we
found that Zta significantly activated the wild-type MMP3
promoter (—2290 to +10) in the reporter gene assay (Fig. 4B).
Accordingly, the MMP3 promoter constructs with various
mutations at AP-1 sites were further tested. Disruption of any of
the three AP-1 elements at —216, —172 and —89 profoundly
impaired the responsiveness to Zta (Fig. 4B), indicating that all of
them are essential for the full Zta-triggered activation of the
MMP3 promoter. The AP-1 site at —216 seems to be most
important since single mutation at this site abolished the promoter
responsiveness to Zta. Furthermore, dual or triple mutation of
these three AP-1 sites also completely blocked the Zta-induced
transactivation. Therefore, Zta activates the MMP3 promoter
through multiple AP-1 elements.

The DNA-binding Domain of Zta is Required for
Recruitment to the MMP3 Promoter and for Induction of

MMP3 Expression

A previous study indicates that Zta binds to the MMP9
promoter and that Zta mutants lacking the DNA-binding domain
fail to induce MMP9 [4]. In this study, we tested whether the
similar mechanism can also apply to Zta-mediated induction of
MMP3. In a ChIP assay, wild-type Zta was recruited preferentially
to the MMP3 promoter region spanning AP-1 elements but not to
the control region distant from the AP-1 elements (Fig. 5A). In
addition, we tested two Zta mutants, Zdbm1 and Zdbm2, of which
the DNA binding domains are mutated [18,34]. Both Zta mutants
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Figure 4. Zta-induced activation of the MMP3 promoter
requires three AP-1 elements. (A) The MMP3 promoter used in
the reporter gene assay is illustrated schematically. Three AP-1 elements
at —216, —172, and —89 of the promoter are indicated and labeled as
A, B, and C, respectively. (B) The reporter plasmids driven by the wild-
type (wt) MMP3 promoter or its AP-1-mutated derivatives (mA, mB, mC,
mAB, mBC, mAC, and mABC) were transfected into HONE-tetonZ cells in
the presence (black bars) or absence (white bars) of doxycycline
induction. The promoter activity was examined by using a luciferase
assay. Expression of Zta and B-actin was examined by an immunoblot-
ting assay.

doi:10.1371/journal.pone.0056121.9g004
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showed diminished recruitment to the MMP3 promoter (Fig. 5A)
and failed to induce MMP3 expression at mRNA and protein
levels (Fig. 5B). Therefore, similar to the mechanism of MMP9
induction, the DNA binding domain of Zta is also required for
induction of MMP3.

Zta-induced Cell Migration Requires MMP3 While Zta-
induced Cell Invasion Requires Both MMP3 and MMP9

Next we examined the biologic effects of Zta-induced MMPs,
testing whether MMP3 and MMP9 are involved in Zta-promoted
migration and invasion of NPC cells i vitro. Compared with the
vector control cells, Zta-transfected HONE-1 cells showed more
migratory and invasive ability (Figs. 6A to 6C). We further used
siRNAs to examine the contributions of MMP3 and MMP?9 in this
context. Knockdown of MMP3, which did not affect MMP9
induction, significantly reduced Zta-induced cell migration and
invasion (Fig. 6A). On the other hand, knockdown of MMP9,
which did not affect MMP3 induction, blocked cell invasion but
had no effect on cell migration (Fig. 6B). These results suggest that
Zta promotes cell migration in a MMP3-dependent, MMP9-
independent manner, while Zta substantially promotes cell
invasion through a mechanism requiring co-induction of MMP3
and MMP9. To confirm this hypothesis, we used specific MMP
inhibitors that blocked the enzymatic activity but did not affect the
protein levels of MMPs. Zta-induced cell migration was abolished
by the MMP?3 inhibitor but not by the MMP9 inhibitor, while Zta-
induced cell invasion was blocked by either of the inhibitors
(Fig. 6C). Similar results of the inhibitor treatment were also
obtained when we used doxycycline-inducible, Zta-expressing
HONE-tetonZ cells (Fig. 6D). Therefore, Zta-induced MMP3 and
MMP9 may cause different effects on cell motility, but both of
them are critical for Zta-promoted cell invasion.

MMP3 Enhances Cell Migration and Synergizes with
MMP9 to Promote Cell Invasion

Next we wondered whether individual expression or co-
expression of MMP3 and MMP9, in the absence of Zta, can
result in the biologic effects similar to those induced by Zta. We
examined motility and invasiveness of HONE-1 cells with ectopic
expression of MMP3 and/or MMP9. MMP3 expressed alone
sufficiently promoted cell migration (Fig. 7). MMP9 did not affect
cell motility when expressed alone, and was unable to further
enhance migration of the MMP3-expressing cells (Fig. 7, upper
panel). Therefore, MMP3, not MMP9, functions as a promoter of
NPC cell migration. On the other hand, though overexpression of
MMP3 alone or MMP9 alone enhanced cell invasion weakly (2 to
4 folds compared with the vector control), the invasiveness was
increased prominently (more than 13 folds) when MMP3 and
MMP9 were co-expressed (Fig. 7, lower panel). This result
indicates that MMP3 and MMP9 synergistically promote cell
invasion, which may explain why Zta-induced cell invasion
requires co-expression of both MMPs.

Discussion

Extending from previous studies separately showing that Zta
promotes cell migration/invasion and that Zta induces MMP
expression [4,22], this study provides integrated evidence demon-
strating that Zta drives cell migration and invasion through
induction of MMPs. Our new findings include that (1) MMP3, like
MMP9 found previously, is induced by Zta; (2) MMP3 is required
for Zta-induced cell migration but MMP9 is not; (3) both MMP3
and MMP9 contribute to Zta-induced cell invasion. Although
these findings are based on w vitro experiments and we have not
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Figure 5. The DNA-binding domain of Zta is required for induction of MMP3 expression. (A) NPC cells were transfected with a vector
plasmid (Vec) or plasmids expressing wild-type Zta or the DNA binding-defective mutants (Zdbm1 and Zdbm?2) and then subjected to a ChlP assay.
The antibodies used for immunoprecipitation (IP Ab) included an anti-Zta antibody and a control antibody (Ctrl). In the immunoprecipitants, the
target DNA region (T) spanning AP-1 elements of the MMP3 promoter and the control DNA region (C) distant from the AP-1 elements were quantified
by using real-time PCR. The ChIP results were expressed as “percentage of input”. (B) Cells were transfected with a vector plasmid or plasmids
expressing wild-type Zta, Zdbm1 or Zdbm2. Protein expression of Zta and f-actin was examined by an immunoblotting assay (upper panel).
Expression levels of MMP3 mRNA were measured by quantitative RT-PCR (middle panel). Concentrations of MMP3 protein in the cell culture

supernatants were quantified by using ELISA (lower panel).
doi:10.1371/journal.pone.0056121.g005

examined biopsy specimens, this study reveals a possible mech-
anism how Zta increases cell motility and invasiveness. It remains
to be studied whether this mechanism is linked to a previous report
showing that Zta expression correlates with neck metastasis of
NPC [4].

Compared with a previous study about Zta-mediated induction
of MMP9 [4], our present study indicates that Zta can also induce
MMP3 expression and the induction mechanism is similar to that
of MMP9. Both MMP3 and MMP9 are upregulated by Zta at a
transcriptional level, and Zta activates the promoters of both
MMPs through AP-1 elements. In addition, Zta binds to both
promoters, and the DNA-binding domain of Zta is required for
induction of both MMPs. Notably, all three AP-1 sites in the
MMP3 promoter are essential for the responsiveness to Zta,
suggesting that Zta needs multiple binding elements for the full
transactivation. The MMP9 promoter also contains three AP-1
sites [36], but so far only one of them has been tested for Zta-
mediated transactivation [4]. Multiple Zta-binding DNA elements
are also found in the promoters of other Zta-regulated genes,
including interleukin (IL)-10 [19], IL-8 [18], and early growth
response-1 [20]. It is likely that cooperative interaction among
adjacently DNA-bound Zta is important for transactivation of
these promoters. A similar case is JunB, a member of AP-1 family
proteins, which can activate the promoter containing multimeric
AP-1 elements but not the promoter with only a single AP-1 site
[39].

In addition to direct targeting of Zta to the promoters of MMP3
and MMP9, other mechanisms may also be involved in Zta-
mediated induction of the MMPs. First, Zta may induce
expression of other transcription factors to indirectly regulate the
MMP promoters. For example, Zta has been previously shown to

PLOS ONE | www.plosone.org

upregulate c-Fos and early growth response-1 [20,40], two cellular
transcription factors associated with induction of MMP3 and
MMP9 [41—43]. Zta may also affect some cellular signaling
pathways to regulate MMP expression. It has been reported that
Zta can trigger activation of the ERK1/2 signaling pathway [20],
which may be critical for induction of various MMPs [27,36,44].
Alternatively, MMP expression may be modulated by some Zta-
induced secreted factors in an autocrine or paracrine manner. IL-8
and prostaglandin Ey, two secreted factors that can be augmented
by Zta [18,37], have been shown to upregulate MMP3 and
MMP9 [45,46]. Besides, our unpublished data indicated that Zta
can induce heparin-binding epidermal growth factor, which is
another secreted factor potentially linked to induction of both
MMPs [47].

Considering that many promoters of MMP genes contain
similar cis-regulatory elements, multiple MMPs can be co-
regulated by some common inducers or mechanisms [47,48].
However, according to our MMP array analysis, only MMP3 and
MMP9 can be prominently upregulated by Zta. Although the
promoters of MMP1 and MMP10 genes contain AP-1 elements
[49], Zta does not induce these two MMPs in our study, in
contrast to a previous study showing Zta-induced MMP1
expression in a keratinocyte cell line [22]. Therefore, in addition
to existence of AP-1 elements in the MMP promoters, there must
be other cell-specific requirements determining MMP induction
by Zta. One possibility is the DNA methylation status of MMP
promoters, as Zta preferentially binds to and activates methylated
promoters [50,51]. In line with this notion, methylation status of
MMP promoters has been reported to be cell-specific, and the
epigenetic status affects MMP expression [52,53]. On the other
hand, AP-1 proteins may cooperate with different cofactors for
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Figure 6. Zta-induced cell migration requires MMP3 while Zta-induced cell invasion requires both MMP3 and MMP9. (A) HONE-1 cells
were cotransfected with a control siRNA (siCtrl) or MMP3-targeted siRNAs (siMMP3-1 and siMMP3-2) in combination with a vector plasmid (Vec) or a
Zta-expressing plasmid (Zta). (B) HONE-1 cells were cotransfected with a control siRNA or MMP9-targeted siRNAs (siMMP9-1 and siMMP9-2) in
combination with a vector plasmid or a Zta-expressing plasmid. (C) HONE-1 cells transfected with a vector plasmid or a Zta-expressing plasmid were
treated with the solvent control DMSO, an MMP3 inhibitor (MMP3i), or an MMP9 inhibitor (MMP9i). (D) HONE-tetonZ cells with (+) or without (—)
induction by doxycycline (Dox) were treated with the solvent control DMSO, an MMP3 inhibitor (MMP3i), or an MMP9 inhibitor (MMP9i). Protein
expression of Zta and B-actin was examined by an immunoblotting assay. Production of MMP9 and MMP?2 in the cell culture supernatants was
detected by using a gelatin zymography assay. Concentrations of MMP3 in the cell culture supernatants were quantified by using ELISA. Cell
migration was examined by using a transwell migration assay, and cell invasion in ECM was examined by using a Matrigel invasion assay. Shown are
the microscopic observations of migrating or invading cells and the average numbers of the cells per field.
doi:10.1371/journal.pone.0056121.g006

regulation of individual MMP genes. For example, AP-1-mediated Co-expression of multiple MMPs has been detected in tumor
induction of MMP1 requires ETS1 [54] while the induction of tissues and associated with cancer progression [56,57]. However, it
MMP9 depends on cooperation with STAT3 [55]. Being an AP-1- remains unclear whether the co-expressed MMPs exert indepen-

like b-Zip transcription factor, Zta may also interact with some dent, redundant, or synergistic effects on cancer progression. In
cell-specific cofactors that result in the differential MMP induction this study, MMP3 and MMP9 differentially affect cell migration.
by Zta. Blocking or overexpression of MMP9 did not influence cell
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Figure 7. MMP3 enhances cell migration and synergizes with MMP9 to promote cell invasion. HONE-1 cells were transfected with a
vector plasmid (Vec), a MMP3-expressing plasmid, or a MMP9-expressing plasmid, or cotransfected with both MMP3 and MMP9 plasmids (MMP3+9).
production of MMP9 was examined by using a gelatin zymography assay, and production of MMP3 was examined by using ELISA. A transwell
migration assay and a Matrigel invasion assay were performed. Shown are the microscopic observations of migrating or invading cells and the

average numbers of the cells per field.
doi:10.1371/journal.pone.0056121.g007

migration, indicating that MMP9 has minimal effect on cell
migration. By contrast, knockdown or inhibition of MMP3
blocked Zta-induced cell migration and ectopic expression of
MMP3 alone sufficiently increased cell motility, indicating that
MMP3 plays a critical role therein. MMP3 may promote cell
migration in several ways. For example, MMP3 may cleave E-
cadherin to facilitate cell disassociation, increase cell motility, and
trigger epithelial-to-mesenchymal transition [58]. MMP3 may also
induce production of keratinocyte growth factor [58], a secreted
protein associated with enhanced cell migration [59]. Further
studies are required to identify the mechanisms how Zta-induced
MMP3 promotes cell migration.

On the other hand, this study indicates that Zta-induced MMP3
and MMP9 synergistically drive cell invasion. MMP9 is a well-
documented MMP that digests ECM and facilitates cell invasion.
Interestingly, our study indicates that MMP3 also essentially
contributes to cell invasiveness in the presence of MMP9.
Knockdown or inhibition of MMP3 suppressed Zta-induced cell
invasiveness in ECM. In addition, although ectopic expression of
MMP3 alone barely influenced cell invasion, it significantly
increased cell invasiveness when MMP9 was co-expressed. The
synergy of MMP3 and MMP9 may be explained by several
potential mechanisms. First, our data show that Zta-induced
MMP3 promotes cell migration, which may be critical and
prerequisite for subsequent MMP9-induced cell invasion. Second,
MMP3 can be an upstream activator of other MMPs including
MMP9 [49,58,60], so MMP3 may enhance enzymatic activity of
MMP9 to promote invasion. Meanwhile, cell invasion can be
augmented when MMP9 is recruited by CD44 to the invasive
front of cells [24,61]. Considering that MMP3 can induces
keratinocyte growth factor [58], which upregulates CD44 expres-
sion [62], thus MMP3 may indirectly facilitate surface recruitment
of MMP9 to promote cell invasion.

Through MMP3 and MMPY, Zta may regulate other patho-
genic effects in addition to cell migration and invasion. Based on
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