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Abstract. Degradation of the extracellular matrix (ECM) is 
a critical step of tumor cell invasion and requires protease-
dependent proteolysis focalized at the invadopodia where 
the proteolysis of the ECM occurs. Most of the extracellular 
proteases belong to serine- or metallo-proteases and the inva-
dopodia is where protease activity is regulated. While recent 
data looking at global protease activity in the growth medium 
reported that their activity and role in invasion is dependent 
on Na+/H+ exchanger 1 (NHE1)-driven extracellular acidifica-
tion, there is no data on this aspect at the invadopodia, and 
an open question remains whether this acid extracellular 
pH (pHe) activation of proteases in tumor cells occurs pref-
erentially at invadopodia. We previously reported that the 
NHE1 is expressed in breast cancer invadopodia and that the 
NHE1‑dependent acidification of the peri-invadopodial space 
is critical for ECM proteolysis. In the present study, using, for 
the first time, in situ zymography analysis, we demonstrated 
a concordance between NHE1 activity, extracellular acidifi-
cation and protease activity at invadopodia to finely regulate 
ECM digestion. We demonstrated that: (i) ECM proteolysis 
taking place at invadopodia is driven by acidification of the 
peri-invadopodia microenvironment; (ii)  that the proteases 
have a functional pHe optimum that is acidic; (iii)  more 
than one protease is functioning to digest the ECM at these 
invadopodial sites of ECM proteolysis; and (iv) lowering pHe 
or inhibiting the NHE1 increases protease secretion while 
blocking protease activity changes NHE1 expression at the 
invadopodia.

Introduction

The tumor microenvironment plays a fundamental role in 
promoting tumor progression and metastasis (1). One of the 
primary forces of the metabolic tumor microenvironment 
guiding an invasive and metastatic phenotype is the low 
extracellular pH (pHe) produced by tumor cells (2,3). Studies 
using in vitro cell-culture and in situ tumor spectroscopy have 
revealed that, while having an alkaline intracellular pH (pHi), 
tumors can reach an acidic interstitial pHe 0.5-1 units lower 
than normal tissue (tumor pHe of 6.5-7 vs. a normal tissue pHe 
of 7.4) (4). This acidic pHe was previously demonstrated to 
stimulate in vitro invasion (5) and in vivo metastasis (6), but the 
mechanism(s) underlying acidic pHe-induced effects are only 
recently being defined. According to the ‘acid-mediate invasion 
hypothesis’ (7), acidic conditions promote extracellular release 
and activity of key proteases such as cathepsin B and matrix 
metalloproteinase-2 and -9 (MMP-2, -9) (8), which break down 
both extracellular matrix (ECM) and basement membrane, 
thereby promoting migration, invasion and metastasis  (9). 
Therefore, we initiated studies to elucidate the nature of the 
molecular pathways and mechanisms that regulate these events.

Aggressive tumor cells from multiple malignancies localize 
and concentrate a series of different proteases including the 
secreted MMP-2 and -9 and the transmembrane proteases (such 
as MT1-MMP) at actin-rich invasive protrusions called inva-
dopodia that precisely regulate the directed proteolysis of the 
ECM and facilitate invasion (10). A wide variety of actin‑inter-
acting proteins, scaffolding proteins, signaling proteins and 
ion transporters are involved in invadopodia formation and 
functioning (11). In particular, the plasma membrane Na+/H+ 
exchanger 1 (NHE1) is localized at cancer cell invadopodia, 
where it plays an integrated role in both invadopodia forma-
tion and proteolytic activity (12). Taken together, these data 
suggest that there exists at invadopodia a concordance between 
NHE1 localization, extracellular acidification, protease 
activity on the cell surface at invadopodia and the cytoskel-
eton reorganization necessary for invadopodial maturation in 
human malignant breast carcinoma cells. There is currently 
no report on the effect of NHE1-induced acid pHe on protease 
activity at the most important sites of ECM digestion by cancer 
cells, the invadopodia. This is due to the fact that, although 
biochemical studies can determine net protease activity in the 
tumor extracellular medium, they do not provide any informa-
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tion if the localization and activation of proteases may occur at 
invadopodia. Here, by using in situ invadopodial zymography, 
we measured the individual activity of the different proteases 
and related this invadopodial-localized protease expression 
and activity to NHE1 and pHe at invadopodia of the human 
metastatic breast cancer cell line, MDA-MB-231.

Materials and methods

Reagents. Porcine skin gelatin, type A, was from Sigma. Matrigel 
growth factor reduced w/o phenol red from BD Biosciences. 
DQ™Green BSA, DQ™Red BSA and DQ™pig skin gelatin 
fluorescein conjugated from Molecular Probes. Primary anti-
bodies: monoclonal [4E9] anti-NHE1 (Abcam), monoclonal 
anti-Cortactin (p80/85) clone 4F1 (Millipore), polyclonal 
anti-MMP-2 and anti-MMP-9 (Cell Signaling Technology, 
Inc.), polyclonal anti-cathepsin B (Fitzgerald), monoclonal 
anti‑β actin (Sigma). Rhodamine B, isothiocyanate, mixed 
isomers (TRITC) was from Sigma. Immunofluorescence: 
polyclonal anti-NHE1 (Alpha Diagnostic). Secondary anti-
bodies: anti‑mouse (Sigma) and anti-rabbit (Cell Signaling 
Technology, Inc.) HRP linked antibodies, goat anti-mouse 
and anti-rabbit Alexa Fluor 488- and Alexa Fluor 568-linked 
(Molecular Probes, Inc., Eugene, OR, USA).

Cell culture and preparation of different pHe in growth 
medium and protease inhibitors. MDA-MB-231 cells were 
grown in Dulbecco's modified Eagle's medium (DMEM) 
high glucose (4,500  mg/l) supplemented with NaHCO3 
(3,700 mg/l), 10% (v/v) heat-inactivated fetal bovine serum, 
L-glutamine (2 mM), sodium-pyruvate (1 mg/ml) and peni-
cillin (100 units)/streptomycin (100 mg/ml) in a 5% CO2/95% 
air humidified incubator at 37˚C.

Protease expression levels and in situ protease zymography 
(i.e. invadopodia-dependent ECM digestion) were measured at 
neutral (pHe 7.4), acidic (pHe 6.7) or basic (pHe 7.8) growth 
mediums, in the absence or presence of the following protease 
inhibitors: cathespin B inhibitor CA-074 (5 µM), Calbiochem 
(cat. no. 205030), MMP-9 inhibitor 1 (7.5 nM) Calbiochem 
(cat. no. 444278) or MMP-2 inhibitor 1 (15 µM) Calbiochem 
(cat. no. 444244), Batimastat (Sigma) and Cariporide (Sanofi-
Aventis).

Degradation assay and in situ protease zymography. The activity 
of each protease was assayed at invadopodia by measuring 
the quantitative levels of focal and pericellular ECM digestion 
via in situ zymography in cells plated on Matrigel containing 
quenched DQ-BSA, as previously described (12), in the absence 
and presence of the specific inhibitor of each protease.

Invadopodia cell fractionation. Cytosol, membrane and inva-
dopodia fractions were obtained from cells grown on gelatin, 
as previously described (12).

Preparation of conditioned media, cell lysates and western 
blotting. These procedures were performed as previously 
described (13).

Image acquisition and analysis. Images were acquired and 
analyzed as previously described (14) with a x60 oil objective 

using a Nikon Eclipse TE 2000S epifluorescence microscope or 
a laser scanning confocal microscope (LSCM) (C1/TE2000-U; 
Nikon Instruments S.p.A., Sesto Fiorentino-FI, Italy). Confocal 
images were analyzed using ImageJ (http://rsb.info.nih.gov/ij/).

Duolink proximity ligation assay (PLA). Cells were plated for 
the invadopodial matrix degradation assay, fixed, permeabi-
lized and stained with primary antibodies (NHE1, MMP-2, 
MMP-9 and cathepsin B) at the recommended immunofluo-
rescence dilution (or 1:400 if no dilution was given). Proximity 
ligation was performed according to the manufacturer's 
protocol using the Duolink Detection kit with PLA PLUS 
and MINUS probes for mouse and rabbit (Olink Biosciences; 
ref. 43). Samples were analyzed with a confocal microscope 
(LSM 510 Meta; Carl Zeiss Inc.) under a x63 oil objective.

Statistical analysis. Student's t-test was applied to analyze the 
statistical significance between treatments and p<0.05 was 
considered to indicate a statistically significant difference, 
assuming equal variances on all experimental data sets. All 
comparisons were performed with InStat (GraphPad Software, 
San Diego, CA, USA).

Results

Acidic pHe increases MMP-2, -9 and cathepsin B secretion. 
A correlation between tumor progression and metastasis and 
elevated levels of the zinc-dependent matrix metalloproteases 
MMP-2 and -9 (15) and/or the acidic cysteine proteases (16) 
has been reported in several experimental and clinical studies. 
Furthermore, the acidic microenvironment has been shown 
to be essential for promoting expression and activity of these 
proteases in both cancer and stromal cells during tumor inva-
sion, angiogenesis and metastasis (6,17). Therefore, we focused 
on MMP-2, -9 and cathepsin B to first assess how shifting the 
pHe of culture medium of breast cancer cells towards acidic 
or alkaline values changes their cellular levels and extracel-
lular secretion. We incubated metastatic breast cancer cells, 
MDA-MB-231, with media at various pH (pH 6.7, pH 7.4 and 

Figure 1. Stimulated release of MMP-2, -9 and cathepsin B by MDA‑MB‑231 
cells cultured with acidic pH medium. MDA-MB-231 cells were cultured with 
control medium or medium at different pH and both total cell homogenates 
and conditioned media, after being removed and concentrated, were analyzed 
by western blotting with anti-MMP2, anti-MMP-9 and anti-cathepsin B anti-
bodies. MMP-2, matrix metalloproteinase-2.
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pH 7.8) for 8 h and measured the expression levels of MMP-2, 
-9 and cathepsin B by western blot analysis in both the total 
cell homogenates and in the collected tumor conditioned 
medium. As seen in Fig. 1, cells incubated with acidic medium 
(pH 6.7) in comparison to neutral medium (pH 7.4), exhibited 
a decrease of the MMP-2 (72 kDa) and MMP-9 (92 kDa) 
inactive pro-forms in the total cell homogenates and a marked 
increase of their mature forms (64 and 84 kDa respectively) 
released into the tumor conditioned medium. Similarly, extra-
cellular acidosis (pH 6.7) reduced cathepsin B expression in 
the cellular homogenate while highly inducing its secretion 
into the tumor extracellular medium. On the contrary, when 
cells were incubated with alkaline medium (pH 7.8), we found 
that MMP-9 and cathepsin B did not change their expression 
in homogenates or secretion into conditioned media when 
compared to cells cultured at neutral pH, while MMP-2 
continued to show decreased levels in the cellular homog-
enates and an increased secretion into the tumor conditioned 
medium. The data presented here confirm that extracellular 
acidic conditions increase the secretion of the activated forms 
of MMP-2, MMP-9 and cathepsin B. However, it remains 
unknown whether this increased secretion occurs globally for 
the cell or preferentially at invadopodia, known to be centers 
of enrichment for a variety of proteases.

Cathepsin B, MMP-2 and -9 directly interact with NHE1 at 
matrix-degrading invadopodia. As we recently demonstrated 
that invadopodia are focal hotspots of very acidic pHe driven 
by high levels of NHE1 activity  (12) and that this NHE1 
activity is necessary for the digestive activity of the invado-
podia, we explored whether the lowered peri-invadopodia pHe 
driving focal ECM degradation is through the regulation of 
the expression and/or activity of proteases at invadopodia. We 
first determined the presence of the three major proteases, 
cathepsin B, MMP-2 and -9, in invadopodia by fractionating 
cells plated on cross-linked porcine gelatin into cytosol, cell 
membrane or invadopodia fractions (12). The invadopodia 
compartment was identified on the basis of a strong cortactin 
overexpression when compared to the membrane frac-
tion (12,18,19). As can be seen in Fig. 2A, all three proteases 
were enriched in the invadopodia although with different rela-

tive distributions. Furthermore, as previously reported (12), 
NHE1 was also expressed in the invadopodia compartment. 
To further analyze the potential association among NHE1, 
MMP-2, -9 and cathepsin B at proteolytically active invado-
podia, a PLA, which can detect endogenous protein-protein 
interactions that occur within 40 nm (20), was combined with 
a Matrigel degradation assay, in which cells are plated on a 
mixture of Matrigel containing DQ Green BSA-Bodipy and a 
green fluorescent emission staining is indicative of invadopodia 
driven-ECM digestion (12). The advantages of PLA are that 
this technique provides a fluorescent signal (red) only when 
two target proteins are colocalized, allowing improved sensi-
tivity for establishing endogenous protein-protein interactions 
and giving in situ information whether these colocalizations 
occur in specific intracellular compartments. As shown by the 
red fluorescent staining reported in Fig. 2B, NHE1 associated 
with all three proteases at the level of matrix-degrading inva-
dopodia (shown in green, while the merged area in yellow are 
indicated with arrows). These results demonstrate that some 
sub-populations of MMP-2, -9 and cathepsin B may reside at 
the level of functionally active invadopodia where they interact 
with NHE1.

Protease activity suppression increases relative invadopodial 
NHE1 expression, while NHE1 inhibition increases acid-
induced protease secretion. As both NHE1 and MMPs are 
involved in the invadopodia mediated-ECM degradation, and 
having demonstrated in Fig. 2A that breast cancer cells have 
an enrichment of NHE1 and protease expression at invado-
podia when compared to cellular bodies, we investigated 
if proteases and NHE1 exert a reciprocal transmodulation 
of their expression and/or activities. We first evaluated the 
role of MMP activity on NHE1 compartmentalization in 
invadopodia by using a general MMP inhibitor, batimastat. 
As can be observed in the invadopodia fractionation experi-
ments reported in Fig. 3A, treatment with 5 µM batimastat 
for 6 h significantly redistributed NHE1 from cellular bodies 
to invadopodia while having no effect on the distribution of 
a series of other invadopodia located proteins, suggesting a 
feed-back role of these enzymes on invadopodia proteolytic 
activity in breast cancer cells by controlling NHE1 expression 

Figure 2. MMP-2/-9 and cathepsin B colocalize with NHE1 at invadopodia. (A) MMP-2/9, cathepsin B and NHE1 protein expression were assayed by western 
blotting in cytosolic, plasma membrane and invadopodia subcellular fractions biochemically extracted from cells incubated for 24 h on a thick layer of 
cross-linked gelatin as described in Materials and methods. The invadopodia marker, cortactin, was enriched in the invadopodia fraction. (B) Representative 
micrographs of NHE1 with MMP-2/-9 or cathepsin B co-localization measured with in situ PLA in cells cultured on BSA/Bodipy‑Matrigel overnight. DAPI 
was used for nuclear staining. Scale bar, 50 µM. MMP-2/-9, matrix metalloproteinase-2/-9; NHE1, Na+/H+ exchanger 1.
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and localization. These data are consistent with evidence that: 
(i) inhibiting NHE1 activity reduced MMP-2 and -9 activa-
tion (21) and cathepsin B activation (5) in the extracellular 
medium, and (ii) that the overexpression of a non-transporting 
NHE1 mutant reduced MMP-9 expression and activity (22).

To determine whether inhibition of NHE1 by different 
doses of cariporide affects protease release and if there is a 
pH-dependence of this process, we examined the effect of 
cariporide on MMP-2, -9 and cathepsin B expression at the 
same pHe values utilized in the previous experiments shown 
in  Fig.  1. As shown in  Fig.  3B, when NHE1 activity was 
inhibited by 300 nM cariporide in cells grown at physiological 
pH (pH 7.4), we observed an intracellular accumulation of 
the three proteases and a corresponding reduction of their 
secretion in the tumor conditioned medium. As previously, we 
found that acidic pHe increased the release of MMP-2, -9 and 
cathepsin B and inhibition of NHE1 by cariporide (especially 
at 1 µM) strongly stimulated the release of the proteases almost 
completely emptying the cells of all three proteases resulting 
in peaks of their levels in the conditioned medium. The use of 
cariporide concentrations near its IC50 value (~280 nM) and 
at a near maximal concentration (1 µM) for inhibiting NHE1 
activity (12), demonstrated that the release of the proteases 
have somewhat different interaction kinetics with NHE1 
activity.

Acidic pHe-dependent protease activity is localized to the 
invadopodia. We finally determined the activity and role of the 
three proteases at the level of invadopodia. Similar to studies of 
experimental extracellular acidification in determining osteo-
clastic proteolytic programs (23,24), we examined whether 
exposure to an experimental acidosis may increase focal, 
invadopodia-dependent ECM degradation in MDA-MB-231 
cells plated on Matrigel containing DQ Green BSA-Bodipy 
and if this increase was due, at least in part, to a direct increase 

in protease activity. To determine the pH-dependence of the 
activity of the specific proteases MMP-2, -9 and cathepsin B 
at the invadopodia, we performed focal digestion experi-
ments via in situ zymography in Matrigel by incubating the 
cells in acidic (pHe 6.7), neutral (pHe 7.4) or basic (pHe 7.8) 
growth mediums, in the absence or presence of the following 
small-molecule inhibitors to pharmacologically knock-out 
protease function: cathepsin  B inhibitor CA-074 (5  µM), 
MMP-9 inhibitor 1 (7.5 nM) or MMP-2 inhibitor 1 (15 µM). 
Proteolysis of individual cells was followed as previously 
described (12) with invadopodia-dependent proteolysis being 
defined as the pixel density of focal zones of digestion for each 
cell. Fig. 4A shows confocal immunofluorescence images, 
using this in situ zymographic assay, of the actin cytoskeleton 
(red) and digestion (green) from typical cells of the different 
pHe treatments, while Fig. 4B shows the histogram of the 
cumulative data of total invadopodia (focal) ECM proteolysis 
from four independent experiments. Exposure to extracellular 
acidification produced a significant increase in both invado-
podia expression/number (percent of proteolytically active 
cells, data not shown) and total invadopodial activity in control 
cells (red bars in Fig. 4B) when compared to cells treated at 
neutral or basic pHe. These results confirm data from previous 
studies showing the pH dependence of ECM digestion at 
invadopodia (12). Notably, the ability of all three protease 
inhibitors to block the invadopodia-localized proteolysis was 
much greater in the acidic medium and again, declined with 
increasing pHe demonstrating that, indeed, MMP-2 (green 
bars), MMP-9 (blue bars) and cathepsin B (yellow bars) are 
more active at acidic pHe.

Collectively, these data show that, as in osteoclasts, an 
experimental acidification increases tumor cell proteolytic 
activity by turning on intrinsic invadopodial programs and that 
an important future direction will be to identify the molecular 
components of these specific invasive programs.

Figure 3. Inhibition of protease activity increases the relative amount of NHE1 at invadopodia while inhibition of NHE1 increases acid-induced protease 
secretion. (A) Immunoblotting analysis of the level of some invadopodia-residing proteins in subcellular fractions (cellular bodies and invadopodia) obtained 
by both control cells and cells treated for 6 h with the general MMP inhibitor batimastat (5 µM). (B) Western blotting of MMP‑2/-9, cathepsin B and NHE1 in 
both the cellular homogenates and the tumor conditioned medium from cells treated or not with cariporide and cultured overnight in medium at different pHe 
(pH 7.4, pH 6.7 and pH 7.8). NHE1, Na+/H+ exchanger 1; MMP, matrix metalloproteinase; pHe, extracellular pH.
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Discussion

Matrix metalloproteases (i.e. MMP-2, -9 and MT1-MMP) 
and cysteine proteases such as cathepsin B are key invasion 
markers due to their critical role in digesting both extracel-
lular matrix (ECM) and basement membrane proteins (25). 
However, except for the membrane anchored MT1-MMP, there 
is some controversy concerning the respective importance of 
each protease in ECM digestion, their interaction and the role 
of extracellular pH (pHe) in driving or regulating protease 
activity and action at the most important sites of ECM diges-
tion by cancer cells, the invadopodia.

While a large series of observations demonstrate that 
NHE1-dependent acidification of the extracellular space 

functions together with extracellular proteases to digest the 
ECM in a controlled manner, the experiments were performed 
with whole conditioned medium; therefore, the structural and 
functional mechanisms/determinants linking the extracel-
lular acidification to the ECM proteolysis remain unknown. 
In this context, data from various groups has shown that 
NHE1‑dependent proton extrusion at the invadopodia site 
is a crucial event for localized ECM digestion  (12,26,27). 
However, while it has been demonstrated for MT1-MMP that 
its accumulation at mature-ECM digesting invadopodia is a 
pH dependent-event (21), the presence, pH dynamics and inter-
action with NHE1 of the other proteases at invadopodia are 
unknown. The goal of the present study was to elucidate other 
proteases present at or surrounding the invadopodia and the 

Figure 4. Inhibition of MMP-2/-9 and cathepsin B protease activity inhibits matrix degradation by the cells, particularly at acidic pH. Effect of different 
pHe on MMP-2/-9 and cathepsin B protease activity at invadopodia from cells cultured overnight in Matrigel/BSA-Bodipy and incubated in acidic 
(pHe 6.7), neutral (pHe 7.4) or basic (pHe 7.8) growth mediums, in the absence or presence of the following protease inhibitors, cathespin B inhibitor 
CA-074 (5 µM), MMP-9 inhibitor 1 (7.5 nM) or MMP-2 inhibitor 1 (15 µM). (A) Typical fields of actin (red) stained cells and proteolysis (green) in the 
three pHe conditions. Bar=50 µm. (B) Total amount of focal digestion measured in pixel density as described in Materials and methods. Results are given 
as means ± SEM (n=4); *p<0.01 and ***p<0.001 statistically significantly different from control cells for each pHe value. MMP-2/-9, matrix metallopro-
teinase-2/-9; pHe, extracellular pH.
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dynamics of both their regulation by pHe and their relation-
ship with NHE1.

To highlight these three key processes, we applied the 
following experimental strategies; first, we measured the 
cellular expression and secretion of cathepsin B, MMP-2 
and -9 in cells incubated in neutral (pHe 7.4), in acidic (pHe 6.7) 
or in basic (pHe 7.8) growth medium and these experiments 
confirmed that all three proteases are secreted at higher levels 
at lower pHe (Fig. 1). Furthermore, we reported for the first 
time in a single study by invadopodia fractionation experi-
ments that all these proteases compartmentalize with NHE1 
at invadopodia (Fig. 2A). In this respect, an important novel 
observation of the present study was that, in ECM-digesting 
invadopodia, NHE1 was very closely associated with the three 
proteases, such that we observed a positive interaction signal 
in an in situ assay (proximity ligation assay) that measures 
interactions between two proteins in close proximity (under 
40  nm) with high spatial resolution  (28)  (Fig.  2B). This 
suggests that a tight physical and functional association 
between the major enzyme responsible for extra-invadopodial 
acidification, NHE1, and the acidic-driven proteases in that 
microspace exists in invadopodia. Also, as NHE1 is associated 
with MMP-2/-9 and cathepsin B at invadopodia, we investi-
gated whether NHE1 activity is important for the secretion 
of the three proteases into the peri-invadopodial space and 
if protease activity may possibly reciprocally regulate NHE1 
expression at the invadopodia. We observed a dose-dependent 
stimulation of the release of cathepsin B, MMP-2 and -9 by 
NHE1 inhibitor, cariporide (Fig. 3B) at acidic pHe, indicating 
a strict control of NHE1 over the protease secretion pathway. 
Lastly, as a direct measure of a pH-dependent regulation of 
protease activity at the invadopodia site of ECM digestion 
is still lacking, we performed a series of in situ zymogram 
experiments in the absence and presence of specific inhibitor 
of each protease, confirming that the major site of protease 
digestion of the ECM occurs at invadopodia (Fig. 4A and B). 
These data indicate that more than one protease is functioning 
to digest the ECM at invadopodia and that the proteases have 
a functional pHe optimum that is acidic not only in vitro but 
also in  situ. Indeed, our use of small-molecule inhibitors 
to pharmacologically knock-out protease function revealed 
that each of the proteases plays important roles in invado-
podia proteolysis of the ECM and, therefore, presumably in 
proteolysis-dependent functions such as tumor growth, tumor 
vascularity and invasion.

In conclusion, our data demonstrate for the first time that 
proton extrusion at the invadopodial site is a crucial event for 
proteolytic ECM digestion in that at the invadopodial sites 
of ECM proteolysis, more than one protease is functioning 
to digest the ECM and these proteases have a functional pHe 
optimum that is acidic. These data provide a structural basis 
for the well known role of the NHE1 in tumor cell invasion 
and the regulation of protease activity localized at invado-
podia.
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