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Human promyelocytic HL-60 cells have been used as
a model of acute leukemia to investigate the expres-
sion and the regulation of matrix metalloproteases
(MMPs), known to contribute to the degradation of ex-
tracellular matrix components. As shown by gelatin
zymography, HL-60 cells constitutively released sig-
nificant amounts of proMMP-9 (92 kDa) and moderate
amounts of proMMP-2 (72 kDa). Furthermore, casein
zymography confirmed the presence of serine prote-
ases in the form of pro-urokinase. Activation of
proMMP-9 was dependent on the plasminogen activa-
tor/plasmin (PA/plasmin) system and was inhibited by
aprotinin. MMP-9 was only detected in cellular ex-
tracts or conditioned media incubated with HL-60
cells, indicating that cells are essential to the activa-
tion process. Addition of plasminogen increased by 3-
fold the basal invasive rate of these cells across a ma-
trigel layer (2.1% versus 0.7% in control cells after 4 h
of incubation). Taken together, these results indicate
that HL-60 cells exhibit an autocrine activation mecha-
nism of proMMP-9 via the PA/plasmin system and that
activation of proMMP-9 increases their invasive poten-

tial. © 1997 Academic Press

During normal hematopoiesis, the proliferation and
differentiation of progenitor cells is strongly dependent
on their complex interactions with the bone marrow
microenvironment. Such interactions involve intimate
contacts between hematopoietic cells, marrow stromal
cells and extracellular matrix proteins namely via inte-
grins (1).

Malignant transformation of the hematopoietic pro-
genitor cells results in a blockade in their ability to
terminally differentiate, causing a rapid accumulation
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of immature proliferative cells. This abnormal blood
cell development may result in a breakdown of these
cell-to-stroma interactions leading to the subsequent
dissemination of immature blood elements from the
bone marrow to the peripheral blood and subsequently
to the tissues (2). In this respect, leukemic cells have
been described as invasive cells specially in vitro for
permanent cell lines such as KG-1, K562, HEL, HL-60
and U-937 (3) and in vivo in the case of acute leukemia
(4). In this study, human promyelocytic HL-60 cells
were used as a model of leukemia to investigate the
expression and the regulation of certain proteolytic en-
zymes participating in the degradation of extracellular
matrix components. This cell line derived from the pe-
ripheral blood of a patient with acute promyelocytic
leukemia (5) is shown to constitutively produce signifi-
cant amounts of the 94 kDa matrix metalloproteinase-
9 (MMP-9) or gelatinase B (6) when compared to the
highly metastatic human fibrosarcoma HT-1080 cells.
In addition, to our knowledge little is known about the
activation mechanism of MMP-9 in leukemic cells, al-
though it has been demonstrated that this enzyme was
associated with the invasive and metastatic ability of
various tumor cells (7). Therefore, we have conducted
this study in order to gain insights on the activation
mechanisms of proMMP-9 in HL-60 cells.

MATERIALS AND METHODS

Cell culture. Human HL-60 leukemic cells and human HT-1080
fibrosarcoma cells (8) were maintained in RPMI 1640 with 10% fetal
calf serum (FCS) (Life Technologies, Cergy Pontoise, France) supple-
mented with 2 mM L-glutamine in a 5% CO,. For gelatin zymography
assays, serum-free cultures were performed as followed: HL-60 cells
were washed twice with PBS, seeded at 3 x 10° cells/well of 24-well
plates in 500 ul of UltraCULTURE medium (Boehringer Ingelheim,
Gagny, France) supplemented with 2 mM L-glutamine. For HT-1080
cells, subconfluent monolayers of cells in 75 cm? culture flasks were
washed twice with PBS and incubated with 4 ml of UltraCULTURE
medium. They are known to constitutively secrete proMMP-9 (92
kDa) and proMMP-2 (72 kDa) in equal amounts (9). Treatment of
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HT-1080 cells by 12-O-tetradecanoylphorbol-13-acetate (TPA) for 24
h increases the constitutive proMMP-9 secretion and activates
proMMP-2. Conditioned media were obtained after 24 or 48 h of
culture, centrifuged at 1500 g for 10 min and frozen at —20°C until
use. Cellular extracts were prepared in 100 upl of 0.1 M Tris-HCI
buffer pH 8.1 containing 0.4% Triton X-100 at 4°C (10). Treatment
with native human plasminogen (11) was done under serum-free
conditions.

Gelatin zymography. Gelatinolytic activities in conditioned me-
dia and cell extracts were performed according to Heussen and Dow-
dle (12). Briefly, 20 ul of conditioned media or aqueous cellular ex-
tracts (corresponding to 10* cells) were applied to 10% SDS-polyacryl-
amide gels containing 1 mg/ml gelatin (Sigma). After electrophoresis,
SDS was removed from the gel by two incubations in 2% Triton X-
100 for 30 min. The gels were incubated overnight at 37°C in 50 mM
Tris-HCI (pH 7.4), 0.2 M NaCl and 5 mM CaCl, (TCS buffer). The
gels were stained for 90 min with Coomassie Blue and destained for
another 30 min. Proteolytic activities were evidenced as clear bands
against the blue background of stained gelatin. In some experiments,
10 mM EDTA or 100 mM e-aminocaproic acid (e-ACA) were added
to the TCS buffer in order to prove the MMP or serine protease
nature of the gelatinolytic activities.

Casein zymography. This assay previously described by Marshall
et al. (13) was used to determine the types and molecular weights of
plasminogen activators (PAs). Briefly, aliquots of conditioned media
were subjected to substrate gel electrophoresis in 10% polyacryl-
amide gel impregnated with 1 mg/ml casein and 8 pg/ml plasminogen
(Sigma). After electrophoresis, the gels were washed twice (30 min
each) in a buffer containing 100 mM glycine and 2.5% Triton X-100
and developped overnight at 37°C in 100 mM glycine. Lysis zones
became visible at positions corresponding to 55 kDa and 33 kDa.
Samples run on casein gels without plasminogen served as controls.

Invasion assay. Costar Transwell units (Costar) were used for
invasion assays. Briefly, 6.5 mm polycarbonate filters with 8 um
pores size were coated with 100 ul of a matrigel solution (500 g/
ml) (3, 14). After an overnight incubation at 37°C in an humidified
atmosphere, the bottom compartment of the chambers was filled with
0.6 ml of UltraCULTURE medium, in absence of chemoattractant
and FCS. Cells (5 x 10°) were suspended in 0.2 ml medium, and
added to the upper compartment. The chambers were incubated for
2 to 24 h at 37°C, in 5% CO, and then the contents of the lower
compartments were collected. The rate of invasion was expressed in
percentages, as a fraction of the total number of cells placed in the
chamber. To assess the effect of plasminogen on the HL-60 cells
invasive behavior, cells were preincubated 1 h with plasminogen (80
ung/ml) before plating on the matrigel-covered filter.

RESULTS

Gelatinolytic Activities of HL-60 Cells

Gelatinolytic activities of HL-60 cells were assessed
by gelatin zymography and compared to that of HT-
1080 fibrosarcoma cells treated with 10 ng/ml of TPA
(Fig. 1A, lanes 1 and 2). Aliquots of 48-h conditioned
media of HL-60 cells grown in suspension exhibited 2
bands, which can be attributed to MMPs since these
enzymatic activities were completely abolished by the
chelating agent EDTA 10 mM, but not by ¢-ACA 100
mM (data not shown). The highest molecular weight
which is the major one can be attributed to proMMP-
9 and the lowest to proMMP-2 as assessed by western
blotting (data not shown).
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Activation of proMMP-9 by Plasminogen

The activation of pro-MMPs has been suspected to
be dependent on the PA/plasmin system (15). Addi-
tion of a purified preparation of native human plas-
minogen to HL-60 cells cultured for 48 h in serum
free medium led to the activation of proMMP-9 (Fig.
1A, lanes 3-8). This activation was detectable as soon
as 24 h (data not shown). The proportion of the acti-
vated form increased as a function of plasminogen
concentration ranging from 20 to 180 ug/ml. In order
to confirm that the observed plasminogen effects on
proMMP-9 activation could be ascribed to plasmin
generated by cells, we treated HL-60 cells with in-
creasing concentrations of plasmin (10-100 pg/ml).
Under these conditions, the activation of proMMP-9
was similarly observed (Fig. 1B).

Cell Involvement in proMMP-9 Activation

In order to precise whether such an activation could
take place at the cellular level, cellular extracts were
prepared from cells cultured for 24 and 48 h in presence
of plasminogen 20, 40 and 80 pg/ml. As shown in Figure
2A, zymographic analysis of cellular extracts demon-
strated the presence of latent and mature forms of
MMP-9 after 48 h of culture. By contrast, no activation
has been observed when plasmin (10 to 40 ug/ml) was
directly added to HL-60 conditioned medium (Fig. 2B).
All together, these data indicate that proMMP-9 activa-
tion occurs at the cellular level and that plasmin activ-
ity is not generated in the medium but probably results
from membrane activation of plasminogen.

Activation of pro-uPA by Plasminogen

The conversion of inactive plasminogen into plasmin
is known to be mediated by PAs, specially urokinase-
type plasminogen activator (UPA) (16). As shown by
casein zymography (Fig. 3), HL-60 cells secrete a 55
kDa form of uPA. Addition of plasminogen 10 pg/ml for
48 h led to the appearance of the 33 kDa active form
of uPA. The band migrating in the vicinity of 100 kDa
could be attributed to the complex between uPA and
plasminogen activator inhibitors (PAIs). These findings
strongly suggest that in HL-60 cells, the processing of
pro-uPA may participate to proMMP-9 activation.

Inhibitory Effects of Aprotinin on proMMP-9
Activation in HL-60 Cells

The effects of aprotinin, an inhibitor known to di-
rectly inhibit plasmin (17) was studied on the activa-
tion of proMMP-9. HL-60 cells were preincubated with
aprotinin for 1 h and then cultured in the presence of
plasminogen (40 ug/ml) for 48 h. Zymographic analysis
of conditioned media (Fig. 4) showed that aprotinin led
to the disappearance of the band corresponding to
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Expression of gelatinases in HL-60 cells and activating effect of plasminogen and plasmin. (A) TPA-treated HT1080 cells were

used as control (lane 1). HL-60 cells were cultured for 48 h in the absence (lane 2) or presence of plasminogen 1 pg/ml (lane 3), 10 pug/ml
(lane 4), 20 pg/ml (lane 5), 40 pg/ml (lane 6), 80 pug/ml (lane 7) and 180 pg/ml (lane 8). (B) Cells were cultured in the absence (lane 1) or
presence of plasmin 10 pg/ml (lane 2), 20 pg/ml (lane 3), 40 pug/ml (lane 4), 80 pg/ml (lane 5) and 100 pg/ml (lane 6). Zymographic analysis
was performed on conditioned media as described under Materials and Methods.

MMP-9 confirming that this process was dependent on
the serine protease activity.

Increase in HL-60 Cells Invasiveness by Plasminogen

Boyden chambers (18) were used to quantify the in-
vasive potential of HL-60 cells after MMP-9 activation
by plasminogen. The invasive rate varies according to
the incubation period (Fig. 5). Indeed, after a 4 h-incu-
bation time, 0.7% of cells were able to cross the matrigel
layer. This rate reached a plateau phase (1.2%) be-
tween 8 and 24 h. Preincubation with plasminogen (80
pg/ml for 1 h) increased by 6-fold the number of inva-
sive cells in the first 2 h (1.8% versus 0.3% in the control
cells). The maximum of invasiveness was reached be-
tween 4 and 8 h (2.1% versus 0.7 % in control cells).

DISCUSSION

Human promyelocytic HL-60 cells have been demon-
strated to represent a convenient model of invasive leu-
kemic cells (3). They were reported to constitutively
release minimal amounts of the latent form of the
MMP-9 or gelatinase B which increased markedly after
monocytic differentiation using TPA (19, 20). This
MMP belongs to the gelatinase subfamily and is
thought to play a central role in cancer cell invasion
and metastasis since it degrades type 1V collagen which
is a major component of the extracellular matrix (21).
In our experimental conditions, significant amounts of
proMMP-9 and minute amounts of proMMP-2 are de-

tected as soon as 24 h of incubation in serum-free me-
dium, in the absence of any inducer. Recently, Ries et
al (6) have described the presence of small amounts of
an additional gelatinolytic activity which was identi-
fied as a 63 kDa fragment of MMP-9. It is likely that
experimental differences could explain the apparent
discrepancy between our results and those reported by
Ries et al. Indeed, the 63 kDa form was detected in
significant amount when HL-60 cells were cultured for
3 to 7 days in the presence of TPA-induced monocytic
differentiation, while it was weakly produced in un-
stimulated cells (6).

The activation of purified proMMP-9 can be achieved
by incubation with various enzymes such as trypsin,
cathepsin G, kallikrein, but not by plasmin (22). This
was confirmed by our results showing that proMMP-9
present in medium conditioned by HL-60 cells could
not be activated by incubation with plasmin for 48 h
at 37°C. However, we provided evidence of the impor-
tance of the cells for proMMP-9 activation in presence
of plasminogen or plasmin since the mature form was
only observed either in cellular extracts or in condi-
tioned media incubated with cells.

As assessed by casein zymography, HL-60 cells pro-
duced pro-uPA which was converted into active uPA in
presence of plasminogen. The mechanism by which this
cascade is initiated is still largely unclear and does
not exclude that minimal amounts of active uPA are
present on HL-60 cells to initiate plasmin production
necessary to pro-uPA activation (23, 24).

Our data suggest the implication of the PA/plasmin
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FIG. 2. Involvement of HL-60 cells in proMMP-9 activation. (A) Cells
were incubated for 48 h in the absence (lane 1) or presence of plasminogen
20 pg/ml (lane 2), 40 pg/ml (lane 3) and 80 ug/ml (lane 4). Then, zymo-
graphic analysis was performed on cellular extracts as described under
Materials and Methods. (B) Cells were cultured for 48 h and then condi-
tioned medium was incubated in the absence (lane 1) or presence of
plasmin 10 ug/ml (lane 2), 20 pg/ml (lane 3) and 40 ug/ml (lane 4).

system for proMMP-9 activation. Such assumption is
based on the observation that increasing concentra-
tions of plasminogen or plasmin induce a dose-depen-
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FIG. 3. Zymographic analysis of the PAs secreted by HL-60 cells.
Human uPA 1U/ml (lane 1) and high range molecular weight markers
(lane 2) were used as controls. Cells were cultured in the absence (lane
3) or presence of plasminogen 1 pg/ml (lane 4), 2 pg/ml (lane 5) and 10
pg/ml (lane 6) for 48 h and conditioned media were subjected to casein
zymography as described under Materials and Methods.
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FIG. 4. Effect of aprotinin on the activation of proMMP-9 pro-
duced by HL-60 cells. TPA-treated HT1080 cells were used as control
(lane 1). Cells were preincubated in the absence (lanes 2 and 3) or
presence of aprotinin 0.5 ug/ml (lane 4) and then cultured in the
presence of plasminogen 20 pg/ml (lanes 2-4) for 48 h. Zymographic
analysis was performed on conditioned media as described under
Materials and Methods.

dent proMMP-9 activation whereas aprotinin inhibits
this maturation process. The PA/plasmin system has
already been described for MMPs like stromelysin, and
collagenases, in other tumor cells, mainly originating
from solid tumors (2) in which the cycle of activation
generally occurs by a paracrine pathway involving the
participation of neighboring cells such as stromal cells
which produced uPA. On the contrary, HL-60 cells, like
HT-1080 cells (25, 26) are able to produce both
proMMP-9 and uPA which is required for plasminogen
conversion into plasmin. Such coexpression of MMPs
and PAs seems to be a common characteristic of inva-
sive cancer cells (27, 28). Finally, the fact that proteo-
lytic activity of plasmin only occured in presence of
cells strongly suggests that besides uPA, additional fac-
tors are required for proMMP-9 activation. As de-
scribed for proMMP-2 activation (29, 30), it could in-
volved membrane proteases such as membrane type-
MMPs (MT-MMPs).

A strong correlation between the production of metal-
loproteases and metastasis has been established for
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FIG. 5. Effect of plasminogen on HL-60 cells invasion through
the matrigel-coated filters. The assay was performed in Costar
Transwell units as described under Materials and Methods. Cells
were pretreated (M) or not (A) with plasminogen 80 ug/ml for 1 h.
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various tumor cell lines (7). The invasive behavior of
HL-60 cells, activated or not by plasminogen has been
evaluated by a matrigel-based in vitro model (3, 14,
31). Although it is not an universal model (32), it allows
a rapid and quantitative assessment of invasiveness of
most tumor cell lines (33). Without plasminogen, HL-
60 cells exhibited a basal invasive potential of 0.7%
after 4 h of incubation. Such results, in accordance with
those of Janiack et al (3), indicate that leukemic cells
are able to cross a matrigel barrier more rapidly than
solid tumor cells (6 to 72 h) without requiring chemo-
tactic factors. Pretreatment of cells with plasminogen
increased by 3-fold their invasion process after 4 h of
incubation. In addition, the basal gelatinolytic activity
detected in absence of plasminogen could be attributed
to the slow release of plasminogen from the matrigel
since this tumor membrane extract can be considered
as a reservoir for plasminogen and uPA (34).

In conclusion, our data demonstrate that human leu-
kemic HL-60 cells are able to produce large amounts
of activable proMMP-9 via the PA/plasmin system. The
UuPA cycle can be supported by a single cell and the
activation pathway of proMMP-9 probably takes place
at the cell surface. The cooperation between MMPs and
PA/plasmin in the activation of proMMP-9 contributes
to increase the invasive potential of these cells. These
results could also explain why in acute leukemia, im-
mature hematopoietic cells egress from the bone mar-
row microenvironment and infiltrate peripheral tis-
sues.
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