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Background: NucAnt 6L (N6L) binds to nucleoproteins and inhibits tumor growth.
Results:N6L bound to sulfated glycosaminoglycans, induced TIMP-3 release, and inhibited cell invasion. Silencing of TIMP-3
abolished N6L effect on cell invasion.
Conclusion: N6L inhibits cell invasion through the release of TIMP-3.
Significance: TIMP-3 released by N6L inhibits cell invasion. Sulfated glycosaminoglycans are presented as new receptors for
N6L.

Blockage of the metastasis process remains a significant clin-
ical challenge, requiring innovative therapeutic approaches. For
this purpose, molecules that inhibit matrix metalloproteinases
activity or induce the expression of their natural inhibitor, the
tissue inhibitor of metalloproteinases (TIMPs), are potentially
interesting. In a previous study, we have shown that synthetic
ligands binding to cell surface nucleolin/nucleophosmin and
known as HB 19 for the lead compound and NucAnt 6L (N6L)
for the most potent analog, inhibit both tumor growth and
angiogenesis. Furthermore, they prevent metastasis in a RET
transgenic mice model which develops melanoma. Here, we
investigated the effect of N6L on the invasion capacity of MDA-
MB-435 melanoma cells. Our results show that the multivalent
pseudopeptide N6L inhibited Matrigel invasion of MDA-MB-
435 cells in a modified Boyden chamber model. This was asso-
ciated with an increase in TIMP-3 in the cell culture medium
without a change in TIMP-3 mRNA expression suggesting its
release from cell surface and/or extracellular matrix. This
may be explained by our demonstrated N6L interaction with
sulfated glycosaminoglycans and consequently the controlled
bioavailability of glycosaminoglycan-bound TIMP-3. The
implication of TIMP-3 in N6L-induced inhibition of cell
invasion was evidenced by siRNA silencing experiments
showing that the loss of TIMP-3 expression abrogated the
effect of N6L. The inhibition of tumor cell invasion by N6L
demonstrated in this study, in addition to its previously
established inhibitory effect on tumor growth and angiogen-
esis, suggests that N6L represents a promising anticancer
drug candidate warranting further investigation.

In the different processes of tumor progression, including
tumor growth, angiogenesis, and invasion, proteolysis of extra-
cellular matrix (ECM)2 is an essential step (1). Among the
enzymes involved in ECM degradation, the most studied is the
family of matrix metalloproteinases (MMPs) which contains at
least 25members of metzincin endopeptidases. These enzymes
are able to degrade ECM components as well as nonmatrix
proteins such as cytokines, chemokines, receptors, antimicro-
bial peptides, and more (2). MMP activities are well docu-
mented in invasive and metastatic cancer, and their increasing
expression strongly correlates with poor prognosis in many
human malignancies (3–5). Tissue inhibitors of metalloprotei-
nases (TIMPs), which include four members noted TIMP-1 to
-4, are natural inhibitors of MMPs. These inhibitors bind to
active MMPs in 1:1 molar stoichiometry (6).
Among this family, TIMP-3 has several features that distin-

guish it from the others TIMPs. TIMPs-1, -2, and -4 are
secreted and exist as soluble forms whereas TIMP-3 is tightly
associated to ECM through glycosaminoglycan (GAG) binding
(7–10). TIMP-3 is able to inhibit all the MMPs (11) and the
activity of several adamalysin (ADAM) proteinases including
the tumor necrosis factor-converting enzyme (TACE, ADAM-
17) (12). Accordingly, TIMP-3 inhibits the shedding of several
cell surface proteins such as tumor necrosis factor � (TNF�),
and its receptor TNFR1 (13). The antitumor activity of TIMP-3
has been largely demonstrated. Its expression was shown to be
silenced by hypermethylation of the gene in malignant tumors
such as kidney, colon, breast, brain, and pancreatic cancers
(14–17). Accordingly, TIMP-3 overexpression decreased
tumor growth in xenograft models including colon carcinoma,
melanoma, and neuroblastoma (18–20). TIMP-3 also inhibited
angiogenesis, blocking the binding of vascular endothelial
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growth factor (VEGF) to its receptor VEGFR2 or blocking ang-
iotensin II receptor activity (21–23).
HB-19 is the prototype of a multivalent pseudopeptides

family which was shown to target a nucleoprotein complex at
the surface of tumor cells and to induce apoptosis. A more
potent HB-19 analog, called NucAnt 6L (N6L), was
described more recently. These synthetic peptides were
shown to bind two major nucleoproteins, nucleolin and
nucleophosmin. Treatment of athymic mice bearing tumor
cell xenografts with NucAnt peptides led to tumor growth
inhibition by inducing apoptosis of tumor cells and by inhib-
iting angiogenesis (24, 25). They also delayed tumor devel-
opment and growth in a spontaneousmelanomamodel using
transgenic RET mice. Furthermore, they decreased the fre-
quency of visceral metastases formation and inhibited mel-
anoma cells adhesion on lungs after injection to the tail vein
of mice (26).
In the present study, we demonstrate an inhibitory effect of

these multivalent pseudopeptides on humanmelanomaMDA-
MB-435 cells invasion.Wepresent evidence suggesting that the
inhibition of invasion observed involves TIMP-3 release from
its heparin-sulfate binding sites.

EXPERIMENTAL PROCEDURES

Pseudopeptide Synthesis—HB-19, N6L, and N6L coupled
with Alexa Fluor 488 (N6L-A488) or biotin (N6L-Btn) were
synthesized as previously described (24, 25).
Cell Culture—Human melanoma MDA-MB-435 cell line

was purchased from ATCC (American Type Culture Collec-
tion). Cells were routinely cultured in DMEM 4.5 g/liter of glu-
cose (Invitrogen) supplemented with 10% fetal bovine serum
(FBS) (Invitrogen) and grown at 37 °C under 5% CO2 humidi-
fied atmosphere.
Matrigel Invasion—MDA-MB-435 invasion assays were per-

formed using 24-well chemotaxis chambers (Transwell, 8 �m,
Corning Costar). Transwells were coated with 20 �g of
MatrigelTM (BD Biosciences). DMEM supplemented with 5%
FBS was placed in the lower chamber as chemoattractant, and
1.5 � 105 cells were seeded in the upper compartment in the
presence or not of 10 �M N6L or HB-19. Cells were incubated
for 24 h at 37 °C, after which noninvading cells on the upper
surface of the filter were removed by wiping with a cotton tip.
Cells were then stained with May-Grünwald/Giemsa solution.
Pictures of invading cells were taken in three random fields per
well (objective �10). Cell counting was performed by image

FIGURE 1. Inhibition of Matrigel invasion induced by N6L and HB-19 treatment is associated with TIMP-3 augmentation in culture media. A and
B, MDA-MB-435 cells seeded in the upper compartment of modified Boyden chambers containing 20 �g of Matrigel in FBS-free medium and incubated
for 24 h for invasion in the presence or not of 10 �M N6L or HB-19. DMEM supplemented with 5% FBS was placed in the lower chamber as chemoattractant.
Invading cells were visualized by May-Grünwald/Giemsa staining and counted using ImageJ software (supplemental Fig. 3). A, cell number � S.E. (error bars;
n � 4). *, p � 0,05; ***, p � 0,001 statistically significant compared with control. B, representative images of membrane after Matrigel invasion by cells. Scale bars,
50 �m. C–E, MDA-MB-435 cells were treated or not for 48 h at 37 °C with 10 �M N6L or HB-19 in FBS-free medium. Sample loading was normalized using protein
concentration of cells lysates. C, zymogram for MMP detection in the media conditioned by MDA-MB-435 cells. D, reverse zymogram for TIMP detection in the
media conditioned by MDA-MB-435 cells. E, Western blot analysis for TIMP-3 expression in the media conditioned by MDA-MB-435 cells.
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analysis using an original program, built with the ImageJ
software as described in the supplemental Experimental
Procedures.
Sample Preparation for Zymography and Western Blot

Analysis—MDA-MB-435 cells (2� 105) were seeded in 12-well
plates in DMEM supplemented with 10% FBS and incubated
24 h for adhesion. After two washes with PBS, media were
replaced by free FBS DMEM, and cells were treated or not for
48 h at 37 °C with 10 �M N6L or HB-19. Conditioned media
were harvested, and cells were lysed in radioimmune precipita-
tion assay buffer (50 mM Tris-HCl, pH 7.5, 150 mMNaCl, 5 mM

EDTA, 0.1% SDS, 0.5% Nonidet P-40, 0.5% sodium deoxy-
cholate, 1% protease inhibitor mixture set V (Calbiochem)).
Protein concentrations were assessed using the BCA kit

(PIERCE) and were used to normalize the samples of condi-
tionedmedia in the zymography andWestern blot analyses (10
�l of culture media loaded corresponding to 2 �g of cell
proteins).
Gelatin Zymography and Reverse Zymography—Condi-

tionedmedia andprotein lysates fromMDA-MB-435 cellswere
analyzed for gelatin degradation by electrophoresis under
nonreducing conditions on a 10% SDS-polyacrylamide gel con-
taining denatured type I collagen (1mg/ml). For reverse zymog-
raphy, active MMP-2 (20 ng/ml) was also added to the poly-
acrylamide gel as described previously (27).
Western Blotting—Protein samples were separated on a SDS-

PAGE under reducing conditions and then transferred onto a
0.45-�m Immobilon-P membrane (Millipore) using standard

FIGURE 2. TIMP-3 is released from cell and ECM layer into culture medium. MDA-MB-435 cells treated for 48 h at 37 °C with or without 10 �M N6L or HB-19
in FBS-free medium. A, RT-PCR for TIMP-3 and TFIID mRNA (internal control) was performed at 1, 6, and 18 h after treatment. B and C, TIMP-3 expression in
MDA-MB-435 cell layer analyzed by Western blotting. B, representative Western blot. C, quantification of TIMP-3 expression from Western blots using meas-
urement of TIMP-3/GAPDH ratio density by ImageJ software *, p � 0.05 ; **, p � 0.01 ; ***, p � 0.001 statistically significant. D, TIMP-3 immunodetection after
48 h of treatment. MDA-MB-435 cells were washed and fixated with 4% paraformaldehyde, and TIMP-3 was detected using anti-TIMP-3 mouse antibody and
analyzed by fluorescent microscopy. Nuclei were stained with DAPI. Scale bars, 50 �m.
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protocols. Membranes were blocked with 5%milk, 0.1% Tween
20, TBS, pH 7.4, blocking buffer and incubated with TIMP-3
antibody (mouse monoclonal, clone 136-13H4, Millipore,
1:200), TNFR1 antibody (mouse monoclonal, clone 16805,
R&DSystems, 1:250) or GAPDH antibody (mousemonoclonal,
clone 6C5, Abcam, 1:100,000) before incubation with second-
ary anti-mouse antibody (peroxidase-conjugated donkey, Jack-
son ImmunoResearch Laboratories, 1:10,000). Immunocom-
plexes were visualized by using the luminescence blotting
substrate POD kit (Roche Applied Science) and then by expo-
sure to autoradiography film.
Semiquantitative RT-PCR—MDA-MB-435 cells were seeded

and treated in the same conditions as for the zymographic and
Western blot analysis. After 1, 6, or 18 h of treatment, cells were
washed twice with cold PBS, and RNA was extracted using a
TRIzol Reagent kit (Invitrogen), according to the manufactur-
er’s instructions. cDNA was synthesized from 0.5 �g of total
RNA using random hexamer primers and the Superscript IITM
reverse transcriptase (Invitrogen). 2 �l (1/10) of the reaction
products were then submitted to PCR amplification in a final
volume of 50 �l. Primers for TIMP-3 detection were: 5�-AGG
CAGCAAGCAGATAGACT-3� (forward) and 5�-GCAGGG
AGAGGAAAGACATT-3� (reverse) and 5�-AGTGAAGAA
CAG TCC AGA CTG-3� (forward) and 5�-CCA GGA AAT
AAC TCG GCT CAT-3� (reverse) for TFIID detection.
Measure of MMP-2 Activity—Conditioned media (1:20 vol-

ume) were mixed with 200 pM recombinant MMP-2 (Calbi-
ochem), in 50mMTris, 150mMNaCl, 5mMCaCl2, 0.05% Brij35
buffer. 10 �M fluorogenic peptidic substrate Mca-PLGL-Dpa-
AR-NH2 (R&D Systems) was added, and fluorescence was
measured using a fluorescence plate reader (Labsystems Fluo-
roskan II; Thermo Fisher Scientific).
TIMP-3 Immunofluorescence Labeling—MDA-MB-435 cells

(5 � 105) were seeded on cover glass in 6-well plates and incu-
bated for 24 h at 37 °C for adhesion. Cells were washed with
PBS, treated or not with 10 �M N6L or HB-19 in FBS-free
medium for 48 h at 37 °C. Cells were fixed for 10 min with 4%
paraformaldehyde at room temperature and saturated with 3%
goat serum, PBS for 1 h at room temperature. TIMP-3 was
detected using the same antibody used for Western blotting
(1:100) and secondary antibody anti-mouse coupled with Alexa
Fluor 568 (goat IgG, A11031, Molecular Probes, 1:200). Nuclei
were labeled with 1 �g/ml DAPI (Roche Applied Science).
N6L-A488 Cell Labeling—MDA-MB-435 cells seeded as for

TIMP-3 labeling were washed with PBS and pretreated or not
for 1 h at 37 °Cwith 0.1 unit/ml heparitinase I, II, III (Sigma), 0.1
units/ml chondroitinase A, B, C (Sigma) in incubation buffer
(100 mMTris-HCl, pH 7.4, 10 mM sodium acetate, 2 mMNaCl).
Non-pretreated cells were only incubated with incubation
buffer. Cells were labeled with 0.5 �M N6L-A488 for 30 min at
37 °C, washed twice with PBS, and then fixed withmethanol for
2 min at room temperature. Nuclei were labeled with 1 �g/ml
DAPI (Roche Applied Science).
ELISAs—Heparin (Sigma) was covalently bound to BSA as

described previously (28). ELISA plates were coated overnight
at 4 °C with heparin-BSA complex (2.5 �g/ml). Wells were sat-
urated 1 h at room temperature with 3% BSA in PBS. Ligands
(biotinylated N6L (N6L-Btn) with or not competitors, or

recombinant TIMP-3 (Abcam, ab39317) diluted with 1% BSA
in PBS, were added towells and incubated overnight at 4 °C. For
competition with TIMP-3 binding, N6L was added for 2 h at
37 °C. N6L-Btn was revealed using anti-biotin antibody cou-
pled to peroxidase (goat antibody, A4541, Sigma, 1:2,000) for
2 h at room temperature. TIMP-3 was revealed using the Mil-
lipore antibody for 2 h at 37 °C and secondary anti-mouse anti-
body (peroxidase-conjugated donkey, Jackson ImmunoRe-
search Laboratories, 1:10,000) for 1 h at 37 °C. Peroxidase
activity was detected using TMB Substrate Kit (Pierce).
Surface Plasmon Resonance—Binding experiments were per-

formed as described previously (25) using biotinylated heparin.
N6L Binding and FACS Analysis—MDA-MB-435 (1 � 105)

cells were treated as described for N6L-A488 labeling without
methanol fixation and then detached with 2 mM EDTA for 5
min at 37 °C. Fluorescence was analyzed by FACS (MACS
Quant, Miltenyi Biotech).
TIMP-3 Silencing by RNA Interference—Validated small

interfering sequences of TIMP-3 5�-AGC UGG AGG UCA
ACA AGU Att-3� (Ambion) and 5�-GGC UAC GUC CAG
GAG CGC ACC tt-3� sequence of GFP (MWG) were trans-
fected using Lipofectamine 2000 (Invitrogen) according to the
manufacturer’s protocols.

FIGURE 3. N6L binding to heparin. A, binding of N6L-Btn on heparin. Binding
curve and Scatchard analysis (inside) of N6L-Btn on heparin are shown. N6L-
Btn was added at different concentrations and incubated overnight at 4 °C on
heparin-BSA. N6L-Btn was revealed using anti-biotin antibody coupled to
peroxidase. The Scatchard analysis was performed using the GraphPad Prism
4.0 software. B–D, binding of 5 nM N6L-Btn on heparin in the presence of
different concentrations of heparin (B), protamine (C), or Polybrene (D) as
competitor. E, direct binding of N6L on heparin used at different concentra-
tions measured in surface plasmon resonance experiment.
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Statistical Analysis—Statistical significance was determined
by ANOVA unpaired t test using the Prism 4.0 software
(GraphPad, SanDiego, CA). Values of p� 0.05were considered
significant. Each experiment was performed at least three
times.

RESULTS

Inhibition of MDA-MB-435 Cell Invasion by N6L: Implica-
tion ofMMPs and TIMPs—We first evaluated the effect of N6L
on Matrigel invasion by the MDA-MB-435 cells. Cells were
seeded in FBS-free media in the upper chambers in the pres-
ence or not of eitherN6L orHB-19which is anothermember of
the family of multivalent pseudopeptide known to display a
lower inhibitory effect than N6L on tumor growth. A N6L con-
centration of 10 �M was chosen because it does not display
activity on MDA-MB-435 cell growth at the conditions used
(25) allowing to selectively observe the effect on cell invasion

without interference from cell growth effects. FBS 5% was used
as chemoattractant in the lower chamber. N6L significantly
inhibited cell invasion (39 � 2.5% inhibition) and that, to a
greater extent than with HB-19 (29 � 3% inhibition) (Fig. 1, A
and B).

The effect of N6L on the expression of MMP-2 and -9 and
their natural inhibitors TIMPs was then investigated. For this
purpose, cells were treated for 48 h at 37 °C in the presence or
not of 10 �M N6L or HB-19. The expression of MMPs and
TIMPs in the conditioned media was evaluated respectively by
gelatin zymography and reverse gelatin zymography. Inhibition
of MMP-2 and -9 was induced by treatment with 10 �M N6L
which was not observed with HB-19 used at the same concen-
tration (Fig. 1C). Reverse zymography showed that N6L treat-
ment did not cause a noticeable variation of TIMP-2 levels (28
kDa), but caused some inhibition of TIMP-1 (22 kDa). Impor-
tantly, a band corresponding to the molecular mass of TIMP-3

FIGURE 4. N6L binding to sulfated GAGs on MDA-MB-435 cells. A, fluorescence of nonlabeled MDA-MB-435 cells (Control, black curve), labeled with 0.5 �M

N6L-A488for 30 min at 37 °C (red curve) or pretreated with 0.1 unit/ml heparitinase I, II, III (Hase) and 0.1 unit/ml of chondroitinase A, B, C (Chase) for 1 h at 37 °C
before labeling with 0.5 �M N6L-A488 for 30 min at 37 °C (Hase � Chase � N6L-A488, blue curve). Fluorescence was analyzed by FACS. B, representation of
fluorescence means analyzed in A. Error bars, � S.E. (n � 3). **, p � 0.01. C, immunofluorescence on nonlabeled MDA-MB-435 cells (Control), labeled with 0.5 �M

N6L-A488 for 30 min at 37 °C (N6L-A488) or pretreated with 0.1 unit/ml heparitinase I, II, III/chondroitinase A, B, C for 1 h at 37 °C before being labeled with 0.5
�M N6L-A488 for 30 min (Hase � Chase � N6L-A488). Scale bars, 50 �m.
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(24 kDa) was strongly increased with N6L treatment (Fig. 1D).
A similar but smaller effect was observed with HB-19. TIMP-3
increase in the culture media after N6L treatment was also
observed with human mammary carcinoma MDA-MB 231
cells, human epidermoid carcinoma A431 cells, and murine
melanoma B16 cells (data not shown). The increase in TIMP-3
was confirmed by Western blotting using a specific anti-
TIMP-3 antibody showing a unique band of 52 kDa which was
previously suggested to correspond to TIMP-3 dimers (29, 30)
(Fig. 1E). These results suggest that TIMP-3 is strongly
increased in the culture media after both N6L and HB-19
treatment.
N6L Causes TIMP-3 Release to the Culture Media—To

examine whether the increase in TIMP-3 observed in the cul-
ture media of N6L- and HB-19-treated cells was due to its
increased expression, RT-PCR was performed on the treated
cells at 1, 6, and 18 h. However, no variation in TIMP-3 mRNA
expression could be observed with time in either the control
cells or in treated cells (Fig. 2A).
Wenext analyzedTIMP-3 in the cell lysates byWestern blot-

ting to examine the possibility that these pseudopeptides may
increase TIMP-3 protein expression by a translational process
involving nomRNAmodification. Surprisingly, compared with
control cells, TIMP-3 was reduced in lysates of treated cells
(Fig. 2, B and C). This was confirmed by immunolabeling anal-
ysis of TIMP-3 in MDA-MB-435 cells treated for 48 h with
either 10 �M N6L or HB-19, which revealed a decrease in the
cell-associated TIMP-3 (Fig. 2D). Again, a stronger effect was
observed with N6L compared with HB-19. Altogether, these
results suggest that TIMP-3 is displaced from the cell surface by
the multivalent pseudopeptides and released into culture
medium.AsN6L displays stronger activity thanHB-19, we next
focused our studies using N6L exclusively.
TIMP-3 Is Released by N6L through Binding to Heparan

Sulfates—We then questioned the mode of action by which
N6L can release TIMP-3. We first hypothesized that N6L may
have common binding sites as TIMP-3 in the matrix and at the
cell surface and can therefore displace TIMP-3 and release it to
the extracellular medium. Because TIMP-3 is known to bind to
heparan sulfates in the ECM, we examined whether N6L can
also bind to heparan sulfates. To this end we used ELISAs to
evaluate the binding of biotinylated N6L on heparin-BSA com-
plexes. Our results show that N6L bound to the heparin-BSA in
a dose-dependent manner up to a 100 nM concentration (Fig.
3A). A 3.7 nM Kd value was calculated by Scatchard analysis,
which corresponds to a high affinity binding of N6L to heparin.
This high affinity was confirmed by surface plasmon resonance
showing a 9.5 nM Kd value (Fig. 3E). The absence of heparin or
the presence of 100 �M nonbiotinylated N6L as a competitor,
used as control conditions, resulted in background levels of
binding (supplemental Fig. 1A). Protamine and Polybrene,
known for their strong interaction with heparin, and free hep-
arin competed with N6L binding with an IC50 of 10 �M, 100
ng/ml, and 10 �M, respectively (Fig. 3, B–D). Moreover, N6L
binding was greatly decreased after treatment of heparin-BSA
complex with heparitinases I, II, and III (supplemental Fig. 1B).
All of these data demonstrate the specificity of the binding of
N6L with heparin. In addition, N6L displayed higher affinity to

heparin than HB-19, which could explain why N6L displaces
more efficiently TIMP-3 than HB-19 (supplemental Fig. 1C).
To examine whether N6L can also interact with sulfated GAGs
present on the cell surface, we analyzed N6L-A488 binding to
MDA-MB-435 cells treated or not with heparitinases I, II, and
III (Hase) and chondroitinases A, B, and C (Chase) which can
degrade heparin and chondroitin sulfates, respectively, on the
cell surface. Analysis by fluorescence microscopy or FACS
revealed that this enzymatic treatment resulted in a significant
decrease in cell surface binding of N6L-A488 (Fig. 4). Finally,
N6L displaced, in a dose-dependent manner, TIMP-3 binding
on heparin in ELISA (Fig. 5A). Our results suggest that sul-
fated GAGs may function as a common receptor for both
TIMP-3 and the multivalent pseudopeptides thereby provid-
ing a mechanism by which TIMP-3 may be released from the
cell surface.
Released TIMP-3 by N6L Retains Its Inhibitory Activities—

We next analyzed the effects of the released TIMP-3 on the
activity of two of its targets, MMP-2 and TACE. Culture media
from cells treated or not with N6L for 48 h were added to
recombinant MMP-2. MMP-2 activity was measured using
fluorogenic peptidic substrate. Control MMP-2 activity was
0.029 � 0.002 units/ml, which decreased to 0.005 � 0.001
units/ml with the N6L-conditioned media corresponding to
84% of inhibition (Fig. 5A). No noticeable inhibition could be
observed when N6L was added alone to the recombinant
MMP-2 demonstrating that N6L did not inhibit MMP-2 activ-
ity directly (data not shown).
TIMP-3 is also known as a TACE inhibitor. TNFR1 is a sub-

strate of the TACE that is processed from a 55-kDa membrane
form to a 48-kDa soluble form. The effect of TIMP-3 release on
TACE activity was evaluated by Western blotting comparing
the level of the two TNFR1 forms after treating cells with N6L

FIGURE 5. Inhibition of MMP-2 and TACE activity by released TIMP-3.
A, dose-dependent displacement of recombinant TIMP-3 (25 nM) binding on
heparin by N6L using ELISA test. B and C, MDA-MB-435 cells were treated or
not with 10 �M N6L for 48 h in FBS-free medium. B, conditioned media were
removed and added to recombinant MMP-2 protein. MMP-2 activity was
measured by fluorometry using fluorescent peptidic substrate. C, inhibition
of TNFR1 cleavage by TACE after N6L treatment. Lysates of nontreated (Con-
trol) or N6L treated cells were analyzed by Western blotting.

NucAnt 6L Inhibits Cancer Cell Invasion

43690 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 287 • NUMBER 52 • DECEMBER 21, 2012

http://www.jbc.org/cgi/content/full/M112.380402/DC1
http://www.jbc.org/cgi/content/full/M112.380402/DC1
http://www.jbc.org/cgi/content/full/M112.380402/DC1


for 48 h. Such treatment induced an increase in both forms, but
the increase was higher in the membrane form of TNFR1 (0.50
of 55-Da form/48-kDa form ratio for control cells compared
with 0.77 for N6L) showing TACE inhibition (Fig. 5B). These
results suggest that TIMP-3 release increases its availability and
consequently its activity on MMP-2 and TACE.
N6L Inhibits Cell Invasion through TIMP-3 Release—To

determine whether TIMP-3 release may account for the
observed inhibition of cell invasion byN6L, TIMP-3 expression
was silenced using siRNA transfection.
The inhibition ofTIMP-3 expression in cells transfectedwith

TIMP-3 siRNA was confirmed by RT-PCR and Western blot-
ting (Fig. 6A and B). Lipofectamine 2000 (L2000) and GFP
siRNAwere used, respectively, as transfection control and neg-
ative siRNA control. Transfection with TIMP-3 siRNA abol-

ished N6L-mediated TIMP-3 release to extracellular media
(Fig. 6C). N6L treatment of TIMP-3 silenced cells no longer
inhibited cell invasion (Fig. 6,D andE). Altogether, these results
suggest that themultivalent pseudopeptide N6L inhibits tumor
cell invasion by binding to GAGs, thus leading to TIMP-3
release and MMPs activity inhibition.

DISCUSSION

The inhibitory activities of the multivalent pseudopeptides
N6L and HB-19 on tumor growth and angiogenesis were dem-
onstrated previously (24, 25). We also identified antimetastatic
activity of HB-19 using a RET transgenic mice model which
develops spontaneousmelanoma, as only 33% of HB-19 treated
mice developed visceral metastasis compared with 72% of con-
trol mice. In a different model of lung metastasis where mela-

FIGURE 6. Suppression of N6L inhibitory activity on cell invasion using silencing of TIMP-3 in MDA-MB-435 cells. MDA-MB-435 cells were transfected for
48 h I 100 nM TIMP-3 siRNA or GFP siRNA as negative control or without siRNA as transfection control (L2000) using Lipofectamine 2000 protocol. A, mRNA
TIMP-3 expression performed by RT-PCR. B, TIMP-3 protein expression analysis performed by Western blotting. C, TIMP-3 release from silenced cells or not for
TIMP-3 in culture media after 10 �M N6L treatments and analyzed by Western blotting. D and E, after transfection, cells invasion evaluated in modified Boyden
chambers as described in Fig. 1. D, cell number � S.E. (error bars; n � 4). **, p � 0.01; ***, p � 0.001 statistically significant compared with control. E, represent-
ative pictures of membrane after Matrigel invasion by cells. Scale bars, 200 �m.
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noma TIII cells were injected to the tail vein, treatment with
HB-19 (at a dose of 5 mg/kg) reduced 43% of cell implantation
(26).
The results presented herein show a new mechanism of

action of these multivalent pseudopeptides. Both N6L and
HB-19 inhibited in vitro invasion of human melanoma MDA-
MB-435 cells known for their metastatic and invasive proper-
ties (31, 32). The inhibitory mechanism was shown to involve
release of TIMP-3 from sulfated GAGs present on the cell sur-
face and/or the extracellular matrix, as we demonstrated a high
affinity binding of these multivalent pseudopeptides for sul-
fated GAGs and a displacement of TIMP-3 binding on heparin
by ELISA.
The released TIMP-3, shown to retain its activity as it inhib-

its both MMP-2 and TACE, can then be available to exert its
protease inhibitory activity, leading to an inhibition of cell inva-
sion, as observed after HB-19 or N6L treatment. Silencing of
TIMP-3 in MDA-MB-435 cells by siRNA transfection abro-
gated the inhibition of invasion induced byN6L, demonstrating
the implication of TIMP-3 in the inhibition of cell invasion
induced byN6L. The fact that silencingTIMP-3 in control cells,
not treated by N6L, did not increase cell invasion may seem
surprising. However, it may underscore the concept that
TIMP-3 only exerts its inhibiting effect once released from the
cell surface.
TIMP-3 is known to be sequestrated by GAGs contained

within the ECM and cell surface. It is thought to interact with
heparan sulfates through two sequences rich in lysines and
arginines, localized in the A and B �-strands of the N-terminal
domain of TIMP-3 (10). It is noteworthy that N6L is rich in
lysine and arginine residues which can compete with TIMP-3
for heparan sulfate binding. N6L had no effect on the soluble
TIMPs, TIMP-1 and TIMP-2, as their level in the conditioned
media of treated cells did not vary significantly. Furthermore,
they had no effect on the expression of TIMP-3, as shown by
RT-PCRmeasurement of themRNAs. Altogether, these results
suggest that the multivalent pseudopeptides, by binding to sul-
fated GAGs, displace TIMP-3 from its heparan sulfate binding
sites.
The two previously described targets of N6L andHB-19were

nucleolin and nucleophosmin. These two proteins were first
discovered as nucleolus proteins but were later shown to shut-
tle from the nucleolus to the cell membrane. They are involved
in several processes such as ribosome biogenesis, centrosome
duplication, apoptosis, and cell proliferation (24, 25, 33, 34).
The cell surface N6L targets nucleolin/nucleophosmin were
shown to be associated in a nucleoprotein complex also includ-
ing Wnt-1, gC1q-R, SRP 68/72, as well as several ribosomal
proteins (25, 35). It is interesting to note that nucleolin,Wnt-1,
and gC1q-R were also described as GAG-binding proteins.
Activity of Wnt-1 was shown to be modulated by GAG (36),
gC1q-R has been described as a hyaluronan-binding protein
(37), and nucleolin was shown to bind the sulfated glycosami-
noglycans acharan sulfate leading to inhibition of tumor growth
(38). The implication of GAGs in the formation and the activity
of this complex remains to be investigated. In addition, the
binding of N6L to GAGs concords with the demonstration that
N6L can displace the binding of heparin binding growth factors

such as VEGF and heparin affin regulatory peptide (HARP, also
known as pleiotrophin) from heparin (supplemental Fig. 2).
This could explain a previous result showing that HB-19 inhib-
ited angiogenesis induced by HARP or VEGF (24). It also sug-
gests that N6L could block the activity of heparin binding
growth factors by avoiding their binding to GAGs and their
receptor dimerization leading to growth arrest and cell death.
Furthermore, we have previously demonstrated that N6L

induced apoptosis in vitro in several cell lines including the
human melanoma cells MDA-MB-435 (25). Because TIMP-3
was also shown to induce apoptosis in tumor cells (18, 39, 40), it
is tempting to speculate that one of the mechanisms by which
N6L induced apoptosis could involve TIMP-3. Indeed, N6L
treatment stabilized TNFR1 through the release of TIMP-3.
Such an effect was previously reported to increase apoptosis in
colon carcinoma and melanoma cells (18, 39).
N6L has shown inhibitory activities on different processes

involved in tumor growth such as tumor cell proliferation,
angiogenesis, and metastasis. Here, we demonstrated that
heparan sulfate is a new additional target of N6L. This effect,
added to its binding to nucleolin and nucleophosmin, could
explain the pleitrophic actions of N6L. Understanding the
mechanisms of action of N6L is essential for its hypothetical
pharmaceutical use.
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