THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 288, NO. 1, pp. 343-354, January 4, 2013
© 2013 by The American Society for Biochemistry and Molecular Biology, Inc.  Published in the US.A.

Interplay between «a, 35 Integrin and Nucleolin Regulates
Human Endothelial and Glioma Cell Migration™

Received for publication, May 31,2012, and in revised form, November 14,2012 Published, JBC Papers in Press, November 16,2012, DOI 10.1074/jbc.M112.387076

Marina Koutsioumpa®, Christos Polytarchou®"’, José Courty!, Yue Zhang**, Nelly Kieffer**, Constantinos Mikelis*,

Spyros S. Skandalis***, UIf Hellman™, Dimitrios lliopoulos

§91

, and Evangelia Papadimitriou™

From the *Department of Pharmacy, Laboratory of Molecular Pharmacology, University of Patras, Greece, the *Department of
Cancer Immunology & AIDS, Dana Farber Cancer Institute, Boston, Massachusetts 02215, the "Department of Inmunobiology and
Microbiology, Harvard Medical School, Boston, Massachusetts 02115, the ILaboratoire CRRET, Universite Paris Est Creteil Val de
Marne, avenue du General de Gaulle, 94010 Creteil Cedex, the **Sino-French Research Centre for Life Sciences and Genomics,
CNRS/LIA124, Rui Jin Hospital, Jiao Tong University Medical School, 197 Rui Jin Er Road, Shanghai 200025, China, and the
*Ludwig Institute for Cancer Research, Uppsala University, Uppsala SE-751-05, Sweden

Background: Cell surface nucleolin (NCL) is a promising target for development of anticancer agents.
Results: A novel pathway that includes «, 35 integrin and leads to cell surface NCL localization and cell migration has been

identified.

Conclusion: «,3; can be used as a biomarker for the use of NCL antagonists.
Significance: This pathway is active in endothelial and glioma cells, as well as in human glioblastomas.

The multifunctional protein nucleolin (NCL) is overex-
pressed on the surface of activated endothelial and tumor
cells and mediates the stimulatory actions of several angio-
genic growth factors, such as pleiotrophin (PTN). Because
a, B; integrin is also required for PTN-induced cell migra-
tion, the aim of the present work was to study the interplay
between NCL and «,f3; by using biochemical, immunofluo-
rescence, and proximity ligation assays in cells with geneti-
cally altered expression of the studied molecules. Interest-
ingly, cell surface NCL localization was detected only in cells
expressing «, f3; and depended on the phosphorylation of 35
at Tyr’”® through receptor protein-tyrosine phosphatase 8/
(RPTPB/{) and c-Src activation. Downstream of a,8; PI3K
activity mediated this phenomenon and cell surface NCL was
found to interact with both «,f3; and RPTP/¢. Positive cor-
relation of cell surface NCL and «,; expression was also
observed in human glioblastoma tissue arrays, and inhibition
of cell migration by cell surface NCL antagonists was
observed only in cells expressing a,f;. Collectively, these
data suggest that both expression and ; integrin phosphor-
ylation at Tyr’”® determine the cell surface localization of
NCL downstream of the RPTPB/{/c-Src signaling cascade
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and can be used as a biomarker for the use of cell surface NCL
antagonists as anticancer agents.

Nucleolin (NCL)® is a multifunctional protein with well char-
acterized roles in the organization of nucleolar chromatin,
packaging of pre-rRNA, rDNA transcription, and ribosome
assembly (1). It also acts as a shuttling protein between the
cytoplasm and nucleus (2) and is overexpressed on the plasma
membrane of cancer (3-5), as well as activated endothelial
(6—8) cells. The importance of cell surface NCL has been sug-
gested by studies showing that functional blockade or down-
regulation of cell surface NCL in endothelial cells inhibits
migration and capillary-tubule formation (3, 8) and causes
endothelial cell apoptosis (7), whereas targeting NCL on the
plasma membrane of cancer cells seems to be an effective way
to inhibit cancer cell growth and angiogenesis in various in vitro
and in vivo experimental models (3, 9, 10). The potential signif-
icance of targeting cell surface NCL is being proved by the fact
that the guanosine-rich quadruplex-forming oligodeoxynucle-
otide AS1411 (11) and the NUCANT peptide (3, 12) that inter-
act with surface NCL, are currently being tested in Phase I/1I
clinical trials. The signals, however, that mobilize NCL from the
nucleus to the cell surface still remain unclear and not all tumor
cells express cell surface NCL.

Cell surface NCL interacts with receptors associated with
malignancies, such as ErbBl1, facilitating their activation and
leading to enhanced cell growth (4). Moreover, it binds a variety
ofligands that play critical roles in tumorigenesis and angiogen-
esis, such as hepatocyte growth factor (13), endostatin (14),
tumor homing peptide F3 (6), laminin (15), P-selectin (16), and
midkine (17). We have recently shown that NCL interacts with

® The abbreviations used are: NCL, nucleolin; HUVEC, human umbilical vein
endothelial cells; MAPK, mitogen-activated protein kinase; PTN, pleiotro-
phin; RPTPB/{, receptor protein-tyrosine phosphatase /¢; PLA, proximity
ligation assay.
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the heparin-binding growth factor pleiotrophin (PTN) in both
chorioallantoic membrane vessels and human endothelial cells.
This interaction is taking place on the cell surface and down-
regulation or blockade of cell surface NCL abolishes PTN-in-
duced endothelial cell migration (18).

Integrins are cell surface heterodimeric receptors that medi-
ate the physical and functional cell-cell or cell-matrix interac-
tions. Among several integrins, o 35 is the most abundant and
influential receptor regulating angiogenesis, and its tumor cell
expression is correlated with disease progression in various
tumor types (19). Growing evidence supports a central role for
cooperative signaling between «, 35 integrin and growth factor
receptors, such as ErbB-2 (20), platelet-derived growth factor
receptor B (21, 22), and vascular endothelial growth fac-
tor receptor 2 (21, 23), mediating tumor cell adhesion, migra-
tion, invasion, and survival, as well as endothelial cell activation
(19). In the same line, we have previously shown interaction of
o, 3; with the PTN receptor protein-tyrosine phosphatase 3/¢
(RPTPP/{), which is required for PTN-induced endothelial cell
migration (24).

The secreted heparin-binding growth factor PTN has estab-
lished roles in cancer development, either directly by acting on
cancer cells, or indirectly by affecting tumor angiogenesis (25).
PTN binding to its receptor RPTPB/{ in endothelial cells leads
to dephosphorylation and thus activation of c-Src (26), leading
to Tyr’”® phosphorylation of B, integrin and PTN-induced
endothelial cell migration (24). Because both «, 3; (24) and
NCL (18) are required for PTN-induced cell migration, the aim
of the present study was to investigate interplay between NCL
and «, f3; that regulates human endothelial and glioma cell
migration. Our data show that « 5 expression and 3; phos-
phorylation at Tyr””?, as a result of the RPTP3/{/c-Src signaling
cascade, induces cell surface localization of NCL through phos-
phoinositide 3-kinase (PI3K), shedding light into the mecha-
nisms that underlie NCL overexpression on the surface of acti-
vated endothelial and cancer cells. Moreover, evidence is
presented that o f3; integrin may be a useful biomarker to be
used for identification of patients that could benefit from strat-
egies targeting cell surface NCL.

EXPERIMENTAL PROCEDURES

Materials—Human recombinant PTN was from PeproTech,
Inc. (Rocky Hill, NJ) or was prepared as previously described
(27). Human recombinant vascular endothelial growth factor
(VEGF) was expressed in Sf9 insect cells and purified by cation
exchange and heparin-affinity chromatography, as previously
reported (28). HB-19 and Nucant 6L pseudopeptides were from
Polypeptide Laboratories (Strasbourg, France). Plasmids
encoding human wild-type B;, B;Y773F, B;Y785F, B;Y773F/
Y785F, and «, have been previously described (29).

Cell Culture—Human umbilical vein endothelial cells
(HUVEC), human glioma M059K and U87MG cells, rat glioma
C6 cells, and Chinese hamster ovary (CHO) cells (ATTC, CRL
9096 deficient in endogenous integrin 3;) were cultured as pre-
viously described (24). Stable CHO cell clones expressing wild-
type Bs, B;Y773F, B3Y785F, or B;Y773F/Y785F were generated
as previously described (29). Cell culture reagents were from
BiochromKG (Seromed, Germany). All cultures were main-
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tained at 37°C, 5% CO,, and 100% humidity. When cells
reached 70 —80% confluence, they were serum starved for 16 h
before performing migration assays, lysed for immunoprecipi-
tation experiments or fixed for immunofluorescence studies.

RNA Interference—Cells were grown to 50% confluence in
medium without antibiotics. Transfection was performed in
serum-free medium for 4 h using annealed RNA for RPTPS/{
(26), NCL (18), o, and B; (24). JetSI-ENDO (Polyplus Transfec-
tion, Illkirch, France) was used as transfection reagent. Cells
were incubated for another 48 h in serum-containing medium
and lysed, serum starved, or fixed before further experiments.
Double-stranded negative control siRNA (Ambion, Austin,
TX) was also used in all experiments.

Transient Transfection—MO059K cells were transfected with
pCDNAS3.1 vector, wild-type B;, or wild-type «, constructs
using jetPEI HUVEC (Polyplus Transfection). At 50% conflu-
ence, cells were incubated with DNA and jetPEI-HUVEC in an
N/p = 5 ratio for 4 h at 37 °C, as previously described (24). The
transfection medium was replaced by fresh serum-containing
medium, and 24 h later, the cells were examined for NCL
expression in different cell compartments by Western blot or
immunofluorescence analyses.

Immunofluorescence—Cells were fixed with 3.7% parafor-
maldehyde in phosphate-buffered saline (PBS), pH 7.4, for 10
min and permeabilized with PBS containing 0.1% Triton. After
being washed 3 times with PBS, the cells were blocked with PBS
containing 3% bovine serum albumin (BSA) and 10% fetal
bovine serum (FBS) for 1 h at room temperature. The cells were
stained with primary antibodies against RPTPS/{ (1:250, BD
Biosciences, San Diego, CA), o, 85 (1:500, Merck Millipore, Bil-
lerica, MA), or/and NCL (1:1,000, Sigma). Nuclei were stained
with Draqg5 (Biostatus Limited, Leicestershire, UK). Fluores-
cent Alexa secondary antibodies (Molecular Probes, Carlsbad,
CA) were used at the concentration of 1:500, and the cells were
mounted with Mowiol 4-88 (Merck Millipore) and visualized at
21 °C with Leica SP5 (X 63 objective with a numerical aperture
of 1.4) confocal microscope.

Western Blot Analysis—Proteins were analyzed by SDS-
PAGE and transferred to Immobilon P membranes. Blocking
was performed by incubating the membranes with Tris-buff-
ered saline (TBS), pH 7.4, with 0.05% Tween (TBS-T), contain-
ing 5% nonfat dry milk in all cases. Membranes were incubated
with primary antibodies for 16 h at 4 °C under continuous agi-
tation, washed 3 times with TBS-T, and incubated with second-
ary antibodies for 1 h at room temperature. Detection of immu-
noreactive bands was performed using the enhanced
chemiluminescence (ECL) detection kit (Pierce Biotechnology,
Rockford, IL). The protein levels that corresponded to the
immunoreactive bands were quantified using the ImagePC
image analysis software (Scion Corp., Frederick, MD).

Immunoprecipitation Assay—Cells were lysed with RIPA
buffer, as previously described (24). Three mg of total protein
were incubated with primary antibody for 16 h at 4 °C under
continuous agitation. Protein A- and protein G-agarose beads
(Merck Millipore) were added, samples were further incubated
for 2 h at 4 °C, and beads with bound proteins were collected by
centrifugation and washed twice with ice-cold PBS. Immuno-
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precipitated proteins were resuspended in 50 ul of SDS loading
buffer and analyzed by Western blot.

Immunohistochemistry—Human Brain Cancer Tissue Array
(USBiomax Inc., Rockville, MD) sections were deparaffinized
with xylene (3 X 5-min incubations) followed by treatment
with serial dilutions of ethanol (100, 100, 95, and 95%, 10 min
each) and by two changes of ddH,O. Antigen unmasking was
achieved by boiling the slides (95-99 °C) for 10 min in 10 mm
sodium citrate, pH 6.0. Sections were rinsed three times with
ddH,O, immersed in 3% H,O, for 20 min, washed twice with
ddH,O and once with TBST (TBS, 0.1% Tween 20), and
blocked for 30 min with Image-iT FX signal enhancer (InVitro-
gen, Carlsbad, CA). Mouse anti-CD51/CD61 and rabbit anti-
NCL antibodies (Abcam, Cambridge, MA) were diluted 1:50
and 1:100, respectively, in blocking solution (TBST, 5% normal
goat serum, Cell Signaling Technology, Inc., Beverly, MA) and
incubated with the sections overnight at 4 °C. Following incu-
bation with the antibodies, sections were washed three times
with TBST and incubated for 1 h at room temperature with the
corresponding Alexa fluorescent secondary antibodies diluted
in blocking solution (1 ug/ml). Sections were finally washed
three times, 5 min each, with TBST and mounted with DAPI-
containing Vectashield mounting medium (Vector Labs, Burl-
ingame, CA). Images were captured with a Nikon 80i Upright
Microscope equipped with a Nikon Digital Sight DS-Fil color
camera, using the Metamorph image acquisition software. All
images were captured and processed using identical settings.
Co-localization analysis was performed using Intensity Corre-
lation Analysis plug-in within WCIF Image] software (30).
Results are expressed with the Mander’s overlap coefficient
(ranges between 1 and 0, with 1 being high and 0 being low
co-localization) and Pearson’s correlation coefficient (value
close to 1 indicates reliable co-localization).

Biotinylation of Cell Membrane Proteins—HUVEC were
washed twice with PBS and incubated with 0.5 mg/ml of NHS-
D-biotin for 40 min at 4 °C, as previously described (24). Three
mg of total proteins from the cell lysate were used for immuno-
precipitation with primary antibody or 0.5 mg of streptavidin
magnetic particles (Roche Applied Science) for 24 h at4 °C. The
immune complexes or the particles were subjected to SDS-
PAGE and Western blot analysis for NCL.

Migration Assays—Migration assays were performed as
described previously (24) in 24-well microchemotaxis cham-
bers (Corning, Inc., Lowell, MA) using uncoated polycarbonate
membranes with 8-um pores. Serum-starved CHO cells were
harvested and resuspended at a concentration of 10° cells/0.1
ml in serum-free medium containing 0.25% BSA. HUVEC,
U87MG, MO59K, and C6 cells grown in serum-containing
medium were harvested and resuspended at a concentration of
5 X 10* cells/0.1 ml (except from HUVEC that were resus-
pended at a concentration of 10° cells/0.1 ml) in serum-con-
taining medium. In all cases, the bottom chamber was filled
with 0.6 ml of the corresponding medium and the tested sub-
stances. The upper chamber was loaded with 0.1 ml of medium
containing the cells and incubated for 4 h at 37 °C. After com-
pletion of the incubation, the filters were fixed and stained with
0.33% toluidine blue solution. The cells that migrated through
the filter were quantified by counting the entire area of each
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filter, using a grid and an Optech microscope at X20 objective
(Optech Microscope Services Ltd., Thame, UK).

PI3K p85 ELISA—The levels of total and phosphorylated
PI3K p85 were quantified using Fast Activated Cell-based
ELISA (Active Motif, Carlsbad, CA). Briefly, cells were cul-
tured in 96-well plates 1 day prior to manipulation. Serum-
starved CHO stably transfected cells were treated with 100
ng/ml of PTN for 10 min, fixed, and incubated with anti-phos-
pho and anti-total p85 antibodies, according to the manufac-
turer’s instructions.

Subcellular Fractionation—Subcellular fractions of cells
comprising cytosolic, nuclear, and cell membrane extracts were
prepared as previously described (18). Cell monolayers in
100-mm plates were washed extensively with PBS before being
scraped and pelleted. Washed cells (30 X 10°) were then dis-
rupted in a hypotonic solution (10 mm Hepes, pH 6.9, 10 mm
KCl, 2 mm MgCl,, 0.1 mMm PMSF) on ice. Nuclei were pelleted at
400 X g for 5 min and washed twice in PBS before extraction in
the lysis buffer (10 mm Tris-HCI, pH 7.6, 400 mm NaCl, 1 mm
EDTA, 0.1 mm PMSF, and 1% Triton X-100). This suspension
was centrifuged at 12,000 X g for 10 min and the pellet was
referred to as the nuclear fraction. The supernatant obtained
after pelleting intact nuclei was further centrifuged at 14,000 X
gfor 30 min and the supernatant corresponding to the cytoplas-
mic fraction was recovered, whereas the pellet was resuspended
in lysis buffer containing 150 instead of 400 mm NaCl. This
latter suspension was recentrifuged at 14,000 X g for 30 min to
separate the cytoskeletal (the pellet) and membrane (superna-
tant) fractions. Equivalent amounts of total protein from all
fractions were immunoprecipitated for RPTPS/{ or a5 and
then analyzed by Western blot analysis for NCL.

Mass Spectrometry—Three mg of total protein from cell
lysates were immunoprecipitated for «,3; and subjected to
reduction by pre-treatment with dithiothreitol. After SDS-
PAGE, proteins were visualized by silver staining. Relevant
bands were excised and treated for in-gel digestion as described
(31). Briefly, the silver was destained using Farmer’s reagent
and trypsin (porcine, modified, sequence grade, Promega,
Madison, WI) was introduced to the dried gel pieces. After
overnight tryptic digestion, the peptides were bound to a C18
pZipTip and after washing, they were eluted with acetonitrile
containing the matrix (alfa-cyano 4-hydroxycinnamic acid)
directly onto the target plate. The mass list was generated by
MALDI-TOF mass spectrometry on an Ultraflex TOF/TOF
from Bruker Daltonics. The search for identity was performed
using the search engine ProFound by scanning the current ver-
sion of the NCBI nr sequence database. The spectrum was
internally calibrated using autolytic tryptic peptides, and the
error was set at £0.02 Da. One missed cleavage was allowed,
and methionine could be oxidized. The significance of the iden-
tity was judged from the search engines scoring system. The
occurrence of the few missed cuts was either on a terminal basic
residue or surrounded by acidic amino acid residues.

In Situ Proximity Ligation Assay—For detection of protein-
protein interactions, in situ proximity ligation assay (PLA) was
performed. The components used (Olink Bioscience Uppsala,
Sweden) were as follows: anti-mouse PLA plus probe, anti-rab-
bit PLA minus probe, and Detection Reagents Orange.
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FIGURE 1. Expression of «,3; correlates with cell surface NCL localization. A, representative immunofluorescence images of M059K, C6, HUVEC, and
U87MG cells cultured in serum-containing medium and stained for NCL (green) and nucleus (blue). B, representative immunofluorescence images for NCL
(green) and a, 35 (red) of U87MG cells treated with a negative control siRNA or siRNAs for 35 or «,; mock-transfected MO59K glioma cells, MO59K cells transiently
transfected to overexpress wild-type 5 or «,; mock-transfected CHO cells, CHO cells stably transfected to overexpress wild-type 85 or mutant 35Y773F,
B5Y785F, or B5Y773F/Y785F. C, cell lysates after treatment of U87MG cells with a negative control siRNA or siRNAs for 35 or «,, or after overexpression of
wild-type B; or «, in MO59K cells, or different forms of 35 in CHO cells, were analyzed by Western blot for «,, 35, or actin (used as a loading control). D, for
detection of cell surface NCL, intact cells were incubated with biotin, cell lysates were immunoprecipitated for magnetic streptavidin beads, and immunopre-
cipitates were analyzed by Western blot for NCL (membrane NCL). Whole cell protein extracts were analyzed by Western blot for NCL (total NCL) or actin, used
as a loading control. siNeg, cells transfected with a negative control siRNA; sif3;, cells transfected with siRNA for B; sia,, cells transfected with siRNA for «,;
vector, cells negative for 35, transfected with the plasmid vector; wt;, cells overexpressing wild-type B; B5Y773F/Y785F, cells overexpressing double mutant
BsY773F/Y785F; B;Y773F, cells overexpressing single mutant B;Y773F; B;Y785F, cells overexpressing single mutant 3;Y785F; wta,, cells overexpressing

wild-type a,. Scale bars in all cases correspond to 10 um.

HUVEC, M059K, and U87MG cells were grown on chamber
slides (Ibidi® p-Chamber 12 well on glass slides, Martinsried,
Germany). After reaching 80% confluence, the assay was per-
formed according to the manufacturer’s instructions. Briefly,
after fixation and blocking, the cells were incubated with the
primary antibodies: mouse anti-PTN (1:500, Abnova, Heidel-
berg, Germany), rabbit anti-RPTPB/{ (1:250, Santa Cruz Bio-
technology Inc., Santa Cruz, CA), rabbit anti-«, (1:500, Merck
Millipore), goat anti-B3; (1:50, Merck Millipore), and mouse
anti-NCL (1:50, Santa Cruz Biotechnology Inc.). Subsequently,
the cells were incubated with secondary antibodies conjugated
with oligonucleotides. After hybridization and ligation of the
oligonucleotides, the DNA was amplified. A detection mixture
detected the amplicons, resulting in red fluorescence signals.
Nuclei were counterstained with Draq5, cells were mounted
with Mowiol 4-88 and visualized at 21 °C with Leica SP5 con-
focal microscope.
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Statistical Analysis—All experiments were performed at
least 3 independent times. Where applicable, the significance of
variability between the results from each group and the corre-
sponding control was determined by unpaired ¢ test or analysis
of variance. All results are expressed as mean * S.E. from at
least 3 independent experiments.

RESULTS

a,B; Expression and B; Tyr””® Phosphorylation Are Required
for Cell Surface NCL Localization—To examine the cell surface
localization of NCL in different types of cells that differentially
express «, 35, fluorescence immunostaining of endothelial and
glioma cells for NCL was performed. As shown in Fig. 14, NCL
was not detected in the extranuclear compartments of M059K
and C6 cells that do not express «, 35 (24), whereas it was local-
ized on the plasma membrane of HUVEC (also supplemental
Fig. S1) and U87MG cells that express o 35 (24). To investigate
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whether expression of «, 35 is playing a role in cell surface local-
ization of NCL, we down-regulated f3; expression in U87MG
cells by using siRNA, or overexpressed [3; in M059K, as well as
B5in CHO cells that do not normally express it (Fig. 1, Band C),
as previously described (24). Down-regulation of 85 but not «,,
in US7MG cells resulted in decreased extranuclear NCL, as
evidenced by immunofluorescence microscopy (Fig. 1B) and
biotin labeling of cell membrane proteins (Fig. 1D). In the same
line, overexpression of wild-type 35 in M059K and CHO cells
resulted in extranuclear localization of NCL, as also evidenced
by immunofluorescence microscopy (Fig. 1B) and biotin label-
ing of cell membrane proteins (Fig. 1D).

To determine whether 3, Tyr””® or/and Tyr”® is responsible
for the cell surface localization of NCL, we used CHO cells
overexpressing B;Y773F, B;Y785F, or B,Y773F/Y785F instead
of wild-type 35 and performed immunofluorescence assays. As
shown in Fig. 1, Band D, NCL was localized in the extranuclear
fraction of CHO cells overexpressing B;Y785F, similarly to
CHO cells overexpressing wild-type B,, whereas in cells over-
expressing 3;Y773F or B,Y773F/Y785F it was restricted in the
nucleus. In all cases, the total cellular amounts of NCL were not
affected by the presence or absence of « f3; integrin (Fig. 1D).

PTN Induces Cell Surface NCL Localization through RPTPB/
{-mediated a,3; Activation—Because cell surface localization
of NCL is induced by angiogenic growth factors, such as VEGF
(8), we questioned whether PTN alters the intracellular traffick-
ing of NCL. HUVEC displayed increased levels of cell surface
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NCL upon PTN stimulation, similarly to the known effect of
serum (2) or VEGF (Fig. 2A). This increase was not due to
increased protein levels of NCL (Fig. 24) and was confirmed by
immunofluorescence studies (Fig. 2B). Notably, PTN-induced
cell surface NCL localization was not observed in CHO cells
overexpressing B;Y773F (Fig. 2C). Accordingly, PTN induced
migration of CHO cells overexpressing wild-type B; or
B5Y785F, but had no effect on CHO cells overexpressing
B3;Y773F (Fig. 2D), suggesting that cell surface localization of
NCL through B; Tyr’”® phosphorylation relates to PTN-in-
duced cell migration.

To test the hypothesis that PTN-induced cell surface NCL
localization depends on B; Tyr””® phosphorylation through
RPTP/{, down-regulation of RPTPB/{ expression in HUVEC
by siRNA was performed as previously described (26), and
inhibited PTN-induced cell surface NCL localization (Fig. 2E),
suggesting that RPTPB/{-mediated B; Tyr’”? phosphorylation
is involved.

c-Src and PI3K That Lie Up- and Downstream of o3,
Respectively, Are Required for PTN-induced Cell Surface NCL
Localization—To further elucidate signaling molecules that
affect PTN-induced cell surface NCL localization, we used
inhibitors of several signaling molecules known to affect cell
migration. As shown in Fig. 34, inhibition of c-Src (also supple-
mental Fig. S2) and PI3K abolished PTN-induced cell surface
localization of NCL, whereas inhibition of p38, JNK, and ERK'A
had no effect. PTN is known to activate c-Src, PI3K, and ERKY2
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FIGURE 3. Signaling molecules required for PTN-induced cell surface localization of NCL. A, representative immunofluorescence images stained for NCL
(green) and nucleus (blue) in serum-starved HUVEC stimulated with human recombinant PTN (100 ng/ml) for 5 h at 37 °C, in the presence or absence of
inhibitors for c-Src (PP1 10 um), PI3K (wortmannin 100 nm), p38 (SB203580, 10 um), JNK (SP600125 20 nm), and ERK'/2 (U0126 20 nwm), respectively. Scale bar
corresponds to 10 um. B, serum-starved HUVEC pretreated for 15 min with PP1, wortmannin, and SB203580 were stimulated with PTN for 10 min, lysed, and
analyzed by Western blot for phospho-B; Tyr””* (pB;Y773) and total B (tB;) integrin. Numbers in parentheses denote the average-fold change of the ratio
pB;(Tyr’73):tB; compared with nonstimulated cells (set as default 1) of at least three independent experiments. C, levels of phosphorylated PI3K were assayed
by the Fast Activated Cell-based ELISA PI3 Kinase p85 kit. Data are the mean * S.E. percentage change in phosphorylated PI3K versus the corresponding

untreated cells (default = 100). *, p < 0.05.

TABLE 1

Identification of NCL (accession number AAA59954) by peptide mass fingerprint analysis (see text for details)

Monoisotopic uncharged masses are shown.

Measured mass Computed mass Error Residues start Residues to Missed cut Peptide sequence

Da
811.448 811.455 —0.007 555 561 0 LELQGPR
939.502 939.506 —0.004 430 437 0 GIAYIEFK
999.526 999.535 —0.008 334 342 0 NDLAVVDVR
1159.572 1159.575 —0.003 458 467 0 SISLYYTGEK
1560.671 1560.673 —0.002 611 624 0 GFGFVDFNSEEDAK
1593.741 1593.734 0.007 524 537 0 GYAFIEFASFEDAK
1775.822 1775.825 —0.003 348 362 1 KFGYVDFESAEDLEK
1990.981 1990.984 —0.003 404 420 1 VTQDELKEVFEDAAEIR
2199.017 2199.017 0.000 578 597 1 GLSEDTTEETLKESFDGSVR
2345.120 2345.120 0.000 625 645 1 EAMEDGEIDGNKVTLDWAKPK

(26), but did not induce p38 or JNK activation in HUVEC (sup-
plemental Fig. S3).

To investigate whether PI3K is up- or downstream of a, 35
the effect of PI3K inhibition in PTN-induced B, Tyr’”® phos-
phorylation was studied. The p38 inhibitor was used as a nega-
tive control and the c-Src inhibitor as a positive control,
because c-Src is known to lay upstream of 85 Tyr’”® phosphor-
ylation (24). As shown in Fig. 3B, PI3K inhibition did not affect
PTN-induced B, Tyr’”® phosphorylation, suggesting that PI3K
lies downstream of «, 8,. This was confirmed by ELISA for acti-
vated PI3K, using CHO cells overexpressing wild-type B,
B5Y773F, or 3;Y785F subunit. PTN significantly induced PI3K
activation in CHO cells overexpressing wild-type B; or
B5Y785F, whereas it had no effect in cells overexpressing
B,Y773E (Fig. 3C).

Cell Surface NCL Directly Interacts with o,B;—To study
whether NCL directly associates with «, 35, immunoprecipita-
tion assays were performed in HUVEC lysates. NCL was found
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to interact with « 5 by mass spectrometry (Table 1) and West-
ern blot (Fig. 44) analysis. In the former, among the proteins
co-immunoprecipitated with «,3;, NCL (accession number
AAA59954) was found to be a binding partner with a minimum
sequence coverage of 19%. This relatively low sequence cover-
age can be explained by the particular structure of NCL, which
is very rich in acidic (24.9%) and basic (16.3%) residues in highly
basic regions, e.g. the C terminus (32), producing tryptic frag-
ments that are too short for analysis by MALDI-TOE. Co-local-
ization of 3, with NCL on the cell surface was observed by
immunofluorescence studies (Fig. 4B), whereas co-immuno-
precipitation experiments using different cellular fractions (Fig.
4C) or cell lysates of biotinylated cells (Fig. 4D), as well as PLA
assays (Fig. 4E), demonstrated direct formation of NCL-«, 3,
complexes in cells expressing a, 5.

Interestingly, by using the same experimental approaches,
NCL was also found to co-localize and co-immunoprecipitate
with RPTPB/{, not only on the cell membrane, but also in the
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FIGURE 4. Cell surface NCL directly interacts with «, 83; and RPTPB/¢. A, HUVEC were lysed with RIPA buffer and immunoprecipitated for NCL, RPTPB/¢, e,
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Immunoprecipitation for IgG was used as a negative control in every case. B, representative immunofluorescence images showing colocalization (yellow) of
NCL (green) and RPTPB/{ (red) or a5 (red) on the surface of HUVEC. Nuclei are shown blue. C, total proteins from nuclear, cytosolic, and membrane fractions
of UB7MG cells were immunoprecipitated for RPTPB/¢ or «, 85 and analyzed by Western blot for NCL. D, intact U87MG cells were incubated with biotin and cell
lysates were immunoprecipitated for PTN, RPTP/Z, o, B3, NCL, magnetic streptavidin beads (s.b.) or IgG. Inmunoprecipitates were analyzed by Western blot
for NCL (left). The same blot was stripped and biotinylated proteins were detected by incubation with peroxidase-conjugated streptavidin (right). The arrow
shows the band that corresponds to NCL. £, in situ PLA signals were detected as red dots, indicating the direct formation of NCL-RPTPB/¢, NCL-«,,, and NCL-f35
complexes in different cell types. The interaction of PTN with its receptor RPTPB/{ was used as a positive control. Omission of the primary antibodies was used

as negative control. Scale bars in all cases correspond to 10 uwm.

cell cytoplasm and the nucleus in HUVEC and U87MG cells
that express «, 35 (Fig. 4, A—E). In MO59K cells, NCL-RPTPB/¢
complexes were limited and restricted in the cell nucleus (Fig.
4E).

Correlation between Cell Surface NCL Localization and o34
Expression in Glioblastomas—To further confirm that a S5
expression is a prerequisite for cell surface NCL localization, we
performed immunohistochemistry in tissue microarrays, con-
taining samples from normal brains, grade 2 astrocytomas and
grade 4 glioblastomas. As shown in Fig. 5, the localization pat-
tern of both NCL and «,8; seems to correlate in all cases,
although obvious diversity between samples can be observed.
Intensity correlation analysis revealed increased co-localization
in astrocytomas and the highest co-localization in glioblasto-
mas compared with normal brains.

JANUARY 4, 2013 +VOLUME 288 -NUMBER 1

Expression of a,B; Determines the Biological Effect of Cell
Surface NCL Targeting Agents on Endothelial and Cancer Cell
Migration—Based on the observation that NCL is preferentially
localized on the surface of cells expressing «, 85, we wanted to
evaluate the efficacy of anti-cell surface NCL strategies in rela-
tionship to «, B, expression. Anti-C23 monoclonal antibody
raised against NCL, which has been shown to dramatically
inhibit angiogenic functions of VEGF stimulated HUVEC (3),
as well as HB-19 and Nucant 6L pseudopeptides, which are
known to target and down-regulate only surface NCL (3, 10),
were tested for their effect on migration of cells differentially
expressing o ;. As shown in Fig. 64, the anti-C23 antibody
caused a concentration-dependent inhibition of U87MG cell
migration, which was maximal at 10 wg/ml. Anti-C23 antibody
significantly inhibited migration of all tested cells expressing
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Normal brain (n=7) 0.390 0.538
Astrocytomas Grade 2 (n=8) 0.644 0.880
Astrocytomas Grade 4 (n=8) 0.708 0.925

FIGURE 5. Correlation between cell surface NCL localization and «,f3; expression in glioblastomas. A, representative immunofluorescence images
showing colocalization (yellow) of NCL (red) and «, 35 (green) in different samples from a tissue microarray containing human normal brains, grade 2 astrocy-
tomas, and grade 4 glioblastomas. Each line corresponds to tissue from a different patient of the corresponding grade. Nuclei are shown blue. Magnification in
all images is X20. Scale bars in all cases correspond to 100 um. B, co-localization of «,8; and NCL analysis was performed using Intensity Correlation
Analysis-WCIF ImageJ software. Results are expressed with the Mander’s overlap coefficient (R) and Pearson'’s correlation coefficient (Rr), as described under

“Experimental Procedures.”

activated a, 35, such as U87MG, HUVEC, CHO wtf3;, and CHO
B5Y785F cells, whereas it did not affect or affected to a limited
degree migration of M059K, C6, and CHO (,Y773F cells (Fig.
6B). Similarly, HB-19 and Nucant 6L pseudopeptides signifi-
cantly inhibited migration of U87MG cells and HUVEC,
whereas they had a minor effect on the migration of M059K and
C6 cells (Fig. 6, C and D).

DISCUSSION

Extranuclear distribution of NCL has been observed in both
activated endothelial (6) and cancer (3-5) cells. However, not
all tumor cells express cell surface NCL and the mechanisms
involved are still unclear. Molecules known to affect tumor
growth or/and angiogenesis that have been reported to increase
cell surface NCL localization are serum (2), VEGF (8),
laminin-1 (33), and low density lipoprotein receptor-related
protein 1 (10). In the present study it is shown that PTN also
increases cell surface NCL localization, and that expression of
a,B; and B, Tyr’”® phosphorylation are required for the redis-
tribution of NCL from the nucleus to the cell membrane. VEGF
has been shown to induce expression (34) and c-Src-mediated
phosphorylation of B; at Tyr””? (35), which based on our data,
provide an explanation for the VEGF-stimulated NCL cell sur-
face localization. Laminin-1-induced increase of NCL cell sur-
face localization relies on an integrin-dependent cascade (33),
supporting our notion that integrins regulate NCL cell surface
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localization. In the same line are also data showing that many of
the molecules that have been described to bind and act through
cell surface NCL are also described to act through integrins, and
especially a ;. This is true for VEGF (34, 35), laminins (15, 36,
37), hepatocyte growth factor (13, 38), endostatin (14, 39), and
PTN (18, 24).

Interestingly, B, but not a,, appears to be the subunit respon-
sible for NCL cell surface localization. Cell surface NCL is only
observed in 3;-overexpressing CHO and M059K cells, but not
o, overexpressing cells. In the same line, down-regulation of B
abolishes cell surface localization of NCL in U87MG cells.
However, down-regulation of «, does not cause such an effect.
The latter could be attributed to formation of a functional com-
plex of B; with its other partner subunit «;, which can be
ectopically expressed in several tumor cell lines (40).

Cell surface NCL localization depends on the Tyr”” phos-
phorylation of B, integrin subunit. PTN induces B5 Tyr’”?
phosphorylation through RPTPB/{ and c-Src activation (24).
Down-regulation of RPTPB/{ or c-Src inhibition completely
abolishes PTN-induced 8, Tyr””® phosphorylation (24) and cell
surface localization of NCL (present study), suggesting that
both RPTPB/{ and c-Src lie upstream of «,f3;. c-Src is also
known to lie upstream of and be responsible for VEGF-induced
a,3; phosphorylation (23), although possible involvement of
RPTPP/{ is currently being investigated. Downstream of «, 35
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FIGURE 6. Targeting of cell surface NCL is effective only in cells expressing «, 85. A, U87MG cells were treated with various concentrations of the mono-
clonal anti-C23 antibody against NCL and with a high concentration (20 ng/ml) of human IgG. Different cell types that expressed or not e, 35 were treated with
anti-C23 antibody (10 wg/ml) (B), HB-19 pseudopeptide (10 pg/ml) (C), and Nucant 6L pseudopeptide (10 wg/ml) (D). Cell migration assays were performed in
FBS-containing medium using microchemotaxis chambers as described under “Experimental Procedures.” Data are the mean = S.E. percentage change in
number of migrating cells versus the corresponding untreated cells (default = 100). Asterisks in A denote statistical significant differences from untreated cells.

*,p < 0.05;**, p <0.01;***,p <0.001.

phosphorylation, NCL cell surface localization is mediated by
PI3K (Fig. 7). The latter has important roles in cell migration
(41) and the remodeling of actin filaments induced by growth
factors (42) and integrins (43), and is involved in PTN-induced
endothelial cell migration (26). Both the regulation of nucleo-
cytoplasmic shuttling of NCL by phosphorylation (44) and the
reported physical interaction between NCL and PI3K (16, 45),
indicates a possible direct regulation of NCL by PI3K upon 3,
Tyr””? phosphorylation. Alternatively, PI3K may drive NCL
membrane shuttling through regulation of other targets that
interact with NCL. For example, it has been shown that pro-
teins containing pleckstrin homology domains are recruited in
the membrane following PI3K activation in response to differ-
ent growth factors (46). Although NCL does not possess related
sequences, it has been proposed as a potential ligand for such
proteins through its acidic motifs (47).

It is well known that ERK' is activated by «, 8 and partici-
pates in integrin-mediated cell migration (48). The present
study shows that ERKY: is not involved in PTN-induced cell
surface NCL localization, although it is required for PTN-in-
duced endothelial cell migration (26). One possible explanation
is that ERK"2 may lay downstream of «, 3;-mediated cell sur-
face NCL localization. Although few data exist on the partici-
pation of cell surface NCL to activation of cell signaling path-
way(s), it has been shown that cell surface NCL enhanced
signaling through the mitogen-activated protein kinase
(MAPK) pathway (49), in agreement with our data.

Interestingly, cell surface NCL directly interacts with «, (3,
and RPTPB/{ on the cell surface. This is in line with the emerg-
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FIGURE 7. Schematic representation of the proposed mechanism leading
to «,3;-mediated NCL cell surface localization upon PTN stimulation.
Binding of exogenous PTN to its receptor RPTPB3/{ on the surface of endothe-
lial or cancer cells, leads to c-Src activation, Tyr’”®> phosphorylation of 85
integrin subunit, and PI3K phosphorylation. Activated PI3K induces, either
directly or indirectly, the translocation of NCL from the nucleus to the cell
membrane. Cell surface NCL interacts with both RPTPB/{ and «,3; and as
previously shown (18), is required for PTN-induced cell migration.

ing notion that cell surface NCL may participate in functional
complexes with other receptors, such as urokinase plasmino-
gen activator receptor (50) and ErbB receptors (4). Interaction
of NCL with «, 35 has been previously observed in MDA-MB-
231 and HelLa cancer cells by bioconjugated semiconductor
quantum dots; however, it was then discussed as a methodology
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artifact (51). In the present study, by using several different
techniques, this interaction has been clearly demonstrated.
One possibility for the functional significance of these interac-
tions is activation of cell signaling pathways. Besides activation
of MAPKs (49), plasma membrane NCL has been shown to
increase cytoplasmic Ca®* levels (52), or activate PI3K (53). On
the other hand, accumulating evidence suggests that signaling
events related to cell migration require ligand/receptor endo-
cytosis (54). VEGF and VEGF receptor 2 internalization are
required for endothelial recovery in a wound healing assay (55),
whereas low platelet-derived growth factor (PDGF) concentra-
tions induce cell migration by promoting clathrin-mediated
endocytosis of PDGF receptor (56). Moreover, functions of
integrins and their signaling leading to cell migration are
strictly controlled by their endocytic trafficking (57). The well
demonstrated role of NCL in the internalization of specific
ligands and transport to the cell nucleus (6, 14, 17, 18, 58)
prompt the speculation that NCL mediates the translocation of
PTN or/and RPTP/{ inside the cell, thus triggering or ampli-
tying signaling events. This hypothesis is strengthened by the
fact that both PTN (18) and RPTP/{ (present study) co-local-
ize with NCL in the cell nucleus, whereas down-regulation of
NCL expression caused significant reduction in nuclear local-
ization of PTN (18) and RPTPB/{ (supplemental Fig. S4). The
functional significance of this internalization is currently under
investigation.

The relevance of o, 3;-regulated cell surface NCL localiza-
tion to human cancer was addressed by analyzing brain cancer
tissue microarrays. Increased o, 3; expression was observed in
grade 4 glioblastomas compared with grade 2 astrocytomas and
normal brain, in line with previous data showing that «, 35
expression was significantly increased in high-grade glioblasto-
mas compared with low-grade gliomas (59). Extranuclear NCL
expression was also increased in grade 4 glioblastomas, and in
all cases correlated with «, ,, further strengthening our notion
that «, 35 is playing a role for NCL cell surface targeting.

It was recently shown that the phosphorylation of NCL by
protein kinase C-¢ and casein kinase 2 mediates the surface
translocation of NCL via regulating its interaction with heat
sock cognate 70 (hsc70) (60). Although NCL phosphorylation
(1,53, 61) and glycosylation (52) have been mentioned to play a
role in NCL cell surface localization, the mechanisms remain
mostly unexplored. In the present study we did not look for
NCL phosphorylation; however, we showed that B8, Tyr””?
phosphorylation is required for NCL cell surface localization.
o, 35 integrin is found to form a complex with hsc70 in lipid raft
microdomains of the cytoplasmatic membrane of susceptible
intestinal epithelial cells, and both act as receptors for rotavirus
entry (62). Therefore, it is tempting to speculate that « 5 and
hsc70 may cooperate for cell surface NCL localization and in
that case direct or indirect NCL phosphorylation by protein
kinase C-£ and casein kinase 2 may have a role.

Based on the observation that NCL is preferentially localized
on the surface of cells that express «, 35, we evaluated the effi-
cacy of an anti-NCL antibody, as well as HB-19 and Nucant 6L
pseudopeptides on cell migration, in relationship to «,f;
expression, in the presence of serum that is known to increase
levels of cell surface NCL (Ref. 2 and Fig. 24). Several cell lines
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were tested and significant reduction of cell migration was
observed only in cells that express a,8;. This is in line with data
showing that a pseudopeptide that is known to bind the C-ter-
minal RGG domain of the cell surface-expressed NCL and
block its function, similarly to HB-19 and Nucant 6L pseudo-
peptides, completely abolished PTN-induced HUVEC migra-
tion (18) and data showing that the surface NCL antagonists,
HB-19 and related NUCANT pseudopeptides, exert different
inhibitory effects in different tumor cell types. Although the
reason for the latter observation has not been studied, this has
been attributed to different levels of surface NCL or/and differ-
ent NCL partners in tumor cells (10). Our data clearly show that
levels of cell surface NCL are different among different types of
cells and correlate with «, 35 expression, suggesting that a 35
could be a biomarker for prediction of the biological outcome of
cell surface NCL antagonists.

In summary, the current study unravels at least one of the
pathways that participate in cell surface localization of NCL in
endothelial and glioma cells, and provides evidence that a (5
expression could be a useful biomarker for targeting cell surface
NCL as a therapeutic strategy in treatment of gliomas or/and
other types of angiogenesis-dependent cancers.
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