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NEOPLASIA

Vascular endothelial growth factor triggers signaling cascades mediating multiple
myeloma cell growth and migration

Klaus Podar, Yu-Tzu Tai, Faith E. Davies, Suzanne Lentzsch, Martin Sattler, Teru Hideshima, Boris K. Lin, Deepak Gupta, Yoshihito Shima,
Dharminder Chauhan, Constantine Mitsiades, Noopur Raje, Paul Richardson, and Kenneth C. Anderson

Multiple myeloma (MM) remains incur-
able, with a median survival of 3 to 4
years. This study shows direct effects of
vascular endothelial growth factor (VEGF)
upon MM and plasma cell leukemia (PCL)
cells. The results indicate that VEGF trig-

gers tumor cell proliferation via a protein
kinase C (PKC)—independent Raf-1-MEK—
extracellular signal-regulated protein ki-
nase pathway, and migration via a PKC-
dependent pathway. These observations
provide the framework for novel therapeu-

tic strategies targeting VEGF signaling
cascades in MM. (Blood. 2001;98:428-435)

© 2001 by The American Society of Hematology

Introduction

Multiple myeloma (MM) is characterized by the clonal proliferamicrovessel density (MVD) that has been observed in the BM of
tion of malignant plasma cells in the bone marrow (BM) associatgetients with MM and that correlates with disease progression and
with bone loss, renal disease, and immunodeficiency. Maligngwmor prognosig®-2?2These data, coupled with the known antiangio-
transformation in MM progresses from immortalization of plasmgenic properties of thalidomide (Th&Bprovided the rationale for
cells (monoclonal gammopathy of undetermined significandbe use of Thal to treat MM. Remarkable clinical responses to Thal
[MGUS])) to the establishment of MM in the BM with evolution of were observed in 32% of MM patients whose disease was
growth-factor—independent growth and resistance to apoptosk&fractory to conventional and high-dose ther#pwe suggested
Despite recent new insights into the pathogenesis of MM, @ the time that the anti-MM activity of Thal against MM may not
remains incurable with a median survival of approximately 3 to @nly be related to inhibition of VEGF-induced BM angiogenesis,
years. New biologically based therapies are therefore dput might also include blocking of VEGF-induced direct effects on
gently needed. MM cell growth, survival, and migratiof?

The various growth factors belonging to the vascular endothe- The present study shows for the first time that VEGF induces
lial growth factor (VEGF) family (VEGF, placenta growth factorProliferation and triggers migration of human MM cells, suggesting
[PIGF], VEGF-B, VEGF-C, and VEGF-D) act as modulators an@n autocrine VEGF loop in MM. Exogenous VEGFactivates at
inducers of angiogenesis in vi#d. The active forms of VEGF are least 2 signaling pathways in MM: the Raf-1-MEK—extracellular
synthesized either as homodinfetsr as heterodimers with other Signal-regulated protein kinase (ERK) pathway mediating prolifera-
VEGF family members, such as PIGive molecular forms of tion, and a protein kinase C (PKC)-dependent cascade associated
VEGF are generated by alternative splicing of its RNA transcript&/ith migration. These observations provide the framework for
VEGFy,;, VEGFLs VEGFs VEGFg and VEGR, These hoveltherapeutic strategies targeting VEGF in MM.
forms differ primarily in the presence or absence of heparin and
heparan-sulfate binding domains, encoded by exons 6 &th&. .

VEGF;,, VEGF¢5, and VEGHg forms are abundant and usually'vlaterIaIS and methods

produced simultaneoushwhereas VEGEs is less common and cqis and cell culture

produced by cells derived from the female reproductive syStem,

penis, and kidne$1* Recently VEGH,s has also been found in The human MM cell line MM.1S (dexamethasone-sensitﬁ@)atien_t MM _
primary effusion lymphomas (PELs) associated with Kaposi s ells, and patient plasma cell leukemia (PCL) cells were maintained in

. . . . RPMI 1640 medium supplemented with 10% heat-inactivated fetal bovine
coma-—associated herpesvirus (or human herpesvirus-8) |nfectlg&Um (FBS), 100 U/mL penicilln, 1Q.g/mL streptomycin, and 2 mM
as well as in prostate carcinoria.

) . ) ) ) L-glutamine. Human umbilical vein endothelial cells (HUVECS), pur-
In solid tumors, VEGF has an important role in the induction ofhased from Clonetics Biowhittaker (Walkersville, MD) (HUVEC P168)
neovascularization correlating with tumor growth and metastatigre maintained in EGM-2MV media (Clonetics Biowhittaker).

potential**-*”However, recent studies also suggest a role for VEGF o
in hematological malignancies. In MM, for example VEGF idsolation of patient’s tumor cells

expressed and secreted by tumor cells as well as BM stromal c@liénonuclear cells were obtained by Ficoll-Pague (Pharmacia Biotech,
(BMSCs)1819 |t may account, at least in part, for the increasetppsala, Sweden) separation from peripheral blood samples of a patient
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with PCL. MM patient cells (96% CD38D45RA") were purified from  Cell lysis, immunoprecipitation, and Western blot analysis

atient BM samples, as previously descried. . . o .
P P P y Cells were washed 3 times with PBS and lysed with either lysis buffer (10

mM Tris, 50 mM NacCl, Na-pyrophosphate, 1% triton, 1 mM sodium
Reverse-transcriptase polymerase chain reaction analyses of vanadate, 1 mM phenylmethyl sulfonyl fluoride, and protein inhibitor
VEGF and VEGF-receptors cocktail) (Boehringer Mannheim, Germany) or radioimmunoprecipitation

assay lysis buffer. Insoluble material was removed by centrifugation

Total RNA was prepared with Trizol Reagen‘t (Qibco I__ife Technologieiis 000 rpm for 30 minutes at 4°C). Immunoprecipitation was performed as
Rockville, MD) according to the manufacturer’s instructions. Compleme'?fescribed previousE Briefly, Flt-1 (H-225) and fetal liver kinase-1

tary DNA (cDNA) was synthesized by means of SuperScript One'St?Plk-l) (C-1158) (Santa Cruz Biotechnology, CA) Abs were used to

revgrse-transcrip@ase pplymerase chain reaction (_RT'PCR) system Wm%unoprecipitate Flt-1 and Flk-1, respectively. Inmunocomplexes were
Platinum Taq (Gibco Life Technologies). VEGF primerSTCG GGC o jected following overnight incubation at 4°C with protein A-Sepharose

CTC CGAAAC _CAT GA-3 (sense) qnd SCCT GGT GA,G AGATCT beads (Sigma, St Louis, MO). For Western blotting, cell lysates (30 to 100
GGT TC-3 (antisense), corresponding to sequences in thar@l 3
untranslated regions, were used to amplify the known splice variants: 5,
base pairs (bp) of VEGE;; 588 bp of VEGHhys, 648 bp of VEGHgs, 720 bp

of VEGFygg and 771 bp of VEGys The thermal cycle profile consisted of
denaturating at 94°C for 30 seconds, annealing at 55°C for 30 seconds,
extension at 72°C for 1 minute. The samples were amplified for 35 cyclq\§H2_
VEGF receptor sense primef-EAA GTG GCC AGA GGC ATG GAG
TT-3' (corresponding to nucleotide$ 3262 to +3284) and antisense
primer 5-GAT GTAGTC TTT ACC ATC CTG TTG-3 (corresponding to
nucleotides+3736 to+3759) were used for the amplification of Fms-like
tyrosine kinase-1 (Flt-2}; 5'-CAA CAA AGT CGG GAG AGG AG-3
(sense) and '5SATG ACG ATG GAC AAG TAG CC-3 (antisense) were
used for amplification of kinase insert domain-containing receptor (KBR).Cell migration was assayed by means of a modified Boyden chamber assay,
The thermal cycle profile consisted of denaturating at 94°C for 1 minutgs described previousk:#° Briefly, starved cells were added on a8
annealing at 60°C for 2 minutes, and extension at 72°C for 3 minutes. Thgre size polycarbonate membrane precoated with fibronectin separating
samples were amplified for 32 cycles. We used 20 pg primers. The integriie 2 chambers of a 6.5-mm transwell (Costar). VEGF (0.5 to 500 ng/mL),
of messenger RNA of all samples was confirmed by amplification @fith or without the PKC inhibitor bisindolylmaleimide I, hydrochloride
B-actin. PCR products were separated on a 1% agarose gel and photograpgmh) (Calbiochem, San Diego, CA) was added to the lower chamber. After

2 to 5 hours, cells that migrated into the lower compartment were counted
by means of a Coulter counter ZBIlI (Coulter Electronics, Bedford-
shire, England).

w.g per lane) or immunoprecipitates were separated by 10% sodium dodecyl
fate—polyacrylamide gel electrophoresis prior to electrophoretic transfer
onto Hybond C super (Amersham, Arlington Heights, IL). The blots were
probed with Flt-1, FIk-1, Raf-1, phospho-tyrosine—specific 4G10, phospho-
, ERK-2, phospho-stress activated protein kinase (SAPK)/c-Jun
terminal kinase (JNK), phospho-p38, p38, phospho—signal transducer
and activator of transcription 3 (phospho—STAT 3), and STAT 3 antisera
prior to incubation with horseradish peroxidase—conjugated secondary
antibodies and exposure to the enhanced chemiluminescence substrate.

Transwell migration assay

Enzyme-linked immunosorbent assay

Cells were seeded onto 6-well plates at a concentrationofLTf cells per

well in RPMI 1640 with 1% FBS. After 48 hours, the supernatants werstatistical analysis

collected and analyzed by VEGF-enzyme-linked immunosorbent assays

(ELISAs) (R&D Systems, Minneapolis, MN). Briefly, 96-well plates wereStatistical significance of differences observed in VEGF-treated versus
coated with anti-human VEGF antibody overnight, rinsed, and block&@ntrol cultures was determined by means of an unpaired Sttitéestt The
with 300 uL phosphate-buffered saline (PBS), 1% bovine serum albumlRinimal level of significance wal < .05.

(BSA), 5% sucrose, and 0.05% Nafdr 2 hours. After washing, 10aL of
sample or standards diluted in Tris-Cl, 0.1% BSA, and 0.05% Tween 20 (pH
7.3) were added to the wells and incubated for 2 hours at room temperatg%sults
(RT). The cells were rinsed again, and biotinylated anti-human VEG

antibody was added for 2 hours at RT. After a further washing step, the We\IFEGF is present in the BM micro-environment of patients with
were incubated with streptavidin horseradish peroxidase for 20 minute

RT and rinsed again. The reaction was started by the addition 0fs100 SI\filf\ll and associated with the neovascularization at sites of MM cell

H,0, and tetramethylbenzidine for 30 minutes at RT. After stopping th'é‘_f'ltrat'or_''26 In addltlon, VEGF is p_mduced by MM cells and
reaction wih 1 M H,SO, the optical density of each well was detected byfiggers interleukin (IL)-6 production from BMSCs, thereby
means of a microtiter plate reader at 450 nm. Each well was analyzadgmenting MM cell growth and survivéi.In this study, we

in triplicate. examined whether VEGF also has direct effects on MM cells. As a
model system, we used a dexamethasone-sensitive (MM.1S)
human MM cell line?” as well as patient MM and patient
PCL cells.

For signaling experiments, cells were starved for 15 to 18 hours prior to

stimulation with 100 ng/mL VEGF (recombinant human VEGF) (R&D) ingypression and secretion of VEGF isoforms in MM.1S, patient

meghum ywth 1% FBS overnight and then for 3 hou'rs wnhqut FBS. FC,N/IM, and patient PCL cells

proliferation assays, cells were starved for 3 hours prior to stimulation with

different concentrations of VEGF in medium with 1% to 5% FBS an@/EGF is expressed and secreted in MM cell lines, including RPMI

Stimulation of cells

cultured in starvation medium for 72 hours. 8226, ARH-77, U266, IM-9, and OPM-2;°as well as in BMSCs.
In the first series of experiments, we performed RT-PCR analysis to
DNA synthesis and cell proliferation assay determine whether MM.1S cells, as well as patient MM and patient

Cell growth was assessed by the addition of @G [3H] thymidine per PCL cells, synthesize YEGF' As Shqwn n Flgure 1A, 3 predomi-
well during the last 9 hours of a 72-hour culture at 37°C. Radioacti\}aam bands corresponding to the splice variants VEGB16 bp),
labeling was determined by harvesting the cells onto glass-fiber filtermaté&GFs (588 bp), and VEGEs (648 bp) were produced by
with an automatic cell harvester (Tomec Harvester 96 Mach 1ll, HamdelNM.1S, patient MM, and patient PCL cells, respectively.

CT) and counting using the Wallac Trilux Betaplate scintillation counter TO assess whether MM.1S, patient MM, and patient PCL cells
(Turku, Finland). secrete VEGF protein, cells were seeded onto 6-well plates at a
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Figure 1. Expression and secretion of VEGF isoforms in MM.1S, patient MM,

and patient PCL cells. (A) MM.1S, patient MM, and patient PCL cells express VEGF.
Equal amounts of RNA were reverse transcribed to generate cDNA, which was
subjected to VEGF-specific PCR amplification by means of paired primers as
described in “Materials and methods.” Three splice variants coding for the secreted
isoforms VEGF1,; (516 bp), VEGF145 (588 bp), and VEGF 145 (648 bp) were amplified
from all cells. The quality of RNA was confirmed by RT-PCR amplification of B-actin.
MWM indicates molecular weight marker. (B) MM.1S, patient MM cells, and patient
PCL cells secrete VEGF. Supernatants from equal numbers of cells (1 X 106) were
collected after 48 hours and analyzed for VEGF protein by ELISA.

concentration of X 10° cells per well in RPMI 1640 with 1%
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cells (3-fold) was induced by 5 ng/mL VEGd (Figure 3A-B),
whereas maximal activation of migration in patient PCL cells
(approximately 250-fold) was induced by 50 ng/mL VEGF
(Figure 3C). VEGHkgs (5 ng/mL) markedly enhanced the migration
in patient PCL cells (approximately 100-fold) relative to MM.1S
cells, suggesting an important role of VEGF in the transition of
MM to PCL.

FIt-1 is expressed and activated by VEGF in MM cells

We next sought to identify signaling pathways mediating these
effects. Comparable transcript and protein expression of high-
affinity VEGF receptor (VEGFR)-1/Flt-1 were detected by RT-
PCR and immunoprecipitation, respectively, in MM.1S, patient
MM cells, and patient plasma cells (data not shown). Despite
low-level expression of Flt-1, VEGF triggered an up-regulation of
tyrosine phosphorylation of Flt-1 in MM cell line MM.1S cells
(Figure 4A).

Flt-1 immunoprecipitates of whole cell lysates of VEGF-
stimulated HUVECs immunoblotted for Flt-1 served as a positive
control. Reprobing of the membrane with antisera directed against
Flt-1 confirmed equal protein loading. In contrast, KDR/VEGFR-2
the human homolog of Flk-1, was not detected (data not shown).
Taken together, these data suggest that Flt-1 is a functional
signaling receptor for VEGF in MM.1S cells.

VEGF activates the Raf-MEK—-ERK pathway

We next sought to identify signaling molecules downstream of the
receptor activated by VEGF. The activation of ERK-1 and ERK-2
mediates DNA-synthesi®;32 and we have shown that IL-6—
induced proliferation of MM cells is mediated by this pathvi&ayo

FBS. VEGF secreted by these tumor cells was measured in 48-hour

culture supernatants by ELISA. VEGF secretion ranged from 100 A
pg/mL (PCL cells) to 1000 pg/mL (MM cells) (Figure 1B). Taken £ 24 ke
together, these data show that MM.1S cells, patient MM cells, and g*g 1.9 * **
patient PCL cells both synthesize and secrete VEGF. ; ° ’
50 14
VEGF induces proliferation in MM cells ; %
o w 0.9
To determine whether VEGF has direct effects on MM cells, we 0 1 100 1000
first examined whether VEGEsinduced DNA synthesis in growth- VEGF (ng/mL)
factor—deprived MM.1S and patient MM cells. As shown in Figure
2A, VEGF induced a reproducible dose-dependent increase (2- B =~ 151
fold) in proliferation in MM.1S cells assayed b§H] thymidine 2L 14
uptake. To judge the biological significance of this finding, we ‘3 5 1.3
subsequently studied the effect of VEGF on the proliferation of 23 1.2 -
patient MM cells derived from 5 patients. As shown in Figure 2B, E 3 1.1 4
VEGF also induced a dose-dependent increase (1.3- to 1.4-fold) in x :'g 1
proliferation in these cells. 0.9 . . . .
) _— 0 10 100 1000
VEGF triggers migration of MM and PCL cells
VEGF (ng/mL)

Since it was recently reported that VEGF stimulates migration of o

t d h 9?é§o we next examined whether Figure 2. Effect of VEGF on MM cell proliferation. ~ MM.1S (panel A) and MM cells
monaocytes e.m magrop .a s ; .~ isolated from 5 patients (panel B) (3 X 10* cells per well) were cultured in RPMI 1640
VEGF also triggers migration in MM.1S, patient MM, and patiennedium with 5% (MM.1S) or 10% (patient MM cells) FBS in 96-well assay plates. The
PCL cells. Cell migration was assayed by measuring the transfiltelts were then either left untreated or treated with 1 to 1000 ng/mL of VEGF¢s. Cell

. . L. iti i idine 13 i
migration activity of MM.1S cells seeded on membranes precoat%rﬂv"h was assessed by addition of 0.5,.Ci [°H] thymidine [*H ()] per well during
X ) X o . X _the last 9 hours of 72-hour cultures at 37°C. Radioactive labeling was determined by
with fibronectin. The addition of VEGF to conditioned medium imarvesting the cells onto glass-fiber filtermates with an automatic cell harvester
the lower chamber induced a dose-dependent cell migration (@fmec Harvester 96 Mach Iil) and counting by means of the Wallac Trilux Betaplate
growth-factor—deprived MM.1S ceIIs, patient MM CEHS, ands.cintil_lation counter. Data.reprr_ssent means and SDs fortriplicatg samples. Stati;tical
. . . sjgnificance for the proliferation of MM.1S cells was determined by analysis of
patient PCL cells in the upper transwell chamber. Maximakance followed by an unpaired Student ttest: *P < .005; **P < .001, as compared

activation of migration in MM.1S cells (2-fold) and patient MM with control (without VEGF).
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Figure 3. Effect of VEGF on MM and PCL cell migration. VEGF activates cell
migration in MM and PCL cells. Growth-factor—deprived MM.1S (panel A), patient MM
(panel B), and patient PCL (panel C) cells were plated on a polycarbonate membrane
(8-um pore size) in a modified Boyden chamber and exposed for 4 hours to VEGF
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SAPK/INK and p38 (stress activated protein kinase 2), are also
activated by VEGF. IL-6 activates STAT 3, which mediates
antiapoptotic effects in MM cell&3>and we therefore also tested
whether VEGF activates the STAT 3 pathway. Neither p38 and
SAPK/JINK nor STAT3 were phosphorylated in MM cells triggered
by VEGF (data not shown). Taken together, these data show that
VEGF triggers ERK, but not p38, SAPK/INK, and STAT 3
signaling in MM cells.

VEGF-induced proliferation of MM cells is inhibited by a
MEK-1 inhibitor

Maximal stimulation of proliferation of MM.1S cells was observed
at VEGF concentrations of 100 ng/mL and 1000 ng/mL, respec-
tively (Figure 2A). To support the functional importance of the
ERK pathway in mediating tumor cell proliferation, we measured
[3H] thymidine incorporation in these cells triggered by VEGF in
the presence or absence of the MEK-1 inhibitor PD98059:(23.
Treatment with PD98059 alone did not inhibit basal MM cell
proliferation (Figure 6); however, VEGF-triggered increases in
DNA synthesis in MM.1S cells were inhibited by PD98059. In
contrast, the PKC inhibitor BIM (M) did not block proliferation.

As a further proof that proliferation is PKC independent, we next
determined whether VEGF-induced ERK activation is abrogated
by the blockade of PKC. We assayed ERK activation induced by
100 ng/mL VEGHhgsin MM.1S, as well as patient PCL cells, in the
presence or absence of @M of the PKC inhibitor BIM. The
inhibition of PKC did not block VEGF-induced MEK-1-ERK
signaling (data not shown). Taken together, these data suggest that
proliferation is transduced via MEK-1, but not via PKC, cascades.

A IP: anti-Fit-1
Mg = I

(0.5 to 500 ng/mL) added to the lower chamber. At the end of the treatments, cells on E '2"
the lower part of the membrane were counted with a Coulter counter ZBII. The results g T
shown for MM.1S cells are representative of 3 independent experiments. blot T 8 mMmas
plot:
pY :
assess whether VEGF activates ERK in MM cells, we starvec Fit1 (B8 &4 |
MM.1S, patient MM cells, and patient PCL cells overnight in 5 - 0 5 (min)
RPMI 1640 with 1% FBS and then for 3 hours in RPMI 1640 with VEGF
no FBS. _In tlme-cour_sg stimulation gxperlments, 100 ng/mL B MM.AS patient MM
VEGF¢s5 triggered specific phosphorylation of ERK-1 and ERK-2

in.MM.ls cells, .in patient MM cells, and in patient PCL f:ells pERK
(Figure 4B). Equivalent amounts of ERK protein were confirmed grys[e==m=es
by immunoblotting with anti—-ERK-2 antibody. ERK phosphoryla-

1
Il
1
i

1]
ll
U
u

tion, quantitated by densitometry, demonstrated variations in th 5
time of maximal activation (Figure 4C). Similar results were & & 600 it

200
. 5 ‘ I 200
observed in Hs Sultan and RPMI-8226 MM cells (data not shown) g 2 :gg 100 I._I_l_l 100
To confirm that VEGF triggers ERK activation, we used £3 o 0 0
anti-human VEGF antibody (anti-VEGF) (R&D) to neutralize <

0 5 15 45 0 5 15 45 0 51545 (min)
human VEGF bioactivity, as well as PD98059 as a specific MEK-1 VEGF VEGF VEGF

inhibitor. As can be seen in Figure 5B, VEGF-induced ERI’%igure 4. Effect of VEGF on the Raf-MEK-ERK pathway.  (A) MM.1S cells were
phosphorylation in MM.1S and patient MM cells (Figure 5A) wastarved overnight in RPMI 1640 with 1% FBS and for 3 hours in RPMI 1640 with no
inhibited by 60-minute pretreatment with anti-VEGF antibod;FBS- After stimulation of MM.1S cells with 100 g/mL VEGF;¢5 for 5 minutes, Flt-1

. . . . . Immunoprecipitates (IP) from whole cell lysates were analyzed by Western blotting
(Fllgure SA)' conflrmlng SPEC'IfI.CVEGF Slgn.a“ng' ERK phOSphoryWith the use of antisera against phospho-tyrosine residues. Equal loading was
lation by VEGF was also inhibited by 60-minute pretreatment witkbnfirmed by immunoblotting with antisera directed against Flt-1, and whole cell

PD98059 (Figure 5C), implicating MEK-1 in VEGF signal translysate of VEGF-stimulated HUVECs was similary immunoblotted as a positive

duction in MM cells (Figure 5C) We further observed that VEGrgomrol. Nonspecific protein binding and detection were excluded by incubating

. . . s . protein A—Sepharose (PAS) beads with lysis-buffer and Flt-1 antibody only (control).
induced electric mobility shifting of the MEK kinase Raf-1,@) mwm.1s, patient MM, and patient PCL cells, pretreated as described in panel A,

consistent with Raf-1 activation, which was abrogated by antiere stimulated with 100 ng/mL VEGF¢s for 5 minutes, 15 minutes, and 45 minutes.
VEGF antibody (data not ShOWﬂ) Whole cell lysates (40 ng) were analyzed by Western blotting with antisera against

. . . hospho-ERK (pERK). Immunoblotting for ERK-2 confirmed equal protein loading.
Be5|d_es ERK, We further 'nyes“gated Whether O_thel_' mem_bélfﬁ Densitometry was used to quantitate pERK activity in panel B. The data shown
of the mitogen activated protein (MAP) kinase family, includingure representative of 3 separate experiments.

e
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Figure 5. Inhibition of VEGF-triggered ERK activation by blockade of VEGF and
MEK-1. MM.1S and patient MM cells pretreated as described in Figure 4A were either 0w =
stimulated with 100 ng/mL VEGF 165 alone (panel A) or treated for 30 minutes with 30 % ° 250 347
pg/mL anti-human VEGF antibody (anti-VEGF) (panel B) or for 1 hour with 50 uM o E 200 :E:E}
PD89059 (panel C) prior to VEGF stimulation. Cells were solubilized, and whole cell =g S 150 E:z;s
lysates (40 ng) were analyzed by Western blotting with antisera against dually Qg “6 100 ';E:E:
phosphorylated MAPK (ERK-1, ERK-2). Equal loading was confirmed by immunoblot- E,, T 5 ﬁ:::::;
ting the membranes with antisera against ERK-2. E e 0 ’4&;;:
eSId4d ZTI33
EEE LEE
VEGF-triggered migration of MM and PCL cells is s22 Qo2
PKC dependent 23 w9
. N o Gu  bu
The involvement of PKC in migration was next investigated. o W g
> >

Growth-factor—deprived MM.1S cells were preincubated at 37°C
. . . o : igure 7. PKC dependency of VEGF-induced migration. Growth-factor—deprived
TOI‘ 60 minutes with BIM and then tested for thelr ablllty to mlgr_atilM.lS cells (panel A) were pretreated with or without BIM or PD89059, plated on a
in the presence of those VEGF concentrations shown to trigg®fycarbonate membrane (8-pm pore size) in a modified Boyden chamber, and
maximal migration (Figure 3). Figure 7A shows that PKC blockadexposed for 4 hours to VEGF (0.5 and 5 ng/mL) added to the lower chamber. At the
. . end of the treatments, cells on the lower part of the membrane were counted with a
Wllth BIM‘.bUI not MEK-1 t.)Io.ckade with PD89059‘ abrlogate%oulter counter ZBIl. Growth-factor—deprived patient PCL cells (panel B) were
migration in MM.1S cells. Similar results were observed in IM-Qretreated with BIM, and migration induced by VEGF (5 or 50 ng/mL) was analyzed
MM cells (data not ShOWﬂ). The abrogation of VEGE-induceds described above. Results are expressed as the fold migration of untreated cells
. . é)control). Representative results from 2 separate experiments are shown.
migration by BIM (5 and 50 ng/mL) was subsequently als
demonstrated in patient PCL cells (Figure 8B). These results

indicate the presence of VEGF-induced PKC-dependent, but

ERK-independent, migration.
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Figure 6. MEK-1 dependency of VEGF-induced proliferation. MM.1S cells were
starved for 3 hours in RPMI 1640 with 5% FBS. Cells were incubated with 100 or 1000
ng/mL VEGF¢s with or without PD98059 (25uM) or BIM (2iuM). For the last 9 hours of
72-hour cultures, 0.5u.Ci [3H] thymidine was added, and radioactivity incorporated
into DNA was determined by scintillation counting (Wallac Trilux Betaplate scintilla-
tion counter) of automatically harvested cells (Tomec Harvester 96 Mach Il1). Results
are expressed as fold-proliferation of untreated cells (control). The data are means of
3 wells, and the experiment was repeated twice.

Discussion

This study shows that VEGF, in addition to its known stimulation
of BM angiogenesis, also has direct effects on MM cells. As a
model system, we used the MM.1S MM cell line, as well as patient
MM and patient PCL cells. Our studies suggest that VEGF
stimulates proliferation and migration of MM cells in both
autocrine and paracrine mechanisms (Figure 8). Within the BM,
VEGF is produced by both MM cells and BMSE&s!® IL-6
secreted by BMSCs enhances the production and secretion of
VEGF by MM cells; conversely, VEGF secreted by MM cells
enhances IL-6 production by BMS&%Binding of MM cells to
BMSCs enhances both IL-6 and VEGF secretion. Our studies show
that VEGF directly triggers growth and migration of MM cells via
the Raf-1-MEK-1-ERK cascade and a PKC-dependent, ERK-
independent pathway, respectively.

Our studies first demonstrated that VEGF is produced and
secreted by MM cells, suggesting an autocrine VEGF loop in MM.
Many hematopoietic tumor cell lines, as well as freshly isolated
hematological tumor cells including MM cells, have been reported
to produce and secrete VEGH414%consistent with an autocrine
VEGF pathway. Our previous studies have demonstrated that IL-6
production by BMSCs is stimulated by the adhesion of MM
cells43-45and more recent studies show increased VEGF secretion
in BMSCs after tumor cell binding. Adhesion of MM cells to
BMSCs would therefore enhance the VEGF autocrine loop. VEGF
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Figure 8. VEGF-mediated proliferation and migration of
MM cells. VEGF stimulates proliferation and migration of MM Bone Marrow

cells in a paracrine and autocrine pathway. Within the bone VEGFR veGr
marrow, VEGF is produced by both MM cells and BMSCs. \oilke binding VEGF +— anti-VEGF
IL-6 secreted by BMSCs enhances the production and VEGF e R\

secretion of VEGF by MM cells. Conversely, VEGF secreted :mm<

by MM cells enhances IL-6 production by BMSCs. Binding of

MM cells to BMSCs increases both IL-6 and VEGF secretion. ol Tyrosine

Besides stimulating angiogenesis in the BM, VEGF directly d'g“":: ,
triggers cell growth and migration of MM cells via the » ‘:
Raf-1-MEK-1-ERK cascade and a PKC-dependent ERK- 8IM — PKC v
independent pathway, respectively. ; Raf-1
/ B
VEGF /
VEGF, IL-6 "; MEK-1+~ pD
O j
!
Blood vessel H ERK
; / -
i : \
v 14 .

migration

angiogenesis

stimulates IL-6 in BMSC4819suggesting that VEGF produced bytyrosine kinases (RTKs): Flt?2and KDR%® These VEGF-RTKSs,
MM cells can augment IL-6 secretion by BMSCs, thereby alsehich bind VEGF, are single-pass transmembrane receptors with 7
augmenting MM growth and survival indirectly. immunoglobulinlike loops in the extracellular domafAlthough
Our studies first showed the expression of VE&E516 bp), Flt-1 has been found on several hematopoietic tumor cell lines, to
VEGF45 (588 bp), and VEGEs (165 bp) isoforms in MM.1S, date neither KDR nor Flt-1 has been identified on MM céllgve
patient MM cells, and patient PCL cells, respectively. Interestingljpund the high-affinity VEGF receptor Flt-1 in MM.1S; in contrast,
we could also detect VEGE;, a rarely expressed and sparsel)KDR transcript and protein expression were not detected by
studied VEGF form recently found in PELs and prostate caticerRT-PCR and immunoprecipitation, respectively. Activation of
Whether the expression of this splice form plays a role in thdEGF-RTKs occurs through ligand binding, which facilitates
pathogenesis of MM is unknown. We next investigated theeceptor dimerization and autophosphorylation of tyrosine residues
secretion of VEGF by these cells. MM.1S, patient MM cells, anth the cytoplasmic portion. By immunoprecipitating cell lysates
patient PCL cells secrete VEGF in the range of 100 to 1000 pg/miith Flt-1 antibody, we subsequently showed that VEGF triggered
(Figure 1B). Taken together, these data show that VEGF ftigrosine-specific phosphorylation of the receptor. Interestingly,
produced and secreted by MM.1S, patient MM, and patient PGurther supporting the activation of Flt-1 by VEGF, phosphoryla-
cells and suggest both paracrine and autocrine VEGF-mediatezh was also seen in coimmunoprecipitated proteins (data not
effects on MM cells. shown). Studies are presently underway to define these proteins
MVD has been observed in the BM of MM patients with diseasand delineate their function. RT-PCR analysis confirmed expres-
progression and poor prognodfs? In this report we found sion of Flt-1 comparable to that in MM.1S cells in patient MM cells
additionally (1) that VEGF induces modest increments in proliferand patient PCL cells (data not shown). Owing to a restricted
tion in MM.1S and patient MM cells and (2) that VEGF triggersmmumber of these cells, we were not able to extract sufficient protein
migration of MM.1S and patient PCL cells. Interestingly, maximatio perform biochemical studies similar to those in MM cell line
activation of migration was much higher in patient PCL than iMM.1S cells. Although the present report shows the expression and
MM.1S cells, suggesting an important role of VEGF in thectivation of Flt-1 in MM.1S cells, recent studies have found either
transition of MM to PCL. The complex phenomenon of celho or only weak expression of Flt-1 and KDR on MM cell lines and
migration involves both cytoskeleton-regulated cell motility angrimary cellst®19 |t therefore remains possible that an additional
cell adhesiorf and in ongoing studies we are examining théiologically active VEGF receptor, distinct from Flt-1 and KDR or
differential expression of proteins in MM and PCL cells that aref mutant forms of these RTKSs, is expressed on MM cells.
associated with these functions. To characterize downstream signaling molecules, we first
These data are also consistent with recent observations timestigated whether VEGF activated the ERK pathway in MM
VEGF not only has effects on endothelial cells, but also triggecells. The activation of ERK-1 and ERK-2 mediates DNA-
biological responses in tumor cells. For example, VEGF appearssynthesi$!-321In time-course experiments using VEGE specific
be a critical cytokine modulating the growth (approximatelyphosphorylation of ERK-1 and ERK-2 was observed in MM.1S,
3-fold) and spread of Kaposi sarcoma célt8? Additionally, patient MM, and patient PCL cells. Although cascades activated by
VEGF has been shown to increase proliferation (approximatellEGF are similar, activation kinetics varied in those cells. Phosphor-
2-fold) and migration of leukemic celf8.The presence of VEGF ylation was inhibited by pretreatment with anti-human VEGF
receptors on hematologic malignancies, as well as these actionsaatibody, confirming selective ERK activation by VEGF. ERK
tumor cells triggered by VEGF, may indicate its important role iphosphorylation was also inhibited by pretreatment with MEK-1
hematologic malignancies including MM. When coupled, thesehibitor PD89059, also implicating MEK-1 in the VEGF signaling
data strongly indicate a role of VEGF in tumor cells in general anthscade of MM cells. In addition, we observed VEGF-induced
in MM cells in particular. electrophoretic mobility shifting of Raf-1 in MM.1S cells that was
Having demonstrated these distinct biological sequelae ihibited with anti-human VEGF antibody, indicating VEGF-
VEGF in MM cells, we began to delineate the responsible signalifigggered Raf-1 activation. Neither the other prominent MAPK
pathways. VEGF mediates its activity mainly via 2 receptopathways (p38, SAPK) nor the STAT 3 kinase pathway were


http://bloodjournal.hematologylibrary.org
http://bloodjournal.hematologylibrary.org/subscriptions/ToS.dtl

From www.bloodjournal.org by on December 9, 2009. For personal use only.

434  PODARetal BLOOD, 15 JULY 2001 - VOLUME 98, NUMBER 2

activated by VEGF. To support the importance of the ERK pathwahibit the maturation of dendritic cefis through inhibition of

in mediating VEGF-triggered DNA synthesis in MM cellSH] nuclear factoik B activation was demonstraté&iFurther, it was

thymidine incorporation assays using 100 and 1000 ng/mL shown that VEGF increases osteoclastic bone-resorbing activity by

VEGF, in the absence or presence of PD89059, were carried outithancing their survivaP The direct effects of VEGF on tumor

MM.1S cells. Proliferation induced by VEGF was blocked byells, coupled with its effects in the BM micro-environment,

PD89059, but not by the PKC inhibitor BIM. Migration of MM as suggest VEGF as a target for novel therapies to improve outcome

well as of PCL cells induced by VEGF was inhibited by means af MM.

the PKC inhibitor BIM but not by PD89059. Importantly, PKC

inhibition, in contrast to the MEK-1 inhibition, could not prevent

the phosphorylation of ERK-1 and ERK-2. These data indicate the

separation of VEGF-induced pathways causing distinct biologicﬂcknowledgments
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