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Bone marrow (BM) neovascularization and vascular endothelial
growth factor (VEGF) expression in multiple myeloma (MM) corre-
late with disease progression. Brain derived neurotrophic factor
(BDNF) is highly expressed by malignant plasma cells isolated
from the majority of MM patients. Recently, BDNF was identified
as a potential proangiogenic factor for the promotion of endothe-
lial cell survival, induction of neoangiogenesis in ischemic tissues,
and increase of VEGF expression in neuroblastoma. Since tropo-
myosin receptor kinase B (TrkB), the receptor of BDNF, is
expressed by stromal cells within the BM milieu, here we sought
to evaluate the involvement of BDNF ⁄ TrkB in myeloma–marrow
stroma interaction and its effects on BM angiogenesis. TrkB was
abundantly expressed by bone marrow stromal cells (BMSCs) iso-
lated from healthy donors. Stimulation of BMSCs with BDNF
induced a time- and dose- dependent increase in VEGF secretion,
which was completely abolished by K252a, an inhibitor of TrkB.
BDNF triggered activation of signal transducer and activator of
transcription 3 (STAT3) and activator protein-1 (AP-1), whereas
STAT3 was involved in mediating VEGF expression. We further
delineated the biological significance of BDNF in MM by using
lentiviral short-interfering RNA (shRNA). When myeloma cells
were cocultured with BMSCs in a noncontact Transwell system,
VEGF levels in supernatants were significantly decreased when
BDNF expression was knocked down. Furthermore, silencing of
BDNF expression significantly inhibited xenograft tumor growth
and angiogenesis, and prolonged survival in mouse model. Our
studies demonstrate that BDNF, as a potential stimulator of
angiogenesis, contributes to MM tumorgenesis; it mediates stro-
mal–MM cell interactions via selective activation of specific recep-
tor TrkB and downstream signal transducer STAT3, regulating
VEGF secretion. (Cancer Sci 2010; 101: 1117–1124)

M ultiple myeloma (MM) is a B-cell malignancy charac-
terized by the clonal expansion of malignant plasma

cells that reside in the bone marrow (BM) milieu. It has been
reported that BM microvessel density is increased in patients
with active MM. Angiogenesis is a required step of MM pro-
gression and has prognostic potential.(1–3) The pathophysiology
of MM-induced angiogenesis involves both direct production of
angiogenic cytokines by plasma cells and their induction within
the microenvironment. Consistent with this theory, several stud-
ies have demonstrated that bone marrow stromal cells (BMSCs)
provide various proangigenic cytokines, such as vascular endo-
thelial growth factor (VEGF), basic fibroblast growth factor
(b-FGF), and interleukin-6 (IL-6) via stroma–myeloma cell
interaction, and contribute to plasma cell survival, growth, and
angiogenesis in the BM milieu.(4–7)
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Brain derived neurotrophic factor (BDNF) is highly expressed
by malignant plasma cells isolated from the majority of patients
with MM. We and others have indicated that BDNF selective
activation of tyrosine kinase receptor B pathway promotes mye-
loma cell growth and survival, and protects cells from chemo-
therapy.(8,9) In addition to its neuropoietic action, BDNF has
been recently identified as a mediator of angiogenesis which
promotes endothelial cell survival,(10–12) induces neoangiogene-
sis in ischemic tissues,(13) and increases VEGF expression in
neuroblastoma.(14) Recently, we found that MM-derived BDNF
significantly stimulated vessel formation in vitro, and this effect
was inhibited by anti-BDNF mAb. Moreover, humanized anti-
BDNF mAb mediates significant antibody-dependent cellular
cytoxicity (ADCC) against allogeneic and autologous BDNF-
expression MM cells and inhibits tumor cell growth and neovas-
culariztion in several xenograft models of human MM.(15) These
findings indicate that BDNF activation of the TrkB pathway
contributes to MM angiogenesis necessary for tumor progres-
sion.

Currently, the specific molecular mechanism of BDNF on
angiogenesis has not been clarified in MM. Besides its frequent
expression by malignant plasma cells, TrkB was found to be
expressed by osteoblasts, endothelial cells, and BMSCs in the
BM microenvironment.(16–18) Since BDNF and its receptor TrkB
expressed by MM cells contribute to plasma cell survival, TrkB
expressed by BMSCs may allow stroma–myeloma cell interac-
tion, further influencing BM angiogenesis via secreting angio-
genic cytokines. In addition, studies of our group found that the
increased serum BDNF levels detected in patients with MM cor-
related with disease activity and serum VEGF levels.(5) VEGF is
a well-known potential proangiogenic factor and an attractive
target for tumor anti-angiogenic therapies. BMSCs were
reported to be a potent resource of VEGF,(19–21) and BMSC
release of VEGF is associated with activation of signal trans-
ducer and activator of transcription 3 (STAT3).(21–23) Activation
of STAT3 in response to a wide array of cytokines and growth
factors has been demonstrated as a downstream mediator of Trk
signaling and function.(24–27) Based on these studies, we hypoth-
esized that BDNF activation of the TrkB pathway may regulate
VEGF expression by BMSCs through the STAT3 signaling
pathway.

In the present study, we characterized the activity of BDNF
in MM neoangiogenesis by inhibiting BDNF expression using
lentiviral BDNF shRNA vector in BDNF-expression MM cells
and coculturing this BDNF knockdown MM cells with BMSCs
in vitro and in vivo. We found that BDNF stimulated VEGF
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secretion from BMSCs via STAT3 activation, and observed
silencing of BDNF down-regulated VEGF concentration in
cocultures of myeloma cells and BMSCs. Importantly, silencing
of BDNF blocked in vivo tumor growth and angiogenesis and
prolonged survival in a xenograft model of human MM in the
presence of BMSCs. These results established a pathophysiolog-
ical role of BDNF in MM.

Materials and Methods

Cell lines and reagents. Human MM cell lines (HMCLs)
RPMI-8226 and U266 were obtained from the American Type
Culture Collection (ATCC, Manassas, VA, USA) and cultured
in RPMI-1640 (Hyclone, Logan, UT, USA) with 10% fetal
bovine serum (Gibco, Grand Island, NY, USA), 100 units ⁄ mL
penicillin, and 100 lg ⁄ mL streptomycin. Human recombinant
BDNF (PeproTech, Princeton, NJ, USA), TrkB-specific inhibi-
tor K252a (Calbiochem, San Diego, CA, USA), activator pro-
tein-1 (AP-1) inhibitor curcumin (Sigma-Aldrich, Deisenhofen,
Germany), and the JNK2 inhibitor AG490 (Invitrogen, Carlsbad,
CA, USA) were obtained and reconstituted according to the
manufacturers’ specifications. Antihuman BDNF, antihuman
TrkB, and antihuman STAT3 were obtained from Santa Cruz
Biotechnology (Santa Cruz, CA, USA), anti-phospho STAT3
(Tyr705) and antimouse CD34 were purchased from Cell Sig-
naling (Danvers, MA, USA) and BD Pharmingen (San Diego,
CA, USA), respectively.

Isolation and identification of human BMSCs. Anti-coagulated
BM samples were obtained from aspirates of nine healthy
donors after the provision of informed consent. Cultures of
BMSCs were established and identified according to the method
of Pittenger et al.(28) Additional details are shown in the Sup-
porting Methods.

Lentiviral vector for BDNF small-hairpin RNA. To directly
identify the biological function of BDNF in MM, the small-hair-
pin RNA (shRNA) was designed using BDNF Refseq
cDNA sequence (GenBank accession number NM_170735) as
previously described by our group.(29) A pair of 65-nucleotide
oligonucleotides encoding a 19-nucleotide BDNF shRNA (5¢-
CCGGCCGGCATTGGAACTCCCAGTGTTCAAGACGCA-
CTGGGAGTTCCAATGCCTTTTTTG-3¢, 5¢-AATTCAAA-
AAAGGCATTGGAACTCCCAGTGCGTCTTGAACACTG-
GGAGTTCCAATGCCGG-3¢) were chemically synthesized,
annealed, and inserted into the expression vector pGCSIL-
eGFP by Genechem (Shanghai, China), and confirmed by
sequencing. Lentiviral BDNF shRNA and negative control
shRNA were produced in 293t packaging cells and then
transduced into MM cell lines.

Stable transfection of shRNA ⁄ eGFP constructs in MM
Cells. MM cells were transfected with lentiviral BDNF shRNA-
pGCSIL-eGFP vector or control vector plasmid in the presence
of 4 lg ⁄ mL polybrene (Sigma-Aldrich, St. Louis, MO, USA) at
multiplicity of infection (MOI) of 10 and centrifuged at 780g
for 30 min. Thereafter, cells were cultured for another 72 h and
analyzed for the expression of eGFP by a FACS Calibur flow
cytometer (BD Biosciences, Franklin Lakes, NJ, USA). For the
selection of shRNA-eGFP-transfected RPMI-8226 MM cells,
the eGFP bright cells were sorted on a FACS Diva (Becton-
Dickinson, Franklin Lakes, NJ, USA) on three sequential occa-
sions. Down-regulation of BDNF protein expression was further
confirmed by western blotting.

Western blotting. Total cell lysates were subjected to 10%
SDS-PAGE gel electrophoresis and transferred to nitrocellulose
membranes (Pierce Biotechnology, Rockford, IL, USA). After
blocking for 3 h with 5% nonfat milk in TBS, membranes were
incubated with 1:500 diluted BDNF, TrkB, and STAT3 mono-
clonal antibodies, 1:1000 diluted phosphor-STAT3 (Tyr705)
monoclonal antibody, and 1:2000 diluted b-actin monoclonal
1118
antibody at 4�C overnight. After washing with TBST, mem-
branes were incubated with HRP-conjugated secondary antibody
for 2 h at room temperature. Specific bands were detected using
the ECL detection system (Pierce Biotechnology).

VEGF enzyme-linked immunosorbant assay (ELISA). BMSCs
of mouse (3 · 105cells ⁄ well) were cultured into a 24-well plate
in serum-free RPMI-1640 medium for 6 h and then treat with
different concentrations of recombinant human BDNF for 6, 12,
24, 48 h. Cells were treated with 100 ng ⁄ mL BDNF for the indi-
cated times with or without pretreatment with TrkB-inhibitor
K252a, JNK-inhibitor AG490, and AP-1-inhibitor curcumin.
Next, BMSC-MM cocultures were performed using a noncon-
tact Transwell system (pore size, 0.4 lm; Corning Costar, Cam-
bridge, MA, USA) with shBDNF or control RPMI-8226 cells
seeded in the inserts at a density of 2 · 106cells ⁄ mL and
BMSCs growing on the bottom of the plates (3 · 105cells ⁄ well)
for 48 h. The cocultures of MM-BMSCs were performed either
in the absence or presence of K252a. Thereafter, cells were pel-
leted and the supernatants were analyzed for VEGF by using the
Quantikine human VEGF immunoassay assay kit (R&D Sys-
tems, Minneapolis, MN, USA) with a minimum detectable dose
of 20 pg ⁄ mL.

Nuclear extract and lightshift chemiluminescent electrophoretic
mobility shift assay. Confluent BMSCs were starved for 6 h and
then were stimulated by BDNF with or without pretreated with
K252a; nuclear extracts were prepared as previously
described.(30) LightShift Chemiluminescent EMSA kit (Pierce
Biotechnology) was used to detect DNA-protein interaction.
The following consensus oligonucleotide was used as probes in
EMSA: AP-1 (5¢-CGC TTG ATG ACT CAG CCG GAA-3¢).
The 5¢ ends of the oligonucleotides were biotin labeled. Addi-
tional details are shown in the Supporting Methods.

Human plasmacytoma xenograft model. All animal studies
were conducted according to protocols approved by the Animal
Ethics Committee of the Tongji Medical College. The mice
were irradiated (200 cGy) using a 60Co resource and were
injected with cells the following day under anesthesia. 5 · 106

BDNF shRNA ⁄ eGFP RPMI-8226 MM cells or control
shRNA ⁄ eGFP RPMI 8226 MM cells which mixed with 1 · 106

BMSC or not inoculated subcutaneously in 100 lL RPMI-1640
medium. Stable shRNA ⁄ eGFP+ transfected MM cells were
monitored by noninvasive in-vivo optical imaging (Kodak Image
Station 2000 MM; Eastman Kodak Company, Rochester, NY,
USA). Tumor growth and progression were measured weekly by
caliper and the tumor volumes were calculated using the for-
mula: [1 ⁄ 2] · a · b2, where a and b represented the larger and
smaller tumor diameters, respectively. Survival was evaluated
from the first day of treatment until death. The expression of
BDNF and VEGF protein in xenograft tumor was evaluated by
western blotting. For histopathological analyses, tumor tissue
excised from mice were washed by PBS and fixed with 4% para-
formaldehyde and hematoxylin–eosin staining was performed.
Tissues were evaluated by immunohistochemical analysis for
CD34 expression as previously described.(15)

Statistical analysis. In vitro experiments were performed in
triplicate, and the results are reported as mean with SE. Statisti-
cal significance of differences observed in treatment compared
with respective control groups was determined using the
Student’s t-test. The minimal level of significance was
P < 0.05. The significance of differences in tumor volume
between groups was estimated by a one-way ANOVA test.
Overall survival was assessed using Kaplan–Meier curves and
log-rank analysis.

Results

Isolation of efficient and stable BDNF knockdown RPMI-8226
cells. The selected pure BDNF shRNA and control shRNA
doi: 10.1111/j.1349-7006.2010.01515.x
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Fig. 1. Stable knockdown of brain-derived neu-
rotrophic factor (BDNF) expression in RPMI-8226
cells by lentiviral based pGCSIL-eGFP-shBDNF vector.
(a) Fluorescence microscopic analysis of
shBDNF ⁄ eGFP+ RPMI-8226 cells stable transfected
with the lentiviral pGCSIL-eGFP-shBDNF vector at
·200 magnification. (b) Flow cytometric analysis
indicates an approximate 2-log difference in mean
fluorescence intensity of BDNF or control
shRNA ⁄ eGFP+ transfected RPMI-8226 cells (red
peak) versus parental RPMI-8226 cells (green peak).
(c) Western blot analysis confirmed that both
parental U266 (lane 1) and RPMI-8226 (lane 2)
expressed BDNF, and endogenous BDNF was
knocked down in BDNF shRNA ⁄ eGFP+ RPMI-8226
(lane 4) compared to control (lane 3) and parental
RPMI-8226 cells (lane 2).
transfected RPMI-8826 cells were able to retain eGFP after
numerous passages as shown in the in vitro fluorescence micro-
scopic analysis (Fig. 1a). As shown in Figure 1(b), the purity of
transfectants was determined by flow cytometric analysis of
enhanced GFP reporter protein, and the selected BDNF shRNA
and control shRNA RPMI-8226 cells could reach up to 91.87%
and 90.50% when compared with parental RPMI-8226 cells.
The silencing capacity of BDNF shRNA on selected RPMI-
8226 shBDNF cells was further determined by western blotting
(Fig. 1c). Transfection of RPMI-8226 cells with shBDNF-pGC-
SIL-eGFP lentiviral vector resulted in a significantly reduced
expression of BDNF protein.

Up-regulation of VEGF secretion by BDNF-stimulated
BMSCs. BMSCs were isolated from nine healthy donors and
expressed CD44 and CD90, but not CD34, CD45, and CD86
(Supporting Fig. S1a). BMSCs were further characterized for
differentiation capacity (Supporting Fig. S1b). To investigate
whether BDNF might have a paracrine regulation effect on
BMSCs, expression of BDNF receptor TrkB was analyzed by
western blot. As shown in Figure 2(a), TrkB was consistently
expressed by represent BMSC cultures and induced by BDNF
stimulation, whereas TrkB expression was inhibited when
BMSCs were co-cultured with BDNF knockdown MM cells
compared to control MM cells.

We therefore examined the direct incentive effect of BDNF
on baseline VEGF secretion from BMSCs using ELISA. BMSCs
constitutively produced VEGF (249.69 ± 41.69 pg ⁄ mL per
1 · 105 cells). Stimulation of BMSCs with BDNF induced a
time- and dose- dependent increase in VEGF secretion (2.29-
Zhang et al.
fold over unstimulated controls at 100 ng ⁄ mL of BDNF after
48 h; P < 0.001; Fig. 2a,b). K252a abrogated VEGF protein
expression at a concentration of 500 nM at 12 to 48 h
(P < 0.001, Fig. 2c).

Silencing of BDNF expression down-regulating VEGF secretion
in Transwell cocultures of myeloma and marrow stroma
cells. After having established that BDNF is able to induce
VEGF secretion in BMSCs, we examined the effect of mye-
loma-derived BDNF on VEGF secretion in a Transwell cocul-
ture system to preclude direct myeloma-stroma cell contacts.
When RPMI-8226 cells were cultured with BMSCs, VEGF
secretion was up-regulated 3.1-fold over the sum of basal con-
centrations in the monoculture controls. This up-regulation of
VEGF secretion is partially abrogated by K252a (47.78%,
Fig. 2c). We next examined the effect of silencing the expres-
sion of myeloma-derived BDNF on VEGF secretion by BMSCs.
VEGF levels in the coculture supernatants decreased 36.89%
when BDNF shRNA RPMI-8226 cells were cocultured with
BMSCs (Fig. 2c). Silencing of myeloma-derived BDNF protein
inhibited VEGF secretion by co-cultured BMSCs.

STAT3 and AP-1 mediate BDNF-induced VEGF expression.
Since AP-1 is involved in regulation of hypoxia-inducible fac-
tor-1a (HIF-1a) which is identified as a crucial factor modulat-
ing BDNF-induced VEGF secretion in neuroblastoma.(14)

STAT3 has been shown to mediate VEGF production by
BMSCs(20) and works as a downstream mediator of TrkB signal-
ing and function23. Therefore, we investigated whether BDNF
affects VEGF expression via activatiion of transcription factor
STAT3 and ⁄ or AP-1. We first examined AP-1 activity in
Cancer Sci | May 2010 | vol. 101 | no. 5 | 1119
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Fig. 2. Effect of brain-derived neurotrophic factor (BDNF) on vascular endothelial growth factor (VEGF) secretion in bone marrow stromal cells.
(a) Western blot analysis demonstrating tropomyosin receptor kinase B (TrkB) expression by human bone marrow stromal cells (BMSCs). (b) VEGF
concentrations were determined in supernatant of BMSC cultures exposed to various concentrations of BDNF (0–200 ng ⁄ mL) for 48 h. (c) VEGF
concentrations were determined in supernatants of BMSCs exposed to 100 ng ⁄ mL of BDNF at various time points (d), unstimulated controls (4).
(d) As a control experiment, stimulation with 100 ng ⁄ mL BDNF was also performed with or without K252a pretreatment (200, 500 nM; 30 min) in
BMSC cultures. VEGF in supernatants at various time points (0, 12, 24, 48 h) was measured by ELISA. (e) Enhanced VEGF secretion of BMSCs in
Transwell cocultures with RPMI-8226 cells (P < 0.001 vs BMSCs). The addition of K252a results in a significant reduction of VEGF secretion
(P < 0.001). Down-regulation of BDNF expression inhibits VEGF secretion in Transwell cocultures of RPMI-8226 and BMSCs (P < 0.001).
BMSCs stimulated with 100 ng ⁄ mL BDNF by EMSA using
AP-1–biotin labeled consensus oligonucleotides. AP-1 DNA
binding activity was significantly increased and reached a peak
at 1 h after BDNF stimulation, and pre-incubation of BMSCs
with K252a efficiently inhibited BDNF-induced increase
(P < 0.05, Fig. 3a,b). Increased phosphorylation of STAT3 was
also detected in BDNF-treated BMSCs by western blotting and
the peak was seen at 30 min. When the BMSCs were pre-incu-
bated with K252a and then stimulated with BDNF, BDNF-
induced STAT3 activation was significantly blocked (P < 0.001,
Fig. 3c,d). Furthermore, to determine whether BDNF induces
AP-1 activation is involved in the increased VEGF secretion,
BMSCs were pretreated with the pharmacologic inhibitors of
AP-1 (12.5 lM, Curcumin) or STAT3 (100 lM, AG490) follow-
ing stimulation with 100 ng ⁄ mL BDNF for 48 h. AG490 signifi-
cantly blocked the increased VEGF secretion of BMSCs
induced by BDNF, but the levels were still higher than the basal
level of VEGF (Fig. 3e). Treatment of these cells with 12.5 lM

curcumin partially inhibited VEGF secretion induced by BDNF
stimulation with no statistical significance. These findings indi-
cate that STAT3 is mainly the mediator of BDNF-induced
VEGF secretion in BMSCs.

Stable knockdown of BDNF inhibits tumor growth and
angiogenesis in vivo. We investigated whether knockdown of
myeloma-derived BDNF inhibits tumor growth and angiogene-
sis in myeloma xenograft mice. Therefore, BDNF ⁄ control
shRNA RPMI-8226 cells were subcutaneously injected into
BALB ⁄ cA nude mice to compare tumor growth and microves-
sel density. Mice were monitored serially by real-time fluores-
1120
cence imaging as an indicator of BDNF knockdown
maintenance and in vivo MM tumor growth (Fig. 4a). A signifi-
cant decrease in tumor volume was observed in the BDNF
shRNA RPMI-8226 cell-treated group (n = 12) when compared
to control shRNA (n = 12) or the parental RPMI-8226 cell-trea-
ted group (n = 12) (Fig. 4b). Moreover, we found BMSCs accel-
erated the growth of tumors in mice inoculated with BMSCs and
MM cells, and silencing of BDNF expression in MM cells also
significantly blocked tumor growth in the present of BMSCs
(Fig. 4b). Kaplan–Meier curves and log-rank analysis showed
statistically significant prolongations in mean overall survival
compared with control mice were observed in BDNF knock-
down MM cell-treated mice (control RPMI-8226 vs shBDNF
RPMI-8226, P = 0.001. BMSC + control RPMI-8226 vs
BMSC + shBDNF RPMI 8226, P < 0.001) (Fig. 4c). We
observed that tumors from animals treated with BMSCs had a
greater proportion of tumor stroma compared with tumors from
untreated animals (Fig. 5a). Western blotting analysis indicated
that BDNF shRNA significantly inhibits BDNF expression by
myeloma cells and downregulates VEGF secretion by tumor
tissues in vivo (Fig. 5b). Moreover, decreased microvessel den-
sity, which was assessed by immunohistochemistry staining
using rat antimouse CD34 mAb, was seen in tumors from mice
inoculated with BDNF shRNA MM cells with or without treat-
ment of BMSCs (control vs shBDNF, *P < 0.001; con-
trol + BMSCs vs shBDNF + BMSCs, **P < 0.001; Fig. 6). The
results indicated that BDNF shRNA suppresses MM growth
in vivo, which accompanied with decreased microvessel density
and prolonged mean overall survival.
doi: 10.1111/j.1349-7006.2010.01515.x
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Fig. 3. Brain-derived neurotrophic factor (BDNF) stimulates activator protein-1 (AP-1) translocation and signal transducer and activator of
transcription 3 (STAT3) phosphorylation, and STAT3 is involved in BDNF-induced VEGF secretion in bone marrow stromal cells (BMSCs). (a) BMSCs
treated with 100 ng ⁄ mL BDNF for 0.5, 1, and 2 h, AP-1 DNA binding activity in the nuclear extracts was measured by EMSA. (*P < 0.05 vs
control; **P < 0.005 vs control). (b) The DNA binding activity of AP-1 in cultured BMSC stimulated by 100 ng ⁄ mL BDNF for 1 h in the absence or
presence of tropomyosin receptor kinase B (TrkB) inhibitor K252a (*P < 0.05). (c) BMSCs were stimulated with 100 ng ⁄ mL BDNF for 0, 15, 30,
60 min; cell lysates were analyzed by western blotting with anti-pospho (Tyr 705) STAT3. Anti-STAT3 antibodies were used as loading control
(100 ng ⁄ mL BDNF vs control, *P < 0.01 at 30 min, **P < 0.05 at 60 min). (d) BMSCs were pretreated with or without K252a and then stimulated
with 100 ng ⁄ mL BDNF for 30 min (*P < 0.001). (e) Inhibition of BDNF induced AP-1 and STAT3 activity by curcumin and AG490, and then
incubation with BDNF for 48 h and VEGF protein was measured by ELISA. (BDNF + curcumin vs BDNF, *P = 0.064; BDNF + AG490 vs BDNF,
**P < 0.001).

Fig. 4. Knockdown of brain-derived neurotrophic
factor (BDNF) protein by lentiviral BDNF shRNA
inhibits human multiple myeloma (MM) cell growth
and prolonged overall survival in vivo. (a)
Representative bright fluorescence images of mice
bearing the myeloma xenograft tumors; tumors are
indicated by arrows. (b) Tumor volume
measurements of BDNF ⁄ control shRNA RPMI-8226
cells injected subcutaneously into nude mice with
or without bone marrow stromal cells (BMSCs). (c)
The effect of BDNF knockdown on overall survival
in the absence or presence of BMSCs were analyzed
by Kaplan–Meier curve and long-rank test.

Zhang et al. Cancer Sci | May 2010 | vol. 101 | no. 5 | 1121
ªª 2010 Japanese Cancer Association



(a)

(b)

Fig. 5. Brain-derived neurotrophic factor (BDNF) shRNA knockdown
of BDNF expression and inhibition of VEGF secretion in myeloma
xenografts. (a) Representative haematoxylin–eosin-stained sections of
tumor of mice inoculated with multiple myeloma (MM) cells (left
panel) or BMSC + MM cells (right panel). (b) The expression of BDNF
and vascular endothelial growth factor (VEGF) protein in xenograft
tumors was evaluated by western blotting analysis. BDNF shRNA
significantly knocked down of BDNF expression and down-regulated
VEGF secretion in vivo. Lanes 1–3, control MM + BMSCs xenograft;
lanes 4–6, shBDNF MM + BMSCs xenograft.
Discussion

A potential role of BDNF in MM pathophysiology was sug-
gested by its over-expression in malignant plasma cells isolated
from MM patients as well as in most HMCLs, and its effects
on supporting myeloma cells survival.(8,9) Previously, we iden-
tified that BDNF was a crucial proangiogeneic factor modulat-
ing vessel formation, and its serum level parallels serum VEGF
level in MM patients.(15) In the present study, we sought to elu-
cidate the molecular mechanism of BDNF-mediated angiogene-
sis in the BM microenvironment of MM. Our findings
corroborate previous reports demonstrating that BMSCs iso-
lated from healthy donors express BDNF high affinity receptor
TrkB, indicating that paracrine BDNF signaling in the marrow
microenvironment may occur.(16–18) The data suggested that the
addition of BDNF can stimulate VEGF secretion by BMSC,
and this effect can be blocked by K252a, which is an specific
inhibitor of TrkB. We further detected VEGF secretion by MM
cell lines and BMSCs isolated from healthy donors. Impor-
tantly, VEGF concentration is highly increased in the superna-
tants of BMSC and MM transwell cocultures, which suggests
that VEGF secretion in cocultures is triggered by diffusible fac-
tor. Moreover, we used potential lentiviral shRNA-targeting
BDNF gene expression on BDNF-expressing MM cells. This
approach has proved to be a powerful tool in the analysis of
gene function in vitro as well as in vivo. It can result in pro-
longed selective inhibition of target gene expression even in
eukaryotic cells.(31,32) Our studies show that silencing BDNF
expression in MM cells down-regulates VEGF secretion from
BMSCs in a Transwell coculture system with no concern for
cell–cell contact stimulus. Taken together, in addition to its pre-
viously described effects on myeloma cell survival, growth,
and migration,(8,9) BDNF stimulates VEGF secretion in the
stromal cells in the BM milieu. Because VEGF is a potent pro-
angiogenic cytokine whose high expression in MM is a marker
of poor prognosis, BDNF may be involved in the regulating of
MM neovascularization.

The JAK ⁄ STAT pathway, initially defined as a downstream
signaling of the interferon, is responsive to a wide array of
1122
cytokines and growth factors. STAT3 plays a central role in
mediating cell growth, differentiation, and survival signals.(33)

Recent evidence suggests that the STAT3 pathway has been
implicated in regulating VEGF secretion in BMSCs,(21–23) and
neurotrophin-induced activation of STAT3 is also required for
several downstream functions of neutrophin signaling.(24) In
this study, we observed BDNF activation of TrkB-induced
STAT3 phosphorylation. We further confirmed that BDNF
induction of STAT regulated the expression of VEGF in
TrkB-expressing BMSCs by using JAK ⁄ STAT3 inhibitor
AG490. The VEGF promoter also contains three AP-1
sites.(34,35) In addition, BDNF can stimulate AP-1 transactiva-
tion in cultured cerebellar neurons.(36,37) In the present study,
we found that BDNF stimulation can increase AP-1 DNA
binding in BMSCs. However, a direct relationship between
AP-1 translocation and VEGF up-regulation was not deter-
mined in this experiment.

Our further studies examined the effect of blocking endoge-
nous BDNF on tumor growth and BM microenvironment
angiogenesis which is associated with disease progression.
MM cells co-transfected with reporter gene enhanced green
fluorescent protein and BDNF ⁄ control shRNA were selected
by FACS for the creation of stable cell lines and applied to
in vivo experiment. The eGFP MM xenograft tumor murine
model provides us with a valuable experimental setting to
evaluate whether silencing of BDNF affects MM cells prolif-
eration in vivo. Here we observed that BMSCs enhanced MM
tumor growth in vivo, and tumors from mice treated with
BMSCs had a greater proportion of tumor stroma and
increased microvessel density. The increased angiogenesis of
tumors from BMSCs-treated mice may represent more angio-
genic cytokine secretion induced by myeloma-BMSC interac-
tion. We next demonstrated that blocking BDNF secretion
dramatically inhibits tumor growth and prolongs survival of
mice inoculated with MM cell. In addition, we confirmed the
inhibitory effect of silencing BDNF on VEGF secretion by
western blotting and microvessel density by immunohisto-
chemical analysis in vivo. In in vitro coculture experiment,
BDNF secreted by MM cells is a stimulus of VEGF produc-
tion by BMSCs. On the other hand, BDNF activation of TrkB
stimulates VEGF expression also relevant to promote angio-
genesis in neuroblastoma. Therefore, it is possible that within
the tumor microenvironment, silencing of BDNF expression
in MM cells inhibits angiogenesis through down-regulation of
VEGF secretion in vivo.

Neurotrophins are structurally and functionally related growth
factors, including nerve growth factor (NGF), NT-3, NT-4 ⁄ 5,
and BDNF, which contribute to neural cell survival, differentia-
tion, and function via selective activation of tyrosine kinase
receptor.(38,39) Numerous studies have uncovered the critical
role for neurotrophins and their receptors on neuronal and non-
neuronal tumor pathology, such as neuroblastoma, adenocarci-
noma of the thyroid, pancreatic ductal adenocarcinoma, prostate
cancer, and hematological malignancies of myeloid leukemia
and multiple myeloma.(6,14,40–45) In this study, we demonstrated
that BDNF activation of TrkB mediates myeloma–BMSC inter-
action in the BM milieu, and promotes angiogenesis by elevat-
ing VEGF secretion in BMSCs. This is analogous to the effect
of the BDNF ⁄ TrkB pathway in neuroblastoma.(14) Therefore,
these findings provide a possible mechanism for the effect of
the BDNF ⁄ TrkB pathway on survival and angiogenesis in MM
tumorgenesis.

In conclusion, our data demonstrated that myeloma cell-
derived BDNF can stimulate VEGF secretion from BMSCs in
the BM milieu via induction of STAT3, and that silencing of
endogenous BDNF also inhibits MM tumor growth and angog-
ensis in vivo. Since we previously found that serum BDNF lev-
els correlate with BM microvessel density and parallel serum
doi: 10.1111/j.1349-7006.2010.01515.x
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(d)

Fig. 6. Effect of brain-derived neurotrophic factor
(BDNF) shRNA on angiogenesis in vivo. Microvessel
density (MVD) was evaluated by immuno-
histochemical analysis for CD34 expression on
formalin-fixed paraffin-embedded myeloma xeno-
graft tissue sections, and was determined by
microscopic counting of CD-34 stained microvessels
at ·200 magnification. Data represent means ± SEM
of five separated high-power fields (HPFs).
Representative vessels indicated with arrows. A
significant decrease of MVD was observed in BDNF
shRNA RPMI-8226 cell-treated mice compared with
control RPMI-8226 cell-treated mice with or without
bone marrow stromal cells (BMSC) combined
treatment. (a) Control RPMI-8226 cells; (b) BDNF
shRNA RPMI-8226 cells; (c) control RPMI-8226
cells + BMSCs; (d) BDNF shRNA RPMI-8226
cells + BMSCs. (e) Quantitative analysis of MVD.
VEGF levels, it is strongly suggested that BDNF acts as a proan-
giogenic cytokine in paracrine interactions between myeloma
and stroma cells besides its direct effects on MM survival and
migration. These findings support targeting BDNF as a new
therapeutic strategy for BM neovaculariztion to improve patient
outcome in MM.
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