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Notchl overexpression promotes cell growth and tumor angiogenesis

in myeloma
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Patients with multiple myeloma (MM) have increased bone marrow angiogenesis, but the angiogenic properties of myeloma cells
and the mechanism of MM-induced angiogenesis have not been completely clarified. Notch1 signal has been identified as a critical
factor in the regulation of vessel formation. However, the role of Notch1 in the angiogenesis of MM is unclear. We constitutively
overexpressed active Notch1 in RPMI8226 cells to explore the effect of Notch1 signaling on cell growth and tumor angiogenesis
in vivo and in vitro. We found that Notch1 overexpression promoted myeloma cells growth and increased drug resistance. Moreo-
ver, vascular endothelial growth factor (VEGF) expression was increased. Finally, our in vitro results were supported by the in
vivo finding in human myeloma xenograft Nonobese diabetic/severe combined immunodeficient (NOD/SCID) models. Notch1
overexpression in MM cells resulted in up-regulation of VEGF expression, promotion of tumor growth, and increased microvessel
density (MVD). Our study suggests that Notch1-induced angiogenesis is partly due to activation of VEGF pathway.
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The Notch gene family consists of structurally conserved
cell surface receptors . Notch genes are involved in cell pro-
liferation and apoptosis, which affect the development and
function of many organs [1,2]. Four different Notch receptors
(Notchl to Notch4) and five ligands (JAGI, JAG2, DLLI,
DLL2 and DLL4) have been characterized in mammalian
cells. The binding of Notch receptors to its ligands results
in proteolytic cleavage and the release of intracellular Notch
(ICN), which translocates into the nucleus. The ICN associ-
ates with transcriptional factors, regulating the expression of
target genes and thus plays important roles in development
and cell growth [3,4], including proliferation and apoptosis,
alterations in Notch signaling association with tumorigenesis
[5]. Data suggest that dysfunction of ICN prevents differ-
entiation, ultimately guiding undifferentiated cells toward
malignant transformation [6]. Substantial data support the
conclusion that Notchl promotes an aggressive phenotype in
many tumor types [7-9].

Recently, the Delta-Notch pathway was identified as a new
target in angiogenesis. This effect on angiogenesis probably
occurs via several mechanisms. Most studies have suggested
that Notch signaling can alter expression levels of all three

VEGF receptors in cultured endothelial cells [10-12]. Although
there is accumulating evidence that Notch signaling has an
essential role in vascular development and angiogenesis, less
is known about the function of Notch signaling in tumor
angiogenesis [13,14]. Moreover, there are few data available
to explain the effect of Notch1 signaling activation on VEGF
in tumor angiogenesis.

Therefore, in the present study, using multiple myeloma
tumor cells and animal models, we investigated whether
Notchl affected VEGF expression. Surprisingly, we find that
Notchl is a key player in regulating MM cell proliferation
and angiogenesis. Notchl acts in concert with VEGEF, which
is also up-regulated by Notch overexpression. Together, they
drive angiogenesis. These results reveal an important new
mechanistic pathway of angiogenesis and demonstrate that
the Notchl/VEGF axis contributes significantly to tumor
angiogenesis in myeloma.

Materials and methods

Cell culture. Human RPMI 8226 cells were cultured in
suspension in Dulbecco’s modified Eagle’s medium (DMEM)
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(Gibco BRL, Grand Island, NY, USA) supplemented with
15% fetal-calf serum (FCS) (Gibco BRL, Grand Island, NY,
USA), penicillin (100U/ml), streptomycin (100 pg/ml), and
2 mM L-glutamine (Gibco BRL, Grand Island, NY, USA).
Cells were maintained in a humidified incubator at 37°C
and 5% CO,.

Retrovirus packaging and retroviral infection. Ret-
roviral vectors, pMSCV-ICN/GFP (ICN, cDNA encoding
a constitutively active form of Notch1 consisting of the intra-
cellular domain, bp 5308-7665), pMSCV-GEFP, pkat (encoding
a retroviral packaging plasmid), and pCMV-VSV-G (encod-
ing the vesicular stomatitis virus G-glycoprotein) (20), were
kindly provided by Dr. Chunyan Ji (Qilu Hospital, Shandong,
China). HEK293T cells were plated 1 day before transfection at
40-60% confluence in 10-cm plates and transfected with 20 pg
DNA per plate for 4 h using the calcium phosphate precipitate
method according to the manufacturer’s instructions [15]. The
virus particles were collected at 48 and 72 h after transfection,
filtered through a 0.45-um filter, and then frozen at —80°C.

Human RPMI-8226 cells were infected with retrovirus
stocks containing 8 pg/mL Polybrene (Sigma), centrifuged at
1,700 x g for 50 min, and then incubated at 37°C for 6-8 h,
washed, and cultured in fresh complete medium. A second
and a third infection were conducted on subsequent days
using identical procedure. Stable cell lines were generated
from RPMI-8226 cells infected with recombinant retrovirus
MSCV-ICN/GFP and MSCV-GEFP respectively, selected by
limited dilution, and designated as RPMI-8226-ICN and
RPMI-8226-CON cells. RPMI-8226-ICN and RPMI-8226-
CON subclones were maintained in DMEM with 10% FBS
for the following experiments.

Analysis of proliferation by CCK8 assay. Cells were
planted at a density of 5,000 cells per well in 96-well plates.
At 24, 48, 72, and 96 h after seeding, 10ul of CCK8 (KeyGen
Biotech, Nanjing, China) was added per well. After an addi-
tional 40 min incubation, color development was measured
on a microplate reader at 570 nm. For the chemotherapeutic
sensitivity assay, cells were exposed to different concentration
of bortezomib (Millennium Pharmaceuticals Inc., Cambridge,
MA) for an additional 48 h and the CCK8 assay was performed
as described above. The IC,  was calculated using the follow-
ing formulas: Y -Y/X -X =M; Y-MX =B; B-50/-M=IC,,
where (X, Y,) and (X, Y,) are two points below and above
50% inhibition rate (X=drug concentration and Y=% inhibi-
tion rate) [16].

ELISA assay. To examine whether Notchl expression
enhanced the release of VEGF by MM cells, RPMI-8226,
RPMI-8226-CON and RPMI-8226-ICN cells were planted at
a density of 5x10° cells per well in 24-well plates. At 24, 48, 72
h after seeding, culture supernatants were stored at —80°C prior
to analysis. VEGF specific ELISA (R&D Systems, Minneapolis,
MN USA) was performed according to the manufacturer’s
instructions.

Western blot analysis. Cells were lysed in lysis buffer [50
mM Tris (pH 7.5), 100 mM NaCl, 1 mM EDTA, 0.5% NP40,

0.5% Triton X-100, 2.5 mM sodium orthovanadate, 10 pl/ml
protease inhibitor cocktail, 1 mM phenylmethylsulfonyl
fluoride] for 20 min at 4°C. The protein concentrations were
determined with the BCA Protein Assay reagent (Pierce,
Rockford, IL), according to the manufacturer’s instruc-
tions. Total proteins were fractionated by SDS-PAGE and
transferred onto nitrocellulose membrane. Membranes were
blocked with blocking buffer [0.1 M Tris (pH 7.5), 0.9%
NaCl, and 0.05% Tween-20 (TBST) containing 5% nonfat
milk powder], then incubated with appropriate primary
antibodies against Notch1 (Abcam, Cambridge, UK), HES1
(Abcam, Cambridge, UK), or VEGF (R&D Systems, Minne-
apolis, MN USA), followed by incubation with horseradish
peroxidase (HRP)-conjugated antibodies. All secondary
antibodies were obtained from Zhongshan Golden Bridge
Biotechnology (Beijing, China). The probed proteins were
detected using the chemiluminescent reagents (SuperSignal
West Pico West Chemiluminescent Substrate, Pierce, Rock-
ford, IL). The bidimensional absorbance of proteins on the
films were quantified and analyzed with Molecular Analyst
software (Bio-Rad).

In vivo model. To investigate the in vivo effects of Notch
on MM cell growth and angiogenesis, we used our stablely
transfected RPMI-8226-CON, RPMI-8226-ICN and RPMI-
8226 cells to inoculate NOD/SCID mice (female at 4-6 weeks
of age, purchased from Animal Center of Beijing, China,
n=40). Animals were randomly assigned to three groups
with 5 mice per group: RPMI-8226-CON, RPMI-8226-ICN
and RPMI-8226 group. Cells (2x107) suspended in 200 uL
of serum-free DMEM were inoculated subcutaneously in
the flank region of mice, respectively. The mice were evalu-
ated for tumor growth every 7 d. The mice were sacrificed
43 d after tumor inoculation. The tumor tissues were fixed
in 10% neutral formalin solution and embedded in paraffin
block, then tissue slices were stained with hematoxylin and
eosin (HE).

To investigate the in vivo effects of Notchl on myeloma
cell drug resistance, bortezomib treatment started when
tumors size averaged 1650 mm? (day 0) in RPMI-8226-
CON, RPMI-8226-ICN and RPMI-8226 group. On day 0,
no marked difference was observed in tumor size between
the three groups. The mice were divided into different
treatment groups: RPMI-8226-ICN group treated with bort-
ezomib, RPMI-8226-CON group treated with bortezomib,
RPMI-8226 group treated with bortezomib. Bortezomib
(0.75 mg/kg) were injected intravenously 2 times per week
for two consecutive weeks. After the beginning of the in-
jection, tumor sizes were measured every 3 days for two
consecutive weeks using calipers, by a blinded observer. The
tumor volumes (mm?) were calculated as lengthxwidth*n/
6. At the end of the experiment all the mice were sacrificed
and the tumor weight was measured. Each treatment group
consisted of five mice.

Immunohistochemical staining for micro vessel. Im-
munohistochemical analysis of Notchl, VEGF, and CD34
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expression were performed according to the protocol of
immunohistochemistry assay kit (Zhongshan Golden
Bridge Biotechnology, Beijing, China). CD34 antibody
was obtained from R&D Systems (Minneapolis, MN USA).
Diaminobenzidine (DAB) was used as a chromogen to
visualize blood vessels and for immunohistochemical
staining. Sections were counterstained with haematoxylin.
Negative controls were incubated with non-specific IgG as
the primary antibody.

Vessel number was assessed using light microscopy in areas
of the slide containing the highest numbers of CD34-positive
small blood vessels. To quantify MVD, each slide was scanned
at low power magnification (x10-100). Three ‘hot spot’ areas
with relatively higher number of new vessels were identified
which were subsequently scanned at high power magnifica-
tion (x400). Five random fields of each ‘hot spot” area were
analyzed.

Densitometric and statistical analysis. The bidimensional
absorbance of proteins on the films were quantified and ana-
lyzed with Molecular Analyst software (Bio-Rad). The data
were reported as mean + SD. Differences among 3 groups were
determined by analysis of one-way ANOVA variance, followed
by Newman-Keuls test for multiple comparisons, whereas
differences between 2 groups were evaluated by the Student
t test for analysis of completely randomized 2-group designs.
P values less than 0.05 were considered statistically significant.
Statistical analysis was performed by the SPSS 13.0 (SPSS Inc.,
Chicago, USA) statistical software programs.

Results

Notchl expression was up-regulated by retrovirus infec-
tion. We first examined Notchl expression in RPMI-8226,
RPMI-8226-CON and RPMI-8226-ICN cells by Western
blot. Western blot analysis showed that the protein level of
Notch1-ICN (the activated form of Notch-1) (120kD) was
up-regulated in RPMI-8226-ICN cells compared with RPMI-
8226 or RPMI-8226-CON cells respectively (Fig. 1A and B).
To confirm the Notch signaling pathway activation, HES1
expression, a known downstream target of Notch signaling,
was examined. RPMI-8226-ICN cells expressed more HES1
at protein levels compared with RPMI-8226 or RPMI-8226-
CON cells (Fig. 1A and B).

Notchl overexpression promoted myeloma cells growth
and increased drug resistance. Because aberrant Notch
signaling is highly associated with oncogenesis, the func-
tional consequences associated with Notchl overexpression
in myeloma cells were determined. At 48, 72, and 96 h after
seeding, RPMI-8226-ICN cells showed significantly increased
cell growth rate as compared with RPMI-8226-CON (P<0.01)
(Fig. 2), which positively correlated with the increased Notch1
expression.

To further study whether up-regulation of Notch1 expres-
sion altered the response of MM cells to bortezomib, we
examined cell viability in RPMI-8226, RPMI-8226-CON and
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Figure 1. Effect of up-regulation of Notch1 on Notch1, HES1 and VEGF
protein expression. (A) Western blot analysis was done to detect the
protein levels. 1, RPMI-8226-ICN group; 2, RPMI-8226-CON group; 3,
RPMI-8226 group. Results shown are representative of two independ-
ent experiments. (B) Densitometric quantification of data presented is
shown. The histogram indicates the relative band intensity. Results are
expressed as percentage of Notchl, HES1 and VEGF protein levels/f-
actin in the RPMI-8226 group. Columns, mean of two independent
experiments.

RPMI-8226-ICN cells. Results showed that the IC,  value of
bortezomib in RPMI-8226-CON group was 2.14 umol/L, and
was increased in RPMI-8226-ICN group, with an IC, value
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Figure 2. Effect of up-regulation of Notchl on cell proliferation. The
proliferation of RPMI-8226, RPMI-8226-CON and RPMI-8226-ICN cells
was measured by CCK8 assay. **P<0.01 versus RPMI-8226-CON. Results
are the average of three independent experiments. Error bars represent
standard error of the mean.
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Figure 3. Effect of up-regulation of Notchl on MM cell sensitivity to
bortezomib. (A) The RPMI-8226, RPMI-8226-CON and RPMI-8226-
ICN cells were treated with different concentration bortezomib for 48
h and CCKS8 assay was performed. *P<0.05 versus RPMI-8226-CON or
RPMI-8226. Results are the average of three independent experiments.
(B) The IC,, was calculated using the following formulas: Y -Y /X -
X,=M; Y,-MX =B; B-50/-M=IC,;, where (X, Y,) and (X,, Y,) are two
points below and above 50% inhibition rate (X=drug concentration
and Y=% inhibition rate) according to Fig.3A. *P<0.05 versus RPMI-
8226-CON or RPMI-8226.
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Figure 4. Effect of up-regulation of Notchl on VEGF secretion by MM
cells. Supernatants were collected and assayed for secreted VEGF protein
by ELISA. The amount of secreted VEGF at various cultured times (24-
72 hours) was determined as described above. Results are the average
of three independent experiments. *P<0.05 versus RPMI-8226-CON
or RPMI-8226.

of 3.16 umol/L (P<0.05) (Fig. 3B). No marked difference was
observed between RPMI-8226 group and RPMI-8226-CON
group (Fig.3B). Overall, Notchl-overexpressing RPMI-8226
cells were more resistant to bortezomib.

Notch1 overexpression induced up-regulation of VEGF
expression. We further investigated whether Notch1 overex-
pression had any effect on VEGF induction. We found that
VEGEF protein level was dramatically enhanced in the RPMI-
8226-ICN cells (Fig. 1A and B). Most importantly, we further
compared the amount of VEGF secretion at different time
intervals over a period of 72 hours for the RPMI-8226, RPMI-
8226-CON and RPMI-8226-ICN cells. we also found that the
up-regulation of Notch1 could lead to a significant increased
secretion of VEGF in supernatant (Fig. 4). The quantity of
VEGF increased in RPMI-8226-ICN cells with increasing
lapse of time, indicating the accumulation of the protein in the
conditioned medium. In contrast, no marked difference was
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Figure 5. Effect of Notchl overexpression on tumor volume. (A) RPMI-
8226-CON, RPMI-8226-ICN and RPMI-8226 cells were inoculated sub-
cutaneously NOD/SCID mice. The mice were evaluated for tumor growth
every 7 d. The mice were sacrificed 43 d after tumor inoculation. *P<0.05
versus RPMI-8226-CON or RPMI-8226. **P<0.01 versus RPMI-8226-CON
or RPMI-8226. (B) Notchl overexpression decreased the antitumor effects
of bortezomib in vivo. Mice in different groups were treated with bort-
ezomib. The mice were evaluated for tumor growth every 3 d. *P<0.05 ver-
sus RPMI-8226-CON or RPMI-8226 treatment group (P<0.05). **P<0.01
versus RPMI-8226-CON or RPMI-8226 treatment group.
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Figure 6. Effect of Notch1 overexpression on VEGF expression in vivo. RPMI-8226-CON, RPMI-8226-ICN and RPMI-8226 cells were inoculated subcu-
taneously NOD/SCID mice. The mice were sacrificed 43 d after tumor inoculation. Frozen tumor sections were used for immunostaining. Representative
photographs of the tumor sections examined by immunohistochemical staining for Notch1 (A, B, C) and VEGF (D, E, F) (x400 magnification) (RPMI-
8226-ICN group: A, D; RPMI-8226-CON group: B, E; RPMI-8226 group: C, F).

observed between RPMI-8226 group and RPMI-8226-CON
group (Fig. 4).

Notchl overexpression promoted tumor growth in vivo.
To evaluate the effect of up-regulation of Notch1 expression on
tumor progression, RPMI-8226, RPMI-8226-CON and RPMI-
8226-ICN cells were inoculated into NOD/SCID mice. The
total tumor burden was assessed by tumor volume. The growth
rate of the implanted Notchl-overexpressing tumors was
faster than that of control tumors (Fig. 5A). RPMI-8226-ICN
mice displayed a significant increase in tumor size on 8 day
(P<0.01) (Fig. 5A). On 15 day, the mean total tumor volume
in the RPMI-8226-ICN group (1192 mm?®) was higher than
that in the RPMI-8226-CON group (856 mm?®) (P<0.01) (Fig.
5A). Four weeks later, On 43 day, the difference between the
two groups was further enhanced (RPMI-8226-ICN vs. group
RPMI-8226-CON group, 2838 mm?vs. 2222 mm”*) (P<0.01)

(Fig. 5A). At 6 time points the mean total tumor volume did
not differ between the RPMI-8226 and RPMI-8226-CON
groups (P>0.05).

Furthermore, compared with RPMI-8226 and RPMI-
8226-CON groups combined with bortezomib, there was
a dramatic increase in tumor volume in RPMI-8226-ICN
groups combined with bortezomib (Fig. 5B). No marked differ-
ence was observed between RPMI-8226 and RPMI-8226-CON
treatment group at 7 time points (P>0.05). Overall, the effect
of Notch1 overexpression resulted in a substantial decrease in
the sensitivity of MM cells to bortezomib in vivo.

Notchl overexpression induced angiogenesis in vivo
xenograft models. The expression levels of Notch1 and VEGF
in different groups were detected by immunohistochemistry.
Tumor sections of each group were stained with anti-CD34
antibody to evaluate the microvessel density. The details
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Figure 7. Promotion of MM angiogenesis by Notch1 overexpression in vivo. Representative photographs of the tumor sections examined by immunobhis-
tochemical staining for CD34 showing tumor vasculature (x400 magnification) (A, RPMI-8226-ICN group; B, RPMI-8226-CON group; C, RPMI-8226
group). Vaculogenic mimicry (VM) (black arrow) with the appearance of lumen formed by tumor cells in RPMI-8226-ICN xenografts in NOD/SCID mice.
(D) Each bar represents the average vessel number for each group, expressed as mean +SD. **P<0.01 versus RPMI-8226-CON or RPMI-8226 group.

were described in Methods. Notchl and VEGF were found
to be expressed to a higher extent in RPMI-8226-ICN group
as compared to other groups (Fig. 6). As shown in Fig.7,
the mean MVD was increased apparently in the tumors of
the RPMI-8226-ICN group compared with RPMI-8226 or
RPMI-8226-CON group. Immunohistochemical analysis of
the harvested tumors suggested that Notchl overexpression
was associated with increased VEGF expression and angio-
genesis. These data demonstrate that Notchl overexpression
can promote tumor angiogenesis, which may play important
roles in MM development in vivo.

Discussion

Notch signaling is a highly important cell signaling system,
which is critically needed for the maintenance and regulation
of the balance between cell proliferation, differentiation, and
apoptosis. Notch1 has also been reported to be associated
with malignant phenotype and to regulate the expression
of a variety of important genes in some cellular responses.
Furthermore, Notch signal was recently identified as a new
target in angiogenesis. Therefore, studies on the interaction of
Notch1 signaling activation with the VEGF pathway in tumor
angiogenesis, has received increased attention in recent years.
However, the precise role of Notch for MM cell growth and the

interaction between Notchl and VEGF in MM angiogenesis
remains unclear.

In this study, we have shown the following: (a) Notchl
overexpression promoted myeloma cells growth and increased
drug resistance; (b) Notch1 overexpression induced up-regula-
tion of VEGF expression; (c) Notch1 overexpression promoted
tumor growth in vivo; (d) Notchl overexpression induced
up-regulation of VEGF and stimulated angiogenesis in vivo.
Taken together, these results further support that Notchl
overexpression could promote tumor angiogenesis, at least in
part, via up-regulation of VEGE

It has been reported that Notch1 and its ligands were over-
expressed in MM cell lines and human MM samples [17,18].
Some studies demonstrate that activation of Notch signaling
induces growth arrest [19,20] and apoptosis [19] in multiple
myeloma. Conversely, other studies provide evidence concern-
ing the role of Notch in B-cell malignancy, showing that active
Notch actually promotes the proliferation of B-cell tumors [18,
21-22]. In the present study, we showed that myeloma cells were
infected with recombinant retrovirus expressing intracellular
Notchl, and up-regulation of Notch1 expression promoted MM
cell growth. Recently, experimental evidence also revealed that
Notch was involved in anti-cancer drug resistance, indicating
that targeting Notch could be a novel therapeutic approach
for the treatment of cancer by overcoming drug resistance
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of cancer cells [23]. In our previous study, we also found that
Notch receptors and ligands were highly and widely expressed
in human T-ALL and breast cancers [24,25]. Notchl was as-
sociated with the resistance of apoptosis and down-regulation
of Notch1 signaling could sensitize T-ALL and breast cancers
cells to chemotherapy [24,25]. Bortezomib as representative of
proteasome inhibitors has been licensed by FDA, but the signal
pathway involved in bortezomib-induced apoptosis is not yet
clear. Wang et al. [26] found that with the increase of bort-
ezomib concentration, RPMI-8226 cell apoptosis was increased
while Notch1 expression was decreased. It was concluded that
Notchl signaling pathway participated in bortezomib-inducing
MM cell apoptosis [26]. In this study, we have shown that in
vitro up-regulation of Notch1 expression increased bortezomib
resistance of MM cells and in vivo tumor volume in the RPMI-
8226-CON group combined with bortezomib was higher than
in the RPMI-8226-ICN group. We conclude that the possible
mechanism of resistance to bortezomib could be associated
with up-regulation Notchl signaling.

Notchl has also been reported to crosstalk with the VEGF
pathway. Activated Notch receptors on endothelial cells can
in turn positively (VEGF-R1, VEGF-R3) [10-12] or negatively
(VEGF-R2) [11] regulate the expression of VEGF receptors
in those cells. Thus, Notch on endothelial cells can provide
negative feedback to reduce VEGF activity. However, it has
also been reported that Notchl signal can regulate VEGF
expression. It was shown that down-regulation of Notchl
could reduce VEGF expression in pancreatic cancer and
prostate cancer [27,28]. In the present study, we have shown
that Notch1 overexpression in MM cells up-regulated VEGF
expression in those cells, which stimulated angiogenesis and
increased MVD. Therefore, it is possible that Notch1-induced
angiogenesis is partly due to activation of VEGF pathway.
However, further in-depth studies are needed to investigate
the precise molecular mechanism regarding the cause and
effect of relationship between Notchl and VEGF during
Notchl-induced angiogenesis of MM cells. It was reported
VEGEF was responsible for the development, maintenance, and
progression of MM by promoting bone marrow angiogenesis
[29]. More recently, it was shown that MVD was a poor prog-
nostic factor in multiple myeloma [30]. Our results showed
that Notchl overexpression was associated with increased
VEGF expression and MVD. However, although promising,
it is still not clear whether Notchl activation has prognostic
significance in MM patients. Therefore, further studies with
larger cohorts of patients are needed to evaluate the prognostic
significance of Notchl activation in MM patients.

In summary, we presented experimental evidence that
strongly supported the effects of up-regulation of Notchl on
tumor growth and angiogenesis in MM. Notchl overexpres-
sion in MM cells drived the secretion and release of VEGF
which contributed angiogenesis. Finally, our findings should
allow to develop new therapeutic approaches involving in-
terference with Notch pathway as a means to block MM cell
proliferation and tumor angiogenesis.
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