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Abstract 

In multiple myeloma (MM), communication via Notch signaling in the tumor niche stimulates tumor progression and bone 
destruction. We previously showed that osteocytes activate Notch, increase Notch3 expression, and stimulate proliferation in MM 

cells. We show here that Notch3 inhibition in MM cells reduced MM proliferation, decreased Rankl expression, and abrogated the 
ability of MM cells to promote osteoclastogenesis. Further, Notch3 inhibition in MM cells partially prevented the Notch activation 

and increased proliferation induced by osteocytes, demonstrating that Notch3 mediates MM-osteocyte communication. Consistently, 
pro-proliferative and pro-osteoclastogenic pathways were upregulated in CD138 

+ cells from newly diagnosed MM patients with high 

vs. low NOTCH3 expression. These results show that NOTCH3 signaling in MM cells stimulates proliferation and increases their 
osteoclastogenic potential. In contrast, Notch2 inhibition did not alter MM cell proliferation or communication with osteocytes. 
Lastly, mice injected with Notch3 knock-down MM cells had a 50% decrease in tumor burden and a 50% reduction in osteolytic 
lesions than mice bearing control MM cells. Together, these findings identify Notch3 as a mediator of cell communication among 
MM cells and between MM cells and osteocytes in the MM tumor niche and warrant future studies to exploit Notch3 as a therapeutic 
target to treat MM. 
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Multiple myeloma (MM) is a hematological cancer characterized by the
xpansion of malignant monoclonal plasma cells in the bone marrow (BM)
nd the development of osteolytic lesions that increase fracture risk and
ause bone pain [ 1 , 2 ]. MM cells locate in specialized niches in the bone
icroenvironment where they interact with multiple cell types. MM cells are

ighly dependent on these interactions, which transform the bone/BM niche
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into an ideal microenvironment for the migration, proliferation, and survival
of MM cells [3] . Thus, current research efforts focus on finding aberrant
signaling pathways in both MM cells and cells of the host niche to identify
novel molecular targets that can be exploited as new therapeutic targets. 

Notch signaling is a highly conserved mechanism for communication
between adjacent cells and regulates many aspects of cancer biology [4] . MM
cells use Notch to communicate with adjacent MM cells and other cells in
the tumor niche [5] . Activation of Notch stimulates MM growth, increases
osteoclastogenesis and bone destruction, and contributes to the development
of drug resistance [6–11] . Thus, Notch signaling is an important target in the
MM tumor niche for the treatment of MM [5] . Pharmacologic inhibition
of Notch signaling with gamma-secretase inhibitors (GSIs) blocks signaling
downstream the four Notch receptors, decreases MM growth, and reduces
bone destruction in vitro and in vivo [12–14] . However, the use of GSI in
the clinic is limited due to acute gut toxicity and immunosuppression [15–
17] . Understanding the specific role of each Notch component (receptors and
ligands) is paramount to effectively and safely target this pathway in the MM-
niche. 

In earlier studies, we demonstrated that osteocytes, the most abundant
and long-lived cells in bone [18] , interact with MM cancer cells and are
part of the vicious cycle in the tumor niche that fuels the growth of MM
cells in bone [6] . Notch signaling is activated in MM cells upon contact
with osteocytes, resulting in rapid upregulation of Notch3 expression and
increased proliferation [6] . While Notch1 signals are known to regulate
MM cell growth [ 8 , 19 ], the specific role of Notch3 in MM cell biology
is practically unknown. In the current study, we employed well-established
in vitro, ex vivo , and in vivo approaches, and in silico tools to examine
the role of Notch3 in MM. We report that homotypic Notch3 signaling
among MM cells stimulates MM cell proliferation and osteoclastogenic
potential; and that heterotypic Notch3 signaling in MM cells is required for
the full stimulation of MM proliferation induced by osteocytes. Moreover, we
found that newly diagnosed patients with high NOTCH3 expression have
enrichment in gene sets involved in pathways controlling cell proliferation
and osteoclast differentiation. Consistent with these findings, we show that
genetic inhibition of Notch3 in MM cells results in lower tumor burden and
bone lytic disease in a mouse model of MM, 

Materials and Methods 

Reagents 

RPMI 1640 media, Minimum Essential Media (MEM) α, fetal bovine
serum, bovine calf serum, normocin, antibiotics (penicillin/streptomycin),
Trizol, MTT, and DiI cell tracker were purchased from Invitrogen Life
Technologies (Grand Island, NY, USA). Trypan blue was purchased
from Sigma Aldrich (St. Louis, MO, USA). γ -secretase inhibitor XX
(GSI-XX) was purchased from Calbiochem (San Diego, CA, USA).
Anti-GAPDH (Cat#2118S, RRID:AB_561053), NOTCH1 (Cat #4380S,
RRID:AB_10691684), and NOTCH2 (Cat #5732S, RRID:AB_10693319)
antibodies were purchased from Cell Signaling Technologies (Danvers,
MA, USA); anti-NOTCH3 (ab23426, RRID:AB_776841) and NOTCH4
(ab166605) antibodies were from Abcam (Cambridge, MA, USA). 

Study population 

The expression of Notch receptors and transcriptome analysis was
performed in MM cells from newly diagnosed patients to avoid the potential
influence of therapy on gene expression. We obtained gene expression data
on newly diagnosed MM patients from the Multiple Myeloma Research
Foundation (MMRF) CoMMpass registry (NCT01454297, version IA13).
The CoMMpass study was initiated in 2011 as a large-scale prospective
observational study in MM that has collected tissue samples, genetic
nformation, quality of life, and clinical outcomes from over 1100 patients 
ith newly diagnosed MM at 90 different sites worldwide. From an initial 
92 patients with accessible gene expression data in the CoMMpass registry, 
68 samples at baseline were selected. Salmon gene count data were imported 
nto and normalized using the R package DESeq2 [ 20 , 21 ]. We segregated
igh vs. low NOTCH3 patients using quartile measures, which spread gene 
xpression values above and below the mean by dividing the distribution 
nto four groups. The top 25% (i.e., the upper quartile) was considered 
igh NOTCH3 expression, the bottom 25% (i.e., the lower quartile) was 
onsidered low NOTCH3 expression [22–25] . Comparative gene expression 
nalysis was performed using the top vs. bottom quartiles ( Figure 1 a).
ESeq2 was used for differential expression analysis with an adjusted p-value 

utoff of 0.05 (see Supplementary Table 1 for a list of differentially expressed 
enes). 

ioinformatic analysis of gene expression data 

The PIANO package was used to perform the gene-set enrichment 
nalysis of Gene Ontology (GO) using adjusted p -value and log2 fold changes
s the input to calculate the enrichment p-value of the GO terms [26] .
he most significant twenty biological processes GO terms are provided in 
upplementary Table 2. A subset of differential GO terms associated with cell
roliferation or osteoclasts was plotted as a network plot using the PIANO 

ackage to show the number of overlap genes among the differential GO 

erms [26] . 

ell culture 

5TGM1 murine MM cells (RRID:CVCL_VI66) were obtained from Dr. 
. Oyajobi (University of Texas at San Antonio, TX, USA) and MLO-A5 
urine osteocyte-like cells (RRID:CVCL_0P24) were provided by Dr. L. 
onewald (Indiana University, IN, USA). JJN3 cells (RRID:CVCL_2078) 
ere obtained from Dr. N. Giuliani (University of Parma, Italy). 
PM2 (RRID:CVCL_1625), MM1.S (RRID:CVCL_8792), and U266 

RRID:CVCL_0566 ) human MM cells were obtained from Dr. G.D. 
oodman (Indiana University, IN, USA). MM cell lines were cultured in 
PMI with 10% FCS and 1% P/S [6] . Osteocyte-like cells were cultured
n calf skin collagen type I-coated plates in αMEM media with 2.5% FBS,
.5% BCS, and 1% P/S [6] . Cell line authentication was routinely examined
or proper morphology, population doubling, and paraprotein production. 

M cells were treated with GSI (5uM) [6] . Treatments were refreshed every
4h. Direct MM:osteocyte cell-to-cell co-cultures were established by adding 
M cells on top of osteocyte-like cells in a 1:5 (osteocyte:MM) ratio [6] . In

hese co-cultures, MM cells were stained with the fluorescent cell-tracker DiI 
ollowing the manufacturer’s recommendations. DiI fluorescence was read at 
20 to 565 nm. EDTA incubations were used to separate MM cells from the
steocytes, as previously described [6] . All cells were cultured under 37 0 C and
% CO 2 conditions. 

entiviral-mediated gene knock-down in MM cells 

Murine 5TGMI MM cells were transduced with lentiviral particles 
MOI = 10; GenTarget Inc, San Diego, CA, USA) containing sequences 
or Red Fluorescent Protein (RFP) and validated shRNA against Notch3 or 
otch2 . 5TGM1 MM cells transduced with shRNA-scramble were used as 

ontrol. 72h after transduction, 5TGM1 MM cells were sorted for RFP 

xpression and cultured for 7 days in RPMI complete media supplemented 
ith 3uL/mL of puromycin for additional selection. Transduced MM cells 
ere expanded and maintained in complete media supplemented with 
uL/mL of puromycin. 
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Fig. 1. NOTCH receptor expression in CD138 + cells from newly diagnosed MM patients and human MM cell lines. (a) NOTCH1, 2, 3, and 4 expression 
distribution in a population of 768 newly diagnosed MM patients. Dashed lines indicate the top and bottom quartiles used to separate low vs. high NOTCH 

receptor expression. (b) Comparison of NOTCH1, 2, 3, and 4 expression levels in newly diagnosed MM patients . ∗p < 0.05 vs. NOTCH1 expression. (c) 
Protein levels of the activated form of NOTCH3 (NICD3) in human MM cell lines. Two independent samples per cell line are shown. 
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Cell Viability and Apoptosis Assays 

MM cell viability was determined using the MTT assay or Trypan Blue
exclusion following protocols established by the manufacturer. Apoptosis
in MM cells was assayed by flow cytometry, using the Annexin V
apoptosis Detection kit (BD Biosciences) following the manufacturer’s
recommendations. Samples were analyzed in a BD FACSCalibur (UAMS
Core Facility for Flow cytometry) within 1h. At least 10,000 cells were used
for each group, and the data was analyzed by FlowJo software to detect
different cell populations. 

Gene Expression 

Total RNA was isolated from MM cells using Trizol and converted
to cDNA (Invitrogen Life Technologies), following the manufacturer’s
irections. Gene expression was quantified by quantitative real-time PCR 

qPCR) using Taqman assays from Applied Biosystems (Foster City, CA,
SA), following the manufacturer’s directions. Gene expression levels 
ere calculated using the comparative threshold (CT) method and were
ormalized to the housekeeping gene GAPDH. 

estern Blot 

Cell lysates (50 μg) were boiled in the presence of SDS sample buffer
NuPAGE LDS sample buffer; Invitrogen) for 10 minutes and subjected to
lectrophoresis on 10% SDS-PAGE (Bio-Rad Laboratories). Proteins were 
ransferred to PVDF membranes using a semidry blotter (Bio-Rad) and
ncubated in blocking solution (5% nonfat dry milk in TBS containing
.1% Tween-20) for 1 hour to reduce nonspecific binding. Immunoblots
ere performed using anti-GAPDH (1:1000), NOTCH1-3 (1:1000), and 



4 Notch3 signaling between myeloma cells and osteocytes in the tumor niche promotes tumor growth and bone destruction H.M. Sabol et al. 
Neoplasia Vol. 28, No. xxx 2022 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

t
s
c
w
m
I
S
t

A

(
t  

p  

S

S

C
a
w

R

N

d
C
t
f
c  

N
N
r  

a
a

H

d
5  

a  

c
m  

c
n  

w  

A  

M  

o  

fi
s

H

n

NOTCH4 (1:500), antibodies followed by goat anti-rabbit secondary
antibodies, conjugated to horseradish peroxidase (1:2000) in 5% milk (Santa
Cruz Biotechnology). Western blots were developed using an enhanced
chemiluminescence detection assay following the manufacturer’s directions
(Bio-Rad). Protein bands were quantified using Image Lab 6.0.1 (Bio-Rad). 

Osteoclast Formation 

Bone marrow cells were flushed out from long bones of 8 week-old
C57BL/6 mice and cultured in α-MEM containing 10% FBS overnight.
Non-adherent cells were harvested and enriched for CD11b + mononuclear
cells using the Miltenyi Biotec MACS magnetic cell-sorting system, following
the manufacturer’s recommendations. Conditioned media was collected from
5TGM1 MM cells cultured at a density of 1 × 10 6 cells/mL in 10 mL of
RPMI complete media after 72h of incubation and concentrated to 2 mL
using a Centriprep Centrifugal filter (YM-10) by centrifuging for 30min at
1500g. 2 × 10 5 CD11b cells/well were plated and cultured in αMEM media
with M-CSF (10 ng/ml) for 3 days. Then conditioned media from the MM
cells was added to the cultures for 4 additional days. No recombinant RANKL
was used in these experiments. Osteoclasts with 3 or more nuclei were
enumerated in TRAP-stained cell cultures using a leukocyte acid phosphatase
kit (Sigma-Aldrich). 

Ex vivo organ cultures 

Ex vivo intact bone organ culture systems recapitulate the spatial
dimension, cellular diversity, and molecular networks of the tumor niche,
and contain authentic osteocytes in their 3D microenvironment. A step-by-
step guide on establishing the ex vivo MM-bone organ cultures used in this
study is provided here [27] . Briefly, calvarial bones from 9 day-old C57BL/6
pups were cut into 5mm disks with a biopsy punch and placed into 96-
well plates. 5 × 10 4 5TGM1 MM cells were added on top of the bone
slices (concave side up) in RPMI complete media and allowed to invade
the bone for 24h. Then bones slices bearing MM cells were transferred to
a new plate and cultured at 37 0 C and 5% CO 2 . MM cells not attached to
the bones were discarded [ 6 , 27 , 28 ]. Fifty percent of the media was refreshed
every 3 days. Conditioned media was collected after 11 days of culture. We
have shown that at this time the bone slices are macroscopically intact, with
no visible lytic lesions. However, bone resorption is increased by MM cells,
as demonstrated by increased CTX levels in conditioned media from these
cultures [28] . Further, MM cells continue to grow, as shown by longitudinal
increases in the tumor biomarker IgG2b [28] . 

Enzyme-linked immunoassays (ELISA) 

Myeloma cells make abnormal quantities of monoclonal proteins (or
paraproteins), which accumulate in the serum and are used to diagnose and
follow tumor burden in the clinic [ 1 , 29 ]. The levels of the tumor biomarker
IgG2b, a paraprotein produced by 5TGM1 MM cells used to determine
tumor growth/burden in vitro, ex vivo , or in animal models [30–33] , and
the bone resorption biomarker C-telopeptide of type 1 collagen (CTX) were
analyzed in serum ( in vivo ) or conditioned media ( ex vivo) using commercially
available specific ELISA and following manufacturer’s recommendations. 

In vivo mouse model of MM 

Six-week-old immune-competent C57BL/KaLwRij mice were
randomized by weight and injected intratibially with 10 5 transduced
5TGM1 MM cells or saline. Both female and male mice were used for these
studies. All the groups contained an equal number of female/male mice. Mice
were considered engrafted if the IgG2b levels were higher than the sum of the
IgG2b average of the saline group plus two times the SD [ 11 , 34 , 35 ]. Using
his threshold, we determined that all our mice were engrafted, regardless of 
ex or whether they were inoculated with control or shRNA-Notch3 MM 

ells. No differences in body weight between groups were observed. Mice 
ere fed with a regular diet (Harlan, Indianapolis, IN), received water, and 
aintained on a 12-hour light/dark cycle. Studies were approved by the 

nstitutional Animal Care and Use Committee of the Indiana University 
chool of Medicine (protocol #11254). Institutional and national guides for 
he care and use of laboratory animals were followed for these studies. 

nalysis of MM-induced osteolytic disease 

X-Ray radiographs were taken with an UltraFocus Faxitron X-Ray System 

Hologics, Marlborough, MA, USA). MicroCT analyses were performed at 
he cancellous bone of the proximal tibia, in an area 20 um below the growth
late, using 15 um resolution and a Scanco vivaCT 40 (Scanco Medical AG,
witzerland) [ 6 , 34 ]. Data analysis was performed in a blinded fashion. 

tatistical Analysis 

Data were analyzed using SigmaPlot 12.0 (Systat Software, Inc., San Jose, 
A, USA). Values were reported as means ± SD. Differences in means were 

nalyzed by a combination of t-test and ANOVA (Dunn’s method). p ≤0.05 
as considered statistically significant. 

esults 

otch3 is detected in newly diagnosed MM patients and MM cell lines 

First, we investigated the expression pattern of Notch receptors in newly 
iagnosed MM patients ( Figure 1 a). Notch receptors were detectable in 
D138 + cells from newly diagnosed MM patients and no differences in 

he expression distribution were found between Notch receptors. MM cells 
rom newly diagnosed patients expressed higher levels of NOTCH1 and 2 
ompared to NOTCH3 or 4 ( Figure 1 b). Consistent with the detection of
OTCH3 in CD138 + cells from MM patients, we found expression of the 
otch intracellular domain of NOTCH3 (NICD3), the activated form of the 

eceptor, in several human MM cell lines and MM murine cells ( Figures 1 c
nd 2 a-b). Together, these results demonstrate that Notch3 is expressed and 
ctivated in MM cells. 

omotypic Notch3 signaling activates Notch in MM cells 

To assess the impact of Notch3 inhibition in MM cells, we knocked 
own Notch3 expression using shRNA-mediated gene inhibition in murine 
TGM1 cells, a MM cell line that allows the study of the pathobiology of MM
nd disease progression in immunocompetent mouse models [ 32 , 36 ]. MM
ells stably transduced with shRNA- Notch3 ( Notch3 KD cells) had undetectable 
RNA levels of Notch3 mRNA and an 80% decrease in the levels of NICD3

ompared to control cells expression ( Figure 2 a-c). Notch3 knock-down did 
ot affect the mRNA expression of NICD protein levels of Notch1 or Notch2 ,
hich remained similar to those found in control MM cells ( Figure 2 a-c).
s previously reported [6] , we did not detect expression of Notch4 in this
M cell line . Notch3 KD cells exhibited a marked decrease in the expression

f the Notch target genes Hes1 and Hey2 ( Figure 2 c). Collectively, these
ndings show that Notch3 is essential to maintain endogenous levels of Notch 
ignaling in MM cells. 

omotypic Notch3 signaling regulates cell proliferation in MM cells 

Notch3 KD cells had a 30-35%, time-dependent, decrease in MM cell 
umber compared to control MM cells ( Figure 2 d-e). Further, Notch3 KD 
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Fig. 2. Genetic inhibition of Notch3 decreases Cyclin D1 expression and proliferation in MM cells. (a) Notch1-4 mRNA gene expression in shRNA- 
scramble (Scr) or shRNA- Notch3 ( Notch3 KD ) MM cells. (b) Western blot images for NICD1-4 in 5TGM1 MM cells. Bands were quantified and normalized 
by GAPDH. (c) mRNA gene expression of Notch target genes Hes1 and Hey2 in control or shRNA- Notch3 -transduced MM cells. (d) Cell viability by 
MTT assay, (e) number of alive MM cells by Trypan Blue exclusion, and (f ) Cyclin D1 mRNA gene expression in Scr and Notch3 KD MM cells. For mRNA 

gene expression, fold change calculations vs. Scr are shown. (g) Apoptosis assay using flow cytometry after staining with annexin V/propidium iodide (PI). 
Representative scatter plots of PI (y-axis) vs. annexin V (x-axis) and percentage of apoptotic cells are shown. Representative experiments out of 3. n = 4/group. 
n.d. = not detected. ∗p < 0.05 vs Scr vehicle. (h) Levels of the tumor biomarker IgG2b in conditioned media collected from ex vivo MM-bone organ cultures 
show less MM growth in bones bearing Notch3 KD MM cells after 11 days of culture. Representative experiment out of 2 . ∗p < 0.05 vs. Scr, n = 4-5/group. 
(i) GO terms network plot of selected upregulated functional enrichment analysis of GO terms related to proliferation in MM patients with high vs. low 

NOTCH3 expression. The size of the circles represents the number of genes in the individual GO terms. The thickness of the lines represents the number of 
overlapped genes between the individual GO terms. 
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cells displayed a 90% reduction in Ccnd1 ( Cyclin D1 ) mRNA expression
( Figure 2 f ). In addition, no changes in apoptosis were found between
Notch3 KD cells and control cells ( Figure 2 g). To further analyze the effects
of silencing Notch3 signaling in MM on tumor growth, we used ex vivo
MM-bone organ cultures that reproduce the complexity of the MM bone
microenvironment in a controlled setting [ 6 , 28 ] ( Figure 2 h). After 11 days of
culture, we found that MM growth was lower in bones bearing Notch3 KD 

MM cells than those bearing control MM cells, as determined by the
lower levels of the tumor biomarker IgG2b in conditioned media (CM).
Next, we compared the transcriptome of CD138 + cells isolated from newly
diagnosed MM patients with high vs. low NOTCH3 expression ( Figure 1 a)
in CD138 + MM cells (see Supplementary Table 1 for differentially expressed
genes) and investigated the impact of NOTCH3 expression on biological
processes based on gene ontology annotation (see Supplementary Table 2
for top 20 upregulated processes). In line with our in vitro observations,
MM patients with high NOTCH3 expression exhibited upregulation and
enrichment in genes associated with processes related to positive regulation of
cell proliferation ( Figure 2 i). The list of genes and corresponding fold changes
included in the positive regulation of cell population biological process are
shown in Supplementary Table 3. These data indicate Notch3 signals between
MM cells regulate MM proliferation. 

Homotypic Notch3 signaling confers osteoclastogenic potential to MM 

cells 

Next, we assessed the consequences of Notch3 knock-down on the
expression of pro- and anti-osteoclastogenic cytokines in MM cells.
Compared to control cells, Notch3 KD cells exhibited a 95% decrease
in the expression of the pro-osteoclastogenic cytokine, Tnfsf11 ( Rankl ),
which was accompanied by a 6-fold increase in the mRNA levels of the
anti-osteoclastogenic cytokine, Tnfrsf11b (Opg). Csf1 (M-Csf ) expression
was unchanged in Notch3 KD cells compared to control cells ( Figure 3 a).
Consistent with this observation, newly diagnosed MM patients with
high NOTCH3 expression exhibited increased RANKL expression than
patients with low NOTCH3 expression ( Figure 3 b). To determine if the
Rankl/Opg ratio reduction affects the ability of Notch3 KD MM cells to
stimulate osteoclast formation, we treated osteoclast precursors with CM
collected from control and Notch3 KD MM cells. CM from control MM
cells increased osteoclast formation in a dose-dependent manner, while the
number of osteoclasts did not increase in cultures treated with CM from
Notch3 KD MM cells ( Figure 3 c-d). These studies were performed without
exogenous recombinant RANKL, making MM-derived RANKL the only
source to induce osteoclast differentiation, suggesting that reduced RANKL
production by Notch3 KD cells is responsible for the decreased osteoclast
differentiation. Further, the bone resorption marker CTX levels were also
reduced in ex vivo MM-bone organ cultures bearing Notch3 KD MM cells
compared to control MM cells ( Figure 3 e). Supporting the role of Notch3
signaling as a regulator of the osteoclastogenic potential of MM cells, in silico
analysis of the transcriptome of MM patients revealed that MM patients with
high NOTCH3 expression have upregulation and enrichment of biological
processes related to osteoclast differentiation and proliferation ( Figure 3 f ).
The list of genes and corresponding fold changes (high vs. low NOTCH3 )
included in the osteoclast differentiation biological process are shown in
Supplementary Table 3. Results from this set of experiments support that
Notch3 signaling in MM cells regulates the osteoclastogenic potential of MM
cells. 

Notch3 signaling mediates heterotypic communication between MM 

cells and osteocytes 

Because we previously showed that osteocytes promote the cell
proliferation of MM cells by activating Notch signaling [6] , we next studied
f Notch3 contributes to this communication. First, we examined MM cell 
rowth using the red fluorescent cell tracker DiI. After 72h of culture, 
elative fluorescence units (RFU) increased in both control and Notch3 KD 

M cells. However, consistent with the results in Figure 2 , the increase
n RFU in Notch3 KD cells was 20% lower than control cells ( Figure 4 a),
hus validating the use of DiI-RFU as an indirect measurement of MM 

roliferation. As shown before [6] , contact with osteocytes induced a 3- 
old increase in proliferation in control MM cells compared to control cells 
ultured alone. In contrast, Notch3 KD cells in co-culture with osteocytes 
nly exhibited a 1.5-fold increase in proliferation compared to cells cultured 
lone ( Figure 4 b). Compared with MM cells cultured alone, co-culture with
steocytes increased Hes1 and Hey2 expression by 4.5 fold in control MM 

ells ( Figure 4 c), whereas osteocytes only increased the expression of these
enes by 2.5-fold in Notch3 KD MM cells. Similarly, contact with osteocytes 
ncreased Cyclin D1 expression by a 4.8-fold in control MM cells versus a
.2-fold in Notch3 KD cells, compared to their respective counterparts cultured 
lone ( Figure 4 c). Similar to our previously published findings [6] , osteocytes
nduced a 9-fold increase in Notch3 mRNA expression in control cells. In 
ontrast, Notch3 expression was not detected in Notch3 KD cells cultured 
ither alone or with osteocytes. Notch2 expression increased in both control 
nd Notch3 KD cells in contact with osteocytes, although it did not reach 
tatistical significance. Notch4 expression was detected only in control MM 

ells in co-culture with osteocytes, but its expression remained undetectable 
n all other culture conditions ( Figure 4 c). Treatment with the pan Notch
nhibitor GSI fully prevented the increase in MM cell proliferation induced 
y osteocytes in both control and Notch3 KD MM cells ( Figure 4 d) and
ecreased the osteocyte-induced upregulation of Notch target genes and 
yclin D1 expression in Notch3 KD cells ( Figure 4 e). Together, these results

ndicate that Notch3 mediates the Notch communication between MM cells 
nd osteocytes, leading to MM cell proliferation. 

otch2 signaling does not contribute to heterotypic Notch 
ommunication between MM cells and osteocytes 

To further understand Notch receptor specificity in MM cells, we next 
nocked-down Notch2 signaling in MM cells. Protein expression of the 
ctivated form of NOTCH2 was decreased by 40% in MM cells silenced for
otch2 ( Notch2 KD cells) compared to control MM cells ( Figure 5 a-b), whereas
o differences were detected in the activation of other Notch receptors. 
he expression of the Notch target genes Hey2 and HeyL was decreased in
otch2 KD cells, but to a lesser extent than in Notch3 KD cells ( Figure 5 c).
ankl expression was also reduced in Notch2 KD cells compared to control MM 

ells ( Figure 5 d). Notch2 knock-down did not affect MM cell proliferation or
yclin D1 expression ( Figure 5 e-h). We also examined the contribution of
otch2 signaling in MM cells to their communication with osteocytes and 

ound that osteocytes increased MM cell proliferation to the same extent 
n both the control and Notch2 KD cells ( Figure 5 i). Lastly, we used ex vivo

M-bone cultures to examine the effects of Notch2 signaling in MM cells 
n a more physiological microenvironment. Analysis of the tumor biomarker 
gG2b in the CM revealed no differences in tumor growth between bones 
earing Notch2 KD cells and control MM cells ( Figure 5 j). Also, the levels of
he bone resorption marker CTX did not differ between these two groups. 
ltogether, these observations indicate that Notch2 is not required for the 
eterotypic Notch signaling between MM cells and osteocytes. 

nhibition of Notch3 signaling in MM cells decreases tumor growth and 
M bone disease in vivo in an immunocompetent mouse model of MM 

We next addressed in vivo the significance of our in vitro/ex vivo/in 
ilico findings using an immunocompetent mouse model of MM. Tumor 
rogression was slower in mice injected with Notch3 KD MM cells compared to 
ice bearing control cells ( Figure 6 a). After 5 weeks, mice bearing Notch3 KD 
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Fig. 3. Notch3 inhibition decreases the osteoclastogenic potential of MM cells. (a) Rankl, Opg , and M-Csf mRNA gene expression in shRNA-scramble 
(Scr) or shRNA- Notch3 ( Notch3 KD ) MM cells. (b) RANKL expression in newly diagnosed MM patients with high vs. low NOTCH3 expression. ∗p < 0.05 vs. 
low NOTCH3 MM patients. For mRNA gene expression, fold change calculations vs. Scr are shown. (c) Representative images of TRAP 

+ cells in pre-osteoclast 
cultures treated with conditioned media (CM) from control or Notch3 KD MM cells without exogenous recombinant RANKL. (d) Quantification of the number 
of multinucleated TRAP 

+ cells in pre-osteoclast cultures treated with increasing concentrations of CM from control or Notch3 KD MM cells. Representative 
experiment out of 3. ∗p < 0.05 vs. Scr. n = 4-6/group. (e) Levels of the bone resorption marker CTX in CM collected from ex vivo MM-bone organ cultures 
show less bone resorption in bones bearing Notch3 KD MM cells after 11 days of culture. Representative experiment out of 2 . ∗p < 0.05 vs. Scr, n = 4-5/group. 
(f ) GO terms network plot of selected upregulated functional enrichment analysis of GO terms related to osteoclast differentiation and proliferation in MM 

patients with high vs. low NOTCH3 expression. The size of the circles represents the number of genes in the individual GO terms. The thickness of the lines 
represents the number of overlapped genes between the individual GO terms. 
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Fig. 4. Notch3 signaling is required for the increased MM cell proliferation induced by osteocytes. (a) Representative images of shRNA-scramble (Scr) 
or shRNA- Notch3 ( Notch3 KD ) MM cells stained with DiI. Relative fluorescence units (RFU) in DiI labeled Scr or Notch3 KD MM cells at basal levels and 
after 72h of culture. (b) DiI RFU in Scr or Notch3 KD MM cells cultured with/without osteocytes. (c) mRNA gene expression of Hes1, Hey2, Cyclin D1 , and 
Notch receptors in Scr or Notch3 KD MM cells cultured with/without osteocytes. (d) DiI RFU and (e) mRNA gene expression in Scr or Notch3 KD MM cells in 
the absence and presence of osteocytes, with/without GSI (5μM). Representative experiments out of 3. ∗p < 0.05 vs. Scr vehicle/alone. #p < 0.05 vs Notch3 KD 

vehicle/alone. n = 6/group. For mRNA gene expression, fold change calculations vs. Scr are shown. 
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MM cells had a 50% less tumor burden than mice bearing control MM
cells ( Figure 6 b). Moreover, mice bearing Notch3 KD MM cells had 50% fewer
cortical osteolytic lesions than control mice injected with control MM cells
( Figure 6 c-d). Consistent with this observation, microCT 3D reconstruction
of cortical bone revealed more cortical osteolysis in mice injected with
control cells versus Notch3 KD cells ( Figure 6 e). Further, mice injected with
control MM cells exhibited a 40% decrease in proximal tibial cancellous bone
volume (BV/TV), whereas mice bearing Notch3 KD MM cells had 30% more
cancellous bone than mice bearing control MM cells ( Figure 6 f ). Results from
this in vivo preclinical study provides in vivo evidence of Notch3 ’s role as a
mediator of signals from the MM niche supporting tumor growth and bone
destruction. 

Discussion 

Accumulating evidence supports a central role of Notch signaling in MM
onset and progression, making this pathway an attractive therapeutic target
or the treatment of MM patients [5] . However, the specific contribution 
f each Notch receptor to MM progression and bone disease is not fully
nderstood. In particular, limited information is available about Notch3 , as 
ost of the work studying Notch receptors in MM has focused on Notch1

 4 , 10 , 17 ]. Using genetic and in vitro, ex vivo , and in vivo approaches, and
n silico data mining of MM patient databases, we demonstrate that Notch3 
ignaling contributes to tumor proliferation and bone destruction in MM. 
n concert, our results unravel previously unknown functions of Notch3 in 
he integration of homotypic (among MM cells) and heterotypic (between 

M cells and osteocytes) Notch signals ( Figure 7 ) and identify Notch3 as
 mediator of proliferative and osteoclastogenic signals in the MM tumor 
icroenvironment. 

Our results show that Notch3 signaling contributes to tumor growth 
y promoting cell proliferation and survival. This conclusion is consistent 
ith the observation that MM patients with high NOTCH3 expression 
ave upregulation of pro-proliferative biological programs. This proliferative 
dvantage conferred by Notch3 appears to be mediated by upregulation 
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Fig. 5. Notch2 homotypic and heterotypic signaling in MM cells. (a-b) Protein levels of activated Notch receptors in 5TGM1 MM cells transduced with 
shRNA-scramble (Scr) or shRNA- Notch2 ( Notch2 KD ) after 72h of culture. Representative western blot images for NICDs 1-4 in MM cells. (c-d) mRNA gene 
expression for Notch target genes, Rankl, Opg, and M - Csf mRNA in Notch2 KD MM cells. (e-h) Number of alive MM cells by Tryan Blue exclusion, MM cell 
proliferation by DiI fluorescence (relative fluorescence units, RFU) or MTT assay, Cyclin D1 mRNA gene expression, in Scr or Notch2 KD MM cells at 72h 
of culture. For mRNA gene expression, fold change calculations vs. Scr are shown. (i) DiI RFU of Scr or Notch2 KD MM cells co-cultured with osteocytes for 
72h. (j) Ex vivo MM-bone organ culture established with Scr or Notch2 KD MM cells. (j) IgG2b and CTX levels in conditioned media after 11 days. ∗p < 0.05 
vs. Scr. Representative experiments out of 2-3. n = 3-8/group. n.d. = not detected. 
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Fig. 6. Genetic inhibition of Notch3 signaling in MM reduces tumor progression and bone destruction in a mouse model of MM disease. (a-b) Tumor 
progression in mice injected with saline, shRNA-scramble (Scr), or shRNA- Notch3 ( Notch3 KD ) MM cells. Linear regression shows that the slopes of the IgG2b 
(tumor biomarker) progression curves are statistically different between mice bearing Scr vs. Notch3 KD MM cells. (c-d) Representative X-Ray images of tibias 
bearing Scr or Notch3 KD MM cells and quantification of the number of cortical osteolytic lesions per tibia. (e) MicroCT 3D reconstruction of tibias injected 
with saline, Scr, or Notch3 KD MM cells. (f ) Analysis of bone volume over tissue volume (BV/TV) in the cancellous bone of the proximal tibia. ∗p < 0.05 vs. 
Scr. Saline: 4F/3M; MM-Scramble: 6F/6M; MM- Notch3 KD : 4F/4M. 
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Fig. 7. Notch3 signaling in MM cells mediates homotypic and heterotypic communication via Notch between neighboring MM cells and between 

MM cells and osteocytes in the tumor niche. Homotypic Notch3 signaling between MM cells is required for normal Notch signaling, proliferation, survival, 
and osteoclastogenic potential. Heterotypic Notch3 signaling mediates the activation of Notch and the stimulation of proliferation in MM cells induced by 
osteocytes. 
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of Cyclin D1 levels, which enables MM cells to proliferate and avoid cell
cycle arrest. Notch receptors can have both overlapping and specialized
functions [ 37 , 38 ], which are cell and location-dependent. However, our
findings suggest that Notch receptors have distinct roles in MM proliferation.
Previous findings showed that Notch1 signaling indirectly stimulates MM
proliferation by increasing IL-6 production in both MM and stromal cells [7] .
In contrast, we show here that homotypic Notch2 signaling is not required for
MM growth. Together, these findings identify Notch3 signaling, together with
Notch1 , as an important contributor to MM growth via homotypic Notch
communication. 

Our findings support that Notch3 signaling in MM cells increases their
ability to stimulate osteoclastogenesis and destroy the bone. These preclinical
results are supported by the upregulation of osteoclast differentiation and
proliferation biological processes seen in newly diagnosed MM patients
with high NOTCH3 expression. Moreover, our observations align with
recent findings suggesting Notch signaling regulates the expression of the
pro-osteoclastogenic cytokine RANKL in MM cells and is essential for
osteoclastogenesis [39] . Although inhibition of Notch2 did not affect bone
resorption, it also decreased Rankl expression in MM cells, suggesting that
Notch2 and Notch3 could have redundant functions in the regulation of
Rankl . 

MM cells utilize Notch signaling to physically communicate with other
cells in the tumor niche, particularly with stromal cells in the BM [ 17 , 19 ].
Although embedded in the mineral matrix, it is well established that
steocytes have long cytoplasmatic extensions that form a complex network
hat directly connects osteocytes to other cells in the bone marrow and
lood vessels [ 18 , 40 ]. Using acid-etching scanning electron microscopy, we
emonstrated that these cytoplasmic projections reach areas of the BM

nfiltrated with MM cells and mediate cell-to-cell interactions with MM cells,
ven without overt lytic lesions [6] . More recently, direct cell contact between
ancer cells and deeply embedded osteocytes in cortical bone was described by
ther investigators using a similar mouse model to the one employed in our
tudy [41] . We also showed that cell-to-cell interactions lead to heterotypic,
idirectional Notch signaling between MM cells and osteocytes, contributing 
o MM growth and bone disease [6] . Our current results indicate that this
rosstalk requires Notch3 in MM cells, but not Notch2 . Interestingly, blockade
f Notch signaling downstream the four Notch receptors was required to fully
nhibit osteocyte-induced MM proliferation, suggesting MM cells can use 
ther Notch receptor(s) to communicate with osteocytes. We showed earlier
hat osteocytes induce the expression of Notch4 in MM cells [6] , and future
tudies are warranted to examine the role of this receptor in MM-osteocyte
ommunication. In addition, further studies are needed to determine if MM
ells also employ Notch3 signaling to communicate with other cells in the
umor niche (i.e., osteoblasts, stromal cells). 

Treatment with GSI has significant safety drawbacks, including 
astrointestinal toxicity, limiting its use in the clinical setting [ 15 , 16 ]. We
ecently generated a Notch inhibitor specifically targeted to the MM niche
nd showed it exerts potent anti-MM and anti-resorptive activities without
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the associated gut toxicity, thus providing a new approach to target Notch
safely in MM patients [11] . Our Notch3 findings offer an additional avenue
to inhibit Notch communication in the MM niche while circumventing the
unwanted side-effects of systemic pan Notch inhibition. Several neutralizing
antibodies against NOTCH3 are currently under development; however, none
have been tested against MM. Importantly, preclinical and clinical results
have shown that pharmacologic inhibition of Notch3 has anti-tumor activity,
minimal intestinal toxicity, and a manageable safety profile [42] . Further,
activation of Notch3 in the skeleton leads to increased Rankl expression
and bone loss [ 43 , 44 ], suggesting that blockade of Notch3 in bone could
decrease bone resorption. Altogether, these findings support the notion that
targeting Notch3 in the MM microenvironment may have dual anti-MM and
anti-resorptive effects. Yet, whether pharmacologic inhibition of Notch3 can
become a safe and effective therapeutic approach to treat MM remains to be
determined. 

Osteocyte-like cells are well-established models to study the biology of
osteocytes in vitro and are widely used in the bone field [45] . However, they
do not reproduce all the morphological and functional features of authentic
osteocytes. Moreover, the co-culture of osteocytic and MM cell lines might
not entirely represent the interactions between osteocytes and MM cells in
the tumor microenvironment. However, our findings using osteocyte-like
cells and the cell-to-cell co-culture system have been reproduced in authentic
osteocytes ex vivo , using osteocyte-enriched MM bone organ cultures, in vivo ,
in preclinical mouse models of MM [ 11 , 34 , 46 ], and in osteocytes in bones
from MM patients [47] . Further, most of the results obtained with these
approaches have been validated by other investigators [ 34 , 46-49 ]. Despite
the limitations, these cell lines and in vitro systems constitute valuable tools
to study the crosstalk between osteocytes and MM cells. We performed
all our experiments with murine 5TGM1 cells for the current study. Yet,
our key observations were validated in primary CD138 + cells from newly
diagnosed MM patients, adding translational value and clinical relevance to
our findings. 

In summary, our in vitro, ex vivo, in vivo, and in silico studies reveal
a previously unknown role of Notch3 signaling in the Notch-dependent
dialog between MM cells and cells of the tumor niche conducive to tumor
progression and bone destruction. In addition, our findings further support
the notion that osteocytes are an abundant and durable source of signals in
the MM tumor microenvironment and can support MM progression. Lastly,
these studies provide the framework for additional preclinical and clinical
studies examining the efficacy of pharmacologic approaches inhibiting Notch3
to treat MM and its associated skeletal disease. 
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