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Abstract: Multiple myeloma (MM) is an incurable malignancy of the plasma cells localized to the bone marrow. A 
rare population of MM cancer stem cells (MM-CSCs) has been shown to be responsible for maintaining the pull of 
residual disease and to contribute to myeloma relapse. The stem cells are found in a bone marrow niche in contact 
with the stromal cells that are responsible for maintaining the proliferative quiescence of the MM-CSC and regulate 
its self-renewal and differentiation decisions. Here we show that both MM and bone marrow stromal cells express 
N-cadherin, a cell-cell adhesion molecule shown to maintain a pool of leukemic stem cells. Inhibition of N-cadherin 
using a neutralizing antibody led to an increase in the MM cell proliferation. A decrease in MM cell adhesion to 
the bone marrow stroma was observed in the first 24 hours of co-culture followed by a 2.3-30-fold expansion of 
the adherent cells. Moreover, inhibition of N-cadherin led to a 4.8-9.6-fold expansion of the MM-CSC population. 
Surprisingly, addition of the N-cadherin antagonist peptide resulted in massive death of the non-adherent MM cells, 
while the viability of the adherent cells and MM-CSCs remained unaffected. Interestingly, the proliferative effects 
of N-cadherin inhibition were not mediated by the nuclear translocation of β-catenin. Taken together, our findings 
demonstrate the crucial role of N-cadherin in regulating MM cell proliferation and viability and open an interesting 
avenue of investigation to understand how structural modifications of N-cadherin can affect MM cell behavior. Our 
findings suggest that targeting N-cadherin may be a useful therapeutic strategy to treat MM in conjunction with an 
agent that has anti-MM-CSC activity.
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Introduction

Multiple myeloma (MM) is an incurable malig-
nancy of the bone marrow (BM) plasma cells 
and despite the development of potent new 
therapies, remains the second most prevalent 
hematopoietic cancer in the United States and 
Europe [1, 2]. The major clinical manifestations 
of MM include lytic bone lesions and an expan-
sion of clonal plasma cells leading to BM sup-
pression, anemia, end organ damage, and sus-
ceptibility to infection, ultimately resulting in 
death. While considerable progress has been 
made in prolonging progression-free survival, 
nearly 100% of MM patients experience one or 
more relapses, suggesting that a small popula-
tion of drug-resistant neoplastic cells remains 
even after exposure to the most advanced 
treatment regimens [3-5]. With the emergence 
of the cancer stem cell (CSC) hypothesis, many 

studies have focused on characterizing these 
rare, drug-resistant, relapse-causing cells and 
dissecting the mechanisms driving self-renewal 
and differentiation of this tumorigenic popula-
tion [4, 6-8]. While the identity of the MM-CSC 
remains controversial, it has been shown that 
only a small, drug-resistant population of MM 
cells is tumorigenic in vivo and in vitro [4, 9-12]. 
Understanding the behavior of this cell popula-
tion and the regulation of its growth is of utmost 
importance for the development of new thera-
peutic strategies. 

Tumor microenvironment is one of the crucial 
drivers of cancer cell behavior and has been 
shown to regulate proliferation rates of malig-
nant cells [13]. Moreover, the microenviron-
ment in the proximity of the CSCs, the CSC 
niche, has been shown to regulate self-renewal, 
proliferation, and differentiation of the stem 
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cells [13, 14]. Attachment of CSCs to the BM 
stromal cells, such as mesenchymal stem cells 
or osteoblasts (OB), and/or the extracellular 
matrix (ECM) components of the BM microenvi-
ronment have been shown to confer drug-resis-
tance [4, 15, 16]. CSC adhesion to the stromal 
cells is responsible for the retention of these 
cells in the niche and modulation of these inter-
actions has been shown to drive the self-renew-
al versus differentiation decisions. In MM, inte-
grins, such as VLA-4 and VLA-5; CAM-family 
adhesion molecules, VCAM, MAdCAM, NCAM; 
and cadherins, E-cadherin and N-cadherin, 
have been shown to play a role in maintaining 
the cross-talk between the malignant cells and 
the BM stroma [17-21]. However, the role of the 
adhesion molecules in the regulation of the 
MM-CSC behavior has not been explored.

N-cadherin (N-cdh), a cell-cell adhesion mole-
cule of the cadherin family, is aberrantly 
expressed by many epithelial cancers, such as 
breast, prostate, bladder and esophageal can-
cers, melanoma, and in hematological malig-
nancies, such as acute myeloid leukemia [22-
27]. Additionally, both MM cell lines and prima-
ry cells from the BM aspirates of patients with 
MM express N-cdh [20, 28]. Moreover, eleva-
tion of soluble N-cdh levels has been detected 
in patients with MM and has been shown to 
correlate with poor prognosis [28], suggesting 
importance of N-cdh in pathobiology of MM. 
Although the idea remains controversial, N-cdh 
has been shown to regulate proliferation of the 
human hematopoietic stem cells that reside in 
the endosteal niche and is enriched in leuke-
mic stem cells [26, 29-31]. Moreover, since we 
have previously demonstrated that MM-CSCs 
also localize to the endosteal niche [9], we 
hypothesized that N-cdh may play a role in reg-
ulating the growth of MM-CSCs. Here we show 
that inhibition of N-cdh with the neutralizing 
antibody (GC4) N-cdh prevented attachment of 
MM cells to the BM stroma but induced prolif-
eration of the MM cells in contact with either 
BM stromal cells or osteoblasts. Furthermore, 
inhibition of N-cdh induced an expansion of the 
MM-CSC population. Surprisingly, treatment of 
the same cultures with a cyclic N-cdh blocking 
antagonist peptide induced cell death in non-
adherent MM cells, but not in MM cells adher-
ent to the BM stroma or osteoblasts. Taken 
together, our data demonstrate that N-cdh is 
an important regulator of the MM-CSC niche 

behavior and emphasize the importance of 
adhesion molecules in maintaining a pool of 
CSCs.

Materials and methods

Cell culture

RPMI-8226 and U266 cells (ATCC) were grown 
in MM growth medium [RPMI-1640 (Sigma) 
supplemented with 10% fetal bovine serum 
(FBS) (Sigma) and 1% penicillin/streptomycin 
(Sigma)]. Immortalized human bone marrow 
mesenchymal stem cell line (FnMSC) was a 
kind gift from Dr. Carlotta Glackin (Beckman 
Research Institute, City of Hope National 
Medical Center) [4] and was cultured in mesen-
chymal stem cell (MSC) growth medium [αMEM 
(Sigma) supplemented with 10% FBS, 50 U/
ml/50 μg/ml penicillin/streptomycin, and 1% 
L-glutamine (Sigma)]. All cells were grown at 
37°C in a 5% CO2 incubator. 

Osteoblast differentiation

FnMSC cells were differentiated into OBs by 
culturing them for 5 weeks in osteogenic medi-
um [αMEM supplemented with 5% FBS, 2 mM 
L-glutamine, 1 mM sodium pyruvate, 10 mM 
HEPES, 100 μM L-ascorbate-2-phosphate, 1.8 
mM KH2PO4, 1x10-7 M dexamethasone, 50 U/
ml/50 μg/ml penicillin/streptomycin (all rea- 
gents were obtained from Sigma)]. FnMSC cells 
were seeded in 48-well plates at 5,000 cells/
well and cultured in 400 μl of osteogenic media. 
The medium was changed weekly at which 
point cells were assayed for their differentia-
tion state using xylenol orange. Xylenol orange 
(Sigma) 2 mM stock was made in distilled 
water, sterile filtered, and diluted at 1:100 into 
differentiation media. The assay was per-
formed per manufacturer’s instructions. The 
presence of OBs was visualized using the rho-
damine filter on a Zeiss AxioObserver fluores-
cent microscope. Image analysis was done 
using Zeiss AxioVision software (release 4.7.1) 
and Adobe Photoshop CS3.

Co-culture assay

FnMSC cells were seeded in 48-well plates at 
50,000 cells/400 μl of MSC growth medium 
and grown for 24 hours until confluent. MSC 
medium was removed and 10,000 RPMI-8226-
GFP or U266-GFP cells were added on top of 
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the FnMSC monolayer in 400 μl of MM growth 
medium with either an antibody isotype control 
at 1:100 dilution (Sigma), function blocking 
N-cdh antibody at 1:100 dilution (Sigma, GC4 
clone), non-specific, control peptide at 250 μg/
ml (Ac-Cys-His-Gly-Val-Asp-Cys-NH2 (CHGVDC) 

[32], American Peptides), or N-cdh blocking 
peptide at 250 μg/ml (Ac-Cys-His-Ala-Val-Cys-
NH2 (CHAVC) [32], American Peptides). Prior to 
combining each population, MM cells and 
FnMSCs were pre-incubated with either anti-
bodies (isotype or GC4) or peptides (CHGVDC 
or CHAVC) for 1 hour at room temperature. 

Cells were co-cultured for 72 hours and the 
non-adherent cells were removed from the 
wells and retained. The wells were gently 
washed with MM medium and the wash medi-
um was combined with the reserved cells. The 
number of viable and non-viable cells in the 
non-adherent fraction was then counted using 
a trypan blue exclusion assay on a hemocytom-
eter. The adherent cells were removed by tryp-
sin digestion. MM cells were differentiated from 
FnMSC cells on the basis of GFP expression 
and GFP+ cells were counted using the FITC fil-
ter on a Zeiss AxioObserver fluorescent micro-
scope. Each experiment was repeated a mini-
mum of 3 times in triplicate. Image analysis 
was done using Zeiss AxioVision software 
(release 4.7.1) and Adobe Photoshop CS3.

Colony forming unit (CFU) assay

Adherent and non-adherent MM cell fractions 
described above were counted, pelleted, and 
resuspended in 200 μl of cell resuspension 
solution supplied with methylcellulose medium 
(R&D Systems) and mixed with 1 ml of Human 
Complete Methylcellulose Media (R&D Syst- 
ems). The cell methylcellulose mixture was 
placed into 35 mm ultra-low adhesion dishes 
(Stem Cell Technologies), incubated at 37°C in 
a 5% CO2 incubator for 14 days, and resulting 
colonies were counted. Each experiment was 
repeated a minimum of 3 times in triplicate. 

Immunofluorescence and confocal microscopy

For immunofluorescence, cells were either 
grown in glass cover slip-bottom chamber sli- 
des or cytospun onto glass slides. Subsequently, 
cells were fixed in 10% neutral buffered forma-
lin for 15 minutes at room temperature. Cells 
were washed with phosphate buffered saline 

(PBS) and permeabilized in 0.1% Triton X-100 
(Sigma) in PBS for β-catenin and Ki67 staining. 
Non-specific binding sites were then blocked 
with 1% bovine serum albumin (BSA) (Sigma) in 
PBS for 1 hour at room temperature and 
washed with PBS. Cells were incubated over-
night at 4°C with the mouse-anti-human N-cdh 
antibody (Sigma) at 1:100 dilution, rabbit-anti-
human β-catenin antibody (Cell Signaling) at 
1:100 dilution, or mouse-anti-human Ki67 anti-
body (Santa Cruz Biotechnology) at 1:200 dilu-
tion in 1% BSA/PBS. Subsequently, cells were 
washed with PBS. For N-cadherin and β-catenin 
staining slides were incubated for 15 minutes 
with MOM Biotin Reagent (Vector Labs) per 
manufacturer’s instructions and washed twice 
with PBS for 2 minutes each. Fluorescein-avidin 
reagent was added to the cells and incubated 
for 8 minutes at room temperature protected 
from light. The stained cells were then washed 
with PBS and nuclei were counter stained for 5 
minutes at room temperature with Nuclear 
Isolation and Staining DAPI solution (Beckman 
Coulter) diluted at 1:25 into 1% BSA in PBS. 
N-cdh stained cells were co-stained with Alexa-
594 conjugated wheat germ agglutinin (WGA) 
(Life Technologies) at 5 μg/ml for 10 minutes at 
room temperature. After a final PBS wash a 
drop of Vectashield mounting medium (Vector 
Labs) was added to the cells to preserve fluo-
rescence. Images were acquired on a Zeiss 
AxioObserver fluorescent microscope or a Zeiss 
LSM 710 confocal microscope (as indicated). 
Image analysis was done using Zeiss AxioVision 
(release 4.7.1) or Zeiss ZEN (blue edition) soft-
ware and Adobe Photoshop CS3.

RT-PCR

RNA from MM cell lines and FnMSC cells was 
isolated using TRI Reagent (Sigma) per manu-
facturer’s instructions. RNA concentration was 
determined on a NanoDrop ND-1000 spectro-
photometer, aliquoted, and stored at -80°C. 
RT-PCR was performed using OneStep RT-PCR 
kit (Qiagen) per manufacturer’s instructions. 
The primers for N-cdh and GAPDH were as fol-
lows: forward N-cdh primer CGAGCCGCCTGC- 
GCTGCCAC and reverse N-cdh primer CGCTGC- 
TCCCCGCTCCCCGC; forward GAPDH primer 
GAGTCAACGGATTTGGTCGT and reverse GAPDH 
primer GACAAGCTTCCCGTTCTCAG. PCR was 
performed on a Mastercycler thermocycler 
(Eppendorf) using the following program: 1) 
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cDNA synthesis step: 50°C for 30 minutes, 
95°C for 15 minutes; 2) PCR step (35 cycles): 
94°C for 30 seconds, 50°C for 30 seconds, 
72°C for 1 minute; 3) final extension step: 72°C 
for 10 minutes. Amplified DNA fragments were 
resolved on 2% agarose gel.

Immunoblotting

MM and FnMSC cells were lysed in the RIPA 
buffer [150 mM NaCl, 50 mM Tris pH 7.5, 1% 
Triton-100, 1% NP-40, 0.1% SDS, 0.5% sodium 
deoxycholate, protease inhibitor tablet (Roche)], 
centrifuged, and the supernatant was collect-
ed. Protein concentration was determined 
using a BCA Protein Assay kit (Pierce) per man-
ufacturer’s instructions. Prior to electrophore-
sis, 4x SDS loading buffer with 100 mM DTT 
(Sigma) was added and samples were heated 
at 95°C for 5 minutes. Proteins were separated 
on 10% SDS-PAGE gel and transferred to 
Immobilon-FL polyvinylidene difluoride mem-
brane (Millipore). The membrane was blocked 
for 1 hour in Odyssey Blocking Buffer (LiCor) 
and incubated overnight at 4°C with anti-N-
cadherin antibody (Sigma, GC4 clone) or anti-
actin antibody (BD Biosciences) at 1:200 in 
Odyssey Blocking Buffer. Membranes were 
then washed 3 times for 15 minutes each in 
Tris-buffered saline, Tween-20 (TBST) buffer 
[10 mM Tris-HCl pH 7.5, 150 mM NaCl, 1% 
Tween-20] and incubated for 1 hour at room 
temperature with the goat anti-mouse IRDye 
800CW conjugated secondary antibody (LiCor) 
diluted at 1:12,000 in Odyssey Blocking Buffer. 
Membranes were washed again 3 times for 15 
minutes each in TBST and were scanned on the 
Odyssey Infrared Imaging System (LiCor). 

Data normalization 

Cell adhesion, proliferation, and CSC quantifi-
cation data in all experiments was normalized 
to the isotype or peptide control treated cul-
tures for each time point and stromal condition 
(i.e. FnMSC or OB). Each control was set to 
100% and the test measurements were pre-
sented as percent of their respective controls. 

Statistical analysis

Statistical significance was determined by 
either two-way ANOVA or Student’s t-test using 
Prism 5 software (GraphPad Software, Inc), as 
indicated for each experiment. Test samples 
were normalized as described above and sta-

tistical analysis was done comparing each test 
condition to the appropriate control. Data were 
presented as mean ± s.e.m. and p-values with 
p<0.05 were considered significant.

Results

N-cadherin regulates proliferation of MM cells 
and their adhesion to the BM stroma

To determine the role of N-cdh in maintaining 
the MM-CSC niche we established its expres-
sion in both MM cells and the human bone mar-
row mesenchymal stem cell line (FnMSC). 
RPMI-8226 and U266 MM cell lines and FnMSC 
cells expressed both N-cdh mRNA (Figure 1A) 
and protein (Figure 1B). To establish that N-cdh 
is localized to the cell surface where it will be 
able to participate in cell-cell interactions, MM 
and FnMSC cell lines were co-stained with 
N-cdh and wheat germ agglutinin (WGA), an 
N-acetyl-D-glucosamine and sialic acid-binding 
lectin used as a marker of cell membranes. As 
shown in Figure 1C, N-cdh staining co-localized 
with wheat germ agglutinin, thus confirming cell 
surface expression of N-cdh.

Since cell-cell interactions affect many attri-
butes of cell behavior, such as growth, attach-
ment, and survival, we evaluated the function 
of N-cdh in MM cell proliferation and its require-
ment for MM cell attachment to the BM stroma. 
The commercially available N-cdh neutralizing 
antibody, GC4, was used to block N-cdh/N-cdh 
interactions between MM and stromal cells 
[20, 33, 34]. When added to MM cell cultures, 
proliferation of both RPMI-8226 and U266 cells 
was increased 1.5-times in cultures treated 
with GC4 over the period of 3 days compared to 
the cultures treated with the isotype control 
antibody (Figure S1). 

To measure the effects of N-cdh on the ability 
of MM cells to adhere to the BM stroma, MM 
cell lines were co-cultured with FnMSC cells. To 
differentiate between FnMSC and MM cells in 
co-cultures, RPMI-8226 and U266 cells were 
stably transduced with a GFP-expressing lenti-
virus. Stable cell lines were selected and, sub-
sequently, sorted to create a population of MM 
cells expressing high levels of GFP. RPMI-8226-
GFP and U266-GFP cells were allowed to attach 
to a confluent monolayer formed by FnMSC 
cells and the number of adherent cells in cul-
tures grown in the presence of the isotype con-
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trol or the GC4 antibody were counted. 
Surprisingly, the population of adherent MM 
cells was greater in cultures treated with the 

GC4 antibody (Figure 2A). Since the number of 
adherent cells was determined 3 days after ini-
tiation of the co-culture and the doubling time 

Figure 1. MM and BM mesenchymal stem cells express N-cadherin. A: N-cdh mRNA expression was evaluated by 
RT-PCR in MM cell lines, RPMI-8226 and U266, and in BM mesenchymal stem cell line (FnMSC). B: N-cdh protein 
(~130 kDa) expression was determined by immunoblotting in MM cell lines (RPMI-8226, U266) and in BM mesen-
chymal stem cell line (FnMSC). C: Subcellular localization of N-cdh was assessed by immunofluorescence staining 
for N-cdh (green), wheat germ agglutinin (WGA) (red), and DAPI-stained nuclei (blue). The merged images show co-
localization of N-cdh with the membrane WGA staining (yellow) (scale bar: 50 μm).
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of RPMI-8226 and U266 cells was determined 
to be approximately 24 and 36 hours respec-
tively, we evaluated cell attachment after 4 and 
24 hours post co-culture set-up to decouple the 
effects of N-cdh on adhesion versus prolifera-
tion. At 4 hours and 24 hours there were 1.5-
times and 1.36-times fewer adherent cells in 
the GC4-treated population than in the isotype-
treated wells respectively (Figure 2B). However, 
at 72 hours there were 2.5-times more adher-
ent cells in the population where N-cdh was 
blocked compared to the controls (Figure 2B). 
Adherent MM cells exhibited Ki67 positive 
nuclear foci at 72 hours in co-culture demon-
strating that these cells were indeed proliferat-
ing (not shown). This data suggests that N-cdh 
is necessary for the initial interaction between 
the MM and the BM stromal cells and that it is 
needed to maintain the proliferative quies-
cence of the adherent MM cells.

Blocking N-cadherin induces higher growth of 
MM cells adhering to osteoblasts (OB) than to 
the BM stromal cells

The human BM mesenchymal stem cell line, 
FnMSC, retains the capacity to differentiate 

into multiple cell lineages, including OBs. 
Therefore, FnMSC cells were cultured in osteo-
genic media (see methods) for 5 weeks and 
their differentiation into OBs was determined 
by xylenol orange staining (Figure 3A). Xylenol 
orange is a calcium chelator that fluoresces at 
610 nm when bound to mineralized calcium 
secreted by OBs. It is non-toxic to live cells, and 
thus, was used for real-time imaging to confirm 
OB differentiation [35]. After 5 weeks in osteo-
genic media, most FnMSC cells differentiate 
into OBs that express higher levels of N-cdh 
than the parent FnMSC cells (Figure 3B and 
3C). 

In the endosteal niche of the BM, MM cells 
come in contact with both mesenchymal stem 
cells and osteoblasts. Therefore, we tested the 
effects on N-cdh inhibition on MM cells grown 
in co-cultures with undifferentiated FnMSC 
cells and FnMSC cells differentiated into OBs 
(Figure 3D and 3E). RPMI-8226-GFP and U266-
GFP cells were treated with either the isotype 
control or the GC4 antibody in co-culture with 
either FnMSC cells or OBs. Blocking N-cdh in 
co-cultures of MM cells with FnMSC mesenchy-
mal stem cells resulted in a 2.3-fold increase in 

Figure 2. N-cadherin regulates MM cell proliferation and adhesion to the BM stroma. A: RPMI-8226-GFP and U266-
GFP cells were grown in co-cultures with FnMSC cells for 72 hours in the presence of the isotype control or the GC4 
antibody. Adherent GFP+ MM cells were counted and plotted for each condition. Data was normalized to the isotype 
control treated cultures (**p=0.004 and *p=0.01 based on the Student’s t-test analysis). B: RPMI-8226-GFP cells 
were grown in co-cultures with FnMSC cells in the presence of the isotype control or the GC4 antibody for the indi-
cated amount of time. Adherent GFP+ MM cells were counted and plotted at each time point. Data was normalized 
to its respective isotype control set as 100%. (***p=0.0006, **p=0.007, *p=0.016 based on the Student’s t-test 
analysis as compared to the isotype control treated cultures for each respective time point).
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MM cell proliferation in both RPMI-8226 and 
U266 cells. Interestingly, GC4 treatment of OB 
co-cultures induced a 30-fold and 9.3-fold 
expansion of the RPMI-8226 and U266 cells 
respectively (Figure 3E). A 13-fold expansion of 
MM cell population was observed when NCI-
H929 cells were co-cultured with FnMSC cells 
(not shown).

N-cadherin inhibition induces an expansion of 
the adherent MM-CSC population

Leukemic CSCs have been shown to express 
N-cdh and reside in a BM niche that maintains 
them in a non-proliferative, drug-resistant 
state, thus, maintaining a pool of CSCs that 
when reactivated is responsible for tumor 

Figure 3. Upon inhibition of N-cadherin, adhesion to the BM stroma cells or osteoblasts induces expansion of the 
MM cells. A: FnMSC cells were differentiated into osteoblasts (OB) after 5 weeks incubation in osteogenic media. 
Newly formed osteoblasts mineralized calcium as visualized by xylenol orange staining, appearing after 4 weeks 
and increasing at 5 weeks as the osteoblast population continues to expand (scale bar: 50 μm). B: Osteoblasts 
that differentiate from the FnMSC cells expressed higher levels of N-cdh than the parent cells. N-cdh levels were 
assessed by immunofluorescence with all images acquired at the same exposure time (scale bar: 50 μm). C: Quan-
tification of the N-cdh staining intensity in FnMSCs and OBs. All images were acquired at the same exposure time 
and a composite histogram of pixel intensity in the 557 nm channel (n=5 independent cultures) is presented. D: 
RPMI-8226-GFP cells were grown in co-cultures with FnMSC cells or OBs for 72 hours. MM cell adhesion was visu-
alized by DIC and immunofluorescence imaging (scale bar: 50 μm). E: RPMI-8226-GFP and U266-GFP cells were 
grown in co-cultures with FnMSC cells or OBs in the presence of the isotype control or the GC4 antibody for 72 
hours and adherent GFP+ MM cells were counted. Data was normalized to the isotype control treated cultures set 
as 100% (***p=0.0002, **p=0.007, *p=0.016 based on the Student’s t-test analysis comparing FnMSC and OB 
co-cultures to each respective isotype control). 
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relapse [26, 31]. To determine the effect of 
N-cdh inhibition on MM-CSCs, RPMI-8226-GFP 
and U266-GFP cells were grown in co-cultures 
with either FnMSC cells or OBs. Cells were 
treated for 72 hours with GC4 antibody or the 
isotype control as described above. Sub- 
sequently, cells were counted and placed into a 
methylcellulose-based colony-forming unit 
(CFU) assay, which has been used as a reliable 
read-out for the proportion of CSCs in a popula-
tion [4, 9, 31]. Under the conditions of the CFU 
assay, MM-CSCs, but not their non-tumorigenic 
counterparts from RPMI-8226 and U266 cell 
lines formed colonies in methylcellulose medi-
um, while neither FnMSC cells nor OBs were 
capable of generating any growth. MM-CSC 
population from RPMI-8226 and U266 cell 
lines adhering to the FnMSC cells exposed to 
the N-cdh neutralizing antibody expanded 7.6 
and 9.6-fold respectively. Co-cultured with OBs, 
there was a 4.8 and 7.4-fold increase in the 
MM-CSCs from the adherent RPMI-8226 and 
U266 cells respectively (Figure 4). Similar 
results were obtained when NCI-H929 cell line 
was co-cultured with OBs where we detected a 
2.3-fold increase in MM-CSCs when N-cdh was 

inhibited with the GC4 antibody (data not 
shown). Interestingly, this expansion of the 
MM-CSC population was only observed for the 
adherent MM cells. There was no statistically 
significant difference in the MM-CSC popula-
tion in the non-adherent RPMI-8226 and U266 
cells cultured in the presence of N-cdh blocking 
antibody (Figure S2).

Cyclic N-cadherin antagonist peptide elicits 
death of the non-adherent MM cell population

To confirm the observations described above 
with another N-cdh blocking reagent, we treat-
ed cells with either CHAVC, a cyclic N-cdh 
antagonist peptide, or control cyclic peptide 
that does not bind to N-cdh [32]. Surprisingly, 
we saw that instead of the proliferation of 
RPMI-8226 and U266 cells treated with the 
GC4 antibody, there were fewer non-adherent 
MM cells in the presence of CHAVC (Figure 5A). 
Based on the results of the trypan blue exclu-
sion assay we determined that CHAVC had a 
cytotoxic rather than cytostatic effect on MM 
cells. Compared to the GC4 treated cultures 
where just under 3% of cells were positive for 
trypan blue, and were thus considered non-via-
ble (not shown), RPMI-8226 and U266 cells ex- 
hibited 83% and 67% viability respectively after 
72 hours of exposure to CHAVC (Figure 5B).

However, treatment with CHAVC did not affect 
the viability of cells adhering to BM stroma. 
RPMI-8226-GFP and U266-GFP cells were 
grown in co-cultures with FnMSC cells and OBs 
in the presence of the control or CHAVC pep-
tides for 72 hours. Adherent GFP+ MM cells 
were counted and cell counts were normalized 
to the control peptide treated FnMSC or OB co-
cultures as appropriate (Figure 5C). Further- 
more, CHAVC treatment did not affect the num-
ber of MM-CSCs present in the adherent popu-
lation (Figure 5D). Taken together, these stud-
ies demonstrate that N-cdh antagonist peptide 
induces death in the non-adherent MM cells, 
while those tumor cells that adhere to the niche 
are not sensitive to the cytotoxic effects of 
CHAVC.

Expansion of MM cells in response to N-
cadherin inhibition is not dependent on the 
nuclear translocation of β-catenin

To begin elucidating the mechanism responsi-
ble for the expansion of the MM cell population 
in response to N-cdh inhibition, we evaluated 

Figure 4. Inhibition of N-cadherin induces an expan- 
sion of the adherent MM-CSC population. RPMI-
8226-GFP and U266-GFP cells were grown in co-
cultures with FnMSC cells or OBs in the presence of 
the isotype control or the GC4 antibody for 72 hours. 
Adherent GFP+ MM cells were counted and plated 
in CFU assays. Colonies appearing after 14 days in 
CFU were counted and percent stem cells was deter-
mined based on the formula: % MM-CSCs = (# of col-
onies/total # of cells plated in CFU)*100. Data was 
normalized to the isotype control treated cultures set 
as 100% (***p<0.0001, **p<0.002 based on the 
Student’s t-test analysis comparing FnMSC and OB 
co-cultures to each respective isotype control). 
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the dynamics of β-catenin subcellular distribu-
tion. Overexpression of β-catenin, including its 
unphosphorylated form, has been observed in 
malignant plasma cells from MM patients and 
has been shown to contribute to the prolifera-
tion of malignant cells [36]. The interaction 
between N-cdh and β-catenin retains β-catenin 
at the plasma membrane, thus preventing its 
nuclear translocation, initiation of transcrip-
tion, and subsequent cell proliferation [37]. We 

hypothesized that inhibition of N-cdh will 
release β-catenin, thus stimulating cell growth. 
RPMI-8226 cells were treated with GC4 or the 
isotype control antibody for 1, 24, and 72 
hours, after which, β-catenin subcellular local-
ization was determined by immunofluores-
cence. Surprisingly, nuclear translocation of 
β-catenin was not detected at any of the time 
points tested (Figure 6A) and the levels of 
β-catenin in isotype and GC4 treated samples 

Figure 5. Inhibition of N-cadherin with cyclic CHAVC peptide induces death in non-adherent MM cell population. A: 
RPMI-8226 and U266 cells were grown in the presence of a control or N-cdh blocking (CHAVC) peptide for the indi-
cated number of days. Percent of healthy cells at each time point was plotted based on the trypan blue exclusion 
assay (***p<0.0001 based on the two-way ANOVA analysis of each cell line). B: RPMI-8226 and U266 cells were 
grown in the presence of a control or N-cdh blocking (CHAVC) peptide for the indicated number of days. The number 
of dead cells at each time point was plotted based on the trypan blue exclusion assay (***p<0.0001 based on the 
two-way ANOVA analysis of each cell line). C: RPMI-8226-GFP and U266-GFP cells were grown in co-cultures with 
FnMSC cells or OBs in the presence of the control or N-cdh blocking (CHAVC) peptide for 72 hours and adherent 
GFP+ MM cells were counted. Data was normalized to the control peptide treated cultures set as 100% (p>0.05 for 
all comparisons). D: RPMI-8226-GFP and U266-GFP cells were grown in co-cultures with FnMSC cells or OBs in the 
presence of the control or N-cdh blocking (CHAVC) peptide for 72 hours. Adherent GFP+ MM cells were counted and 
plated in CFU assays. Colonies appearing after 14 days in CFU were counted and percent stem cells was determined 
based on the formula: % MM-CSCs = (# of colonies/total # of cells plated in CFU)*100. Data was normalized to the 
control peptide treated cultures set as 100% (p>0.05 for all comparisons). 
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did not change for any of the timepoints (Figure 
6B). Wnt treatment of RPMI-8226 cells induced 
nuclear localization of β-catenin and was used 
as a positive control (data not shown). These 
findings suggest that GC4 treatment does not 
disrupt N-cdh/β-catenin interactions, and that 

the MM cell proliferation in response to N-cdh 
inhibition is mediated by a β-catenin indepen-
dent mechanism.

We have also evaluated the subcellular local-
ization of β-catenin in response to treatment 

Figure 6. Inhibition N-cadherin does not induce nuclear translocation of β-catenin. (A) RPMI-8226 cells were grown 
in the presence of an isotype control or GC4 antibody for the indicated amount of time. Subsequently, cells were 
fixed, permeabilized and stained with anti-β-catenin antibodies. Nuclear translocation of β-catenin was not ob-
served at any of the time points (scale bar: 20 μm). (B) Quantification of the β-catenin staining intensity in isotype 
and GC4 antibody treated samples. All images were acquired at the same exposure time and a composite histogram 
of pixel intensity in the 488 nm channel (n=3 independent cultures) is presented. (C) RPMI-8226 cells were grown in 
the presence of a control or N-cdh blocking (CHAVC) peptide for the indicated amount of time. Cells were processed 
and stained as in (A) (scale bar: 20 μm). (D) Quantification of the β-catenin staining intensity in control peptide and 
CHAVC treated samples. All images were acquired at the same exposure time and a composite histogram of pixel 
intensity in the 557 nm channel (n=3 independent cultures) is presented.
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with the N-cdh antagonist peptide. Similar to 
other experiments, β-catenin did not translo-
cate into the nucleus at 1 or 72 hours post 
treatment (Figure 6C). Moreover, similar levels 
of β-catenin were present in the control and 
blocking peptide treated cultures (Figure 6D). 
This suggests that MM cell behavior in response 
to the blocking peptide is also not a β-catenin 
driven process.

Discussion

Previous studies have shown that many of the 
MM cell lines express N-cdh and that it inter-

acts with β-catenin at the cell surface [20]. We 
evaluated N-cdh expression in two additional 
MM cell lines, RPMI-8226 and U266, and in BM 
mesenchymal stem cells and OBs, and demon-
strated that both MM cell lines as well as the 
stromal cells expressed N-cdh. Interestingly, a 
significantly higher level of N-cdh expression 
was detected in OBs differentiated from the 
immortalized BM mesenchymal stem cell line, 
FnMSC, compared with the parent cell line.

We hypothesized that if N-cdh is required for 
MM cell adhesion to the BM stroma, blocking 
N-cdh will reduce the binding of RPMI-8226 

Figure 7. GC4 and CHAVC bind to different epitopes of the EC1 domain of N-cadherin. (A) Amino acid sequence of 
the EC1 domain of N-cdh highlighting the following structural elements: GC4 epitope (orange, [39]); CHAVC binding 
site (blue, [32]); residues directly involved in trans-binding and cell-cell adhesion (red, [41]), residues involved in 
homodimerization (purple, [41]). (B) A model of possible effects of various N-cdh blocking treatments on cell adhe-
sion, proliferation, and survival; (a) untreated, (b) GC4 treatment, and (c) CHAVC treatment. When left untreated, or 
treated with isotype or peptide controls, a complex of homotypic interaction between N-cdh homodimers and FGFR 
can be assembled activating ligand-independent FGFR signaling, thus leading to cell proliferation and survival. 
Binding of the GC4 antibody, disrupts the cell-cell interactions, but not the formation of the homodimers maintain-
ing FGFR signaling. CHAVC treatment prevents both cell-cell adhesion and homodimer formation possibly disrupting 
FGFR signaling, and thus leading to cell death.
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and U266 cell lines to the FnMSCs and OBs. 
Surprisingly, after 3 days in co-culture in the 
presence of N-cdh blocking antibodies, we 
observed an increase in the number of adher-
ent MM cells. Based on these findings we rea-
soned that it is possible that N-cdh is either not 
required for MM cell adhesion to the BM stro-
ma or that it may exert its effects at an earlier 
time point. Therefore, we repeated the co-cul-
ture experiment and counted the number of 
adherent cells after 1 hour and 24 hours. At 1 
hour, we observed a 1.5-fold decrease in the 
number of adherent cells in the GC4 treated co-
cultures and at 24 hours, this decrease was 
still present but at a 1.36-fold reduction. 
Consistent with the other reports [20], the 
observed decrease in the number of adherent 
cells at the early time points suggests that 
blocking N-cdh affects MM cell adhesion to the 
BM stromal cells. 

Furthermore, our data demonstrate that N-cdh 
plays a role in regulating MM cell proliferation. 
Blocking N-cdh for 3 days induced an expan-
sion of MM cells in both FnMSC and OB co-cul-
tures. Interestingly, there was a significantly 
greater expansion of the MM cells grown in con-
tact with OBs as compared to the co-cultures of 
MM cells with the BM mesenchymal stem cells. 
This implies an interesting relationship between 
MM cells and osteoblasts. MM cells have been 
shown to prevent osteoblast differentiation 
from the mesenchymal stem cells, thus, con-
tributing to the bone lesions evident in MM 
patients [20, 38]. At the same time, our data 
suggests that the N-cdh-based interaction 
between MM cells and OBs blocks MM cell 
growth. Therefore, the high levels of N-cdh 
expression in OBs confers strong proliferation 
block on MM cells (Figure S3). Since β-catenin 
associates with N-cdh at the cell membrane, 
we hypothesized that once the N-cdh adhesion 
is disrupted, β-catenin will be released and will 
translocate to the nucleus leading to the tran-
scription of target genes, and ultimately, cell 
proliferation. Interestingly, nuclear transloca-
tion of β-catenin was not observed in cultures 
treated with N-cdh-blocking reagents (GC4 
antibody or CHAVC peptide), indicating a 
β-catenin-independent mechanism of MM cell 
proliferation. In another study, Groen and col-
leagues did not observe an effect on MM cell 
proliferation in response to modulation of 
N-cdh levels when MM cells were cultured 
alone on N-cdh coated plates [20]. Such dis-

crepancy between the study presented here 
and their work could be explained by the pres-
ence of stromal compartments in our experi-
ments. Both stromal cells and OBs provide a 
physiologically relevant microenvironment for 
MM cells, but they also introduce additional 
factors, both secreted and cell bound, that 
could cooperate with N-cdh and be responsible 
for the observed effects.

CSCs have been shown to comprise a rare, 
tumor propagating sub-population within the 
malignant hierarchy in MM [9-11]. Since N-cdh 
has been shown to regulate the behavior of 
both the hematopoietic stem cells and leuke-
mic stem cells in humans [26, 29-31], we set 
out to explore the possible function of N-cdh in 
MM-CSC biology. Inhibition of N-cdh resulted in 
an expansion of the adherent MM-CSC popula-
tion, but had no effect on the non-adherent 
fraction.

Such differential effect of N-cdh inhibition on 
adherent and non-adherent MM-CSC popula-
tions suggests the possibility of a presence of 
two pools of MM-CSCs: one found at the endos-
teal niche in contact with OBs and mesenchy-
mal stem cells whose self-renewal may be regu-
lated by N-cdh, and the second either spread 
throughout the bone marrow or found in the 
blood circulation, which is not dependent on 
N-cdh interactions. Our data suggests that 
N-cdh regulates the rates of self-renewal of the 
adherent pool of MM-CSCs.

The surprising difference between the prolifera-
tive effects of the N-cdh neutralizing antibody 
and the cytotoxic effects of the N-cdh antago-
nist peptide prompted us to look at the differ-
ences in binding sites of these two reagents. 
While both GC4 and CHAVC bind to the first 
extracellular domain (EC1) of N-cdh, they inter-
act with different epitopes. Neutralizing GC4 
antibody was mapped to the K64, P65, D67, 
and Q70 residues [39], while CHAVC binds to 
the residues H79, A80, V81 in the EC1 domain 
of N-cdh (Figure 7A) [32]. N-cdh forms two 
types of interactions, a strand dimer where two 
N-cdh molecules form a homodimer on the 
same cell (i.e. cis-binding), or an adhesion 
dimer, where N-cdh homodimers on two differ-
ent cells interact to form cell-cell contacts (i.e. 
trans-binding) (Figure 7B, panel 1) [40, 41]. The 
GC4 epitope does not overlap with either the 
cis- or the trans-binding surfaces of N-cdh 
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(Figure 7A), and thus, the neutralizing activity of 
GC4 is likely through inducing a conformational 
change in the extracellular domain of N-cdh, 
which would prevent cell-cell adhesion, but 
would not disrupt the homodimer (Figure 7B, 
panel 2) [39]. However, binding of CHAVC to the 
HAV residues is on the opposite face of the EC1 
domain of N-cdh from where GC4 binds and 
could disrupt both cis- and trans-interactions 
between N-cdh molecules (Figure 7A and 7B, 
panel 3) [41]. 

To reconcile the conflicting data from GC4 ver-
sus CHAVC treatment of MM cells, we propose 
a hypothetical model of differential interaction 
between N-cdh and FGFR depending on the 
dimerization status of N-cdh (Figure 7B). It has 
been shown that FGFR interacts with the EC4 
domain of N-cdh via an association between its 
heparin-binding motif with the HAV sequence of 
the FGFR [42]. Upon binding to the N-cdh 
homodimer, ligand-independent signaling 
through FGFR is induced leading to cell prolif-
eration and survival via activation of MAPK, 
PLCγ, and/or CaMKIIα pathways [43]. However, 
it is possible that CHAVC treatment not only dis-
rupts cis- and trans-interactions of N-cdh, but 
could also prevent the FGFR binding to N-cdh. 
We hypothesize that since the GC4 binding 
does not disrupt the HAV-mediated dimeriza-
tion of N-cdh or its interaction with FGFR, the 
GC4 antibody may function as an agonist, 
inducing cell proliferation. On the other hand, 
treatment with CHAVC, will disrupt the interac-
tions between N-cdh molecules and N-cdh 
association with FGFR, thus, in cultures treated 
with CHAVC the the pro-survival signal from 
FGFR will be lost leading to cell death (Figure 
7B). Future studies will focus on evaluating the 
FGFR-induced signaling and its relationship to 
cell proliferation and survival in the context of 
N-cdh inhibition and on determining the confor-
mation of the N-cdh/GC4 and N-cdh/CHAVC 
complexes as compared to the wildtype adhe-
sion zippers created by the cis- and trans-asso-
ciations between N-cdh molecules [41]. 
Surprisingly, our attempts to create stable 
N-cdh knockout cell lines failed since N-cdh-
shRNA transduced clones could not be select-
ed due to the loss of cell viability, suggesting 
that total loss of N-cdh expression is lethal in 
MM cells.

Our study highlights the important contribu-
tions of N-cdh to the biology of MM and the 

implications of perturbations in N-cdh mediat-
ed adhesion and signaling for treatment of MM. 
Our findings suggest that the association 
between N-cdh molecules may drive the expan-
sion versus death decisions of the MM clone. 
Understanding this dichotomy will clarify the 
potential of using N-cdh as a therapeutic tar-
get. In pre-clinical and early clinical studies, 
administration of CHAVC (marketed as ADH-1) 
showed promise for the treatment of melano-
ma [44]. However, in phase II clinical trial addi-
tion of ADH-1 to the treatment regimen of 
patients with advanced extremity melanoma 
failed to show any difference compared to stan-
dard treatment alone [45]. Such a disappoint-
ing clinical outcome was likely due to the inabil-
ity of CHAVC treatment to eliminate CSCs. 
Consistent with this idea, treatment of MM 
cells with the cyclic N-cdh antagonist peptide 
does not eliminate the MM-CSCs, but is highly 
potent in killing the non-adherent MM tumor 
cells. This suggests that when combined with 
an anti-MM-CSC agent CHAVC may be an effec-
tive treatment for plasma cell leukemia, the 
stage of MM when cells are in circulation and 
are non-adherent. Moreover, we demonstrate 
the central role of N-cdh in maintaining the pool 
of MM-CSCs that likely contribute to the inevi-
table relapse of MM.
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Figure S1. RPMI-8226 and U266 cells were grown in the presence of the isotype control or the GC4 antibody for 
the indicated number of days. The number of healthy cells at each time point was plotted based on the trypan blue 
exclusion assay (***p<0.0001 based on the two-way ANOVA analysis of each cell line). 

Figure S2. Inhibition of N-cadherin does not induce 
an expansion of non-adherent MM-CSC. RPMI-
8226-GFP and U266-GFP cells were grown in co-
cultures with FnMSC cells or OB in the presence of 
the isotype control or the GC4 antibody for 72 hours. 
Non-adherent MM cells were counted and plated 
in CFU assays. Colonies appearing after 14 days in 
CFU were counted and percent stem cells was de-
termined based on the formula: % MM-CSCs = (# of 
colonies/total # of cells plated in CFU)*100. Data 
was normalized to the isotype control treated cul-
tures. There was no statistical significance between 
the isotype and GC4 treated samples for either cell 
line (p>0.05).

Figure S3. MM cells proliferate less when grown in 
contact with OB compared to FnMSC cells. RPMI-
8226-GFP and U266-GFP cells were grown in co-
cultures with FnMSC cells or OB for 72 hours and 
the number of adherent cells was counted. A 3.8-
fold and 10.6-fold reduction in the number of ad-
herent RPMI-8226 and U266 cells respectively 
was observed in co-cultures of MM cells with OBs 
(*p=0.042, **p=0.013).


