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Abstract: Bone disease is the leading cause of morbidity associated with multiple myeloma (MM). Lytic bone lesions
have been detected in 90% of patients diagnosed with MM and present a great therapeutic challenge. After the
removal of the tumor burden, the bone lesions persist and the bone remodeling homeostasis is not restored even in
patients in clinical remission. To determine whether systemic factors generated by malignant MM cells can skew the
osteoblast (OB) differentiation program of normal mesenchymal stem cells (MSCs), we generated an immortalized
bone marrow MSC line (hTERT-MSC). The hTERT-MSCs were exposed to plasma from healthy donors and patients
with MM. Cells grown in media supplemented with plasma from MM patients failed to differentiate into OBs, while
the hTERT-MSCs grown in the presence of normal human plasma generated OB clusters that mineralized calcium,
expressed Runx2, and were positive for alkaline phosphatase, fibronectin, collagen |, osteocalcin, and osteopontin.
Blocking Dickkopf-1 (Dkk-1) and interleukin-7 (IL-7) in MM plasma restored proper OB differentiation of hTERT-
MSCs. Finally, we show that hTERT-MSCs cultured in the presence of MM plasma adopt a cancer-associated stroma
phenotype. Thus, we show, that systemic factors present in the plasma of patients with MM affect the behavior of

non-malignant MSCs and contribute to the sustained bone disease reported in MM.
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Introduction

Multiple myeloma (MM), the second most com-
mon hematological malignancy in the US,
remains fatal, with the median survival-rates of
5-years for patients with stage | and 2.5-years
for those diagnosed with stage Ill disease [1].
MM is characterized by an overabundance of
clonotypic plasma cells in the bone marrow and
secretion of monoclonal immunoglobulin [2].
Osteolytic bone disease is the most common
symptom in MM characterized by hypercalce-
mia, pathologic fractures, spinal cord compres-
sion, and bone pain [3]. At the core of bone dis-
ease are lytic bone lesions that occur in 90% of
patients and arise as a result of the disruption
of the bone remodeling homeostasis [4]. The
pathogenesis of lytic lesions is driven by the
loss of balance between the osteoblast (OB)-
mediated bone formation and osteoclast-medi-
ated bone resorption, which leads to the exces-

sive loss of bone [5, 6]. Even after successful
treatment, bone lesions persist through com-
plete remission [7].

Malignant plasma cells secrete osteoclast-acti-
vating factors, which are thought to mediate an
increase in osteoclast activity, and thus cause
bone resorption [8, 9]. Bone loss is further
exacerbated by the diminished activity and a
decrease in overall numbers of OBs. Interaction
between MM cells and OBs has been reported
to induce apoptosis in OBs, thus depleting the
population of mature bone-forming cells [10,
11]. Additionally, a number of factors have been
identified that prevent OB differentiation from
mesenchymal stem cells (MSCs). Dickkopf-1
(Dkk-1), an inhibitor of Wnt signaling secreted
by malignant plasma cells, inhibits OB differen-
tiation. Elevated levels of Dkk-1 in MM patients
have been correlated with osteolytic bone dis-
ease severity [9, 12, 13]. Additionally, interleu-
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kin-7 (IL-7), a cytokine secreted by bone marrow
stromal cells, was shown to prevent OB forma-
tion by decreasing the activity of Runx2/Chbfal,
a transcription factor required for OB differen-
tiation [14, 15].

For many years, bisphosphonates have been
the standard of care for patients with lytic bone
lesions, however, while they reduce bone pain
and other skeletal events, osteonecrosis of the
jaw is a serious concern for patients receiving
bisphosphonates [16]. Bortezomib has been
shown to increase osteoblast activity and
enhance bone formation, allowing the repair of
osteolytic lesions [3]. Moreover, bortezomib
has also been found to lower the levels of
serum Dkk-1 and increase Runx2 activity [3,
17].

Here we show that bone marrow MSCs robustly
differentiated into OBs when cultured in the
presence of plasma from healthy donors (i.e.
normal human plasma, NHP). However, the OB
differentiation program was inhibited when the
MSCs were exposed to the plasma from
patients with MM (MMP). Here we demonstrate
that blocking Dkk-1 and IL-7 in MMP restored
OB differentiation. Finally, we show that expos-
ing non-malignant MSCs to the factors in MMP
induced formation of cancer-associated stro-
ma. Together with our previous finding that the
levels of IL-7 are not restored to baseline levels
in patients who are in remission from MM [18],
the data presented here suggest that the
altered systemic microenvironment contributes
to bone disease in MM, preventing proper OB
differentiation and restoration of bone homeo-
stasis even after the removal or destruction of
the malignant plasma cells.

Materials and methods
Ethics statement

Human bone marrow aspirates were collected
and BM-MSCs were isolated after approval
from the City of Hope Institutional Research
Board and after written informed consent in
accordance with the Declaration of Helsinki.
Plasma from patients with MM was obtained at
the time of a routine clinic visit after approval
from the Health Research Board (University of
Alberta), the Alberta Cancer Board, and Purdue
Institutional Review Board and with signed
informed consent in accordance with the
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Declaration of Helsinki. All human samples
were anonymized; no donor-related information
was stored by the investigators.

Materials

RPMI-1640 medium, Minimum Essential Med-
ium Eagle with Alpha Modification medium
(x-MEM), L-glutamine solution, penicillin-strep-
tomycin solution, fetal bovine serum (FBS),
CaCl,, sodium succinate, hydrocortisone,
0.25% Trypsin-EDTA solution, bovine serum
albumin (BSA), B-mercaptoethanol, mouse anti-
human alpha-smooth muscle actin («aSMA),
Triton X-100, Alizarin Red S, SigmaFast BCIP/
NBT tablets, and crystal violet were all pur-
chased from Sigma. DAPI Nuclear Isolation and
Staining Solution was from NPE Systems. TRIzol
was obtained from Invitrogen. Human IL-7
receptor alpha (IL-7Rx), recombinant human
IL-7, human fibronectin monoclonal antibody
(MAb), human osteopontin MAb, donkey anti-
mouse 1gG NL557, donkey anti-mouse IgG
NL493, donkey anti-rabbit IgG NL557 second-
ary antibodies were from R&D Systems. Human
osteocalcin polyclonal antibody (PAb) was pur-
chased from Santa Cruz Biotechnology. Human
vimentin PAb and human caveolin-1 PAb were
acquired from Cell Signaling Technology.
Human collagen | MAb, Dkk-1 Inhibitor (WAY-
262611) and recombinant human Dkk-1 were
purchased from Millipore. Vectashield was
obtained from Vector Laboratories. OneStep
PCR Kit was from Qiagen. AccuScript high fidel-
ity 15t strand cDNA synthesis kit was purchased
from Agilent Technologies and DyNAmo HS
SYBR Green gqPCR Master Mix from Thermo
Scientific. DNAse | was obtained from New
England BioLabs. Human plasma from healthy
donors (NHP, i.e. normal human plasma) was
purchased from Equitech-Bio. Plasma from
patients with MM (MMP, i.e. multiple myeloma
plasma) (n = 16) was obtained at the time of a
routine clinic visit.

Cell culture

Immortalized human bone marrow mesenchy-
mal stem cells (hTERT-MSC) were used in all
experiments. These cells were a developed by
Dr. Carlotta Glackin (Beckman Research
Institute, City of Hope National Medical Center).
BM-MSCs were isolated from 15-week human
fetal bone tissue and bone marrow was purified
based on the expression of STRO-1°1&"/CD106*
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or STRO-1€"/CD146* expression [19, 20].
This STRO-1"&"t/CD106" or STRO-1°"¢"t/CD146*
cell population was then immortalized with
hTERT in a pBABE retroviral insertion vector
and stable clones were selected with puromy-
cin, resulting in the creation of the hTERT-MSC
cell line, which has been used to evaluate novel
therapeutic agents in MM [21]. hTERT-MSCs
were maintained in MSC growth medium (MSC-
GM) («MEM with 10% FBS, 1% L-glutamine, and
1% penicillin-streptomycin), and grown in a
37°C, 5% CO2 incubator. For all experiments
cells were cultured in differentiation medium
(RPMI-1640, 6.2 x 10* M CaCl,, 1 x 10° M
sodium succinate, 1 x 10® M hydrocortisone,
1% penicillin-streptomycin supplemented with
20% FBS, normal human plasma (NHP), or plas-
ma from patients with MM (MMP)). The differ-
entiation medium with human plasma was ster-
ile filtered through a 0.20 um syringe filter.

Osteoblast differentiation

hTERT-MSC were plated in 500 yL MSC growth
medium at 20,000 cells/well into a 48-well
plate and grown until confluent. The growth
medium was removed and replaced with 500
uL of differentiation medium (DM) with 20%
FBS (negative control), 20% NHP (positive con-
trol), or 20% MMP (experimental, 2-3 individual
plasma samples were mixed in each batch of
MMP-DM to minimize patient-to-patient varia-
tion), FBS-DM, NHP-DM, MMP-DM respectively.
Images were taken daily starting at day zero
(when differentiation medium was added).
After clusters formed in the positive control
wells, samples were fixed in 10% neutral buff-
ered formalin (NBF) for 15 min at room temper-
ature (RT) and washed with 1X PBS for 5 min.
Cells were stained using SigmaFast BCIP/NGT
reagent to visualize alkaline phosphatase (ALP)
per manufacturer’s instructions. Cells were
incubated in 200 pL of the staining solution at
RT until purple color began to develop (~30
min). The staining solution was removed and
cells were washed with PBS. PBS (500 pl/well)
was added to stained cells to prevent them
from drying out during imaging.

Alizarin Red was used to stain for mineralized
calcium deposited by osteogenic cells. Alizarin
Red was dissolved in water, pH was adjusted to
4.1-4.3, and cells were stained per manufac-
turer’s instructions. Cells were incubated in the
staining solution for 20 min and rinsed with
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PBS until it was clear when removed. Cells were
kept in 500 ul/well of PBS during imaging.
Images were taken with a Canon PowerShot
AG50IS digital camera on a Zeiss Axiovert 40
microscope.

Immunofluorescence

Cells were plated and cultured in differentiation
medium as described above. At the end of the
culture period cells were fixed in 10% NBF for
15 min at RT and permeabilized with 0.1%
TritonX-100 in PBS for 10 minutes at room tem-
perature. Non-specific antibody binding was
blocked for 1hr in 1% BSA/PBS at RT. After a
PBS wash, cells were incubated over night at
4°C at the following dilutions of primary anti-
bodies made in 1% BSA/PBS: osteocalcin at
1:100, collagen | at 1:10, fibronectin and vim-
entin at 1:50, caveolin | at 1:400, and osteo-
pontin and aSMA at 1:200. Subsequently, cells
were washed with PBS and were incubated with
a fluorophore conjugated donkey-anti-mouse or
donkey-anti-rabbit secondary antibodies at
1:200 dilution for 1 hr at RT (secondary alone
controls were included as negative controls).
Nuclei were visualized with DAPI staining solu-
tion at 1:25 dilution stained for 5 min at RT.
After a final PBS wash a drop of Vectashield
mounting medium was added to each well to
preserve fluorescence. All samples were
imaged on a Zeiss AxioObserver fluorescent
microscope.

RNA isolation and quantitative PCR

For RT-PCR experiments cells were plated in
6-well plates at 1 x 10° cells/well and cultured
as described in the Osteoblast Differentiation
section above in 4 ml/well of differentiation
medium. Two wells from each condition, FBS,
NHP, and MMP, were pooled together to isolate
RNA for each biological replicate. Upon cluster
formation in NHP plates, cells were then tryp-
sinized, resuspended in 1 ml of TRIzol, and RNA
was isolated according to the manufacturer’s
instructions. RNA concentration was measured
using a NanoDrop ND-1000 spectrophotome-
ter and samples were stored at -80°C. Samples
were treated with DNAse | to remove any DNA
contamination. cDNA was prepared per instruc-
tions supplied with the AccuScript High Fidelity
Reverse Transcriptase. Quantitative PCR (qP-
CR) was set-up using the procedure described
for the DyNAmo HS SYBR Green Master Mix
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Figure 1. NHP-DM and MMP-DM induce a decrease in CFU-F forming capacity of hTERT-MSCs. A. Experimental set-
up and timeline. B. hnTERT-MSC cells were cultured in FBS-DM, NHP-DM, or MMP-DM, and subsequently, plated as a
serial dilution (40,000; 8,000; 1,600; 320; 64; and O cells/well) into CFU-F assays. Resulting colonies were stained
with crystal violet and counted. C. Quantification of the CFU-F assay was performed by counting the number of colo-
nies in the 320 and 64 cells/well dilution as other concentrations resulted in too many colonies to count. Data is
represented as % CFU-F = ((# colonies)/(# cells plated))* 100 for each independent experiment (*p = 0.01, FBS vs.

NHP; ***p = 0.0007, MMP vs. NHP; p > 0.05, FBS vs. MMP).

using the following primer sets: GAPDH forward
5-GAGTCAACGGATTTGGTCGT-3’, GAPDH reve-
rse 5-GACAAGCTTCCCGTTCTCAG-3’; Runx2
forward 5-GTGGACGAGGCAAGAGTTTCA-3’, Ru-
nx2 reverse 5-CATCAAGCTTCTGTCTGTGCC-3’;
and Twist forward 5-TCTTACGAGGAGCTGCAG-
ACGCA-3’, Twist reverse 5’-ATCTTGGAGTCCAGC-
TCGTCGCT-3'. As a negative control for each
primer set, water was used instead of cDNA.
Samples were run in the Applied Biosystems
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7300 Real-Time PCR System using the follow-
ing cycling conditions: 95°C/10 min; (40 cycles):
95°C/10 sec, 60°C/30 sec, 72°C/30 sec;
95°C/15 sec, 60°C/1 min, 95°C/15 sec,
60°C/15 sec; 72°C/10 min.

CFU-F

MSC cells were cultured in differentiation medi-
um in 6-well plates as described above, trypsin-
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ized, and transferred into CFU-F medium
(x-MEM with 20% FBS, 2 mM L-glutamine, 100
UM L-ascorbate-2-phosphate, 1% penicillin-
streptomycin, and 5.0 x 10° M B-mercaptoe-
thanol). A 1:5 serial dilution was set-up for each
experimental condition in 5 ml/well of CFU-F
medium in 6-well plates. Medium was changed
every 3-4 days. On day 13 medium was
removed, cells were rinsed 3x with PBS and
fixed with 10% NBF for 10 min at RT. Cultures
were washed 3x with PBS and air dried. Enough
crystal violet staining solution (0.5% crystal vio-
let in water) was added to cover the bottom of
each well and plates were incubated for 10 min
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MMP
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Figure 2. hTERT-MSCs cultured in MMP-DM
fail to differentiate into OBs. hTERT-MSCs
were cultured in FBS-DM, NHP-DM, or MMP-
D. (A) OB formation was visualized by ALP
staining (purple) and (B) calcium mineraliza-
tion was detected using Alizarin Red staining
(red). (C) Timing of OB differentiation was
quantified based on the first day the cluster
formation was evident in each condition (n =
8).

at RT. Crystal violet was washed out under run-
ning tap water until the water ran clear.
Resultant colonies were counted and the data
was plotted as percent CFU-F per experimental
condition.

Dkk-1/IL-7 treatment

Plates were set-up as described in the Osteo-
blast Differentiation section above. Recom-
binant human Dkk-1 (20 nM) or IL-7 (30 pg/ml)
were added to the NHP-containing differentia-
tion medium, while the Dkk-1 inhibitor (0.5 uM)
or anti-IL-7Ra antibody (1 ug/ml) were added to
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the MMP differentiation medium. Plates were
incubated for 7 days and stained to detect the
presence of ALP as described above.

Statistical analysis

Data were presented as mean + s.e.m and sta-
tistical significance in all experiments was eval-
uated by a one-way ANOVA with Tukey’s post
test using Prism 5 software (GraphPad
Software, Inc) with p-values below 0.05 consid-
ered significant.

Results

Factors in the plasma of MM patients prevent
OB differentiation

We have recently shown that expression levels
of a number of cytokines do not return to the
normal levels when a MM patient enters remis-
sion [18]. Therefore, we wanted to evaluate
whether some of the soluble factors found in
the plasma of MM patients could prevent
osteoblast formation, and thus, contribute to
the sustained bone disease prevalent in MM.
To assess the effects of soluble factors present
in the plasma of patients with MM on OB devel-
opment, we determined the differentiation
capacity of hTERT-MSC cells when exposed to
plasma from healthy donors (NHP) and patients
with MM (MMP). hTERT-MSC cell line is enriched
in MSCs and is multipotent having the capacity
to differentiate into the osteogenic, adipogenic,
chondrocyte, myogenic, and neurogenic lineag-
es. To set-up the differentiation assay, hTERT-
MSC cells were seeded in mesenchymal stem
cell growth medium (MSC-GM) and upon reach-
ing confluency, MSC-GM was changed to differ-
entiation medium supplemented with FBS,
NHP, or MMP (FBS-DM, NHP-DM, or MMP-DM
respectively) (Figure 1A). The cultures were
observed for an additional 7-9 days and the
capacity of hTERT-MSCs to differentiate, and
thus lose the MSC phenotype, was evaluated
as the ability of the cultured cells to form colo-
nies in CFU-F assays. hTERT-MSC cells cultured
in FBS-DM, NHP-DM, or MMP-DM displayed 30
+ 9%, 7.7 £ 2%, and 22 + 5% CFU-F formation
respectively. Therefore, we concluded that
NHP-DM induced differentiation of hTERT-MSC
cells with an observed decrease in CFU-F
capacity (Figure 1B, 1C). While MMP-DM also
induced a decrease in CFU-F forming units, the
decrease was not statistically significant
(Figure 1B, 1C). Thus, factors present in NHP
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induce differentiation of MSCs, and as a conse-
quence, loss of CFU-F generating capacity.

To determine whether NHP-DM induces OB
phenotype, cultures were stained for the
expression of alkaline phosphatase (ALP) and
the ability to mineralize calcium. When grown in
the presence of NHP, hTERT-MSC cells formed
clusters that expressed high levels of ALP, a
marker of mature OBs [3] (Figure 2A). On the
other hand, cells cultured in FBS-DM or MMP-
DM failed to form clusters with only a few ALP-
positive cells visible (Figure 2A). Another char-
acteristic of functional OBs is their ability to
mineralize calcium measured by Alizarin Red
staining [22]. Consistent with ALP expression,
cultures grown in NHP-DM stained positive with
Alizarin Red, while calcium mineralization was
not observed in hTERT-MSC cultures exposed
to MMP-DM or in FBS-DM cultured controls
(Figure 2B). Next, we assessed the timing of OB
differentiation. Cultures were observed daily
and the cluster formation was plotted as a
function of time (Figure 2C). While cells grown
in NHP-DM exhibited early cluster formation
(day 1: 3/8, day 2: 3/8, day 3: 2/8), majority of
cells cultured in MMP-DM failed to form ALP-
positive clusters (day 2: 1/8, day 3: 1/8, day 4:
1/8, never: 5/8).

To evaluate the extent of the OB differentiation,
we determined the expression of additional
osteoblastic markers [23]. NHP induced expres-
sion of the extracellular matrix proteins fibro-
nectin, collagen |, osteopontin, and osteocal-
cin, while MMP supported the expression of
fibronectin, but not the other markers (Figure
3A). Inability of MMP to induce osteocalcin
expression was further confirmed by RT-PCR
(Supplementary Figure 1). Diminished expres-
sion of collagen |, osteopontin, and osteocalcin
in MMP-DM grown hTERT-MSC cells, together
with the failure of matrix maturation and miner-
alization phases of OB differentiation mea-
sured by ALP and Alizarin Red staining respec-
tively suggested that either a loss of ‘differ-
entiation-promoting’ factors or an overexpres-
sion of ‘differentiation-blocking’ factors in MMP
was responsible for the observed defect in OB
differentiation from hTERT-MSCs.

To further understand why hTERT-MSCs did not
differentiate into OBs in the presence of plas-
ma from MM patients, we looked upstream of
the effector molecules (collagen, osteocalcin,
etc.) at the level of transcription factors. Runx2
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to MMP. hTERT-MSCs were
grown in FBS-DM, NHP-DM,
or MMP-DM. A. Markers of
OB differentiation were vi-
sualized by immunofluores-
cence (n = 3-6 independent
experiments). B. Levels of
Runx2 and Twist were mea-
sured for each condition by
gPCR (**p-value = 0.004,
FBS or MMP vs. NHP; *p-
value = 0.03, FBS vs. NHP).

Ruhx2

and Twist are the major transcription factors
regulating the fate of MSCs and their ability to
differentiate into OBs. Expression of Twist
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Twist

maintains the stem cell phenotype of the MSCs,
while upregulation of Runx2 leads to OB differ-
entiation and expression of Runx2-target
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Figure 4. Dkk-1 and IL-7 block differentiation of hTERT-MSCs into OBs. A. hTERT-MSCs were cultured in NHP-DM with
Dkk-1 or IL-7 added to the differentiation medium (n = 4 independent experiments). B. nTERT-MSCs were cultured in
MMP-DM with Dkk-1 inhibitor or anti-IL-7 antibodies added to the differentiation medium (n = 4 independent experi-
ments). Culture formation was visualized by brightfield microscopy (top panel) and OB differentiation was detected

using ALP staining (bottom panel; purple).

genes, such as collagen |, osteocalcin, osteo-
pontin, and ALP [23-25]. Confirming their OB
phenotype, after 9 days in culture cells grown in
NHP-DM exhibited a 5-times increase in the
expression of Runx2 and a 2.3-times decrease
in the levels of Twist compared to the MM-DM
containing cultures (Figure 3B). The amount of
Runx2 and Twist expressed by the MMP-DM
cultures was not different from the levels of
these molecules in undifferentiated hTERT-
MSC cells grown in the presence of FBS (Figure
3B). Therefore, we established that the factors
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in the plasma from MM patients blocked OB
differentiation of non-malignant MSCs by main-
taining low levels Runx2, and thus, prevented
the expression of proteins required for OB
function.

Neutralizing Dkk-1 and IL-7 in the plasma of
MM patients restores OB differentiation pro-
gram of hTERT-MSCs

The data presented above and in other studies
demonstrate that the state of malignancy can
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Figure 5. hTERT-MSCs cultured in MMP-DM acquire a cancer-associated stroma phenotype. hTERT-MSCs were
grown in FBS-DM, NHP-DM, or MMP-DM. Markers of cancer-associated stroma were visualized by immunofluores-

cence (n = 3-6 independent experiments).

skew the stromal phenotype toward the emer-
gence of a tumor-sustaining programming [26,
27]. Therefore, we wanted to identify the fac-
tors in MMP responsible for the observed
defect in OB differentiation and establish how
the correct programing can be restored. Dkk-1
has been demonstrated to diminish the OB dif-
ferentiation potential of MSCs [28] and an ele-
vation of Dkk-1 levels has been detected in the
bone marrow and blood sera from MM patients,
which correlated with progressive bone dis-
ease [29, 30]. IL-7 is another factor capable of
attenuating OB differentiation [31]. We have
recently shown that IL-7 levels are elevated in
the circulatory environment of patients with
MM [18]. When added to NHP-DM, Dkk-1 and
IL-7 blocked OB differentiation of hTERT-MSCs.
Compared to the control cells cultured in NHP-
DM, hTERT-MSCs exposed to Dkk-1 or IL-7
failed to form ALP-positive clusters (Figure 4A).
On the other hand, blocking Dkk-1 and IL-7 in
MMP restored cluster formation and OB differ-
entiation as measured by the appearance of
ALP-positive cells in MMP-DM cultures supple-
mented with the Dkk-1 inhibitor or IL-7 receptor
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(IL-7R) neutralizing antibodies (Figure 4B).
Therefore, we show that the disturbance of the
systemic milieu in patients with MM affects the
stromal environment contributing to the disrup-
tion of the bone remodeling homeostasis with
the elevated levels of plasma Dkk-1 and IL-7
impeding OB differentiation and preventing the
repair of bone lesions seen in MM patients.

Factors in the plasma of MM patients skew
the differentiation of hTERT-MSCs toward the
activated stroma phenotype

Since hTERT-MSCs cultured in MMP-DM fail to
differentiate into OBs, we wanted to under-
stand what happens to these cells upon expo-
sure to MMP. Since fibronectin expression has
been shown to upregulate osteogenesis [32],
the inability of cells cultured in MMP-DM to dif-
ferentiate into OB, even though they expressed
fibronectin (Figure 3A), was puzzling. This
prompted us to investigate the possibility that
while MMP fails to induce OB differentiation of
hTERT-MSCs, the factors found in MM plasma
may force activation of an alternative program
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OB MSC CAS

Figure 6. Systemic factors affect the fate of the
MSCs. A proposed model of how plasma factors af-
fect the differentiation potential of MSCs: (1) tumor
cells secrete factors, cytokines, growth factors, hor-
mones, into circulation; (2) these factors interact
with MSCs, (3) blocking OB differentiation and (4)
promoting the formation of cancer-associated stro-
ma (CAS); (5) cancer-associated stroma produces tu-
mor-promoting factors that contribute to the relapse
of the malignancy.

inducing a cancer-associated phenotype of
MSCs [27]. Stromal cells in the proximity of the
tumor acquire myofibroblastic characteristics
and secrete cytokine and growth factors that
promote tumor expansion and protect the grow-
ing tumor from the recognition by the host
immune system [33]. Such MSC-derived stro-
mal cells are referred to as cancer-associated
fibroblasts or activated stroma [33, 34]. Some
of the features of the cancer-associated stro-
ma are: the expression of vimentin, an interme-
diate filament, alpha-smooth muscle actin
(xdSMA), a type of actin identified in smooth
muscle that is responsible for the contractile
phenotype of stromal cells, and a downregula-
tion of caveolin-1, a component of membrane
caveolae [33, 35-37].

Consistent with the cancer-associated stroma
phenotype, increased expression of fibronec-
tin, vimentin, and aSMA was detected in MMP-
DM grown cells (Figures 3A and 5). Moreover,
downregulation of caveolin-1 was also evident
in MMP-DM cultures (Figure 5). Taken together,
the elevated levels fibronectin, vimentin, aSMA,
together with the loss of caveolin-1 expression
suggest that MMP may induce differentiation of
MSCs into cancer-associated stroma.

Discussion

The data presented here illustrates the impor-
tance of microenvironment in the progression
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of MM. We demonstrate that the alterations in
the systemic microenvironment due to malig-
nancy affected the differentiation of non-malig-
nant MSCs into OBs contributing to the bone
disease detected in 9 out of 10 myeloma
patients [4]. Furthermore, we showed that cor-
recting the systemic homeostasis by restoring
the proper levels of cytokines and other secret-
ed factors reestablished the normal differentia-
tion program. Finally, our data suggested that
instead of developing into OBs, the MSCs
exposed to the circulatory factors in the plasma
of MM patients converted to a cancer-associat-
ed stroma phenotype, likely contributing to sus-
tained pro-tumorigenic microenvironment and
the inevitable relapse of MM patients (Figure
6).

We show that elevated levels of Dkk-1 and IL-7
in MMP were responsible for the observed
defect in OB differentiation from hTERT-MSC
cells. When grown in media supplemented with
MMP, mRNA expression of Runx2, the osteo-
blast-specific transcription factor, was 5-times
lower than expressed by hTERT-MSCs cultured
in NHP-DM, while expression of Twist, transcrip-
tion factor responsible for maintaining the stem
cell phenotype of MSCs, was 2.3-times higher.
MMP-grown hTERT-MSCs failed to mineralize
calcium, as illustrated by the lack of the Alizarin
Red-positive clusters. Furthermore, MMP-DM
cultured cells did not express other markers of
osteoblastogenesis and Runx2-target genes,
e.g. collagen |, osteopontin, and osteocalcin.
The defect in OB differentiation from MSCs was
recreated by the addition of Dkk-1 or IL-7 to
NHP-DM. Reducing the levels of Dkk-1 or IL-7 in
MMP was sufficient to restore proper OB differ-
entiation marked by the appearance of ALP-
positive clusters. This suggested that the
imbalance of either of these molecules may be
enough to skew the differentiation potential of
the MSCs.

Based on our previous findings that the levels
of plasma cytokines are not restored to the pre-
disease levels in patients in remission from
MM [18], we hypothesized that instead of dif-
ferentiating into OBs, MSC exposure to the sol-
uble factors in MMP shifts the differentiation
program toward the development of cancer-
associated stroma. As discussed above, the
hallmarks of activated stroma are the elevation
of fibronectin, vimentin, aSMA, and a loss of
caveolin-1 expression. It has been reported
that fibronectin is produced by MSCs [38] and
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OBs during the normal course of differentiation
[32], as well as by cancer-associated stroma,
where expression has been correletaed with
increased tumor growth and decreased surviv-
al [39]. We observed the presence of fibronec-
tin in hTERT-MSC cultures grown in FBS-DM,
NHP-DM, and MMP-DM. Vimentin has been
detected in MMP-DM cultures, and it has been
shown to suppress osteocalcin expression, and
thus, OB differentiation [40]. Moreover, expres-
sion of vimentin by the activated stroma has
been associated with shortened disease-free
and overall survival rates [35]. aSMA, another
marker of activated stroma [37] that is also
present in OBs [41], was detected in both MMP-
DM and NHP-DM cultures. Interestingly, while
collagen | expression has been described in
activated stroma, loss of collagen | in pancre-
atic adenocarcinoma was shown to correlate
with worse prognosis and decreased survival
[42], therefore, we attributed the low levels of
collagen | in MMP-DM cultures to a similar phe-
nomenon. Low expression of Runx2 and an
elevated expression of Twist in MMP-DM cul-
tures compared to NHP-DM cultures were also
consistent with a cancer-associated stroma
phenotype since elevated levels of Twist have
been reported in cancer-associated stroma
and are associated with poor prognosis [43].
Since Twist is also expressed by MSCs, it was
not surprising that its levels were similar to
those detected in FBS-DM cultured cells. A sur-
prising finding was the detectable, but not sta-
tistically significant decrease in CFU-F forming
ability of hTERT-MSCs grown in MMP-DM com-
pared to FBS-DM controls (95% confidence
intervals of 20.35-40.55% CFU-F formation
and 17.25-27.58% for FBS-DM and MM-DM
respectively). It is possible that the cells with
the cancer-associated stroma phenotype dif-
ferentiate from the hTERT-MSC and are respon-
sible for the observed 8% decrease in the
CFU-F forming ability of MMP-DM cultures.
However, it is also possible the fraction of cells
with the cancer-associated stroma phenotype
retain the ability to form CFU-F.

Taken together, our data show that the system-
ic elevation of Dkk-1 and IL-7 results in the
decrease in production of healthy OBs and con-
tributes to the prolonged bone disease detect-
ed in MM patients. Furthermore, our findings
imply that the acquisition of the cancer-associ-
ated stroma phenotype by MSCs may be
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responsible for producing tumor-promoting fac-
tors, and thus, further exacerbating the disease
leading to the relapse of MM (Figure 6). Further
studies will focus on isolating the factors
responsible for conferring the activated stroma
phenotype and identifying the means to block
their effects on MSCs that have not been
exposed to malignancy.
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Supplementary materials and methods
RT-PCR

RT-PCR was performed using OneStep RT-PCR kit (Qiagen) per manufacturer’s instructions using osteocalcin for-
ward 5-ATGAGAGCCCTCACACTCCTC-3’ and reverse 5-GCCGTAGAAGCGCCGATAGGC-3' primers. PCR was per-
formed on a Mastercycler thermocycler (Eppendorf) using the following program: 1) cDNA synthesis step: 50°C for
30 minutes, 95°C for 15 minutes; 2) PCR step (30 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.

FBS
NHP
MMP

osteacaicin

GAPDH

Supplementary Figure 1. hTERT-MSCs cultured in
NHP-DM express osteocalcin. hTERT-MSCs were
grown in FBS-DM, or MMP-DM and the express of os-
teocalcin mRNA was by RT-PCR.



