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Abstract

Multiple myeloma (MM) is characterized by advanced osteolytic lesions resulting from the activation of osteoclasts (OCs)
and inhibition of osteoblasts (OBs). OBs are derived from mesenchymal stem cells (MSCs) from the bone marrow (BM),
however the pool and function of BMMSCs in MM patients (MM-BMMSCs) are reduced by myeloma cells (MCs) and
cytokines secreted from MCs and related anti-MM treatment. Such reduction in MM-BMMSCs currently cannot be restored
by any means. Recently, genetic aberrations of MM-BMMSCs have been noted, which further impaired their differentiation
toward OBs. We hypothesize that the MSCs derived from adipose tissue (ADMSCs) can be used as alternative MSC sources to
enhance the pool and function of OBs. Therefore, the purpose of this study was to compare the osteogenesis ability of
paired ADMSCs and BMMSCs in MM patients who had completed intensive therapy. Fifteen MM patients who had received
bortezomib-based induction and autologous transplantation were enrolled. At the third month after the transplant, the
paired ADMSCs and BMMSCs were obtained and cultured. Compared with the BMMSCs, the ADMSCs exhibited a
significantly higher expansion capacity (100% vs 13%, respectively; P = .001) and shorter doubling time (28 hours vs
115 hours, respectively; P = .019). After inducing osteogenic differentiation, although the ALP activity did not differ between
the ADMSCs and BMMSCs (0.78 U/mg vs 0.7460.14 U/mg, respectively; P = .834), the ADMSCs still exhibited higher calcium
mineralization, which was determined using Alizarin red S (1029 nmole vs 341 nmole, respectively; P = .001) and von Kossa
staining (2.6 E+05 mm2 vs 5 E+04 mm2, respectively; P = .042), than the BMMSCs did. Our results suggested that ADMSCs are
a feasible MSC source for enhancing the pool and function of OBs in MM patients who have received intensive therapy.
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Introduction

Multiple myeloma (MM), a malignant B-cell disorder, is

characterized by the accumulation of neoplastic plasma cells

within bone marrow (BM) and punched-out (lytic) bone lesions [1].

Advanced lytic bone lesions and related pathologic fractures affect

nearly 50% of MM patients throughout their disease courses, and

are critical clinical concerns that result in 20% higher mortality

compared with MM patients without fractures [2]. MM-related

bone destruction (MMBD) is caused by increased activity of

osteoclasts (OCs) which, however, causes bone loss with concom-

itant loss of bone repair and growth from the suppression of

osteoblasts (OBs) [2]. Myeloma cells (MCs) secrete several

cytokines, including the receptor activator of NF-kB ligand

(RANKL), interleukin-3 (IL-3), IL-6, and activin A to activate

osteoclasts (OCs), and secrete dickkopf-1 (DKK1) and soluble

frizzled related proteins (SFRPs) to inhibit the differentiation and

maturation of osteoblasts (OBs) [2–7].

Current therapeutic options for MMBD include bisphospho-

nates, radiotherapy, and surgery, which may reduce bone pain,

the development of new osteolytic lesions, and prevent skeletal-

related events (SREs), including pathologic fractures [2]. But only

the bisphosphonates are able to inhibit OCs substantially, the

effect of radiotherapy and surgery, however, is mainly based on an

antitumor and symptomatic effect without an evident role in the

modification of the function of OCs. These treatments for

MMBD, no matter bisphosphonates or radiation and surgery,

do not enhance either the pool or function of OBs; in other words,

they do not improve osteoblastogenesis in MM patients [2,4]. It is

the reason why in most clinical scenarios, MMBD seldom heal

despite adequate treatment, even when the disease is in remission

[2,8]. In physiological conditions, OBs are derived from mesen-

chymal stem cells (MSCs) that reside in the BM [9]. However,

human MSCs also reside in various tissues other than the BM and

are able to differentiate into multiple tissue lineages, including

cartilage and bone [10–13]. Numerous studies on using MSC-

related therapy in the regeneration of musculoskeletal and neural

tissues and the recovery of endothelial function have been

conducted [14,15]. In MMBD, MSCs derived from the BM
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(BMMSCs) have been used to heal bone lesions [16]. However,

recent studies have shown that BMMSCs from MM patients

(MM-BMMSCs) have several aberrant gene expressions and

chromosomal abnormalities compared with those from healthy

donors [17–19].The origin of these genetic aberrations in MM-

BMMSCs is unclear, but the genetic aberrations seemed to persist

in the MM-BMMSCs even though the clinical remission of MM

was achieved through adequate treatment [19]. Certain aberrant

regulatory genes, such as the bone morphogenetic protein (BMP)

family have been associated with osteogenic differentiation

[17,19,20]. However, according to our thorough review of

relevant literature, efforts to repair lytic bone lesions in MM

patients by using MM-BMMSCs have not yet succeeded [2,6].

Therefore, we hypothesize that an alternative MSC other than

BMMSCs in MM patients can be used as an effective cellular

source for repairing osteolytic bone lesions in the future. Adipose-

tissue-derived MSCs (ADMSCs) are candidates for repairing

osteolytic bone lesions because they reside outside the BM, where

the microenvironment might not have been altered by the MCs,

and exhibit osteogenic potential [21,22]. Compared with

BMMSCs, ADMSCs have similar self-renewal ability [21] and

can differentiate into other mesodermal lineages [21,23]. Further-

more, a recent study showed that osteogenesis ability of ADMSCs

is less affected by repeated cell passages and donor age than that

from BMMSCs [24], indicating that ADMSCs are an ideal

alternative MSC source for osteoblastogenesis in MM patients.

The purposes of this study were to compare the osteogenesis

potential of paired BMMSCs and ADMSCs obtained from MM

patients who completed a bortezomib-based induction regimen

followed by high-dose chemotherapy with autologous stem cell

transplantation (HDT/AuSCT), a standard treatment for MM

patients [1], and to determine whether ADMSCs are a suitable

MSC source that can differentiate into adequate and functional

OBs in MM patients.

Materials and Methods

MM Patients
From July 2012 to August 2013, 15 MM patients who had

received a bortezomib-based induction regimen followed by

HDT/AuSCT (200 mg/m2 of melphalan) were enrolled. The

dosage and schedule of the treatment were similar to those

reported previously [25]. In brief, bortezomib (1.3 mg/m2) was

administered on Days 1, 4, 8, and 11 in a 21-day cycle,

thalidomide (200 mg) was administered daily, and dexamethasone

(80 mg) was administered weekly. Seven patients received

additional cyclophosphamide (100 mg daily) for the first 4 days

in each cycle. One of patient had received doxorubicin (9 mg/m2

i.v.f. for consecutive 4 days) instead of thalidomide due to personal

intolerance.

Paired bone marrow samples and subcutaneous adipose
tissues and controls

Paired BM samples and subcutaneous adipose tissues were

obtained from eachMM patient at the regular BM examination

approximately 3 months after Day 0 of the HDT/AuSCT.

Subcutaneous adipose tissues (sizes 0.3–0.5 mm3) under the BM

puncture site were obtained by performing surgical exploration.

During the same period of time, bone marrow samples obtained

from 5 non-MM patients, including stage I lung cancer (1),

perivascular lympocytic dermatitis (1), and stage I/II lymphoma

(3) with a median age of 69 years (range: 39–84 y), were used as a

non-MM control; while subcutaneous adipose tissues biopsied

from another 4 healthy donors with a median age of 38 years

(range 27–73 y) were also obtained. This study was approved by

National Taiwan University Hospital Research Ethics Committee

(NTUHREC: 201106013RC), and written informed consent was

obtained from each study subject in accordance with the

Declaration of Helsinki.

Isolation of bone marrow mesenchymal stem cells and
adipose tissue-derived mesenchymal stem cells and the
cell culture

BM mononuclear cells (BMMNCs) were obtained by conduct-

ing equal-volume Ficoll centrifugation (2000 rpm, 40 minutes)

(GE Healthcare, UK). The BMMNCs were then seeded in a flask

at a cell density of 26106/cm2. The basic growth medium

consisted of a-MEM (GIBCO, CA, USA)+20% FBS (Corning,

NY, USA)+4 ng/mL of bFGF (Millipore, MA, USA)+1xPS

(GIBCO, CA, USA). The paired subcutaneous adipose tissues

were dissected into small pieces and digested with collagenase IV

(SERVA Electrophoresis GmbH, Heidelberg, Germany) and

hyaluronidase (Sigma-Aldrich, MO, USA), and were cultured in

the basic growth medium (a-MEM+20% FBS+4 ng/mL bFGF+
1xPS) at 37uC for 50 minutes with intermittent shaking. The

resulting suspensions were filtered using a 70-mm strainer (BD

Bioscience, NJ, USA) to remove debris and then centrifuged at

2000 rpm for 10 minutes. The supernatants were discarded, and

the cell pellets were resuspended in the basic growth medium and

cultured at density of 1.36105/cm2 in a tissue flask (37uC, 5%

CO2). The basic growth medium was changed every 3 days and

the cells were maintained at subconfluent levels (Passage 0, P0).

The attached cells (BMMSCs and ADMSCs) were then harvested

using trypsin-EDTA (GIBCO, CA, USA), and were subcultured at

a density of 2–36103 cells/cm2 under the same conditions used in

the primary culture (Passage 1, P1).

Flow cytometry
Flow cytometry was performed by employing a FACSVerse

flow cytometer (BD Biosciences, NJ, USA) and using a panel of

monoclonal antibodies to identify MSCs, namely CD105-PE,

CD73-PE, CD44-PE, and CD90-PE (BD Biosciences, NJ, USA)

and hematopoietic cells, namely CD14-FITC, CD19-FITC (BD

Biosciences, NJ, USA), CD45-FITC/CD34-PE (Thermo Fisher

Scientific, MA, USA) [26,27], CD138-FITC and HLA-DR (BD

Biosciences, NJ, USA) [28], as well as isotype-matched controls

(BD Biosciences, NJ, USA).

Proliferation assay
The proliferation potential of the cultured MSCs from the

second passage (P2) to the fourth passage (P4) was evaluated

according to the cumulative population doubling level (CPDL) as

described previously [29], which was calculated as ln(Nf/Ni)/ln2,

where Ni, Nf, and ln are initial seeded cell numbers, final cell

numbers on the day of the subculture, and the natural log,

respectively. The doubling time (hours) was then obtained by

dividing 24 hours by the calculated CPDL.

Expansion capacity of the cultured mesenchymal stem
cells

As described previously [29], when the doubling time of the

cultured MSCs was greater than 100 hours for a specific passage,

the culture was considered to fail. The probability of expansion

capacity of the cultured MSCs was estimated by the Kaplan-Meier

survival curve, considering that the failure of proceeding culture at

the specific passage was an event.

ADMSC in MM
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Senescence associated beta-galactosidase staining
Ten thousand MSCs cells were plated in a 24 well plate for 24 h

before the staining procedure. The detection of cellular senescence

was performed by using the Senescence Detection Kit (Chemicon,

USA & Canada) according to the manufacturer’s instructions.

Briefly, the cells washed with PBS at least 3 times and then fixed

by fixation buffer at room temperature for 15 min. Rinsed and

washed cells by PBS at least 3 times then stained by beta-

galactosidase staining solution and incubated at 37uC overnight in

a dry incubator (no CO2). Under a light microscopic examination,

the blue granules developed within the cytoplasms were consid-

ered positive for the beta-galactosidase staining, suggesting

senescence of the observed cells.

Osteogenic differentiation
The osteogenic differentiation of the cultured MSCs from the

second passage (P2) to the fourth passage (P4) was analyzed. The

cells were seeded at 56104 cells/well in a 6-well plate (56103/

cm2) and maintained in the basic growth medium until the cells

reached 80% confluence. To induce osteogenic differentiation, the

culture medium was changed to an osteogenic medium [a-MEM

(GIBCO, CA, USA)+10% FBS (Corning, NY, USA)+1xPS

(GIBCO, CA, USA)+10 nM dexamethasone (Dex, Sigma-Aldrich,

MO, USA), 50 mg/mL of ascorbic acid (Sigma-Aldrich, MO,

USA) and 10 mM b-glycerophosphate (Calbiochem, CA, USA)].

Alkaline phosphatase activity
Alkaline phosphatase (ALP) activity of MSCs from passage 2 to

4 each was measured on the Day 4 by using the SensoLyte pNPP

alkaline phosphatase assay kit (ANASPEC, Fremont, CA, USA).

Briefly, the cells were lysed using an assay buffer with Triton X-

100 and then centrifuged at 25006g for 10 min at 4uC. The

standard curve of ALP was generated using a serial dose of ALP

(0–10 ng/well) and incubated with an ALP substrate solution

(pNPP) at room temperature for 1 hour in each experiment. The

detection range of ALP was 0 to 10 U. The cell lysates were

incubated with an ALP substrate solution (pNPP) at room

temperature for 1 hour, the reaction was stopped using a stop

solution, and the absorbance was read at 405 nm (Perkin Elmer,

CA, USA). The ALP activity (U) of cell lysates was calculated

according to the ALP standard curve. The obtained ALP activity

was then normalized according to the total protein (mg) in the

loaded cell lysates and presented as U/mg. The total protein of cell

lysates was determined using the PierceTM BCA protein assay

(Thermo Fisher Scientific, IL, USA).

Alizarin red S staining
The cell matrix layer was washed with PBS, fixed with 70% cold

ethanol, and stained with a 2% Alizarin red S (ARS) solution with

a pH of 4.3 (Sigma-Aldrich, MO, USA) for 15 minutes. The

amount of matrix mineralization was determined by dissolving the

cell-bound ARS in 10% (w/v) cetylpyridinium chloride (CPC,

Sigma-Aldrich, MO, USA) and 10 mM sodium phosphate,

pH 7.0, and the standard curve of ARS was generated using a

serial dose of ARS (0–100 nmole) in a 10% CPC solution. The

absorbance was read at 562 nm (Perkin Elmer, CA, USA). The

quantitative measurement of ARS absorbance in MSCs was

calculated according to the generated standard curve for ARS.

Bone nodule formation and von Kossa staining
quantification

Corning Osteo Assay Surface multiple-well plates (Corning,

NY, USA) were used to directly assess the osteoblastic activity in

vitro as described previously [30,31]. In brief, the MSCs were

seeded at 26104/well (16104/cm2) in a Corning Osteo Surface

plate (Corning, NY, USA) with the osteogenic medium. The

osteogenic medium was refreshed every 3 days. The formed bone

nodules were determined on Day 18 after osteogenic differenti-

ation commenced and were measured using von Kossa staining.

Briefly, cells were washed with PBS 3 times and fixed with 4%

paraformaldehyde in PBS for 45 minutes at room temperature.

After washing with deionized water, the cells were stained with 5%

silver nitrate (Sigma-Aldrich, MO, USA) for another 45 minutes at

room temperature under a bright light. To stop the silver nitrate

reaction, the cells were washed with water and treated with a 5%

solution of sodium thiosulfate (Sigma-Aldrich, MO, USA).

Following another water wash and air drying, the nodules were

visualized as dark staining patches under a light microscope. The

area of von Kossa-positive nodules was determined using the

public Image J software (developed by NIH, rsb.info.nih.gov/ij/)

and the total areas (mm2) of the von Kossa-positive nodules were

calculated.

Statistics
Chi-square or Fisher’s exact tests were used for between-group

comparisons of the discrete variables. A Student paired t test or

one-way ANOVA was used for between-group comparisons of the

means. Kaplan-Meier survival curve was constructed to estimate

the probability of expansion capacity, as a time to event defined by

failure of proceeding further cultures of MSCs cultures, and the

differences between groups were compared using the log-rank test.

All directional P values were 2-tailed, and a value of .05 or less was

considered significant for all tests. All analyses were performed

using SPSS 18.0 software (Chicago, IL, USA).

Results

MM Patients
Seven men and 8 women with a median age of 57.5 years

(range: 46–67 y) participated in this study. The clinical salient

characteristics, treatment content, and response of these patients

are summarized in Table 1. The overall response rate, terms of

partial response or better, was 100% after the HDC/AuSCT, and

the median induction duration was 8 months (range, 3–17 mo).

Characteristics of bone marrow mesenchymal stem cells
and adipose tissue-derived mesenchymal stem cells

All of the attached mononuclear cells harvested from subcuta-

neous adipose tissues and paired BM were immunopositive for

CD44, CD73, CD90, and CD105 (Figure 1a), but were

immunonegative for CD14, CD19, CD34, CD45, CD138 and

HLA-DR (Figure 1b), which are compatible with the surface

marker expression of MSCs.

Adipose tissue-derived mesenchymal stem cells
exhibited a higher expansion capacity and shorter
doubling time than paired bone marrow mesenchymal
stem cells did

The expansion capacity of MM-ADMSCs and MM-BMMSCs

from P2 to P6 were evaluated and are shown in Figure 2. The

expansion capacities of cultured MM-ADMSCs were maintained

at 100% from P2 to P6. By contrast, the expansion capacitiesof

paired BMMSCs decreased gradually with the propagation of

passages, and dropped to only 13% at P6. The difference in

expansion capacities between the MM-ADMSCs and paired

BMMSCs was statistically significant (P = .001). Notably, except

ADMSC in MM
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for the induction duration, which was significantly longer in the

failure patients (P2 failure; n = 6) than in the other patients

(11.8 mo vs 6.2 mo, respectively; P = .001), no other clinical

characteristics, including the total white blood cells (WBC),

hemoglobin and platelet levels at sampling of BM and adipose

tissue, as well as ALP, lactate dehydrogenase (LDH), beta-2-

microglobulin (B2MG), whether response to HDC/AuSCT,

presence of bone disease, and the type of induction chemotherapy,

were associated with BMMSCs from failed cultures. The mean

doubling times for MM-ADMSCs and paired BMMSCs were

27.761.6 hours and 114.9631.5 hours, respectively, and the

difference was statistically significant (P = .019).

Senescence associated beta-galactosidase staining
Typical positive beta-galactosidase stainings were found in most

of the cultured MM-BMMSCs (Figure 3a and 3c), but which were

not seen in any of the paired ADMSCs (Figure 3b and 3d).

Alkaline phosphatase activity
ALP activity of MSCs from passage 2 to 4 each measured on the

Day 4 after the osteogenic induction was 0.7860.19 U/mg for

MM-ADMSCs and 0.7460.14 U/mg for the paired BMMSCs,

and the differences between the MM-ADMSCs and MM-

BMMSCs were not statistically significant (P = .834). There was

no statistically significant difference for the ALP activity on

ADMSCs between healthy donors and MM patients

(0.9460.28 U/mg and 0.7460.14 U/mg, respectively; P = .193),

neither on BMMSCs between non-MM control and MM patients

(0.7760.23 U/mg and 0.7860.19 U/mg, respectively; P = .975).

Alizarin red S staining
The cultured MSCs exhibited spindle-shaped and fibroblast-like

morphologies before osteogenic differentiation. No differences in

the gross morphology were observed between MM-ADMSCs

(Figures 4g & 4j) and paired BMMSCs (Figures 4a & 4d). Red

granules appeared in positive ARS staining for calcium deposits

for both the MM-ADMSCs (Figures 4e & 4k) and paired

BMMSCs (Figures 4b & 4h).

Figure 1. Surface marker analysis of ADMSCs and paired BMMSCs. All the ADMSCs and BMMSCs were immune-positive for the MSCs cell
surface markers: CD44, CD73, CD90 and CD105 (a) but immune-negative for the hematopoietic cell surface markers: CD14, CD19, CD34, CD45, CD138
and HLA-DR (b). The results are presented as FACS histograms (isotype control stain = black dot line histogram; surface marker stain = orange solid
line histogram).
doi:10.1371/journal.pone.0094395.g001
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Bone nodule formation and von Kossa stain
quantification

Bone nodules were identified using von Kossa staining and were

shown in brown-black granules for both the MM-ADMSCs

(Figures 4f & 4l) and paired BMMSCs (Figures 4c & 4i). The total

von Kossa-positive area on MM-ADMSCs (2.66105 mm2) was

greater than that on paired BMMSCs (56104 mm2), and the

difference was statistically significant (P = .042).

Quantification of mineralization
The calcium deposition levels quantified using ARS were

10296131 nmole for ADMSCs and 3416132 nmole for

BMMSCs. The difference was statistically significant (P = .001).

There was also significant difference on the calcium deposition

between BMMSCs from myeloma patients and non-MM control

(3416132 nmole vs 10496202 nmole, respectively; P = .010), but

on contrast, no significant difference between ADMSCs from

healthy donors and MM patients (1388657 nmole and

10296131 nmole, respectively; P = .134) (Figure 5).

Discussion

Based on our thorough review of relevant literature, this is the

first study to evaluate osteoblastogenesis from various MSCs

sources, namely paired ADMSCs and BMMSCs, in MM patients

who had completed novel-agent-based induction and standard

intensive HDT. Our study supports the hypothesis that ADMSCs

are a more favorable MSC source for osteoblastogenesis than

BMMSCs, because of their higher expansion capacity, shorter

doubling time in cell cultures, greater calcium deposition ability

and greater osteoblastic activity. In line with our findings, several

studies have provided evidence that ADMSCs exhibit advantages

over BMMSCs in neural differentiation and myogenesis [32,33].

Figure 2. The expansion capacity of MM-ADMSCs and paired BMMSCs.
doi:10.1371/journal.pone.0094395.g002

Figure 3. Senescence associated beta-galactosidase staining of
cultured ADMSCs and BMMSCs from two representative MM
patients. Positive senescence associated beta-galactosidase stainings
shown by the blue granules within cytoplasms (arrowhead) were seen
in most BMMSCs (a, c), but which were not seen in any of the paired
ADMSCs (b, d).
doi:10.1371/journal.pone.0094395.g003
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The sampling of the MSCs was chosen at post- intensive

therapy based on the assumption that the impaired osteoblasto-

genesis in MM patients resulted from the MCs as well as anti-MM

therapy [18,34,35]. Therefore, we determined whether BM-

targeted therapy in MM affects ADMSCs. Compared to the

ADMSCs obtained from healthy donors (n = 4), the osteoblasto-

genesis potential of the posttherapy MM-ADMSCs did not differ

significantly suggesting that MM-ADMSCs might not be affected

by MCs and anti-MM treatment. By contrast, the osteogenic

differentiation, esp. the calcium deposition, of post-therapy MM-

BMMSCs was significantly impaired compared with non-MM

control (n = 5; Figure 5). Furthermore, similar to others [35], sign

of senescence (ex. positive beta-galactosidase staining) was seen in

our MM-BMMSCs, but which was not seen in paired ADMSCs

(Figure 3). The underlying mechanism for these observed

differences between MM-ADMSCs and MM-BMMSCs is not

yet clear; the difference might be due to intrinsic differences

between MM-ADMSCs and MM-BMMSCs caused by patients’

ages, MCs, and the BM-targeted therapy [35]. To partly support

this explanation, the MM-BMMSC cultures that failed at P2 were

associated with a longer duration of clinical induction treatment

than MM-BMMSCs cultures that propagated beyond P2.

Unfortunately, our data was not sufficient to realize how much

impact from the anti-MM treatment on the dysfunction of

BMMSC, since there was lack of sequential follow-up of the

clinical samples at different time points, namely, at diagnosis, after

induction, and post HDC/AuSCT; therefore, further studies are

required. The BMMSCs and the ADMSCs can be cryopreserved

before commencing anti-MM treatment; however, cryopreserva-

tion requires a large storage facility and huge expense to

accommodate BMMSCs or ADMSCs for long periods [36]. In

addition, certain genetic aberrations have been observed in MM-

BMMSCs that are likely to impair the osteogenic differentiation

pathways, such as the Wnt and Notch signaling pathways [37,38].

These changes have been reported to persist in BMMSCs from

MM patients after extended culture and passage in vitro,

indicating that these MM-BMMSCs might be permanently

modified [17,18,34,39]. These genetic aberrations might limit

the use of BMMSCs in MM patients. Therefore, confirming that

ADMSCs can differentiate into functional OBs in MM patients

who have received intensive treatment and exhibited the optimal

response is clinically relevant. Because MSC treatment for various

degenerative diseases requires a large quantity of autologous

MSCs, good-manufacturing-practices (GMP)-compliant large-

scale ex vivo expansion is essential for future therapeutic purposes

[40]; therefore, a favorable MSC source exhibits high viability and

potency in an in vitro expansion. The number of BMMSCs in the

BM is approximately 1 in 25,000 to 100,000 nucleated cells;

however, the average number of ADMSCs in processed

lipoaspirate is approximately 2 in 100 nucleated cells [41].

Overall, ADMSCs might be a more suitable MSC source than

BMMSCs for clinical use in the future.

Our data also showed that the early osteogenic differentiation

capacity determined according to the ALP activity did not differ

significantly between the 2 paired MSCs, and this finding was also

seen between the BMMSCs from MM patients and the non-MM

Figure 4. Morphologies, Alizarin Red S and von Kossa staining of cultured ADMSCs and BMMSCs from two representative MM
patients. Both ADMSCs (d, j) and BMMSCs (a, g) had typical morphology for MSCs, like spindle shapes, fibroblast-like morphology and aligned in
whirl formations. Positive ARS staining for calcium deposits appeared red granules for ADMSCs (e, k) and paired BMMSCs (b, h). Bone nodules were
identified by the von Kossa staining and were shown in brown-black granules for ADMSCs (f, l) and paired BMMSCs (c, i).
doi:10.1371/journal.pone.0094395.g004
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control, suggesting that MCs and/or the related anti-MM therapy

primarily affect the late mineralization stage of the osteogenic

differentiation of MSCs. Further detailed study, such as molecular

profiling of the various stages of differentiation from MSCs to

OBs, is required to validate this observation.

This study had several limitations. First, the cohort was small;

therefore, the observations must be validated in studies enrolling

more patients. However, the paired ADMSCs and BMMSCs

obtained from a nearly homogenous patient population who had

received uniform treatment procedures provided a great oppor-

tunity to minimize the bias caused by the various clinical features

of patients, and our data consistently showed that the ADMSCs

are a more favorable MSC source than BMMSCs for future cell

therapy for MMBD. Second, this study enrolled only relatively

young MM patients who could tolerate the HDT/AuSCT.

Therefore, we must confirm whether the ADMSCs from elderly

MM patients, who are likely to have more prevalent osteopenia

and MMBD, are a favorable source for MSC cell therapy. A

recent report has indicated that ADMSCs are less affected by

patient age than BMMSCs are [24]. Third, the greater calcium

deposition ability and osteoblastic activity of ADMSCs compared

with BMMSCs did not necessarily indicate that ADMSCs have

greater ability to repair MMBD. In the 2-dimensional culture, we

observed that, after osteogenic induction, the MSCs differentiated

into OBs and formed osteoid and calcification, but whether these

calcified osteoids can heal bone destruction or improve bone

strength is unclear. The recent development of 3-dimensional

cultures using biological scaffold material, which allows the growth

of MSCs within a stereotypical structure [42], will provide the

opportunity to assess the ability of building real bony structures by

using these 2 MSCs in MM patients.

In conclusion, our findings confirm that osteoblastogenesis can

be induced in ADMSCs of MM patients who have received

intensive treatment, and that the ADMSCs are a feasible and more

favorable MSC source than BMMSCs for future cell therapy for

MMBD.

Author Contributions

Conceived and designed the experiments: HHL SMH SYH. Performed the

experiments: HHL LFH WHC. Analyzed the data: HHL SYH.

Contributed reagents/materials/analysis tools: HSM LFH YHL YSS

SYH. Wrote the paper: HHL SJW SYH.

References

1. Palumbo A, Anderson K (2011) Multiple myeloma. N Engl J Med 364: 1046–

1060.

2. Raje N, Roodman GD (2011) Advances in the biology and treatment of bone

disease in multiple myeloma. Clin Cancer Res 17: 1278–1286.

3. Vallet S, Pozzi S, Patel K, Vaghela N, Fulciniti MT, et al. (2011) A novel role for

CCL3 (MIP-1alpha) in myeloma-induced bone disease via osteocalcin

downregulation and inhibition of osteoblast function. Leukemia 25: 1174–1181.

4. Christoulas D, Terpos E, Dimopoulos MA (2009) Pathogenesis and manage-

ment of myeloma bone disease. Expert Rev Hematol 2: 385–398.

5. Tian E, Zhan F, Walker R, Rasmussen E, Ma Y, et al. (2003) The role of the

Wnt-signaling antagonist DKK1 in the development of osteolytic lesions in
multiple myeloma. N Engl J Med 349: 2483–2494.

6. Papadopoulou EC, Batzios SP, Dimitriadou M, Perifanis V, Garipidou V (2010)

Multiple myeloma and bone disease: pathogenesis and current therapeutic

approaches. Hippokratia 14: 76–81.

Figure 5. The calcium deposition levels of cultured ADMSCs and BMMSCs from healthy donors, non-MM control and MM patients.
doi:10.1371/journal.pone.0094395.g005

ADMSC in MM

PLOS ONE | www.plosone.org 8 April 2014 | Volume 9 | Issue 4 | e94395



7. Cao Y, Luetkens T, Kobold S, Hildebrandt Y, Gordic M, et al. (2010) The

cytokine/chemokine pattern in the bone marrow environment of multiple
myeloma patients. Exp Hematol 38: 860–867.

8. Roodman GD (2008) Skeletal imaging and management of bone disease.

Hematology Am Soc Hematol Educ Program: 313–319.
9. Charbord P, Livne E, Gross G, Haupl T, Neves NM, et al. (2011) Human bone

marrow mesenchymal stem cells: a systematic reappraisal via the genostem
experience. Stem Cell Rev 7: 32–42.

10. Sarugaser R, Hanoun L, Keating A, Stanford WL, Davies JE (2009) Human

mesenchymal stem cells self-renew and differentiate according to a deterministic
hierarchy. PLoS One 4: e6498.

11. Lee OK, Kuo TK, Chen WM, Lee KD, Hsieh SL, et al. (2004) Isolation of
multipotent mesenchymal stem cells from umbilical cord blood. Blood 103:

1669–1675.
12. Jiang Y, Jahagirdar BN, Reinhardt RL, Schwartz RE, Keene CD, et al. (2002)

Pluripotency of mesenchymal stem cells derived from adult marrow. Nature 418:

41–49.
13. Pittenger MF, Mackay AM, Beck SC, Jaiswal RK, Douglas R, et al. (1999)

Multilineage potential of adult human mesenchymal stem cells. Science 284:
143–147.

14. Konno M, Hamabe A, Hasegawa S, Ogawa H, Fukusumi T, et al. (2013)

Adipose-derived mesenchymal stem cells and regenerative medicine. Dev
Growth Differ 55: 309–318.

15. Moroni L, Fornasari PM (2013) Human mesenchymal stem cells: a bank
perspective on the isolation, characterization and potential of alternative sources

for the regeneration of musculoskeletal tissues. J Cell Physiol 228: 680–687.
16. Li X, Ling W, Khan S, Yaccoby S (2012) Therapeutic effects of intrabone and

systemic mesenchymal stem cell cytotherapy on myeloma bone disease and

tumor growth. J Bone Miner Res 27: 1635–1648.
17. Garayoa M, Garcia JL, Santamaria C, Garcia-Gomez A, Blanco JF, et al. (2009)

Mesenchymal stem cells from multiple myeloma patients display distinct
genomic profile as compared with those from normal donors. Leukemia 23:

1515–1527.

18. Corre J, Mahtouk K, Attal M, Gadelorge M, Huynh A, et al. (2007) Bone
marrow mesenchymal stem cells are abnormal in multiple myeloma. Leukemia

21: 1079–1088.
19. Reagan MR, Ghobrial IM (2012) Multiple myeloma mesenchymal stem cells:

characterization, origin, and tumor-promoting effects. Clin Cancer Res 18: 342–
349.

20. Giuliani N, Mangoni M, Rizzoli V (2009) Osteogenic differentiation of

mesenchymal stem cells in multiple myeloma: identification of potential
therapeutic targets. Exp Hematol 37: 879–886.

21. Zuk PA, Zhu M, Mizuno H, Huang J, Futrell JW, et al. (2001) Multilineage cells
from human adipose tissue: implications for cell-based therapies. Tissue Eng 7:

211–228.

22. Zhang ZY, Teoh SH, Chong MS, Schantz JT, Fisk NM, et al. (2009) Superior
osteogenic capacity for bone tissue engineering of fetal compared with perinatal

and adult mesenchymal stem cells. Stem Cells 27: 126–137.
23. Zuk PA, Zhu M, Ashjian P, De Ugarte DA, Huang JI, et al. (2002) Human

adipose tissue is a source of multipotent stem cells. Mol Biol Cell 13: 4279–4295.
24. Chen HT, Lee MJ, Chen CH, Chuang SC, Chang LF, et al. (2012) Proliferation

and differentiation potential of human adipose-derived mesenchymal stem cells

isolated from elderly patients with osteoporotic fractures. J Cell Mol Med 16:
582–593.

25. Cavo M, Tacchetti P, Patriarca F, Petrucci MT, Pantani L, et al. (2010)
Bortezomib with thalidomide plus dexamethasone compared with thalidomide

plus dexamethasone as induction therapy before, and consolidation therapy

after, double autologous stem-cell transplantation in newly diagnosed multiple

myeloma: a randomised phase 3 study. Lancet 376: 2075–2085.

26. Nery AA, Nascimento IC, Glaser T, Bassaneze V, Krieger JE, et al. (2013)

Human mesenchymal stem cells: from immunophenotyping by flow cytometry

to clinical applications. Cytometry A 83: 48–61.

27. Cournil-Henrionnet C, Huselstein C, Wang Y, Galois L, Mainard D, et al.

(2008) Phenotypic analysis of cell surface markers and gene expression of human

mesenchymal stem cells and chondrocytes during monolayer expansion.

Biorheology 45: 513–526.

28. Cocco C, Giuliani N, Di Carlo E, Ognio E, Storti P, et al. (2010) Interleukin-27

acts as multifunctional antitumor agent in multiple myeloma. Clin Cancer Res

16: 4188–4197.

29. Lin TM, Tsai JL, Lin SD, Lai CS, Chang CC (2005) Accelerated growth and

prolonged lifespan of adipose tissue-derived human mesenchymal stem cells in a

medium using reduced calcium and antioxidants. Stem Cells Dev 14: 92–102.

30. Wang YH, Liu Y, Maye P, Rowe DW (2006) Examination of mineralized

nodule formation in living osteoblastic cultures using fluorescent dyes.

Biotechnol Prog 22: 1697–1701.

31. Mayr-Wohlfart U, Fiedler J, Gunther KP, Puhl W, Kessler S (2001) Proliferation

and differentiation rates of a human osteoblast-like cell line (SaOS-2) in contact

with different bone substitute materials. J Biomed Mater Res 57: 132–139.

32. Choi YS, Vincent LG, Lee AR, Dobke MK, Engler AJ (2012) Mechanical

derivation of functional myotubes from adipose-derived stem cells. Biomaterials

33: 2482–2491.

33. Zhang HT, Liu ZL, Yao XQ, Yang ZJ, Xu RX (2012) Neural differentiation

ability of mesenchymal stromal cells from bone marrow and adipose tissue: a

comparative study. Cytotherapy 14: 1203–1214.

34. Garderet L, Mazurier C, Chapel A, Ernou I, Boutin L, et al. (2007)

Mesenchymal stem cell abnormalities in patients with multiple myeloma. Leuk

Lymphoma 48: 2032–2041.

35. Andre T, Meuleman N, Stamatopoulos B, De Bruyn C, Pieters K, et al. (2013)

Evidences of early senescence in multiple myeloma bone marrow mesenchymal

stromal cells. PLoS One 8: e59756.

36. Ginis I, Grinblat B, Shirvan MH (2012) Evaluation of bone marrow-derived

mesenchymal stem cells after cryopreservation and hypothermic storage in

clinically safe medium. Tissue Eng Part C Methods 18: 453–463.

37. Xu S, Evans H, Buckle C, De Veirman K, Hu J, et al. (2012) Impaired

osteogenic differentiation of mesenchymal stem cells derived from multiple

myeloma patients is associated with a blockade in the deactivation of the Notch

signaling pathway. Leukemia 26: 2546–2549.

38. Qiang YW, Chen Y, Stephens O, Brown N, Chen B, et al. (2008) Myeloma-

derived Dickkopf-1 disrupts Wnt-regulated osteoprotegerin and RANKL

production by osteoblasts: a potential mechanism underlying osteolytic bone

lesions in multiple myeloma. Blood 112: 196–207.

39. Pevsner-Fischer M, Levin S, Hammer-Topaz T, Cohen Y, Mor F, et al. (2012)

Stable changes in mesenchymal stromal cells from multiple myeloma patients

revealed through their responses to Toll-like receptor ligands and epidermal

growth factor. Stem Cell Rev 8: 343–354.

40. Sotiropoulou PA, Perez SA, Salagianni M, Baxevanis CN, Papamichail M

(2006) Characterization of the optimal culture conditions for clinical scale

production of human mesenchymal stem cells. Stem Cells 24: 462–471.

41. Strem BM, Hicok KC, Zhu M, Wulur I, Alfonso Z, et al. (2005) Multipotential

differentiation of adipose tissue-derived stem cells. Keio J Med 54: 132–141.

42. Naito H, Dohi Y, Zimmermann WH, Tojo T, Takasawa S, et al. (2011) The

effect of mesenchymal stem cell osteoblastic differentiation on the mechanical

properties of engineered bone-like tissue. Tissue Eng Part A 17: 2321–2329.

ADMSC in MM

PLOS ONE | www.plosone.org 9 April 2014 | Volume 9 | Issue 4 | e94395


