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Abstract. Potential roles of mesenchymal stem cells 
(MSCs) in the pathogenesis of multiple myeloma (MM) are 
largely unknown. In the current study, the authors analyzed 
telomere length and the expressions of interleukin (IL)-6 
and macrophage inflammatory protein (MIP)-1α in MSCs 
derived from the bone marrow (BM) of MM patients and 
controls. The current results demonstrated that there was no 
significant difference in cell surface expression of CD73 and 
CD90, and the capacity to differentiate into bone tissue were 
identified between the BM MSCs derived from MM patients 
and controls. Interestingly, telomere length (TL) and mRNA 
expressions of IL-6 and MIP-1α were significantly longer or 
higher in BM MSCs of MM than those of controls. Moreover, 
TL is positively associated with the expressions of IL-6 and 
MIP-1α at the mRNA level in BM MSCs of MM. Additionally, 
IL-6 and MIP-1α expression were significantly upregulated 
when MSCs from MM patients were cultured in the myeloma 
associated condition medium. The present study indicated that 
myeloma-associated elongation of TL of BM MSCs may be 
a key element contributing to the increased IL-6 and MIP-1α 
expression, by which MSCs in the tumor microenvironment 
may facilitate MM and/or MM bone disease development.

Introduction

Multiple myeloma (MM) is an incurable B cell malignancy 
characterized by the clonal expansion of plasma cells within 
the bone marrow (BM). It is well established that the trans-
formation of myeloma is not only dependent on genetic and 
epigenetic aberrations, but also on the interaction between the 
malignant plasma cells and the BM microenvironment (1,2). 
The BM microenvironment is composed of a noncellular 
compartment including the extracellular matrix and the liquid 
milieu, and cellular compartments of mesenchymal origin (3). 
Myeloma cells modify this microenvironment through their 
production of regulatory factors and direct cell-to-cell contact, 
to create a milieu that promotes myeloma cell survival (4-6) 
and augments osteoclast (OC) recruitment and OC mediated 
bone loss (7,8).

As an essential cell type in the BM microenvironment, 
bone marrow mesenchymal stem cell (MSCs) is a type of 
adult stem cell endowed with self-renew and differentiation 
capacities (9). Abnormalities of MSCs derived from MM 
patients (MM-MSCs) have been described in previous 
studies (10-12). Compared with MSCs isolated from healthy 
donors, increased expressions of cytokines and extracellular 
matrix were detected in MM-MSCs (11,13,14). Additionally, 
decreased osteogenic potentiality and reduced efficiency of 
suppression of T-cell proliferation were also described (15-17). 
As well, MM-MSCs exhibited an abnormal upregulation of 
microRNA‑135b and promoted MM tumor growth (18,19). 
Moreover, MM-MSCs demonstrated non-recurrent genomic 
imbalances and hypomethylation of some genomic region 
resulted in upregulated several microRNAs, which are involved 
in regulation of senescence status and cell cycle characteristics 
of MM-MSCs (12,20).

Telomeres are composed of repetitive DNA sequences and 
associated proteins at the end of the chromosomes. They serve 
a dominant role in protecting the end of DNA from fusion, 
recombination and degradation (21). Telomeric DNA shortens 
itself with each cell division due to the end-replication limitation 
of chromosomes (22). Correlation is reported between telomere 
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length and replicative capacity of human fibroblasts (23). 
However, like most normal somatic cells, telomerase activity 
has not been detected in human MSCs (24). Telomeres of MSCs 
shortens its length concomitantly with the increased age or cell 
division (25,26). Moreover, dysfunction of telomeres impairs 
function of MSCs and alters their gene expressions (26,27).

In the current study, the authors compared the telomere 
length (TL) in bone marrow MSCs from MM patients and 
age-matched controls. The results demonstrated that the TL in 
MM-MSCs was longer than that in controls, and MM-MSCs 
secreted higher levels of interleukin (IL)-6 and macrophage 
inflammatory protein (MIP)‑1α than the controls. Moreover, 
the results indicated that the telomere length of MM-MSCs 
was closely correlated with the expressions of IL-6 or MIP-1α.

Materials and methods

Cell culture. The human myeloma cells RPMI-8226 were 
cultured in RPMI‑1640 medium (Hyclone; GE Healthcare 
Life Sciences, Logan, UT, USA) containing 10% fetal bovine 
serum with the addition of 2 mM L-glutamine (both from 
Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA) 
and antibiotics (100 U/ml penicillin and 0.1 mg/ml strepto-
mycin) in a humid atmosphere at 37˚C and 5% CO2. After cell 
culture for 24 h, the conditioned medium of RPMI-8226 was 
collected and stored in ‑20˚C.

Isolation and expansion of MSCs from bone marrows. Bone 
marrow (BM) samples were obtained from patients with MM 
or from controls (patients without a tumor, infection or auto-
immune diseases; Table I). The current study was approved 
by the Ethics Committee of the Second Hospital of Shandong 
University (Jinan, China) and informed consent was obtained 
from all patients. Mononuclear cells (MNCs) were obtained 
from BM samples by density gradient separetion using 
Ficoll density gradient centrifugation. Finally, MNCs were 
cultured in Dulbecco's modified Eagle's medium (Hyclone; 
GE Healthcare Life Sciences) supplemented with 10% defined 
fetal bovine serum (Shanghai ExCell Biology, Inc., Shanghai, 
China), growth factors (R&D Systems, Inc., Minneapolis, 
MN, USA). At 72 or 96 h incubation, non-adherent cells were 
carefully removed, whereas the MSCs attached to the cell 
culture plate were defined as passage 0 (P0) MSCs. When 
the MSCs reached approximately 80% confluence, the cells 
were passaged (P1) by digestion using 0.05% trypsin-EDTA 
(Thermo Fisher Scientific, Inc.) The MSCs were collected near 
confluency at P4 for subsequent experiments.

Osteoblastic differentiation of MSCs. An osteocyte differ-
entiation assay was performed according to the instructions 
provided in the StemPro® Osteogenesis Differentiation kit (cat 
no. A1007201; Thermo Fisher Scientific, Inc.). Briefly, MSCs 
were seeded at 1x104/cm2 in 6-well culture plates in osteoblast 
differentiation culture media for 21 days. Medium was changed 
2‑3 times a week. The osteocytes were stained with Alizarin 
red (cat no. A5533; Sigma‑Aldrich, Merck KGaA, Darmstadt, 
Germany).

Immunophenotyping of bone marrow MSCs. The bone marrow 
MSCs were labeled with phycoerythrin‑conjugated anti‑CD73 

(cat no. 550257), fluorescein isothiocyanate (FITC)‑conjugated 
anti‑CD90 (cat no. 555595), FITC‑conjugated anti‑CD105 
(cat no. 561443) (all from BD Biosciences, Franklin Lakes, 
NJ, USA) and human leukocyte antigen G (HLA‑G; cat 
no. 12‑9957‑73; eBioscience, Inc., San Diego, CA, USA). The 
fluorescence of the above MSC surface markers was detected 
and analyzed using flow cytometry with a BD FACSAria™ II 
system (BD Biosciences). Data were analyzed using the FlowJo 
software version 7.6 (FlowJo, LLC, Ashland, Oregon, USA).

Quantitative polymerase chain reaction (qPCR) and 
Flow‑FISH for MSC telomere length assay. For qPCR detec-
tion, genomic DNA was isolated using QiAamp DNA Blood 
Mini kit (Qiagen GmbH, Hilden, Germany). Telomere length 
was determined by qPCR as described previously (28). The 
primer sequences for human telomere (Tel) and for β-globin 
(HBG) are listed in Table II. The relative telomere length was 
decided as the percentage of that in a MM‑MSC. Flow‑FISH 
of MSCs was performed as described previously (29).

Cell cycle analysis. Cell cycle analysis was performed using 
the Cell Cycle and Apoptosis Analysis kit (cat no. C1052‑1; 
Beyotime Institute of Biotechnology, Haimen, China) and flow 
cytometry with a BD FACSAria™ II system (BD Biosciences) 
was conducted following the manufacturer's instructions. The 
percentage of each phase in the cell cycle was calculated using 
cell cycle analysis software Modfit version LT 3.1 (Verity 
Software House, Topsham, ME, USA).

Reverse transcription‑quantitative polymerase chain reaction 
(RT‑qPCR). Total RNA was extracted using TRIzol reagent 
(Thermo Fisher Scientific, Inc.) following the manufac-
turer's instruction. cDNA was synthesized using the M-MLV 
enzyme (Thermo Fisher Scientific, Inc.) and an oligo‑dT 
primer according to the protocol. qPCR was performed 
using SYBR‑Green kit (Applied Biosystems; Thermo Fisher 
Scientific, Inc.) on an ABI 7700 detector (Applied Biosystems; 
Thermo Fisher Scientific, Inc.). All sequences of primers are 
listed in Table II. Thermocycling conditions were as follows: 
At 50˚C for 2 min, at 95˚C for 10 min, followed by 45 cycles 
at 95˚C for 15 sec and at 60˚C for 1 min. The expression level 
of each gene was calculated according to the comparative Cq 
method and normalized to GAPDH expression (30).

Statistical analysis. The Student's t‑test, paired t‑test or Fisher's 
exact test were used to compare differences between groups. 
Pearson's correlation was applied to analysis for relation-
ships between variables. All the results were presented using 
GraphPad Prism software (version, 5; GraphPad Software, 
Inc., La Jolla, CA, USA). The data are shown as mean ± stan-
dard error of the mean P<0.05 was considered to indicate a 
statistically significant difference.

Results

The phenotype, growth characteristics and osteoblastic 
differentiation of MSCs. As presented in Fig. 1, MSCs were 
cultured and analyzed of both MM patients (Fig. 1A) and 
the control group (Fig. 1B). The phenotypes were analyzed 
using flow cytometry. As presented in Table III, MSCs from 
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both MM patients and controls were positive for CD73, 
CD90 and CD105, but negative for HLA-G. There were no 
significant differences between MM patients (6.08±0.69 days) 
and controls (8.62±1.33 days) on the days for obtaining 80% 
confluent MSCs cultures. The osteoblastic differentiation of 
MSCs was examined using Alizarin red staining. As indi-
cated in Fig. 2, MSCs from three age-matched pairs of MM 
patients (Fig. 2A) and controls (Fig. 2B) displayed deposition 
of matrix mineralization.

The TL and cell cycle of MSCs from MM patients and 
control group. The TL of the MSCs from 12 MM patients and 
8 controls were compared by qPCR. As reported in Fig. 3A, 
the TL of MSCs from MM patients was significantly longer 

(0.98±0.11) than the controls (0.65±0.07; P=0.03). The authors 
further assessed the TL in MSCs using Flow‑FISH. Similarly, 
the TL of MSCs was longer in the MM patients (10,860±807) 
than in the controls (5,227±1,143; P=0.015; Fig. 3B). Cell 
cycle characteristics of MM-MSCs were determined using 
flow cytometry. As presented in Fig. 3C, the percentage of 
MM-MSCs in G0/G1 was increased compared with controls 
(77.33±1.83 vs. 61.87±2.51; P<0.01), whereas the MM‑MSCs 
in the S phase and G2/M phase fell to 14.36±1.36% (vs. 
26.98±3.22; P<0.01) and 6.34±0.75% (vs. 10.95±1.14; P<0.01) 
respectively, when compared to those of controls.

The human telomerase catalytic subunit gene hTERT, 
which is the putative human telomerase catalytic subunit gene 
serving as an indicator of telomerase activity (31), were also 

Table I. Clinical characteristics of patients with multiple myeloma (n=12).

Sample Gender Age (years) Disease stagea β2-MG (mg/dl) BM plasma cells (%)  Bone lesions

  1 F 68 Early 3.31 58 N
  2 M 65 Early 3.36 51 N
  3 F 69 Late 11.5 67 Y
  4 F 63 Early 3.74 51 Y
  5 M 65 Late 12.4 65 Y
  6 M 74 Late 6.72 48 N
  7 M 58 Late 7.79 32 Y
  8 M 57 Late 40.5 40 Y
  9 M 59 Late 7.89 4 Y
10 M 70 Late 9 43 Y
11 M 58 Late 20.8 20 N
12 F 59 Early 4.25 32 Y

aEarly, I and II; late, III. ISS staging system was used. N, no; Y, yes; M, male; F, female; β2-MG, β2‑microglobulin; BM, bone marrow.

Table II. The primer sequences for quantitative polymerase chain reaction and telomere length assessment.

 Gene Sequence (5'‑3')

1 IL-6 forward GAGGCACTGGCAGAAAACAACC
 IL-6 reverse CCTCAAACTCCAAAAGACCAGTGATG
2 MIP-1α forward GAATCATGCAGGTCTCCACTG
 MIP-1α reverse CTCTAGGTCGCTGACATATTTC
3 IDO forward TGGGGCAAAGGTCATGGAG
 IDO reverse TTTCTTGGAGAGTTGGCAGTAAG
4 hTERT forward CGGAAGAGTGTCTGGAGCAA
 hTERT reverse GGATGA AGCGGAGTCTGGA
5 GAPDH forward GCACCGTCAAGGCTGAGAAC
 GAPDH reverse TGGTGAAGACGCCAGTGGA
6 Tel1b  CGGTTTGTTTGGGTTTGGGT-TTGGGTTTGGGTTTGGGTT
 Tel 2b GGCTTGCCTTACCCTTACCCTTACCC-TTACCCTTACCCT
7 HBG3 TGTGCTGGCCCATCACTTTG
 HBG4 ACCAGCCACCACTTTCTGATAGG

hTERT, human telomerase reverse transcriptase; IL, interleukin; MIP‑1α, macrophage inflammatory protein‑1α.
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measured using RT-qPCR method in normal and MM-MSCs. 
However, hTERT expression in those cells was not detected 
(data not shown). These results indicated that both normal and 
MM-MSCs lacked telomerase activity.

The expressions of IL‑6, indoleamine 2,3‑dioxygenase 
(IDO) and MIP‑1α in MSCs from MM patients. The mRNA 
expressions of IL-6 and IDO in MSCs from MM patients and 
controls were investigated using RT-qPCR. The expression 
of IL‑6 was significantly increased in MM‑MSCs (P<0.05), 
while the expression of IDO decreased obviously compared 
with MSCs in control group (P<0.05; Fig. 3D). Moreover, the 
expression rate of MIP-1α from MM‑MSCs was significantly 
higher than that from MSCs in control group (91.7 and 37.5% 
respectively, P<0.05).

The correlations between TL and IL‑6, MIP‑1α and IDO. 
As presented in Fig. 4, the TL of MM-MSCs was correlated 
with their expression of IL-6 (Fig. 4A) and MIP-1α (Fig. 4B). 
However, no significant correlation between the telomere 
length and the expression of IDO in MM-MSCs was found.

The conditioned medium of RPMI 8226 induces changes 
of gene expression and cell cycle in MSCs. MSCs isolated 
from three MM patients were cultured in myeloma condi-
tion culture medium (MCCM) (a mixture of myeloma cell 

Figure 2. Osteoblastic differentiation detection of mesenchymal stem cells using Alizarin red staining of (A) patients with multiple myeloma and (B) the 
control group following 21 days of differentiation (magnification, x100; scale bar, 100 µm).

Table III. Flow cytometry analysis of mesenchymal stem cells 
from control and MM patients.

Antigen MM patients Control group
Expression (MEAN ± SEM) (MEAN ± SEM)  P-valuea

CD73 (%) 90.9±0.03 89.5±0.03 0.73
CD90 (%) 75.4±0.06 83.4±0.05 0.39
CD105 (%) 62.6±10.4 59±8 0.81
HLA-G (%) 1.1±4.4 0.9±0.5 0.77

aComparison between patient group and control. CD, cluster of 
differentiation; HLA‑G, human leukocyte antigen G; MM, multiple 
myeloma; SEM, standard error of the mean.

Figure 1. Bone marrow mesenchymal stem cells were cultured and analyzed at passage 4 of (A) patients with multiple myeloma and (B) the control group 
(magnification, x200; scale bar, 50 µm).
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Figure 3. (A) Comparison of telomere length of MSCs using quantitative polymerase chain reaction between 12 MM patients and 8 controls. (B) Comparison of 
telomere length in MSCs using Flow‑fluorescent in situ hybridization between MM patients and controls (n=3). (C) Cell cycle analysis using flow cytometry in 
MM‑MSCs (n=12) compared to the controls (n=8). (D) The mRNA expressions of IL‑6 and IDO in MSCs from MM patients and controls. Data are presented 
as the mean ± standard error of the mean. *P<0.05, **P<0.01 vs. control. IL, interleukin; IDO, indoleamine 2,3‑dioxygenase; MSCs, mesenchymal stem cells; 
MM, multiple myeloma; MFI, median fluorescence intensity.

Figure 4. MM‑MSCs telomere length was correlated with the expression of (A) IL‑6 and (B) MIP‑1α. The relative expression of IL-6 and MIP-1α in MSCs from 
12 MM patients was plotted vs. telomere length. The telomere length of MM-MSCs correlates postitively with the expressions of (A) IL-6 and (B) MIP-1α. 
MM, multiple myeloma; MSCs, mesenchymal stem cells; IL, interleukin; IDO, indoleamine 2,3‑dioxygenase; MIP‑1α, macrophage inflammatory protein‑1α.

Figure 5. (A) mRNA expressions of IL‑6, MIP‑1α and IDO before and after the culture with myeloma condition medium (a mixture of supernatant of myeloma 
cell line RPMI 8226 and MSCs complete medium). (B) Cell cycle analysis of MM-MSCs before and after the culture with mixed medium. Data are presented 
as the mean ± standard error of the mean. *P<0.05 as indicated. IL, interleukin; MIP‑1α, macrophage inflammatory protein‑1α; IDO, indoleamine 2,3‑dioxy-
genase; MM, multiple myeloma; MSCs, mesenchymal stem cells.
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line RPMI-8226 culture supernatant and MSCs complete 
medium) for 24 h, then the expressions of IL-6, MIP-1α 
and IDO were quantified using qPCR. When cultured in the 
MCCM, IL-6 (P<0.05) and MIP-1α (P<0.01) were signifi-
cantly increased, while IDO was markedly downregulated 
(P<0.05), when compared with the MSCs cultured in regular 
MSC medium (Fig. 5A).

To explore whether MCCM affects the cell cycle of 
MM-MSCs, MSCs from three MM patients were cultured in 
MCCM. At 24 h culture, MSCs reported an increase of cells in 
G0/G1 phase and a decrease of the cells in S phase compared to 
the controls (P<0.05; Fig. 5B).

The changes of MSCs were not correlated with β2 micro‑
globulin and bone marrow plasma cells. No significant 
correlations between TL and serum β2 microglobulin (β2-MG) 
(r=‑0.24; P=0.45), and the percentage of plasma cell in BM 
(r=0.55; P=0.07) was identified. Moreover, these data did not 
present a correlation of IL-6 or MIP-1α expression with serum 
β2-MG, as well as the percentage of plasma cells in BM (data 
not shown).

Discussion

The direct and indirect interactions between BM-MSCs and 
MM cells not only mediate MM cell growth and survival, 
but also lead to the intrinsic abnormalities observed in 
MM-MSCs, such as genomic imbalances and an overexpres-
sion of IL-6 (32). In the present study, the authors indicated that 
bone marrow MSCs from MM are not different from control 
group in terms of phenotypic markers (e.g., CD73 and CD90) 
and capacity to differentiate into osteogenic tissues. However, 
the TL and expressions of IL-6 and MIP-1α were significantly 
increased in MM BM-MSCs than the controls. Moreover, the 
correlation between TL and IL-6 as well as MIP-1α expression 
in MM-MSCs were displayed.

The current results demonstrated that TL of MM-MSCs 
was significantly longer than that of controls, indicating 
a tumor or myeloma associated mechanism contributing 
to maintenance or elongation of TL. It is known that TLs 
shorten accordingly when cells divide. The authors' cell 
cycle analysis demonstrated that the percentage of MSCs in 
the G0/G1 phase was significantly increased in MM than in 
the controls, suggesting that there are more MM-MSCs in 
stable or non-dividing phase, which may in part explain why 
MM-MSCs present longer TL than the controls. In line with 
a previous report (24), these data suggested that MSCs from 
both controls and MM patients lacked telomerase activity. 
To date, the underlying the mechanisms of TL maintenance 
in MSCs is largely unknown. In MM cells lines, IL-6 and 
IGF‑1 was demonstrated to increase telomerase activity via 
AKT-mediated phosphorylation of hTERT without altera-
tion of the expression of hTERT at the level of mRNA or 
protein (33), indicating that MSCs may also apply this 
mechanism to maintain their TL in the microenvironment 
riched in inflammatory cytokines, such as IL‑6.

Moreover, reduced percent of MSCs in S phase during cell 
cycle and increased in G0/G1 phase were identified following 
conditional culture. This result is in contrast with a recent 
report displaying that co-culture with MM cells produced 

a marked increase in S/G2/M phases of the cells (10). These 
differences may be due to divergences in the in vitro culture 
system applied or the myeloma condition medium, but not 
cell-cell direct contact in our system.

In the present study, the authors also compared MSC 
differentiation capacity between MM patients and controls, 
and did not identify markedly difference in differentiation 
into bone tissue between them. This result is controversial 
compared to the previous reports that indicate that the differ-
entiation capacity of MSCs from MM patients is lower than 
those from the normal controls (19,34). It may be speculated 
that the primary reason causing the different results may be 
due to different cell passages applied in our and other studies. 
Since MSCs were used from passage 4, the in vitro culture or 
expansion procedures may overcome subtle function abnor-
malities of MM-MSCs. This issue will be addressed in future 
studies.

Changes in the expression of cytokines and growth 
factors from MSCs serve a prominent role in the growth and 
survival of multiple myeloma (1). High expression of IL-6 
from MM-MSCs was detected. MM-MSCs were expressed a 
significantly higher level of IL‑6 following culturing with the 
supernatants from MM cultures. Our findings are consistent 
with those previous reports that MM-MSCs overproduced 
IL-6 (35) and MM cells stimulated IL-6 expression in 
MSCs (4).

It has been demonstrated that MIP-1α contributes to 
the development of bone disease in MM via tumor survival 
promotion (36), osteoblast differentiation (7,8) and osteoblast 
functional inhibition (37). MIP-1α is indicated to be primarily 
produced by myeloma cells (8). Interestingly, MIP-1α was 
shown to also be expressed in MM-MSCs, and the expres-
sion of MIP-1α in MM-MSCs was higher than that in MSCs 
from the control. Moreover, MIP-1α expression in MM-MSCs 
was further increased under the stimulation of the superna-
tants isolated from MM cell line culture. Therefore, MIP-1α 
produced by MM-MSCs may also participate in the develop-
ment of MM.

Previous studies have illustrated that the proliferative 
potential of human hematopoietic cells (38) and human fibro-
blasts (23) correlates with their telomere lengths. Similarly, the 
correlation between growth of MSCs and telomere length has 
also been suggested (39). Moreover, dysfunction of telomere 
impairs the function of mesenchymal progenitor cells and 
affects the expressions of various cytokines (27). Consistently, 
our findings of positive correlation of IL‑6 and MIP‑1α with 
telomere lengths in MM-MSCs highlight that telomere lengths 
affect cytokine expression in MM-MSCs, by which MM-MSCs 
facilitate MM development.

IDO is an important immunoregulatory molecule (40). 
Our results demonstrated that IDO was significantly lower in 
MM-MSCs than controls. Supernatants derived from MM cell 
line further downregulated IDO expression. The IDO expres-
sion may result in impaired immunomodulatory capacities 
of BM-MSCs in MM (15,17). Undoubtedly, the significance 
of such decreased IDO expression in MM-MSCs needs to be 
investigated in the future studies.

In summary, in the present study, the authors find that 
MM-MSCs present longer telomere and higher IL-6 and 
MIP-1α expression, and telomere lengths are positively 
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correlated with IL-6 and MIP-1α expression. These results 
indicated that MSCs in BM may be involved in pathothegen-
esis of MM and MM related bone diseases.
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