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Abstract
Backgrounds The direct and indirect interactions between multiple myeloma (MM) cells and bone marrow mesenchymal 
stromal cells (MSCs) play crucial roles in the formation of the bone marrow environment, disease progression, and drug 
resistance development. However, it remains unclear how MM cells and MSCs individually influence each other to induce 
these phenomena.
Objective In this study, we focused on observing changes in MSCs induced by MM cells. Changes in MSCs due to exposure 
to MM cells were observed by assessing cell proliferation, apoptosis, cell cycle, and morphology. Furthermore, the unique 
abilities of MSCs were confirmed through differentiation potential and MSC marker expression, along with the demonstra-
tion of senescence. Gene profiling was performed to elucidate the mechanisms underlying these changes.
Results Co-culturing MM cells with MSCs did not alter the morphology or proliferation of MSCs but increased apoptosis. 
As apoptosis increased, damaged deoxyribonucleic acid (DNA) was repaired, leading to the activation of the cell cycle 
with an increase in the S phase, resulting in no significant changes in cell proliferation and morphology. Osteogenesis and 
adipogenesis generally decreased by co-culturing with MM cells, and senescence increased. Significant differences were 
observed in the expression of MSC marker genes. Gene profiling revealed changes in gene expression following osteogenic 
differentiation.
Conclusion Based on these results, MSCs exposed to MM cells exhibited an increase in the S phase of the cell cycle, lead-
ing to the recovery of cells undergoing apoptosis. Osteogenesis and adipogenesis decreased, whereas senescence increased, 
suggesting that these changes were attributed to the overall MSC characteristics and genetic mechanisms.
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Introduction

Multiple myeloma (MM) represents the malignant end in 
the spectrum of plasma cell dyscrasias, characterized by the 
clonal expansion of terminally differentiated plasma cells Hye Joung Kim and So Young Eom contributed equally to this 

work.
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in bone marrow (BM) (Landgren et al. 2009). Clinically 
overt MM stage is almost always preceded by a precursor 
stage called monoclonal gammopathy of undetermined sig-
nificance, that is considered a benign stage of the clinical 
spectrum in which patients are asymptomatic and only have 
elevated levels of monoclonal immunoglobulins (M pro-
teins) (Kumar et al. 2017). With disease progression, MM 
cells, M proteins, or cytokines produced by the malignant 
cells lead to a clinical stage manifested by organ damage, 
such as anemia, renal insufficiency, and bone injury, which 
requires treatment. Although advances in autologous stem 
cell transplantation and the introduction of novel agents 
in the past two decades have allowed remarkable survival 
improvements (Attal et al. 2017; McCarthy et al. 2017; 
Moreau et al. 2019), most patients eventually relapse dur-
ing or after treatment, while some experience aggressive 
treatment-refractory progression, rendering MM an incur-
able disease (Moreau et al. 2021).

Extensive research in the past decade has revealed the 
highly immunosuppressive nature of the MM BM microen-
vironment (BMM) (Allegra et al. 2021; Diaz-Tejedor et al. 
2021). Mesenchymal stem cells (MSCs) are the key com-
partment of specialized supporting cells in the formation of a 
tumor-favoring microenvironment that can differentiate into 
other non-immune cell types, such as osteoid cells, fibro-
blasts, and endothelial cells. These are also important con-
stituents of BM stroma. Similar to other tumors, direct and 
indirect interactions between MM cells and BM-MSCs have 
been shown to play a crucial role in the formation of BMM, 
supporting MM development, disease progression, and drug 
resistance (Xu et al. 2018). The direct cell-to-cell contact 
between MM cells and BM-MSCs mediated by cell-adhe-
sion molecules, such as very late antigen 4, very late antigen 
5, CD44, leukocyte function-associated antigen 1, and inter-
cellular adhesion molecule 1, is a well-known pathophysiol-
ogy of MM, specifically related to the homing of malignant 
plasma cells to the BM (García-Sánchez et al. 2023). On 
the other hand, among many cellular interactions in BM, 
due to the wide variety of soluble and non-soluble factors 
secreted by MSCs the indirect crosstalk between these two 
cells through soluble cytokines has stronger impact on MM 
pathophysiology. Specifically, cytokine stromal cell-derived 
factor 1α, also known as CXCL12 produced by BM-MSCs, 
plays as a key factor in the communication between BM cells 
and MM cells during the first stages of BM colonization, and 
then many other factors, such as vascular endothelial growth 
factor, fibroblast growth factors, osteopontin, interleukin, 
tumor necrosis factor-α, and many more factors secreted by 
BM-MSCs and many other cell types in the BMM activate 
signaling pathways of onco-genesis, anti-apoptosis, pro-
survival, and cell proliferation (García-Sánchez et al. 2023).

BM-MSCs from patients with MM are genetically and 
functionally different from MSCs of healthy populations. A 

distinctive genomic expression profile of genes coding for 
growth factors and osteogenesis-related factors, as well as 
senescence and cell-cycle-related genes has been observed 
in MM-MSCs as compared with those from normal donors 
(Berenstein et al. 2015; Guo et al. 2018; Mehdi et al. 2019; 
Corre et al. 2007; Garayoa et al. 2009). Several studies dem-
onstrate that BM-MSCs of patients with MM have a dis-
tinctive phenotype in culture, featured by larger and uneven 
shape, decreased proliferative potential (Guo et al. 2018; 
Garderet et al. 2007; Choi et al. 2020; Andre et al. 2013), 
less differentiation potential for osteogenesis (Guo et al. 
2018; Corre et al. 2007; Choi et al. 2020; Andre et al. 2013; 
Xu et al. 2012), increased senescence-associated beta-galac-
tosidase activity (Guo et al. 2018; Mehdi et al. 2019; Choi 
et al. 2020), and increased senescence-associated secretory 
profile including IL-6, tumor-necrosis factor-alpha (TNF-a), 
and growth differentiation factor 15 (GDF-15) (Corre et al. 
2007; Garderet et al. 2007; Arnulf et al. 2007).

However, owing to the complexity and heterogeneity of 
BMM in MM, it remains unclear whether these biologi-
cal alterations of BM-MSCs in MM were first driven and 
influenced by MM cells or whether the intrinsic changes of 
MSCs were caused by other reasons such as aging (Xu et al. 
2018). It is assumed that normal MSCs are influenced by 
MM cells to become MM-MSCs, which then interact with 
MM cells to facilitate MM cell survival and proliferation. 
We investigated whether MSCs are altered by MM cells to 
elucidate the mechanisms underlying such changes.

Materials and methods

Cell culture

We procured mesenchymal stromal cell (MSC) line HS-5 
and MM cell lines RPMI-8226 and IM-9 from the cell bank 
at Seoul National University Hospital. HS-5 cells were 
cultured in Dulbecco's modified Eagle's medium (DMEM, 
Gibco, USA, Massachusetts) supplemented with 10% fetal 
bovine serum (FBS, Gibco) and 1% penicillin–streptomycin 
(P/S, Gibco). Multiple myeloma cell lines were maintained 
in RPMI1640 (Corning, USA, New York) supplemented 
with 10% FBS and 1% P/S.

Co‑culture of multiple myeloma cell 
and mesenchymal stromal cells

HS-5 cells were initially seeded into 6-well plates (SPL 
Life Sciences, Korea) at a density of 2.5 ×  105 cells per 
well. After 24 h, multiple myeloma cells were seeded into 
the same 6-well plates at a density of 5 ×  105 cells per well. 
These cells were co-cultured for a period of 72 h and then 
harvested using trypsin 0.25% for subsequent experiments.
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Cell viability, apoptosis, and cycle assay

Cells were harvested through trypsinization and suspended 
in Hanks' Balanced Salt Solution (Welgene, Korea) sup-
plemented with 2% FBS (HF2). Subsequently, cells 
were prepared for assessments of cell count and viabil-
ity (Luminex, USA, Texas), apoptosis (Annexin V and 
Dead Cell Kit, Luminex), and cell cycle (Luminex) using 
appropriate kits. Staining was conducted according to the 
manufacturer's instructions, and analysis was carried out 
utilizing the Guava Muse Cell Analyzer (Luminex).

Flow cytometry

Cells were harvested and suspended in 100 μL of HF2 
solution. Subsequently, they were stained with specific 
markers. Markers include MSC positive CD105, CD73, 
CD90, CD44, and MSC negative HLA-DR, CD34, and 
CD19. Cells were stained for one hour and washed with 
HF2 solution. BD FACS CantoII (BD Biosciences, USA, 
New Jersey) was used to analyze stained cells by flow 
cytometry.

Cell senescence assay

Both control and co-culture group cells were harvested at 
24 h, 48 h, and 72 h of culture for a cell senescence assay 
(Cell Signalling Technology, USA, Massachusetts). The 
assay was conducted using the manufacturer’s instructions.

Differentiation of MSCs

MSCs were harvested after 72 h of co-culture with MM 
cells and re-plated. After a 24-h stabilization period, cells 
were exposed to adipogenic media (StemPro™ Adipogen-
esis Differentiation Kit, Gibco) or osteogenic media. Adi-
pogenic cells were periodically exposed to proliferation 
media for stabilization in between adipogenic media treat-
ments. Osteogenic media consisted of DMEM supplemented 
with 10% FBS, 1% P/S, 100 nM dexamethasone, 5 mM 
β-glycerophosphate, and 50 μg/mL L-ascorbic acid. Differ-
entiation medium is supplied for 7 days for each condition.

Oil Red O and ALP staining assay

Differentiated cells were subjected to ALP staining for 
osteogenic cells and Oil Red O staining for adipogenic 
cells. ALP (SIGMA FAST, BCiP/NBT, USA, Missouri) 
and Oil Red O (Merck, Germany) staining procedures 

were carried out following the manufacturer's instructions, 
and cell analysis was conducted using a light microscope.

RNA isolation

Total RNA was isolated using Trizol reagent (Invitrogen). 
RNA quality was assessed by Agilent TapeStation system 
(Agilent Technologies, Amstelveen, The Netherlands), and 
RNA quantification was performed using Qubit (Thermo 
Fisher Scientific Inc., USA).

Library preparation and sequencing

For control and test RNAs, the construction of library was 
performed using QuantSeq 3’ mRNA-Seq Library Prep Kit 
(Lexogen, Inc., Austria) according to the manufacturer’s 
instructions. In brief, each total RNA was prepared and 
an oligo-dT primer containing an Illumina-compatible 
sequence at its 5′ end was hybridized to the RNA and 
reverse transcription was performed. After degradation of 
the RNA template, second strand synthesis was initiated 
by a random primer containing an Illumina-compatible 
linker sequence at its 5′ end. The double-stranded library 
was purified using magnetic beads to remove all reaction 
components. The library was amplified to add the com-
plete adapter sequences required for cluster generation. 
The finished library is purified from PCR components. 
High-throughput sequencing was performed as single-end 
75 sequencing using NextSeq 550 (Illumina, Inc., USA).

Data analysis

QuantSeq 3′ mRNA-Seq reads were aligned using STAR 
(Dobin et al. 2013). STAR indices were either generated 
from genome assembly sequence or the representative 
transcript sequences for aligning to the genome and tran-
scriptome. The alignment file was used for assembling 
transcripts, estimating their abundances, and detecting 
differential expression of genes. Differentially expressed 
genes were determined based on counts from unique 
and multiple alignments using coverage in HTSeq-count 
(Anders et al. 2015). The RC (Read Count) data were pro-
cessed based on TMM + CPM normalization method using 
EdgeR within R (R development Core Team, 2020) using 
Bioconductor (Gentleman et al. 2004). Gene classification 
was based on searches done by DAVID (http:// david. abcc. 
ncifc rf. gov/) and Medline databases (http:// www. ncbi. nlm. 
nih. gov/). Data mining and graphic visualization were per-
formed using ExDEGA (Ebiogen Inc., Korea).

http://david.abcc.ncifcrf.gov/
http://david.abcc.ncifcrf.gov/
http://www.ncbi.nlm.nih.gov/
http://www.ncbi.nlm.nih.gov/
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Results

Establishment of an in vitro model for MM tumor 
microenvironment research

Understanding the tumor microenvironment in patients with 
MM is crucial for the development of treatments and the 
discovery of targeted therapies. In this regard, we aimed to 
observe the changes in normal MSCs induced by MM cells 
using a co-culture with the MM cell lines IM-9 and RPMI-
8226, which are mesenchymal stromal cell lines (Fig. 1). 
Through the co-culture of MM cells and MSCs, we sought to 
replicate the tumor microenvironment of patients with MM.

Proliferation, apoptosis, and cell cycle due 
to co‑culture of MM cells and MSCs

Following the co-culture of HS-5 cells with RPMI-8226 or 
IM-9, we observed cell morphology at 24 and 72 h. The 
results showed no significant changes in cell morphology 
during co-culturing or over time (Fig. 2A). After RPMI-
8226 and IM-9 were co-cultivated with HS5, cell viability 
was measured. When HS-5 was cultured alone, it decreased 
slightly to 95%, and when RPMI-8226 and IM-9 were co-
cultured, it decreased slightly to 88% and 91%. However, 
all of them showed high cell viability (Fig. 2B). However, 
apoptosis was significantly increased when co-cultured 
with RPMI-8226 and IM-9. In the case of RPMI-8226, it 

increased by approximately 3.5-fold, whereas for IM-9, it 
increased by approximately 2.5-fold (Fig. 2C). Cell cycle 
analysis did not show significant differences in the G0/G1 
or G2/M phases due to co-culture; however, a significant 
increase was observed in the S phase, which corrects errors 
during DNA replication, suggesting ongoing cell cycle pro-
gression to repair damaged DNA (Fig. 2D). These results 
suggest that while MSCs may not be significantly affected by 
MM in terms of cell viability, a substantial number of cells 
undergo apoptosis, leading to continuous DNA replication 
in the cell cycle, especially during the S phase, to correct 
errors.

MSC senescence due to co‑culture with MM cells

Senescence was assessed after co-culturing MSCs with 
RPMI-8226 and IM-9. Co-culturing with RPMI-8226 and 
IM-9 increased MSC senescence, with IM-9 showing senes-
cence in most cells (Fig. 2A). Cells that entered senescence 
were counted and quantified graphically (Fig. 2B–D. These 
results indicate that MM cells promote MSC senescence 
(Fig. 3).

MSC differentiation due to co‑culture with MM cells

MSCs co-cultured with MM cells were re-plated to induce 
osteogenesis and adipogenesis. Analysis of osteogenesis by 
ALP staining showed that co-culturing with RPMI-8226 
and IM-9 significantly reduced ALP expression. However, 

Fig. 1  Overall experimental design. The tumor microenvironment of multiple myeloma was simulated in vitro
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Fig. 2  Observation of MSCs co-cultured with MM cells. A Observa-
tion of MSCs co-cultured with MM cells at 0, 24, and 72 h. Harvest-
ing of MM cells and co-cultured MSCs at 72  h for analysis of cell 

viability (B), apoptosis (C), and cell cycle (D) (*P < 0.05, **P < 0.01, 
***P < 0.001). MSC mesenchymal stromal cell, MM multiple mye-
loma

Fig. 3  Senescence changes in MSCs induced by MM cells. Cocultured MM cells and MSCs were observed under a microscope after 72 h, fol-
lowed by a senescence assay (A, B). (**P < 0.01). MSC mesenchymal stromal cell, MM multiple myeloma
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when assessing adipogenesis using Oil Red O staining, no 
significant difference in adipogenesis was observed in the 
co-culture with RPMI-8226 and IM-9. These results indicate 
that co-culturing with MM cells affects osteogenesis but not 
adipogenesis (Fig. 4).

Changes in MSC characterization due to co‑culture 
with MM cells

To determine whether the observed changes in senescence 
and osteogenesis were due to alterations in MSC character-
istics, we examined the expression of MSC markers. The 
confirmation of MSC marker expression is based on the 
results obtained from five separate co-culture experiments. 
CD73, CD90, CD105, and CD44 are positive markers of 

MSCs, whereas CD34, CD19, and HLA-DR are negative 
markers. Flow cytometry revealed that co-culturing with 
both RPMI-8226 and IM-9, led to decreased expression of 
the positive markers CD73, CD90, CD105, and CD144. 
The IM-9 co-culture showed significant differences in 
CD73, CD90, CD105, and CD144, while the RPMI-8226 
co-culture exhibited decreased expression of all mark-
ers but showed significant differences only in CD73 and 
CD44. Conversely, the expression of the negative mark-
ers CD19 and HLA-DR increased significantly when co-
cultured with RPMI-8226 and IM-9, while no difference 
was observed in CD34 expression. These results suggest 
that co-culturing with MM cells alters the characteristics 
of MSCs in the tumor microenvironment (Fig. 5).

Fig. 4  Changes in MSC differentiation capacity induced by co-cultur-
ing with MM cells. Co-cultured MSCs was induced for osteogenesis, 
and an ALP assay was performed (A). Adipogenesis was induced and 

Oil Red O staining was performed (B). MSC mesenchymal stromal 
cell, MM multiple myeloma, ALP alkaline phosphatase
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Gene profiling after osteogenesis of co‑cultured 
MSCs with MM cells

To investigate the mechanism underlying the observed 
decrease in osteogenesis following co-culture with MM 

cells, gene profiling was performed. The heat map shows 
significant changes in gene expression after co-culturing 
with RPMI-8226 and IM-9 (Fig. 6A). Compared with nor-
mal MSCs, co-culture with IM-9 led to an increase in 126 
genes and a downregulation of 211 genes. The genes with 

Fig. 5  Characterization of MM cells and co-cultured MSCs. The 
expression of MSC markers was examined after 72  h of co-cul-
ture with MM cells. The expression of positive and negative mark-

ers was determined using flow cytometry. (*P < 0.05, **P < 0.01, 
***P < 0.001). MSC mesenchymal stromal cell, MM multiple mye-
loma

Fig. 6  Gene profiling changes in MM co-cultured MSCs induced by 
osteogenesis. mRNA sequencing was performed after coculturing 
with MM cells for osteogenesis. Overexpressed and underexpressed 
genes are represented using a heat map and dendrogram (A), and the 
gene distribution is shown as a scatter plot (C). On the left side of 

the Venn diagram, it represents overall gene expression, while on the 
right, it indicates only the significant genes. On the left side of the 
scatter plot, it compares the control and IM9, and on the right, it com-
pares the control and RPMI8226. MSC mesenchymal stromal cell, 
MM multiple myeloma
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significant changes in expression included 48 upregulated 
and 26 downregulated genes. RPMI-8226 cells had 48 over-
expressed and 80 underexpressed genes, with four genes 
showing significant differences in both overexpression and 
expression (Fig. 6B). Scatter plots (Fig. 6C) illustrate the 
changes in gene expression induced by co-culturing with 
MM cell lines. Notably, the expression of genes involved 
in growth arrest and DNA damage induction, such as 
GADD45A, increased significantly in RPMI-8226 and IM-9 
co-cultures, as did genes such as IRF-1. This mediates the 
function of TH1 cells and HLA-B, which plays a crucial role 
in the immune response and provides instructions for pro-
tein synthesis. Furthermore, when co-cultured with MM cell 
lines and osteogenesis was induced, changes in gene expres-
sion related to angiogenesis, cell cycle, DNA repair, immune 
response, and inflammatory response were observed. The 
IM-9 coculture showed more significant changes in gene 
expression than the RPMI-8226 coculture (Table 1). These 
results suggest that co-culturing with MM cells leads to a 
decrease in the osteogenic capacity of MSCs, which is asso-
ciated with changes in the expression of various genes.

Discussion

As a tumor microenvironment in hematological malignan-
cies, MSCs have been recognized as important factors by 
several researchers (Pan et al. 2023; Plakhova et al. 2023; 

Vanegas et al. 2021; Agarwal et al. 2019), and studies on 
the interactions between MM cells and MSCs have been 
reported (Corre et al. 2007; Andre et al. 2013; Desantis et al. 
2022). MM is also supported by the tumor microenviron-
ment (TME), which consists of various cell types, such as 
autocrine signaling pathways, stromal cells, immune cells, 
and extracellular matrix components. The TME plays a 
crucial role in inducing proliferation and preventing cell 
death. Therefore, the interaction between MM cells and the 
TME is highly significant in MM progression, with MSCs 
known as key regulators within the MM TME (Forster et al. 
2023). However, it remains unclear whether MSCs are fun-
damentally damaged by MM cells. In this study, we aimed 
to investigate whether MM cells cause damage to normal 
bone marrow by observing the interactions between MSCs 
and MM cells in co-culture.

Although co-culturing with MM cells did not result in 
significant differences in the morphology and viability of 
MSCs, apoptosis increased significantly. These results con-
trast with those of some studies that reported increased pro-
liferation and no difference in apoptosis due to MM cells 
(Andre et al. 2013), but it is not clear whether these results 
were due to damaged MSCs in patients with MM or MSCs 
controlled by MM cells. Our results demonstrate that normal 
MSCs are influenced by MM cells, leading to an increase in 
apoptosis. Cell proliferation did not increase regardless of an 
increase in apoptosis could be due to an increased S phase 
in the cell cycle. During S phase, damaged DNA is repaired, 

Table 1  Gene profiling analysis

Genes that were overexpressed or underexpressed due to co-culture with MM cells are listed in a tabular 
form

Angiogenesis Cell cycle DNA repair Immune response Inflam-
matory 
response

IM-9 co-cultured 
HS-5 osteogenesis 
significant gene

CXCL8 BRSK1 EYA4 COLEC12 BDKRB2
CYP1B1 GPSM2 GTF2H5 CXCL8 CXCL8
FAP LIF EXT1 EXT1
VSTM4 BANF1 IL1R1 IL1R1

CDK6 IL33 IL33
DYNC1LI1 LIF

SIRPA
TNFSF15
IRF1
METTL3
HLA-B
EBI3
BTN3A2

RPMI-8226 co-
cultured HS-5 
osteogenesis signifi-
cant gene

GPSM2 GADD45A IL1A IL1A
IQGAP3 IL1R1 IL1R1
LIF LIF
CHORDC1 ISG15
GADD45A
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leading to cell cycle activation and compensation for the 
damage caused by apoptosis. Overall, MM cells maintained 
the morphology and the number of MSCs.

A comparison of normal MSCs with those from patients 
with MM revealed differences in senescence, osteogenesis, 
and adipogenesis. These differences were explained by 
changes in various genes in patients with MM when ana-
lyzing gene profiling (Andre et al. 2013; Cao et al. 2022; 
Fernando et al. 2019). In this study, we aimed to investigate 
whether osteogenic failure in damaged MSCs exposed to 
MM cells was due to changes in specific genes. After expos-
ing MM cells to MSCs and inducing osteogenesis, we aimed 
to confirm whether gene expression differences occurred due 
to the failure of osteogenesis. The results showed significant 
differences in the expression of various genes, and it was 
concluded that the decrease in osteogenesis was caused by 
changes in gene expression.

MSCs expressed both positive and negative markers. 
CD73, CD90, CD105, and CD44 are positive markers, 
whereas CD34, CD19, and HLA-DR are negative mark-
ers (Lovell-Badge et al. 2021). Some studies have reported 
changes in MSC marker expression due to co-culturing with 
hematopoietic malignancies; however, these results are also 
controversial (Flores-Figueroa et al. 2005; Kawano et al. 
2023; Rathnayake et al. 2016; Corradi et al. 2018). In this 
study, co-culturing of MSCs and MM cells significantly 
altered the expression of MSC markers, and these changes 
were believed to result in a decrease in the unique potential 
of MSCs.

Changes in gene expression in normal MSCs and MSCs 
from patients with MM have been reported previously. 
The altered expression of genes, such as IL-6 and CD106, 
which are MM cell growth factors, as well as fibronectin, 
DKK1, IL-1β, and TNF-α, has been explained (Corre et al. 
2007; Yaccoby et al. 2002; Wallace et al. 2001; Garderet 
et al. 2007). In this study, gene expression was analyzed 
after osteogenesis, and a significant increase was observed 
in the expression of GADD45A, a growth arrest- and 
DNA damage-inducing gene. Additionally, other genes 
showed differential expression, with more genes being 

underexpressed than overexpressed. This suggests that 
the decrease in osteogenesis may be due to the predomi-
nance of underexpressed genes related to angiogenesis, 
cell cycle, immune response, and inflammatory response. 
Although increased GADD45A expression may help repair 
DNA damage, it has limitations in the overall gene expres-
sion recovery.

In conclusion, we co-cultured MM cells and MSCs to 
investigate the impact of MM cells on the tumor micro-
environment. The results showed that while MM cells did 
not significantly affect the viability of MSCs, apoptosis 
increased significantly, and there was a notable increase 
in the S phase of the cell cycle. Co-culture with MM cells 
decreased senescence, adipogenesis, and osteogenesis. 
When these changes were confirmed using MSC mark-
ers, the expression of positive markers decreased owing 
to co-culturing with MM cells, whereas the expression of 
negative markers increased. Furthermore, a clear decrease 
in osteogenesis was observed following co-culture with 
MM cells, which was attributed to changes in gene profil-
ing. Overall, co-culture with MM cells not only altered 
the characteristics of MSCs but also lead to changes in 
senescence, osteogenesis, and adipogenesis, which are 
influenced by changes in gene expression.

The use of novel agents has improved the outcomes for 
MM patients. However, a significant issue remains as the 
majority of patients experience relapse and develop treat-
ment resistance. To improve the efficacy of MM treatment, 
it is essential to accurately understand the interactions 
between MM cells and MSCs. Essentially, there is a need 
for further research to understand the interaction between 
MM cells and tumor microenvironment in order to develop 
treatments that can effectively prevent MM progression 
and relapse. In future research, we will investigate not only 
the effects of MM cells on MSCs, but also the process by 
which patient-derived MSCs influence HSCs from multi-
ple perspectives. Through such diverse studies, elucidating 
the interaction between MM cells and MSCs can greatly 
contribute to the enhancement of MM treatments (Fig. 7).

Fig. 7  Changes in the tumor microenvironment induced by MM cells. MSCs exposed to MM cells exhibit various character changes. MSC mes-
enchymal stromal cell, MM multiple myeloma
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