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Abstract. Side population (SP) cells are involved in the 
development of multidrug resistance (MDR) in human multiple 
myeloma (MM), due to their cancer stem cell (CSC)-like 
phenotypes. ATP-binding cassette (ABC) drug transporter 
proteins have been reported to be closely associated with MDR 
in leukemia; however, the correlation between ABC proteins 
and the progression of MM remains unclear. The present study 
used MM cell lines and clinical samples to determine the role 
of ABC subfamily G member 2 (ABCG2) in MM via flow 
cytometry, reverse transcription-quantitative polymerase chain 
reaction and western blotting. SP cells sorted from MM cell 
lines, including NCI‑H929 cells, via fluorescence‑activated cell 
sorting, exhibited CSC-like phenotypes and expressed high 
levels of ABCG2. Expression of ABCG2 and activation of the 
phosphatidylinositol 3-kinase (PI3K)/AKT serine/threonine 
kinase (AKT) signaling pathway was positively associated with 
the proportion of SP cells in the NCI-H929 cell line. In addi-
tion, suppression of the PI3K/AKT pathway using LY294002 
or rapamycin counteracted the protective effects of ABCG2 
against chemotherapeutic drug treatment. Mechanistically, 
PI3K/AKT signaling may regulate ABCG2 expression, and 
ABCG2 may regulate phosphatase and tensin homolog expres-
sion via a potential negative feedback loop. Furthermore, SP 
cell proportion, ABCG2 expression and PI3K/AKT pathway 
activation were associated with disease progression in patients 
with MM. These findings indicated the critical roles of ABCG2 
and PI3K/AKT signaling in controlling stemness of MM cells, 
and suggested a novel strategy for targeting ABCG2 and 
PI3K/AKT signaling to treat MM with MDR.

Introduction

Multiple myeloma (MM) is a common tumor of the blood, 
which is characterized by plasma cell colonization and promi-
nent bone marrow damage. The majority of patients with MM 
eventually exhibit relapse or multidrug resistance (MDR), 
regardless of chemotherapy, targeted drug therapy or autolo-
gous stem cell transplantation. The development of MDR to 
chemotherapeutic agents remains a major obstacle in the effec-
tive treatment of cancer (1). The occurrence and recurrence of 
MM suggests the presence of cancer stem cells (CSCs), which 
are responsible for tumor initiation, self-renewal, drug resis-
tance and metastasis (2). CSCs from acute myeloid leukemia, 
breast cancer, glioma and numerous other types of cancer have 
been successfully isolated using cancer‑type specific surface 
markers (3-5). However, CSCs have not been isolated from 
MM, due to the lack of specific surface markers.

Despite the distinct surface markers of MM, CSCs have 
not been definitively identified. The concept of side population 
(SP) cells has been widely used as a unique source for studying 
CSCs when specific markers are not available (6‑12). First 
described by Goodell et al (13), SP cells are a subset of enriched 
progenitor cells that exhibit CSC-like phenotypes with distinct 
low staining of Hoechst 33342 in several malignant tumors. 
Accumulating evidence has indicated that CSCs are highly 
resistant to conventional cancer therapies and contribute to 
MDR (14-18). For example, SP cells sorted from glioma and 
primary esophageal carcinoma have a lower sensitivity to 
chemotherapy drugs in vitro (18,19). Although a few studies 
have characterized SP cells compared with main population 
(MP) cells, the stem-like properties and tumorigenicity of SP 
cells in MM remains largely unknown.

Although MDR is a multifactorial phenomenon, over-
expression of ATP-binding cassette (ABC) drug transporter 
proteins remains one of the most common mechanisms 
underlying MDR. It is well known that CSCs often exhibit 
high ABC transporter activity, particularly ABC subfamily G 
member 2 (ABCG2) activity. ABCG2 is a surface molecule 
that contributes to drug resistance via the efflux of intracel-
lular drugs (20,21). Phosphatidylinositol 3-kinases (PI3Ks) are 
a family of lipid kinases that serve critical roles in regulating 
various cellular processes. With subsequent activation of 
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AKT serine-threonine kinase (AKT) and other downstream 
effectors, such as mammalian target of rapamycin (mTOR), 
the PI3K pathway is crucial in cancer proliferation and also 
contributes to MDR in certain types of cancer (22). However, 
the roles of PI3K/AKT/mTOR signaling in maintaining MM 
stem cell properties have not been extensively studied (23,24). 
Therefore, the present study aimed to investigate whether 
ABCG2 may be used as a surface marker for MM CSCs, 
and if a correlation exists between ABCG2 expression and 
PI3K/AKT signaling in SP cells in MM.

Materials and methods

MM cell lines and primary MM cells. The U266 and NCI‑H929 
human MM cell lines were originally obtained from American 
Type Culture Collection (Manassas, VA, USA), and were 
further cultivated in our laboratory. Cell lines were authenti-
cated using a short‑tandem repeat method and were confirmed 
as mycoplasma contamination-free. Cells were cultured in 
RPMI‑1640 medium (Gibco; Thermo Fisher Scientific, Inc., 
Waltham, MA, USA) supplemented with 10% fetal bovine 
serum (TransGen Biotech Co., Ltd., Beijing, China) and 1% 
penicillin/streptomycin (TransGen Biotech Co., Ltd.) at 37˚C 
in a humidified incubator containing 5% CO2.

A total of 30 patients diagnosed with MM, according to the 
Updated Diagnostic Criteria and Staging System for MM (25), 
were selected for the present study. A total of 16 patients were 
men and 14 were women (age, 22-82 years). With regards to 
the Durie-Salmon (DS) criteria, two samples were DS stage I, 
five were DS stage II and 23 were DS stage III; in addi-
tion, with regards to the International Staging System (ISS) 
criteria, three samples were ISS stage I, 11 were ISS stage II 
and 16 were ISS stage III. The control group consisted of 
10 samples (three male patients and seven female patients; age, 
31-52 years) from healthy individuals without hematological 
diseases. Patients with MM and control individuals were 
recruited from the Department of Hematology, China Medical 
University (Shenyang, China) between January 1, 2015 and 
December 30, 2015. Bone marrow mononuclear cells were 
obtained from total bone marrow by density gradient centrifu-
gation; briefly, lymphocyte separation solution (GE Healthcare, 
Chicago, IL, USA) and bone marrow was added to 15 ml 
centrifuge tubes and were centrifuged at 400 x g for 30 min 
at room temperature. The present study (AF-SOP-07-1.0-01) 
was approved by the institutional review board of the First 
Affiliated Hospital of China Medical University (Shenyang, 
China), and written informed consent was obtained from all 
patients prior to their participation, in accordance with the 
Declaration of Helsinki.

Reagents and antibodies. Hoechst 33342 and Verapamil were 
obtained from Sigma-Aldrich; Merck KGaA (Darmstadt, 
Germany). Rabbit polyclonal antibodies against phosphatase and 
tensin homolog (PTEN; cat. no. 9559), phosphorylated (p)-PI3K 
(cat. no. 4228), PI3K (cat. no. 4257), p-AKT (cat. no. 4060), 
AKT (cat. no. 9272), ABCG2 (cat. no. 42078) and β-actin 
(cat. no. 4970) were obtained from Cell Signaling Technology, 
Inc. (Danvers, MA, USA). Arsenic trioxide (As2O3), bortezomib 
(Bort), LY294002 and rapamypin were purchased from Selleck 
Chemicals (Houston TX, USA).

Lentiviral infection of ABCG2 in NCI‑H929 cells. Lentiviral 
particles were produced in 293T cells (Shanghai GeneChem 
Co., Ltd., Shanghai, China) [5x106 cells/ml, cultured in 
Dulbecco's modified Eagle's medium (DMEM; HyClone; 
GE Healthcare Life Sciences, Logan, UT, USA) containing 
10% fetal bovine serum (HyClone; GE Healthcare Life 
Sciences] by transiently co-transfecting control vector pGV358 
(DMEM, 37˚C, 24 h) (obtained from Dr Van Duyne, University 
of Pennsylvania, Philadelphia, PA, USA) or pGV358‑ABCG2 
(ABCG2 cDNA was ontained from Shanghai GeneChem 
Co., Ltd.; GenBank accession no.: NM-004827, https://www.
ncbi.nlm.nih.gov/genbank/) with helper plasmids pMD2.G 
(Plasmid #12259; Addgene, Inc., Cambridge, MA, USA) and 
psPAX2 (Plasmid #12260; Addgene, Inc.) using FuGENE® HD 
Transfection Reagent (Promega Corporation, Madison, 
WI, USA). A total of 24 h post-infection of NCI-H929 cells 
(5x105 cells/ml) with ABCG2 or non‑specific control (NC) 
lentiviruses. The lentiviral supernatants were harvested 
post‑transfection and were filtered (0.45 mM filter) prior to 
infection of the cell lines at 37˚C for 24 h at a multiplicity of 
infection of 80, the cells were harvested and resuspended in fresh 
medium. These cells were referred to as NCI-H929/ABCG2+ 
or NCI-H929/NC cells.

Flow cytometry. NCI‑H929, U266 and primary MM cells 
were suspended at a concentration of 1x106 cells/ml and were 
stained with Hoechst 33342 dye (5 µg/ml) in culture medium 
at 37˚C for 90 min. Samples were also treated with 50 µM 
Verapamil for 90 min at 37˚C as a negative control, which 
can inhibit the efflux of Hoechst 33342. Propidium iodide (PI; 
1 µg/ml) was added to the cells at 4˚C for 15 min prior to 
flow cytometric analysis. PI‑negative (live) cells were initially 
gated, and the SP‑gated cells were defined as the diminished 
area on the dot plot (Fig. 1A) (26). SP and MP cells were 
sorted for further experiments using fluorescence‑activated 
cell sorting (FACS) (FACSAria II, BD). NCI-H929 and 
NCI-H929/ABCG2+ cells treated with LY294002 (20 µM) 
or rapamycin (100 nM) at 37˚C for 72 h were subjected to 
the same procedures for SP and MP cell sorting. Cell cycle 
analysis was performed by fixing cells in 75% ethanol and 
staining them with PI, according to the protocol of the cell 
cycle analysis kit (TransGen Biotech Co., Ltd.).

Determining drug sensitivity using a cell proliferation assay. 
Drug sensitivity of sorted SP and MP cells was determined 
using the Cell Counting Kit-8 (CCK-8; Dojindo Molecular 
Technologies, Inc., Kumamato, Japan), according to the 
manufacturer's protocol. Briefly, cells were suspended at 1x105 

cells/ml and seeded in a 96-well plate. SP and MP cells were 
treated with various doses of Bort (10, 25 and 50 nM) or 
As2O3 (1.25, 2.5 and 5 µM) for 24 h at 37˚C. Subsequently, 
CCK-8 reagent (10 µl) was added to each well and absor-
bance was measured at 450 nm after 1 h. For NCI-H929 
and NCI-H929/ABCG2+ cells, LY294002 (20 µM) or 
rapamycin (100 nM) was added to the culture medium for 72 h 
prior to the addition of As2O3 or Bort. The ratio of dead cells 
was calculated using the following equation: Ratio = [1 - (OD 
value of treatment - OD value of background)/(OD value of 
control ‑ OD value of background)] x 100%. OD refers to 
optical density.
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Soft agar colony formation assay. The soft agar colony formation 
assay was performed as previously described (27). Briefly, the soft 
agar used consisted of an upper layer (0.35% agarose) and a lower 
layer (0.7% agarose). FACS‑sorted SP or MP cells (5x103/test) 
were inoculated and grown for 14 days in the soft agar. Fresh 
medium was added to the cells every 3 days, and the number 
of colonies was counted (colonies contained >50 cells) at day 14 
under a BX51 microscope (Olympus Corporation, Tokyo, Japan).

Reverse transcription quantitative polymerase chain reac‑
tion (RT‑qPCR). Bone marrow mononuclear cells were obtained 
from total bone marrow by density gradient centrifugation. 
Total RNA was extracted from cells using TRIzol® reagent 
(Invitrogen; Thermo Fisher Scientific, Inc.), according to the 
manufacturer's protocol. RNA samples (500 ng each) were 
reverse transcribed into cDNA using an M‑MLV first strand 
cDNA synthesis kit (Invitrogen; Thermo Fisher Scientific, 

Figure 1. SP cells sorted from MM cell lines share similar biological characteristics with cancer stem cells. (A) Representative flow cytometry profile of SP 
cells in human MM cell lines, NCI‑H929 and U266, with or without Verapamil treatment (50 µM). (B) Cell cycle analysis of SP and MP cells isolated from 
NCI-H929 cells after propidium iodide staining.
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Inc.), according to the manufacturer's protocol. qPCR was 
performed using the 7500 real-time PCR system and Power 
SYBR Green Master Mixture (both Applied Biosystems; 
Thermo Fisher Scientific, Inc.). The thermocycling condi-
tions ewre as follows: 95˚C for 5 min followed by 40 cycles 
at 95˚C for 30 sec, 52˚C for 30 sec, 72˚C for 45 sec, and a 
final step at 62˚C for 10 min. GAPDH was used as the internal 
control gene. Fold changes in relative gene expression were 
calculated according to the ΔΔCq method (28). In addition, 
the amplified products were analyzed by DNA electrophoresis 
on a 2% agarose gel and the gels were stained wih ethidium 
bromide (Beyotime Institute of Biotechnology, Shanghai, 
China). Primer sequences for specific gene amplification are 
listed in Table I.

Western blotting. Cells were lysed with Lysis Buffer (Beijing 
Solarbio Science & Tecnology Co., Ltd., Beijing, China) 
and total protein concentration was measured using the 
Pierce Bicinchoninic Acid Protein Assay kit (Thermo 

Fisher Scientific, Inc.). Equal amounts of protein (50 µg) 
were separated by 8% SDS‑PAGE and transferred to poly-
vinylidene fluoride membranes, which were blocked with 
ice‑cold transfer film buffer (0.29% Tris‑base, 0.58% glycine, 
0.037% SDS and ddH2O) for 60-90 min. Primary antibodies 
against PTEN (1:1,000), p-PI3K (1:1,000), PI3K (1:1,000), 
p-AKT (1:1,000), AKT (1:1,000), ABCG2 (1:1,000) and 
β‑actin (1:1,000) were applied overnight at 4˚C at a dilution of 
1:1,000. Proteins were detected by enhanced chemiluminescence 
(EMD Millipore, Billerica, MA, USA), following incubation 
with horseradish peroxidase-conjugated secondary antibodies 
(1:10,000 dilution; cat. no. HAF008; R&D Systems China Co., 
Ltd., Shanghai, China) at room temperature for 1 h. Blots were 
semi‑quantified using ImageJ (V1.8.0; National Institutes of 
Health, Bethesda, MD, USA).

Statistical analysis. SPSS software 13.0 (SPSS, Inc., Chicago, 
IL, USA) and GraphPad Prism 5 (GraphPad Software, Inc., 
La Jolla, CA, ISA) were used for statistical analysis. Data 

Figure 1. Continued. (C) Cell proliferation curves of SP and MP cells isolated from the NCI-H929 cell line. (D) Representative images of the colony forming 
ability of SP and MP cells isolated from the NCI-H929 cell line. (E) Summary of colony numbers generated by SP and MP cells isolated from NCI-H929 
cells. n=3 tests/group. Representative data of three experiments with similar results are presented. *P<0.05, **P<0.01. MP, main population; SP, side population.
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are presented as the means ± standard deviation. Differences 
between two groups were analyzed using Student's t-test. 
Differences among multiple groups were analyzed using 
one-way analysis of variance and the Student-Newman-Keuls 
post hoc test. The correlations between PTEN and ABCG2, 
PTEN expression and SP%, and ABCG2 expression and 
SP% were assessed using Spearman correlation analysis. 
All experiments were performed in triplicate with consistent 
results. *P<0.05 was considered to indicate a statistically 
signifcant difference, **P<0.01 was considered to indicate a 
larger statistically significant difference.

Results

SP cells sorted from MM cell lines exhibit CSC‑like pheno‑
types and express high levels of ABCG2. The present study 
stained two human MM cell lines (NCI‑H929 and U266) with 
Hoechst 33342 and PI, in order to determine whether SP cells 
can be identified in a similar manner as in other tumors. Both 
MM cell lines contained SP cells, which presented as a distinct 
‘tail’ in the flow cytometric analysis. The proportion of SP cells 
was 1.79±0.10% in the NCI‑H929 cell line and 0.46±0.01% in 
the U266 cell line. Since NCI‑H929 cells seemed to have a 
higher proportion of SP cells, SP and MP cells isolated from 
the NCI-H929 cell line were used for subsequent experiments. 
SP cells have inherent properties that distinguish them from 
MP cells. As shown in Fig. 1B, cell cycle analysis indicated 
that the percentage of cells in G0/G1 phase was significantly 
higher in SP cells compared with in MP cells (P<0.01). The 
majority of SP cells existed in an abnormal G0/G1 phase, 
which is consistent with the characteristics of CSCs (29). 
Furthermore, FACS-sorted SP cells exhibited increased 
proliferation compared with MP cells under the same culture 
conditions, as demonstrated by CCK-8 assays (Fig. 1C). The 

colony forming ability of SP and MP cells was determined 
using soft agar colony forming assays. Both SP and MP cells 
generated colonies, whereas the number of colonies gener-
ated by SP cells was significantly greater compared with MP 
cells (P<0.01; Fig. 1D and E); ~13.80% of SP cells formed 
visible colonies. These findings suggested that SP cells may 
possess a prominent self-renewal ability, which is a common 
characteristic of CSCs.

It is well known that CSCs often exhibit high ABC 
transporter activity. The ABC protein family contains 
ABC subfamily A member 3 (ABCA3), ABC subfamily B 
member 1 (ABCB1), ABC subfamily C member 1 (ABCC1) 
and ABCG2. Therefore, the present study performed qPCR to 
investigate the expression of these ABC family members in SP 
and MP NCI-H929 cells. As expected, the mRNA expression 
levels of ABCA3, ABCB1, ABCC1 and ABCG2 were higher 
in SP cells compared with in MP cells (Fig. 2A). Notably, SP 
cells had ~10 times more ABCG2 transcript compared with 
MP cells (Fig. 2B). Correspondingly, the protein expres-
sion levels of ABCG2 were markedly increased in SP cells 
compared with in MP cells (Fig. 2C). These data indicated that 
ABCG2 may be a potential primary factor that maintains the 
stem cell-like characteristics of SP NCI-H929 cells.

The present study determined the sensitivity of SP and MP 
cells to two common chemotherapy drugs, Bort and As2O3. 
Regardless of the concentrations tested, the survival rates 
were significantly higher in response to treatment with either 
Bort (Fig. 2D) or As2O3 (Fig. 2E) in SP cells compared with 
in MP cells. Taken together, SP cells from the NCI-H929 cell 
line exhibited higher ABCG2 expression levels and displayed 
a more potent chemoresistant phenotype compared with 
MP cells.

Association between ABCG2 expression, SP cells and 
the PI3K/mTOR pathway in NCI‑H929 cells. To further 
consolidate the role of ABCG2 in maintaining the pheno-
type of CSCs, NCI-H929 cells were transfected with 
either ABCG2-lentivirus (NCI-H929/ABCG2+) or control 
lentivirus (NCI‑H929/NC). Cells infected with green fluo-
rescence protein-tagged lentiviruses were sorted (Fig. 3), and 
the expression levels of ABCG2, at both mRNA (Fig. 4A) 
and protein (Fig. 4B) levels, were detected. Considering the 
critical roles of the PI3K/mTOR pathway in regulating MDR, 
the present study determined the effects of LY294002 (an 
inhibitor of PI3K signaling) and rapamycin (an inhibitor of 
mTOR signaling) on the frequency of SP cells in NCI-H929 
and NCI-H929/ABCG2+ cell lines. As shown in Fig. 4C and D, 
the NCI-H929/ABCG2+ cell line exhibited a higher percentage 
of SP cells compared with the NCI-H929 cell line (7.0 vs. 
1.8%; P<0.01). In NCI‑H929 and NCI‑H929/ABCG2+ cell 
lines, pretreatment with LY294002 or rapamycin significantly 
reduced the abundance of SP cells. Notably, LY294002 
and rapamycin decreased the frequency of SP cells from 
7.0 to ~1.5% in the NCI‑H929/ABCG2+ cell line. These data 
indicated that overexpression of ABCG2 and activation of the 
PI3K/mTOR pathway may contribute to SP cell maintenance 
in the NCI-H929 cell line.

Protective effects of ABCG2 against chemotherapeutic drugs 
is reversed by PI3K/mTOR pathway inhibition in NCI‑H929 

Table I. List of primer sequences.

Gene name Sequence (5' to 3')

ABCG2 F: ATTGAAGCCAAAGGCAGATG
 R: TGAGTCCTGGGCAGAAGTTT
ABCA3 F: AGAAATACGGTGCCGGCTATCACA
 R: CAATGCCCAGCTCTTTCTGCTTCT
ABCB1 F: GCTCCTGACTATGCCAAAGC 
 R: TCTTCACCTCCAGGCTCAGT
ABCC1 F: CTGGGCTTATTTCGGATCAA
 R: TGAATGGGTCCAGGTTCATT
PTEN F: ATACCAGGACCAGAGGAAACC
 R: TTGTCATTATCCGCACGCT
GAPDH F: TCCTGCACCACCAACTGCTT
 R: GAGGGGCCATCCACAGTCTT

ABC, ATP binding cassette; ABCA3, ABC subfamily A member 3; 
ABCB1, ABC subfamily B member 1; ABCC1, ABC subfamily C 
member 1; ABCG2, ABC subfamily G member 2; F, forward; PTEN, 
phosphatase and tensin homolog; R, reverse.
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cells. ABCG2 expression is associated with the chemoresis-
tance of SP cells in the NCI-H929 cell line. Consistent with 
this finding, the cell death rate was significantly lower in 
NCI-H929/ABCG2+ cells compared with NCI-H929 cells, 
in response to various concentrations of As2O3 (Fig. 5A) or 
Bort (Fig. 5B). These data suggested that ABCG2 serves 
an important role in protecting tumor cells. Since ABCG2 
expression and activation of the PI3K/mTOR pathway may be 
correlated with the proportion of SP cells in the NCI-H929 
cell line, the present study detected the sensitivity of tumor 
cells to chemotherapeutic drugs following inhibition of 
the PI3K/mTOR pathway. Cell death rates were increased 
in a dose-dependent manner in response to LY294002 or 
rapamycin following As2O3 (Fig. 5C) or Bort (Fig. 5D) 
treatment in NCI-H929 and NCI-H929/ABCG2+ cells. 
These findings suggested that inhibition of the PI3K/mTOR 
pathway in MM may enhance the sensitivity of tumor cells 
to chemotherapeutic drugs, thus suggesting that inhibition of 
the PI3K/mTOR pathway counteracts the protective effects of 
ABCG2.

ABCG2 expression is associated with the activation of 
PI3K/mTOR signaling in NCI‑H929 cells. Since inhibition of 
the PI3K/mTOR signaling pathway attenuated the protective 
effects of ABCG2 overexpression on NCI-H929/ABCG2+ 
cells, the present study aimed to determine whether the 
PI3K/mTOR pathway regulates ABCG2 expression. The results 

of RT-qPCR demonstrated that PTEN was downregulated 
in NCI-H929/ABCG2+ cells; PTEN is an inhibitor molecule 
upstream of PI3K/mTOR signaling (Fig. 6A and B). This finding 
suggested that ABCG2 overexpression may be associated with 
activation of PI3K/mTOR signaling. Conversely, inhibition of 
PI3K/mTOR signaling by LY294002 or rapamycin reduced 
ABCG2 expression in NCI-H929 and NCI-H929/ABCG2+ 
cells (Fig. 6C and D). Subsequently, PI3K/mTOR activity was 
analyzed by measuring p-PI3K and its downstream target 
p-AKT in NCI-H929 cells treated with LY294002 or rapamycin. 
As shown in Fig. 6E, the protein expression levels of p-PI3K and 
p-AKT were higher in NCI-H929/ABCG2+ cells compared with 
in NCI-H929 cells. In addition, PTEN expression was reduced 
in NCI-H929/ABCG2+ cells. Notably, ABCG2 expression was 
markedly decreased following LY294002 or rapamycin treat-
ment of NCI-H929 and NCI-H929/ABCG2+ cells. Therefore, 
it may be hypothesized that the PI3K/AKT signaling pathway 
regulated ABCG2 protein expression, and ABCG2 regulated 
PTEN protein expression via a possible negative feedback loop.

Proportion of SP cells, ABCG2 expression and activation of 
the PI3K/AKT pathway are associated with disease progres‑
sion in patients with MM. A total of 30 patients diagnosed with 
MM were recruited to this study, in order to determine if the 
in vitro findings in MM cell lines were applicable in clinical 
samples (Figs. 7-10). Flow cytometric analyses indicated that the 
frequencies of SP cells in patient bone marrow samples ranged 

Figure 2. SP cells express high levels of ABCG2 and display more potent chemoresistance than MP cells. (A) Ratios of ABCA3, ABCB1, ABCC1 and 
ABCG2 transcripts in SP NCI-H929 cells relative to MP NCI-H929 cells. (B) mRNA expression levels of ABCG2, as determined using DNA agarose gel 
electrophoresis. (C) ABCG2 protein expression levels were increased in SP cells compared with in MP cells. (D and E) Survival ratio of SP and MP cells 
treated with various doses of (D) Bort or (E) As2O3. **P<0.01. ABC, ATP binding cassette; ABCA3, ABC subfamily A member 3; ABCB1, ABC subfamily B 
member 1; ABCC1, ABC subfamily C member 1; ABCG2, ABC subfamily G member 2; As2O3, arsenic trioxide; Bort, bortezomib; MP, main population; SP, 
side population.
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between 0.11 and 3.73% (Fig. 7A). It was evident that patients 
with MM had a notably higher proportions of SP cells compared 

with the control, and the proportions were associated with DS 
stages, as patients with DS stage III MM had significantly more 

Figure 4. Inhibition of the phosphatidylinositol 3-kinase/AKT serine/threonine kinase pathway reduces the proportion of SP cells in NCI-H929 and 
NCI-H929/ABCG2+ cell lines. ABCG2 (A) mRNA and (B) protein expression levels were markedly higher in NCI-H929/ABCG2+ cells compared with 
control cells (NCI‑H929/NC) and uninfected NCI‑H929 cells (NCI‑H929). (C) Representative flow cytometry plots of SP cells before and after treatment 
with 20 µM LY294002 or 100 nM rapamycin in NCI‑H929 and NCI‑H929/ABCG2+ cell lines. (D) Proportion of SP cells was significantly higher in the 
NCI-H929/ABCG2+ cell line compared with in the NCI-H929 cell line. n=3 tests/group. **P<0.01. ABC, ATP binding cassette; ABCG2, ABC subfamily G 
member 2; NC, negative control. 

Figure 3. Representative images showing the expression of GFP in lentivirus-infected NCI-H929 cells. (A) Control NCI-H929 cells without infection. 
(B) NCI‑H929 cells infected with lentivirus expressing GFP‑tagged ABCG2 protein. Scale bar, 50 µm. ABC, ATP binding cassette; ABCG2, ABC subfamily G 
member 2; GFP, green fluorescent protein.
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SP cells compared with patients with DS stage I-II MM (Fig. 8A). 
However, the proportion of SP cells in patients with MM was 

not associated with sex (male vs. female, P=0.321), age (<60 vs. 
>60 years, P=0.309) or ISS stage (I-II vs. III, P=0.813) (Fig. 7B).

Figure 5. Inhibition of the phosphatidylinositol 3-kinase/mammalian target of rapamycin pathway in NCI-H929 cells enhances their sensitivity to chemothera-
peutic drugs. (A and B) Cell death rate was significantly lower in NCI‑H929/ABCG2+ cells compared with NCI-H929 cells treated with (A) As2O3 or (B) Bort. 
(C and D) LY or RA treatment significantly increased cell death rate in regular and ABCG2‑overexpressing NCI‑H929 cells following treatment with various 
doses of (C) As2O3 or (D) Bort. **P<0.01. ABC, ATP binding cassette; ABCG2, ABC subfamily G member 2; As2O3, arsenic trioxide; Bort, bortezomib; LY, 
LY294002; RA, rapamycin.

Figure 6. The PI3K/AKT signaling pathway regulates ABCG2 protein expression in NCI-H929 cells. (A and B) PTEN mRNA expression was decreased in 
NCI-H929/ABCG2+ cells compared with in control NCI-H929 cells. (A) Summary data and (B) representative images of DNA agarose gel electrophoresis are 
shown. (C and D) ABCG2 mRNA expression was increased in NCI-H929/ABCG2+ cells compared with in control NCI-H929 cells, whereas LY294002 or RAPA 
downregulated ABCG2 expression in both cell types. (C) Summary data and (D) representative images of DNA agarose gel electrophoresis are shown. n=3 
tests/group. (E) Association between PI3K/AKT signaling and ABCG2 protein expression in NCI-H929 cells. Whereas PTEN protein levels were decreased, 
ABCG2, p-PI3K and p-AKT protein levels were increased in NCI-H929/ABCG2+ cells compared with in control NCI-H929 cells. LY294002 or RAPA treatment 
decreased p-PI3K, p-AKT and ABCG2 protein levels in NCI-H929 and NCI-H929/ABCG2+ cells. *P<0.05, **P<0.01. ABCG2, ABC subfamily G member 2; 
AKT, AKT serine/threonine kinase; p, phosphorylated; PI3K, phosphatidylinositol 3-kinase; PTEN, phosphatase and tensin homolog; RAPA, rapamycin.
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Figure 7. Association between the proportion of SP cells and clinical characteristics of patients with MM. (A) Distribution of SP cells in patients with MM. 
The proportion of SP cells ranged between 0.11 and 3.73% in the bone marrow of patients with MM (n=30). (B) Proportion of SP cells in patients with MM 
was associated with DS stage (I-II vs. III; P=0.047), but not associated with gender (male vs. female; P=0.321), age (<60 vs. >60 years; P=0.309) or ISS 
stage (I-II vs. III; P=0.813). **P<0.01. DS, Durie-Salmon; ISS, International Staging System; MM, multiple myeloma; SP, side population.

Figure 8. MM disease progression is associated with the proportion of SP cells and ABCG2 expression (*P<0.05, **P<0.01). (A) In patients with MM, the 
proportion of SP cells in bone marrow increased with disease progression. (B) PTEN mRNA expression significantly decreased with MM disease progres-
sion. (C) ABCG2 mRNA expression was significantly increased in patients with DS III MM compared with healthy controls. (D) PTEN protein expression 
was significantly decreased with MM disease progression. (E) ABCG2 protein expression was significantly increased with MM disease progression. 
(F) Representative blots for PTEN and ABCG2 in patients with MM and controls. (G) PTEN protein expression was negatively correlated with ABCG2 protein 
expression in all subjects (P<0.0001, R=-0.680, R2=0.472). n=10 healthy controls; n=8 patients with DS I-II MM; n=22 patients with DS III MM. ABCG2, ABC 
subfamily G member 2; DS, Durie-Salmon; MM, multiple myeloma; PTEN, phosphatase and tensin homolog; SP, side population. 
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The patient samples were then divided into three 
groups (Control, patients with DS I-II MM and patients with 
DS III MM), and the mRNA and protein expression levels of 
ABCG2 and PTEN were measured. Compared with in the 
control samples, the mRNA expression levels of PTEN were 
significantly lower in patients with MM, particularly in DS III 
patients (Fig. 8B). Conversely, the mRNA expression levels of 
ABCG2 were significantly higher in patients with DS III MM 
compared with in the control group. However, there was no 
significant difference between DS I‑II patients and the control 
group; this may be due to the small sample size (Fig. 8C).

Notably, a significant negative correlation was detected 
between PTEN mRNA expression and the proportion of SP 
cells (R2=0.2885), whereas a significant positive correla-
tion was detected between ABCG2 mRNA expression 

and the proportion of SP cells (R2=0.1444) in patients with 
MM (Fig. 10). Accordingly, similar protein expression 
patterns of PTEN and ABCG2 (Fig. 8D‑F) were identified 
among the control group, and DS I-II patient and DS III 
patient groups. Specifically, PTEN protein levels were nega-
tively correlated with ABCG2 protein levels in all subjects 
(P<0.01, R2=0.472 (Fig. 8G). In addition, increased levels of 
p-PI3K (Fig. 9A) and p-AKT (Fig. 9B and C) were detected 
in patients with MM, thus indicating the importance of the 
PI3K/AKT signaling pathway in MM pathogenesis.

Discussion

The global incidence of MM is increasing annually; however, 
there is currently no optimal treatment for MM. Patients 

Figure 9. Activation of the PI3K/AKT pathway is enhanced in MM. (A and B) The PI3K/AKT signaling pathway was enhanced in patients with MM 
compared with in healthy controls, as evidenced by upregulated levels of (A) p-PI3K and (B) p-AKT in the bone marrow of patients with MM (**P<0.01). 
(C) Representative blots for p-PI3K, PI3K, p-AKT and AKT in patients with MM and controls. n=10 healthy controls; n=30 patients with MM. AKT, AKT 
serine/threonine kinase; MM, multiple myeloma; p, phosphorylated; PI3K, phosphatidylinositol 3-kinase.

Figure 10. Correlation between the proportion of SP cells and PTEN or ABCG2 expression in patients with MM. (A) There was a significant negative correla-
tion between PTEN transcription and the proportion of SP cells in the bone marrow of patients with MM (R2=0.2885). (B) There was a significant positive 
correlation between ABCG2 transcription and the proportion of SP cells in the bone marrow of patients with MM (R2=0.1444). n=30 patients with MM. 
ABCG2, ABC subfamily G member 2; MM, multiple myeloma; PTEN, phosphatase and tensin homolog; SP, side population.
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receiving chemotherapy endure varying degrees of pain; there-
fore, it is necessary to develop novel treatments to improve 
the prognosis of MM. Generally, MM CSCs are associated 
with chemoresistance, which is the primary cause for clinical 
failure of the complete elimination of MM cells. In the present 
study, SP cells were identified and MM CSC‑like cells were 
isolated from MM cell lines and patient samples. The present 
investigation suggested that ABCG2 may be an indicator of 
MM disease progression, and the reciprocal regulation identi-
fied between ABCG2 and the PI3K/AKT pathway provided 
novel approaches to advance MM therapy in the future.

The identification of SP cells from NCI‑H929 and U266 
MM cell lines is consistent with the literature. Jakubikova 
et al (30) reported that 0.5‑2.5% of cells in MM cell lines are SP 
cells. As the present study did not analyze MDR cell lines, the 
proportion of SP cells was fewer than what has been reported 
in the literature. In addition to increased cell cycle arrest at 
G0/G1 phase and increased self-renewal, the expression levels 
of ABCA3, ABCB1, ABCC1 and ABCG2 were significantly 
increased in SP cells compared with in MP cells. Notably, 
the expression levels of ABCG2 were ~10 times higher in SP 
cells compared with in MP cells. These findings suggested 
that ABCG2 may be one of the most important ABC family 
members for maintaining the CSC-like biological characteris-
tics of SP cells. This observation is consistent with reports that 
the ABCG2 transporter is the most specific SP cell marker in 
solid tumours (31). The survival rate of SP cells was signifi-
cantly higher than MP cells in response to As2O3 or Bort. This 
finding indicated that SP cells may possess lower sensitivity to 
chemotherapeutic agents compared with MP cells. The present 
study revealed that SP cells shared similar characteristics with 
CSCs; however, the surface markers of MM CSCs were not 
clear (32). It may be hypothesized that targeting SP cells is an 
effective strategy to eradicate malignant tumors of the blood 
system, particularly if SP cells can be located and targeted 
according to the expression pattern of ABCG2.

It has been reported that ABCG2 exists in both normal 
and tumor tissues, including in gynecological cancer, prostate 
cancer, respiratory system tumors, digestive system tumors 
and blood system tumors (33-35). Since ABCG2 is highly 
expressed in some CSCs, ABCG2 may be considered a surface 
marker for CSCs. The present study aimed to explore the 
biological function of ABCG2 in MM. The results revealed that 
the death rate of NCI-H929/ABCG2+ cells was significantly 
lower compared with NCI-H929 cells following treatment 
with chemotherapeutic drugs. NCI-H929/ABCG2+ cells exhib-
ited low sensitivity to chemotherapeutic agents, indicating 
that ABCG2 overexpression may have a protective effect 
on tumor cells. Conversely, the death rate of NCI-H929 and 
NCI-H929/ABCG2+ cells was increased when the PI3K/AKT 
pathway was inhibited, thus suggesting that suppressing the 
PI3K/AKT signaling pathway may counteract the protective 
effects of ABCG2 overexpression. It is necessary to further 
study whether the occurrence, development and prognosis of 
MM can be altered through regulating the biological behavior 
of ABCG2.

The PI3K/AKT signaling pathway serves an important role 
in the occurrence and development of tumors. Activation of 
the PI3K/AKT pathway has been associated with an increased 
incidence of leukemia (26); however, the roles of PI3K/AKT 

signaling in CSCs from MM remain largely unclear. In the 
present study, NCI-H929/ABCG2+ cells exhibited decreased 
PTEN and increased p-PI3K and p-AKT expression compared 
with in control NCI-H929 cells; ABCG2 was also negatively 
correlated with PTEN expression in MM. PTEN deficiencies 
are closely associated with tumor incidence, including prostate 
cancer, and significantly higher levels of p‑PI3K and p‑AKT 
in leukemia (23). Notably, the present results in NCI-H929 
and NCI-H929/ABCG2+ cells suggested that the PI3K/AKT 
signaling pathway may regulate the proportion of SP cells and 
ABCG2 expression. Therefore, it may be concluded that PTEN 
regulates SP cell frequency and ABCG2 expression via the 
PI3K/AKT pathway in MM.

SP cells have been detected in numerous solid 
tumors (36-38) and hematological malignancies (39,40). In 
an early study on MM, SP cells were detected in 18 out of 
21 samples; the inability to detect SP cells in the remaining 
three samples was likely due to biological polymorphisms (41). 
In the present study, the proportion of SP cells in patients with 
MM was significantly higher compared with in the control 
group. Further analysis indicated that the proportion of SP 
cells was positively associated with DS stages; patients with 
DS III MM had higher percentages of SP cells compared with 
patients with DS I-II MM. Therefore, it may be suggested that 
the proportion of SP cell was associated with MM disease 
progression.

Loss of PTEN increases the percentage of SP cells in 
glioma (18), which is consistent with the present finding that 
PTEN was significantly reduced in MM. Specifically, PTEN 
in patients with DS III MM was significantly lower compared 
with in patients with DS I-II, suggesting that PTEN may be 
involved in MM pathogenesis and closely associated with 
disease progression. Furthermore, a negative correlation was 
identified between the proportion of SP cells and the expres-
sion levels of PTEN. ABCG2 protein expression in patients 
with DS III MM was significantly higher compared with in 
patients with DS I-II MM, indicating that ABCG2 is an indi-
cator of disease progression and prognosis. Conversely, PTEN 
protein expression was significantly negatively correlated with 
ABCG2 protein expression. The PI3K/AKT pathway has been 
reported to serve an important role in the maintenance of SP 
cells in primary esophageal carcinoma (19). Consistent with 
this finding, the present study suggested that PTEN‑mediated 
PI3K/AKT signaling may contribute to the proportion of SP 
cells in MM, possibly via regulating ABCG2 expression.

In conclusion, SP cells sorted from MM cell lines exhibited 
high ABCG2 expression and shared similar biological char-
acteristics with CSCs. ABCG2 protected MM cells against 
the cytotoxicity of chemotherapeutic drugs and was regu-
lated by PTEN-mediated PI3K/AKT signaling in NCI-H929 
cells. Inhibition of the PI3K/AKT pathway by LY294002 or 
rapamycin significantly decreased the proportion of SP cells 
and enhanced the sensitivity of NCI-H929 cells to chemother-
apeutic drugs. The proportion of SP cells, ABCG2 expression 
and activation of the PI3K/AKT pathway were all positively 
associated with disease progression in patients with MM. The 
present study offers insights into regulation of the proportion 
of SP cells and provides a novel strategy to overcome resis-
tance of MM to existing therapies by targeting the ABCG2 
and PI3K/AKT signaling axis.
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