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Abstract

Macrophage colony stimulating factor (MCSF) regulates growth, proliferation and differentiation of haematopoietic cell
lineages. Many cancers are known to secrete high level of MCSF, which recruit macrophages into the tumour micro-
environment, supporting tumour growth. Herein, we report the cloning of MCSF and subsequent generation of U87MG
expressing MCSF stable cell line (U87-MCSF). Cytotoxicity of anti-cancer drug 5-fluorouracil (5-FU) was evaluated on both
U87MG and U87-MCSF cells. Interestingly, the proliferation of U87-MCSF cells was less (p,0.001) than that of U87MG cells
alone, after treatment with 5-FU. Significant decrease in expression levels of cyclin E and A2 quantified by real time PCR
analysis corroborated the reduced proliferation of 5-FU treated U87-MCSF cells. However, JC-1 staining did not reveal any
apoptosis upon 5-FU treatment. Notch-1 upregulation induced a possible epithelial-mesenchymal transition in U87-MCSF
cells, which accounted for an increase in the proportion of CD24high/CD44less cancer stem cells in U87-MCSF cells after 5-FU
treatment. The elevated resistance of U87-MCSF cells towards 5-FU was due to the increase in the expressions (10.2 and 6
fold) of ABCB1 and mdm2, respectively. Furthermore, increase in expressions of ABCG1, mdm2 and CD24 was also observed
in U87MG cells after prolonged incubation with 5-FU. Our studies provided mechanistic insights into drug resistance of
U87MG cells and also described the pivotal role played by MCSF in augmenting the resistance of U87MG cells to 5-FU.
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Introduction

Macrophage colony stimulating factor (MCSF), also referred to

as colony stimulating factor-1(CSF-1), is a growth factor respon-

sible for survival, proliferation and differentiation of cells of

hematopoietic lineages [1]. Outside the hematopoietic system,

MCSF has an important role in the development and regulation of

placenta, mammary gland, brain and bone physiology [2–4].

MCSF is encoded by a unique gene, however, through alternative

mRNA splicing and differential post-translational modification,

three different forms of MCSF, such as, a secreted glycoprotein, a

secreted proteoglycan and a short membrane bound isoform are

found [1]. MCSF acts through a type III tyrosine kinase receptor,

colony stimulating factor 1 receptor (CSF1R), which is the product

of c-fms proto-oncogene.

MCSF is known to infiltrate sites of injury and inflammation

with mononuclear phagocytes. Homozygous null mutation of

CSF-1 in mice shows a depleted macrophage population in breast

cancer, resulting in reduced malignancy and metastasis [5]. The

presence of monocytes and macrophages promotes angiogenesis

and metastasis in tumor by increasing the level of secretion of

vascular endothelial growth factor (VEGF). MCSF acts as a

transcriptional regulator for production of VEGF [6]. Neverthe-

less, MCSF has a potential role in eliciting anti-tumor response.

Monocytes and macrophages have been reported to kill cancerous

cells by paraptosis, with overexpression of membrane form of

MCSF [7,8]. Addition of purified MCSF to the human ovarian

cancer cells has been documented to induce concentration

dependent growth inhibition in vitro [9]. Hence, such reports

demonstrating anti-tumor activities of MCSF run hand-in-hand

with alternative reports showing the pro-tumoral properties of

MCSF.

In this study, we have elucidated the role played by MCSF in

increasing the drug resistive properties of human glioblastoma cell

line, U87MG. We also found the mechanism of 5-FU resistance in

U87MG cells. Our results illustrated that Notch-1 expression was

enhanced in untreated U87-MCSF cells, which induced epithelial-

mesenchymal transition. An increase in CD24high/CD44low

cancer stem cells and upregulation of key ABC transporter genes

(ABCG1 and ABCB1) imparted resistance to 5-FU in U87-MCSF

cells. Our data provides evidence for the drug resistant phenotype

emerging through the formation of cancer stem cells in MCSF

expressing glioblastoma.

Materials and Methods

Cell lines
ACHN, human renal carcinoma and U87MG, human

glioblastoma cell lines procured from National Centre for Cell
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Science, Pune were maintained in Dulbecco’s Modified Eagle’s

medium (DMEM) supplemented with 10% Fetal Bovine Serum,

Penicillin (50 U/ml)-Streptomycin (50 mg/ml) at 5% CO2 in a

humidified incubator at 37uC.

RNA isolation and RT-PCR
RNA from cultured mammalian cells was isolated by using

GenElute mammalian total RNA isolation kit (sigma) as per

manufacturer’s instructions. Total RNA (1 mg) was reverse

transcribed using cDNA synthesis kit (Fermentas). Amplification

of gene expression was performed with respective gene specific

primers (Table S1 in File S1).

Western blotting
Cells grown to 70–80% confluency were lysed by RIPA buffer

containing 1 mM PMSF. Total protein content in the cell lysates

was quantified by Lowry’s method of protein estimation using BSA

as standard. SDS-PAGE was done loading equal amount of

protein in each well. The samples were blotted onto PVDF

membrane and detected using antibodies for b-actin (BD

Transduction Laboratories) and MCSF (Sigma). Blots were

developed using chemiluminescent peroxidase substrate-1 kit

(Sigma) and imaged using gel documentation system (Molecular

imager ChemiDoc XRS+ image system, Bio-Rad).

Cell viability assay
Cell viability was measured by using In Vitro Toxicology assay

kit, XTT based (Sigma). Cells seeded in 96 well microplate at a

density of 1.56103 cells per well were allowed to grow overnight

and then treated with various concentrations of 5-FU for different

time intervals. XTT (2, 3-bis [2-Methoxy-4-nitro-5-sulfophenyl]-

2H-tetrazolium-5-carboxyanilide inner salt) assay was performed

at the end of treatment period using manufacturer’s protocol. The

soluble orange formazan product was measured using multiplate

reader (Tecan, Infinite M200) at 450 nm and the background

measurement at 690 nm. Cell viability (%) was calculated relative

to untreated 100% viable cells.

MCSF Localisation study
Briefly, cells were washed with PBS and fixed with 3.7%

paraformaldehyde solution (with or without 0.1% Triton X-100) at

37uC for 30 min. After washing with PBS for three times, cells

were blocked with 1% BSA blocking solution for 30 min. Then,

cells were incubated with anti-MCSF (Sigma) primary antibody

and subsequently with FITC tagged secondary antibody (BD

Transduction Laboratories). After staining with FITC tagged

secondary antibody, cells were incubated with media containing

300 nM DAPI for 3 min, finally washed and visualised under

fluorescence microscope (Nikon ECLIPSE Ti-U, Japan) with an

excitation filter of 480/15 nm (for FITC) and 360/20 nm (for

DAPI).

Trypan blue dye exclusion assay
Cells in six well plate were treated with 5-FU for 120 h. After

treatment, cells were harvested, mixed with equal volume of 0.4%

trypan blue (Invitrogen) and loaded over a counting chamber. The

healthy and viable cells with intact membrane excluded the dye,

whereas compromised cells stained with the dye and were counted

as dead. The percentage (%) of cell viability was calculated by

using Countess-automated cell counter (Invitrogen).

CFSE cell proliferation assay
Cells (16106 cells/ml) in PBS containing 0.1% BSA were

incubated with 10 ml of 0.5 mM CFDA-SE at 37uC for 10 min

and then washed with 5 volumes of ice-cold media to quench any

free dye. Cells were collected by centrifugation and washed twice

with fresh media. Stained cells were analysed immediately by flow

cytometer (zero time point) and the rest of the cells were seeded for

subsequent time periods. The data acquired were analysed in Cell

Quest Pro software. The doubling time was calculated according

to the formula Td = T/log2 (F0/FT), where F0 is the geometric

mean fluorescence intensity at 0 h and FT is the geometric mean

fluorescence intensity at T h [10]. In our experiments T was 72 h.

Cell cycle analysis
Cells were seeded in six well plates at density of 56104 cells per

well. After overnight attachment, cells were treated with different

concentrations of 5-FU. At the end of the treatment period cells

were trypsinised, washed and fixed with 70% alcohol solution for

15 min in ice. The fixed cells were stained with propidium iodide

(PI) staining solution (50 mg/ml PI, 0.1 mg/ml RNase A and

0.05% triton X-100) at 37uC for 30 min in dark. At least 10000

events per sample were acquired by flow cytometer and the

percentage of cells distributed in different phases of cell cycle was

calculated using ModFit LT software.

CD24/CD44 analysis by flow cytometry
Cells after treatment were dissociated by trypsinization, washed

twice with PBS and incubated with 10% human serum for 20 min

on ice to block Fc receptors. FITC Mouse Anti-Human CD24 and

PE Mouse Anti-Human CD44 (both from BD Pharmingen)

antibodies were added and incubated for 20 min on ice in the

dark. The cells were washed twice with PBS, finally resuspended in

PBS and analysed by a flow cytometer (FacsCalibur, BD

Biosciences, NJ).

Gene expression analysis by real time PCR
Quantitative real time PCR was performed using SYBR Green

as reporter dye (Power SYBR Green PCR master mix, Applied

Biosystem) and 7500 Real time PCR system (Applied Biosystem).

Raw data was analysed and efficiency of each reaction was

calculated by LinRegPCR software. b-actin was used as the

endogenous control and the fold change in expression of genes was

calculated by DDCt method.

Methylene blue staining
Cells treated with various concentrations of 5-FU for different

time intervals, were washed with ice-cold PBS, fixed with 50% ice-

cold ethanol. 0.2% (W/V) methylene blue staining solution was

added to the plate and staining was carried out for 30 seconds.

The solution was aspirated and the cells were washed thrice with

ice-cold water. Samples were air dried and visualised under a light

microscope.

Actin cytoskeleton staining
Cells seeded in six well plates were treated with 5-FU. At the

end of treatment period, cells were washed with PBS and fixed

with 3.7% paraformaldehyde solution containing 0.1% Triton X-

100 at 37uC for 30 min. After washing with PBS for three times,

cells were blocked with 1% BSA blocking solution for 30 min.

Then, cells were incubated with anti b-actin primary antibody (BD

Transduction Laboratories) and subsequently with FITC tagged

secondary antibody (BD Transduction Laboratories). After stain-

ing with FITC tagged secondary antibody, cells were washed

MCSF Induces Drug Resistance via Cancer Stem Cells
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thrice and incubated with media containing 300 nM DAPI for

3 min. Cells were washed thoroughly, finally resuspended in PBS

and visualised under fluorescence microscope (Nikon ECLIPSE

Ti-U, Japan) with an excitation filter of 480/15 nm (for FITC) and

360/20 nm (for DAPI).

Statistical analysis
The values for all experiments were expressed as mean 6 s.e.m

of three or more individual experiments. The data were analysed

by Student’s t test or by ANOVA whichever applicable, using

GraphPad Prism 5.01. Statistically significant values are denoted

by * (p,0.05), ** (p,0.01) and *** (p,0.001).

Results

Generation of U87-MCSF cells and sensitivity towards
5-FU

Figure 1A depicted the strategy for generation of U87-MCSF

stable cell line. The 0.771 kb PCR amplified gene corresponding

to membrane bound isoform of MCSF was cloned sequentially

into pGEMT-easy and pEGFP-N1 vectors. The clones were

checked by restriction analysis in Figure 1B (lane 2 and 4). A stable

cell line (U87-MCSF), overexpressing MCSF was established by

transfecting U87MG cells with pEGFP-N1-MCSF. A mixed

population of clones of U87-MCSF was selected with G418

(400 mg/ml) to exclude the potential role of any other compen-

satory process arising out of transfection in a single clonal

population. The expression of transgene MCSF was confirmed by

semi-quantitative RT-PCR (Figure 1C). The overexpression of

MCSF protein was confirmed by western blotting using anti-

MCSF antibody by which, a 1.8 fold increase in MCSF expression

was noted in U87-MCSF cells (Figure 1D). A decrease in the

expression of MCSF receptor, CSF1R was noted in U87-MCSF

cells (0.16 fold expression in U87-MCSF cells as compared to

U87MG cells) (Figure 1C).

Sensitivity of U87-MCSF cells was checked by XTT assay after

treatment with various concentrations of 5-FU ranging from 5-

100 mM, for 72 h. The proliferation of U87-MCSF cells was

significantly reduced with 5-FU of above 10 mM as evident from

the reduced absorbance values (Figure 2A). The similar growth

reduction was not observed in U87-GFP cell line with 5-FU

treatment, where the proliferation was almost similar to that of

treated U87MG cells. Additionally, no indication of apoptosis was

seen in treated U87MG or treated U87-MCSF cells after JC-1

staining (Figure S1 in File S1). The results were substantiated with

quantitative trypan blue exclusion assay which showed healthy cell

populations with intact cell membrane after 120 h of treatment

(Figure 2B). We investigated the expression of some of the pro-

apoptotic and anti-apoptotic genes like caspase-3, Bax and Bcl-xL.

As shown in Figure S2 in File S1, the expression of pro-apoptotic

gene, Bax was increased in treated samples of both U87MG (1.90

fold) and U87-MCSF cells (1.29 fold). The expression of anti-

apoptotic gene, Bcl-xL was also increased in treated U87MG and

treated U87-MCSF cells. However, the increase in Bcl-xL

expression was 2.11 fold in treated U87-MCSF cells as compared

to the 1.25 fold increase in treated U87MG cells. Caspase-3

expression remained unchanged in treated samples of U87MG

and U87-MCSF cells.

Effect of 5-FU on cell cycle and cyclins
The cell cycle upon 5-FU treatment was studied by propidium

iodide staining using flow cytometer. Initially, both U87MG and

U87-MCSF cells were synchronised in G0/G1 phase by serum

starvation for 48 h and then the cell cycle pattern was observed in

complete serum containing media at regular time intervals. The

rate of progression of cell cycle between two cell lines was same

(Figure S3 in File S1). This was also confirmed by CFSE cell

proliferation assay (Figure 3A) by which the doubling time of both

the cell lines was found to be 12 h.

Next, pre-synchronised cells were treated with 25 mM 5-FU in

serum containing media for 24 h. The cell cycle distribution

pattern analysed by flow cytometer showed significantly higher

percentage (90%) of treated U87-MCSF cells in G0/G1 phase

than that of treated U87MG (69%) cells (Figure 3B). This was

Figure 1. Cloning and generation of U87-MCSF cell line. A. Schematic for generation of U87-MCSF cell line. B. Confirmation of clones by
restriction digestion Lanes 1 and 3: 1 kb DNA ladder, lane 2: pGEMT-MCSF digested with EcoR I, lane 4: pEGFP-N1-MCSF digested with EcoR I and Apa
I. C. RT-PCR analysis for expression of MCSF and CSF1R in U87MG and U87-MCSF cells. D. Western blot analysis of MCSF protein. A 28 kD band
confirmed the overexpression of membrane bound MCSF in U87-MCSF cells.
doi:10.1371/journal.pone.0083877.g001
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accompanied by a corresponding decrease in proportion of cells in

S and G2/M phases. Comparatively, 75% of U87-GFP cells were

accumulated in G0/G1 phase upon 5-FU treatment (data not

shown).

Cyclins involved in G1 phase and G1-S transition were

examined by quantitative real time PCR analysis after treating

synchronised cells (in G0/G1 phase) with 5-FU for 18 h. Similarly,

the cyclins involved in late S phase and G2/M phase were

quantified after 24 h of 5-FU treatment. Cyclin D1 expression

remained unaltered between treated U87MG and treated U87-

MCSF cells. After 18 h of 5-FU treatment, cyclin E expression was

significantly decreased in treated U87-MCSF cells but not in

treated U87MG cells (Figure 4). However, after 24 h of 5-FU

treatment, down regulation in cyclin E expression was seen in

treated samples of both U87MG and U87-MCSF cells (Figure S4

in File S1). This denoted that the response of U87-MCSF cells to

5-FU treatment was faster than U87MG cells. A slight decrease in

expression of cyclin A2 was also observed in 5-FU treated U87-

MCSF cells in comparison to 5-FU treated U87MG cells after

24 h of 5-FU treatment. The expressions of cyclin B1 and cyclin

B2 were less in both treated samples, correlating with the less

number of cells progressed to the G2/M phase. The expression of

p21, a cyclin-dependent kinase inhibitor, was increased in the

treated samples of both U87MG and U87-MCSF cells. Thus,

differential expression of cyclins and the cdk inhibitor, p21 at

various stages of cell cycle corroborated with the cell growth

retardation in 5-FU treated U87-MCSF cells.

Epithelial-mesenchymal transition (EMT) of U87-MCSF
cells

Apart from cell growth retardation, morphological changes

were visible in methylene blue stained U87-MCSF cells treated

with even low dose of 5-FU. Appearance of elongated, spindle

shaped morphology with lengthy processes was seen in

U87-MCSF cells with 25 mM 5-FU treatment for 72 h, but not in

U87MG cells (Figure 5A). However, elongated morphology was

seen in both cells with 50 mM 5-FU treatment. Further,

cytoskeleton staining of untreated and treated samples of

U87MG and U87-MCSF cells was done using anti b-actin

antibody (Figure 5B). The results obtained reinforced the

morphological changes observed in methylene blue staining.

Elongated and mesenchymal cells were observed in 25 mM 5-FU

treated U87-MCSF cells but not in 25 mM 5-FU treated U87MG

cells after 72 h treatment. But, elongated cells were seen in both

U87MG and U87-MCSF cells when treated with 50 mM 5-FU for

72 h. Additionally, microscopic examination of DAPI stained cells

with 25 and 50 mM of 5-FU treatment after 120 h showed intact

nuclei, and the calceinAM stained cells under same conditions,

conferred elongated spindle shaped morphologies (Figure S5 in

File S1), which was similar to the observation in methylene blue

staining. Expression of the astrocytic differentiation marker, glial

fibrillary acidic protein (GFAP) was absent and the expression

of hTERT was significantly reduced in both U87MG and

Figure 2. 5-FU treatment of U87MG, U87-MCSF and U87-GFP
cells. A. Effect of 5-FU on growth and viability of U87MG, U87-MCSF
and U87-GFP cells calculated by XTT assay after 72 h of 5-FU treatment.
B. Trypan blue dye exclusion assay showed healthy populations after
120h of 5-FU treatment. Statistical significance is denoted by * (p,0.05),
** (p,0.01) and *** (p,0.001).
doi:10.1371/journal.pone.0083877.g002

Figure 3. Proliferation and cell cycle analysis of U87MG and
U87-MCSF cells. A. CFSE cell proliferation assay showed that the rate
of proliferation of untreated U87MG and U87-MCSF cells remained
unaltered. B. Cell cycle analysis of U87MG and U87-MCSF cells after
treatment with 5-FU for 24 h. Majority of cells were accumulated in G0/
G1 phase in treated population of U87-MCSF cells. Statistical
significance is denoted by * (p,0.05), ** (p,0.01) and *** (p,0.001).
doi:10.1371/journal.pone.0083877.g003

MCSF Induces Drug Resistance via Cancer Stem Cells
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U87-MCSF cells after 5-FU treatment, justifying the suppression

of cell proliferation (Figure 6C).

The presence of spindle shaped with more mesenchymal

appearing cells in untreated U87-MCSF cells (Figure 6A) indicated

the possible occurrence of epithelial-mesenchymal transition. The

expression of epithelial cell marker E-cadherin and mesenchymal

cell markers vimentin, N-cadherin, fibronectin was analysed by

semi-quantitative RT-PCR. E-cadherin expression was not seen in

untreated and treated cells of both U87MG and U87-MCSF cells

(data not shown). However, there was a substantial increase in the

expression of mesenchymal cell markers vimentin (,2 fold in both

untreated and treated samples) and N-cadherin (1.98 and 3.32

folds in untreated and treated samples, respectively) in U87-MCSF

cells (Figure 6C). The expression level of fibronectin was unaltered

in both treated cell types. Moreover the expression of Notch-1, the

inducer of epithelial–mesenchymal transition (EMT), was found to

be significantly upregulated (2.14 fold) in U87-MCSF cells.

Microscopic examination of U87-MCSF cells, after fixing with

3.7% paraformaldehyde solution containing Triton X-100,

revealed the cytoplasmic location of MCSF (Figure 6B). However,

in the absence of Triton X-100 in the fixing solution no

fluorescence was observed (data not shown) indicating the absence

of MCSF at the cell membrane.

Appearance of Cancer stem cell population and
upregulation of ABC transporters

The reduced proliferation, change in cell morphology and

indications for the presence of EMT suggested the possible

induction of cancer stem cells in U87-MCSF cells upon treatment

with 5-FU. We analysed the expression of markers for cancer stem

cells, CD24 and CD44 by flow cytometry and real time PCR.

Flow cytometry analysis showed that the expression of CD24 was

increased by 6.93% and 33.37% in U87MG cells and U87-MCSF

cells respectively, when treated with 25 mM 5-FU (Figure 7A). No

increase in CD44 expression was noted in treated samples of both

U87MG and U87-MCSF cells. Quantitative expression analysis

by real time PCR also revealed the increase in CD24 expression

by around 4 fold in treated U87-MCSF cells, whereas only 2 fold

increase in CD24 expression was seen in treated U87MG cells.

CD44 expression remained unchanged in treated cells of both

U87MG and U87-MCSF (Figure 7B).

The ABC transporter genes have been associated with the

expulsion of drugs in many types of cancers. We analysed the

expression of ABCG1, ABCG2 and ABCB1 by quantitative real

time PCR. Figure 6B showed that the expression of ABCG1 and

ABCB1 was increased in both treated U87MG and treated U87-

MCSF cells. However, the expression of ABCB1 was increased by

10.2 fold in treated U87-MCSF cells as compared to the 2 fold

increase in treated U87MG cells. Similarly, the expression of

mdm2 oncogene was also increased by 6 fold in treated U87-

MCSF cells in comparison to the 3.3 fold increase found in the

treated U87MG cells. We also examined the expression level of

RALBP1gene, a non-ABC transporter associated with MDR

(multidrug resistance). We found a marginal increase in the

expression of RALBP1 in untreated U87-MCSF cells (1.29 fold) as

compared to the untreated U87MG cells (Figure S6 in File S1).

However, upon 5-FU treatment, no upregulation in RALBP1 was

seen in treated samples with respect to their corresponding

untreated samples.

Figure 4. Real time PCR analysis to show the expression levels of various cyclins and p21. A significant decrease in the expression of
cyclin E and a slight decrease in the expression of cyclin A2 was observed in treated U87-MCSF cells, which correlated with the elevated G0/G1
accumulation of cells seen in cell cycle analysis. The expression of p21, the cyclin dependent kinase inhibitor was increased in treated samples of both
U87MG and U87-MCSF cells. Statistical significance is denoted by * (p,0.05), ** (p,0.01) and *** (p,0.001).
doi:10.1371/journal.pone.0083877.g004

MCSF Induces Drug Resistance via Cancer Stem Cells

PLOS ONE | www.plosone.org 5 December 2013 | Volume 8 | Issue 12 | e83877



Discussion

Glioblastoma remains one of the most prevalent malignant

tumors with poor therapeutic response [11]. Expression of various

multi-drug resistant proteins has mainly contributed to the ability

of glioma cells to develop chemoresistant phenotype [12,13]. In

the present study, MCSF expressing U87MG glioblastoma cells

exhibited reduced growth and significant retardation in cell

proliferation without undergoing apoptosis after 5-FU adminis-

tration. A balance in the expression of pro and anti-apoptotic

genes determine the fate of the cells in entering apoptotic pathway

[14]. Analysis of expression of pro and anti-apoptotic genes

revealed that upregulation in the expression of pro-apoptotic gene,

Bax is counter-balanced by the upregulation in the expression of

anti-apoptotic Bcl-xL in both treated U87MG and treated U87-

MCSF cells. However, treated U87-MCSF cells had lesser

expression of pro-apoptotic gene Bax and higher expression of

anti-apoptotic Bcl-xL as compared to treated U87MG cells. Our

results showed that although treated samples of both U87MG and

U87-MCSF cells did not undergo apoptosis, 5-FU treated U87-

MCSF cells had more resistance to apoptosis than 5-FU treated

U87MG cells.

We observed that MCSF is located in the cytoplasm and not at

the cell membrane. Moreover, the expression of the receptor for

MCSF, CSF1R was down regulated in U87-MCSF cells, which

was in agreement with the previous report [15] about down

regulation of mRNA of CSF1R by MCSF in primary macro-

phages. CSF1R was thought to function at the plasma membrane,

but recent evidence showed the presence of functional receptor for

MCSF at the nuclear envelope of various cancer cells and

macrophages [16]. This raises the possibility that the observed

effects of MCSF in U87-MCSF cells upon 5-FU treatment could

be mediated through the receptor located at the nuclear envelope.

EMT is a conserved transdifferentiation cellular process

conferring the features of mesenchymal cells over the basal

epithelial cells, increasing their invasive properties and metastasis

[17,18]. MCSF expression in U87MG cells resulted in the

appearance of spindle shaped, more mesenchymal type cells

indicating the occurrence of EMT. A corresponding upregulation

in expression of mesenchymal markers like N-cadherin and

Figure 5. Microscopic examination of morphology of cells after
72 h of 5-FU treatment. A. Methylene blue staining for detection of
cell morphology after 5-FU treatment. B. Actin cytoskeleton staining of
treated cells using anti b-actin antibody. The morphological pictures
showed the presence of elongated and mesenchymal cells in U87-MCSF
cells treated with 25 mM 5-FU but not in U87MG cells treated with
25 mM 5-FU. Upon 50 mM 5-FU treatment, elongated cells were seen in
both treated U87MG and treated U87-MCSF cells. Scale bar: 50 mm.
doi:10.1371/journal.pone.0083877.g005

Figure 6. Analysis of MCSF localisation and EMT markers. A.
Morphology of untreated U87MG and U87-MCSF cells. U87-MCSF cells
showed spindle shaped, mesenchymal like cells (indicated by arrows). B.
Microscopic studies using anti-MCSF antibody revealed the cytoplasmic
location of MCSF. Triton X-100 was used as membrane perforating
agent in fixing solution. Nucleus stained with DAPI were also shown. C.
Semi quantitative RT-PCR analysis of hTERT, GFAP, N-cadherin,
Vimentin, Fibronectin and Notch-1. Expression of mesenchymal cell
markers, N-cadherin, vimentin and Notch-1 increased in U87-MCSF cells.
Scale bar: 50 mm.
doi:10.1371/journal.pone.0083877.g006

MCSF Induces Drug Resistance via Cancer Stem Cells
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vimentin (1.98 and 2.18 fold respectively) was also noted in U87-

MCSF cells. E-cadherin expression was found to be absent in all

the samples analysed (data not shown) which correlated with the

previously reported data showing lack of E-cadherin expression in

glioblastoma [19]. Moreover, an increase in expression of notch-1

was observed in U87-MCSF cells. Upregulation of Notch-1 is

implicated in inducing epithelial-mesenchymal transition (EMT),

which has been previously reported to increase the invasive

properties of pancreatic cancer cells [20].

With 5-FU treatment, the expression of the mesenchymal

marker, N-cadherin was further increased in treated U87-MCSF

cells by 3.32 fold while the expression of vimentin remained

unchanged. In treated U87MG cells, only a marginal increase in

the expression of N-cadherin and vimentin (1.26 and 1.41 fold

respectively) was noted. 5-FU treatment induced mesenchymal

properties in both U87MG and U87-MCSF cells as seen in

Figure 5 and Figure 6. However, the concentration of 5-FU

required to induce these changes varied between U87MG and

U87-MCSF cells. While elongated and spindle shaped mesenchy-

mal cells were seen in treated U87-MCSF when treated with

25 mM 5-FU for 72 h, mesenchymal morphology can be seen in

treated U87MG cells only when treated with 50 mM 5-FU for

72 h. But when treatment with 25 mM 5-FU was prolonged for

120 h, elongated mesenchymal type cells were seen in treated

samples of both U87MG and U87-MCSF cells (Figure S5 in File

S1).

Recent reports established that EMT could trigger the

acquisition of stem-like properties in the tumor cells [21]. A sub

population of cells within several tumors exhibit cancer stem cell

(CSC) properties with extremely slow rate of proliferation,

increased expression of multidrug resistance genes and are

considered to be the primary reason for the relapse of the tumor

after treatment [22,23]. Retardation in proliferation, occurrence of

EMT and resistance to drug treatment suggested the presence of

CSCs or their precursors in treated cell populations. Analysis of

stemness-associated surface markers, CD24 and CD44 in the

treated cells by flow cytometry depicted an increase in CD24high/

CD44low population of cells in both treated U87MG and treated

U87-MCSF cells. However, treated U87-MCSF cells showed

higher percentage (33.37%) of CD24high/CD44low cells as

compared to 6.93% in treated U87MG cells. In addition,

quantitative expression analysis by real time PCR revealed that

CD44 expression was uniform in 5-FU treated samples of both

cells, but the CD24 expression was considerably higher in treated

U87-MCSF cells. Previous reports showed that CSCs isolated

from breast cancer were predominantly CD44high/CD24low cells

[21]. In contrast to this, breast cancer cells with CD44low/

CD24high phenotype was also reported to have poor prognosis

with treatment [24]. Additionally, CD44high/CD24high CSCs were

found in gastric, pancreatic, ovarian and colorectal cancers

[23,25,26]. Recently, Deng et al. [27] reported overexpression of

CD24 in higher grade gliomas and the patients with CD24

positive tumors showed poor prognostic outcome after surgery.

The definition of what exactly constitutes cancer stem cells

remains unclear and there are no universally accepted cancer stem

cell markers for different types of cancers [26]. Here, in our study

we show the presence of CD24high/CD44low cancer stem cells in

treated samples of U87MG and U87-MCSF cells. However, the

increased expression of CD24 surface marker exacerbated the

cancer stem cell properties of treated U87-MCSF cells.

Tumor cells are known to acquire resistance to chemothera-

peutic drugs through expression of various multidrug resistance

Figure 7. Analysis of markers of cancer stem cells and genes involved in drug resistance. A. Flow cytometry analysis for the expression of
CD24 and CD44 in treated cells. B. Real time PCR analysis of expression of CD44, CD24, ABCB1, mdm2, ABCG1 and ABCG2. The data was plotted as the
ratio of gene expression in treated sample to untreated sample for the respective cells. Statistical significance is denoted by * (p,0.05), ** (p,0.01)
and *** (p,0.001).
doi:10.1371/journal.pone.0083877.g007
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genes and cancer stem cells can effectively increase the drug

resistance through upregulation of drug efflux transporter genes

[28]. CSCs isolated by forming spheroid cultures of glioblastoma

tumor cells were previously shown to have high expression of

ABCB1 gene and were found to be significantly resistant to

chemotherapeutic agents [12]. Our results showed that U87MG

cells acquired resistance to 5-FU through its conversion to cancer

stem cells along with upregulation of mdm2 oncogene and ABC

transporter genes, ABCB1 and ABCG1. The expression of MCSF

in U87MG cells leading to cancer stem cell population further

aggravated the resistive phenotype through an elevated increase in

the expression of ABCB1 and mdm2 as compared to the treated

U87MG cells. RALBP1 is a ubiquitous protein present in humans

and is one of the non-ABC transporter proteins implicated in

resistance to many chemotherapeutic drugs [29,30]. In our study,

although the expression of RALBP1 was slightly increased in

untreated U87-MCSF cells as compared to untreated U87MG

cells, no upregulation in RALBP1 expression was observed in 5-

FU treated samples of both U87MG and U87-MCSF cells.

Taken together, our results demonstrated that U87MG cells

developed resistive phenotype when subjected to 5-FU treatment.

This drug resistance was further enhanced when MCSF gene was

expressed in U87MG cells. MCSF was known to be a pro-tumoral

cytokine. The elevated expression of MCSF along with its receptor

CSF1R in breast, uterine and ovarian cancer was associated with

tumor progression [31,32]. Further, high level of MCSF in several

tumors had been strongly associated with poor prognosis

[33,34].Our results provide evidence for MCSF increasing the

resistance of tumor cells to 5-FU, by upregulating the expression of

MDR associated genes. To the best of our knowledge, this is the

first report implicating the cancer stem cells as a major nodal point

for the MCSF associated drug resistance in a tumor cell type. The

pivotal genes involved in resistance towards 5-FU treatment and

the emergence of stem-like properties in treated U87-MCSF cells

are depicted in Figure. 8

Supporting Information

File S1 Figures S1–S6 & Table S1. Figure S1. Overexpres-

sion of MCSF did not induce 5-FU mediated apoptosis. (A–C)

U87MG. (D–F) U87-MCSF. The results revealed that MCSF

expression failed to induce apoptosis after treatment with 25 mM

5-FU (B, E) and 50 mM 5-FU (C, F) for five days. As U87MG cells

were resistant to 5-FU and cisplatin, Hela cells were used as

appropriate controls-(G) untreated HeLa cells and (H) HeLa cells

treated with cisplatin. Figure S2. Semi-quantitative RT-PCR

analysis of pro and anti-apoptotic genes in U87MG and U87-

MCSF cells after 72 h treatment with 5-FU. Figure S3.

Comparison of cell cycle between U87MG and U87-MCSF cells.

No difference was seen in pattern of cell cycle between U87MG

and U87-MCSF cells. Figure S4. RT-PCR analysis of expression

of cyclin E after 24 h of 5-FU treatment. The results showed

decrease in expression of cyclin E in treated samples of both

U87MG and U87-MCSF cells. Figure S5. Microscopic examina-

tion by DAPI/CalceinAM dual staining after 120 h of 5-FU

treatment. The results showed the presence of elongated cells in all

the treated samples of U87MG and U87-MCSF cells. DAPI

staining showed intact nuclei and absence of apoptosis. Scale bar:

50 mm. Figure S6. Semi-quantitative RT-PCR analysis of

expression of RALBP1. A slight increase in expression of RALBP1

was observed in untreated U87-MCSF cells. However, no increase

in RALBP1 expression was found after 5-FU treatment. Table S1.

List of primers used.

(DOC)

Figure 8. Schematic representation for the mechanism of 5-FU resistance in U87MG and U87-MCSF cells. The scheme depicts the
upregulation and downregulation of various genes involved in increasing the resistance of U87MG and U87-MCSF cells to 5-FU. The emergence of
cancer stem cells in the treated samples was also shown. (Orange colour arrows indicated untreated U87-MCSF cells; Blue colour arrows indicated 5-
FU treated U87MG cells; Red colour arrows indicated 5-FU treated U87-MCSF cells; * indicated that RALBP1 expression remained unchanged in
treated samples with respect to their corresponding untreated samples).
doi:10.1371/journal.pone.0083877.g008
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