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Abstract 
S1鄄  M1鄄  80 cells, derived from human colon carcinoma S1 cells, are mitoxantrone鄄  selected ABCG2鄄  

overexpressing cells and are widely used in in vitro studies of multidrug resistance (MDR). In this study, 
S1鄄  M1鄄  80 cell xenografts were established to investigate whether the MDR phenotype and cell biological 
properties were maintained in vivo. Our results showed that the proliferation, cell cycle, and ABCG2 
expression level in S1鄄  M1鄄  80 cells were similar to those in cells isolated from S1鄄  M1鄄  80 cell xenografts 
(named xS1鄄  M1鄄  80 cells). Consistently, xS1鄄  M1鄄  80 cells exhibited high levels of resistance to ABCG2 
substrates such as mitoxantrone and topotecan, but remained sensitive to the non鄄  ABCG2 substrate 
cisplatin. Furthermore, the specific ABCG2 inhibitor Ko143 potently sensitized xS1鄄  M1鄄  80 cells to 
mitoxantrone and topotecan. These results suggest that S1鄄  M1鄄  80 cell xenografts in nude mice retain their 
original cytological characteristics at 9 weeks. Thus, this model could serve as a good system for further 
investigation of ABCG2鄄  mediated MDR. 
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Original Article 

Multidrug resistance (MDR), a well defined pheno鄄  
menon in which cancer cells become resistant to a 
variety of anticancer drugs with different structures and 
mechanisms of action, is a major obstacle towards 
curative cancer chemotherapy. Among the diverse 
mechanisms responsible for MDR phenotype, a common 
cause is the overexpression of ATPbinding cassette 
(ABC) transporters such as ABC subfamily B member 1 
(ABCB1; also called Pglycoprotein, Pgp), ABC 
subfamily C members (ABCCs; also called 
MDRassociated proteins, MRPs), and ABC subfamily G 
member 2 (ABCG2; also called breast cancer resistance 
protein, BCRP) [13] . ABCG2 is a 655 amino acid 
glycoprotein that contains 1 ATPbinding domain and 6 
transmembrane domains [4] . It is physiologically expressed 
in a variety of tissues, most abundantly in the liver and 
intestinal epithelia, placenta, bloodbrain barrier, and 

various stem cells [57] . Unlike Pgp and MRP1, which are 
arranged in 2 repeated halves, ABCG2 is a 
halftransporter consisting of only 1 nucleotidebinding 
domain followed by 1 membranespanning domain. The 
halftransporter can transport a diverse array of 
substrates, including anticancer agents such as 
mitoxantrone, camptothecin and its analogs (e.g., 
diflomotecan, a synthetic derivative of camptothecin), 
and flavopiridol, a promising drug in clinical 
development [810] . 

Numerous studies have shown that elevated 
ABCG2 expression in clinical specimens of both solid 
and hematologic cancers, including esophageal 
squamous cell carcinoma  [ 11]  and acute myeloid 
leukemia [1214] , is associated with poor prognosis. In a 
retrospective study of nonsmall cell lung cancer, 
chemotherapy response rate in patients was correlated 
with ABCG2 expression but not with the expression of 
ABCB1, ABCC1, or ABCC3, suggesting that specific 
inhibition of ABCG2 function may help to overcome drug 
resistance in these patients [15] . These findings have 
important potential implications for the strategy of 
targeting ABCG2 as a part of cancer therapy. 

As an energydependent drug efflux pump, ABCG2 
extrudes a variety of xenobiotics and drugs from cells, 
thereby mediating resistance to these agents and 
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affecting their pharmacologic behavior  [16] . It is worth 
noting that mutations of amino acid 482 in ABCG2 
facilitate substrate selection. ABCG2 variants containing 
either R482G or R482T conferred increased mitoxan鄄  
trone resistance to transfected cells. Moreover, these 
variants introduced anthracyclin (doxorubicin) resistance 
and rhodamine123 extrusion capacity, which was not 
observed for the wildtype protein. In contrast, the 
R482G and R482T mutants were not able to extrude 
methotrexate, which is a transport substrate of wildtype 
ABCG2 [17] . 

Many  experimental models have been 
developed to better understand the mechanisms of drug 
resistance. The functionally relevant  model has 
been an important method to study drug resistance and 
evaluate new effective therapies. S1M180 cells derived 
from human colon carcinoma S1 cells are mitoxantrone 
selected ABCG2overexpressing cells carrying the 
R482G variant and have been widely used for MDR 
research  . To determine whether S1M180 cells 
in xenografts maintained the MDR phenotype and the 
biological properties observed  , we established the 
S1M180 cell xenograft model in nude mice and 
investigated the biological properties of the drugresistant 
xenograft cells. 

Materials and Methods 

Drugs and antibodies 

Doxorubicin, mitoxantrone, topotecan, cisplatin, 
collagenase, 3  (4, 5Dimethylthiazol2yl)2, 5diphenyl 鄄  
tetrazolium bromide (MTT), rhodamine 123, and other 
chemicals were purchased from Sigma Chemical Co (St. 
Louis, MO, USA). The Pgp, MRP1, and ABCG2 
monoclonal antibodies were purchased from Santa Cruz 
Biotechnology (Delaware, USA). Ko143, a selective 
pharmacological inhibitor of ABCG2, was kindly provided 
by Dr. Kenneth Kin Wah To (The Chinese University of 
Hong Kong). 

Cell lines and cell culture 

The following cell lines were cultured in DMEM or 
RPMI1640 supplemented with 10% fetal bovine serum, 
100 units/mL penicillin, and 100 mg/mL streptomycin at 
37益  in the presence of 5% CO2: the human oral 
epidermoid carcinoma cell line KB and its 
vincristineselected derivative ABCB1overexpressing cell 
line KBv200 [18] , which were a gift from Dr. XuYi Liu 
(Cancer Hospital of Beijing, Beijing, China); the human 
epidermoid carcinoma cell line KB31 and its 
doxorubicinselected derivative ABCC1overexpressing 
cell line CA120 [19] , which were kindly provided by Dr. 

Shinichi Akiyama (Kagoshima University, Kagoshima, 
Japan); and the colon carcinoma cell line S1 and its 
mitoxantroneselected derivative ABCG2overexpressing 
cell line S1M180 [20] , which were kindly provided by Dr. 
S.E. Bates (National Cancer Institute, NIH, Bethesda, 
MD). KB and KBv200 cells were used as negative and 
positive controls, respectively, for the detection of 
ABCB1 expression. KB31 and CA120 cells were used 
as negative and positive controls, respectively, for the 
detection of ABCC1 expression. 

Animals and establishment of the drug 
resistance model 

BALB/c nude mice of both sexes, 68 weeks old, 
were purchased from Shanghai Slike Experimental 
Animals Co. (animal experimental license No. 
SCXKhu20070005, Shanghai, China) and raised under 
specific pathogenfree conditions. S1M180 cells were 
suspended at 1 伊 10 8  cells/mL in phosphatebuffered 
saline (PBS), and 200 滋  L of this suspension (2 伊 10 7 

cells) was subcutaneously injected into the right flank of 
athymic nude mice. Tumors were measured using 
electronic calipers every week for 63 days. Tumor size 
was calculated according to the following formula: tumor 
volume = π /6 伊 L 伊 W 2 , with L and W representing the 
longest and the shortest tumor diameters, respectively. 

Isolation of xS1鄄  M1鄄  80 cells 

Fresh xenografts of S1M180 cells separated from 
nude mice were mechanically disaggregated with sterile 
crossed  scalpels to obtain pieces of about 1 mm 3 . After 
cutting, the tissue was resuspended in 5 volumes of 
digestion solution [collagenase sigma type 1 (40 
units/mL of growth medium)] and incubated at 37益 for 3 
h. Single xS1M180 cell suspension solution was 
obtained after the solution was filtered through a 
200mesh sieve. 

Cytotoxicity assay 

Drug cytotoxicity was assessed  using the 
MTT assay as previously described [21] . S1M180 and 
xS1M180 cells were seeded in 96well plates in growth 
medium (200 滋  L/well) containing various concentrations 
of drugs for 68 h at 37益  in the presence or absence of 
the specific inhibitor Ko143. Then, 20 滋  L of MTT (5 
mg/mL) was added to each well for another 4hour 
incubation. The resulting purple precipitate in each well 
was dissolved in 100 滋  L DMSO, and the absorbance at 
540 nm (  540 ) was measured, with background 
subtraction at 655 nm, using the Model 550 Microplate 
Reader (BIORAD, Hercules, CA, USA). The 
concentrations required to inhibit cell growth by 50% 
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(IC 50 ) were calculated from survival curves using the 
Bliss method [22] . The degree of resistance was calculated 
by dividing the IC 50  for the MDR cells by that  for the 
parental sensitive cells. The foldreversal factor of MDR 
was calculated by dividing the IC50  for cells with  the 
anticancer drug in the absence of Ko143 by that 
obtained in the presence of Ko143. All experiments were 
performed in triplicate. 

Cell proliferation assay and cell cycle 

Cells at exponential growth phase were seeded in 
96well plates (2000 cells/well) in growth medium. Then, 
MTT (5 mg/mL) was added to the wells (20 滋  L/well) 
every 24 h for 5 consecutive days. The  540  was 
detected, with background subtraction at 655 nm. Cell 
proliferation rate was calculated as follows: [(  exp    blank ) 
  (  0    blank )] / (  0    blank )×  100%, where  0  referred to 
the absorbance value at the onset of experiment and  exp 

referred to the absorbance values of the experimental 
cells. The cell proliferation curves were plotted [23] . 

Cell ploidy was used to assess cell cycle status. 
Exponentially growing cells were harvested, fixed with 
cold 70% ethanol overnight, washed twice with 1伊 PBS, 
and stained with propidium iodide (100 滋  g/mL) containing 
RNase A (100 滋  g/mL) for 30 min at 37益  in the dark. 
Cell cycle was detected using a flow cytometer 
(BeckmanCoulet, Miami, FL). The percentages of the 
cell population at different phases were calculated from 
histograms using the CellQuest software (BD Sciences, 
San Jose, CA, USA). 

Western blot analysis 

Total cell lysate was prepared from 1 伊 10 6  cells by 
adding 100 滋  L of lysis buffer (1伊 PBS, 1% NP40, 0.5% 
sodium deoxycholate, 0.1% SDS, 100 滋  g/mL phenyl 鄄  
methylsulfonyl fluoride, 10 滋  g/mL aprotinin, 10 滋  g/mL 
leupeptin), incubating the cell solution for 30 min with 
occasional rocking, and clarifying the solution by 
centrifugation at 12 000 伊   at 4益  for 15 min. The 
supernatant containing total cell lysate was stored at 
80益  until it was ready for use. The protein 
concentration was determined by the Bradford method. 
Western blot analysis was performed as previously 
described [24] . Briefly, proteins were separated by 10% 
sodium dodecyl sulfate polyacrylamide gel electro 鄄  
pheresis (SDSPAGE) and transferred to polyvinylidene 
difluoride membranes. After being blocked in 5% skim 
milk at room temperature for 2 h, membranes were 
subsequently probed with primary antibodies at 4益 
overnight. Then the membranes were washed three 
times with TBST buffer [10 mmol/L TrisHCl (pH 8.0), 
150 mmol/L NaCl, and 0.1% Tween 20] and incubated 
with secondary antibody at room temperature for 2 h. 

Proteins were detected using the enhanced 
chemiluminescence detection system (Amersham). 

Fluorescence microscopy 

S1M180 and xS1M180 cells were seeded at a 
density of 5 伊  10 5  cells/well in 6well plates and 
incubated for 24 h to allow cell attachment. The 
chambers were washed twice with PBS, and fixed with 
4% formaldehyde for 15 min at room temperature. Then, 
cells were washed three times with wash buffer 
(Immunol Fluorence Staining Kit, Beyotime). Nonspecific 
binding sites were blocked for 60 min at room 
temperature with confining liquid. Then, without further 
washing, cells were incubated with a rabbit antiABCG2 
monoclonal antibody BXP21, diluted at 1:50 with 
confining liquid, for 60 min at room temperature. ABCG2 
staining was revealed by incubation with 
FITCconjugated goat antirabbit antibody (1:500) for 60 
min at room temperature. Cell nuclei were stained with 
propidium iodide (5 滋  g/mL) for 5 min at room 
temperature. Then, the cells were observed under an 
inverted fluorescence microscope with standard 
excitation filters in random microscopic fields at 伊  400 
magnification. 

Accumulations of doxorubicin and rhodamine 123 

To evaluate ABCG2mediated efflux, the intracellular 
accumulation of doxorubicin and rhodamine 123 were 
examined by flow cytometry [25] . S1M180 and xS1M180 
cells were seeded at a density of 5 伊 10 5  cells/well in 
6well plates and incubated at 37益 overnight. Cells were 
then treated with or without Ko143 (1 滋  mol/L) at 37益 for 
3 h. Then, doxorubicin (10 滋  mol/L) or rhodamine 123 (5 
滋  g/mL) was added and cells were incubated for another 
3 h or 0.5 h, respectively. Finally, the cells were washed 
with icecold PBS three times and resuspended in 500 
滋  L PBS for flow cytometry (FCM, Beckman Coulter, 
Cytomics FC500, USA). A minimum of 10 000 cells 
were analyzed for each histogram generated. 

Detection of cell surface expression of ABCG2 
by flow cytometry 

S1M180 and xS1M180 cells were harvested and 
washed three times with isotonic PBS [supplemented 
with 0.5% bovine serum albumin (BSA)]. Then, 
Fcblocked cells (1 伊 10 6 ) were incubated with APC 
conjugated antihuman BCRP1/ABCG2 antibody (R&D 
Systems, McKinley Place NE, Minneapolis, USA) for 45 
min at 4益 . Finally, the cells were washed twice with 
PBS (supplemented with 0.5% BSA) and resuspended in 
400 滋  L PBS for FCM. Isotype control samples were 
treated similarly with an APClabeled mouse IgG2B 
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antibody. 

Statistical analysis 

All data were derived from at least three 
independent experiments. The difference between two 
paired groups was evaluated using the Student爷s  test, 
which was performed using SPSS 13.0 software (SPSS 
Inc., Chicago, IL, USA). Differences were considered 
significant when  < 0.05. 

Results 

S1鄄  M1鄄  80 tumor formation and successful in 
vitro proliferation of xS1鄄  M1鄄  80 cells 

Solid tumors were measurable 14 days after 
inoculation. The overall tumor formation rate was 80% 
(16/20). The tumor growth curve was drawn according to 
tumor volume and the time after inoculation (Figure 1). 
At 63 days after inoculation, when the mean tumor 
weight was over 1 g, mice were killed. xS1M180 cells 
were isolated from S1M180 tumor xenografts as 
described in the Materials and Methods section. Single 
cell  suspensions from tumors were collected and 
cultured in DMEM medium. 

In vitro growth characteristics of S1鄄  M1鄄  80 and 
xS1鄄  M1鄄  80 cells 

Growth properties of S1M180 cells versus 
xS1M180 cells growing in monolayer cultures were 
compared. The  proliferating ability of S1M180 
and xS1M180 cells were similar (Figure 2A). FCM with 
propidium iodide staining showed no statistical difference 
between the two cell lines in terms of cell numbers in the 
G 0 G 1  (66.5 依 10.2 for S1M180 vs. 63.7 依 11.5 for 
xS1M180), S (27.8 依 6.4 vs. 26.2 依 8.1), and G 2 M 

phases (5.7 依 2.2 vs. 10.1 依 2.5) (  > 0.05) (Figure 
2B). 

ABCG2 protein expression in S1鄄  M1鄄  80 cells 
and xS1鄄  M1鄄  80 cells 

ABCG2 protein was highly expressed in S1M180 
and xS1M180 cells as determined by Western blotting 
(Figure 3A). Neither S1M180 cells nor xS1M180 cells 
showed expression of Pgp and MRP1; Pgp expression 
was only detected in positive control KBv200 cells, and 
MRP1 expression was only detected in positive control 
CA120 cells. ABCG2 expression was not detected in S1 
cells, and similar surface expression of ABCG2 was 
confirmed by FCM (Figure 3B). 

To investigate the subcellular localization of ABCG2 
in S1M180 and xS1M180 cells, cells were stained 
with the ABCG2 monoclonal antibody BXP21 followed 
by a FITCconjugated secondary antibody. Immuno鄄  
fluorescence scanning microscopy showed positive 
staining of ABCG2 in the intracellular compartment and 
on the plasma membrane of the two cell lines (Figure 
3C). 

Cell sensitivity to chemotherapeutic agents 

The drug sensitivities of S1M180 and xS1M180 
cells determined by MTT assays are shown in Table 1. 
S1M180 cells were 90fold more resistant to 
mitoxantrone than sensitive S1 cells and displayed 
150fold resistance to topotecan. xS1M180 cells were 
91 and 147fold resistant to mitoxantrone and 
topotecan, respectively. Ko143 (1 滋  mol/L) effectively 
reversed mitoxantrone and topotecan resistance and 
sensitized the resistant S1M180 cells by 87 and 
90fold, respectively, to these agents. Similar results 
were also obtained with xS1M180 cells: Ko143 
sensitized the resistant cells by 94 and 96fold to 
mitoxantrone and topotecan, respectively. Both cell lines 
displayed similar sensitivity to cisplatin, which is not an 

Figure 1. 
A total of 20 mice were 

inoculated with S1鄄  M1鄄  80 cells in the right 
flank. Solid tumors formed in 16 (80% ) 
mice. At 63 days after inoculation, the 
mean tumor weight was over 1 g. Each 
point represents the mean 依 standard 
deviation (SD) of tumor volumes in the 16 
mice. 
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Figure 2. 

A, the proliferation curves 
of S1鄄  M1鄄  80 and xS1鄄  
M1鄄  80 cells. B, the 
percentages of the cell 
population at the G 0 -G 1 , 
S, and G2-M phases were 
calculated from histograms 
using the CellQuest 
software. Data points 
represent the mean 依 SD 
of three independent 
experiments. Cell cycle 
analysis was performed 
on a flow cytometer. 

ABCG2 substrate, and Ko143 had no reversal effect to 
cisplatin and on the sensitivity of parental S1 cells. 

Accumulation of doxorubicin and rhodamine 123 

The intracellular accumulation of doxorubicin and 
rhodamine 123 were 1.0 and 1.1fold higher, 
respectively, in xS1M180 cells than in S1M180 cells. 
In the presence of Ko143 (1 滋  mol/L), the level of 
doxorubicin accumulation was increased by 6.2 and 
6.3fold for S1M180 and xS1M180 cells, respectively. 
The intracellular rhodamine 123 accumulation was 
enhanced by 12.1 and 10.1fold by Ko143 for the two 
cell lines, respectively. These results indicate a similar 
ABCG2 transport activity of the two cell lines (Figure 4). 

Discussion 
Many  tumor models have been developed to 

better understand the precise mechanisms responsible 
for drug resistance [21,26] . These animal models allow a 
direct comparison of  and  resistance. As a 
drug resistance model with overexpression of ABCG2, 

the S1M180 cell line has been widely used in the study 
of MDR, whereas the S1M180 cell xenografts have 
been used less frequently. Based on our success with 
other tumor xenografts in previous studies [21,27] , there is 
no doubt that the S1M180 cell xenografts can serve as 
useful tools with which to study the effects of ABCG2 
overexpression. The similarities between xS1M180 
cells and  cultured S1M180 cells  deserve further 
investigation to determine whether the xenograft models 
reproduce the biological evolution of S1M180 cells. In 
our study, we demonstrated that the S1M180 cell 
xenografts in nude mice retain their MDR phenotype and 
original cytological characteristics, which suggests that 
the S1M180 cell xenograft model may be useful in 
preclinical studies of drug resistance  . 

The MDR phenotype is associated with decreased 
intracellular drug accumulation resulting from energy 
dependent drug efflux. Mitoxantrone resistance appears 
to be a universal characteristic of cell lines that 
overexpress ABCG2. To determine whether drug 
resistance occurs in xS1M180 cells, S1M180 and 
xS1M180 cells were assayed for sensitivity to 
mitoxantrone and topotecan. Our data clearly showed 
that the crossresistance patterns are almost identical for 
S1M180 and xS1M180 cells, both having a high level 
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of resistance to mitoxantrone and topotecan and showing 
no crossresistance to cisplatin. 

Position 482 is critical for substrate recognition by 
ABCG2, and mutations at this position significantly 

impact substrate specificity [17,28] . Rhodamine 123 is a 
substrate for ABCG2Gly, but not for ABCG2Arg. xS1M180 
cells exhibited a decrease in rhodamine 123 
accumulation similar to the ABCG2 Gly expressing 

Figure 3. A, equal amounts of protein from various cell lines were loaded for Western 
blotting as described in the Materials and Methods section. S1鄄  M1鄄  80 and xS1鄄  M1鄄  80 cells show high expression of ABCG2 protein but no 
expression of P鄄  gp or MRP鄄  1. B, flow cytometry was performed as described in the Materials and Methods section. Similar surface expression of 
ABCG2 is detected in S1鄄  M1鄄  80 and xS1鄄  M1鄄  80 cells. C, immunofluorescence scanning microscopy shows positive staining of ABCG2 in the 
intracellular compartment and on the plasma membrane of S1鄄  M1鄄  80 and xS1鄄  M1鄄  80 cells. 
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Compounds 

Cell survival was determined by MTT assay as described in the Materials and Methods section. IC50, 50% inhibition concentration. Data are 
given as the mean 依 standard deviation (SD) of at least three independent experiments. The fold reversal of drug resistance (given in 
parentheses) was calculated by dividing the IC50 for cells with the anticancer drug in the absence of Ko143 by that obtained in the presence of 
Ko143. 

IC50 [滋  mol/L (fold鄄  reversal)] 

Mitoxantrone 
Mitoxantrone + Ko143 
Topotecan 
Topotecan + Ko143 
Cisplatin 
Cisplatin + Ko143 

0.33 依 0.01 
0.31 依 0.03 (0.94) 
0.28 依 0.05 
0.28 依 0.04 (1.00) 
1.81 依 0.38 
1.57 依 0.35 (0.87) 

S1 S1鄄  M1鄄  80 xS1鄄  M1鄄  80 

30.03 依 3.28 
0.34 依 0.10 (88.32) 

42.16 依 4.54 
0.47 依 0.10 (89.70) 
1.94 依 0.39 
1.64 依 0.43 (0.85) 

30.20 依 4.62 
0.32 依 0.08 (94.38) 

41.10 依 4.65 
0.43 依 0.06 (95.58) 
1.77 依 0.52 
1.48 依 0.38 (0.84) 

Figure 4. The accumulation of doxorubicin and 
rhodamine 123 was measured by flow cytometry as described in the Materials and Methods section. S1鄄  M1鄄  80 and xS1鄄  M1鄄  80 cells treated with 
1 滋  mol/L Ko143 [S1鄄  M1鄄  80(+) and xS1鄄  M1鄄  80(+)] were used as positive controls. The intracellular accumulation in S1鄄  M1鄄  80 and xS1鄄  M1鄄  80 
cells were almost identical and were significantly increased in the presence of Ko143. Data points represent the mean 依 SD of triplicate 
experiments. 
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S1M180 cells, further demonstrating that xS1M180 
cells well reproduced the tumor cell cytological 
characteristics. Furthermore, equal ABCG2 
overexpression level was detected in the two cell lines 
and no detectable expression of Pgp and MRP1 were 
found, thereby distinguishing the ABCG2 resistance 
mechanism from that of both Pgp and MRP1. 

Our results showed that xS1M180 cells shared 
similar features with S1M180 cells in several ways. 
First, we did not observe differences in the ABCG2 
protein expression between S1M180 and xS1M180 
cells, nor did we detect the expression of other MDR 
transporters in either cell line. Second, ABCG2 conferred 
a similar level of resistance to mitoxantrone and other 
ABCG2 substrates, and the drug resistance was 
effectively reversed by Ko143. Moreover, S1M180 and 
xS1M180 cells were equally sensitive to the 
nonABCG2 substrate cisplatin. Finally, similar ABCG2 
function was detected based on fluorescent doxorubicin 

and rhodamine 123 accumulation and the ability of 
Ko143 to significantly raise the accumulation of these 
agents in the two cell lines. 

In summary, we have developed a xenograft model 
of S1M180 cells in nude mice that reproduces the 
biological evolution of S1M180 cells. The similarities 
between xS1M180 cells and  cultured S1M180 
cells support the assumption that the tumor cells retain 
their original cytological characteristics after the 
xenografts are established in mice. Thus, 
heterotransplantation of human colon carcinoma in nude 
mice can serve as a useful technique with which to study 
ABCG2mediated drug resistance  . It may also 
serve as a pharmacologic model for screening new 
potential anticancer agents. 
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