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RLS lymphosarcoma characterized by enhanced expression of mdr1a and mdr1b genes en-
coding P-glycoprotein is insensitive to low doses of cyclophosphamide, but is susceptible 
to its high doses approximating the maximum tolerated doses. Induction of apoptotic death 
of RLS cells by high doses of cyclophosphamide was demonstrated by cytofl uorometry and 
electrophoresis. Experiments on RLS40 tumor cells derived from RLS lymphosarcoma and 
characterized by more intensive expression of mdr1a/1b genes showed that the therapeutic 
effects of cyclophosphamide increased under conditions of simultaneous suppression of these 
genes by specifi c small interfering RNA (siRNA). These fi ndings suggest that active cyclo-
phosphamide metabolite can be a substrate for P-glycoprotein.
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We previously obtained t ransplantable murine lympho-
sarcoma LS highly sensitive to the therapeutic effect 
of cyclophosphamide (CP) and its daughter strain RLS 
exhibiting resistance to low doses of cyclophospha-
mide [1-3,6]. Despite different sensitivity to apoptosis 
induction, these tumors did not differ by the expres-
sion of proapoptotic (bax and bad) and antiapoptotic 
(bcl-2 and bcl-6) genes. However, the expression of 
mdr1a/1b genes belonging to ABS transporter gene 
family in RLS tumor cells 2.5-fold surpasses that in 
the parent LS cells [1,13]. P-glycoprotein, a product 
of mdr1a/1b genes, acts as a transmembrane pump and 
participates in the formation of the multiple drug resis-
tance phenotype due to active drug elimination from 
tumor cells. However, the expression of mdr1a/1b 

genes belonging to ABS transporter gene family in 
RLS tumor cells 6-fold surpasses that in the parent 
LS cells [13]. However, during repeated in vivo pas-
sages of the tumor, bcl-2+ phenotype was lost and the 
expression of this gene returned to the level observed 
in LS cells.

CP metabolites were never mentioned as the sub-
strates of P-glycoproteins [5,12,14]. However, analysis 
of the expression profi les of pro- and antiapoptotic 
genes and ABC-transporters family genes in RLS cells 
drove us to an assumption that tumor resistance to 
apoptotic and probably antitumor effects of CP can be 
explained by rapid P-glycoprotein-mediated effl ux of 
CP metabolite from tumor cells.

The aim of the present study was to analyze the 
effects of high doses of CP on the growth of RLS tu-
mor in vivo, to evaluate the capacity of CP to induce 
apoptotic death of tumor cells, and to fi nd out whether 
CP metabolite is a substrate for P-glycoprotein. To 
fi nd out whether down-regulation of P-glycoprotein 
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expression in the tumor enhances the therapeutic an-
titumor effect of CP, we studied the effect of com-
bined treatment with CP and specifi c mdr1а/1b siRNA 
against mdr1a and mdr1b gene RNA on RLS40 derived 
from RLS tumor and characterized by more intensive 
expression of mdr1a and mdr1b genes.

MATERIALS AND METHODS

The study was performed on 4-month-old male CBA 
mice obtained from Nursery of Institute of Cytology 
and Genetics, Siberian Division of Russian Academy 
of Sciences. LS and RLS tumors are maintained in the 
vivarium in ascitic form on these mice.

Tumor cells (2×106 LS cells and 2×105 RLS cells) 
were transplanted to CBA mice into the thigh muscles 
(for the formation of a solid tumor) or intraperitoneally 
(for the formation of ascitic tumor). On day 10 after 
tumor transplantation, CP (cyclophosphan-LANS) was 
injected intraperitoneally in a dose of 20-50 mg/kg (to 
mice with LS) or 200 mg/kg (to mice with RLS). Ani-
mal life-span was recorded throughout the experiment. 
Forty-eight hours after CP injection, 3 mice with solid 
tumors from each group were sacrifi ced, the tumors 
were isolated, homogenized, and the homogenates 
were pooled within the group. DNA was isolated from 
pooled homogenates as described elsewhere [7] and 
analyzed in 1.4% agarose gel.

Forty-eight hours after CP injection, 3 mice with 
ascitic tumors from each group were sacrifi ced and 
ascitic fl uid was collected. The cells were pelleted by 
centrifugation, washed, and stained with popNexin 
FITC apoptosis detection kit (Chemicon) according to 
manufacturer’s instructions. The cells were analyzed 
by fl ow cytofl uorometery on FC500 cytometer (Beck-
man Coulter). 

Small interfering RNA (siRNA) were synthesized 
by the phosphate amide method at the Laboratory of 
RNA Chemistry (Institute Chemical Biology and Fun-
damental Medicine, Siberian Division of the Russian 

Academy of Sciences). We used mdr1а/1b siRNA to 
mdr1a and mdr1b gene RNA: GGCUGGACAAGCU-
GUGCAUGG (sense) and AUGCACAGCUUGUC-
CAGCCAA (antisense). luc siRNA to luciferase gene 
mRNA served as the control: CGUUAUUUAUC-
GGAGUUGCAG (sense) and GCAACUCCGAU-
AAAUAACGCG (antisense). For obtaining siRNA 
duplexes, the reaction mixture containing antisense 
and sense sequences, 30 mM HEPES-KOH, 100 mM 
KAc, and 2 mM MgAc was incubated at 90oC for 1 h 
and then slowly cooled to 37oC for 1 h.

RLS40 tumor (2×105 cells) was transplanted in-
traperitoneally to CBA mice and after 10-12 days the 
siRNA duplexes with lipofectamine in Opti-MEM me-
dium were intraperitoneally injected; lipofectamine 
in Opti-MEM medium served as the control. Four 
hours after the injection, the mice were sacrifi ced, 
ascitic fl uid was collected, pooled within the groups, 
and the obtained cell suspension was transplanted 
intramuscularly (2×105 cells, 0.1 ml per mouse, 20 
mice per group) for induction of solid tumors. A part 
of RLS40 cells was used for isolation of total RNA by 
the method of SDS/phenol extraction [8]. Two days 
after transplantation the mice were divided into 2 
subgroups intraperitoneally receiving 200 mg/kg CP 
and physiological saline, respectively. Tumor dia-
meter was measured with a caliper throughout the 
experiment.

Expression of mdr1a and mdr1b genes was eva-
lua ted by reverse-transcription PCR; the primers and 
reaction conditions were described previously [13]. 
β-Actin mRNA was used as the internal standard. 
PCR products were separated by electrophoresis in 8% 
PAAG under native conditions. The bands were den-
sitometried using Gel-Pro Analyzer 4.0. For evalua-
tion of mRNA expression, the integral optical density 
corresponding to gene-specifi c PCR products were 
standardized by optical density of β-actin product.

The data were processed statistically, the differ-
ences were evaluated using Student’s t test.

TABLE 1. Effect of CP on Life-Span of Tumor-Bearing Animals and Induction of Apoptosis in LS and RLS cells

Tumor type CP, mg/kg Mean life-span, days2 Mean life-span prolongation, % Percent of apoptotic tumor cells3

LS1 - 15.2±0.7 - 5.7

20 24.6±1.5** 61.8 24.5±1.7**

RLS1 - 13.5±0.3 - 5.7±0.9

200 16.5±0.5** 22.2 16.4±4.1*

Note. “”: control (untreated tumor-bearing mice). *p<0.05, **p<0.001 in comparison with the control. 1LS (2106 cells per mouse) or RLS 

(2105 cells per mouse) were intraperitoneally transplanted to male CBA mice for the formation of ascitic tumor. On day 10 after tumor 

transplantation, CP was injected in a dose of 20 mg/kg (to mice with LS) or 200 mg/kg (to mice with RLS). 2The data are presented as 

Mean±SEM. 3Flow cytofluorometry data; at least 15,000 events were analyzed in each sample.
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RESULTS

We studied the effect of high doses of CP on the life-
span of tumor-bearing animals and the capacity to 
induce apoptotic death of tumor cells (Table 1). To this 
end, RLS cells (2×105/mouse) were intraperitoneally 
or intramuscularly transplanted to male CBA mice 
for the formation of ascitic and solid tumors. LS cells 
(2×106/mouse) were transplanted as the positive con-
trol, because LS is known to be sensitive to CP treat-
ment. After 10 days, the mice with RLS tumors re-
ceived single intraperitoneal injection of CP in a dose 
of 200 mg/kg; mice with LS received 20 mg/kg CP. 
Forty-eight hours after CP injection, cells from ascitic 
fl uid were isolated, stained with annexin V, and the 
number of apoptotic cells was evaluated by fl ow cy-
tofl uorometry. It is known that annexin V irreversibly 
binds to phosphatidylserine, which is normally local-
ized on the inner layer of the membrane, but appears 
on the outer layer after induction of apoptosis [9,10]. 
Expression of phosphatidylserine on the outer mem-
brane surface is a sign of apoptosis and is observed 
starting from the early stages to complete cell degrada-
tion. It was found that the number of apoptotic cells 
after treatment with 200 mg/kg CP increased 3 fold in 
comparison with the control (untreated tumor-bearing 
mice). The life-span of tumor bearing mice receiving 
CP increased by 22.2%. As expected, the effect of CP 
treatment was more pronounced in case of LS tumors: 
animal life-span increased by 61.8%. Analysis of DNA 
integrity in tumor cells obtained from solid RLS and 
LS tumors after CP treatment revealed DNA fragmen-
tation in RLS cells typical of apoptosis and similar to 
that observed in LS cells (Fig. 1).

We previously showed that CP in a dose of 25 
mg/kg inhibits the growth of solid LS tumor and 
had no effect on the growth of solid RLS tumor [3]. 
Cytophotometry showed that after CP treatment the 
number of cells with haploid DNA content (indica-
tor of apoptosis) in LS tumor increased by more than 
6-times (from 4.5 to 27.8%), while in RLS tumor this 
parameter re mained at the control level (<3%) [1]. It 
was previously demonstrated that CP in a dose of 150 
mg/kg inhibits the growth of RLS tumor by 20% and 
2-4-fold increases activity of cathepsins B, L and D 
in tumor cells, which indirectly attests to induction of 
apoptosis. In the present study we directly proved that 
CP in a dose producing pronounced therapeutic effect 
induces apoptotic death of RLS cells (Table 1, Fig. 1).

Thus, CP induced apoptotic death of RLS tumor 
cells, but in this case its dose was 10-fold higher 
than for LS tumor [3]. Elucidation of the mecha-
nisms underlying the differences in CP doses trig-
gering apoptosis in tumor cells was one of the tasks 
of our study. Inefficiency of low doses of CP in case 

of RLS can be related to hyperexpression of mdr1a 
and mdr1b genes in tumor cells. This leads to the 
efflux of active CP metabolite from cells and it does 
not accumulate in cells in amounts sufficient for 
triggering apoptosis. Ten-fold increase in CP dose 
probably results in an increase in its concentration 
in cells and hence to the increase in the number of 
apoptotic cells. This agrees with a previous study 
[6] demonstrating significant enhancement of the 
therapeutic effect of CP on RLS tumor after increas-
ing its dose from 150 to 200 mg/kg.

In a previous study [13], selection of the primary 
culture of RLS tumor cells on increasing concentra-
tion of vinblastine yielded RLS40 cells characterized 
by enhanced expression of mdr1a and mdr1b genes. 
We used this tumor to fi nd out, whether its sensitivity 
to CP is restored without increasing CP dose under 
conditions of simultaneous suppression of mdr1a and 
mdr1b gene expression. To this end we used mdr1а/1b 
siRNA to mdr1a and mdr1b gene RNA. This siRNA 
suppresses expression of both genes due to high ho-
mology of mdr1a and mdr1b genes. luc siRNA to lu-
ciferase gene mRNA served as the control.

siRNA was injected intraperitoneally to mice with 
ascitic RLS40 tumor and after 4 h the tumor cells were 

Fig. 1. Analysis of DNA from LS (a) и RLS (b) tumor cells; 1.4% 
agarose gel stained with ethidium bromide. M: FastRules Low Range 
marker (Fermentas); 1) DNA isolated from LS or RLS tumor cells 
from untreated animals; 2) tumor cell DNA isolated 48 h after CP 
injection in doses of 20 mg/kg (LS) and 200 mg/kg (RLS).
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inoculated intramuscularly to healthy animals for the 
formation of solid tumor. Two days after transplanta-
tion, the mice received 200 mg/kg CP or physiological 
saline (control) Total RNA was isolated from RLS40 
tumor and the expression of mdr1a and mdr1b genes 
was evaluated by PCR. We demonstrated changed 

expression of mdr1a and mdr1b genes in RLS40 tu-
mor cells (Fig. 2). Transfection of tumor cells with 
mdr1a/1b siRNA in vivo (injection into the ascitic 
tumor) led to a 5-fold decrease in the expression of 
both mdr1b and mdr1a genes in comparison with the 
control (tumor without treatment and tumor treated 
with luc siRNA). Figure 3 shows tumor size in animals 
receiving combined treatment with mdr1a/1b siRNA 
and CP. The growth of tumors from non-transfected 
and luc siRNA-transfected RLS40 cells under the ef-
fect of CP was inhibited by 37.2 and 34.4%, whereas 
inhibition of the tumor growth of from cells transfec-
tion by mdr1a/1b siRNA was 2-fold more effective 
and constituted 66.7% (Fig. 3).

It is known that apoptosis of tumor cells is trig-
gered by not CP, but active CP derivatives formed in 
the liver, unstable metabolite 4-hydroxycyclophos-
phamide and phosphoramide mustard formed after its 
degradation [4,11]. CP metabolites were never men-
tioned as the substrates of P-glycoproteins [5,12,14]. 
However, our experiments showed that the resistance 
of RLS40 and RLS tumors to CP is related directly to 
hyperexpression of P-glycoprotein determining the 
multiple drug resistance phenotype. Thus, we can con-
clude that active CP metabolites are substrates for P-
glycoprotein.
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lecular and Cell Biology” of the Russian Academy of 
Sciences, Integration Grant of Siberian Division of 
the Russian Academy of Sciences (projects Nos. 21, 
18, and 15), and Grant for Leading Scientifi c Schools 
(NSh-7101.2010.4).

Fig. 2. Suppression of mdr1b (a; open bar) and mdr1a (b; dark bar) gene expression in RLS
40

 tumor cells in vivo tumor cells after treatment 
with mdr1a/1b siRNA. c) quantitative processing of the data presented on a and b. Experimental error did not exceed 10%.

Fig. 3. Effect of combined therapy with mdr1a/1b siRNA and CP on 
the growth of RLS

40
 tumor in animals. 1) without CP treatment; 2) 

200 mg/kg ЦФ; 3) control luc siRNA in a dose of 15 μg per mouse 
and CP in a dose of 200 mg/kg; 4) mdr1a/1b siRNA and 200 mg/
kg CP. The data on tumor volume correspond to day 14 after trans-
plantation of tumor cells.

O. A. Patutina, N. L. Mironova, et al.



352

REFERENCES

 1. A. Yu. Grishanova, E. V. Mel’nikova, V. I. Kaledin, et al., 
Byull. Eksp. Biol. Med., 139, No. 5, 573-577 (2005).

 2. V. I. Kaledin, V. P. Nikolin, T. A. Ageeva, et al., Vopr. Onkol., 
46, 588-593 (2000).

 3. V. I. Kaledin, V. P. Nikolin, T. Yu. Baimak, et al., Byull. Eksp. 
Biol. Med., 135, No. 3, 334-338 (2003).

 4. V. I. Kaledin, V. P. Nikolin, M. R. Galyamova, et al., Dokl. 
Ross. Akad. Nauk, 386, No. 5, 705-708 (2002).

 5. A. A. Stavrovskaya and T. P. Stromskaya, Biokhimiya, 73, 
735-750 (2008).

 6. T. A. Usova, S. Ya. Zhanaeva, G. Kogan, et al., Byull. Eksp. 
Biol. Med., 136, No. 11, 509-512 (2003).

 7. S. M. Aljanabi and I. Martinez, Nucl. Acids Res., 25, No. 22, 

4692-4693 (1997).
 8. N. Chattopadhyay, R. Kher, and M. Godbole, Biotechniques, 

15, No. 1, 24-26 (1993).
 9. V. A. Fadok, D. L. Bratton, S. C. Frasch, et al., Cell. Death 

Differ., 5, No. 7, 551-562 (1998).
10. V. A. Fadok, D. L. Bratton, D. M. Rose, et al., Nature, 405, 

85-90 (2000).
11. V. Gilard, M. C. Malet-Martino, M. de Forni, et al., Cancer 

Chemother. Pharmacol., 31, No. 5, 387-394 (1993).
12. C. J. Matheny, M. W. Lamb, K. R. Brouwer, G. M. Pollack, 

Pharmacotherapy, 21, No. 7, 778-796 (2001).
13. N. L. Mironova, O. Shklyaeva, E. Andreeva, et al., Ann. N. Y. 

Acad. Sci., No. 1091, 490-500 (2006).
14. T. Sakaeda, T. Nakamura, and K. Okumura, Biol. Pharm. Bull. 

25, No. 11, 1391-1400 (2002).

Bulletin of Experimental Biology and Medicine, Vol. 152, No. 3, January, 2012 ONCOLOGY


	Abstract

	MATERIALS AND METHODS
	RESULTS
	REFERENCES



