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Abstract-With the increasing use of inducers of cellular differentiation in the treatment of leukaemia, 
it is essential to understand the relationship between differentiation and the expression of the multidrug 
resistance. Using the KS62 human leukaemia cell line and its multidrug resistant subline K562/E15B, 
differentiation was examined along two different pathways, megakaryocyte in response to treatment 
with 12-0-tetradecanoylphorbol-13-acetate (TPA), and erythroid in response to treatment with sodium 
butyrate, in the same cell line. P-glycoprotein expression was increased in the multidrug resistant K562/ 
E15B subline, but not induced in the parental K562 cell line. However, both treatments conferred a 
different phenotype on the drug resistant subline. TPA treatment caused an increase in P-glycoprotein, 
increased drug resistance and decreased rhodamine- accumulation which was verapamil sensitive, 
demonstrating that TPA induced a fully functional P-glycoprotein. However, sodium butyrate treatment 
caused an increase in P-glycoprotein without increased drug resistance or without decreased 
rhodamine- accumulation suggesting that the P-glycoprotein induced by sodium butyrate was non- 
functional. These results stress the importance of examining not only the expression of P-glycoprotein 
in cells, but also the function of the P-glycoprotein induced. 
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Leukaemia may be viewed as aberrant cell 
proliferation which can be treated with cytotoxic 
drugs. While this is often successful, failure of this 
approach is usually due to the development of 
MDR§ frequently characterized by the expression 
of a 170 kDa membrane protein P-glycoprotein [l]. 
This membrane protein acts as a drug efflux pump 
to remove cytotoxic drugs from the cell to confer 
resistance [2]. An alternative view of leukaemia is 
as aberrant differentiation in which cells fail to 
mature, and so continue to proliferate. This offers 
an alternative approach to therapy using agents that 
induce terminal differentiation [3]. The strategy for 
improving therapy could possibly lie in the 
combination of differentiation based therapy with 
conventional chemotherapy as many reports suggest 
that P-glycoprotein ertpressing sublines respond to 
treatment with differentiation agents the same as 
the parental cell, offering an alternative treatment 
for cytotoxic drug-resistant tumours [4,5]. 

As many differentiating agents are already 
undergoing clinical trial [6], it is important to know 
if this approach to treatment may increase multidrug 
resistance in P-glycoprotein expressing cells. NaB 
and TPA are commonly used in in vitro studies to 
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IAbbreviations: MDR, multidrug resistance; TPA, 12- 
O-tetradecanoylphorbol-13-acetate;NaB,sodiumbutyrate; 
Mn, 3,4,5-dimethylthiazol-2,5-diphenyl tetrazolium bro- 
mide; DMSO, dimethyl sulphoxide. 

examine the relationship between P-glycoprotein 
expression and differentiation, and many reports 
suggest that increased differentiation with these 
agents is associated with increased expression of P- 
glycoprotein [S, 7,8]. However, conflicting reports 
suggest that this increased expression is not always 
accompanied by increased drug resistance, and the 
lack of correlation between expression of P- 
glycoprotein and the activity of P-glycoprotein is 
unexplained [9, lo]. 

K562 is a human leukaemia cell line which offers 
an ideal model to study the relationship between 
expression of P-glycoprotein and differentiation as 
these cells were developed from a patient with 
chronic myelocytic leukaemia in blast crisis and 
are a pluripotent cell capable of undergoing 
differentiation along lineage specific pathways in 
response to a variety of agents [ll, 121. Previous 
reports demonstrate that MDR K562 cells are 
sensitive to induction by treatment with NaB [13], 
but resistant to induction by treatment with TPA 
[14]. As this drug resistant cell line was developed 
by adaptation to growth in high drug concentrations 
(500 ng/mL doxorubicin), the effects of induction of 
differentiation may not be clinically relevant. We 
have previously reported the development of a MDR 
K562 subline (K562/E15B) by treatment with low 
concentrations (15 ng/mL) of the anthracycline 
epirubicin, in an attempt to more closely mimic 
cellular changes associated with the clinical devel- 
opment of drug resistance [ 151. This subline expresses 
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P-glycoprotein and a MDR phenotype, and provides 
the opportunity to examine the effect of induction 
of differentiation along two different pathways in 
the same cell line. We report here on the response 
of these cells to the effects of NaB which induces 
erythroid differentiation [16] and the phorbol ester 
TPA which causes megakaryocytic differentiation in 
the parental K562 cell line [17]. 

MATERIALS AND METHODS 

Cell culture and treatments. K562 cell line 
was obtained from the American Type Culture 
Collection, and the K562/E15B subline was derived 
from K562 cells in our laboratory by intermittent 
treatment with 15 ng/mL epirubicin [16]. The cells 
were grown in RPMI-1640 supplemented with 10% 
foetal bovine serum, 20 mM HEPES and NaHC03 
(0.85 g/L) at 37” in a humidified atmosphere with 
5% CO*. All cultures were free of mycoplasma. 

TPA (Sigma, St Louis, MO, U.S.A.) was stored 
at -20” as a stock solution in DMSO, and diluted 
in RPM1 before use. Treatments were for 18 hr with 
5 nM TPA. Control treatments used the carrier 
alone. NaB (Sigma) was made fresh for each 
experiment and was dissolved in RPMI. Cells were 
treated with 1.5 and 15mM NaB for 18 hr. All 
treatments used exponentially growing cells at 
2 X lo5 cells/ml. 

Cytotoxicity assays. After treatment with the 
differentiating agent, cells (3 x lo4 cells/well) were 
plated in triplicate into 96-well microtitre plates 
(Costar, MA, U.S.A.) in 2OOpL growth medium 
containing serial two-fold dilutions of the drugs 
epirubicin (Farmitalia, Italy), vinblastine (David 
Bull, Vie, Australia) and colchicine (Sigma). Cells 
were incubated for 4 days after which cell viability 
was determined using the MTT cell viability assay 
[W. 

Detection of P-glycoprotein. C219 monoclonal 
antibody (Centocore, Malvern, PA, U.S.A.) was 
used to detect P-glycoprotein according to the 
method previously described [19]. Protein (2 pg) was 
loaded for each sample and equal protein loading 
was confirmed by Coomassie staining of duplicate 
gels. 

Flow cytometry. Cells (10’) were incubated with 
antibodies to CD61 (3.15 pg/mL), glycophorin A 
(2.66 pg/mL; both from Dako, Glostrup, Denmark) 
or control mouse IgGl antibody (raised against a K 
myeloma antibody, kindly donated by Prof. 
R. Raison, Immunobiology Unit, University of 
Technology, Sydney, Australia) as previously 
described [ 151. 

Rhodamine- accumulation. P-glycoprotein 
function was measured by the ability of cells to 
accumulate rhodamine- (Sigma) in the presence 
or absence of 10 ,uM verapamil (Sigma). 
Rhodamine- was dissolved in ethanol and stored 
as a stock solution (5 mg/mL) at 4”. Cells (5 x 105) 
were incubated at 37” for 45 min with rhodamine- 
at a final concentration of 150 ng/mL. For treatment 
with verapamil, 10 ,uM verapamil was added 10 min 
prior to the addition of rhodamine-123. Cells were 
then washed once with ice-cold PBS, resuspended 
in ice-cold PBS containing 50pg/mL propidium 
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Fig. 1. Flow cytometry analysis of CD61 and glycophorin 
A after TPA and NaB treatment. KS62 cells (solid bar) 
and the K562/E15B subline (open bar) were analysed for 
expression of CD61 and glycophorin A after treatment for 
18 hr with 5 nM TPA or after 4 day treatment with 1.5 mM 
NaB. Results are the mean of three experiments; error 

bars are the standard error of the mean. 

iodide (Sigma) and fluorescence analysed immedi- 
ately using a Becton Dickinson FACScan flow 
cytometer as previously described 1201. Dead cells 
which took up propidium iodide were excluded from 
the analysis by gating. All determinations were in 
duplicate and experiments were repeated at least 
three times. 

RESULTS 

Differentiation 

Treatment of both K562 and K562/E15B cells 
with TPA (5 nM) for 18 hr increased the expression 
of platelet glycoprotein IIIa (C~61) normally 
expressed by megakaryocytes and platelets, and 
decreased the expression of glycophorin A, expressed 
by cells of the erythroid lineage (Fig. 1). Similar 
results were found at 1 and 16 nM TPA (results not 
shown). While treatment with NaB (1.5 mM) 
resulted in little change in CD61 or glycophorin A 
expression after 18 hr (results not shown), increased 
expression of glycophorin A was demonstrated after 
4 days treatment of both K562 and K562/E15B 
cells, suggesting differentiation along the erythroid 
pathway (Fig. 1). 

P-glycoprotein expression 

Treatment of the K562/E15B subline with either 
TPA or NaB for 18 hr increased P-glycoprotein 
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Fig. 2. Western blot atmlysis of P-glycoprotein. Cells were 
treated for 18 hr with 5 nM TPA or 1.5 mM NaB after 
which plasma membranes were prepared and analysed 
using C219 monoclonal antibody. Position of P-glycoprotein 

(P-1’70) is indicated. 

expression as determined by Western blot analysis 
using the monoclonal antibody C219 (Fig. 2). There 
was no induction of P-glycoprotein in the K562 cells 
with either TPA or NaB. 

Drug resistance 

As P-glycoprotein expression was increased by 
TPA and NaB treatment after 18 hr, drug resistance 
was examined at this time. Treatment with 5 nM 
TPA caused a 4.9 k 2.7-fold increase in resistance 
to epirubicin (Fig. 3A) and a 27.5 k 23-fold increase 
in resistance to vinblastine in the K562 cells (results 
not shown), while for the K562/E15B subline it 
caused a 2.8 k 1.6-fold increase in resistance to 
epirubicin (Fig. 3A) and a 3.1 2 1.6fold increase in 
resistance to vinblastine (results not shown; N = 3). 
TPA at this concentration did not inhibit cell 
proliferation. 

Although 1.5 mM NaB treatment caused increased 
P-glycoprotein expression in the drug resistant 
subline, there was 1ittl.e if any effect on the sensitivity 
to epirubicin (results not shown) or colchicine (Fig. 
3B) in either the K.562 cells or the K562/E15B 
subline. Treatment with 15 mM NaB, which gave a 
similar increase in P-glycoprotein expression by 
Western blot analysis, gave similar results with little 
effect on drug resistance (<2-fold change; results 
not shown). 

Function of P-glycoprotein 

Since increased P-glycoprotein expression did not 
always result in increased resistance, P-glycoprotein 
function was assessed using rhodamine- accumu- 
lation which is a measure of P-glycoprotein mediated 
drug efflux [21]. The P-glycoprotein expressing 
multidrug resistant K562/E15B subline showed a 
significant decrease in. rhodamine- accumulation 
compared to the parental K562 cells (49.2 k 8.6% 
of K562 accumulation; P < 0.001; Fig. 4). TPA 
treatment decreased the rhodamine- accumu- 
lation in both the K562. cells (63.5 +- 9.8%; P < O.Ol), 
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Fig. 3. Effect ot treatment on drug resistance. K562 cells 
(0, 0) and the K562/E15B subline (0, n ) were treated 
with (A) 5nM TPA or (B) 1.5 mM NaB for 18 hr (----) 
and the resistance compared to untreated cells (-). 
Points are the mean of triplicate determinations and error 
bars show standard deviation. Experiments were repeated 
at least three times and representative results are shown. 

and further significantly decreased the rhodamine- 
accumulation in the K562/E15B subline to 17.2 2 
2.6% of the accumulation in the untreated K562 
cells (P < 0.01). Thus the increased P-glycoprotein 
expression in the drug resistant subline demonstrated 
by the Western blot was functional and able to 
reduce rhodamine accumulation. 

The function of P-glycoprotein induced by TPA 
was further examined by treatment of cells with 
verapamil, an inhibitor of P-glycoprotein mediated 
drug efflux. In the presence of verapamil, the K562/ 
E15B subline showed increased accumulation of 
rhodamine-123, a characteristic of P-glycoprotein 
mediated drug efflux (P < 0.001; Fig. 4). However, 
verapamil had no effect on rhodamine- accumu- 
lation in the K562 cells after treatment with TPA, 
but did increase the accumulation in the K562/E15B 
subline, indicating that the P-glycoprotein induced 
by TPA was functional (Fig. 4). 

Treatment of K562 cells or the drug resistant 
subline with 1.5 mM NaB did not cause any change 
in rhodamine- accumulation (Fig. 4) which is 
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Fig. 4. Effect of TPA and NaB on rhodamine- 
accumulation. K562 cells (solid bar) and the K562/E15B 
subline (open bar) were treated with 5 nM TPA or 1.5 mM 
NaB for 18 hr and rhodamine- accumulation measured 
by flow cytometry in the absence or presence (hatched 
bars) of 10 PM verapamil. Results are the mean of 2 three 
experiments, calculated as a percentage of the untreated 
K562 cells; error bars are the standard error of the mean. 

consistent with its lack of effect on drug resistance. 
Similar results were obtained using treatment with 
15 mM NaB (results not shown). 

DISCUSSION 

Treatment of the K562 parental cell line and the 
multidrug resistant subline KS62/E15B with TPA 
producedamegakaryocyticphenotypewithincreased 
expression of the platelet glycoprotein IIIa (CD61) 
and decreased expression of the erythroid antigen 
glycophorin A as reported by Yen and co-workers 
[17]. The presence of a MDR phenotype had no 
effect on TPA induced differentiation as the P- 
glycoprotein-expressing K562/E15B subline 
responded in the same way as the parental K562 
cells to TPA treatment (Fig. 1). Induction of 
erythroid differentiation (increased glycophorin A 
expression; Fig. 1) by NaB in both the K562 cells 
and the MDR subline also shows that the low level 
MDR K562/E15B subline retains its ability to 
differentiate in response to these inducers in the 
same manner as the parental cell line which is similar 

to that reported for some other MDR K562 cell lines 
[4.13,22,23]. 

Differentiation induced by both TPA and NaB 
was accompanied by increased expression of P- 
glycoprotein only in the P-glycoprotein expressing 
multidrug resistant subline K562/E15B but not in 
the parental K562 cells (Fig. 2). This suggests 
that increased P-glycoprotein expression may be 
associated with a more differentiated phenotype 
only in cells already expressing P-glycoprotein. 
Although the K562 cells underwent differentiation 
and became more resistant to epirubicin (Fig. 3) and 
vinblastine in response to TPA treatment, this was 
not accompanied by increased P-glycoprotein 
expression (Fig. 2). Further, the decrease in 
rhodamine- accumulation was not verapamil 
sensitive (Fig. 4) consistent with this multidrug 
resistance not being mediated by P-glycoprotein. 
While TPA treatment of K562 cells has previously 
been reported to induce P-glycoprotein expression 
and function [8], high concentrations of TPA were 
used (30nM) which would be toxic to the cells. 
Induction of P-glycoprotein under these conditions 
may be due to a stress response by the cells as 
demonstrated for other human cells lines [24]. 

An alternative mechanism to explain the increased 
drug resistance in the K562 cell line is that TPA also 
activates protein kinase C [25] and treatment with 
this and other phorbol esters has been reported to 
increase resistance to anticancer drugs in human 
breast cancer MCF-7 cells [26] and human KB cells 
[27] without increased P-glycoprotein expression. 
Transfection of the PKC (Y has been shown to 
increase multidrug resistance [28], and a similar 
activation of PKC may cause the increase in drug 
resistance in the TPA treated K562 cell line. 

Although both TPA and NaB treatment increased 
P-glycoprotein expression in the MDR K562/E15B 
subline, the resulting MDR phenotype was different 
with both functional and non-functional P-gly- 
coprotein being induced in the same MDR cell line. 
The P-glycoprotein induced by TPA was fully 
functional as determined by resistance to epirubicin 
(Fig. 3) and vinblastine and by verapamil sensitive 
reduction in rhodamine- accumulation (Fig. 4). 
However the P-glycoprotein induced by NaB was 
not functional. It did not confer increased drug 
resistance to epirubicin or specifically to colchicine, 
as described by Bates and co-workers [lo]. After 
treatment with 1.5 mM NaB the K562/E15B subline 
exhibited only a slight decrease in rhodamine- 
accumulation (Fig. 4). Similarly in colon [5] and 
neuroblastoma cell lines [9] treatment with NaB 
resulted in the induction of non-functional P- 
glycoprotein. This is consistent with NaB increasing 
the expression of P-glycoprotein but also inhibiting 
the post-translational phosphorylation required for 
activity, since NaB has been shown to inhibit 
phosphorylation of P-glycoprotein and this may 
render it inactive [lo]. TPA on the other hand, 
activates protein kinase C which has been shown to 
phosphorylate P-glycoprotein [29]. Thus the P- 
glycoprotein induced in response to TPA treatment 
is able to undergo post-translational phosphorylation 
and become fully active. 

An alternative explanation for the inactivity of 
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the P-glycoprotein seen in the Western blot analysis 
(Fig. 2) is that the P-glycoprotein induced by NaB 
may be the product of the mdr2 gene (also known 
as the mdr3 gene) as this is also recognized by the 
monoclonal antibody C219, and the expression of 
the mdr2 gene does not confer drug resistance [30]. 
This induction of non-functional P-glycoprotein may 
explain the poor clinical correlation often reported 
between expression of P-glycoprotein and response 
to treatment [31], and the lack of verapamil sensitivity 
to drug uptake found even in the presence of P- 
glycoprotein expressing cells [32]. 

The MDR phenotype, expressed by the K562/ 
E15B subline in response to intermittent treatment 
with 15 ng/mL epirubicin, did not cause any cross- 
resistance to the inducing activity of TPA or NaB. 
Thus, the induction of terminal differentiation could 
offer an alternative treatment for P-glycoprotein 
expressing leukaemia, since expression of P- 
glycoprotein has been shown to decrease response 
to cytotoxic drugs [33]. However, understanding the 
response of drug-resistant cells to different inducers 
is important as we have previously demonstrated 
that MDR HL60 cells are not responsive to induction 
with retinoic acid [20], a treatment that has proved 
highly successful for acute promyelocytic leukaemia 
[3]. These studies demonstrate that the response to 
induction of differentiation can be an increase 
in expression of P-glycoprotein, although not 
necessarily an increase in the MDR phenotype, 
which may explain some of the conflicting reports 
in the literature on the relationship between P- 
glycoprotein expression and cellular differentiation. 
This report therefore istresses the importance when 
determining the effects of clinically relevant 
differentiating agents on leukaemia cells to examine 
not only the expression of P-glycoprotein, but the 
phenotype of the resulting cells. Further, in 
uitro testing using rhodamine- accumulation in 
combination with verapamil may be more successful 
in the diagnosis of drug resistance in leukaemia 
patients than determination of the expression of P- 
glycoprotein. 
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