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Enhanced proliferation, aberrant differentiation, and impaired ability to die are the 
prime reasons for abnormal tissue growth, which can eventually turn into uncontrolled ex-
pansion and invasion, characteristic of cancer. Ion channels contribute to virtually all basic 
cellular processes, including those for maintaining tissue homeostasis as proliferation, dif-
ferentiation, and apoptosis (1). Changes in cell volume are crucial events during both cell 
proliferation and apoptosis and thus on tumor development and growth (2). Cell prolifera-
tion depends on an increased cell volume and cell shrinkage is a characteristic of apop-
tosis. Potassium, calcium, chloride channels and others are abnormally expressed in the 
membrane of tumor cells. By the regulation of membrane voltage, cell volume, Ca2+ signal-
ing, cytosolic pH and cell cycle, they can adjust the cell proliferation and apoptosis. 

The specific blockade of ion channels may not only allow the dissection of the 
channel role in distinct physiologic processes, but because of the implication of them in 
tumor development, it may also offer an opportunity for the treatment of cancer. However, 
many ion channels are structurally similar to one another, and it has been notoriously diffi-
cult to obtain specific blockers for any given channel, thus it is essential to generate more 
potent and specific inhibitors of ion channels before using them in human therapeutics. 

 
 

MULTIDRUG RESISTANCE. 
 
Patients who receive chemotherapy often experience resistance to a broad spec-

trum of chemotherapeutic agents (3). The phenomenon, termed multidrug resistance 
(MDR) is one of the major obstacles to treatment of malignancies and is often associated 
with the over-expression of P-glycoprotein (P-gp or MDR1), a membrane protein ex-
pressed in numerous multidrug-resistant tumor cells. This protein interacts with many 
chemically unrelated compounds including chemotherapeutic agents, and uses the energy 
from ATP hydrolysis to transport these drugs out of the cells, limiting its intracellular accu-
mulation and hence reducing the efficacy (4,5). P-gp is also expressed on the apical 
membranes of various normal epithelia and at the blood-tissue barrier in endothelia, but its 
physiological function is still under debate (4) The over-expression of P-gp has been also 
observed in different hematological malignances and is associated with poor prognosis in 
patients with acute myeloid leukemia (6). 

The human myeloid cell line K562 (K562-WT) was established from a patient in 
blastic transformation. These cells are arrested in very early stages of development and 
they can be induced to differentiate along with erythroid, monocyte-macrophage and 
megakaryocytic lineages in response to various stimuli (7). In addition, the interest in these 
cells is based on they can be exposed to increasing amounts of vincristine and selecting 
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by this way a vincristine-resistant culture (K562-Vinc) in order to study the multidrug resis-
tance phenomenon (Fig. 1). 
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Figure 1: Cytotoxic effect of vincristine in K562-WT and K562-Vinc. A. Morphological changes in 
both cell lines after the incubation with 100 nM of vincristine. B. Cell proliferation was studied by 
MTT assay after 72 h of incubation at the indicated vincristine concentration. Data represent mean 
± SD from four separate experiments and curve lines are the dose-response best fits. 

 
 

ABC FAMILY. 
 
P-gp belongs to the ABC superfamily of transporters, multidomain proteins that 

may be encoded by different genes. A common minimum functional unit seems to consist 
of two transmembrane domains (TMDs), each of which contains multiple a-helices, and 
two cytoplasmic nucleotide binding domains (NBDs). The TMDs form substrate binding 
sites and provide a translocation path across the membrane, whilst the NBDs bind and 
hydrolyze ATP, the energy of which powers the drug export process in the case of the P-
gp (4,5). At least three human ABC transporters, namely P-glycoprotein (MDR1; ABCB1), 
multidrug resistance associated protein 1(MRP1; ABCC1) and breast cancer resistance 
protein (BCRP; ABCG2), have been shown in vitro to have the capability to efflux a struc-
turally and mechanistically diverse range of anti-cancer agents (8). 

Other members of the ABC transporter superfamily are the sulfonylurea receptor 
(SUR) and the cystic fibrosis transmembrane regulator (CFTR). SUR binds sulfonylurea 
compounds such as glibenclamide and confers sulfonylurea inhibition upon a separate 
ATP-gated K+ channel protein in pancreatic cells. CFTR is a Cl- channel expressed in epi-
thelia and other cells (9). Malfunction of the CFTR leads to cystic fibrosis, an autosomal 
recessive disease caused by mutations in the CFTR gene. The commonest mutation (70 
%) is the deletion of phenylalanine at codon 508 (∆F508) (10). Modulation of normal CFTR 
channel function involves ATP binding and hydrolysis at the NBDs in combination with 
phosphorylation by protein kinase A (PKA) at the cytoplasmic regulatory region of the 
channel named R domain (11). Forskolin, an adenylate cyclase activator, is used to induce 
channel activation. 

In addition, a switch in expression from one gene to the other was observed in 
epithelial intestine where the expression changes from CFTR to MDR1 as the cells migrate 
across the crypt-villus boundary (12); a similar phenomenon occurred in human placenta 
(13). On the other hand, Dragomir and Roomans (14) found that colchicine-resistant air-
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way epithelial cell lines had higher expression of multidrug resistance protein compared to 
untreated cells whereas CFTR showed no significant changes. 

A dual function is not unusual in ABC proteins. P-gp was proposed as a chloride 
channel per se and also as a regulator of others Cl-  channels (15). Moreover, CFTR not 
only acts as a Cl-  channel, but may fulfill several other cellular functions, particularly by 
regulating others membrane conductances such as the outward rectifying anion channel 
(ORCC) and the epithelial sodium channel (ENaC) (10). 
 
 
P-gp AND CFTR IN K562 CELLS. 

 
P-glycoprotein (Pgp) product is an obstacle in the treatment of hematological ma-

lignancies (6). This protein is over-expressed in the vincristine-resistant leukemic K562 
cells (K562-Vinc) which were obtained by culturing the cells in the presence of 150 nM 
vincristine sulphate. As P-gp belongs to the ABC superfamily we found of interest to 
evaluate if the Cl- channel CFTR, other member of this family, is functionally active in both, 
the wild-type K562 cells and in its resistant counterpart. 
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Figure 2: cAMP-activated chloride channels in K562-WT. Representative single channel recordings 
in excised inside-out patches held at 80 and -80 mV in symmetrical 140 mM NaCl solution showing 
the activity of two types of channels, ORCC (A) and CFTR (B). Dotted lines indicate the closed 
state of the channels. The current-voltage (I-V) relationship of single-channel currents allowed an 
estimation of the conductance being ~40 pS (at depolarizing pulses) for ORCC and ~12 pS for 
CFTR. 

 
Patch clamp experiments revealed two types of Cl-  channels activated by cAMP in 

wild-type K562 cells, one consistent with ORCC type channel, with an outwardly rectifica-
tion, 40 picoSiemens (pS) of single channel conductance at depolarizing voltages and 
blocked by glibenclamide or diphenylamine-2-carboxylate, DPC (Fig. 2 A) (16). The other, 
with non-rectifying 11 pS conductance, inhibited by glibenclamide and anti-CFTR antibod-
ies, with perm-selectivity and kinetic parameters, was consistent with CFTR channel (Fig. 
2 B) (17). Further, RT-PCR analysis performed in K562-WT and K562-Vinc cells using 
specific primers showed expected bands of ~295 and ~167 bp corresponding to human 
CFTR and MDR1 products. The semi-quantification using ß2-microglobulin as internal con-
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trol showed no differences between CFTR mRNA levels in both cells types whereas a 20-
fold increase in MDR1 mRNA in comparison with the K562-WT levels was observed in the 
vincristine-resistant cells. In addition, the presence of the CFTR protein in both K562 cells 
was detected by western blot and immunocytochemistry. The expression of P-gp was also 
confirmed by western blot detecting a ~170 kDa expected band in resistant K562 cells 
while this protein was not observed in the K562-WT cells, indicating an over-expression of 
P-gp in a vincritine-resistant variant. 

In order to study if the CFTR activity is modified by P-gp expression, whole cell 
current recordings were obtained in both K562 and K562-Vinc cells. For these experiments 
we used pipette and bath solutions suitable for studying chloride currents. In view of the 
fact that two types of cAMP-activated chloride channels are expressed in K562 cells, we 
tried to differentiate the currents through ORCC and CFTR channels by exploiting their 
dissimilar sensitivity to Cl-  channel blockers (18) CFTR channels are characterized by their 
sensitivity to block in an irreversible manner by intracellular but not extracellular disulfonic 
stilbenes such as DIDS and their reversible blockade by DPC applied to either extra or 
intracellular sides. On the other hand, ORCC are blocked by extracellular DIDS and DPC 
(19). Thus, the effect of DIDS applied from the extracellular side after AMPc stimulation 
(with forskolin), is an appropriate tool to differentiate the ORCC and CFTR contributions to 
the whole current. Fig. 3 shows the increase in current by forskolin in K562-WT and the 
effects of DIDS and DPC added in a sequential way. It is clear that a fraction of the current 
can be inhibited by 500 µM DIDS and a subsequent addition of 500 µM DPC inhibited the 
remaining fraction of cAMP-activated current in K562-WT. From these experiments we 
concluded that about 70% of the cAMP-stimulated current in K562-WT cell line may be 
conducted through ORCC channels and the remaining through CFTR channels. The activi-
ties of both CFTR and ORCC were also unaffected in the vincristine-resistant cells (20). 
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Figure 3: ORCC and CFTR contribution to the whole cell currents activated by forskolin. A. Rep-
resentative whole cell currents recordings in K562-WT cell after the indicated treatments. B. The 
histogram illustrates the current density (pA/pF; normalized by the cell capacitance) at 80 mV for 
the same treatments shown above. Data represent mean ± SD from five separate experiments. 
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CONTROL OF P-gp EXPRESSION. 
 
The molecular mechanisms associated to the expression control of P-gp are not 

complete elucidated, even though evidences suggest that NF-?B may be one of the tran-
scription factors involved in this process (21). NF-?B is the prototype of a family of tran-
scription factor made by dimerization of five subunits: p65, c-Rel, RelB, p50, and p52. Al-
though many dimeric forms of NF-?B have been detected, the more ubiquitous hetero-
dimer is the p65 and p50. Before cell stimulation, most of NF-?B is present in the cyto-
plasm as an inactive complex consisting of Rel hetero-dimer and the inhibitor subunit 
(I?B). After stimulation, I?B undergoes phosphorylation by I?B Kinases (IKK) and ubiquiti-
nation-dependent degradation by the proteosome, thus NF-?B dimers translocate to the 
nucleus where they bind to a specific consensus sequence in the DNA resulting in the ac-
tivation of target genes transcription (22). 

NF-?B is a mediator of inducible gene expression in response to inflammatory cy-
tokines, pathogens and several stress signals, and is known for its crucial roles in the im-
mune system, cell proliferation and transformation, apoptosis and tumor development (23). 
A constitutive NF-?B activity has been observed in several haematological malignancies 
and moreover, antineoplastic agents promote the activation of NF-?B when they are used 
in acute conditions, even though the information originated from the use of those drugs in 
the long term is scarce (see 24). However, vincristine did not increase NF-?B activity in our 
conditions because we found that NF-?B was constitutively activated in both cell lines but 
wild type K562 cells exhibited a higher activity compared to resistant cells. This result 
could indicate that this factor was not likely directly involved in the over expression of P-gp 
in K562-Vinc and also that its participation in the regulation of the human MDR1 gene is 
cell type specific. 

It is well known that most of the NF-?B target genes have anti-apoptotic functions 
and it has been suggested that inhibition of NF-?B activation may comprise a useful tool to 
increase apoptosis sensitivity in the cancer therapy (25, 26). With the aim of investigate if 
the inhibition of NF-kB may overcome multidrug resistance we incubated both cell lines 
with BAY 11-7082, an inhibitor of IKK which leads to reduced I?Ba proteasomal degrada-
tion, thereby resulting in a decreased nuclear NF-?B (27). First, we demonstrate that P-gp 
over-expression in K562-Vinc cells could be associated to a MDR phenotype from their 
resistance to the cytotoxic effect of structurally unrelated drugs including imatinib. Prelimi-
nary studies indicate that the inhibition of NF-?B by BAY 11-7082 sensitized multidrug re-
sistant human leukemic cells rather than parental ones to cell death, and combinations of 
this drug with imatinib for 24 h also increased this effect (Figure 4). 
 

Figure 4: Effect of NF-?B inhibition 
over cell death. Preliminary studies 
showed that the incubation with 
BAY 11-7082 (2.5 µM, 24 h) in-
creased the percentage of annexin 
V positive cells in K562-Vinc but 
not in K562-WT. Combinations of 
BAY 11-7082 with imatinib also 
increased this cytotoxic effect in 
resistant cells (n=3). Both cells 
were exposed to equipotent con-
centration of imatinib (correspond-
ing to their IC50); 0.15 µM and 1.5 
µM for K562-WT and K562-Vinc, 
respectively. 
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CONCLUSIONS. 
 
1) K562 cells are a useful model for studying the expression and function of ion 

channels in hematological malignancies. The presence of CFTR in this cell line confirms 
the housekeeping character of the gene involved in a great range of functions such as se-
cretion of antibodies and cytokines by lymphocytes and bronchial epithelial cells, trans-
membrane ATP release in red blood cells, macrophage activation, apoptosis in fibroblasts 
and cell differentiation and proliferation. 

2) Contrarily to previous reports in other cells, the expression of CFTR in K562 
cells was not affected by the over-expression of P-glycoprotein. Both, P-gp and CFTR ex-
hibit complementary patterns of expression in most of the examined epithelial cells, that is 
cells expressing CFTR do not express P-gp and vice versa leading to the speculation that 
these two proteins have a common function (12,13). This regulation of Cl- channels could 
make their co-expression redundant and unnecessary. The results presented for us indi-
cate that MDR1 over-expression in human leukemia cells does not repress CFTR expres-
sion. It has been suggested that a selective down-regulation of CFTR is elicited by acquisi-
tion of the multidrug resistance phenotype and that induction of P-gp expression leads to a 
reversible repression of CFTR biosynthesis (28). Although the physiological function of 
such regulation or the nature of these signals is still unknown, the expression of CFTR and 
MDR1 is cell-specific and subject to hormonal, humoral and temporal regulation. The over-
lap between CFTR and MDR1 found in K562 cells could be of particular interest since it 
has been suggested that in cystic fibrosis, patients with deficient CFTR protein could be 
complemented by other ABC proteins activity (29). 

3) We present evidence that the development of multidrug resistance (MDR) in 
human chronic myeloid leukemia cell line is accompanied with the over-expression of P-
gp. This MDR phenotype conferred imatinib resistance which could be reversed by inhibi-
tion of NF-?B pathway. These results suggest that NF-?B could be playing a key role as an 
anti-apoptotic factor in cells with an MDR phenotype, which is independent of the resis-
tance mechanism developed (30). Moreover, this knowledge could be particularly useful 
for the development in the future of more effective therapies anti-cancer. 
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