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Abstract

Background: The hERG potassium channel can modulate the proliferation of the chronic myelogenous leukemic
K562 cells, and its role in the erythroid differentiation of K562 cells still remains unclear.
Principal Findings: The hERG potassium channel blockage by a new 36-residue scorpion toxin BmKKx2, a potent
hERG channel blocker with IC50 of 6.7±1.7 nM, enhanced the erythroid differentiation of K562 cells. The mean values
of GPA (CD235a) fluorescence intensity in the group of K562 cells pretreated by the toxin for 24 h and followed by
cytosine arabinoside (Ara-C) treatment for 72 h were about 2-fold stronger than those of K562 cells induced by Ara-C
alone. Such unique role of hERG potassium channel was also supported by the evidence that the effect of the toxin
BmKKx2 on cell differentiation was nullified in hERG-deficient cell lines. During the K562 cell differentiation, BmKKx2
could also suppress the expression of hERG channels at both mRNA and protein levels. Besides the function of
differentiation enhancement, BmKKx2 was also found to promote the differentiation-dependent apoptosis during the
differentiation process of K562 cells. In addition, the blockage of hERG potassium channel by toxin BmKKx2 was
able to decrease the intracellular Ca2+ concentration during the K562 cell differentiation, providing an insight into the
mechanism of hERG potassium channel regulating this cellular process.
Conclusions/Significance: Our results revealed scorpion toxin BmKKx2 could enhance the erythroid differentiation
of leukemic K562 cells via inhibiting hERG potassium channel currents. These findings would not only accelerate the
functional research of hERG channel in different leukemic cells, but also present the prospects of natural scorpion
toxins as anti-leukemic drugs.
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Introduction

Human erythropoiesis is a complex multi-step developmental
process that begins at the level of hematopoietic stem cells
(HSCs) at bone marrow microenvironment and terminates with
the production of erythrocytes. Erythropoiesis is one of the
most important physiological activity for human, around 2×1011

erythrocytes must be replaced each day to maintain adult
human haemopoiesis [1]. So far, it is well known that
erythropoiesis is regulated at various levels by
microenvironmental, transcription factors(GATA-1, FOG-1,
PU-1, etc.), micro-RNAs and many signaling pathways (HIF,
EpoR, Wnt, etc.) [2]. Interestingly, human potassium channels,

as the diverse and ubiquitous membrane proteins, serve a
variety of physiological and pharmacological functions [3-6],
and they were also found in the different normal or neoplastic
cells during the hematopoietic process. In the hematopoietic
stem cells, RT-PCR of potassium channel mRNAs indicated
the coexperession of Kv1.3 and Kv7.1 potassium channels [7].
The hERG (human ether-a-go-go-related gene) potassium
channels were also expressed in a variety of cancer cells
whereas the corresponding non-cancerous cells and cell lines
had no significant hERG protein expression. In particular,
overexpression of hERG channels was observed in various
types of neoplastic hematopoietic cells. For example, the
hERG channels were found to be expressed in different
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leukemic cells, such as CEM, K562 and U937 [8], and the
expression of hERG channels was also detected in the
stimulated CD34+ cells of leukemic patients [9].
Pharmacological experiments showed that the hERG channels
could be blocked by the chemical molecule blockers of E-4031
or Way123,398. Functionally, the blockage of hERG channels
by the chemical molecules was found to be able to inhibit the
proliferation of leukemic cells [8-10]. Due to the complexity of
erythropoiesis and other hematopoietic process, more
functions of the potassium channels remain unclear so far.

The functions of potassium channels are usually explored by
their specific animal toxin blockers. Scorpion toxins are known
peptide blockers interacting with the extracellular pore
entryway of the different potassium channels, whose inhibitory
mechanism is different from that of the chemical molecule
blockers [11-16]. Structurally, these toxins typically contain
about 30-40 amino acid residues with 3-4 disulfide bridges
usually linking an helix and two- or three-stranded β-sheet
structures [13]. At present, these scorpion toxins are extremely
useful molecular tools to probe the structure-function
information of potassium channels [16,17], and become
valuable resources of peptide drug discovery [6,18]. In this
work, a hERG potassium channel sensitive scorpion toxin, the
36-residue BmKKx2 peptide [19], was used to investigate the
effect of hERG channel on the erythroid differentiation of
human leukemia cells K562. It was found that scorpion toxin
BmKKx2 was able to reduce the proliferation and enhance the
erythroid differentiation of K562 cells through interacting with
hERG potassium channel. Furthermore, the specific blockage
of scorpion toxin BmKKx2 could suppress the expression of
hERG potassium channel and decrease the Ca2+ concentration
during the erythroid differentiation of K562 cells. Together,
these findings not only illustrated the novel function of hERG
potassium channel during the erythroid differentiation of the
leukemia cells, but also presented the potential application of
scorpion toxins as anti-leukemic drugs.

Materials and Methods

Cell counting and MTT assay
The effect of hERG blockage via toxin BmKKx2 on K562 cell

proliferation was tested by the MTT assay and cell counting.
The K562 cells (CCTCC, Wuhan, China) were cultured in
RPMI1640 medium containing 10% (v/v) fetal bovine serum
(GIBCO), penicillin (100 U/ml), and streptomycin (100 mg/ml).
Cells were maintained at 37°C in a 5% CO2 incubator.

For MTT assay, the K562 cells (1×105 cells/ml) were seeded
in triplicate in RPMI1640 medium in 96-microwell plates (Nest)
and were incubated with or without BmKKx2 (200nM) for 48
hours. After 10 μl of a 5 mg/ml stock solution of MTT (3-[4, 5-
dimethylthiazol-2, 5-diphenyl tetrazolium bromide]) (Sigma)
was added to each well for the last 4 hours of the culture, the
formed formazan crystals were solubilized by adding 150 μl
DMSO. Then the plates were measured for optical density by a
dual-beam microplate reader (BioTek) using a test wavelength
of 570 nm with a reference of 630 nm. For cell counting, 5×104

cells were cultured in triplicate in 24-well plates. Cells were
counted in a hemocytometer every other day. After 72 h, cells

were removed to 6-well plates and half of the media were
renewed daily.

Erythroid differentiation of K562 cells
The erthyroid differentiation of K562 cells were induced by

anti-metabolite cytosine arabinoside (Ara-C) in a final
concentration of 1 μM [20]. BmKKx2 is diluted in 0.5% (w/v)
BSA solution to a final concentration of 200 nM. K562 cells
treated for 24 h, 48 h, 72 h were collected to investigate the
differentiating process.

Expression of the erythroid-specific surface marker
glycophorin A (GPA, also named as CD235a) was tested by
Flow Cytometry to confirm the differentiation. Briefly, 1×106

cells were incubated at 4°C in the dark for 30 minutes with 100
μl diluted fluorochrome-conjugated GPA antibody (BD) at a
final concentration of 10 μg/mL. Then the cells were washed
twice with ice-cold PBS (pH 7.4) to remove unbound antibody
and resuspended in 300 μl cold PBS (pH 7.4) for FCM
(Beckman). Ten thousand events were analyzed for each
sample by FACScan.

Cell lysis and Western blotting
Cells were lysed with RIPA buffer (50 mM Tris-HCl, pH 7.5;

150 mM NaCl; 1% (v/v) NP-40; 0.25% (w/v) sodium
deoxycholate). Equal amounts of extract were then
electrophoresed on a 10% (w/v) sodium dodecyl sulfate
polyacrylamide gel electrophoresis gel (SDS-Page), transferred
to nitrocellulose filter membranes (Millipore) and
immunoblotted with appropriate antibodies. Anti-hERG
antibody (1:500) and anti-γ-globin (1:1000) were bought from
Abgent, and anti-HSC70 (1:2000, Proteintech) was used as the
endogenous control. For detection, they were then incubated
with the horseradish peroxidase-conjugated secondary
antibodies (Pierce), and immunoreactivity was visualized using
the SuperSignal chemiluminescent detection module (Pierce).

Electrophysiological recording
K562 cells were incubated in the external solution consisted

of (in mM): 137 NaCl, 4 KCl, 1 MgCl2, 1.8 CaCl2, 10 D-Glucose
and 10 HEPES (pH 7.4 with NaOH); and the internal solution
contained (in mM): 130 KCl, 1 MgCl2, 5 MgATP, 5 EGTA, 10
HEPES (pH 7.2 with KOH). K562 cells expressing hERG
channel were depolarized from a holding potential of –80 mV to
+40 mV for 500 ms then hyperpolarized to –120 mV for 1 s and
current amplitudes were measured from the peak inward
current at –120 mV. Membrane currents were measured with
an EPC 10 patch clamp amplifier (HEKA Elekt-ronik,
Lambrecht, Germany) interfaced to a computer running
acquisition and analysis software (Pulse).

BmKKx2 was prepared as a 50 mM stock solution in 0.5%
BSA, stored at -20 °C, and then diluted in bath solution to the
final concentration. BmKKx2 was expressed by E. coli Rosetta
(DE3) cells according to previous techniques of our group [19].

Real-time quantitative PCR
For all cells and cell lines the total RNA was extracted using

the TRIzol method (Invitrogen) and total RNA was reverse
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transcribed into cDNA using SuperScript II (Invitrogen,
Carlsbad, CA, USA). Real-time quantitative PCR was
performed using an ABI 7500 real-time PCR system (Applied
Biosystems, Foster City, CA, USA) and the SYBR Green Real
time PCR Mater Mix (TOYOBO, Osaka, Japan). Primers
sequences used for real-time quantitative PCR are obtained
from previous study [21]. Each PCR reaction was performed in
triplex tubes, with glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) being used as an endogenous control to standardize
the amount of sample RNA.

Ca2+ concentration recording
Free Ca2+ concentration was detected by Flow Cytometry

with the Fluo-8/AM (AAT Bioquest). Cells were loaded with
Fluo-8/AM at 37°C in the dark at a final concentration 5 μM in
complete culture medium. After 30 min incubation, the cells
were washed twice to remove excess probes and resuspended
in 500 μl PBS. Ten thousand events were analyzed for each
sample by FACScan.

Generation of hERG-deficient cell lines
Lentiviral particles containing short hairpin RNA (shRNA)

targeted to hERG mRNA and its control vector were establish
by vector pLKO.1-puro. Three shh-hERG lentiviral particles
were designed and vector with scrambled shRNA was used as
control. K562 cells were transfected with hERG shRNA
lentiviral particles (shh-hERG) or shRNA particles containing
vain plasmid (shh-control). The shRNA (shh-hERG) sequences
used were as follows: shh-1 5’-CCG GCC TGC GAG ATA CCA
ACA TGA TCT CGA GAT CAT GTT GGT ATC TCG CAG GTT
TTT G-3’; shh-2 5’-CCG GCC GTA AGT TCA TCA TCG CCA
ACT CGA GTT GGC GAT GAT GAA CTT ACG GTT TTT G-3’;
shh-3 5’-CCG GCC CTC CAT CAA GGA CAA GTA TCT CGA
GAT ACT TGT CCT TGA TGG AGG GTT TTT G-3’. K562 cells
were cultured in media containing recombinant lentiviral
particles and 1 mg/ml polybrene for at least 48 h and then
moved to puromysin selection for one week. The survival cells
were stably silenced hERG K562 cells.

The cell cycle profile and annexin V/propidium iodide
(PI) staining

The cell cycle profile was analyzed by treating cells with 70%
(v/v) ethanol overnight at 4 °C and staining them with PI.
Apoptosis was measured by staining cells with PI and FITC-
conjugated Annexin V (MultiSciences Biotech). Cells were
cultured in the indicated scheme for the specified time,
collected by centrifugation, and washed with PBS. Cells were
stained with annexin V-FITC and PI and incubated for 10 min
at room temperature in the dark. Ten thousand events were
analyzed for each sample by FACScan. FACS analysis was
performed using Flowjo.

Results

Scorpion toxin BmKKx2 blocking hERG channel
currents in K562 cells

Scorpion toxin BmKKx2 shares the similar structure to
scorpion toxin BeKm-1, a known hERG channel-selective
blocker with an IC50 value of 3.3 nM [11,19,22] (Figure 1A),
which suggests that BmKKx2 may also act as a hERG channel
blocker. As expected, 10 nM recombinant BmKKx2 could
remarkably block ~60% currents of hERG channels, which
were transiently expressed in HEK 293 cells (Figure 1B). The
concentration-dependent experiments further indicated the
recombinant BmKKx2 could block hERG channel with an IC50

of 6.7±1.7 nM (Figure 1C).
Next, we investigated whether scorpion toxin BmKKx2 could

inhibit the hERG channel currents in K562 cells, a chronic
myelogenous leukemic cell line experessing hERG potassium
channels [8-10]. In this work, the hERG channels were
activated at the holding potential of +40 mV, and the inward tail
currents of hERG channels were measured. As shown in
Figure 1D, typical hERG channel currents were detected in
wild-type K562 cells, and about 50% currents were blocked in
the presence of 1 μM BmKKx2 (Figure 1E). This data showed
that the scorpion toxin BmKKx2 could moderately inhibit hERG
channel currents in K562 cells, which is different from the
nearly complete inhibition of hERG channel currents by the
chemical molecules [8-10]. Since both the full-length and N-
terminally truncated isoform of hERG channel were found to be
co-expressed in K562 cells [8-10], and these homotetrameric
and heterotetrameric channels would likely affect the inhibitory
effect of toxin BmKKx2. Such differential pharmacological
effects were observed between the scorpion toxin
charybdotoxin and chemical molecules acting on the full-length
and N-terminally truncated isoform of Kv1.3 channel,
respectively [23].

hERG channel blockage by toxin BmKKx2 suppressing
proliferation and enhancing erythroid differentiation of
K562 cells

As a novel peptide blocker of hERG channel, the role of
scorpion toxin BmKKx2 was investigated in the proliferation of
K562 cells. As shown by the MTT assay, toxin BmKKx2 could
decrease the number of K562 cells at 48 h compared with
control wells by ~17% (Figure 2A), and the similar effect of
BmKKx2 on K562 cell proliferation was also illustrated by the
cell counting experiments. The number of cells treated with 200
nM BmKKx2 was approximately 20% lower than those of
control group at 144 h (Figure 2B). The FACS analysis of PI-
stained cells further revealed that the proportion of cells in S
phase was decreased by about 3.6% and the proportion of
cells in G1 phase increased by approximately 9.6% in the
presence of 200 nM BmKKx2, indicating BmKKx2 could
suppress the cell growth by inducing a specific accumulation at
G1 phase of the cell cycle (Figure 2C). All these data proved
that BmKKx2 could decelerate the proliferation of K562 cells,
which was similar to the effect of chemical molecule blocker
E-4031 [8].

hERG Channel Role in Erythroid Differentiation
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The most important feature of leukemia cells is malignant
proliferation and loss of the ability to differentiate. When
scorpion toxin BmKKx2 reduced the proliferation of K562 cells,
it was beneficial to investigate whether BmKKx2 would
enhance erythroid differentiation of K562 cells by inhibiting the
hERG potassium channel. In this work, the K562 cell
differentiation induced by Ara-C [20] was found to be enhanced
by adding 200 nM BmKKx2 into K562 cells, which was
illustrated by the higher GPA (CD235a) fluorescence intensity
(Figure 2D) and bigger mean value of GPA intensity (Figure
2E). At 72 h, the mean value of GPA intensity in the group of
K562 cells treated by toxin BmKKx2 was about 1.6-fold
stronger than that of Ara-C alone group (Figure 2E).

Interestingly, the erythroid differentiation was further
accelerated when K562 cells were pretreated with 200 nM
BmKKx2 for 24 h before adding Ara-C (Figure 2D), and the
mean value of GPA intensity was about 2-fold stronger than
that of Ara-C induced alone cells (Figure 2E). Based on the
more significant effect of the pretreated BmKKx2, the toxin
dose-dependent experiments were further conducted. As
shown in Figure S1, the K562 cell differentiation was
continuously enhanced with the increasing BmKKx2
concentration. Considering the balance between toxin
efficiency and amount, 200 nM BmKKx2 was selected with the
pre-incubation strategy in the following work. In addition, the

Figure 1.  Scorpion toxin BmKKx2 primary structure and its pharmacological effect on the hERG channel.  (A) the sequence
alignments between scorpion toxins BmKKx2 and BeKm-1 [11,19]. (B) The pharmacological effect of BmKKx2 on hERG channels.
The hERG channels were transfected in HEK 293 cells, and their current traces were shown in the absence (control) or presence 10
nM BmKKx2. (C) Dose-dependence curve of BmKKx2 on hERG channels expressed in HEK 293 cells. Symbols and associated
error bars represent means ± SD for several cells (n=5). (D) The current trace of hERG potassium channels in absence of BmKKx2
in wild type K562 cells; (E) The pharmacological effect of BmKKx2 on hERG channels in wild type K562 cells. Current traces were
shown in the absence (control) or presence 1 μM BmKKx2 .
doi: 10.1371/journal.pone.0084903.g001
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similar effect of BmKKx2 on the cell differentiation was also
observed in the hemin-induced K562 cells (Figure S2).

Together, all these results indicated the novel function of
scorpion toxin BmKKx2 in suppressing proliferation and
enhancing erythroid differentiation of K562 cells.

Scorpion toxin BmKKx2 had no effect on the erythroid
differentiation of K562 cells after hERG channel
knockdown

To confirm whether scorpion toxin BmKKx2 affected the
differentiation of K562 cells through interacting with hERG
channel, the strategy of hERG potassium channel knockdown
was used in this work. By using the recombinant lentiviral
particles containing hERG shRNAs, we established hERG
channel-deficient cell lines and the differential expression of
hERG potassium channel was shown at the mRNA and protein
levels (Figure 3A and 3B). The lowest expression of hERG
channel was found in K562 cells transfected by the shh-2

particle, which was used to investigate the role of hERG
channel in the differentiation of K562 cells.

Next, the hERG channel-deficient cell lines were then treated
by Ara-C with or without toxin BmKKx2 as described
previously. As shown in Figure 3C, the control cell line still
showed its sensitivity to BmKKx2 with increasing GPA
fluorescence intensity due to the higher expression of hERG
potassium channels. However, the GPA fluorescence intensity
had no obvious difference between the BmKKx2 treated and
untreated groups when the expression of hERG potassium
channel was suppressed (Figure 3A, 3B and 3D). Those
results further revealed that toxin BmKKx2 was able to
accelerate the K562 cell differentiation through interacting with
hERG channels.

Figure 2.  BmKKx2 suppressing proliferation and enhancing erythroid differentiation of K562 cells.  (A) Cellular proliferation
determined by MTT assay for different time. (B) Cellular proliferation determined by cell counting for different time. Values are
derived from an average of three independent experiments, error bars represent means ± SD for three replicates. *p<0.05 and
**p<0.01 (Student’s t-test). (C) Cell cycle profiles assessed by DNA content in PI-stained cells. The proportion of cell in different
phase was calculated, and the values from three independent experiments were expressed as mean ± SD. (D) GPA fluorescence
intensity in cells treated Ara-C for 72 h as measured by the flow cytometry. For Pre-BmKKx2 goup, BmKKx2 was added 24 h before
Ara-C treatment; for BmKKx2 group, BmKKx2 and Ara-C were added at the same time; for BSA group, only Ara-C was added. PE-
conjugated IgG was served as the negative control. (E) GPA expression in different induce conditions shown by mean values of
fluorescence intensity. Values represent the means ± SD for the separate determinations.
doi: 10.1371/journal.pone.0084903.g002
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BmKKx2 suppressed the expression of hERG channel
during the erythroid differentiation of K562 cells

During the process of K562 differentiation, the progenitor
cells change into highly specialized cells making large
quantities of hemoglobin, and a large mount of membrane
proteins were likely regulated in this process. In this work, the

expression of hERG channel, a novel differentiation
accelerating factor for K562 cells, was also investigated in the
absence and presence of scorpion toxin BmKKx2. As shown in
Figure 4A, the quantitative real-time PCR showed the up-
regulation of the γ-globin, an indicator for the erythroid
differentiation of K562 cells. In line with previous data of

Figure 3.  No effect of BmKKx2 on the erythroid differentiation in the hERG channel-deficient K562 cells.  (A) hERG channel
expression in hERG-silenced and control cells shown by quantitative real-time PCR. (B) hERG channel expression shown by
western blotting analysis. HSC70 was used as the endogenous control. (C) BmKKx2 enhancing the differentiation in the lentiviral
vector-infected control cells. (D) BmKKx2 with no effect on the differentiation of the hERG-silenced cells. K562 cells in (C) and (D)
were treated with Ara-C for 48 h. The right panel of (C) and (D) showed the mean values of GPA fluorescence from three
independent samples. **p<0.01 (Student’s t-test).
doi: 10.1371/journal.pone.0084903.g003
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BmKKx2 enhancing the differentiation of K562 cells, the γ-
globin experession was more significant in the BmKKx2 treated
cells than that of the BmKKx2 untreated cells (p<0.01).
Meanwhile, the hERG channel expression was also increased
along with the differentiation process in both groups. However,
the hERG channel expression was relatively suppressed in
BmKKx2 treated cells (p<0.01) (Figure 4B). The western
blotting experiments further confirmed the expression changes
of both the up-regulated γ-globin and down-regulated hERG
channel in presence of toxin BmKKx2 (Figure 4C). These data
showed that the blockage of toxin BmKKx2 could relatively
suppress the hERG channel expression while enhancing K562
cell differentiation.

BmKKx2 enhancing the differentiation-dependent
apoptosis of K562 cells during the erythroid
differentiation

As we described before BmKKx2 could decrease the
proliferation of K562 cells and cause G1 phase arrest on cell
cycle, showing its potential use for leukemia treatment.
However, this reduction of cell proliferation did not directly drive
cell death. Cell differentiation often accompany with apoptosis,
and previous studies showed that the leukemic cells tended to
be more sensitive to apoptosis inducers during the
differentiation process [25].

Here, we performed the Annexin-V/PI double stain to test the
cell death of K562 cells under the different situation. When
K562 cells were treated by BmKKx2 alone for 48 h, the ratio of
the apoptotic cells showed no difference with BSA control
group (Figure 5A). For K562 cells treated by Ara-C alone for 48
h, a certain extent of apoptosis was detectable, meanwhile the
BmKKx2 and Ara-C co-treated group showed an obvious

increase on both early apoptosis (from ~9.4% to ~11.2%) and
late apoptosis (from ~12.5% to ~15.5%) (Figure 5B and 5C).
These results suggested that differentiated K562 cells were
easy to apoptosis due to the blockage of hERG channels.

Blockage of hERG channel by BmKKx2 causing the
Ca2+ concentration decrease during the erythroid
differentiation of K562 cells

Calcium influx and calcium-dependent proteins play
important roles in the erythropoiesis [26,27]. The blockage of
hERG channel by toxin BmKKx2 might affect the erythroid
differentiation of K562 cells by decreasing the calcium influx.

In this work, the intracellular calcium concentration ([Ca2+]i)
was tested by the flow Cytometry with Fluo-8/AM [28]. As
shown in Figure 6A, [Ca2+]i in the Ara-C induced K562 cells
was dramatically increased from 5 min to 6 h while the [Ca2+]i in
the control group of K562 cells was relatively stable. However,
calcium influx driven by the Ara-C was significantly suppressed
in the presence of 200 nM BmKKx2 (p<0.01) (Figure 6A). This
[Ca2+]i reduction was still detectable after the cell differentiation
continued for 24 h (Figure 6B). In summary, BmKKx2 could
reduce intracellular calcium influx through blocking the hERG
channel currents during the erythroid differentiation of K562
cells.

Discussion

At present, many proteins have been found to affect the
erythropoiesis and differentiation of leukemic cells [29-32].
However, the potassium channels, as the diverse and
ubiquitous membrane proteins with about one hundred
members, are almost neglected in the differentiation of

Figure 4.  hERG channel expression suppressed by BmKKx2 in erythroid differentiation of K562 cells.  (A) γ-globin
expression in K562 cells during the differentiation with or without BmKKx2 shown by quantitative real-time PCR. (B) hERG channel
expression in K562 cells during the differentiation process with or without BmKKx2 shown by quantitative real-time PCR. **p<0.01
(Student’s t-test). Symbols and associated error bars represent means ± SD for three independent experiments (C) hERG and γ-
globin expression in K562 cells with or without BmKKx2 tested by the western blotting analysis. Both HERG1 and HERG1B
isoforms were detected [24].
doi: 10.1371/journal.pone.0084903.g004
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leukemic cells. Significantly, the hERG potassium channel
overexpresses in the different leukemic cells, and can
modulate the proliferation of the leukemic cells [8,9]. Here, the
novel role of hERG potassium channel in the erythroid
differentiation of human leukemia cells was investigated.

By using the CML cell line K562 with high hERG channel
expression [8,9], the blockage of hERG channel by a potent
scorpion toxin BmKKx2 blocker was found to enhance the
erythroid differentiation. This effect was further accelerated
when K562 cells were pretreated by toxin BmKKx2 (Figures 1
and 2). This novel function of hERG potassium channel was
also confirmed by its knockdown, which resulted into the
uninfluence of toxin BmKKx2 on the K562 cell differentiation
(Figure 3). Interestingly, it was also found that the expression
of hERG channel was up-regulated during the K562 cell
differentiation, and relatively suppressed in the presence of
toxin BmKKx2 during the differentiation process (Figure 4).
Previously, the expression of Kv1.3 potassium channels, the
target of T cell-mediated autoimmune diseases, was decreased
by scorpion toxin ADWX-1 blocker in CD4+CCR7- T cells
overexpressing Kv1.3 channels [6]. Such common phenomena
would be an interesting subject for future study. Together,
these similarities of function and expression between the hERG
and Kv1.3 channels while interacting with their specific

scorpion toxin blockers indicated that hERG channel would be
a potential target for developing the novel anti-leukemic drugs
to promoting the differentiation of the leukemic cells.

Calcium, as the most important second messenger,
regulates most of cell activities including proliferation and
differentiation. Simultaneously, the ionic balance of calcium ion
influx and potassium ion efflux is usually critical for the cell
activities. In this work, the inhibition of hERG channel currents
by scorpion toxin BmKKx2 was found to decrease the
intracellular Ca2+ concentration during the differentiation
process of K562 cells (Figure 6). This mechanism was also
observed in the stimulated CD4+ CCR7- T cells whose Kv1.3
channels were blocked by scorpion toxin ADWX-1. Also,
ADWX-1 peptide was found to inhibit CD4+CCR7- T cell
activation through a Kv1.3-mediated IL-2 activation pathway
[6]. In the acute myeloid leukemia, the macromolecular
signaling complex formed by the hERG channel with VEGFR-1
(FLT-1) and β1 integrin was found to mediate the FLT-1-
dependent cell migration and invasion [33]. These studies
would be the clues to further explore the mechanism of hERG
channel responsible for the enhanced K562 cell differentiation
in the future.

Cell differentiation is always accompanied with apoptosis
which is defined as the differentiation-dependent apoptosis. In

Figure 5.  Induction of apoptosis by BmKKx2 during the erythroid differentiation of K562 cells.  (A-B) K562 cells were
stained with annexin V-FITC and PI and analyzed by flow cytometry. K562 cells were treated with BmKKx2, and BSA was used as
the control for 48 h (A). K562 cells were treated with Ara-C (1 μM) and Ara-C (1 μM)+ BmKKx2 for 48 h (B). Flow cytometry data
show representative results from one of three independent experiments. (C) Apoptotic cells were stained with annexin V-FITC and
PI analyzed by flow cytometry. Values were mean ± SD from three experiments. *p<0.05 (Student’s t-test).
doi: 10.1371/journal.pone.0084903.g005
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line with previous findings that hERG channel blockage by
E-4031 did not affect the K562 apoptosis [34], our work
showed scorpion toxin BmKKx2 could not cause the apoptosis
by itself. However, BmKKx2 was able to enhance apoptosis of
K562 cells upon Ara-C induction (Figure 5). Therefore, the
differentiation-dependent apoptosis of K562 cells mediated by
the hERG channel provided another possible strategy for
differentiation therapy.

In addition, scorpion toxins are known peptide blockers
interacting with the extracellular pore entryway of the different
potassium channels, whose inhibitory mechanism is different
from that of the chemical molecule blockers. For example, the
similar toxin BeKm-1 blocker was revealed to recognize the
extracellular pore entryway of hERG channel (Figure 1A) [11].
However, the residues in the central cavity under the selectivity
filter of hERG channel were found to be responsible for the
affinity of E-4031 blocker [35]. These different binding
mechanisms usually resulted into better selectivity and drug
potential for scorpion toxins than chemical molecules
nowadays [6,36-38]. For the hERG potassium channel, many
specific scorpion toxin blockers were found in recent years [39].
Therefore, the importance of hERG channel in the leukemic
pathology would promote the development of scorpion toxins
as the prospective drugs.

In conclusion, we highlighted the important role of hERG
potassium channel in the erythroid differentiation of K562 cells.
Simultaneously, its specific blocker of scorpion toxin BmKKx2
was found to be able to enhance the erythroid differentiation of
K562 cells, which offered a potential therapy via the blockge of
hERG channel currents. Due to the overexpression of hERG
potassium channels in almost all subcategories of leukemic
cells, our findings would accelerate the functional research of

hERG channel in the different leukemic cells, and present the
prospects of natural scorpion toxins as new anti-leukemic
drugs.

Supporting Information

Figure S1.  Dose-dependence curve of BmKKx2 on
erythroid differentiation enhancement of K562 cells. K562
cells were induced by Ara-C for 48 h under different
concentrations of BmKKx2. GPA expression was measured by
flow cytometry and the mean values of fluorescence were
normalized according to the percentage of max. Symbols and
associated error bars represent mean ± SD from three
independent experiments in each condition.
(TIF)

Figure S2.  BmKKx2 enhancing the hemin induced
erythroid differentiation of K562 cells. (A) Flow cytometric
analysis of GPA fluorescence in K562 cells. K562 cells were
treated by hemin for 96 h in the presence or the absence of
BmKKx2. BSA control was used to indicate the background
expression of GPA. PE-conjugated IgG served as a negative
control. (B) Mean fluorescence intensity of GPA shown as
mean ± SD from three independent experiments. *p<0.05
(Student’s t-test).
(TIF)

Author Contributions

Conceived and designed the experiments: WL YW. Performed
the experiments: JM YH. Analyzed the data: MG ZH WL.

Figure 6.  BmKKx2 binding causing the Ca2+ concentration decrease during the erythroid differentiation of K562 cells.  (A)
Intracellular Ca2+ was stained by Fluo-8, and the Ca2+ concentration was measured by flow cytometric analysis. The mean values
were mean ± SD from three independent experiments. **p<0.01 (Student’s t-test). (B) Flow cytometric analysis of Fluo-8
fluorescence intensity in K562 cells with or without BmKKx2 after Ara-C induced for 24 h.
doi: 10.1371/journal.pone.0084903.g006

hERG Channel Role in Erythroid Differentiation

PLOS ONE | www.plosone.org 9 December 2013 | Volume 8 | Issue 12 | e84903



Contributed reagents/materials/analysis tools: ZH. Wrote the
manuscript: JM YH.

References

1. Bellantuono I (2004) Haemopoietic stem cells. Int J Biochem Cell Biol
36: 607-620. doi:10.1016/j.biocel.2003.10.008. PubMed: 15010327.

2. Hattangadi SM, Wong P, Zhang L, Flygare J, Lodish HF (2011) From
stem cell to red cell: regulation of erythropoiesis at multiple levels by
multiple proteins, RNAs, and chromatin modifications. Blood 118:
6258-6268. doi:10.1182/blood-2011-07-356006. PubMed: 21998215.

3. Shieh CC, Coghlan M, Sullivan JP, Gopalakrishnan M (2000)
Potassium channels: molecular defects, diseases, and therapeutic
opportunities. Pharmacol Rev 52: 557-594. PubMed: 11121510.

4. Ashcroft FM (2006) From molecule to malady. Nature 440: 440-447.
doi:10.1038/nature04707. PubMed: 16554803.

5. Cahalan MD, Chandy KG (2009) The functional network of ion
channels in T lymphocytes. Immunol Rev 231: 59-87. doi:10.1111/j.
1600-065X.2009.00816.x. PubMed: 19754890.

6. Li Z, Liu WH, Han S, Peng BW, Yin J et al. (2012) Selective inhibition of
CCR7- effector memory T cell activation by a novel peptide targeting
Kv1.3 channel in a rat experimental autoimmune encephalomyelitis
model. J Biol Chem 287: 29479-29494. doi:10.1074/jbc.M112.379594.
PubMed: 22761436.

7. Park KS, Pang B, Park SJ, Lee YG, Bae JY et al. (2011) Identification
and functional characterization of ion channels in CD34+ hematopoietic
stem cells from human peripheral blood. Mol Cells 32: 181-188. doi:
10.1007/s10059-011-0068-9. PubMed: 21638203.

8. Smith GA, Tsui HW, Newell EW, Jiang X, Zhu XP et al. (2002)
Functional up-regulation of HERG K+ channels in neoplastic
hematopoietic cells. J Biol Chem 277: 18528-18534. doi:10.1074/
jbc.M200592200. PubMed: 11893742.

9. Pillozzi S, Brizzi MF, Balzi M, Crociani O, Cherubini A et al. (2002)
HERG potassium channels are constitutively expressed in primary
human acute myeloid leukemias and regulate cell proliferation of
normal and leukemic hemopoietic progenitors. Leukemia 16:
1791-1798. doi:10.1038/sj.leu.2402572. PubMed: 12200695.

10. Cavarra MS, del Mónaco SM, Assef YA, Ibarra C, Kotsias BA (2007)
HERG1 currents in native K562 leukemic cells. J Membr Biol 219:
49-61. doi:10.1007/s00232-007-9060-x. PubMed: 17763876.

11. Yi H, Cao Z, Yin S, Dai C, Wu Y et al. (2007) Interaction simulation of
hERG K+ channel with its specific BeKm-1 peptide: insights into the
selectivity of molecular recognition. J Proteome Res 6: 611-620. doi:
10.1021/pr060368g. PubMed: 17269718.

12. Yi H, Qiu S, Cao Z, Wu Y, Li W (2008) Molecular basis of inhibitory
peptide maurotoxin recognizing Kv1.2 channel explored by ZDOCK and
molecular dynamic simulations. Proteins 70: 844-854. PubMed:
17729277.

13. Mouhat S, Andreotti N, Jouirou B, Sabatier JM (2008) Animal toxins
acting on voltage-gated potassium channels. Curr Pharm Des 14:
2503-2518. doi:10.2174/138161208785777441. PubMed: 18781998.

14. Wulff H, Zhorov BS (2008) K+ channel modulators for the treatment of
neurological disorders and autoimmune diseases. Chem Rev 108:
1744-1773. doi:10.1021/cr078234p. PubMed: 18476673.

15. Han S, Yin S, Yi H, Mouhat S, Qiu S et al. (2010) Protein-protein
recognition control by modulating electrostatic interactions. J Proteome
Res 9: 3118-3125. doi:10.1021/pr100027k. PubMed: 20405930.

16. Feng J, Hu Y, Yi H, Yin S, Han S et al. (2013) Two conserved arginine
residues from the SK3 potassium channel outer vestibule control
selectivity of recognition by scorpion toxins. J Biol Chem 288:
12544-12553. doi:10.1074/jbc.M112.433888. PubMed: 23511633.

17. Gan G, Yi H, Chen M, Sun L, Li W et al. (2008) Structural basis for
toxin resistance of beta4-associated calcium-activated potassium (BK).
Channels - J Biol Chem 283: 24177-24184.

18. Han S, Yi H, Yin SJ, Chen ZY, Liu H et al. (2008) Structural basis of a
potent peptide inhibitor designed for Kv1.3 channel, a therapeutic target
of autoimmune disease. J Biol Chem 283: 19058-19065. doi:10.1074/
jbc.M802054200. PubMed: 18480054.

19. Zeng XC, Luo F, Li WX (2006) Molecular dissection of venom from
Chinese scorpion Mesobuthus martensii: identification and
characterization of four novel disulfide-bridged venom peptides.
Peptides 27: 1745-1754. doi:10.1016/j.peptides.2006.01.012. PubMed:
16513212.

20. Fang G, Kim CN, Perkins CL, Ramadevi N, Winton E et al. (2000)
CGP57148B (STI-571) induces differentiation and apoptosis and
sensitizes Bcr-Abl-positive human leukemia cells to apoptosis due to
antileukemic drugs. Blood 96: 2246-2253. PubMed: 10979973.

21. Zeng Y, Wang W, Ma J, Wang X, Guo M et al. (2012) Knockdown of
ZNF268, which is transcriptionally downregulated by GATA-1,
promotes proliferation of K562 cells. PLOS ONE 7: e29518. PubMed:
22235304.

22. Korolkova YV, Kozlov SA, Lipkin AV, Pluzhnikov KA, Hadley JK et al.
(2001) An ERG channel inhibitor from the scorpion Buthus eupeus. J
Biol Chem 276: 9868-9876. doi:10.1074/jbc.M005973200. PubMed:
11136720.

23. Yao X, Liu W, Tian S, Rafi H, Segal AS et al. (2000) Close association
of the N terminus of Kv1.3 with the pore region. J Biol Chem 275:
10859-10863. doi:10.1074/jbc.275.15.10859. PubMed: 10753881.

24. Crociani O, Guasti L, Balzi M, Becchetti A, Wanke E et al. (2003) Cell
cycle-dependent expression of HERG1 and HERG1B isoforms in tumor
cells. J Biol Chem 278: 2947-2955. doi:10.1074/jbc.M210789200.
PubMed: 12431979.

25. Hietakangas V, Poukkula M, Heiskanen KM, Karvinen JT, Sistonen L et
al. (2003) Erythroid differentiation sensitizes K562 leukemia cells to
TRAIL-induced apoptosis by downregulation of c-FLIP. Mol Cell Biol
23: 1278-1291. doi:10.1128/MCB.23.4.1278-1291.2003. PubMed:
12556488.

26. Walters MJ, Wayman GA, Notis JC, Goodman RH, Soderling TR et al.
(2002) Calmodulin-dependent protein kinase IV mediated antagonism
of BMP signaling regulates lineage and survival of hematopoietic
progenitors. Development 129: 1455-1466. PubMed: 11880354.

27. Wayman GA, Walters MJ, Kolibaba K, Soderling TR, Christian JL
(2000) CaM kinase IV regulates lineage commitment and survival of
erythroid progenitors in a non-cell-autonomous manner. J Cell Biol 151:
811-824. doi:10.1083/jcb.151.4.811. PubMed: 11076966.

28. Manabe Y, Miyatake S, Takagi M, Nakamura M, Okeda A et al. (2012)
Characterization of an acute muscle contraction model using cultured
C2C12 myotubes. PLOS ONE 7: e52592. PubMed: 23300713.

29. Acosta JC, Ferrándiz N, Bretones G, Torrano V, Blanco R et al. (2008)
Myc inhibits p27-induced erythroid differentiation of leukemia cells by
repressing erythroid master genes without reversing p27-mediated cell
cycle arrest. Mol Cell Biol 28: 7286-7295. doi:10.1128/MCB.00752-08.
PubMed: 18838534.

30. Huang M, Wang Y, Collins M, Graves LM (2004) CPEC induces
erythroid differentiation of human myeloid leukemia K562 cells through
CTP depletion and p38 MAP kinase. Leukemia 18: 1857-1863. doi:
10.1038/sj.leu.2403490. PubMed: 15385935.

31. Kaneko H, Shimizu R, Yamamoto M (2010) GATA factor switching
during erythroid differentiation. Curr Opin Hematol 17: 163-168.
PubMed: 20216212.

32. Hodge D, Coghill E, Keys J, Maguire T, Hartmann B et al. (2006) A
global role for EKLF in definitive and primitive erythropoiesis. Blood
107: 3359-3370. doi:10.1182/blood-2005-07-2888. PubMed: 16380451.

33. Pillozzi S, Brizzi MF, Bernabei PA, Bartolozzi B, Caporale R et al.
(2007) VEGFR-1 (FLT-1), beta1 integrin, and hERG K+ channel for a
macromolecular signaling complex in acute myeloid leukemia: role in
cell migration and clinical outcome. Blood 110: 1238-1250. doi:10.1182/
blood-2006-02-003772. PubMed: 17420287.

34. Li H, Liu L, Guo L, Zhang J, Du W et al. (2008) HERG K+ channel
expression in CD34+/CD38-/CD123high cells and primary leukemia cells
and analysis of its regulation in leukemia cells. Int J Hematol 87:
387-392. doi:10.1007/s12185-008-0056-9. PubMed: 18415658.

35. Kamiya K, Niwa R, Mitcheson JS, Sanguinetti MC (2006) Molecular
determinants of HERG channel block. Mol Pharmacol 69: 1709-1716.
doi:10.1124/mol.105.020990. PubMed: 16474003.

36. Schmitz A, Sankaranarayanan A, Azam P, Schmidt-Lassen K,
Homerick D et al. (2005) Design of PAP-1, a selective small molecule
Kv1.3 blocker, for the suppression of effector memory T cells in
autoimmune diseases. Mol Pharmacol 68: 1254-1270. doi:10.1124/mol.
105.015669. PubMed: 16099841.

37. Beeton C, Smith BJ, Sabo JK, Crossley G, Nugent D et al. (2008) The
D-diastereomer of ShK toxin selectively blocks voltage-gated K+

channels and inhibits T lymphocyte proliferation. J Biol Chem 283:
988-997. doi:10.1074/jbc.M706008200. PubMed: 17984097.

38. Yin SJ, Jiang L, Yi H, Han S, Yang DW et al. (2008) Different residues
in channel turret determining the selectivity of ADWX-1 inhibitor peptide
between Kv1.1 and Kv1.3 channels. J Proteome Res 7: 4890-4897.
doi:10.1021/pr800494a. PubMed: 18937510.

hERG Channel Role in Erythroid Differentiation

PLOS ONE | www.plosone.org 10 December 2013 | Volume 8 | Issue 12 | e84903

http://dx.doi.org/10.1016/j.biocel.2003.10.008
http://www.ncbi.nlm.nih.gov/pubmed/15010327
http://dx.doi.org/10.1182/blood-2011-07-356006
http://www.ncbi.nlm.nih.gov/pubmed/21998215
http://www.ncbi.nlm.nih.gov/pubmed/11121510
http://dx.doi.org/10.1038/nature04707
http://www.ncbi.nlm.nih.gov/pubmed/16554803
http://dx.doi.org/10.1111/j.1600-065X.2009.00816.x
http://dx.doi.org/10.1111/j.1600-065X.2009.00816.x
http://www.ncbi.nlm.nih.gov/pubmed/19754890
http://dx.doi.org/10.1074/jbc.M112.379594
http://www.ncbi.nlm.nih.gov/pubmed/22761436
http://dx.doi.org/10.1007/s10059-011-0068-9
http://www.ncbi.nlm.nih.gov/pubmed/21638203
http://dx.doi.org/10.1074/jbc.M200592200
http://dx.doi.org/10.1074/jbc.M200592200
http://www.ncbi.nlm.nih.gov/pubmed/11893742
http://dx.doi.org/10.1038/sj.leu.2402572
http://www.ncbi.nlm.nih.gov/pubmed/12200695
http://dx.doi.org/10.1007/s00232-007-9060-x
http://www.ncbi.nlm.nih.gov/pubmed/17763876
http://dx.doi.org/10.1021/pr060368g
http://www.ncbi.nlm.nih.gov/pubmed/17269718
http://www.ncbi.nlm.nih.gov/pubmed/17729277
http://dx.doi.org/10.2174/138161208785777441
http://www.ncbi.nlm.nih.gov/pubmed/18781998
http://dx.doi.org/10.1021/cr078234p
http://www.ncbi.nlm.nih.gov/pubmed/18476673
http://dx.doi.org/10.1021/pr100027k
http://www.ncbi.nlm.nih.gov/pubmed/20405930
http://dx.doi.org/10.1074/jbc.M112.433888
http://www.ncbi.nlm.nih.gov/pubmed/23511633
http://dx.doi.org/10.1074/jbc.M802054200
http://dx.doi.org/10.1074/jbc.M802054200
http://www.ncbi.nlm.nih.gov/pubmed/18480054
http://dx.doi.org/10.1016/j.peptides.2006.01.012
http://www.ncbi.nlm.nih.gov/pubmed/16513212
http://www.ncbi.nlm.nih.gov/pubmed/10979973
http://www.ncbi.nlm.nih.gov/pubmed/22235304
http://dx.doi.org/10.1074/jbc.M005973200
http://www.ncbi.nlm.nih.gov/pubmed/11136720
http://dx.doi.org/10.1074/jbc.275.15.10859
http://www.ncbi.nlm.nih.gov/pubmed/10753881
http://dx.doi.org/10.1074/jbc.M210789200
http://www.ncbi.nlm.nih.gov/pubmed/12431979
http://dx.doi.org/10.1128/MCB.23.4.1278-1291.2003
http://www.ncbi.nlm.nih.gov/pubmed/12556488
http://www.ncbi.nlm.nih.gov/pubmed/11880354
http://dx.doi.org/10.1083/jcb.151.4.811
http://www.ncbi.nlm.nih.gov/pubmed/11076966
http://www.ncbi.nlm.nih.gov/pubmed/23300713
http://dx.doi.org/10.1128/MCB.00752-08
http://www.ncbi.nlm.nih.gov/pubmed/18838534
http://dx.doi.org/10.1038/sj.leu.2403490
http://www.ncbi.nlm.nih.gov/pubmed/15385935
http://www.ncbi.nlm.nih.gov/pubmed/20216212
http://dx.doi.org/10.1182/blood-2005-07-2888
http://www.ncbi.nlm.nih.gov/pubmed/16380451
http://dx.doi.org/10.1182/blood-2006-02-003772
http://dx.doi.org/10.1182/blood-2006-02-003772
http://www.ncbi.nlm.nih.gov/pubmed/17420287
http://dx.doi.org/10.1007/s12185-008-0056-9
http://www.ncbi.nlm.nih.gov/pubmed/18415658
http://dx.doi.org/10.1124/mol.105.020990
http://www.ncbi.nlm.nih.gov/pubmed/16474003
http://dx.doi.org/10.1124/mol.105.015669
http://dx.doi.org/10.1124/mol.105.015669
http://www.ncbi.nlm.nih.gov/pubmed/16099841
http://dx.doi.org/10.1074/jbc.M706008200
http://www.ncbi.nlm.nih.gov/pubmed/17984097
http://dx.doi.org/10.1021/pr800494a
http://www.ncbi.nlm.nih.gov/pubmed/18937510


39. Jiménez-Vargas JM, Restano-Cassulini R, Possani LD (2012) Toxin
modulators and blockers of hERG K+ channels. Toxicon 60: 492-501.
doi:10.1016/j.toxicon.2012.03.024. PubMed: 22497787.

hERG Channel Role in Erythroid Differentiation

PLOS ONE | www.plosone.org 11 December 2013 | Volume 8 | Issue 12 | e84903

http://dx.doi.org/10.1016/j.toxicon.2012.03.024
http://www.ncbi.nlm.nih.gov/pubmed/22497787

	hERG Potassium Channel Blockage by Scorpion Toxin BmKKx2 Enhances Erythroid Differentiation of Human Leukemia Cells K562
	Introduction
	Materials and Methods
	Cell counting and MTT assay
	Erythroid differentiation of K562 cells
	Cell lysis and Western blotting
	Electrophysiological recording
	Real-time quantitative PCR
	Ca2+ concentration recording
	Generation of hERG-deficient cell lines
	The cell cycle profile and annexin V/propidium iodide (PI) staining

	Results
	Scorpion toxin BmKKx2 blocking hERG channel currents in K562 cells
	hERG channel blockage by toxin BmKKx2 suppressing proliferation and enhancing erythroid differentiation of K562 cells
	Scorpion toxin BmKKx2 had no effect on the erythroid differentiation of K562 cells after hERG channel knockdown
	BmKKx2 suppressed the expression of hERG channel during the erythroid differentiation of K562 cells
	BmKKx2 enhancing the differentiation-dependent apoptosis of K562 cells during the erythroid differentiation
	Blockage of hERG channel by BmKKx2 causing the Ca2+ concentration decrease during the erythroid differentiation of K562 cells

	Discussion
	Supporting Information
	Author Contributions
	References


