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1 The topoisomerase II inhibitor amsacrine is used in the treatment of acute myelogenous leukemia.
Although most anticancer drugs are believed not to cause acquired long QT syndrome (LQTS),
concerns have been raised by reports of QT interval prolongation, ventricular fibrillation and death
associated with amsacrine treatment. Since blockade of cardiac human ether-a-go-go-related gene
(HERG) potassium currents is an important cause of acquired LQTS, we investigated the acute effects
of amsacrine on cloned HERG channels to determine the electrophysiological basis for its
proarrhythmic potential.

2 HERG channels were heterologously expressed in human HEK 293 cells and Xenopus laevis
oocytes, and the respective potassium currents were recorded using patch-clamp and two-
microelectrode voltage-clamp electrophysiology.

3 Amsacrine blocked HERG currents in HEK 293 cells and Xenopus oocytes in a concentration-
dependent manner, with IC50 values of 209.4 nM and 2.0 mM, respectively.
4 HERG channels were primarily blocked in the open and inactivated states, and no additional
voltage dependence was observed. Amsacrine caused a negative shift in the voltage dependence of
both activation (�7.6mV) and inactivation (�7.6mV). HERG current block by amsacrine was not
frequency dependent.

5 The S6 domain mutations Y652A and F656A attenuated (Y652A) or abolished (F656A, Y652A/
F656A) HERG current blockade, indicating that amsacrine binding requires a common drug receptor
within the pore-S6 region.

6 In conclusion, these data demonstrate that the anticancer drug amsacrine is an antagonist of
cloned HERG potassium channels, providing a molecular mechanism for the previously reported QTc
interval prolongation during clinical administration of amsacrine.
British Journal of Pharmacology (2004) 142, 485–494. doi:10.1038/sj.bjp.0705795

Keywords: Acute myeloid leukemia; amsacrine; arrhythmia; DNA topoisomerase II; electrophysiology; ion channels
Kþ channel; long QT syndrome; sudden cardiac death; torsade de pointes

Abbreviations: AML, acute myelogenous leukemia; HEK, human embryonic kidney; HERG, human ether-a-go-go-related gene;
IK, delayed rectifier potassium current; IKr, rapidly activating component of the delayed rectifier potassium
current; IKs, slowly activating component of the delayed rectifier potassium current

Introduction

Amsacrine (m-AMSA) is a synthetic aminoacridine that is used

in the treatment of acute myelogenous leukemia (AML), for

example, as part of the induction regimen (Kantarjian et al.,

1996; Arnaout et al., 2000; Rowe, 2000). Its therapeutic

effectiveness has been attributed to intercalation of the

compound into DNA and to inhibition of DNA topoisomerase

II (Jehn & Heinemann, 1991). However, concerns have been

raised by reports on QT interval prolongation, ventricular

arrhythmia and death associated with amsacrine application

(van Hoff et al., 1980; McLaughlin et al., 1983; Schwartz et al.,

1984; Shinar & Hasin, 1984; Griffin et al., 1985; Winton et al.,

1985; Dhaliwal et al., 1986; Weiss et al., 1986; Seymour, 1993),

suggesting an effect of amsacrine on cardiac repolarization.

In human cardiomyocytes, repolarization is mainly carried

by the rapidly and slowly activating components of the delayed

rectifier potassium current, IKr and IKs (Sanguinetti &

Jurkiewicz, 1990). The human ether-a-go-go-related gene

(HERG) (Sanguinetti et al., 1995) encodes the a-subunit
underlying IKr, and mutations in HERG account for chromo-

some 7-linked inherited long QT syndrome (LQT-2) (Viskin,

1999). Patients diagnosed with LQT-2 may present prolonged

QT intervals in the surface electrocardiogram and have an
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increased risk for ventricular ‘torsade de pointes’ arrhythmias

and sudden cardiac death. Pharmacological inhibition of

HERG potassium channels is a property of class III

antiarrhythmic drugs such as amiodarone (Kiehn et al.,

1999), and of a multitude of non-antiarrhythmic compounds

(for a review, see Redfern et al., 2003). Block of IKr causes

lengthening of the cardiac action potential, which produces a

beneficial class III antiarrhythmic effect. On the other hand,

excessive action potential prolongation may lead to acquired

long QT syndrome and life-threatening ‘torsade de pointes’

arrhythmias (Napolitano et al., 1994).

The aim of the present study was to determine the

electrophysiological basis of the QTc interval prolongation

associated with amsacrine treatment. Acute effects of amsa-

crine on HERG channels expressed heterologously in Xenopus

oocytes and human embryonic kidney (HEK) 293 cells were

investigated, revealing detailed insights into the biophysical

mechanism of amsacrine block of HERG currents.

Methods

Molecular biology

The HERG cDNA clone was generously donated by M.T.

Keating. The preparation of the HERG Y652A and HERG

F656A clones has been published previously (Scholz et al.,

2003). To generate the HERG Y652A/F656A clone, the

respective single mutations were introduced simultaneously

into the HERG wild-type cDNA template by site-directed

mutagenesis using the QuikChange kit (Stratagene, La Jolla,

U.S.A.) and synthetic mutant oligonucleotide primers, as

described earlier in detail (Scholz et al., 2003). Procedures for

in vitro transcription and oocyte injection were performed as

published previously (Kiehn et al., 1999). Briefly, HERG wild

type (Warmke and Ganetzky, 1994), HERG Y652A, HERG

F656A and HERG Y652A/F656A cRNAs were prepared with

the mMESSAGE mMACHINE kit (Ambion, Austin, U.S.A.)

using SP6 RNA polymerase after linearization with EcoRI

(Roche Diagnostics, Mannheim, Germany). Stage V–VI

defolliculated Xenopus oocytes were injected with 46 nl of

cRNA per oocyte.

The cDNA encoding the HERG potassium channel cloned

in pCDNA3 was stably transfected into the human embryonic

kidney cell line HEK 293 as described previously (Thomas

et al., 2001). Cells were cultured in Dulbecco’s modified eagle

medium/nutrient mixture F-12 (D-MEM/F12, Gibco BRL,

Rockville, U.S.A.) supplemented with 10% fetal bovine

serum (FBS, Gibco BRL), 100U/ml�1 penicillin G sodium,

100 mgml�1 streptomycin sulfate and 500 mgml�1 geneticin

(G418, Gibco BRL) in an atmosphere of 95% humidified air

and 5% CO2 at 371C.

The investigation conforms to the Guide for the Care and

Use of Laboratory Animals published by the US National

Institute of Health (NIH Publication No. 85-23, revised 1996).

All experiments followed the European Community guidelines

for the use of experimental animals.

Electrophysiology

Two-microelectrode voltage-clamp recordings from Xenopus

laevis oocytes were carried out as published previously

(Thomas et al., 2001). In brief, recordings were performed

using a Warner OC-725A amplifier (Warner Instruments,

Hamden, U.S.A.) and pClamp software (Axon Instruments,

Foster City, U.S.A.) for data acquisition and analysis.

Microelectrodes had tip resistances ranging from 1 to 5MO.
The recording chamber was continually perfused. HERG

current recordings from HEK 293 cells were performed by use

of the whole-cell patch clamp configuration (Hamill et al.,

1981) as previously reported (Thomas et al., 2001). All

experiments were carried out at room temperature (22–

251C), and no leak subtraction was done during the experi-

ments.

Solutions and drug administration

Voltage-clamp measurements of Xenopus oocytes were per-

formed in a solution containing (in mM): 5 KCl, 100 NaCl, 1.5.

CaCl2, 2 MgCl2 and 10 HEPES (pH adjusted to 7.4 with

NaOH). Current and voltage electrodes were filled with 3M

KCl solution. For whole-cell patch-clamp recordings from

HEK 293 cells, electrodes were filled with the following

solution (in mM): 130 K-aspartate, 5.0 MgCl2, 5 EGTA, 4

ATP, 10 HEPES (pH adjusted to 7.2 with KOH). The external

solution for these experiments contained (in mM): 137 NaCl,

4.0 KCl, 1.0 MgCl2, 1.8 CaCl2, 10 HEPES, 10 glucose (pH

adjusted to 7.4 with NaOH). Amsacrine (Sigma) was prepared

as 10mM stock solution in DMSO and stored at �201C. On
the day of experiments, aliquots of the stock solution were

diluted to the desired concentrations with the bath solution.

HERG current amplitudes (recorded from Xenopus oocytes

using the protocol described in Figure 1a) were not signifi-

cantly altered upon application of 1% DMSO (v v�1;

maximum bath concentration) for 20min (data not shown).

In addition, DMSO did not affect HERG channel currents

recorded from HEK 293 cells at concentrations up to 0.3%

(maximum bath concentration in this study: 0.1% DMSO)

(data not shown).

Data analysis and statistics

Concentration–response relationships for drug-induced block

were fit with a Hill equation of the following form: Idrug/

Icontrol¼ 1/[1þ (D/IC50)
n], where I indicates current, D is the

drug concentration, n is the Hill coefficient, and IC50 is the

concentration necessary for 50% block. Activation curves

were fit with a single-power Boltzmann distribution of the

form Itail ¼ Itail:max=½1þ eðV1=2�VÞ=k�, where V is the test pulse

potential V1/2 is the half-maximal activation potential, and k is

the slope of the activation curve. Inactivation curves were fit to

the following single-power Boltzmann equation:

I ¼ Imax=½1þ eðV�V1=2Þ=k�.
Data are expressed as mean 7s.e.m. We used paired and

unpaired Student’s t-tests (two-tailed tests) to compare the

statistical significance of the results: Po0.05 was considered

statistically significant. Multiple comparisons were performed

using one-way ANOVA. If the hypothesis of equal means

could be rejected at the 0.05 level, pairwise comparisons of

groups were made and the probability values were adjusted for

multiple comparisons using the Bonferroni correction.
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Results

Amsacrine blocks HERG currents

Amsacrine blocked HERG potassium channels expressed in

Xenopus laevis oocytes in a concentration-dependent manner,

as displayed in Figure 1. Currents were elicited by a 2 s

depolarizing step to þ 20mV, followed by a repolarizing step

to �40mV for 1.6 s to produce large, slowly decaying outward

tail currents which are a characteristic of HERG potassium

channels (Sanguinetti et al., 1995). The holding potential was

�80mV in all experiments performed in this study, unless

indicated otherwise. Pulses were applied at a frequency of

0.1Hz during superfusion with the drug solution for 15min.

After the monitoring period, the degree of block was

determined (Figure 1a). To study the concentration depen-

dence of HERG current block by amsacrine, HERG peak tail

currents in the presence of the drug were normalized to the

respective control values and plotted as relative current

amplitudes in Figure 1b (n¼ 6–7 oocytes were investigated at

each concentration). The half-maximal inhibition concentra-

tion (IC50) for block of tail currents yielded 2.070.1mM with a

Hill coefficient nH of 1.1470.05. The time course of block is

shown in Figure 1c (n¼ 3). After a control period of 20min,

HERG channel block by 10mM amsacrine reached steady-state

conditions after 10–15min. Upon washout (20min), the

blocking effects of amsacrine on HERG were partially

reversible.

Incomplete attenuation of amsacrine block by Y652A and
F656A mutations

It has been demonstrated that the aromatic residues Y652 and

F656 located in the S6 domain are key determinants of drug

binding to HERG channels (Mitcheson et al., 2000a). Thus,

the effects of amsacrine on mutant HERG Y652A, HERG

F656A and HERG Y652A/F656A channels were investigated

to assess the significance of these amino-acid residues in

amsacrine blockade of HERG currents. Voltage protocols

were applied as described above (Figure 1a) to record currents

under control conditions and after application of 10 mM
amsacrine, reducing HERG wild-type currents to

20.072.5% (n¼ 6; Figure 1b). As illustrated in Figure 1d,

the inhibitory effect of amsacrine was significantly attenuated

(HERG Y652A) or completely abolished (HERG F656A,

HERG Y652A/F656A) by replacement of aromatic channel

pore residues Y652 and/or F656 with alanine residues. Mean

relative currents measured after amsacrine application yielded

60.574.6% (Y652A; n¼ 8), 103.776.0% (F656A; n¼ 8) and

105.374.0% (Y652A/F656A; n¼ 8) of control currents,

respectively (Figure 1d).

Effects of amsacrine on HERG current activation

The effect of amsacrine on HERG current voltage (I–V)

relationship was investigated under isochronal recording
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Figure 1 Inhibition of HERG channels expressed in Xenopus oocytes by amsacrine. Representative current traces recorded from the same cell
under control conditions and after superfusion with amsacrine (1, 10 and 100 mM, respectively) are displayed in panel a. (b) Concentration–
response relationships for the effect of amsacrine on HERG peak tail currents (n¼ 6–7 oocytes; data are expressed as mean7s.e.m.). The IC50

yielded 2.0mM. (c) Time course of HERG tail current inhibition by 10 mM amsacrine (n¼ 3). For the purpose of clear presentation, not all
current measurements are displayed. (d) Mean relative tail current amplitudes after application of 10 mM amsacrine (15min) for HERG wild
type (n¼ 6), HERG Y652A (n¼ 8), HERG F656A (n¼ 8) and HERG Y652A/F656A currents (n¼ 8), respectively, illustrating that the
inhibitory effects of amsacrine were attenuated or completely abolished by pore region mutations (see text for voltage protocols).
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conditions. Depolarizing pulses were applied for 2 s to voltages

between –80 and þ 70mV in 10mV increments (0.2Hz), and

tail currents were recorded during a constant repolarizing step

to –60mV for 1.6 s. Families of current traces from one cell

are shown for control conditions and after exposure to 3mM
amsacrine (15min) in Figure 2a and b. The currents activated

at potentials greater than �60mV, reached a peak at 0mV and

then decreased at more positive potentials due to inactivation

(Sanguinetti et al., 1995), giving the I–V relationship its typical

bell-shaped appearance (Figure 2c and d). Figure 2e and f

displays peak tail currents as a function of the preceding test

pulse potential, resulting in activation curves. HERG currents

at the end of the test pulse to 0mV were reduced by

38.873.0%, and peak tail currents were blocked by

44.371.7% (n¼ 8). The half-maximal activation voltage V1/2

was shifted by �7.670.8 from �12.870.6mV under control

conditions to �20.470.9mV after amsacrine incubation

(n¼ 8). This difference was statistically significant.

Effects of amsacrine on HERG channel inactivation

The effects of amsacrine on HERG current inactivation were

investigated using two different approaches. First, it was tested

whether the time constant of inactivation was affected by the

drug. Pulses were applied to 40mV for 900ms where channels

are partially open but predominantly inactivated. A brief

repolarization to –100mV for 16ms caused rapid recovery

from inactivation without marked deactivation. During a

second depolarizing pulse (150ms) to different voltages

ranging from –40 to 40mV (increment 20mV), large, rapidly

inactivating currents were produced. Inactivating currents

were recorded in the absence of the drug (Figure 3a) and after

equilibration of block with 3 mM amsacrine (Figure 3b) by

current monitoring for 15min as described above. Since the

inactivation time constant depends on the current amplitude, a

set of control cells and matching oocytes after amsacrine

application with similar mean current amplitudes at the end of

the conditioning prepulse (0.4970.08 versus 0.5070.08 mA)
were compared. Single exponential fits to the large inactivating

currents yielded the time constants of inactivation at

different voltages. In these experiments, no changes in the

time constants for HERG channel inactivation were

observed (Figure 3c; n¼ 10 oocytes were analyzed in each

series).

To measure steady-state inactivation relationships, channels

were inactivated at a holding potential of 20mV, before being

recovered from inactivation at various potentials from –120 to

30mV (increment 10mV) for 20ms. Finally, the resulting peak

outward currents at constant 20mV as a measure of steady-

state inactivation were recorded. After having obtained the

control measurements (Figure 3d), we applied 3mM amsacrine

to the oocytes. The holding potential was –80mV during the

current monitoring period of 15min to avoid destruction of

the cell, as it would occur when holding the cell at 20mV. One

typical recording in the presence of the drug is displayed in

Figure 3e. The inactivating outward current amplitude

measured at 20mV was normalized and plotted against the

test pulse potential, giving the steady-state inactivation curve
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Figure 2 Effects of amsacrine on the voltage dependence of HERG activation. Control measurement (a) and the inhibitory effects
of 10 mM amsacrine (15min; b) are shown in one representative oocyte. (c and d) Resulting mean current amplitudes at the end of the
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488 D. Thomas et al Amsacrine blocks HERG channels

British Journal of Pharmacology vol 142 (3)



(Figure 3f). Mean values for the half-maximal inactivation

voltage yielded �62.971.8mV for control and �70.571.5mV

for amsacrine measurements (n¼ 6), displaying a relative shift

of �7.670.8mV. A study limitation derives from the fact that

the current amplitudes at �120mV were set as maximum

values. However, since we applied the same analysis under

control conditions and in the presence of amsacrine, we

suggest that at least the relative shift of the half-maximal

inactivation voltage may be interpreted as drug-induced effect

on HERG inactivation.

The biophysical mechanism of HERG current inhibition
by amsacrine

To investigate whether the channel is blocked in the closed or

activated (i.e. open and/or inactivated) state, we activated

currents using a protocol with a single depolarizing step to

0mV for 7.5 s. After having obtained the control measurement,

we allowed 10mM of the drug to wash in for 15min while

holding the channels in the closed state at –80mV. Then,

measurements with amsacrine were performed (Figure 4a).

The degree of inhibition (i.e. (1�current in the presence of

amsacrine/control current) � 100) is displayed in Figure 4b.

Analysis of the test pulse after amsacrine application revealed

a time-dependent increase of block to 80% at 1250ms in this

representative cell (Figure 4b), which is consistent with block

of activated HERG potassium channels. However, some

degree of closed state block cannot be ruled out by this

protocol, although it is rather unlikely since the initial portion

of the current trace in the presence of the drug appears to be

the same as the current trace recorded under control

conditions. In this series of experiments, 10mM amsacrine

reduced HERG outward currents at the end of the 0mV pulse

by 77.572.3% (n¼ 6).

To address the question whether HERG channels are also

blocked by amsacrine in the inactivated state, a long test pulse

to þ 80mV (4 s) was applied to inactivate the channels,

followed by a second voltage step (0mV, 3.5 s) to open HERG

channels (n¼ 6). Typical current traces under control condi-

tions and after application of 10mM amsacrine for 15min while

holding the cell at �80mV are displayed in Figure 4c.

Figure 4d depicts the normalized relative block upon channel

opening during the second voltage pulse (0mV), illustrating

that pronounced inhibition of HERG channels had already

been obtained during the preceding inactivating þ 80mV

pulse, and no additional time-dependent block of open

channels was observed during the 0mV pulse. Currents at

the end of the second voltage step (0mV) were reduced by

78.072.6% (n¼ 6). However, these results could also be

interpreted as fast block of a small portion of open channels at
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80mV, followed by trapping of the amsacrine molecule at its

binding site.

In summary, it is concluded from these experiments that

amsacrine inhibits HERG channels predominantly in the open

and inactivated state, with inhibition of closed channels being

rather unlikely.

Voltage dependence of HERG channel block by amsacrine

To assess the voltage dependence of HERG channel block, we

applied the following methodical approach. Since unblocking

was slow, only one experiment at each potential could be

carried out with one individual oocyte. Currents were elicited

by 27 s depolarizing pulses ranging from –40 to 80mV

(Figure 5a), and peak inward tail currents were measured

during a second step to –100mV (400ms). First, control

currents were recorded. Then the oocyte was superfused with

the drug solution (3 mM amsacrine) while holding the cell at

–80mV for 15min where HERG channels are in the closed

state. After this, measurements at the test pulse potential were

performed. Relative inhibition of peak tail currents (plotted as

a function of the preceding test pulse potential in Figure 5a)

was not significantly different among the voltage steps applied

(�40mV: 47.875.2%; 0mV: 39.774.5%; 40mV: 44.373.9%;

80mV: 36.973.2%; n¼ 7�9 cells were studied at each

potential). Thus, amsacrine reduced HERG currents in a

voltage-independent manner.

Lack of frequency dependence of amsacrine block

The frequency dependence of block was investigated in the

following set of experiments. HERG potassium channels were

rapidly activated by a depolarizing step to 20mV for 300ms,

followed by a repolarizing step to �40mV (300ms) to elicit

outward tail currents. Pulses were applied at intervals of 1 or

10 s under control conditions and in the presence of 3mM
amsacrine, with each cell studied only at one stimulation rate.

Six oocytes were used at each rate. The development of current

reduction was plotted versus time (Figure 5b). The resulting

level of steady-state block is a measure of the frequency

dependence of block. There were no significant changes in the

amount of steady-state block at both rates (35.175.6% (1Hz)

versus 35.372.7% (0.1Hz), respectively). Thus, block was not

frequency dependent.

Amsacrine blocks HERG channels in a human cell line

To demonstrate amsacrine block of HERG in human cells, we

expressed HERG potassium channels heterologously in human

embryonic kidney (HEK 293) cells. Channels were activated by

a 2 s depolarization to þ 20mV, and outward tail currents were

recorded during a step to –50mV for 2 s (Figure 6a). During the

wash-in of the drug, we applied the protocol as described above

(frequency 0.1Hz), until a steady-state block was maintained

for at least 30 s. HERG currents were blocked by amsacrine in a

concentration-dependant manner. The IC50 value for amsacrine
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block of HERG tail currents was 209.476.0 nM with a Hill

coefficient nH of 1.2170.04 (Figure 6b; n¼ 3 cells were studied

at each concentration).

Discussion

Acute effects of amsacrine on HERG currents

HERG potassium channels are blocked by the anticancer drug

amsacrine, a finding in line with QTc prolongation observed

among AML patients treated with this drug. To our knowl-

edge, amsacrine represents the first antineoplastic compound

that inhibits HERG currents. Blockade of HERG channels

expressed in Xenopus laevis oocytes displayed an IC50 value of

2.0 mM, while HERG currents in HEK 293 cells were inhibited

with an IC50 value of 209.4 nM. This 9.6-fold difference

corresponds well to previous reports comparing drug block

of HERG currents in different expression systems. Owing to

the specific properties of the Xenopus oocyte expression system

(e.g. the vitelline membrane and the yolk) that reduce the

actual concentration of drugs at the cell membrane, higher

concentrations of drugs are necessary when applied to whole

oocytes under in vitro conditions. In general, IC50 values for

HERG channel block are approximately 10–20-fold higher

when the drug is applied to the extracellular surface of Xenopus

oocytes compared to whole-cell patch-clamp experiments using

mammalian cells (Thomas et al., 2001; 2003a, b). Therapeutic

amsacrine plasma concentrations in humans have been

reported to be 5–18 mM (Jurlina et al., 1985; Linssen et al.,

1993), with approximately 97% of the drug being bound to

plasma proteins (Paxton et al., 1986). Thus, it is reasonable to

assume that HERG current inhibition by amsacrine is

physiologically relevant.

It has been suggested that co-assembly of the regulatory b-
subunit MiRP1 with HERG reconstitutes native IKr (Abbott
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et al., 1999). This hypothesis has been investigated by

Weerapura et al. (2002) in detail, revealing that co-expression

of HERG with wild-type MiRP1 (in contrast to long QT

syndrome-linked mutant MiRP1; Abbott et al., 1999) does

not alter its sensitivity to HERG-blocking drugs. Experiments

using MiRP1 were not performed in this study since it is still

controversial whether it is part of native IKr channels.

The biophysical mechanism of HERG current reduction
by amsacrine

In the present study, the heterologous Xenopus oocyte

expression system was used to determine the biophysical

mechanism of HERG current inhibition by amsacrine in

detail. One important finding of this study is that amsacrine

blocks HERG channels predominantly in the open and

inactivated state, as demonstrated using specially designed

voltage protocols to discriminate between the different states.

But still, the voltage protocols do not completely exclude

partial contamination by channel states not primarily assessed

by the respective protocol. In particular, recovery from

inactivation and deactivation may contribute to the currents

measured in Figure 3. Block at negative membrane potentials

(i.e. �40mV; Figure 5a) supports the hypothesis that

amsacrine binding to closed channels might occur as well.

Amsacrine application caused a �7.6mV shift in the HERG

activation curve and a �7.6mV shift in the half-maximal

inactivation voltage, which may cause a net increase of current

if other biophysical parameters remained unchanged. How-

ever, due to pronounced pharmacological HERG channel

block, current increase could not be detected in our study.

Unblocking upon repolarization, which allows HERG chan-

nels to become available for opening, occurred rather slowly,

and a complete washout could not be achieved. The lack of

frequency dependence can be interpreted as the result of slow

unblocking kinetics, possibly due to a trapping mechanism of

the drug at its binding site (Mitcheson et al., 2000b). In

summary, the biophysical mechanism of HERG current block

by amsacrine shares large similarities with mechanisms

observed among other drugs known to induce acquired long

QT syndrome through inhibition of HERG channels (for

summary and comparison, see Table 1).

The structural requirements for the drug-binding site in

HERG as a basis for the unusual susceptibility of this

potassium channel to block by structurally diverse drugs have

recently been studied in detail. It has been demonstrated that

the aromatic rings of Y652 and particularly F656 located in the

S6 domain are key determinants of drug binding (Mitcheson

et al., 2000a), since mutation of these residues to alanine

dramatically reduced the potency of most drugs tested to date

(Mitcheson, 2003). The lack of HERG F656A and HERG

Y652A/F656A current inhibition clearly shows that amsacrine

predominantly binds to a drug receptor within the pore-S6

region. This example supports the observation that the

aromatic pore residue Y652 is less important for drug binding

compared to F656, since mutation of Y652 produces only a

partial attenuation of block by several drugs tested to date

(including amsacrine; Table 1), compared with F656A which

attenuates drug block 100-fold (with the exception of

fluvoxamine, Milnes et al., 2003).

Clinical significance of HERG channel inhibition by
amsacrine

Amsacrine has been shown to induce pronounced QT interval

prolongation, ventricular tachycardia, ventricular fibrillation

and death (van Hoff et al., 1980; McLaughlin et al., 1983;

Schwartz et al., 1984; Shinar & Hasin, 1984; Griffin et al.,

1985; Winton et al., 1985; Dhaliwal et al., 1986; Weiss et al.,

1986; Seymour, 1993). Thus, HERG current block by

amsacrine is of particular importance, since the induction

regimen in AML and treatment after relapses usually include

an anthracycline compound (including amsacrine) (Kantarjian

et al., 1996; Arnaout et al., 2000; Rowe, 2000). Specific HERG

channel inhibition by amsacrine may be of high clinical

significance, since to date anticancer drugs have been thought

to exert rather unspecific cardiotoxic and arrhythmogenic

action. If during chemotherapy amsacrine is administered in

combination with other compounds that inhibit HERG

channels (e.g. antiemetic drugs such as odansetron; Kuryshev

et al., 2000), the knowledge that amsacrine blocks HERG

channels may help preventing fatal arrhythmias due to even

more pronounced HERG block in these cases. Whether other

antineoplastic drugs (in particular anthracyclines) inhibit

HERG currents as well will require further studies.

Table 1 Comparison of the biophysical parameters of HERG channel block by drugs causing acquired long QT
syndrome (XO, Xenopus oocytes; MC, mammalian cells; n.i.; not investigated)

Drug (reference) IC50 Blocked channel states Voltage
dependence

Frequency-
dependence

Attenuation of
block by
mutation of
aromatic pore
residues

Amsacrine (this study) 2.0mM (XO),
209 nM (MC)

Open, inactivated No No Yes (F656A; partial
attenuation by Y652A)

Budipine (Scholz et al., 2003) 10.2mM (XO) Open, inactivated No No yes (F656A; partial
attenuation by Y652A)

Chlorpromazine (Thomas et al., 2003a) 21.6mM (XO) Closed, open, inactivated Yes reverse n.i.
Fluvoxamine (Milnes et al., 2003) 3.8mM (MC) (Closed), open, inactivated Yes n.i. Yes (partial attenuation

by Y652A and F656A)
Imipramine (Teschemacher et al., 1999) 3.4mM (MC) Closed, open (Yes) n.i. n.i.
Tamoxifen (Thomas et al., 2003b) 45.3mM (XO) Open, (inactivated) Reverse No n.i.
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Conclusions

Our results demonstrate that amsacrine is an antagonist of

cloned HERG potassium channels, providing a molecular

explanation for the proarrhythmic potential of this drug.

Further studies need to be conducted to determine additional

cardiac electrophysiological properties of amsacrine.
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