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Abstract

Over the years, tremendous progression in development of cancer treatments has taken place with more
cancer survivors as a result. As more cancer-survivors live with the long-term effects of the cancer
treatments and will eventually deal with age-related diseases such as cardiovascular diseases, the
cardiovascular risk factors are magnified, and complications may lead to morbidity and mortality in
cancer survivors. Anticancer drugs can lead to drug-induced arrhythmias by either direct or indirect
changes, where the former could lead to the inhibition of the rapid component of the delayed rectifier
K" channel (Ix;) which prolongs the QTc interval and eventually to the life-threatening ventricular
arrhythmia Torsades de Pointes (TdP). The inhibition of Ik, is related to the blockage of the human ether-
a-go-go related gene (hERG) potassium channel as this channel plays a role in the repolarization of the
heart ventricles. Gaining more knowledge about the binding mechanisms of the different
chemotherapeutic drugs that target this channel may help the development of new chemotherapeutic
agents without the adverse cardiotoxicity.

In this review, the mechanism by which the hERG channel is inhibited by several chemotherapeutic
drugs was assessed. The two mechanisms to inhibit the hERG channel are by either binding to the F656
and/or Y652 aromatic residues in the binding pocket of hERG, creating a direct blockage of the channel,
or inhibiting the trafficking of the fully glycosylated hERG channels to the cell surface by inhibiting the
hERG-Hsp90 complex formation. Further research should be performed to elucidate the exact molecules
that bind to the residues in the binding pocket and Hsp90 inhibition, which may lead to hERG channel
degradation, should be accounted for when developing new chemotherapeutic agents. Agents that target
the hERG channel, but do not induce arrhythmias, should still be carefully monitored in older patients
as they have an increased risk of proarrhythmogenic events. Elucidating the mechanism of the inhibition
will make the development of new chemotherapeutic agents safer, even for the aging population.



Layman’s summary

Cancer is the second leading cause of death worldwide behind cardiovascular disease. This is because
cancer is caused by the abnormal growth of any cell type in the body, so there are more than a hundred
different kinds of cancer. In the past years, the development of anticancer drugs has reduced the number
of deaths. However, age-related diseases, such as cardiovascular diseases (CVD), become a greater
problem as cancer survivors get older. The complications of the development of these CVDs may lead
to more morbidity and death in the cancer survivors. Anticancer drugs can produce heart rhythm
disorders by inhibiting ion channels in the heart and these disorders can even lead to the life-threatening
heart rhythm disorder Torsades de Pointes (TdP). Heart rhythm disorders is one of the most frequent
adverse effects, leading to the discontinuation of drugs. This discontinuation is mostly related to the
ability of the drugs to inhibit the human ether-a-go-go related gene (hERG) ion channel and this channel
plays a vital role in the cardiac action potential. Potassium ions pass through the hERG channel during
repolarization of the heart. Inhibiting this channel will cause a longer repolarization period which can
lead to heart rhythm disorders.

The ion channel consists of six segments, which are lined up next to each other on the cell membrane.
The four inner segments form the channel, where the K" ions pass through the channel, but this is also
one of the places where compounds can bind to the hERG channel. Bound compounds are in the channel
pore and block the passing of the ions. An immature form of the hERG channel is first synthesized in
the endoplasmic reticulum after it is transferred to the Golgi apparatus. In the Golgi apparatus, the
immature form is fully glycosylated and transported to the plasma membrane. The anticancer drugs that
inhibit the hERG channel most often block the hERG channel by binding to the channel or prevent the
fully glycosylated channel to be transported to the plasma membrane. However, how anticancer drugs
exactly block or inhibit the transportation of the hERG channel is often not known. In this review, the
different groups of anticancer drugs have been studied to find out if they inhibit the hERG channel and
how they inhibit the channel.

There has been found that most anticancer drugs block the hERG channel by binding to two specific
amino acids in the channel, which contain an aromatic ring, or they inhibit the heat shock protein 90
(Hsp90). This protein has been found to help the transportation of the immature channel from the
endoplasmic reticulum to the Golgi system. The anticancer drugs bind to Hsp90, so it cannot help the
transportation of the hERG channel, and the immature channel cannot be glycosylated to the mature
channel. Furthermore, some anticancer drugs do inhibit the hERG channel but that does not lead to heart
rhythm disorders in healthy, young people. If these drugs are given together or to older people, this
could lead to heart rhythm disorders, even though they did not cause disorders in the clinical trials.
Therefore, all anticancer drugs should be monitored carefully when given to patients for causing heart
rhythm disorders and studying how the anticancer drugs bind to the amino acids in the channel and how
they inhibit Hsp90 will give more information to design new anticancer drugs that do not inhibit the
hERG channel and cannot cause heart rhythm disorders.
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1. Introduction

The early detection of cancer and the cancer treatments that were developed in recent years have reduced
the mortality and morbidity of cancer patients tremendously'?. However, as cancer is an age-related
disease and the life-expectancy has risen, the occurrence of cardiovascular risk factors is magnified, and
complications may lead to morbidity and death in cancer survivors®*. Therefore, cardiovascular disease
(CVD) is a major complication of cancer treatments*‘. Drug induced arrhythmias can lead to direct and
indirect changes. Indirect changes of drug induced arrhythmias, such as remodeling of the heart and
inflammation, can create a structural arrhythmia substrate. Direct changes of drug induced arrhythmias
can lead to the modification of specific molecular pathways, which could inhibit the rapid component
of the delayed rectifier K channel (Ik.), thereby prolonging the corrected QT (QTc) interval’.
Prolongation of the QTc might even lead to life-threatening ventricular arrhythmia Torsades de Pointes
(TdP)'.

The hERG channel plays a role in the action potential (AP) of cardiac ventricular myocytes as the Ik,
current together with the slow delayed rectifier current (Iks) play a vital role in the repolarization of the
heart ventricles®. The inhibition of Iy, is most often related to the blockage of the human ether-a-go-go
related gene (hERG) potassium channel’. The human ether-a-go-go related gene (officially called
KCNH?2) encodes the pore-forming o-subunit of the rapid component of the delayed rectifier K* channel
(Ixr)®. The hERG channels (also known as Kv11.1'%) belong to the Eag (ether-a-go-go) family, which is
a multi-genic family of voltage-activated K* channels''. Research has shown that mutations in KCNH2
caused the chromosome 7-associated long QT syndrome (LQTS type 2)'? and that the hERG channels
were the targets of class III antiarrhythmic drugs’.

However, a lot of different non-antiarrhythmic drugs (such as antibacterials, antihistamines,
antipsychotics and anti-human immunodeficiency protease inhibitors'*) have also shown to be pro-
arrhythmic and most of them are Iy blockers blocking the hERG channel”. Therefore, during the pre-
clinical studies of new compounds, the QT liability (the potential to prolong the QT interval) is
assessed'!. It is estimated that as high as 60% of the new potential drug compounds block the hERG
channel and are thus abandoned in the development stage'. Gaining more knowledge about the drug
structures that target the hERG channel and the mechanism of actions how the channel is targeted may
reduce the number of abandoned potential drug compounds.

The mRNA of hERG undergoes post-transcriptional modifications (PTMs) resulting in four isoform
variations and these variants have different electrophysiological properties'’. In this review, the focus
will be on the largest hERG isoform (isoform a). The hERG channel consists of six transmembrane
segments (S1-S6) forming a homotetramer'®, S1-S4 are part of the voltage sensor domain (VSD) and
S5-S6, together with the intervening loop, are part of the pore domain® (Figure 1). The movements of
the VSD enables opening and closing of the channel in response to membrane potential changes'®. The
pore domain contains the pore helix and selectivity filter for the passage of K* ions'®. The drug binding
site is a tetramer and the pore domains of the four subunits line the central ion conduction pathway. The
residues Thr623, Ser624 and Val625 have been shown to be involved in drug binding and are located at
the base of the selectivity filter’® 2. The residues Gly648, Tyr652, Phe656 and Val659 have been shown
to be involved in drug binding and are located on the same face of S6. The hERG channel also contains
a large cytoplasmic NH-terminal containing a Per-Arnt-Sim (PAS) domain* and COOH-terminal
domains containing a cyclic nucleotide binding domain (cNBD)*.



s
i 8
3 %

chstal
C-tad

Figure 1. Structure of the hERG channel with a linear sequence with the domains color coded®.

The immature hERG protein is modified post-translation through glycosylation and phosphorylation to
become the mature form of hERG'®. The immature form has a core-glycosylated monomer and is
synthesized in the endoplasmic reticulum after which it is transferred to the Golgi apparatus. In the Golgi
apparatus, the immature form is fully glycosylated, and this mature form is transported to the plasma
membrane in COPII coated vesicles where the channels are used for K* conductance®. This shows that
glycosylation is critical for trafficking efficiency and it prevents the cleavage of the channel by
extracellular proteinase K (PK)**.

The channel can exist in a closed, open or inactivated state depending on the voltage®. The positive
charges in the S4 domain acts as the primary sensor for channel opening®. The hERG channel is closed
at negative membrane potentials, but when the AP starts with activation of the inward Na" current, the
depolarization of the cell membrane results in the short opening of the hERG channel®'**. After
opening, the channel transitions fast to the inactivated state reducing the outward conductance. After
depolarization, gradual repolarization takes place in three subsequent phases. First, rapid repolarization
occurs, which is created by the activation of the transient outward K" current (I,) after which a plateau
phase takes place®. This reduces the membrane potential causing the hERG channels to change from
the inactivated state to open state. This results in a big outward conductance of K and thus the
repolarization of the cell. The transition from open to closed state is very slowly, so the hERG channel
remains open after the membrane potential has returned to resting level causing hyperpolarization®. If
there is a premature beat, the large increase in Ik, antagonizes the depolarization of a cell and this large
increase is due to the slow closing of the hERG channels®. This shows the role of hERG by the
suppression of arrhythmias initiated by premature beats. When the Ik is reduced by loss-of-function
mutations or drug block, the patient will be more prone to arrhythmias.

The anticancer drugs that target hERG most often block the hERG channel or prevent the trafficking of
the channel to the plasma membrane, but the exact underlying mechanism is still unknown'. Therefore,
the different groups of anti-cancer drugs will be reviewed that target the hERG channel and their
structure and mechanism of action targeting the channel will be highlighted. Furthermore, different
drugs from the same group of pharmaceuticals show differences in the QTc prolongation so this article
will elucidate the cause of these differences. The findings in this review can be used to develop new
potential cancer treatments that do not target the hERG channel and do not induce arrhythmias.



2. Anticancer Drug-Induced Proarrhythmia

2.1 Arsenic Trioxide

Arsenic Trioxide (ATO) is a drug for treating acute promyelocytic leukemia (APL). 20-30% of patients
with APL relapse with the standard chemotherapy regimen and studies showed that up to 90% of patients
with APL achieved complete remission after treatment with ATO?'. However, > 10% of the patients
receiving ATO have been associated with tachycardia and QT prolongation®. In clinical trials, 40% of
the patients experienced one or more QTc interval prolongations greater than 500 msec®. As most
patients were first treated with cardiotoxic chemotherapy before receiving ATO, most of them have
cardiac dysfunction before the start of ATO treatment’'. A study by Chiang et. al.** showed that ATO
dose dependently prolonged corrected QT interval (QTc) and the action potential duration at 90%
repolarization (ADP90) in guinea pig hearts providing evidence for ATO delaying cardiac
repolarization.

Structure
ATO is a small arsenic compound with the chemical formula As;O3 and used to inhibit and spread the
growth of tumors (also known as antineoplastic drugs) (Figure 2)*>*¢,

Arsenic trioxide

Figure 2. Chemical structure of Arsenic Trioxide by Khairul et al. 3¢

Mechanism of action

The mechanism underlying the prolonged QTc and ADP90 was shown by Ficker et. al.’’, who
discovered that long-term exposure to ATO increases cardiac calcium currents via oxidative interaction
of the lipid phosphatase PTEN?* and reduces surface expression of hERG by inhibiting the formation of
the channel-chaperone (Hsp70/90) complexes’’. The cytosolic chaperones heat shock protein (Hsp)
Hsp70 and Hsp90 interacted with the core-glycosylated form of hERG in the ER but did not interact
with the fully glycosylated, cell-surface form of hERG. This indicates that Hsp90 and 70 are both crucial
for the maturation of hERG™. ATO interferes with binding of Hsp90 and 70 to the core-glycosylated
form of hERG by interacting with the thiol pair in the middle segment of the chaperone protein Hsp90*.
Modification of these thiol groups might inhibit the binding of Hsp90 to the core-glycosylated form of
hERG and thus inhibits the processing of the ER-resident hERG protein into the mature cell-surface
form®’. Therefore, long-term exposure to ATO reduces surface expression of the hERG channel,
resulting in a reduction of Ik, This reduction prolongs the QT interval, which could lead to TdP in
patients treated with ATO.

Clinical relevance

Ficker et. al.*” showed that neither 10 nor 100 uM ATO applied extracellularly reduced hERG tail
current amplitudes within 10 to 15 min. In contrast, they found a reduction in hERG current in a
concentration-dependent manner with an ICsp of 1.5 uM after 24 hours of exposure to ATO (Figure
3A). They found this ICso by analyzing tail current amplitudes on return to -50 mV after maximal
activation with depolarizing voltage steps to +60 mV in HEK293 cells stably expressing hERG. During
ATO treatment in APL patients, the ATO concentrations peak between 5 and 10 uM immediately after
drug administration and reach steady-state levels between 0.1 and 1 uM, which shows that the found
ICso of 1.5 puM is within therapeutically relevant concentration range of ATO*. Furthermore, their
Western blot analysis showed a time- and concentration-dependent decrease in amount of mature, fully
glycosylated hERG protein after incubation with ATO for 24 hours (Figure 3B). The production of the
fully glycosylated hERG form was suppressed with an ICso of 1.5 uM, which was in line with the



reduced currents. On top of this, their chemiluminescence assay performed in HEK293 cells stably
expressing hERG with an extracellular HA epitope tag inserted in the extracellular S1 to S2 loop showed
a significant concentration-dependent reduction in hERG surface expression after overnight treatment
with ATO (Figure 3C). Next, their pulse-chase experiments performed on myocytes as a control,
showed that after treatment with 3 uM ATO, 50% of the core-glycosylated hERG form was progressed
to the mature cell-surface hERG form within 6 hours. Treating HEK-hERG cells with 3 uM ATO for
16 hours before the pulse-chase experiment, showed a 25% reduction of maturation. Lastly, their
coimmunoprecipitation experiments in a HEK/hERG WT cell line showed an approximately 50%
inhibition of the formation of the hRERG/Hsp90 complexes when treated with 3 uM ATO overnight and
an approximately 20% inhibition of the formation of the hERG/Hsp70 complexes (Figure 3D). This
shows that ATO predominantly blocks the formation of the hERG/Hsp90 complexes, which inhibits the
trafﬁckir;g of the immature hERG form to the Golgi system resulting in less fully mature cell-surface
channels®’.
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Figure 3. Graphs by Ficker et. al.>” showing the effect of ATO on HEK293 cells stably expressing hERG.

A) ATO showed a concentration-dependent reduction of hERG tail current amplitudes after overnight exposure of ATO
with an ICsp of 1.5 puM.

B) Western blot showed a time- and concentration-dependent decrease in amount of mature, fully glycosylated hERG
protein (155 kDa) after incubation with ATO for 24 hours on hRERG WT protein stably expressed in HEK293 cells.

C) The chemiluminescence assay performed in HEK293 cells stably expressing hERG with an extracellular HA epitope tag
inserted in the extracellular S1 to S2 loop showed a significant concentration-dependent reduction in hERG surface
expression after overnight treatment with ATO.

D) The coimmunoprecipitation experiments in a HEK/hERG WT cell line showed an approximately 50% inhibition of the
formation of the hERG/Hsp90 complexes when treated with 3 uM ATO overnight and an approximately 20% inhibition of
the formation of the hERG/Hsp70 complexes.



2.2 Topoisomerase inhibiters

Amsacrine

Amsacrine (m-AMSA) is a topoisomerase II inhibitor and used for treating refractory acute leukemias,
Hodgekin’s and non-Hodgekin’s lymphomas*. M-AMSA Kkills cells by intercalating into DNA and
inhibiting the DNA topoisomerase II. In acute myelogenous leukemia, m-AMSA can produce complete
remission in patients. However, m-AMSA treatment has been associated with QT interval
prolongation, ventricular arrythmia and death* . 1 — 10% of the patients treated with m-AMSA have
experienced cardiac arrhythmias and hypokalaemia®’. Patients with hypokalaemia have an increased
risk of ventricular fibrillation®. 0.01 — 0.1% of the patients treated with m-AMSA have experienced
cardiomyopathy, atrium and/or ventricular fibrillation, sinus tachycardia or bradycardia®®. This might
indicate that m-AMSA has an effect on cardiac repolarization and may affect the hERG channel. M-
AMSA is frequently used with other antineoplastic agents who could inhibit the hERG channel as well.
Therefore, the effect of m-AMSA on cardiac repolarization should be elucidated as adverse effects of
m-AMSA may be potentiated by use with other antineoplastic agents*®.

Structure

Amsacrine is an acridine derivate with the chemical name C;HpgN3O3S. It is a N-
phenylmethanesulfonamide substituted by a methoxy group at the third position and an acridin9-
ylamino group at the fourth position (Figure 4)**.
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Figure 4. Chemical structure of Amsacrine by Cassileth et al.*

Mechanism of action

Amsacrine inhibits hERG channels predominantly in the open and inactivated state. M-AMSA binds to
the aromatic residues of F656 and partly to Y652 within the pore-S6 region*. After binding to the
aromatic residues, it is most likely that m-AMSA is trapped at its binding site when the hERG channel
inactivates and m-AMSA gets released again after the opening of the channel. This prolongs the
blocking effect and as the unblocking of m-AMSA was slow, this trapping mechanism could be the
cause’™!. Blocking of m-AMSA was found to be voltage-independent*. Relative inhibition of peak
currents was not significantly different among the voltage steps (-40, 0, 40 and 80 mV) after superfusion
of 3 uM m-AMSA for 15 min in oocytes. Furthermore, no significant changes in the amount of steady-
state block at both rates (1 and 0.1 Hz) were measured in the presence of 3 uM m-AMSA on oocytes*®.
Therefore, the m-AMSA block was also not frequency dependent.



Clinical relevance

Thomas et. al ** showed that the hERG channels were blocked in a concentration-dependent manner in
Xenopus laevis oocytes. The half-maximal inhibition concentration (ICsp) was 2.0+0.1 uM (Figure
5A). After a control period of 20 minutes, the hERG block by 10 uM m-AMSA reached steady-state
conditions after 10 to 15 minutes. Upon 20 min of washout, the blocking effects were partially
reversible. This concentration-dependent block was also seen in HEK293 cells stably transfected with
hERG, with a ICso of 209.4+6.0 nM (Figure 5B). The 9.6-fold difference in 1Cs, values for the two
systems are due to the properties of the Xenopus laevis oocytes expression system. As this system also
consists of a vitelline membrane and the yolk, it reduces the actual concentration of drugs at the cell
membrane. Therefore, higher concentrations of drugs are necessary when applied to whole oocytes
under in vitro conditions. Furthermore, the effect of m-AMSA on hERG current voltage (I-V)
relationship was studied under isochronal recording conditions after exposure to 3 yM m-AMSA for
15 minutes in the oocytes. The currents of hERG at the end of the test pulse to 0 mV were reduced by
38.8+3.0% (Figure 5C and D) and peak tail currents were blocked by 44.3+1.7%. The half-maximal
activation voltage V, was shifted by -7.6£0.8 mV. No changes in time constants of inactivation were
observed after 3 yM m-AMSA block for 15 min in oocytes. In contrast, the steady-state inactivation
relationships were measured in the oocytes after exposure to 3 uM m-AMSA for 15 min and they
showed that the half-maximal inactivation voltage displayed a relative shift of -7.6+0.8 mV. They
suggest that this shift could be interpreted as drug-induced effect on hERG inactivation. The
therapeutic m-AMSA plasma concentrations in humans have been reported to be 5-18 ¢ M?>*** and the
study by Thomas et. al.** showed the effects of m-AMSA with 3 and 10 M m-AMSA indicating that
the block of m-AMSA is at clinically relevant concentrations.
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Figure 5. Graphs by Thomas et. al.*® showing the effect of m-AMSA on Xenopus laevis oocytes and HEK293 cells stably
transfected with hERG.

A) hERG channels were blocked in a concentration-dependent manner in oocytes with an ICso of 2.0 pM.

B) A concentration-dependent block in HEK293 cells stably transfected with hERG, with a IC50 of 209.4 nM.

C) hERG currents as control measurements.

D) 3 uM m-AMSA present for 15 min in one representative oocyte, reduced the hERG currents by 38.8%.
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2.3 Hsp90 inhibitors

Geldanamycin and 17-AAG

Geldanamycin (GA) is a heat shock protein 90 (Hsp90) inhibitor and as Hsp90 is required for the
stability and function of proteins that promote growth and/or survival of cancer cells, geldanamycin and
other Hsp90 inhibitors were of interest to function as cancer treatments>*. Geldanamycin is cytotoxic to
several human cancer cell lines, including breast cancer, thyroid cancer and bladder cancer™>". 1 -10%
of patients treated with AG experienced brady- or tachycardia®?. 0.1 — 1% of the patients treated with A
experienced cardiomyopathy, asymptomatic ventricular tachycardia, AV-block or myocardial
infraction. GA has been shown to be too hepatoxic for clinical use, but the derivate 17-allylamino-17-
demethoxygeldanamycin (17-AAG or Tanespimycin) also bound to Hsp90, was less toxic and showed
promising antitumor activity’**®. However, Hsp90 and also Hsp70 might interact with newly
synthesized hERG channels, so inhibition of Hsp90 or Hsp70 by GA or 17-AAG might also inhibit the
maturation of the hERG channels leading to arrhythmias and GA has already be linked to an increased
risk for QTc interval prolongation and associated arrhythmias™6%¢",

Structure

GA is a benzoquinone antibiotic isolated from the bacterium Streptomyces hygroscopicus. The chemical
name of GA is C9H4oN20Oy and it is an ansamycin, an organic heterobicyclic compound, a carbamate
ester and a member of the 1,4-benzoquinones (Figure 6A)%*. The ansamycin has 19-membered
macrocycle including a benzoquinone ring and a lactam functionality®. 17-AAG is also a benzoquinone
antibiotic derived from GA and in this 19-membered macrocyle is the methoxy substituent attached to
the benzoquinone moiety replaced with an allylamino group®. The chemical name of 17-AAG is
C31H43N303 (Figure 6B)65.
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Figure 6. Chemical structures of A) geldanamycin by Wenkert et. al.%? and B) its derivate 17-AAG by Mout et. al.®

Mechanism of action

The binding site of Hsp90 is a pocket of 15 A deep and GA binds inside this pocket adopting a compact
structure®. GA has its macrocyclic ansa ring and pendant carbamate group directed towards the bottom
of the binding pocket and the benzoquine ring is directed towards the top of the pocket as it opens to the
surface of the domain®’. This domain also binds ATP linked to Sepharose through the y-phosphate and
this binding is specific for ATP and ADP and ATP is essential for the formation of an Hsp90 state that
is stable to bind one of its partner proteins p23%. The binding of GA thus inhibits the ATPase cycle of
Hsp90 leading to interruption of the Hsp90-mediated conformational maturation/refolding reaction and
therefore Hsp90 substrates are degraded®®. This leads to less Hsp90 complexes, which controls the
folding and maturation of the hERG channel. On top of this, GA prevents the formation of the Hsp90-
hERG complexes by blocking the functionally important ATPase activity of Hsp90. This prevents the
maturation of the hERG channels into the fully glycosylated cell surface form. This indicates that GA
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inhibits hERG in two ways, it increases proteasomal degradation of hERG channels and it inhibits the
formation of Hsp90-hERG complexes preventing the maturation of the channels.

Clinical relevance

A study by Ficker et. al.* showed a time-dependent decrease in mature, fully glycosylated hERG protein
after incubation with GA. The hERG currents were also reduced after HEK293 cells stably transfected
with hERG WT were cultured overnight in the presence of 1 pg/mL GA (Figure 7A). Acute application
of GA had no effect on the hERG currents. Furthermore, treatment with 1 and 10 umol/L. GA showed a
reduced expression of fully glycosylated hERG protein. They also showed a significant reduction in tail
current amplitudes from 187.8+£21.2 to 92.1+12.7 pA/pF and 82.2+14.0 pA/pF with 1 umol/L and 10
umol/L GA treatment, respectively. On top of this, pulse-chase experiments showed that in control cells,
about 50% of the core-glycosylated protein was converted into the mature fully glycosylated protein
within 4 hours, while only small amounts of fully glycosylated protein were produced in HEK293 cells
stably transfected with hERG WT treated with 2 pg/mL GA (Figure 7B). Immunoprecipitation showed
that after inhibition by GA, multiubiquitination and subsequent degradation was increased which
indicates that the hERG protein is primarily consumed by the proteasome. They showed that GA
prevented maturation of hERG WT channels as hERG-Hsp90 complexes could only by isolated together
with core-glycosylated hERG protein after a chase of 6 hours and this formation could be inhibited by
blockage of the functionally important ATPase activity of Hsp90 using GA (Figure 7C)*. Lastly,
experiments were performed in ventricular cardiomyocytes from guinea pigs to determine the effects of
Hsp90 inhibition on native cardiac Ik channels. Patch-clamp recordings showed that GA reduced tail
current densities in guinea pig cardiomyocytes from 0.72+0.09 to 0.32+0.04 pA/pF and 0.1940.03
PA/pF upon 24-hour exposure to 1 or 2 pg/mL GA, respectively (Figure 7D). This shows that, 1 pg GA
applied for 24 hours reduced both native Ik, currents and heterologously expressed hERG currents by
about 50%. The cardiac Ik, currents were not decreased by increasing concentrations of GA indicating
that there is specificity in the interaction between Hsp90 and native cardiac potassium channels. As
pharmacological data indicate that concentrations above 0.1 pg/ml GA are necessary to achieve
antineoplastic effects®, which is also within the range where GA inhibits hERG maturation and GA thus
reduces the expression level of hERG by interfering with channel folding and maturation®”,
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Figure 7. Graphs by Ficker et. al.* showing the effect of GA on HEK293 cells stably transfected with hRERG WT and
guinea pig ventricular myocytes.

A) HEK cells stably transfected with hERG WT were cultured overnight in the presence of 1 pg/mL GA and showed
reduced hERG current amplitudes.

B) Pulse-chase experiments showed that in control cells, about 50% of the core-glycosylated protein (cg) of 135 kDa was
converted into the mature fully glycosylated protein (fg) of 155 kDa within 4 hours, while only small amounts of fully
glycosylated protein were produced in HEK293 cells stably transfected with hERG WT treated with 2 pg/mL.

C) Cross-linked samples were analyzed by immunoprecipitation after labeling (time 0) or after a 6-hour chase. Right lane
represents a negative control with no primary antibody added. At t=0, radiolabeled hERG was present only in the core-
glycosylated form, whereas after a 6-hour chase (t=6), both the core- and the fully glycosylated mature form were
immunoprecipitated. Hsp90 and Hsp70 chaperones were isolated in complexes with the core- but not with the fully
glycosylated form of the hERG channel protein.

D) Patch-clamp recordings showed that GA significantly reduced tail current densities in guinea pig cardiomyocytes from
0.72+0.09 to 0.32+0.04 pA/pF and 0.194+0.03 pA/pF upon 24-hour exposure to 1 or 2 pg/mL GA, respectively. 0.5 pg/mL
GA exposure did not significantly reduce the tail current densities.

A study by Asahi et. al.” showed that 17-AAG did not inhibit hERG tail current in CHO cells
overexpressing hERG (CHO-hERG cells) after exposure to 1 uM 17-AAG for 5 min, but slightly
inhibited hERG tail current at 3 uM (81.0+£5.2%) after exposure to 3 uM 17-AAG for 5 min. After 24
hours, a concentration-dependent decrease in hERG tail current was seen. The hERG tail current was
26.8% =+ 16.8% or 21.8% + 16.4% at 1 or 3 uM, respectively (Figure 8A). Furthermore, 17-AAG
decreased the levels of mature hERG protein at 1 and 3 uM for 24 hours (13.9% + 0.9% and 10.3% +
2.1%, respectively) (Figure 8B). The levels of immature hERG protein were slightly decreased by 5
min of exposure to 1 and 3 uM 17-AAG (81.3% £ 7.3% and 71.1% =+ 5.8%, respectively). However, the
field potential (FP) assay using human embryonic stem cell-derived cardiomyocyte clusters (hES-CMs)
to predict clinical QT prolongation and/or pro-arthythmic risk”' did not show a prolongation of field
potential duration (FPD). Instead, a shortening of the FPD was observed during 2- to 24-h exposure of
1 and 3 puM 17-AAG. These results might indicate that 17-AAG also accelerate the degradation of
immature hERG protein through Hsp90 inhibition and consequently decrease the expression of mature
hERG channels. However, overnight exposure to GA has been reported to increase the immature hERG-
Flag protein levels in hERG-HEK cells’, while the opposite is seen for 17-AAG in hERG-CHOs’’. This
may be due to a different action of 17-AAG and further research is required to find the precise
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mechanism by which 17-AAG disrupts the hERG trafficking but does not lead to prolonged QTc interval
and arrhythmias™.
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Figure 8. Graphs by Asahi et. al.”® showing the effect of 17-AAG on CHO-hERG cells.

A) After 24 hours, a concentration-dependent decrease in hERG tail current was seen in CHO-hERG cells. The hERG tail
current was 26.8% =+ 16.8% or 21.8% =+ 16.4% at 1 or 3 pM, respectively.

B) Western blots show the effects on the mature (155 kDa) or immature (135 kDa) form of hERG protein of 24 h exposure to
17-AAG. B-actin was stained as a loading control. The protein extraction of non-hERG-transfected CHO cells was loaded in
the negative control (NC) lane. Size markers were loaded in the M lane. 17-AAG decreased the levels of mature hERG
protein at 1 and 3 pM for 24 hours (13.9 and 10.3%, respectively)

2.4 HER?2 inhibitors

Lapatinib

Lapatinib is an tyrosine kinase inhibitor used to treat solid tumors, like breast and lung cancer”. It
inhibits the tyrosine kinase activity associated with the oncogenes encoding epidermal growth factor
receptor (EGFR) and human EGFR type 2 (HER2)"*. As the HER2 pathway is involved in cardiac
function, inhibition of HER2 could cause cardiac dysfunction. Lapatinib has been associated with
congestive cardiac failure, decreased left ventricular ejection fraction (LVEF) and QT prolongation’”
7. During the clinical development program for lapatinib, cardiac events including LVEF decreases
were reported in 1% of the patients®. Furthermore, a concentration dependent increase in QTc interval
with a maximum mean of 8.75 ms was observed in a QT study in patients with advanced solid tumors.
This cardiotoxicity might result from effects of lapatinib on cardiac ion channels. Blockage of one or
more outward K* current is the most common mechanism by which drugs delay repolarization and
prolong the QT interval®,

Structure

Lapatinib is a synthetic, orally-active quinazoline and reversibly blocks the phosphorylation of EGFR,
ErbB2, Erk-1 and Erk-2 kinases”. It is an organofluorine compound, a member of furans and a member
of quinazolines. The chemical name is C2oH26CIFN4O4S (Figure 9).
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Figure 9. Chemical structure of Lapatinib by Oakman et. al®
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Mechanism of action
The molecular determinant of the hERG blockage by lapatinib is still not elucidated, so further research
should unravel this mechanism.

Clinical relevance

A study by Lee et. al®! showed that 0.1, 0.3, 1.0, 3.0 and 5.0 uM lapatinib the hERG current amplitude
reduced in hERG cDNA-transfected HEK293 cells (11.5+2.7, 32.943.5, 53.6+4.8, 71.4+2.7 and 88.5%
+ 4.7, respectively) (Figure 10A). They determined from a non-linear fitting of the experimental hERG
current values to the Hill equation, that the ICso was 0.8£0.09 uM (Figure 10B). Furthermore, they
showed the effect of lapatinib on the action potential of rabbit Purkinje fibers. Lapatinib prolonged the
APDgpat 0.3, 1.0, 3.0 and 5.0 uM by 5.0, 7.4, 10.6 and 16.1%, respectively (Figure 10C). The effect
was significant at 5.0 pM with a reduction of APDgg from 243.14+8.5 ms to 268.7£9.1 ms (Figure 10D).
However, no effect was seen by lapatinib on the APDso, resting membrane potential, total amplitude, or
maximum velocity values. The administration of a single 250-mg oral dose of lapatinib yields a mean
maximum concentration of lapatinib in plasma of 0.53 uM and this shows that the IC50 value obtained
in their study was physiologically relevant®. A study by Ando et. al. ¥, also showed in in vivo canine
models that 3 mg/kg lapatinib administered intravenously over 10 minutes, significantly increased the
QT interval, the corrected QT interval, the sinus rhythm, the pacing cycle length of 400 ms and the
effective refractory period. The clinically recommended oral dose of lapatinib is 1250 mg, which
produces a steady state geometric mean of 2430 ng/mL* and the peak plasma concentrations for 3 mg/kg
lapatinib was 2358+424 ng/mL, indicating that this dosage is therapeutically relevant®’. However, the
terminal repolarization period and the beat-to-beat variability were minimally altered, which suggests
that the proarrhythmic potential of lapatinib might not be serious to induce lethal ventricular
arthythmias®. Even though lapatinib may not induce TdP, when combining this drug with other drugs
that may target the hERG channel, careful monitoring should be performed to detect cardiovascular
adverse events.
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Figure 10. Graphs by Lee et. al.3' showing the effect of lapatinib on HEK293 cells stably transfected with hERG and on rabbit
Purkinje fibers.

A) 0.1, 0.3, 1.0, 3.0 and 5.0 pM lapatinib the hERG current amplitude reduced in hERG cDNA-transfected HEK293 cells.

B) The concentration-response relationship showed an ICso of 0.8 for lapatinib block of hERG current in HEK293 stably
transfected with hERG.

C) 5.0 uM lapatinib reduced the APDy, of rabbit Purkinje fibers from243.1 ms to 268.7 ms. The APDsy is represented as
closed circles and the APDyg as open circles.
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2.5 Tyrosine Kinase Inhibitors

Crizotinib

Crizotinib is used to treat advanced non-small cell lung cancer (NSCLC). Patients with NSCLC have
few effective treatment options. Standard chemotherapy only shrinks tumors in one third of the patients
and only some patients have a specific mutated form of the EGFR gene that benefit from targeted
therapies®. However, a gene mutation consisting of the fusion of the genes EML4 and ALK was found
to drive tumor growth and crizotinib targets this aberrant anaplastic lymphoma kinase (ALK) protein®.
More than 10% of the patients treated with crizotinib have experienced bradycardia and 1 — 10% of the
patients treated with crizotinib have experienced heart failure (sometimes with fatal outcome) and QT
prolongation®”*. These adverse effects might indicate that crizotinib targets the hERG channel.

Structure

Crizotinib is an aminopyridine-based inhibitor of the receptor tyrosine kinase ALK and the c-
Met/hepatocyte GFR (HGFR)¥. Crizotinib binds to and inhibits ALK kinase and ALK fusion proteins
in an ATP-competitive manner. It is a 3-[1-(2,6-dichloro-3-fluorophenyl)ethoxy]-5-[ 1-(piperidin-4-
yl)pyrazol-4-yl]pyridin-2-amine with R configuration at the chiral center with the chemical name
C21H2CLFN5O (Figure 11)™.

Cl

H,;N
1 (Crizotinib)

Figure 11. Chemical structure of crizotinib by Liang et al.”

Mechanism of action
The molecular determinant of the hERG block by crizotinib and in which state the hERG channel is
blocked is still not elucidated, so further research should be performed to unravel this mechanism.

Clinical relevance

Crizotinib showed to inhibit the Ik channel with an ICsoof 1.1 uM at all concentrations tested in multiple
in vitro studies and in a single dose in vivo study in anesthetized dogs’'. These values were below or
similar to the maximum blood concentrations (Cmax) seen in humans at clinically relevant doses’. In
a 13-week dog study, males were treated with > 100 mg/m? crizotinib and females were treated with
500 mg/m?’ crizotinib. Both showed increases in QT/QTc intervals at both week 6 and 13 pre-dose time-
points compared to pretreatment’’. These findings were consistent with increases in QT/QTc intervals
observed in a one-month dog study®. Furthermore, a study by Doherty et. al.”® showed that human
induced pluripotent stem cell-derived (iPS) cardiomyocytes rapidly lost all synchronous contractions
with 10 uM crizotinib, while 625 nM crizotinib induced an elongated beat pattern from 2 to 48 hours
(Figure 12A). Normalized beat rate (NBR) was also decreased upon 625 nM crizotinib within 2 hours,
and this continued in a dose- and time-dependent manner (Figure 12B). Furthermore, patch clamp
studies performed in HEK293 cells stably infected with hERG showed that crizotinib had a ICsoof 1.7
uM, indicating that crizotinib potentially blocks the hERG channel®. As this toxicity is seen near the
Cmax range of crizotinib (0.73 — 1.06 uM), the potential hERG channel block takes place at clinically
relevant concentrations’.
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Figure 12. Graphs by Doherty et. al.”> showing the effect of crizotinib on iPS-cardiomyocytes and HEK293 cells stably
transfected with hRERG.

A) Cardiomyocytes were dosed with DMSO or a wide dose range (39 nM—10 uM) of crizotinib and impedance
measurements were recorded following treatment. Representative traces shown are approximately 11 s in duration and depict
beat patterns at baseline (prior to dosing), 2 h post-treatment, and 24 h post-treatment. Rapid loss of all synchronous
contractions was observed with 10 uM crizotinib

B) Normalized beat rate (NBR) data were calculated as the number of positive peaks during treatment time relative to the
number of positive peaks at a time point prior to drug treatment and 625 nM crizotinib induced an elongated beat pattern
from 2 to 48 hours.

Imatinib

Imatinib mesylate (IM) is a tyrosine kinase inhibitor used to manage and treat chronic myelogenous
leukemia (CML), gastrointestinal stromal tumors and other malignancies”. CML is caused by a
reciprocal translocation between chromosomes 9 and 22 resulting in BCR-ABL fusion gene®. IM binds
closely to the ATP binding site of the tyrosine kinase, which inhibits the enzyme activity resulting in
less downstream signaling pathways that promote leukemogenesis’®. However, IM is associated with
left ventricular dysfunction, congestive heart failure and IM induces in vitro significant cell apoptosis
and death in isolated cardiomyocytes’’. 0.1 — 1% of the patients treated with imatinib experienced
palpitations, tachycardia or congestive heart failure’. HERG channels could be a target of IM as they
are highly expressed in leukemia cells®. Off-target effects in other organs, such as the heart, might be
the cause of the cardiotoxicity reported for IM.

Structure

IM is a benzamide created by formal condensation of the carboxy group of 4-[(4-methylpiperazin-1-
yl)methyl]benzoic acid with the primary aromatic amino group of 4-methyl-N(3)-[4-(pyridin-3-
yl)pyrimidin-2-yl]benzene-1,3-diamine'®. It is a N-methylpiperazine, a member of benzadimes,

pyridines and pyrimidines and an aromatic amine with the chemical name C20H3N;O (Figure 13)'°".

HN

Figure 13. Chemical structure of Imatinib mesylate by Kadivar et. al.'"!

17



Mechanism of action

IM blocks the hERG channel when the channels are in an open state, but not in an inactivated state
indicating that IM blocks the hERG channel in a state-dependent manner'*?. IM binds to the aromatic
residues F656 and Y652 located in the S6 pore domain of the hERG channel as 100 umol/L IM produced
markedly less inhibition of the mutant Y652 A and F656A channels compared to the WT hERG channels
in Xenopus oocytes. As the inhibitory effect of IM could be reversed for 70% after 10 min of washout
and IM only blocks hERG in an open state, IM is most likely not trapped by hERG during inactivation
of the channel'®,

Clinical relevance

A study by Dong et. al.”™ showed a concentration-dependent inhibition of the peak tail current after 3,
10, 30 and 100 pmol/L IM in HEK293 cells stably transfected with WT hERG (Figure 14A). A
nonlinear least-squares fit of concentration-response plotted using the Hill equation showed an ICso of
19.5142.50 pmol/L. 30 umol/L IM applied to a bath solution caused a steady-state inhibition after 4-5
min. Furthermore, voltage-dependent effects of IM on hERG were investigated and the percentage of
inhibition gradually increased at voltages from -40 to +60 mV and reached a steady state at +20 mV
(Figure 14B). This indicates that blockage of hERG currents by IM increases with increasing
depolarization and saturated at voltages where hERG activation is maximal. These results are in line
with open-channel blockage. IM also produced a leftward shift in the midpoint of activation (Vip),
suggesting that IM affects the activating gating of the hERG channel (Figure 14C). This indicates that
IM preferentially binds to the channel in an open state and thus limiting a hRERG conductance increase
at greater depolarized potentials. On the other hand, the effect of IM on the inactivation of the hERG
channels was assessed and (Vi) was not significantly altered by 30 umol/L IM indicating that the
voltage dependence of steady-state inactivation of hERG channels was not modified by IM. Lastly, the
time course for the hERG current block by IM was assessed using an envelope of tails protocol in
Xenopus oocytes (Figure 14D). The hERG current blockage at 100 umol/L IM with brief depolarization
was lower compared to a longer duration pulse. This indicates that the blockage was enhanced by further
activation of the hERG current, and this is concordant with IM being able to move the channel to the
open-state'™. As the clinically relevant plasma dosing of IM range between 4.4 and 7.5 pmol/L'%'*
and the ICso values were around 20 pmol/L in HEk293 cells, the blockage of the hERG channels by IM
take place closely to the range of the therapeutic plasma concentration and the hERG inhibition by IM
may thus be clinically relevant'®%,

/ 102
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Figure 14. Graphs by Dong et. al.'® showing the effect of IM on HEK293 cells stably transfected with WT hERG and
Xenopus oocytes.

A) A concentration-dependent inhibition of the peak tail current after 3, 10, 30 and 100 pmol/L IM in HEK293 cells stably
transfected with WT hERG was shown. HERG traces were elicited with 5s depolarization to OmV from a holding potential
of —80mV, and the tail current was recorded at —50mV for 5 s in the absence and presence of 3, 10, 30, and 100pumol/L IM.
B) Mean data of the voltage dependence of IM block, defined as the amplitude of current reduced by drug divided by
control current amplitude, of hERG steady-state currents (closed circle) and tail currents (open circle)

C) IM produced a leftward shift in the midpoint of activation (V12) in HEK293 cells stably transfected with WT hERG.
The value of Vi, was —15.48 mV in the control sample, while the value of Vi, was —26.66 mV in the IM sample.

D) The time course for the hERG current block by IM was assessed using an envelope of tails protocol in Xenopus oocytes.
Cells were held at —80mV and stepped to +20mV for 30 — 410 ms in 20 ms interval and then tail currents were evoked on
repolarization to —40mV.

Other Tyrosine Kinase Inhibitors

Vandetanib targets vascular endothelial growth factor receptor 2, epidermal growth factor receptor
(EGFR) and the proto-oncogene protein RET and is used to treat metastatic or locally advanced
medullary thyroid cancer'®'%. However, it prolonged the APD50 in rabbit Purkinje fiber at 3 uM
vandetanib with 38.9% increase and the APD90 was prolonged at 1 and 3 pM vandetanib with 31 and
55.6% increase, respectivelylos. In HEK293 cells, vandetanib reduced the hERG current with an ICso of
1.15+£0.02 pM.

Gefitinib is an EGFR inhibitor, and it inhibits the EGFR tyrosine kinase by binding to the ATP-binding
domain of the enzyme resulting in the inhibition of the anti-apoptotic Ras signaling cascade and
eventually the inhibiting of cancer cells'®”. It is used to treat patients with locally advanced or metastatic
non-small lung cancer (NSCLC). Gefitinib binds to the open and closed hERG channels in a
concentration-dependent manner with an ICso of 1.91 uM'%. It accelerated hERG channel inactivation
and decreased steady-state inactivation. Furthermore, 1 — 30 uM gefitinib increased the APD in guinea
pig ventricular myocytes and the QTc in isolated perfused guinea pig hearts in a concentration-
dependent manner.

Furthermore, TKI’s such as bosutinib (ICso= 0.3-0.7 uM), nilotinib (ICso= 0.13 uM), sorafenib (ICso=
>3 uM), sunitinib (ICso= 0.266 uM) and vemurafenib (ICso= 1.24 uM) also showed inhibitory effects
on the hERG channel and showed evidence for an effect on the QTc interval'®. This indicates that
although the development of TKI’s have been a major breakthrough in the cancer treatment, most also
show serious cardiotoxicities.

19



2.6 H1-receptor antagonists

Terfenadine

Terfenadine is a histamine Hl1-receptor blocker, which was used to treat allergies“o. However,
terfenadine has also been studied in anticancer activities as histamine has been documented to regulate
cancer cell proliferation and metastasis'''. Terfenadine has been demonstrated to exert growth-inhibitory
effects and apoptotic activity against neoplastic mast cells, melanoma cells, T-cell acute lymphoblastic
leukemia and prostate cancers'''''*. Terfenadine undergoes extensive first-pass metabolism to produce
an active acidic metabolite called fexofenadine, which has been shown to have no significant effect on
heart rate, QT interval and to have no adverse cardiovascular safety profile''*. However, overdosage or
impaired metabolism of terfenadine resulted in QT-interval prolongation, TdP ventricular arrhythmias,
and sudden death''*'"".

Structure

Terfenadine is a diarylmethane that is metabolized by intestinal CYP3A4 to the active form
fexofenadine''"®. Fexofenadine competitively binds peripheral Hl-receptors, stabilizing an inactive
conformation of the receptor. The chemical name of Terfenadine is C3HuNO, (Figure 15A)'"°.
Fexofenadine is a second-generation, long-lasting selective histamine H1 receptor antagonist'?’. It is a

piperidine-based anti-histamine compound with the chemical name C3,H39O4 (Figure 15B)''.
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Figure 15. Chemical structures of A) terfenadine by Bookwala et. al.''® and B) fexofenadine by Vaghela et. al.’*!

Mechanism of action

Terfenadine preferentially binds to the inactivated state of the hERG channel and both the onset of the
block and recovery from the block are slow, indicating that terfenadine is trapped inside the pore when
the activation gate is shut, prolonging the block'?. Terfenadine interacts with the aromatic residues F656
and Y652 located in the S6 domain and with S624 and T623, which are located at the base of the pore
helix'!’. A docking model predicts that the piperidine N and the two hydroxyl groups of terfenadine are
located nearest the propeller-shaped hydrophilic space formed by the intracellular base of the pore helix
and selectivity filter, where a hydrogen bond is formed to the side chain of S624'%. The model also
predicts two T-shaped m-m interactions with two Y652 and two F656 residues and two additional
hydrophobic interactions with Y652 in the homotetrameric hERG channel. Rampe et. al.'** showed that
fexofenadine does not target the hERG channel'*,

Clinical relevance

A study by Roy et. al.'*® showed that 2 pmol/L terfenadine blocked the steady-state maximum current
at 0 mV by 65% in Xenopus oocytes (Figure 16A and B). This block was dose dependent and equally
potent on the maximal steady-state and tail currents. The binding affinity values (Kq) were 350 and 391
nmol/L, respectively (Figure 16C). The block of hERG current reached a steady-state level within 7
minutes after superfusion with 3 mL/min Ringer’s solution containing terfenadine. The dose-response
curves showed a saturation of the block for concentrations >100 pmol/L. No use-dependent, voltage-
dependent, or gating-dependent block was observed indicating that terfenadine primarily produced a
tonic block in the resting state. The bell-shaped I/V of hERG spreads from -40 to +40 mV, which
encompasses the action potential plateau. Low doses of terfenadine will therefore introduce a regional
decrease of repolarizing outward current through the primary blockage of hERG. As the highest clinical
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concentration of terfenadine in human plasma was reported to be 100 nmol/L'%, the terfenadine K4 value

of 350 nmol/L seems to be physiologically relevant'?,
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Figure 16. Graphs by Roy et. al.'*® showing the effect of terfenadine on Xenopus oocytes.

A) Control current recordings from a holding potential of —80 mV and step pulses from —60 to +40 mV in 10-mV
increments in Xenopus oocytes.

B) 2 pmol/L terfenadine reduced both the steady-state and tail currents and the steady-state maximum current was blocked at
0 mV by 65% in Xenopus oocytes.

C) Dose-response curves for steady-state and tail hERG currents, generated Kq values of 350 and 391 nmol/L, respectively.

Other H1-receptor antagonists

Loratadine and astemizole are also associated as potent anti-cancer drugs, as loratadine associated with
improved tumor-specific survival for immunogenic tumors and astemizole has been found to arrest the
proliferation of PRC2-driven lymphomas'*"'#¥, However, both have also been shown to block the hERG
channel after they have been associated with QT prolongation and ventricular arrhythmias'?. Loratadine
has been shown to block the hERG current amplitude with a mean ICsy of 173 nM''®, whereas astemizole
blocked the hERG current with a half-maximal block of 0.9 nM'*°.

2.7 Macrolides

Erythromycin

Erythromycin (EM) is a macrolide antibiotic, but also has shown to exert antineoplastic activities. EM
has been reported to suppress NF-kB and AP-1 transcriptional activity and decrease intestinal
tumorigenesis in mice, which indicates that EM can be useful as a chemoprotective agent'®.
Furthermore, EM inhibits the proliferation and induces apoptosis of cancer cells with high hERG
channel expression, and it induced leukemia cell death in both myeloid and lymphoid cells by
modulating the autophagic flux through inhibition of hERG1 potassium channels'*"'**. However, EM
has also been reported to cause QT prolongation and torsade de points in humans, which might be
indicating that EM not only inhibits hERG in cancer cells but also in ventricular myocytes'**™'**.

Structure

Erythromycin is a broad-spectrum, macrolide antibiotic with antibacterial activity *". The bacteriostatic
antibiotic drug is produced by a strain of Saccaropolyspora erythraea with the chemical name
C37He7NO 3 (Figure 17)"37:138,

136
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Figure 17. Chemical structure of erythromycin by Winnicka et. al.'3

Mechanism of action

The blockage of the hERG channel by EM takes place during the open state of the hERG'*. EM is
unlikely to fit inside the channel’s inner cavity as the structure of EM is very bulky, so the blockage
with the inactivated or closed channel is highly unlikely. The aromatic residue F656 is accessible to EM
when the channel is in the open state and shown to play a role in the inhibition of hERG by EM. Guo
et. al.'** showed that the F656 residue was a critically determinant of the temperature-dependent block
of the hERG current by EM, while Duncan et. al."** found that the blockage is only partially dependent
on this residue. Duncan et. al."*° could not explain the found discrepancy, but they thought it might had
to do something with the marked current run-up used in the sample by Guo et. al.'*’. The block is not

significantly dependent on the Y652 residue'.

Clinical relevance

A study by Daleau et. al.'*' showed that 10 mol/L EM caused a significant increase in MAPDy, of
40+7 ms in isolated, buffer-perfused guinea pig hearts. The effects of EM were time-related and fully
reversible upon removal of the drug. The effect of EM on the observed MAPDy, was observed at a
concentration of 10 mol/L or 75 mg/L EM, which is in line with the concentration reached during rapid
intravenous injection of 1g EM in humans'**. Furthermore, most EM-induced TdP cases have been
observed after rapid intravenous injection of 1 g EM every 6 hours'* or 1 g EM thrice a day over 90
minutes'*. Additionally, 10 mol/L EM decreased the time-dependent outward K" current elicited by
short depolarizations (250 ms) to low depolarizing voltages (-20 to 0 mV) in isolated guinea pig
ventricular myocytes. This outward time-dependent K current had characteristics similar to Ik, and the

selective block of this current explains the effects of EM on cardiac repolarization'*.

These effects of EM on cardiac repolarization were also seen in a study by Stanat et. al.'**. They showed
a concentration-dependent reduction in the hERG current in HEK293 cells stably transfected with hERG
in the presence of 25 and 250 pM EM (Figure 18A). The higher drug concentration produced an
increased inhibition of the evoked current, as well as the induction of a time dependent block during a
depolarization step. The concentration-effect relationship was fitted with an ICso of 38.9+1.2 uM. 25,
40 or 250 uM EM significantly reduced the current integral of a voltage protocol mimicking the time
course of the hERG current evoked by a cardiac action potential in vivo (Figure 18B). Furthermore, the
percentage of block was significantly smaller at -20 mV compared to the level of block at +60 mV with
250 uM EM. However, at voltages where hERG channel activation becomes maximal, the level of
channel blockage was not significantly voltage dependent. As less blockage was observed with less
positive voltages, EM may bind to open channels with rate constants that are not markedly voltage
dependent. Serum concentrations of 41 uM EM have been documented after intravenous administration
of 900 mg EM'. Stanat et. al."*® found an ICsy of 38.9 uM for EM-induced blockage of hERG tail
currents and even 25 uM EM produced a significant reduction in the total current evoked by a simulated
action potential, which indicates that plasma concentrations of EM commonly achieved by intravenous

administration will also produce a significant blockage of the hERG channels'®.
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Figure 18. Graphs by Stanat et. al.'** showing the effect of EM on HEK293 cells stably transfected with hERG

A) A concentration-dependent reduction in the hERG current in HEK293 cells stably transfected with hERG in the presence
of 25 and 250 uM EM. 500 ms step depolarization to +10 mV activated the hERG current, after which a 500 ms step to -40
mV invoked a tail current.

B) Mean reductions in current integral for 25, 50 and 250 pM EM.

C) The voltage dependent block of EM was significantly smaller at -20 mV compared to the level of block at +60 mV with
250 uM EM.

Other macrolides

The macrolides clarithromycin and roxithromycin have been reported to cause QT prolongation and
ventricular arrhythmias and they showed a concentration-dependent inhibition of the hERG current with
an ICso of 32.9 mM and 36.5 uM, respectively'**. Both have also shown antitumor effects in in vitro
studies. Clarithromycin has been shown to regulate autophagy, which sustains cell survival and
resistance to chemotherapy in cancer'®’. It inhibits the growth of human colorectal cancer cells by
affecting the autophagic flux and triggering apoptosis. Clarithromycin binds to the hERG channels
thereby impairing the signaling pathway linking hERG and PI3K'**. Roxithromycin reduced the tumor
size of mouse B16BL6 melanoma cells and significantly inhibited pulmonary metastasis of B16BL6

cells indicating that roxithromycin has potent antiangiogenic and antitumor effects'*.

2.8 Hormone therapy

Tamoxifen and endoxifen

Tamoxifen (TAM) is nonsteroidal antiestrogen commonly used to treat estrogen-dependent breast
cancer'’. TAM competes with 17B-estradiol (E») at the receptor binding site and blocks the promotional
role of E, in breast cancer'*®. However, TAM is associated with QT interval prolongation and TdP'**!>°,
TAM undergoes extensive hepatic metabolism in humans by the cytochrome P450 enzyme system into
several metabolites including endoxifen (END)"*'. Endoxifen is the most active metabolite of TAM and
binds about 100 times more strongly to the estrogen receptor than TAM'**!%3, As END is the metabolite
of TAM and TAM is associated with QT interval prolongation and TdP, END might also show

cardiotoxicity.

Structure
Tamoxifen is a nonsteroidal antiestrogen and a tertiary amino compound derived from a hydride of a
stilbene'**. The chemical name of tamoxifen is C26H20NO (Figure 19A)'%. Endoxifen is also called 4-

23



Hydroxy-N-desmethyltamoxifen and a stilbenoid'*’. The chemical name is C2sH,7NO, (Figure
19B)"7.

/Nv\o 7\

OH
Figure 19. Chemical structures of A) tamoxifen by Filippis et. al.!’® and B) endoxifen by Ahmad et. al.’*

Mechanism of action

TAM blocks the hERG channel in the open and/or inactivated state, whereas closed state block is
minimal'*®. As the binding site is only accessible for TAM when the channel is in the open or inactivated
state, it is likely that mainly open channels are blocked by tamoxifen. Furthermore, unblocking is very
slowly, which might indicate that TAM is trapped in the channel after inactivation. END has shown to
block the hERG channel in both the open and inactivated states and the inhibition was reversible,
indicating that END might not be trapped after inactivation of the channel'®. However, the molecular
determinants of the hERG blockage by both drugs is still not elucidated. Furthermore, both TAM and
END also inhibit the trafficking of the hERG channel protein to the plasma membrane, indicating that
TAM and END inhibit the hERG channel currents in two ways'”. As it is not elucidated how the drugs
exactly inhibit either the direct blockage or the channel trafficking, further research is necessary to
unravel the mechanism of actions of the hERG current inhibition by TAM and END.

Clinical relevance

A study by Thomas et. al."*® showed that 10 and 100 uM TAM inhibited the hERG tail currents in
Xenopus laevis oocytes and the ICs for block of tail currents was 45.3 pM (Figure 20A and B). The
onset was fast as the hERG channel block occurred within 9 minutes after addition of 100 uM TAM.
The blocking effect was partially reversible within 20 minutes of washout. The hERG current voltage
relationship showed that the peak tail currents were blocked by 56.8+14.2% after exposure to 50 uM
TAM (Figure 20C). Only minimal changes in the time constant for hERG channel inactivation were
observed with 50 uM TAM. A wash in of 100 uM TAM for 30 minutes caused a time-dependent
increase of block to about 60% at 1000 ms (Figure 20D). This is in line with a very fast block of the
open or inactivated hERG channels. In Xenopus oocyte expression systems, higher concentrations for
drugs are necessary than for mammalian HEK293 cells, which is also shown by Liu et. al.'®® who found
an ICso value between 1 and 3.3 uM TAM in mammalian cardiomyocytes. TAM plasma levels are
between 0.54 and 2.0 pM during breast cancer treatment'®"'? and during high-dose therapy, the
concentrations have been reported to reach up to 1.56-7.0 uM TAM'*'%*_ This is in line with the ICso
found for the blockage of hERG by TAM'®, indicating that the inhibition of the hERG channel by TAM
might be of physiological relevance.
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Figure 20. Graphs by Thomas et. al.'> showing the effect of TAM on Xenopus laevis oocytes.
A) Current traces were recorded under control conditions and an inhibition was recorded after superfusion with 10 and 100

puM TAM. The currents were elicited by a depolarizing pulse to +20 mV. Tail currents were recorded during a step to -40
mV.

B) The concentration-response curve on the hERG peak tail currents showed an ICso of 45.3 pM.
C) Peak tail currents were blocked by 56.82% after exposure to 50 uM TAM.
D) 100 pM TAM caused a time-dependent increase of block to about 60% at 1000 ms on a logarithmic scale.

A study by Chae et. al.’®® showed that 0.3, 1.3, 10 uM END inhibited hERG tail currents in a
concentration-dependent manner at -50 mV with an ICsp of 1.6+0.2 pM in an hERG-HEK293
recombinant cell line (Figure 21A). For TAM, they found an ICsy of 1.2+0.1 uM, which was in line
with the ICso found by Liu et. al.'® for TAM. This indicates that both END and TAM are similar in
inhibiting the hERG tail currents, The I-V relationships was determined and showed that 1 uM END
reduced the hERG amplitude of all hERG currents between -50 to +60 mV (Figure 21B). Furthermore,
END shifted the Vi, of the activation curve in a hyperpolarizing direction (Control: -30.1 mV, END: -
34.6 mV) and the voltage-dependent inhibition of hERG increased from 21.8+£2.2% at -30 mV to
39.9£1.1% at 0 mV. This indicates that END preferentially interacts with the activated state of the hERG
channel. A voltage-clamp experiment showed that fast application of 0.3, 1, 3 and 10 uM END caused
a rapid and reversible inhibition of the tail currents in a concentration-dependent way (Figure 21C).
This suggest that END inhibits the hERG currents by binding to the channels when they are in the open
state. On top of this, 3 and 10 pM of TAM or END showed a significant reduction in the fully
glycosylated hERG channel protein, indicating that both inhibit the protein trafficking of the hERG
channels (Figure 21D). As the plasma concentrations of TAM ranged from 0.54 to 2.0 uM and with
high-dose therapy could reach up to 7.0 uM'®'"'%, the 1Cso of 1.2 uM found for TAM and of 1.6 uM
found for END are in a clinically relevant range of therapeutic concentrations'>’
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Figure 21. Graphs by Chae et. al.'> showing the effects of END and/or TAM in an hERG-HEK293 recombinant cell line.

A) Whole-cell hERG currents were elicited by a 4-s depolarizing pulse to +20 mV from a holding potential of —80 mV every

15 s, after which repolarization took place to =50 mV for 6 s to generate hERG tail currents. 0.3, 1, 3 and 10 pM END inhibited
hERG tail currents in a concentration-dependent manner at -50 mV.

B) Current—voltage relationships of the steady-state currents under control conditions and after application of END showed that
1 uM END reduced the hERG amplitude of all hERG currents between -50 to +60 mV.

C) Fast application 0f 0.3, 1, 3 and 10 uM END caused a rapid and reversible inhibition of the tail currents in a concentration-
dependent way. The cells were depolarized to +60 mV for 1 s from a holding potential of —80 mV, followed by a repolarizing
pulse to —40 mV for 10 s.

D) Immunoblotting showed that 3 and 10 pM TAM and END inhibited hERG channel protein trafficking as reduction in the
band intensity was observed for the fully mature channel protein (155 kDa) for 3 and 10 uM TAM or END. This reduction in
band intensity was not seen for the core-glycosylated channel protein (135 kDa). The immunoblot analysis was conducted using
anti-hERG antibody. a-Tubulin was used as a loading control, and fluoxetine was used as positive control.

3. Discussion/conclusion

Over the years, tremendous progression in development of cancer treatments has taken place, which
changed the view of cancer to a more chronic disease'. However, anticancer drugs can lead to drug
induced arrhythmias by blocking the human ether-a-go-go related gene (hERG) potassium channel’,
thereby prolonging the corrected QT (QTc) interval®. In this review, different chemotherapeutic groups
were assessed to find out what the mechanism of action of the hERG channel inhibition was. The two
mechanisms to inhibit the hERG channel that came forward were either direct blockage of the hERG
channel or inhibiting the trafficking of the fully glycosylated hERG channels to the cell surface'’.

Blockage of the channel was most often done by the binding of the drug to the aromatic residues F656
and Y652, which are located in the pore-S6 region of the hERG channel, although the blockage was less
dependent on binding to Y652*%6%!% If the drug compounds were small enough, they could even be
trapped inside the binding pocket after inactivation of the channel®. This leads to a longer inhibition
which will make the patient more prone to arrhythmias. The drugs that directly bind to the hERG channel
using the residues F656 and Y652 were amsacrine (m-AMSA), imatinib mesylate (IM), terfenadine and
erythromycin (EM). Terfenadine also bound to the aromatic residues S624 and T623, which are located
at the base of the pore helix, while erythromycin only bound to F656 as it was too bulky to fit inside the
hERG pocket. M-AMSA binds to the hERG channels when they are in an open and/or inactivate state
and binds to F656 and partially to Y652. IM and EM only bind to the hERG channels in an open state,
but IM binds to both aromatic residues, whereas EM binds to F656 but only partially to Y652. In
contrast, terfenadine only binds to the inactivated state of hERG and this compound binds to both F656
and Y652. No conclusions can be drawn from these different drug bindings. Therefore, unraveling how
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these drugs bind to the hERG channel will help to make new chemotherapeutic compounds that cannot
bind to the F656 and Y652 residues and thus may not block the hERG channel. Tamoxifen (TAM) and
its metabolite endoxifen (END) also directly bind to the hERG channel, although its mechanism of
action is not elucidated yet. As TAM binds to both the open and inactivated states of the channel and is
might be trapped after inactivation, this compound shows similar characteristics to the binding of m-
AMSA to the hERG channel. Therefore, it might be possible that TAM also binds to F656 and only
partially to Y652 just like m-AMSA. END also binds to both the open and inactivated states of the
channel, but it might not be trapped after channel inactivation. This mode of action is not seen with the
other drugs, so no hypothesis can be drawn for the mode of action of hERG binding by END. As all
drugs are from different chemotherapeutic groups, it indicates that the residues F656 and Y652 are a
common binding site for the drugs and further research, such as structural and docking studies, should
be performed to elucidate what molecules bind to these residues.

Inhibiting the trafficking of the fully glycosylated hERG channels to the cell surface was most often
done by inhibiting the heat shock protein 90 (Hsp90)*’. This protein together with Hsp70, interacts with
the core-glycosylated form of the hERG channel cytosolic chaperones heat shock protein (Hsp) Hsp70
and Hsp90 interact with the core-glycosylated hERG channel, but not with the fully glycosylated, cell-
surface form of hERG indicating that Hsp90 and 70 are both crucial for the maturation of hERG. The
drugs that inhibit the trafficking of the hERG channel are Arsenic Trioxide, geldanamycin, tamoxifen
and endoxifen. However, the drugs differently target Hsp90 as arsenic trioxide interacts with the thiol
pair in the middle segment of Hsp90 leading to the inhibition of the binding of Hsp90 to the core-
glycosylated form of hERG", while geldanamycin binds to ATP-specific binding site of Hsp90
inhibiting the ATPase cycle of Hsp90 and degradation of the Hsp90-substrates®. Furthermore,
geldanamycin prevents the formation of the Hsp90-hERG complexes by blocking the functionally
important ATPase activity of Hsp90. This prevents the maturation of the hERG channels into the fully
glycosylated cell surface form, so geldanamycin increases proteasomal degradation of hERG channels
and inhibits the formation of Hsp90-hERG complexes preventing the maturation of the channels®. How
tamoxifen and endoxifen inhibit the trafficking of the hERG channels has yet to be unraveled, but Hsp90
might also play a role in this inhibition. These drugs are again from different chemotherapeutic groups
and even the geldanamycin derivate 17-AAG also accelerates the degradation of immature hERG
protein through Hsp90 inhibition, but does not lead to prolonged QTc interval and arrhythmias’.
Unraveling this mechanism and what role the chemical structure plays in this, might give more answers
how to design the new anticancer treatments without inducing QT prolongation and arrhytmias.

For the drugs, lapatinib, crizotinib, tamoxifen and endoxifen are the mechanism of inhibition still not
elucidated. As lapatinib and crizotinib are both tyrosine kinase inhibitors (TKI’s) and a lot of TKI’s
have been found to inhibit the hERG channel'”, elucidating the mechanism of inhibition in this
chemotherapeutic group and comparing the chemical structures with each other might give more
information into the mechanism of action of the inhibition. The chemical structures of lapatinib,
crizotinib and imatinib are all long chains of aromatic rings, which could easily fit into the binding
pocket of hERG. As imatinib mesylate has shown to bind to the F656 and/or Y652 residues, lapatinib
and crizotinib may also bind to hERG in the same way due to their similar chemical structure. Further
research could elucidate the specific molecules that are involved in this binding in order to design new
TKI’s that do not bind to the hERG channel.

Drugs that inhibit the hERG channel but have not shown to prolong the QT interval, such as 17-AAG
for example, should still be carefully monitored when used as treatment as most agents will be given
simultaneously and if two agents are used that both inhibit the hERG channel but not induce QT
prolongation, simultaneously they could induce arrhythmias. On top of this, many cytotoxic agents, and
targeted therapies for cancer treatment, also have an effect on the cardiovascular system'®*. One reason
for this, is that many agents do not only target the tumor, but also reach targets in other systems, such
as the heart. A patient that undergoes cancer therapy has a substantial risk for the deterioration of their
cardiovascular health. If this patient is older, the chance they already have some sort of cardiovascular
problems, is very high. These problems can thus be worsened by the cancer therapy, which can lead to
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life-threatening situations. Agents that target the hERG channel but do not induce arrhythmias in a
healthy population, could therefore induce arrhythmias in older patients.

In short, chemotherapeutic agents that cause QT prolongation and arrhythmias inhibit the hRERG channel
by either binding to the F656 and/or Y652 aromatic residues in the binding pocket of hERG creating a
direct blockage of the channel or inhibiting the trafficking of the fully glycosylated hERG channels to
the cell surface by inhibiting the hERG-Hsp90 complex formation. Further research should be
performed to elucidate the exact molecules that bind to the residues in the binding pocket and new
chemotherapeutic agents should be studied for Hsp90 inhibition, which may lead to hERG channel
degradation. Agents that target the hERG channel but do not induce arrhythmias should still be carefully
monitored in older patients as they have an increased risk of proarrhythmogenic events indicating that
every new chemotherapeutic agent should be studied for their potential inhibitory effect on the hERG
channel and elucidating the mechanism of the inhibition will make the development of new
chemotherapeutic agents safer, even for the aging population.
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