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ABSTRACT

A growing number of targeted anticancer agents has shown the unexpected ability to induce QT interval prolongation. In addition,
standard chemotherapeutics and a variety of conditions such as electrolyte abnormalities, endocrine disorders, cardiac diseases,
nutritional disturbances and other factors may be associated with long QT syndrome in cancer patients. Prolongation of the QT
interval can lead to life-threatening ventricular arrhythmias, including ‘torsade de pointes’ (TdP). The association between long QT
interval and ventricular arrhythmias remains the subject of many controversies.

The QT interval represents the time interval of both ventricular depolarization and repolarization. Not only abnormalities of ion
channels, but also changes in the myocardial microarchitecture and other factors and disorders frequently seen in cancer patients
may participate in its prolongation and potential risk of ventricular arrhythmias.

The aim of this review was to summarize current knowledge about QT prolongation in cancer patients with the special focus on
targeted therapy.
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INTRODUCTION

More than thirty antineoplastic drugs have been shown to
cause prolongation of the QT interval and increased risk of
life-threatening ventricular arrhythmias, specifically TdP in
cancer patients (tab. 1). In the era of targeted therapy this prob-

lem becomes increasingly important.

Additionally to mechanisms leading to the long QT syndrome
in cancer patients, several anticancer drugs without QT pro-
longation effects may increase the proarrhythmic potential in-
directly by causing myocardial ischemia, edema, hemorrhage,
myocarditis, congestive heart failure, left ventricular hypertro-
phy, bradyarrhythmia, complete atrioventricular block or elec-

trolyte abnormalities [1].

Also, numerous drugs used in the supportive care of cancer pa-
tients such as antimicrobials, antidepressants, antiemetics and
others are associated with QT prolongation. A number of them

can affect ion channels.

Potentially life-threatening ventricular arrhythmias can occur
especially when multiple hits contribute to the proarrhythmic
state. The loss of myocardial cells, fibrosis, edema, hemorrhage,
ischemia and reduced intercellular coupling caused by antineo-
plastic agents in the presence of abnormalities of the ion chan-

nels can potentiate the risk of arrhythmias.

TABLE 1.
Antineoplastic drugs with known and potential QT prolongation [31, 57].

Anthracyclines Tyrosine kinase inhibitors

Doxorubicin

Daunorubicin Dasatinib
Epirubicin Nilotinib
Idarubicin Lapatinib
Alkylating agents Pazopanib
Cyclophosphamide Sunitinib
Ifosfamide Sorafenib
Antimetabolites Vandetanib
5-Fluorouracil Bosutinib
Methotrexate Ceritinib
Immunosuppressants Crizotinib
Tacrolimus

Microtubule inhibitors FLT3 inhibitors

Eribulin mesylate Quizartinib
Platinum-based agents BRAF inhibitors
Oxaliplatin Dabrafenib
Cisplatin Vemurafenib

Intercalating agents Proteasome inhibitors

Amsacrine Bortezomib

GnRH agonists/antagonists | Histone deacetylase inhibitors
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. Vorinostat
Degarelix )

. Panobinostat
Leuprolide . )

Romidepsin

SERMs Other antineoplastics
Tamoxifen ... ¥

. Arsenic trioxide
Toremifene

GnRH - gonadotropin releasing hormone, SERMs - selective estrogen receptor
modulators.

AIM

The aim of this review was to summarize current knowledge
about long QT syndrome in cancer patients with the special fo-
cus on targeted therapy as well as some aspects that were not
previously covered. We also aimed to assess the evidence re-

garding severity of QT prolongation in cancer patients.

METHODOLOGY

A systematic literature search was performed for the period
of January 1975 and December 2015, using databases such as
Pubmed/MEDLINE and Cochrane. Examples of keywords used
included torsade de pointes, sudden cardiac death, ECG moni-
toring, cancer patients, QT prolongation, targeted therapy, ty-
rosine kinase inhibitors, monoclonal antibodies.

Two reviewers independently assessed the eligibility of the ar-
ticles and abstracts identified by the search. We excluded pub-
lications where the association between long QT interval and
TdP/VT was not clearly defined.

TARGETED THERAPY ASSOCIATED
WITH LONG QT SYNDROME

Tyrosine kinase inhibitors
Targeted drugs were initially expected to be safer than tradi-

tional chemotherapies, but unfortunately, cardiotoxicity issues
have emerged [2]. The cardiotoxicity of tyrosine kinase inhib-
itors (TKIs) can be missed by the standard preclinical assess-
ment methods such as hERG testing in in vitro studies or testing
in animal studies [3].

However, QT prolongation has been observed with several
TKIs. Sunitinib, vandetanib and pazopanib have been associ-
ated with the occurrence of TdP, nilotinib and vandetanib with
sudden cardiac death [4-7]. Black box warning regarding long
QT syndrome, TdP and sudden death has been approved for

nilotinib and vandetanib [4, 8].
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In a recent meta-analysis with 6548 patients, Ghatalia et al.
reported an 8.66-fold increase in the risk of all grades of QT
prolongation and a 2.69-fold increase in the risk of high-grade
QT prolongation in patients exposed to TKIs [9]. Higher risk of
QT prolongation was associated especially with vandetanib and
sunitinib. The risk of prolonged QT interval with TKIs in this
study was greater at higher doses which becomes increasingly
important considering possible concomitant medication with
the other drugs that have their own QT prolongation poten-
tial [9]. Based on the data from some authors, QT prolongation
associated with vandetanib varies from 0.4% to 18% and from
3.7% to 8% for grade 3—4 QT prolongation [10, 11]. The mean
QTF change from baseline for the standard dose was 35 ms and
remained above 30 ms during the trial (up to 2 years) [8, 11].
According to the FDA database TdP has been observed in 0.1%
of patients treated with vandetanib [12].

The QT prolongation effect was originally assumed to be due to
the inhibition of I current. However, not all TKIs prolong the
QT interval and not all TKIs block I, at therapeutic concentra-
tions [13]. Long QT syndrome induced by TKIs is caused by the
inhibition of the phosphatidylinositol 3-kinase (PI3K) signalling
pathway which is known to affect multiple ion channels [14]. As
a result, abnormalities of several ion currents may be involved
(tab. 2) [15]. Interestingly, when compared with other TKIs,
nilotinib causes weaker inhibition of I and it blocks also I
current which could partially explain why is nilotinib associated

with higher risk of ventricular arrhythmias.

Decrease in myocytes viability and their loss is also induced by
some of TKIs [16]. In the study by Freebern et al., dasatinib,
which is known to cause only mild QT prolongation, did not
decrease cardiomyocytes viability neither resulted in their loss
[17]. On the other hand, nilotinib associated with the risk of
sudden death, significantly affected these characteristics [15,
17]. Sunitinib also induced mitochondrial injury and the loss
of cardiomyocytes in mice and in cultured rat myocardial cells
[18]. These experimental results demonstrate that some of the
TKIs directly induce loss of cardiomyocytes. In a preclinical
model, lapatinib caused a significant increase in cardiac fibrosis

in contrast to control mice [19].

Ponatinib, a novel multi-targeted TKI, has been associated with
cardiovascular toxicities such as myocardial infarction, severe
congestive heart failure and cardiac arrhythmias [3]. During
phase 1 trial of ponatinib, treatment related QT prolongation
was observed in 7,7% (n = 3) of patients, mostly in the presence

of concomitant medication [20].

2016/Vol. 6/Nr 3/A1(B—M2

edical Education. For private and non-commmercial use only. Downlogéygo

QT prolongation due to targeted anticancer therapy
L. Setteyova, L. Bacharova, B. Mladosievicova

In study by Talbert et al. ponatinib potently inhibited pro-sur-
vival signalling pathways, caused structural cardiotoxicity
including cell death, an increase in troponin and induced dis-
ruption of cardiac cell beating. In addition, prolonged therapy
with ponatinib in lower doses also caused significant structural

damage [3].

TABLE 2.
Direct effects of anticancer drugs on lon channels.

I lon channels
Drug class —
I Depolarization

Repolarization

Na NaL CaL Kr Ks

Anthracyclines

Doxorubicin _ 1591

l (591

| Daunorubicin

I_Epirubicin

Idarubicin

Platinum-based
agents

Oxaliplatin 1 o0l

Intercalating
agents

Amsacrine

SERMs

Tamoxifen

l [62]

l [63]

l [63]
l [64]

Toremifene

TKis

Dasatinib Lon
l[]S]
l[M]
l[15]
l[lS]

l [65]

Crizotinib - 09l

l[15]
l[14] T (141

L o8t _ns)

l [15]
l 4]
l (5]
l [ns]

_ [65]

Nilotinib Lo

Sunitinib

Erlotinib 1o _ns)

_ [65]

Lapatinib 169

HDAC inhibitors

Panobinostat

Other
antineoplastics

ATO T [66]

l [67] l[67]
INa - peak sodium current, INaL - late sodium current, ICalL - L-type calcium cur-
rent, IKr - rapid component of the delayed rectifier potassium current, IKs - slow
component of the delayed rectifier potassium current, SERMs - selective estrogen
receptor modulators, TKIs - tyrosine kinase inhibitors, HDAC - histone deacetylase
inhibitors, ATO - arsenic trioxide, T - activation, I - inhibition, - - no effect.
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BRAF INHIBITORS

Small-molecule BRAF inhibitors allowed great advances in
therapy of various malignancies. The reported rate of QT pro-
longation in patients treated with vemurafenib varies from 7%
to 11%, 1-2% of patients in these studies experienced QT pro-
longation of more than 500 ms [21, 22]. So far, no case of TdP
induced by BRAF inhibitors has been documented.

Proposed mechanisms of cardiotoxicity include an increase
in cAMP activity and phosphorylation of hERG channels and
resulting decrease in their function. The other hypothesized
mechanism is down-regulation of hERG channel protein quali-

ty and quantity [23].

FLT3 Inhibitors

Quizartinib is a novel potent second-generation small molecule
TKI designed as a specific inhibitor of the fms-like tyrosine ki-
nase 3 (FLT3).

In a phase I trial out of 76 patients treated for relapsed or re-
fractory acute myeloid leukemia (AML) 12% patients developed
prolonged QT and 5% of patients were diagnosed with grade 3
(> 500 ms) QT prolongation which led to the reduction of dose
of quizartinib from 200 mg per day to lower doses in subsequent
phase II trials [24]. The phase II study enrolled 76 patients with
relapsed or refractory (AML) randomized to use either 30 mg
or 60 mg of quizartinib per day [25]. The occurrence of grade
2 QT prolongation was 11% in the 30 mg arm, 17% in the
60 mg arm and grade 3 QT prolongation was 3% in both arms.
There was no grade 4 QT prolongation. The mean maximum
QT prolongation was 31.5 ms vs 39.7 ms in 30 mg and 60 mg
arms respectively [25]. Prevalence of QT prolongation from two
cohorts which included 134 and 137 patients was 25-26% [26,

27]. The mechanism of QT prolongation is unknown.

Proteasome inhibitors
Isolated cases of QT prolongation in clinical studies have been

reported, however, several trials tested bortezomib in combi-
nation with histone deacetylase inhibitors which also possess
QT prolongation potential [28, 29]. Therefore, causality needs

further investigation.

In clinical trial with 11 patients treated for relapsed or refrac-
tory acute myeloid leukemia two patients developed long QT
syndrome, one followed by TdP [30]. As a result, the Arizona
Center for Education and Research on Therapeutics (AzCERT)
listed bortezomib as drug with possible TdP risk [31].
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Proteasome inhibition may induce loss of cardiomyocytes
via endoplasmic reticulum stress and ischemic complications
caused by the destabilization of atherosclerotic plaque [32, 33].

Direct effect on specific ion channels is unknown.

Histone deacetylase inhibitors
QT prolongation resulting into TdP and several cases of unex-

pected death has been reported with romidepsin [34].

In a phase II trial with romidepsin, the mean QT prolongation

was 14.4 ms when compared with the baseline values [35].

Panobinostat has obtained black box warning regarding severe
arrhythmias, ECG changes and severe and fatal cardiac ischemic
events [36]. According to the package insert, QT prolongation
with values between 451 and 480 ms was detected in 10.8% of
patients, values between 481 to 500 in 1.3% of patients [36]. The
overall incidence of QT prolongation > 500 ms is approximately
1% overall and 5% and more at higher doses [36]. Vorinostat was
reported to cause long QT syndrome and TdP, interestingly, in
preclinical study it showed only little effect on hERG channels
and in QT phase I study single supratherapeutic dose of vori-
nostat did not prolong QT interval [37-39]. The incidence of
QT prolongation associated with vorinostat is 3.5-6% [40].

In a phase I study of vorinostat in combination with bortezo-
mib, among 23 patients 6 patients developed QT prolongation,
however, only one patient had QT greater than 500 ms [28].

Since some of HDAC inhibitors were documented to inhib-
it hERG channels, hERG inhibition has been proposed to be
a class effect [41]. In preclinical studies, romidepsin has been
reported to produce direct myocardial injury with cardiac en-
zyme elevation, myocardial inflammation and epicardial or en-

docardial hemorrhage [42].

RECOMMENDATIONS FOR QT
EVALUATION DURING TARGETED
THERAPY

Despite the unknown prevalence of drug-induced TdP in cancer
patients, the potential risk can be reduced by carefully obtain-
ing the patient’s medical history or by treatment of disorders,
such as bradycardia, thyroid dysfunction or cardiovascular dis-

ease and electrolyte dysbalancies [43].

According to expert-opinion Clinical Practice Guidelines of Eu-

ropean Society of Medical Oncology published in 2012 in An-
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nals of Oncology, a standard 12-lead ECG should be recorded
before anticancer treatment with potential cardiotoxicity and
the QT time should be corrected for heart rate (QT) with Ba-
zett’s formula (QT = QT/VRR) [43]. Recommendations for QT
evaluation during and after potential cardiotoxic anticancer

therapy are not included in this document.

Recently, detailed clinical recommendations for monitoring of
patients receiving targeted anticancer drugs, such as vorinostat,
romidepsin, dasatinib, nilotinib sunitinib, pazopanib, vande-
tanib and arsenic trioxide to prevent QT interval prolongation
and TdPs were published by Yeh et al. [44]. According to these
authors risk factors leading to QT prolongation should be care-

fully identified and eliminated when possible [44].

DISCUSSION

The association between long QT interval and ventricular ar-
rhythmias remains the subject of many controversies. QT pro-
longation induced by anticancer agents is not rare. In the study
by Cipolla out of 700 patients who had normal QT in the base-
line 15-20% patients developed prolonged QT during chemo-
therapy [45]. However, even increase in QT interval more than
60 ms over baseline was not associated with the occurrence
of ventricular arrhythmias [45]. A high percentage of patients
(35%) with a baseline long QT normalized QT interval during
chemotherapy. This author concluded that QT prolongation is
more probably the manifestation of cardiological comorbidity

than the effect of chemotherapy.

It seems that the occurrence of TdP associated with the pro-
longation of the QT interval is presumably low. The estimated
incidence of torsade de pointes (TdP) caused by non-antiar-
rhythmic drugs varies from < 1 in 10 000 to 1 in 100 000 cases
[46]. Yet, some fatal cases of TdP have been associated with the
presence of risk factors. In the study of Zeltser et al. from re-
ported 249 cases with TdP induced by non-cardiac drugs all pa-
tients had at least one predisposing risk factor and 71% of these
patients had two or more risk factors [47]. The most frequent
risk factor for TdP in this study was female gender (71%) [47].

Moreover, there are several criteria for evaluation of the QT in-
terval (tab. 3). An increase in QT/QTc to > 500 ms or > 60 ms
over baseline value has been associated with the risk of TdP and
according to the FDA International Conference on Harmoniza-
tion E14 (ICH E14) guidance document it is also the threshold
for potential discontinuation in QT studies [48]. Published cri-

teria are not uniform in terms of evaluation of the QT interval
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on the basis of gender. European Regulatory Guidelines defined
values 450-470 ms in women as borderline QT interval. How-
ever, recent statement of ICH E14 concerning clinical evalua-
tion of QT interval prolongation proposed unified approach
without the specification of QT values according to the gender

by the fact that it is irrelevant to larger durations [49].

By the definition, the QT interval represents the time of depo-
larization and repolarization of the ventricles. Therefore, alter-
ation in both depolarization and/or repolarization can contrib-

ute to QT prolongation.

Evidence of the effects of anticancer drugs on the ion chan-
nels, especially the hERG (human ether-a-go-go-related gene)
inhibition has been published [50, 51]. Recently, it has been
documented that inhibition of the hERG potassium channel
prolongs equally both early and late repolarization. On the con-
trary, additional inhibition of the L-type calcium current (I_)
and/or late sodium current (I ) preferentially shortens early
repolarization and thus mitigates the torsadogenic risk [52].
This could contribute to the understanding of drugs that are

associated with QT prolongation, but rarely lead to TdP.

However, there is a little information about the effect of anti-
cancer drugs on QRS complex representing the ventricular de-
polarization. It is documented that not only the abnormalities
of ion channels, but also other factors on the level of intercel-
lular communication can create the substrate for triggering and
maintaining ventricular arrhythmias. A loss of myocardial cells,
edema, hemorrhage, ischemia, fibrosis and intercellular uncou-
pling could also be involved in arrhythmogenesis. In combina-
tion with multiple channel hit it could explain why some QT
prolonging agents are associated with ventricular arrhythmias

and other are devoid of arrhythmogenic effects.

Separation and distortion of cardiomyocytes caused by in-
terstitial processes such as inflammation, fibrosis, edema or
hemorrhage may lead to abnormal electrical activation (tab. 4).
Cardiac fibrosis contributes to arrhythmogenesis by slowing of
conduction through heterocellular gap junctions between my-
ocytes and fibroblasts [53]. Additional mechanisms are forma-
tion of microreentrant circuits resulting from depolarization
of cardiomyocytes by electrically coupled myofibroblasts and

heterogenous spatial distribution of fibrous tissue [54, 55].
It is well known, that myocardial fibrosis correlates strongly

with an increased incidence of arrhythmias and sudden cardiac

death [55]. An increase in the extracellular volume fraction of
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myocardial fibrous tissue on the level of 3% (evaluated by car-

diovascular magnetic resonance) is associated with a 50% in-

crease in the risk of fatal cardiac events [56].

All of these factors create a potential for the heterogeneity both

on a macroscopic and a microscopic level.

TABLE 3.

Criteria for QT interval prolongation [48, 68, 69].

In addition, variety of conditions such as electrolyte abnor-
malities, endocrine disorders, cardiac diseases, nutritional dis-
turbances and other factors may be associated with long QT
syndrome in cancer patients (tab. 5). Coexistence of them is
a common situation which makes this group particularly sus-

ceptible to QT prolongation.

European Regulatory Guidelines

Men Women
Normal QT <430 ms <450 ms
Borderline QT 430-450 ms 450-470 ms
Prolonged QT > 450 ms >470 ms
National Cancer Institute Criteria for Prolonged QT interval
Gradel QT > 450-480 ms
Gradelll QT > 481-500 ms
Grade lll QT =501 ms on at least two separate ECGs
QT > 501 ms or > 60 ms change from baseline and TdP
Grade IV or polymorphic ventricular tachycardia

or signs/symptoms of serious arrhythmia

International Conference on Harmonization Guidance E14

Absolute QT interval prolongation

Change from baseline value in QT interval

QT > 450 ms

QT increases > 30 ms

QT > 480 ms

QT increases > 60 ms

QT > 500 ms

TABLE 4.

Pathological processes affecting myocardial interstitium.

Drug class

Inflammation

Fibrosis

Hemorrhage Edema

Anthracyclines

Doxorubicin

x 1701

X [71,72]

Daunorubicin

x 1731

x 71,741

Epirubicin

X 1751

X 175

Idarubicin

Alkylating agents

Cyclophosphamide

X (76,77

X 1761

x 77 x 1761

Ifosfamide

X [76]

X [76]

X [76]

Antimetabolites

5-FU

X [78]

SERMs

Tamoxifen

- [80]

TKis

Dasatinib

Crizotinib
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Nilotinib

Sunitinib

Erlotinib

Lapatinib

X 191

Ponatinib

HDAC inhibitors

Romidepsin

x 1421

x 1421

Other
chemotherapeutics

ATO

X [811

X [81]

5-FU - 5-fluorouracil, SERMs - selective estrogen receptor modulators, TKls — tyrosine kinase inhibitors, HDAC - histone deacetylase, ATO - arsenic trioxide.

TABLE 5.
Causes of long QT syndrome.

Congenital long QT
syndromes

[82, 83]

Jervell and Lange-Nielsen syndrome

Romano-Ward syndrome

Andersen-Tawil syndrome
Timothy syndrome

Acquired long QT synd

Electrolyte dysbalancies
[82, 84, 85]

hypocalcemia
hypokalemia
hypomagnesemia

Cardiac diseases
[82, 84, 86]

complete atrioventricular block

congestive heart failure
left ventricular hypertrophy
myocardial ischemia
myocardial infarction
myocarditis
bradyarrhythmia

Endocrine abnormalities
[82, 84, 85]

hyperaldosteronism

hyperparathyroidism
hypothyroidism

pheochromocytoma

romes

Intracranial disorders
[82, 84, 85]

cerebrovascular accident
encephalitis
head injury
subarachnoid hemorrhage
thalamic hematoma

Nutritional disorders
[51, 82, 84]

gastroplasty and ileojejunal bypass

anorexia nervosa
liquid protein diet
starvation
celiac disease

Autoimmune diseases

systemic lupus erythematosus
sjogren’s syndrome
polymyositis/dermatomyositis

[87] . .
systemic sclerosis
rheumatoid arthritis
Medication see: table 1.
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CONCLUSIONS

The effect of targeted therapy on molecular properties of the
heart and the development of life-threatening arrhythmias, in-
cluding TdP, is probably more complex than it is generally ac-

cepted.

Cancer patients may be particularly prone to QT prolongation
because they are exposed to multiple risk factors and comor-
bidities for developing prolonged QT interval. Identifying fac-
tors that may increase susceptibility to this abnormality and its
proarrhythmic potential is of great importance. The true inci-

dence of TdP in cancer patients with prolonged QT interval is

The level of awareness of pathophysiological mechanisms un-
derlying delay of depolarization and repolarization (channelop-
athies and interstitial abnormalities) should be raised. Although
targeted drugs leading to prolonged QT may possess risks of
serious adverse events, the clinical benefit of therapy in the on-

cology setting may outweigh these effects.

Acknowledgment
This manuscript was partially supported by a grant from the

Scientific Grant Agency of the Ministry of Education, Slovak
Republic VEGA 1/0906/14 and Comenius University grant, Slo-

unknown. vak Republic UK/492/2016.

References

1. Tamargo J, Caballero R, Delpén E. Cancer chemotherapy and cardiac arrhythmias: a review. Drug Saf 2015; 38: 129-152.

2. Chen MH, Kerkela R, Force T. Mechanisms of cardiac dysfunction associated with tyrosine kinase inhibitor cancer therapeutics. Circulation 2008;
118: 84-95.

3. Talbert DR, Doherty KR, Trusk PB et al. A multi-parameter in vitro screen in human stem cell-derived cardiomyocytes identifies ponatinib-induced
structural and functional cardiac toxicity. Toxicol Sci 2015; 143: 147-155.

4. Full prescribing information for Tasigna (nilotinib) (package insert): [www.accessdata.fda.gov/drugsatfda_docs/label/2007/022068Ibl.pdf], ac-
cessed: November 8, 2015.

5. Tam CS, Kantarjian H, Garcia-Manero G et al. Failure to achieve a major cytogenetic response by 12 months defines inadequate response in patients
receiving nilotinib or dasatinib as second or subsequent line therapy for chronic myeloid leukemia. Blood 2008; 112: 516-518.

6. Bello CL, Mulay M, Huang X et al. Electrocardiographic characterization of the QTc interval in patients with advanced solid tumors: pharmacoki-
netic-pharmacodynamic evaluation of sunitinib. Clin Cancer Res 2009; 15: 7045-7052.

7. Natale RB, Thongprasert S, Greco FA et al. Phase III trial of vandetanib compared with erlotinib in patients with previously treated advanced non-
-small-cell lung cancer. ] Clin Oncol 2011; 29: 1059-1066.

8. Full prescribing information for Caprelsa (vandetanib) (package insert) [www.accessdata.fda.gov/drugsatfda_docs/label/2014/022405s0071bl.pdf],
accessed: December 6, 2015.

9. Ghatalia P, Je Y, Kaymakcalan MD et al. QTc interval prolongation with vascular endothelial growth factor receptor tyrosine kinase inhibitors. Br |
Cancer 2015; 112(2): 296-305.

10. LiuY, Liu Y, Fan ZW et al. Meta-analysis of the risks of hypertension and QTc prolongation in patients with advanced non-small cell lung cancer
who were receiving vandetanib. Eur ] Clin Pharmacol 2015; 71: 541-547.

11. Wells SA, Robinson BG, Gagel RF et al. Vandetanib in patients with locally advanced or metastatic medullary thyroid cancer: a randomized, dou-
ble-blind phase III trial. ] Clin Oncol 2012; 30: 134-141.

12. Zang], Wu S, Tang L et al. Incidence and risk of QTc interval prolongation among cancer patients treated with vandetanib: a systematic review and
meta-analysis. PLoS One 2012; 7(2): e30353.

13. Dong Q, Fu XX, Du LL et al. Blocking of the human ether-a-go-go-related gene channel by imatinib mesylate. Biol Pharm Bull 2013; 36: 268-275.

14. Lu Z, Wu CY, Jiang YP et al. Suppression of phosphoinositide 3-kinase signaling and alteration of multiple ion currents in drug-induced long QT
syndrome. Sci Transl Med 2012; 4: 131ra50.

15. Doherty KR, Wappel RL, Talbert DR et al. Multi-parameter in vitro toxicity testing of crizotinib, sunitinib, erlotinib, and nilotinib in human cardio-
myocytes. Toxicol Appl Pharmacol 2013; 272: 245-255.

16. Kerkela R, Grazette L, Yacobi R et al. Cardiotoxicity of the cancer therapeutic agent imatinib mesylate. Nat Med 2006; 12: 908-916.

17. Freebern WJ, Fang HS, Slade MD et al. In Vitro Cardiotoxicity Potential Comparative Assessments of Chronic Myelogenous Leukemia Tyrosine
Kinase Inhibitor Therapies: Dasatinib, Imatinib and Nilotinib. Blood (ASH Annual Meeting Abstracts) 2007; 110.

18. Chu TF, Rupnick MA, Kerkela R et al. Cardiotoxicity associated with tyrosine kinase inhibitor sunitinib. Lancet 2007; 370: 2011-2019.

19. Fedele C, Riccio G, Coppola C et al. Comparison of preclinical cardiotoxic effects of different ErbB2 inhibitors. Breast Cancer Res Treat 2012; 133:
511-521.

20. Cortes JE, Kantarjian H, Shah NP et al. Ponatinib in refractory Philadelphia chromosome-positive leukemias. N Engl ] Med 2012; 367: 2075-2088.

21. Flaherty L, Hamid O, Linette G et al. A single-arm, open-label, expanded access study of vemurafenib in patients with metastatic melanoma in the
United States. Cancer ] 2014; 20: 18-24.

22. Larkin J, Del Vecchio M, Ascierto PA et al. Vemurafenib in patients with BRAF(V600) mutated metastatic melanoma: an open-label, multicentre,
safety study. Lancet Oncol 2014; 15: 436-444.

23. Bronte E, Bronte G, Novo G et al. What links BRAF to the heart function? New insights from the cardiotoxicity of BRAF inhibitors in cancer treat-
ment. Oncotarget 2015; 6(34): 35589-35601.

24. Cortes JE, Kantarjian H, Foran JM et al. Phase I study of quizartinib administered daily to patients with relapsed or refractory acute myeloid leuke-

mia irrespective of FMS-like tyrosine kinase 3 — internal tandem duplication status. ] Clin Oncol 2013; 31: 3681-3687.

ON C(QI\EIEEQVI 2016/Vol. 6/Nr 3/A103-112

icalé\é}j’cation. For private and non-commmercial use only. Downloaded from
https://www.journalsmededu.pl/index.php/OncoReview/index: 15.07.2025; 00:33,42



25.

26.
27.

28.
29.
30.
31.
32.
33.

34.

35.
36.

37.
38.

39.
40.

41.
42.
43.

44.
45.

46.
47.
48.
49.
50.

51.
52.

53.
54
55.

56.
57.

58.
59.

60.
61.

62.

2016/Vol. 6/Nr3/A1(B—M(2E

QT prolongation due to targeted anticancer therapy
L. Setteyova, L. Bacharova, B. Mladosievicova

Tallman MS, Schiller G, Trone D et al. Results of a phase 2 randomized, open-label, study of lower doses of quizartinib (AC220; ASP2689) in sub-
jects with FLT3-ITD positive relapsed or refractory acute myeloid leukemia (AML). Blood 2013; 122: 494.

Levis M. Quizartinib for the treatment of FLT3/ITD acute myeloid leukemia. Future Oncol 2014; 10: 1571-1579.

Cortes JE, Per] AE, Dombret H et al. Final results of a phase 2 open-label, monotherapy efficacy and safety study of quizartinib (AC220) in patients
> 60 years of age with FLT3 ITD positive or negative relapsed/refractory acute myeloid leukemia. Blood 2012; 120: 48.

Badros A, Burger AM, Philip S et al. Phase I study of vorinostat in combination with bortezomib for relapsed and refractory multiple myeloma. Clin
Cancer Res 2009; 15: 5250-5257.

Wang H, Cao Q, Dudek AZ. Phase II study of panobinostat and bortezomib in patients with pancreatic cancer progressing on gemcitabine-based
therapy. Anticancer Res 2012; 32: 1027-1031.

Walker AR, Klisovic R, Johnston JS et al. Pharmacokinetics and dose escalation of the heat shock protein inhibitor 17-allyamino-17-demethoxy-
geldanamycin in combination with bortezomib in relapsed or refractory acute myeloid leukemia. Leuk Lymphoma 2013; 54: 1996-2002.

Woosley RL. QT drugs lists [www.crediblemeds.org/new-drug-list/], accessed: December 26, 2015.

Orciuolo E, Buda G, Cecconi N et al. Unexpected cardiotoxicity in haematological bortezomib treated patients. Brit ] Haematol 2007; 138: 396-397.

Fu HY, Minamino T, Tsukamoto O et al. Overexpression of endoplasmic reticulum-resident chaperone attenuates cardiomyocyte death induced by
proteasome inhibition. Cardiovasc Res 2008; 79: 600-610.

Stadler WM, Margolin K, Ferber S et al. A phase II study of depsipeptide in refractory metastatic renal cell cancer. Clin Genitourin Cancer 2006;
5: 57-60.

Bates SE, Rosing DR, Fojo T et al. Challenges of evaluating the cardiac effects of anticancer agents. Clin Cancer Res 2006; 12: 3871-3874.

Full prescribing information for Farydak (panobinostat) (package insert) [www.pharma.us.novartis.com/product/pi/pdf/farydak.pdf], accessed:
December 9, 2015.

Munster PN, Rubin EH, Van Belle S et al. A single supratherapeutic dose of vorinostat does not prolong the QTc interval in patients with advanced
cancer. Clin Cancer Res 2009; 15: 7077-7084.

Lynch DR, Washam JB, Newby LK. QT interval prolongation and torsades de pointes in a patient undergoing treatment with vorinostat: a case
report and review of the literature. Cardiol ] 2012; 19: 434-438.

Kerr JS, Galloway S, Lagrutta A et al. Nonclinical safety assessment of the histone deacetylase inhibitor vorinostat. Int ] Toxicol 2010; 29: 3-19.

Full prescribing information for Zolinza (vorinostat) (package insert) [www.merck.com/product/usa/pi_circulars/z/zolinza/zolinza_pi.pdf], ac-
cessed: December 16, 2015.

Wolf JL, Siegel D, Goldschmidt H et al. Phase II trial of the pan-deacetylase inhibitor panobinostat as a single agent in advanced relapsed/refractory
multiple myeloma. Leuk Lymphoma 2012; 53: 1820-1823.

Shah MH, Binkley P, Chan K et al. Cardiotoxicity of histone deacetylase inhibitor depsipeptide in patients with metastatic neuroendocrine tumors.
Clin Cancer Res 2006; 12: 3997-4003.

Curigliano G, Cardinale D, Suter T et al. Cardiovascular toxicity induced by chemotherapy, targeted agents and radiotherapy: ESMO Clinical Prac-
tice Guidelines. Ann Oncol 2012; 23: viil55-vii66.

Kim PY. QT monitoring. In: Yeh ETH (ed). MD Anderson Practice in Onco-Cardiology. 2016: 15-25.

Cipolla C. QT monitoring during oncology trials: Can we realistically expect to learn anything? In: Lenihan D, Cipolla C (ed). Proceedings of the
Fifth Annual International Symposium of the International CardiOncology Society; Oct 5-6. Silver Spring, Maryland 2011: 34-36.

Brell JM. Prolonged QTc interval in cancer therapeutic drug development: defining arrhythmic risk in malignancy. Prog Cardiovasc Dis 2010; 53:
164-172.

Zeltser D, Justo D, Halkin A et al. Torsade de pointes due to noncardiac drugs: most patients have easily identifiable risk factors. Medicine 2003;
82:282-290.

International Conference on Harmonisation; guidance on E14 Clinical Evaluation of QT/QTc Interval Prolongation and Proarrhythmic Potential for
Non-Antiarrhythmic Drugs; availability. Notice. Fed Regist 2005; 70: 61134-61135.

International Conference on Harmonisation; guidance on E14 the clinical evaluation of QT/QTc interval prolongation and proarrhythmic po-
tential for nonantiarrhythmic drugs (R3) — questions and answers. 2015 [www.ema.europa.eu/docs/en_GB/document_library/Scientific_guide-
line/2009/09/WC500002878.pdf], accessed: November 24, 2015.

Becker TK, Yeung SCJ. Drug-induced QT interval prolongation in cancer patients. Oncol Rev 2010; 4: 223-232.

Kim PY, Ewer MS. Chemotherapy and QT prolongation: overview with clinical perspective. Curr Treat Options Cardiovasc Med 2014; 16: 303.
Johannesen L, Vicente ], Mason JW et al. Differentiating drug-induced multichannel block on the electrocardiogram: randomized study of dofeti-
lide, quinidine, ranolazine, and verapamil. Clin Pharmacol Ther 2014; 96: 549-558.

Miragoli M, Gaudesius G, Rohr S. Electrotonic modulation of cardiac impulse conduction by myofibroblasts. Circ Res 2006; 98: 801-810.

Miragoli M, Salvarani N, Rohr S. Myofibroblasts induce ectopic activity in cardiac tissue. Circ Res 2007; 101: 755-758.

Wu KC, Weiss RG, Thiemann DR et al. Late gadolinium enhancement by cardiovascular magnetic resonance heralds an adverse prognosis in non-
ischemic cardiomyopathy. ] Am Coll Cardiol 2008; 51: 2414-2421.

Longo DL, Rockey DC, Bell PD et al. Fibrosis—a common pathway to organ injury and failure. N Engl ] Med 2015; 372: 1138-1149.

Carver JR, Desai CJ. Cardiovascular Toxicity of Antitumor Drugs: Dimension of the Problem in Adult Settings. In: Minotti G (ed). Cardiotoxicity
of Non-cardiovascular Drugs. Wiley Online Library, 2010: 127-200.

Earm YE, Ho WK, So L. Effects of adriamycin on ionic currents in single cardiac myocytes of the rabbit. ] Mol Cell Cardiol 1994; 26: 163-172.
Ducroq ], Moha ou Maati H, Guilbot S et al. Dexrazoxane protects the heart from acute doxorubicin-induced QT prolongation: a key role for I(Ks).
Br J Pharmacol 2010; 159: 93-101.

Chang RY, Lee MY, Kan CB et al. Oxaliplatin-induced acquired long QT syndrome with torsades de pointes and myocardial injury in a patient with
dilated cardiomyopathy and rectal cancer. ] Chin Med Assoc 2013; 76: 466-469.

Thomas D, Hammerling BC, Wu K et al. Inhibition of cardiac HERG currents by the DNA topoisomerase II inhibitor amsacrine: mode of action.
Br J Pharmacol 2004; 142: 485-494.

He J, Kargacin ME, Kargacin GJ et al. Tamoxifen inhibits Na+ and K+ currents in rat ventricular myocytes. Am ] Physiol Heart Circ Physiol 2003;
285: H661-668.

dical Education. For private and non-commmercial use only. DownloneIBJgcg‘-rf)nlz EVIEW
https://www.journalsmededu.pl/index.php/OncoReview/index: 15.07.2025; 00:33,42



All2

QT prolongation due to targeted anticancer therapy
L. Setteyova, L. Bacharova, B. Mladosievicova

63.

64.

65.

66.

67.

68.
69.

70.
71.

72.

73.

74.
75.

76.

77.

78.
79.
80.
81.

82.

83.
84.
85.
86.
87.

Liu XK, Katchman A, Ebert SN et al. The antiestrogen tamoxifen blocks the delayed rectifier potassium current, IKr, in rabbit ventricular myocytes.
] Pharmacol Exp Ther 1998; 287: 877-883.

Full prescribing information for Fareston (toremifene) (package insert) [http://www.ema.europa.eu/docs/en_GB/document_library/EPARProd-
uct_Information/human/000091/WC500020689.pdf], accessed: November 14, 2015.

Lee HA, Kim EJ, Hyun SA et al. Electrophysiological effects of the anti-cancer drug lapatinib on cardiac repolarization. Basic Clin Pharmacol Tox-
icol 2010; 107: 614-618.

Chen X, Shan H, Zhao ] et al. L-type calcium current (ICa, L) and inward rectifier potassium current (IK1) are involved in QT prolongation induced
by arsenic trioxide in rat. Cell Physiol Biochem 2010; 26: 967-974.

Drolet B, Simard C, Roden DM. Unusual effects of a QT-prolonging drug, arsenic trioxide, on cardiac potassium currents. Circulation 2004; 109:
26-29.

van Noord C, Eijgelsheim M, Stricker BH. Drug- and non-drug-associated QT interval prolongation. Br ] Clin Pharmacol 2010; 70: 16-23.
National Cancer Institute. Cancer therapy evaluation program, common terminology for adverse events, version 4.0, DCTD, NCI, NIH, DHHS.
2010 [http://evs.nci.nih.gov/ftpl/CTCAE/CTCAE_4.03_2010-06-14_QuickReference_5x7.pdf], accessed: December 13, 2015.

Kumar S, Marfatia R, Tannenbaum S et al. Doxorubicin-induced cardiomyopathy 17 years after chemotherapy. Tex Heart Inst ] 2012; 39: 424-427.
Toro-Salazar OH, Gillan E, O'Loughlin MT et al. Occult cardiotoxicity in childhood cancer survivors exposed to anthracycline therapy. Circ Car-
diovasc Imaging 2013; 6: 873-880.

Migrino RQ, Aggarwal D, Konorev E et al. Early detection of doxorubicin cardiomyopathy using two-dimensional strain echocardiography. Ultra-
sound Med Biol 2008; 34: 208-214.

Bauters F, Plouvier B, Breviere G et al. Cardiac insufficiency caused by the use of daunorubicin. Clinical and developmental study of 4 recent cases.
Sem Hop Paris 1975; 51: 1949-1957.

Wilcox R, James P, Toghill P. Endomyocardial fibrosis associated with daunorubicin therapy. Br Heart ] 1976; 38: 860.

Torti FM, Bristow MM, Lum BL et al. Cardiotoxicity of epirubicin and doxorubicin: assessment by endomyocardial biopsy. Cancer Res 1986; 46:
3722-7372.

Kupari M, Volin L, Suokas A et al. Cardiac involvement in bone marrow transplantation: electrocardiographic changes, arrhythmias, heart failure
and autopsy findings. Bone Marrow Transplant 1990; 5: 91-98.

Mills BA, Roberts RW. Cyclophosphamide-induced cardiomyopathy. A report of two cases and review of the english literature. Cancer 1979; 43:
2223-2226.

Kumar S, Gupta RK, Samal N. 5-fluorouracil induced cardiotoxicity in albino rats. Mater Med Pol 1995; 27: 63-66.
Tsibiribi P, Bui-Xuan C, Bui-Xuan B et al. Cardiac lesions induced by 5-fluorouracil in the rabbit. Hum Exp Toxicol 2006; 25: 305-309.
Delle H, Rocha JR, Cavaglieri RC et al. Antifibrotic effect of tamoxifen in a model of progressive renal disease. ] Am Soc Nephrol 2012; 23: 37-48.

Chu W, Li C, Qu X et al. Arsenic-induced interstitial myocardial fibrosis reveals a new insight into drug-induced long QT syndrome. Cardiovasc
Res 2012; 96: 90-98.

Ewer SM, Yusuf SW. Cardiac arrhythmias in the cancer patient. In: Yeh E (ed). Cancer and the heart. People’s Medical Publishing House 2013:
190-209.

Giudicessi JR, Ackerman M]J. Genotype-and phenotype-guided management of congenital long QT syndrome. Curr Probl Cardiol 2013; 38: 417-455.
Viskin S. Long QT syndromes and torsade de pointes. Lancet 1999; 354: 1625-1633.

Khan IA. Long QT syndrome: diagnosis and management. Am Heart ] 2002; 143: 7-14.

Salama G, Bett GC. Sex differences in the mechanisms underlying long QT syndrome. Am J Physiol Heart Circ Physiol 2014; 307: H640-H648.
Yue Y, Castrichini M, Srivastava U et al. Pathogenesis of the novel autoimmune-associated long QT syndrome. Circulation 2015; 132(4): 230-240.

Authors’ contributions:
Lucia Setteyova: 50%

Ljuba Bacharova: 20%
Beata Mladosievicova: 30%.

ONC&&%VI 2016/Vol. 6/Nr 3/A103-112

icalli-Eg\u/cation. For private and non-commmercial use only. Downloaded from
https://www.journalsmededu.pl/index.php/OncoReview/index: 15.07.2025; 00:33,42


http://www.tcpdf.org

