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Pharmacogenomics and histone
deacetylase inhibitors

The histone deacetylase inhibitor valproic acid (VPA) has been used for many decades
in neurology and psychiatry. The more recent introduction of the histone deacetylase
inhibitors (HDIs) belinostat, romidepsin and vorinostat for treatment of hematological
malignancies indicates the increasing popularity of these agents. Belinostat,
romidepsin and vorinostat are metabolized or transported by polymorphic enzymes or
drug transporters. Thus, genotype-directed dosing could improve pharmacotherapy
by reducing the risk of toxicities or preventing suboptimal treatment. This review
provides an overview of clinical studies on the effects of polymorphisms on the
pharmacokinetics, efficacy or toxicities of HDIs including belinostat, romidepsin,
vorinostat, panobinostat, VPA and a number of novel compounds currently being
tested in Phase | and Il trials. Although pharmacogenomic studies for HDIs are scarce,
available data indicate that therapy with belinostat (UGT7A7), romidepsin (ABCBT),
vorinostat (UGT2B17) or VPA (UGT1A6) could be optimized by upfront genotyping.
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Since the discovery of its anticonvulsant
properties in 1962, valproic acid (VPA)
has been widely used in the field of neurol-
ogy and psychiatry. More recently, VPA
has also been shown to inhibit HDAC and
to exert cytotoxicity against tumor cells [1].
In the past decade, the US FDA approved
the HDAC inhibitors (HDIs) romidepsin
(2004), vorinostat (2006), belinostat (2014)
and panobinostat (2015) for the treatment
of T-cell lymphoma, which illustrate the
increasing popularity of these class of agents
in oncology. Since the pharmacokinetics
(PKs) and pharmacodynamics of a significant
number of HDIs are affected by polymorphic
enzymes or drug transporters, certain genetic
variants could impact therapeutic efficacy
and the risk of toxicities of these agents. In
this review, we aim to address the relevance
of pharmacogenomics (PGs) for treatment

with HDIs, including VPA, romidepsin,
vorinostat, belinostat, panobinostat and a
number of novel compounds currently being
tested in Phase I and II trials.

Valproic acid
The metabolism of VPA is mainly char-
acterized by glucuronidation via uridine
diphosphate glucuronosyltransferase (UGT)
isoforms (relative contribution 50%) [2] and
beta-oxidation in mitochondria (relative
contribution 40%) (3.4]. Among the UGT
isoforms, UGT2B7 contributes the most
to the intrinsic clearance of VPA followed
by UGT1A6 and UGTI1A9 [25]. A minor
(~10%) metabolic pathway is oxidation
through the CYP enzymes (4], in particular
CYP2A6, CYP2B6 and CYP2C9 [¢].
Pharmacogenomic studies on VPA have
particularly focused on UGT polymorphisms
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(Table 1). When focusing on UGT1A6, three common
SNPs UGTIA6*3 (19T>G; rs6759892), UGTIAG*S
(541A>G; 1s2070959) and UGTIAG*9 (552A>C;
rs1105879) are associated with increased enzyme activ-
ity, increased VPA glucuronidation and requirement
of higher VPA dosages than patients who are wild-
type (WT) for UGT1AG [7]. It has been shown that
in recombinant UGTIAG variants, glucuronidation
of VPA was twofold higher for the *2 haplotype com-
prising these three nonsynonymous polymorphisms
compared with the UGTIAG*] reference haplotype [s].
Guo et al. also reported higher VPA doses and lower
adjusted plasma VPA concentrations in 98 epileptic
children carrying UGT1A6*3, *5 or *9 polymorphisms
in both alleles, compared with WT patients or patients
with polymorphisms in a single allele [9]. Furthermore,
in 162 epileptic patients, carriers of UGTIA6*3, *5and
*9 polymorphisms tended to require a higher dosage
of VPA and lower concentration-to-dose ratios than
patients who were WT for UGTI1AG6 [10]. These asso-
ciations were also observed in haplotypes composed
of UGTIAG (*3, *5, *9) and UGTIA9 (I3997>C,
1887T>G) SNPDs [10]. Sun et al. also reported lower
VPA serum concentrations in patients heterozygous or
homozygous for 5524>C [11]. In contrast with these
findings, other reports did not show clinically relevant
effects of UGTIAG polymorphisms on VPA PK [12,13].

The reported effects of UGT2B7 polymorphisms,
for example, UGT2B7*2 (802C>T; rs7439366),
UGT2B7*3 (211G>T; 1s12233719) and UGT2B7*4
(1192G>A; rs145725367) on VPA PK are more con-
flicting [7]. The majority of the pharmacogenomics
analyses did not find significant associations
between UGT2B7*2 genotype and VPA glucuroni-
dation [9.10,12,14]. However, one study reported sig-
nificantly lower VPA trough plasma concentrations in
patients with epilepsy carrying the TT and CT geno-
type at UGT2B7*2 (rs7439366) than patients with
the CC genotype, suggesting that a dose increase
of VPA in carriers of a T allele may be necessary to
avoid subtherapeutic treatment of these patients [15].
In contrast, significantly higher VPA concentrations
were found in epileptic children carrying UGT2B7
-161C>T (rs7668258) [16,17) or UGT2B7*2 (rs7439366)
polymorphisms [16] compared with children with WT
genotypes. Furthermore, the UGT2B7 -268A>G poly-
morphism (rs7662029) affected VPA PK in epileptic
patients, since carriers of the AA genotype had higher
VPA serum concentrations than patients carrying the
GG genotype (18]. The UGT2B7*3 polymorphism
(rs12233719) had no significant effect on VPA PK in
this study [13].

The presence of drug—drug interactions (DDIs)
was not expected to be confounding factors, since in

the majority of the clinical studies VPA was adminis-
tered as monotherapy. In addition, in trials with com-
bination regimens, drugs were coadministered that
were known not to affect VPA PK, such as clobazam,
zonisamide, levetiracetam, gabapentine [17], lamo-
trigine (16] and lorazepam [14]. Only coadministration
of carbamazepine affected the PG outcome as shown
by Chu et al. 12]. In patients cotreated with carbamaze-
pine, the UGT1A3*5 polymorphism was not associated
with any effect on VPA exposure, while in the mono-
therapy group lower plasma concentrations of VPA
were measured in carriers of this genetic variant.
Reports on the impact of other UGT polymorphisms
on VPA metabolism are either lacking (e.g., UGT1A4,
UGTIA9 17)) or scarce (e.g., UGTIA3 [12]). Overall,
only UGTI1AG6 polymorphisms seem to be clinically
relevant for VPA metabolism and dosing. The clinical
relevance of genotyping other UGT enzymes remains
unclear due to contradicting results (UGT2B7) or
limited available data (UGT1A3, UGT1A4, UGT1A9).

Romidepsin

As a class, HDIs cause an increase in the time
between the start of the Q wave and the end of the
T wave after correction for heart rate (QTc prolon-
gation) and abnormalities in the S and T waves [25].
While the precise mechanism of QT prolongation
and ST- and T-wave changes have not been eluci-
dated, acetylation of the hERG channel may cause
QT prolongation [2627]. Additionally, it appears that
HDIs — including romidepsin — affect K, subunit
expression in ventricular myocytes through epigenetic
modifications [25].

Romidepsin is a good substrate of ABCBI and is
also subject to ABCBI polymorphism-induced dif-
ferences in efflux transport [20]: variant carriers at
1236C>T (rs1128503), 2677G>T/A (rs2032582) and
3435C>T (rs1045642) had a greater than twofold
reduction in B->A/A->B ratio. Polymorphism-induced
ABCBI gene expression differences also vary by tissues.
For instance, hepatic ABCBI gene expression is lower
in variant carriers, whereas cardiac endothelial ABCBI
gene expression was higher [28.29]. Romidepsin-induced
QT prolongation is likely a function of both hepatic
elimination through hepatocellular ABCBI (leading
to exposure differences) and cardiac-tissue elimination
through cardiac endothelial ABCBI (leading to dif-
ferences in intracardiac exposure). Therefore, ABCBI
polymorphisms have highly pleiotropic phenotypic
consequences.

We showed that ABCBI variant genotype
(2677G>T/A; rs2032582) and diplotype carriers (only
variantalleles atall three aforementioned ABCBI SNDPs)
typically have lower romidepsin clearance, although
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this observation only approached statistical signifi-

Ref.
[23]
[24]

cance [19]. Thus, hepatobiliary transport of romidep-
sin in humans may be slightly reduced in variant allele
carriers, which is consistent with previous observations
that polymorphisms impart both a low expression and
a low function phenotype on ABCBI in liver [20:28].
However, mice lacking ABCBI-type P-glycoprotein
(Pgp) had similar clearance as their WT counterparts,
which suggest that compensatory pathways are pres-
ent that compensate for the lack of Pgp-mediated
efflux [20]. Therefore, ABCBI polymorphisms do not

No differences in panobinostat PK between
patients heterozygous and homozygous for
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vorinostat less efficiently (by ~30%) and had longer
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progression-free survival than UGT2B17*1 carriers;
albeit, this observation only approached statistical sig-
nificance due to low statistical power [21]. It therefore
appears that the UGT2B17*2/*2 genotype could be a
major determinate of vorinostat efficacy and/or toxic-
ity. The UGT2BI7*2/*2 genotype is most frequent in
Asian patients (~60% in Asians vs ~10-20% in Cauca-
sians and African—Americans); however, future studies
are required to validate the phenotypic importance of
this genotype. Asian patients may benefit more from
PG testing [21.34.35]. However, this fact should not pre-
clude genotyping all patients since genotyping is an
excellent and inexpensive way to determine UGT2B17
activity and expression status [32,33,36], and self-reported
race is unlikely to reflect a true genetic background in
increasingly heterogeneous patient populations.

Although UGT2B17*2 variant alleles appear to
impact the PK of vorinostat, not all clinical reports are
consistent. For example, among patients with advanced
cancers receiving both vorinostat and vinorelbine,
UGT2B17*1/*2 (n = 4) carriers did not have a different
PK profile than UGT2B17*1/*] carriers (n = 3) and
no interaction between vinorelbine and vorinostat was
observed [22]. Therefore, future studies are required to
provide a level of evidence that is sufficient for clinical
translation.

Belinostat

The FDA approved belinostat (1000 mg/m?, 30-min
intravenous infusions once daily on days 1-5 of a 21-day
cycle) in 2014 for the treatment of relapsed or refractory
peripheral T-cell lymphoma. Belinostat is primarily
metabolized by glucuronidation via UGTIA1 [37].
Commonly reported UGTIAI genetic variants associ-
ated with impaired enzymatic expression or activity are
UGTIAI*6 (211G>A; rs4148323) 3839, UGTIAI*28
(A[TALTAA;  1s8175347)  (soar,  UGTIAI®60
(3279T>G; rs4124874) [42)and UGT1A1*93 (1791C>T;
r510929302) [42). The phenotypic consequences of
UGTIAI polymorphisms have already been demon-
strated preclinically in HLMs harboring UGT1A1*28,
which glucuronidated belinostat at a slower rate than
did WT microsomes [37]. A 25% lower belinostat dose
(750 mg/m?) was then recommended by the FDA in
patients homozygous for UGTIAI*28 [43].

The clinical relevance of UGTIAI genetic variants
on belinostat dosing was confirmed in a retrospective
analysis in patients with solid tumors receiving a 48-h
continuous intravenous infusion (CIVI) with belino-
stat (400—-800 mg/m? per 24 h, n = 23) in combination
with cisplatin and etoposide (BPE trial) (Table 1) [23].
The effects of UGTIAI polymorphisms on belino-
stat PK, pharmacodynamics and toxicities were then
evaluated. Instead of the approved 30-min infusion

on days 1-5 of a 21-day cycle, belinostat was dosed
as a 48-h infusion in the BPE trial to enhance cyto-
toxicity [44.45]. An increased number of UGTIAI*28
and especially UGT1A1*60 variant alleles were signifi-
cantly associated with increased belinostat plasma con-
centrations and an increased risk of thrombocytopenia
and neutropenia [23]. This gene—drug interaction was
more profound at higher belinostat doses, and these
data were consistent with other UGT1A-mediated PG
effects, such as that on SN38, the active metabolite of
irinotecan (46.47]. These findings underline the impor-
tance of including UGTIAI*60 genotyping besides
UGTIAI1*28, since both UGT1A1*28 and *60 pre-
dicted belinostat-related toxicities. Coadministered
etoposide has an overlapping toxicity profile with
belinostat, is also metabolized by UGT1A1 and could
therefore contribute to the increased risk for thrombo-
cytopenia in carriers of UGT1A1*28 and UGT1A1*60
variant alleles. However, etoposide is also metabolized
by CYP3A4 and CYP3AS5, and glucuronidation by
UGT1A1 is a minor metabolic route. The increased
incidence of thrombocytopenia in UGTIAI variant
carriers was therefore most likely attributable to the
administration of belinostat.

Based on the 48-h CIVI dosage regimen used in the
BPE trial, a two-compartment population pharmaco-
kinetic model utilizing nonlinear-mixed effects model-
ing was developed to optimize belinostat dose adjust-
ments leading to equivalent belinostat exposure in
patients carrying UGT1A1*28 and *60 genetic vari-
ants [44]. The final model included the covariates that
significantly affected belinostat clearance (UGT1AI
genotype status [*28 and *60], serum albumin con-
centration, creatinine clearance) and volume of distri-
bution (body weight). Using simulations via the final
model, equivalent AUCs were achieved when a dose
of 600 mg/m? per 24 h was simulated in patients WT
for both UGTIAI*28 and *60 or heterozygous for *28
(‘extensive metabolizers’), while patients homozygous
for UGTI1AI1*28 or patients heterozygous or homozy-
gous for UGTIAI*60 (‘impaired metabolizers’) received
a reduced simulated dose of 400 mg/m? per 24 h. At the
time of writing, these recommended doses are prospec-
tively investigated in a genotype-directed expansion of
the BPE trial at the National Cancer Institute.

Panobinostat

Panobinostat (LBH589) is a potent (nanomolar) cin-
namic hydroxamic acid HDI of class I, II and IV
HDACs (a pan-DAC inhibitor) [48]. Panobinostat is
metabolized by numerous routes, including oxidation,
reduction and hydrolysis, the former two largely medi-
ated by CYP3A4 (70-98%) with minor contributions
from CYPs 2D6 and 2C19 [24]. All metabolites were
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much less potent HDIs than parent panobinostat [49].
Because CYP3A metabolizes a plethora of other com-
pounds, the potential for DDIs between panobinostat
and CYP3A substrates was assessed. When panobino-
stat was coadministered clinically with the common
CYP3A4 inhibitor ketoconazole, patients experienced
a 1.6-fold and 1.8-fold increase in C,, and AUC,
respectively, while half-life remained the same [24].
However, the fraction of panobinostat cleared by
CYP3A was 0.4, suggesting that the oxidative meta-
bolic pathway is not the predominant route of metabo-
lism, and that a roughly 1.7-fold increase in exposure
was not clinically relevant [24]. This was supported by
the large interpatient variability (60%) in panobino-
stat exposure that is comparable in magnitude with
the ketoconazole effect on panobinostat exposure [24].
While panobinostat was determined to have no clini-
cally relevant DDIs, the fact that patients coadminis-
tered both ketoconazole and panobinostat had greater
incidence (36%, n = 5) of QTc prolongation (>30 ms)
compared with patients on panobinostat alone (29%,
n = 4), clinicians still suggest monitoring patients given
panobinostat and other CYP3A-mediated compounds.
Although panobinostat is not metabolized by UGTs,
pharmacogenomic analyses were performed using
CYP3A genotype status from 14 Caucasian patients
genotyped for CYP3A4*1B (152740574), CYP3A5*2
(rs28365083), *3 (rs776746), *6 (rs10264272) and
*7 (£s76293380) (Table 1) [24]. These patients received
panobinostat alone on day 1, the CYP3A4 inhibitor
ketoconazole on days 5-9 and the second adminis-
tration of panobinostat on day 8. All 14 patients were
homozygous WT CYP3A4*1A; 11 patients were homo-
zygous for CYP3A5*3; three patients were hetero-
zygous for CYP3A5*1/*3. There were no differences in
panobinostat PK based on CYP345*3 genotype status
(heterozygous [n = 3] vs homozygous [n = 11]) [24].
Since all patients in this study were homozygous WT
for CYP3A4*1A, no conclusions pertaining to CYP3A4
genotype can be drawn from this study. Furthermore,
coadministration of ketoconazole caused an increase
of panobinostat plasma concentrations, however, this
increase was not considered clinically relevant.

Pharmacogenomics & histone deacetylase inhibitors

Novel HDIs currently being tested in Phase |
& Il trials

There are several novel HDIs currently under clinical
development in either Phase I (HBI-8000 [chidam-
ide], kevetrin, CUDC-101, AR-42, CHR-2845, 4SC-
202, CG200745, ricolinostat [ACY-1215], ME-344)
or Phase II (mocetinostat, abexinostat, entinostat,
SB939, resminostat, givinostat, quisinostat) trials.
Additionally, chidamide is already approved in China.
Unfortunately, none of these HDIs, first, are metabo-
lized by UGTs and/or, second, there is no relevant
pharmacogenomic data available.

Conclusion & future perspective

Patients treated with the HDIs belinostat, romidep-
sin and VPA may benefit from upfront genotyping.
However, before genotype-directed dosing guidelines
are being implemented in drug labels confirmation of
the reported associations between genotype and PK,
efficacy or toxicity is necessary in prospective clinical
trials with larger numbers of patients.

UGT1Al-directed genotyping could be useful for
patients undergoing therapy with belinostat, since
UGTI1A1*28 and *60 genetic variants affect belino-
stat clearance and the risk for hematological toxici-
ties. Also for romidepsin, there is evidence that genetic
polymorphisms could have an impact on drug toxic-
ity. ABCBI polymorphisms associated with cardiac
ABCBI gene expression have been shown to affect
intracardiac romidepsin concentrations and therefore
also the risk for QT prolongation both preclinically
and clinically. For patients receiving vorinostat therapy,
UGT2B17*2 could be useful, since this polymorphism
is associated with decreased vorinostat glucuronidation
possibly leading to increased efficacy and/or toxicity.
Furthermore, treatment with VPA could be improved
by UGTIA6 genotyping to identify patients requiring
higher VPA doses.

In contrast, limited pharmacogenomic data on
CYP3A5 polymorphisms suggest no clinically rele-
vant role of genotype-directed dosing in patients
receiving panobinostat. At last, future studies should
reveal the relevance of genotype on therapy outcome

Executive summary

the genotype of a drug transporter, ABCB1.

while minimizing toxicity.

¢ HDACGs induce chromatin unwinding allowing gene transcription to occur.

e HDAC inhibitors (HDIs) as a class have been demonstrated to be cytotoxic to various cancer types.

e Several HDIs are metabolized by polymorphic UGT enzymes.

e This article reviews the pharmacogenomic impacts of UGT enzymes on the PK, efficacy and toxicity of their
HDI substrates (UGT1A1 for belinostat, UGT1A6 for valproic acid, UGT2B17 for vorinostat).

e Romidepsin has been shown to be susceptible to pharmacokinetics, efficacy and toxicity differences based on

* Prospective genotype for these genes with respect to their HDI substrates to maximize therapeutic benefit
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with novel HDIs currently tested in Phase I and II
trials.
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