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Introduction

SUMMARY

Aim: The present study aimed to evaluate association of genetic variants on drug response
and therapy optimization parameters in patients treated with first-line antiepileptic drugs
(AEDs). Genetic variants from ion channels, their functionally related genes, and synaptic
vesicle cycle (SVC) genes with a potential role in epilepsy pathophysiology were thus priori-
tized. Methods: A total of 12 genes from ion channels and related gene set and seven genes
from SVC comprising 155 SNPs were genotyped and evaluated with drug response, dose
levels, and drug levels in 408 patients with epilepsy. Results: Both GABRAI and SCNI1A
variants showed haplotypic and diplotypic associations in response to phenytoin (PHT).
Diplotype analysis of GABRAI variants revealed association of rs12658835|rs7735530
(AG/AG) (P-valuecomecieq = 0.034, OR = 3.75, 95% CI = 1.36-11.05) and rs12658835|
1s7735530|rs7732641|rs2279020 (AGCA/AGCA) (P-value orrected = 0.035, OR = 2.48, 95%
CI = 0.96-6.41) with recurrent seizures. SCNIA haplotype rs6432860|rs3812718 (AC:
P-valu€comecied = 0.022, OR =2.72, 95% CI=1.39-5.35) and diplotype (AC/AC:
P-valuecorrected = 0.034, OR = 6.42, 95% CI = 1.10-65.76) were further observed to be
associated with recurrent seizures. With respect to therapy optimization parameters, we
observed significantly lower dose-adjusted drug levels at maximum dose of PHT in patients
carrying AC/AC diplotype (P-value = 0.021). Conclusion: The results further substantiate
the role of GABRAI in PHT mode of action and contribution of SCN1A4 in response and ther-
apy optimization with PHT monotherapy.

to date for prediction of antiepileptic dose, drug level, and drug
response on the basis of genetic markers. Therefore, due to

Epilepsy is a complex neurological disorder characterized by
recurrent and unprovoked seizures. It affects nearly 50 million
people worldwide with a prevalence of 5.3/1000 person in India
[1]. A variety of antiepileptic drugs (AEDs) are available in the
market with newer drugs also developing constantly. However,
first-generation AEDs mainly carbamazepine (CBZ), phenytoin
(PHT), valproate (VP), and phenobarbitone (PB) still remain as
the major prescriptions [2]. Despite availability of appropriate
therapy, patient response is highly variable with 30% failing to
respond to treatment [3]. Mechanism of action of first-generation
AEDs is considered to be well known with their possible metabo-
lizing enzymes, transporters, and targets well characterized and
well explored in pharmacogenetic studies conducted for under-
standing the variable patient response. [4]. The results have been
inconclusive and conflicting with no recommendations available
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unavailability of clinically applicable results, disparities over-
shadow patient response, with no uniformity among individuals
in terms of dosing and response [4-9].

This hints toward the need for further exploration of mecha-
nisms of action of AEDs. Majorly, ion channels and receptors such
as sodium channels, calcium channels, GABA and glutamate recep-
tors, GABA transporters, and GABA aldehyde dehydrogenase are
known to be the targets of AEDs. Both CBZ and PHT are known to
target voltage-dependent sodium channels, whereas VP and PB are
known to target GABAergic neurotransmitter system [10-12].
Additionally, potentiation of GABAergic neurotransmission has
also been reported with CBZ and PHT [13]. In addition, there may
be many other potential molecules in nervous system. For instance
SV2A, a nonion channel molecule belonging to presynaptic region
of neurons is a possible target of levetiracetam [14]. Of the
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presynaptic gene assembly, genes such as synapsin, syntaxin, and
syndapin have been well explored for their role in epilepsy genetics
in humans. On the other hand, genes such as dynamin 1 and
SNAP-25 have only been explored for genetics in mouse models.
However, the understanding of presynaptic gene involvement in
AEDs mode of action is still in its infancy [14-18]. Therefore, gene
prioritization for pharmacogenetic studies may thus be reviewed
and may also include evaluation of epilepsy pathophysiology genes
other than classic ion channel genes [11,19].

Therefore, to understand the interpatient variability, genetic
variants from ion channels and their functionally related genes
(mainly sodium channels, GABA and glutamate receptors, GABA
transporter, and GABA aldehyde dehydrogenase) along with the
presynaptic (synaptic vesicle cycle [SVC]) genes with potential
involvement in disease pathophysiology were evaluated for their
influence on variable AED response and therapy optimization
parameters, that is, dose and dose-adjusted drug levels of patients.

Materials and Methods
Subjects

A total of 478 epilepsy patients of North Indian ethnicity were
enrolled from the Outpatient Department of Neurology at the
Institute of Human Behaviour and Allied Sciences (Delhi, India).
Prior to patient enrollment, the study protocol was approved by
institutional ethics committee. All the enrolled patients fulfilled
the inclusion and exclusion criteria of the study. Inclusion criteria
were as follows: patients above five years of age with at least two
unprovoked seizures, on treatment with any of the four first-line
AEDs, that is, PHT, CBZ, VP, PB, or their combinations/multither-
apy (MT). Exclusion criteria were as follows: patients with gross
neurological deficits such as mental retardation, motor deficits,
and imaging abnormalities including tumor, multiple neurocys-
ticercosis, tuberculoma, vascular malformation and atrophic
lesions, patients who had severe hepatic and renal disorders, and
pregnant women [20]. Diagnosis and treatment were performed
by an experienced neurologist. For seizure types, seizure diagno-
sis, and their classification, guidelines of International League
Against Epilepsy (ILAE) 1981 and 1989 were followed [21,22]. A
detailed questionnaire of the project which included gender, age
at seizure onset, type of seizure, baseline seizure frequency, AED
prescription, neurological examination, brain imaging was used
for data collection. Other baseline evaluations of the patients
included all routine investigations such as biochemistry profile,
hematology profile, serum drug-level estimation, and DNA extrac-
tion. Blood samples were collected from all the patients after
obtaining written consent forms in accordance with the institu-
tional ethics committee approval. Patients were followed up at
2nd, 4th, 8th, and 12th months from the date of enrollment and
were evaluated for seizure control, compliance to medications,
side effects, and therapeutic drug monitoring (TDM). At the end
of one-year study duration, all patients were assessed for seizure
control based on the number of seizures experienced during the
follow-up duration which did not include the initial 2-month
period during which all patients were assumed to attain the
steady-state drug levels. Patients who remained seizure free in the
last 10 months, despite appropriate AED treatment, were kept in
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“no-seizure” group, whereas those with one or more seizures
during the same period were kept in “recurrent seizure” group.
Out of the enrolled 478 patients, a total of 408 patients completed
the study duration (Table 1). An additional cohort of 170 ethnic-
ity matched unrelated healthy individuals were also enrolled for
the study.

Genes and SNP Prioritization

Genomic DNA was extracted from peripheral blood cells by utiliz-
ing a modified version of salting out method [23]. A total of 12 ion
channels, their functionally related genes, and seven SVC genes
comprising 210 SNPs were prioritized (Tables S1 and S2). The
genes prioritized for the present study thus comprised ion chan-
nels and their functionally related genes: sodium channel genes
encoding o subunit type 1 (SCNIA), o subunit type 2 (SCN2A), and
p subunit type 1 (SCN1B), GABA and glutamate receptors includ-
ing GABRAI, GABRA6, GABRB3, GABRG2, GRIKI and GRINI,
GABA transporter (SLC6A11), and GABA aldehyde dehydrogenase
(ALDH5A1). Among the presynaptic genes (SVC genes), a compre-
hensive gene list of SNAP25, STX1A, STXBP1, SYN2, SYTI, VAMP2,
EFHCI was prioritized. SNPs were prioritized on the basis of litera-
ture reports stating their genetic association [14,15] and probable
functional significance depending on the gene location and pre-
diction softwares (SNP function prediction, FuncPred which gives
integrative results for PolyPhen, SNP3D, miRNA binding, etc.)
[24]. With the aim of covering the entire gene, SNPs from noncod-
ing sequences, that is, intron and other 3" and 5’ UTRs, as well as
coding region, that is, synonymous and nonsynonymous SNPs,
were prioritized. Additionally, SNPs from 5 and 3’ upstream
region of the gene were also prioritized. A total of 186 SNPs which
passed the assay designing and initial optimization of reactions
were finally genotyped by iPLEX Gold, Sequenom MassARRAY
Genetic Analysis System (Sequenom, Inc., San Diego, CA, USA)
using matrix-assisted laser desorption/ionization time-of-flight
(MALDI-TOF) mass spectrometry. To determine precision, a ran-
dom 5% of the samples were later regenotyped by sequencing
using the BigDye Terminator kit (version 3.1; Applied Biosystems,
Foster City, CA, USA). Further to rule out the issue of population
stratification, nine randomly chosen autosomal microsatellite
markers not linked to epilepsy (D10S548, D10S196, D10S1653,
D11S937,D11S901, D13S218, D13S175, D20S115, and D20S107)
were also genotyped in all the samples. The results were then ana-
lyzed on GeneScan module of the Genotyper software, version 3.7
(Applied Biosystems).

Quantitation of AEDs in Serum Samples

Total serum drug concentration of PHT, CBZ, VPA, and PB were
measured by Auto-analyzer from Logitech Pvt. Ltd. (Model Echo)
using cloned enzyme donor immunoassay (CEDIA®) II Assay kits
by Microgenics Corporation, USA. All measurements and inter-
pretations were performed in the neuropsychopharmacology
department of IHBAS under the supervision of an experienced
clinical pharmacologist. The inter-run assay precision for AEDs
studied was <10% for follow-ups and evaluation. Due to the
variability in oral doses among patients, dose-adjusted serum con-
centrations were calculated for each patient by dividing the
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steady-state concentration (mg/L) by the daily dose (mg/day). The
“maintenance dose” of a given drug was defined as the dose,
which remained unchanged for successive visits in the 12-month
period. On the other hand “maximum dose” was defined as the
maximum dose prescribed to the patients during the follow-up
time period. To obtain the average steady-state serum drug levels
at maintenance dose, mean of drug-level measurements over a
period when consecutive doses were documented was used. Simi-
larly, average serum levels at maximum dose corresponded to
drug levels over the period when consecutive maximum docu-
mented dose was used.

Statistical Analysis

Statistical analysis was performed by utilizing the statistical pack-
age PLINK (http://pngu.mgh.harvard.edu/purcell/plink/) [25],
STATA (StataCorp. 2009, Stata Statistical Software: Release 11,
College Station, TX: StataCorp LP), SPSS, and R statistical analysis
software (version 3.0.2). On the basis of initial statistical quality
control (QC) of the genotyped SNPs, SNPs with MAF<0.01 and
Hardy-Weinberg equilibrium (HWE) P-value <0.001 were
dropped from further analysis. The remaining 155 SNPs were car-
ried forward for genotype—phenotype correlation. Normality of
the continuous dependent variables was tested using Shapiro—
Wilk test. As the data on dose and dose-adjusted drug levels
showed non-normal distribution, Mann-Whitney U-test and
Kruskal-Wallis test were used for comparing their distribution
among two (diplotype and dominant model) or three comparable
groups (genotypes). Odds ratio (OR) and 95% confidence inter-
vals (CIs) were calculated for each marker and were adjusted for
age, gender, weight, and age at onset of patients using binary
logistic regression. To reduce correction for multiple comparisons,
P-values were computed for dominant model of inheritance only
based on visual inspection of genotypes. A P < 0.05 was consid-
ered as statistically significant. Correction for multiple compar-
isons was applied by means of false discovery rate (FDR)
approach. All the significantly associated SNPs were then observed
for linkage disequilibrium (LD) based on healthy controls of same
ethnicity using tagger algorithm of Haploview 4.2 [26]. SNPs
showing high LD (* >0.9) were dropped from further analysis.
Remaining significantly associated SNPs were further subjected to
haplotype identification by means of sliding window approach of
PLINK [25]. Prior to haplotype construction, PHASE (Ver. 2.1)
software based on the Bayesian algorithm was used for phasing
the entire genotype data with parameter value of 100 iterations a
thinning interval of 10, and a burn-in value of 100 in the Markov
chain Monte Carlo simulations was used [27]. This was followed
by diplotype analysis of the significantly associated haplotypes.
Significantly associated diplotypes were than evaluated for associ-
ation with therapy optimization parameters. To test for population
stratification, the genotype frequencies of unlinked markers in
cases and controls were compared using Pearson’s chi-square test
utilizing STRAT software [28].

Results

Of the 408 patients who completed the one-year study duration,
379 (92.65%) were on monotherapy (24.80% [PHT], 44.33%
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[CBZ], 22.43% [VP], and 8.44% [PB]). Among monotherapy
patients, 225 belonged to “no-seizure” group (59.37%) and 154
belonged to “recurrent seizure” (40.63%) group. Maintenance
dose of PHT, CBZ, PB, and VPA showed considerable interindivid-
ual variation (Median [range]—PHT: 250 [50-500] mg/day, CBZ:
500 [150-1200] mg/day, VP: 750 [400-2000] mg/day, and PB: 90
(60-210) mg/day) (Table 1). The test for population stratification
using all of the nine unlinked markers was not significant in our
study suggesting ethnically homogeneous population (3> = 76.67,
df = 60, P-value = 0.072).

Association of Genetic Variants

Association analysis with drug response was first performed in
a pooled cohort of all patients on different drug therapies.
Later stratified analysis was conducted in each drug therapy
group for association with drug response, dose levels, and
drug levels.

All Drugs

Pooled analysis of all drug groups revealed significant associations
for a total of 15 SNPs spanning five genes, but none of them could
remain significant after accounting corrections for multiple com-
parisons (Table S2). Further, haplotype analysis was performed on
SNPs with significant uncorrected P-values. However, none of the
haplotype could remain significant postcorrection for multiple
comparisons.

Phenytoin (PHT)

Upon stratification for PHT treatment, we observed significant
association of 13 SNPs from three genes including SCNIA
(rs2298771, 1s6432860, 1s3812718), GABRAG6 (rs3811995,
rs13184586, 1s3219151), and GABRAI (rs12658835, rs7735530,
1s7732641, rs1157122, 1s2279020, 152290732, rs998754), but
none could remain significant postcorrection for multiple compar-
isons (Table S3). Among all the variants, rs1157122 of GABRAI
had the most significant uncorrected P-value of 8.28 x 10~*. Fur-
ther evaluation of LD information on SNPs showing significant
but uncorrected association in healthy control population
revealed tight LD among following associated SNPs: rs6432860
and 152298771 of SCNI1A (7‘2 =0.92), 153219151 with rs3811995
(2 = 0.906) and rs13184586 (* = 0.929) of GABRAG, rs7732641
with 151157122 of GABRAI (72 =0.98), and 152290732 with
1s998754 (r* = 0.99) of GABRA. Exclusion of tagged SNPs from
every gene was followed by haplotype analysis of the remaining
five SNPs from GABRAI (rs12658835, 1rs7735530, 1s7732641,
1s2279020, and rs2290732) and two SNPs (rs6432860 and
rs3812718) from SCNIA. GABRAI showed several significantly
associated haplotypes ranging from two- to five-marker combina-
tions and SCN1A also showed a significant two-marker haplotype.
Of the several significantly associated haplotypes, the longest five-
marker haplotype for GABRAI was 1512658835[rs7735530|
1s7732641|rs2279020[rs2290732 (AATGA: Peorrecied value = 0.022,
OR = 0.30, 95% CI =0.12-0.77) and (AGCAG: Peomecteq value
=0.022, OR = 2.34, 95% CI = 1.11-4.94). With respect to SCN1A4,
we observed significant association of a two-marker haplotype
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1s6432860[rs3812718 (AC: Peorrectea Value = 0.022, OR = 2.72,
95% CI = 1.39-5.35) only. Diplotype analysis of significant
GABRAI haplotypes further revealed significant overrep-
resentation of rs12658835[rs7735530 (AG/AG: Pcorrected Value =
0.0349, OR =3.75, 95% CI=1.36-11.05) and 1s12658835|
1s7735530/rs7732641  (AGC/AGC:  Peomectea  value = 0.0349,
OR = 3.22, 95% CI =1.20-9.10) in patients with “recurrent

seizures”

(Table 2A).

Furthermore,

SCNI1A

also

R. Baghel et al.

showed

significant overrepresentation of rs6432860|rs3812718 (AC/AC:
Peomectea Value = 0.0349, OR = 6.42, 95% CI = 1.10-65.76) in
patients with “recurrent seizures” (Table 2B).

Analysis of therapy optimization parameters failed to reveal
association of GABRAI variants with dose and drug levels
(Table S4). However, significantly higher levels of “dose-adjusted

Table 2 Association analysis of haplotypes and diplotypes with antiepileptic drug response

(A) Significantly associated haplotypes with antiepileptic drug response

Gene SNPS Haplotype Recurrent seizures No seizures OR (95% Cl) P-value*
Phenytoin
GABRA1 rs12658835|rs7735530 AA 9.59 26.1 0.33 (0.13-0.83) 0.00607
AG 90.4 73.8 3.61 (1.57-8.28) 0.0060%
rs2279020|rs2290732 AG 74.6 55.0 217 (1.16-4.07) 0.0078%
GA 253 449 0.41 (0.21-0.82) 0.0078%
rs7732641|rs2279020 CA 72.6 55.2 2.07 (0.68-6.32) 0.0170°¢
TG 9.52 24.4 0.30 (0.12-0.77) 0.0105°
rs7735530|rs7732641 AT 9.59 24.3 0.30 (0.12-0.78) 0.0118%
GC 90.4 75.7 2.84 (1.21-6.66) 0.0118%
rs12658835|rs7735530|rs7732641 AAT 9.72 24.8 0.33 (0.12-0.86) 0.0118°
AGC 90.3 75.2 3.22 (1.46-7.08) 0.0118%
rs7732641|rs2279020|rs2290732 CAG 74.3 55.0 2.33 (1.08-5.04) 0.0094°
TGA 9.93 24.7 0.30 (0.12-0.77) 0.0140°
rs7735530|rs7732641|rs2279020 ATG 9.59 243 0.30 (0.12-0.77) 0.0118%
GCA 72.6 54.9 3.03 (1.28-7.19) 0.0159°¢
rs7735530|rs7732641|rs2279020| ATGA 10.0 25.2 0.30 (0.12-0.77) 0.0119°
rs2290732 GCAG 74.3 54.2 1.36 (0.48-3.88) 0.0071%
rs12658835|rs7735530|rs7732641| AATG 9.59 24.6 0.30 (0.12-0.77) 0.0108%
rs2279020 AGCA 72.6 54.5 2.90 (1.22-6.93) 0.0138°
rs12658835|rs7735530|rs7732641] AATGA 10.0 255 0.30 (0.12-0.77) 0.0109°
rs2279020|rs2290732 AGCAG 743 53.7 234 (1.11-4.94) 0.0061?
SCN1A rs6432860|rs3812718 AC 40.5 19.3 2.72 (1.39-5.35) 0.0015°
Carbamazepine
STX1A rs867500|rs4363087 GT 54.9 39.4 1.97 (1.24-3.13) 0.0048¢
Phenobarbitone
ALDH5A1 rs2247845|rs1054899 TC 13.6 38.1 0.25 (0.04-1.34) 0.0419°
(B) Significantly associated diplotypes in phenytoin group of patients
Phenotypic groups Gene Diplotype Recurrent seizures (n%)  No seizures (n%)  OR (95% Cl) P-value*
Phenytoin drug response  GABRAT1 rs12658835|rs7735530 AG 29 (78.4) 28 (49.1) 3.75 (1.36-11.0)  0.0046"
rs2279020|rs2290732 AG 19 (51.3) 17 (29.8) 248 (0.96-6.41)  0.0359°
rs7732641|rs2279020 CA 19 (51.3) 17 (29.8) 2.48 (0.96-6.41)  0.0359°
rs7735530|rs7732641 GC 29 (78.4) 32 (56.1) 2.83 (1.02-8.37)  0.0273°
rs12658835|rs7735530|  AGC 28 (75.7) 28 (49.1) 3.22 (1.20-9.10)  0.0104°
rs7732641
rs7735530|rs7732641| GCA 19 (51.3) 17 (29.8) 248 (0.96-6.41)  0.0359°
rs2279020
rs12658835|rs7735530, AGCA 19 (51.3) 17 (29.8) 248 (0.96-6.41)  0.0359°
rs7732641|rs2279020
SCNTA rs6432860|rs3812718 AC 7 (18.9) 2 (3.51) 6.42 (1.10-65.8)  0.0131°

SNPs with P < 0.05 were included for haplotype analysis, haplotype with minimum frequency <0.05 was excluded from the study, P-values in bold
remained significant after correction, *FDR corrected P-values, #0.022, £0.023, “0.025, “0.050, ©0.0189; OR, odds ratio; Cl, confidence interval.
Haplotypes which withstood FDR correction were included for diplotype analysis. P-values in bold remained significant after correction. *FDR

corrected P-values 20.0349, °0.0359; OR, odds ratio; Cl, confidence interval.
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Table 3 Effects of SCN1A diplotypes, genotypes, and model on PHT maintenance doses, maximum doses, and corresponding adjusted serum PHT

concentrations

SCN1TA_ rs6432860

SCN1A_ rs3812718

Genotypic
n (mean
Maintenance Genotypic n (mean rank) P-value Genotypic rank) P-value
Dose corrected by weight (mg/day per kg) GG 46 (41.0) 0.166 T 23 (41.2) 0.171
GA 26 (40.8) CT 39 (42.4)
AA 6 (22.7) cC 16 (30.1)
Dug levels corrected by dose (mg/L per mg/kg) GG 34 (33.9) 0.208 T 15 (34.4) 0.691
GA 22 (30.9) CT 33 (31.4)
AA 6 (19.8) cc 14 (28.6)
Maximum
Dose corrected by weight (mg/day per kg) GG 49 (44.9) 0.867 T 25 (45.5) 0.629
GA 30 (45.2) cT 14 (46.1)
AA 9 (40.2) ccC 19 (39.5)
Dug levels corrected by dose (mg/L per mgrkg) GG 35 (38.8) 0.042 T 16 (38.4) 0.472
GA 24 (33.5) CT 35 (34.9)
AA 9 (20.3) ccC 17 (30.1)
SCN1A_ rs6432860 SCN1A_ rs3812718
Dominant model
Maintenance Dominant model n (mean rank) P-value Dominant model n (mean rank) P-value
Dose corrected by weight (mg/day per kg) GG 46 (41.0) 0.489 T 23 (41.2) 0.673
GA+AA 32 (37.4) CT+CC 55 (38.8)
Dug levels corrected by dose (mg/L per mg/kg) GG 34 (33.9) 0.246 1T 15 (34.4) 0.475
GA+AA 28 (28.6) CT+CC 47 (30.6)
Maximum
Dose corrected by weight (mg/day per kg) GG 49 (44.9) 0.883 T 25 (45.5) 0.810
GA+AA 39 (44.0) cT+CC 63 (44.1)
Dug levels corrected by dose (mg/L per mg/kg) GG 35 (38.8) 0.065 T 16 (38.4) 0.362
GA+AA 33 (29.9) CT+CC 52 (33.3)
SCN1A_rs6432860|rs3812718
Diplotype
Maintenance Diplotype n (mean rank) P-value
Dose corrected by weight (mg/day per kg) AC (+) 6 (22.7) 0.06
AC (—) 72 (40.9)
Dug levels corrected by dose (mg/L per mg/kg) AC (+) 6 (19.8) 0.1
AC (—) 56 (32.7)
Maximum
Dose corrected by weight (mg/day per kg) AC (+) 9 (40.2) 0.6
AC (—) 79 (45.0)
Dug levels corrected by dose (mg/L per mg/kg) AC (+) 9 (20.3) 0.02
AC (—) 59 (36.7)

Data were represented as n (mean rank) number and mean rank, P-values for diplotype and dominant model were calculated by Mann-Whitney U-test
and for genotype were calculated by Kruskal-Wallis test. No significant association was observed., AC (—): AC diplotype present, AC (+): AC diplotype
absent. P-values in bold are significantly associated and < 0.05.

serum drug levels” at maximum dose were observed in patients
carrying GG genotype of rs6432860 of SCNIA (P-value = 0.042).
This is in contrast to significantly lower “dose-adjusted drug
levels” at maximum dose of PHT in patients harboring SCN1A AC/

AC diplotype (P-value = 0.021) (Table 3).

© 2016 John Wiley & Sons Ltd

Carbamazepine (CB2)

With respect to CBZ treatment, a total of nine SNPs from six genes
namely SCN2A (rs1007722), GABRA6 (rs13184586, 1s3219151),

GABRAI (rs7732641), GABRG2 (rs209353), STXIA (rs6956879,
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1867500, rs4363087), and SNAP25 (rs3787283) were significantly
associated with drug response, but none could withstand correc-
tions for multiple comparisons (Table S2). Further LD determina-
tion in healthy control population revealed strong LD between
1s3219151 and rs13184586 (1 = 0.93) of GABRAG. As a result,
only three genetic variants from STXIA could be carried forward
for further haplotype analysis. A 2-3 marker sliding window
approach identified a borderline association of two-marker haplo-
type 1s867500|rs4363087 (GT: Peorrected Value = 0.050, OR = 1.97,
95% CI = 1.24-3.13) with a higher frequency (54.93%) in
patients with “recurrent seizures” compared to patients with “no
seizure” (39.38%) (Table 2A). However, diplotype combination of
haplotypic variants could not reveal significant association which
limited any further analysis with CBZ dose and drug levels.

Valproate (VP)

In case of valproate monotherapy, we observed significant associa-
tion of six SNPs from four genes CACNAIE (rs4652678, rs199930),
SCNI1A (rs1813502, rs3812718), GABRB3 (rs878960), and GRIKI
(rs466476), but none could withstand correction for multiple
comparisons (Table S2). Further, LD information on variants from
CACNAIE and SCNIA in healthy controls did not reveal any signif-
icant linkage. However, none of the haplotypes from both genes
showed any significant association. The absence of any haplotype
association refrained from conducting further association analysis
of diplotypes and their influence on dose and drug levels.

Phenobarbitone (PB)

With respect to association analysis in patients on PB treatment, a
total of eight SNPs from four genes namely GABRG2 (1rs209353),
ALDH5A1 (rs2247845, rs1054899), SCNIB (rs67777826, 1s5839
2252, 152278995, 152278996), and GRIKI (rs2832495) revealed
significant P-values which could not remain significant postcor-
rection for multiple comparisons (Table S2). The LD determina-
tion in healthy control population did not reveal any significant
linkage. Lastly, haplotype analysis did not yield any significant
association which limited any further analysis.

Discussion

The identification of a genetic marker as a predictor for treatment
response has been a long felt need in epilepsy therapeutics. We
hypothesized that genetic variants from ion channels and func-
tionally related genes and genes from synaptic vesicle cycle (SVC)
may affect response to first-line AEDs. We conducted a compre-
hensive association study of 155 SNPs across 12 such genes
(Table S5). Although single-marker analysis of all the genetic
markers with drug response provided significant association sig-
nals across several loci, none could withstand correction for multi-
ple comparisons. Single SNP may not be the actual causal variant
rather more than one SNP might be responsible. SNPs do not
transmit independently; rather, there is an intrinsic dependency
of SNPs due to their combination as linked units into haplotypes
and diplotypes. Haplotypes and diplotypes are in fact more infor-
mative and have higher statistical power. Therefore, in addition to
single SNP association

analysis, a multimarker/haplotype
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approach was adopted to increase the power of the study, thus
providing a more holistic view of association [29]. The multi-
marker approach further led us to identification of significant
associations of SCNIA and GABRAI haplotypes and diplotypes in
response to PHT monotherapy in patients with epilepsy.

GABA is well known to be a principal inhibitory neurotransmit-
ter and alteration in expression or activity of genes encoding these
receptors (GABAergic) is believed to be one of the main causes
behind seizure pathophysiology which could further lead to
altered drug response. In the present study, majority of the
GABRA! variant haplotypes and diplotypes were observed to be
overrepresented in patients with recurrent seizures. The GABRAI
haplotypes comprised of SNPs spanning from 5 UTR
(rs12658835) to 3’ UTR (rs2290732) of the gene and included sev-
eral intronic SNPs (rs7735530-intron 3, rs7732641-intron 6,
1s2279020-intron 8) as well. Although the longest associated four-
marker diplotype rs12658835|rs7735530[rs7732641|rs2279020 did
not have 3’ UTR SNP, the varied gene locations of SNPs reflected
the gene coverage of the associated region. This further high-
lighted the presence of long regions of high linkage within the
gene and led us to identification of causal variants in our popula-
tion. Based on the functional prediction of the associated SNPs,
we observed that 5" UTR SNP rs12658835 is present on the tran-
scription factor binding site which may ultimately lead to impaired
transcription of the GABRAI. Further, it was also observed that
the 3’ UTR SNP rs2290732 is present on a miRNA binding site
which may ultimately influence the GABRAI gene regulation. In
conclusion, our data highlight the potential influence of GABRAI
gene as a whole on the development of recurrent seizure pheno-
type in epilepsy patients despite being on adequate treatment.

A recent report by Zhou et al. highlighted the importance of 3’
UTR region of GABRAI on CBZ tolerance [30]. It was observed
that carriers of 3’ UTR SNP rs2290732 GG genotype were less tol-
erant to CBZ therapy. This may be attributed to poor seizure con-
trol or development of adverse drug reactions (ADRs). Significant
association of another GABRAI variant rs2279020 with drug resis-
tance was earlier observed in patients treated with CBZ, PHT, or
VPA [31]. In light of evidence supporting the possible binding of
both PHT and CBZ on GABA, receptor, CBZ associations may pro-
vide directions for genetic marker search for PHT response. Similar
to results reported by Zhou et al., our study also showed higher
frequency of G allele of rs2290732 as a part of associated haplo-
types (rs2279020_rs2290732:AG = 74.65%, 157732641 _152279
020_1s2290732: CAG = 74.27%, rs7735530_1s7732641_1rs22790
20_rs2290732: GCAG = 74.29%, 1rs12658835_rs7735530_rs773
2641_1s2279020_152290732: AGCAG = 74.28%) and diplotypes
(rs2279020_rs2290732:AG/AG = 51.35%) in recurrent seizure
patients (Table 2A) [30]. An earlier report by Kumari et al.
showed significant association of another SNP rs2279020 with
drug resistance in ethnically similar North Indian epilepsy patients
[32]. In the same year, Kim et al. reported the significant associa-
tion of a gene—gene interaction model of four SNPs from GABRAI,
EAAT3, and GAT3 including 5" UTR SNP rs12658835 from GABRAI
with epilepsy drug resistance [33]. Similarly, in our study, A allele
of 1s12658835 was observed to have higher frequency in diplo-
typic combination with other GABRAI variants in patients show-
ing “recurrent seizures.” In addition, SCNIA SNPs were also
observed to be associated in response to PHT in our study. A two-

© 2016 John Wiley & Sons Ltd



SCN1A and GABRAT1 Variants in Phenytoin Response

R. Baghel et al.

(panunuoo)

'SUOIRIIUBIUOD
8nJp wnJas Jojpue
sagdesop oinadesayy
e sg3v aJow Jo om}
YIm juawiieas) aydssp
‘Jeak 8uipadaid ayy

J9A0 yjuow Jad aJow Jo
9JnZ|18s auo Jo a8eJane uy
JUp3SISed Snu@ JuswIeal)

@3V JO 950p 3|geIs e uo

JUeISISal ZLE69LTSI L6119V LS JUBLUINIDBI JO B3RP By}
8nip 661 '£6/50V€1S) ‘998,995 03 dn Jeak e 3ses| je Joy
aAIsuodsal ‘£/G881015) ‘81/Z18€ESI s3nip sadAy 2Inz|as ON :aAIsuodsal asuodsal (9s8UIYD UBH) [z¥] 8002
uoneosse oN 8nup zrz ULy 1£/862TS) ‘€58020154 VINOS SNOLBA SNOLRA 8nug asuodsai Snug 8nig uelsy ‘e 38 uemy|
‘porad
Apnis ay3 Suunp asop
159Y3IH :850p WNWIXDIN
“uaned aaAlsuodsal
-8nJp ay3 ul 8sop 35837
:950p 9oUbUBIUIDYY 9s0Q
'saav
JUBJBIP SJ0W O 234y}
ynm 1eay 03 sydwaie
90+yYO<yY 79D a31dsap JeaA e Jano
10 950p dduURUUIRW $94NZ|9S Pa||0J3uodun
1O wnwixew 1Up3SISa4 Sniqg "(s)aav
J0j puai] ‘syuaijed JURISISaI EIEREYBENENEET
790 Ul 8duesisal 3nip v0oL 3U0 JO WNWIUIW e 10} 2s50Q
3nJp ynum pajeidosse aAIsuodsal s3nip sadAy $24NZ19s ON ‘aAIsuodsa. asuodsau (esaueder) [6€] 8002
sem adAjouss vy Snup /11 1zg 81/Z18€S) VINDS SNOLIBA SNOLRA 8nug asuodsai Snug 8nug uelsy ‘le 32 aqy
‘Juawiealy Jejndai
J18y3 8uunp 03 pasodxa
aJ4om syuaned yoiym
0} 9S0p WINWIXe
:950p WNWIXDY
Juswiealy sjuaned ayl
(99<9v<V :puail) Jo Auoasiy auy ul susIA
950p douRUSIUIRW 9AIINDBSU0D 240W JO
1B S|9A3| WnJas 0M} J0} padueyd usaq
LHd YIm 81/z1L8ess sadAy Jou sey yaiym asoq S[eAd| (s2U1yD) [1¥] 9002
JO UOIeID0SSE JURdYIUSIS 391 81/Z18€s/ VINDS 1Hd SnoLeA :950p 9ouUbUBIUIDYY ds0Q 3niqg asoqg uelsy ‘le 10 ajel
“Juswiea.]
(99<0v<V :pual]) Jendau Jiayy
sjuaijed [Hd se ||om se 2519z1zs! Bupnp 03 pasodxa
79D Ul 9S0p winwixew ‘81/z18€s! aldam sjuaned yoiym
Yim g1/e18gss 7490 18¢ /86161851 sadAy 0] 80P wnwixe (ueadoung) [¥€] so0e
JO UOIjeID0SSE JURdLIUSIS 1Hd Gz¥ ‘8/706G54 VINDS 79D LHd SnoLeA 1950p WnWixoy asod 850Q uelseone) ‘le 10 ajel
SjuBLBA [ VYFGYD syuaned SjuelieA 1v4gv9 SQ3y  QWOJpUAS 2WO023IN0 JO uonIuyad EICEIEN (Ayo1uuya3) Jeah
/VINOS YliM u0leossy JO "ON [ej0L RIEIVED) /VINOS Asda|id3 awodINo uonendod pue Joyiny

Sg3Vv uoneIaUaS-1SIy Yaim palealy syuaned Ul (sjpas) 8nip
pue asop) siayeweled uoljeziwiido dinadesayy pue asuodsas 3nip YIM SjuelIBA [YHGYD pue v INDS JO SISAjeue uopeidosse duliojdxa saipnis dieuadodeweyd jo Alewwns aAjeledwod v ¢ ajqel

747

CNS Neuroscience & Therapeutics 22 (2016) 740-757

© 2016 John Wiley & Sons Ltd



R. Baghel et al.

SCN1A and GABRAT Variants in Phenytoin Response

(Penunuod)

‘2oue)sIsal 3nip
LAIM paIeID0SSe 949M
aj9|le 9 pue adAjousd 99

uoleI0sse ON

uolje|dosse oN

uopjedosse oN

juelsIsal 3nup

22| anisuodsal

8nip 652 18€

juelsisal 3nup
/11 anisuodsal
3nip 61z 9€€

juelsisal 3nip
002 aAIsuodsal
3nip 00z 00

69¢€

0c06/ccs)

L£/86C¢SI

(91 uoxa ‘queieA
SNOWAUOUASUON)
dNS |

8l/cl8es)

Lvd8v9

VINOS

VINOS

VINOS

s3nip
snoueA

s8nip
SNoLIeA

s8nup
snoLeA

790

sadAy
snoLeA

sadAy
SnoueA

sadAy
snoLeA

34

'|0Jju0d a4nzjas
10} A1adins auodispun
pey oym sjuaned Jo
S850p Pa1eJa|0} WNWixew
e sq3v ajendoidde aauyy
UM Jeah auo jo pouad
B JOAO S9INZIdS INoj Ises)
e JO 92UBLINJDQ :JUDISISad
8nig ‘Jsin dn-mojjo} 3se|
2y} WoJj Jeah auo ses| je
10} $24NZIds ON :dAIsuodsal
8nig asuodsas 8nug
'|0J3u02 8.Inzias 4oy A1adins
auodiapun pey oym
sjusned Jo sesop pajels|ol
winwixew e sqav
ajelidosdde sa4y3 yim
Jeak auo Jo pouad e JaA0
$24nzI9s Jnoy 1ses)| e Jo
92U3.4INJDQ JUPISISaL Snig
‘JISIA dn-mo)|04 3Se| By}
wioJy Jeak auo jsea) je 1o}
$94NnZI9s ON :2AIsUodsas
8nig asuodsai 8niqg
‘|0;3u0d
24nzI9s 10} Juawiesly
|e218Jns auodiapun
pey oym sjuaned Jo
S950p Pajela|0} [ewiXxew
18 sg3v ojeudoudde
OM] UBY} 940W }O S|el}
YIM JusWINIDB. 810490
Jeak ayj Jano sainzias
payonoidun Unoj ises) je jo
92UB4INJDQ [JuUp3SISad 8nig
IA dn-moj|o4 Ise| sy Jo
a1ep ayj 03 dn “JesA auo
15e3| 1B 4O} S2UNzlas ou
‘a3v 2|8uIs yim pajealy
sjuaned u| ‘aaisuodsa
8nig asuodsai 8niqg

9S0p doupusajuIby 8soq

asuodsal
3nig

asuodsal
8nig

asuodsal
8nig

asoq

(uetpul Y1IoN)
uelsy  [¢g] 0L0Z e 10 Lewny 8

(uelpu| Y.OoN)
uelsy [v¥] 600C ‘e 30 UeLpe] L

(ueaioy)
uelsy [ev] 600¢ "[e 30 Buef 9
(ueadoun3)

ueiseoned  [9€] 800z B 39 Youdwiz g

SjUeLIA | YYEYO
/VENJS UIM UOIED0SSY

sjuaned
JO "ON [e30L

SUENEIN
PJIEIED)

Lv4gvo
/VINOS

Saav

SWOJPUAS
Asdajid3

3W02IN0 o uopiuyaq

EIEBEI
2Wo02IN0

(Adrup3) Jeak
uopendod pue Joyiny

(ponunuod) ¢ ajqel

© 2016 John Wiley & Sons Ltd

748 CNS Neuroscience & Therapeutics 22 (2016) 740-757



SCN1A and GABRAT1 Variants in Phenytoin Response

R. Baghel et al.

(panunuoo)

Jue3sIsal
3nip Loy
anisuodsal

uoleosse oN 3nJup z8y €88

9oUe)SISal Snup
UM (€1V9) SZ/y0ETSS
pue ‘(€1vVv3) zc98ceesi
‘(Lv¥av9) G6€9915€s)
pue 8859z LS4

JO UOIIeIDOSSE BAJoRIRIU|

quelsisad
8nup 00z
aAIsuodsal

8nip 00z 00%

juelsisal 3nup
111 eAIsuodsal

uolIeI0SSe ON 8nip 871 682

8l/C18es)

(1v4gv9)
G6E9915€s)
'GE8BS9C LS

(VINOS) L££862s)

81/T18€ESI '1LL86CCSI

Lvygv9
‘VINOS

VINOS

s8nip
SNoLeA

s3nip
snoLeA

s3nip
SnoLeA

34

sadAy
snouea

sadAy
snoue

1ey3 sieak omy ay3 duunp

YIUOW/aNnzIas auo 1sea| je se

pauyap sem aduelsisal nip

‘A1a81ns Asdajida auo8iapun

pey oym sjuaijed o4

‘950p pajesa|03 315aydly ayj e

pue ‘UOIFRUIGWIOD Ul JO BuOole

Jayie ‘sq3y ejeudosdde

2J0W JO 934U} YIM Juswiessy

snoinaad Jo Jualind aydsap

‘YIUOW/2INZIdS BUO 3Ised| Je JOo

Aousnbauy e yim siesh

omy snolnaid ayy Sulinp

$24NZ|9s JO 2oUdISISIad

up3sisas Snig

‘sJeak om3 snoinaud

2y} 1se3| e J0j aInzlas

ON :9AIsUodsas Snig
asuodsai 8nuqg

'|0J3u0d ainzias

Joy A1a8ins auodiapun

pey oym sjuaijed o

S950p PajeIa|0} [euwIXew

1e sg3v aleudoudde

OM] UBY} 8JOW JO S[ely

YIM JusWIINIDS. 840)9¢

JeaA 8y} JOA0 SaINZIas

paxonoidun Jnoy 3ses|

1€ JO 92UINJDQ [IUDISISad

8nJ@ "3sIA dn-mojjo} 1se| ayy

J0 93ep ay3 03 dn ‘Jeak

QU0 1589| 1B IO} 2InzZ|as

ON ‘aAisuodsa 8nig
asuodsai S8nug

'|0J3u0d aUnzjas

40} AJadins auodiapun

pey oym sjuaied o

S950p PaIeJIa|0} WNWIXew

e sq3vy ajeldosdde sauyy

YIIM Jeah auo jo pouad e

JAAO S2INZIds Inoj ises)| e

JO 92UBMINJDQ :JUDISISaL

8ni@ "ysiA dn-moj|o} Ise|

2y} WoJj Jeak auo jses| je

10} $24NZIas ON :dAIsuodsal
8nig asuodsas 3nua

asop
pue
asuodsau (uerey)

3nia uejsesne) [8€] 110C [e 18 euuewy Ll

asuodsal (ueaioy)

8nig uelsy [eel LLoz eI@ W Ol

asuodsau (ysiueds)

8nig uelsesne) [S¥] 0102 ‘e 18 zayoues 6

SjuBLIBA | YHEYO sjuaied
/VENDS UMM UOIeID0SSY 10 ON [e301

sjueLeA
PJIEIED)

Lv4avo
/VINJS

sa3av

SWOJPUAS
Asdayid3

BWo02INno o uo

4ad

s|qeLieA (Apuy3) Jeak
Ellexigle) uone|ndod pue Joyiny

(panunuod) + ajqel

749

CNS Neuroscience & Therapeutics 22 (2016) 740-757

© 2016 John Wiley & Sons Ltd



R. Baghel et al.

SCN1A and GABRAT Variants in Phenytoin Response

(panunuod)

(99<0v<V :puai])
sjuaned anisuodsal-3nip
ul 3sop Yim g81/cL8est
10 UopeIDOSSE ‘Bsuodsal
3nJp Yyam uoneosse oN

(soneJ asop
JUOIIBAIUBIUOD)U| JOMO)
pue sadesop 7g) 42ydly
YIIM pajeiposse
2Jam adAjous8 vy

pue sja|le v 81/Z18ESI

uoljeInosse oN

3nip 28 LyL

8nip 90€ €85

JuRISISaU
3nip 59

aAIsuodsal

81/C18€ESd VINOS

44 81/£C18€ES) '1£L86TCSI VINOS

juelsISal
3nip LLT

aAIsuodsal

81/C18€esd VINOS

790

790

dA

sadAy
SnoLeA

sadAy
snoLeA

sadAy
snoleA

790 yum

JuswieaJ} Jo Jeak auo

JBNO S3INZIas UNo} 1sea| Je Jo

90U34INd2Q :Juelsisad 3nig

79D YHM Juawieay

J0 JeaA auo 3ses| 1e 4o}
24Nnz19s ON :dAIsuodsal Snig
asuodsaa 8niqg

"asop Aliep

/UOI1BJJUSOUOD WINISS
a1e15-Apeals Ueal :(¥ao)
0/10J 8S0pP/U0IIDIIUSIUOD)
s|aAs| 8nup pue asoq
“Ja8uo|

SeM JaAILDIYM

‘syjuow | Jo (syyuow z| ised
ay3 uIym 3ulN2d0 SaINzias
W04} paulwisIap) [eAldul
94NnZ195J93Ul UORUdAIRUI-a.d
1598U0| 8y sewl} 924y} Jo
WINWIUIW e 0} S3INZI8S W0}
wopaaldy) |0Jju0d 8inzles
pood pue aoueldwod pood
Japun Jeak auo 1sea| 1e 4o}
padueyd usaqg jJou pey ey}
28e50( :950p 22UDUSIUIDIN
asoq

‘sa3esop 213nadesayy
pa3jela|0} Ajjewixew

18 AdeJayjouow yum
JuswWieaJ) Sulnp Jeak auo
Jo popad e JaA0 saunzies Jo
92Ua.JNd2Q JUbISIsal Snig
‘Adesayjouow

3ulnp JesA auo jses) je 1o}
9Inz19s ON :aAIsuodsal 8nig
asuodsai 8niqg

‘S)inpe ul 8sop

Ajlep aoueuajUleW 98RJIaNE
8y} sl aad a4aym ‘soned (aAq)
asop Ajiep pauyap/(aad) asop
Allep paquasaid 0130 850q
asoq

"9ouP)sIsaI0dewWIRYd U0} BLIBIID
aA0qe 8y} Jow juaijed ay}
A1a8ins Jo awiny ay3 Je jeyy
papinoid ‘Aladins papadalid

S|oA9)
8niqg esoq
asuodsal (ueluopade)

8nig ueiseanen [8%] ZLOZ ‘e 38 ABlIBIS YL

SELE] (9s0UIYD

8niq esog UeH) uelsy [L¥) Z10Z @12 BunH €L

(@s9UIYDI

8uoy 8uoH

pue

asuodsau uelsAele )

8nia ueisy [ov] zloZ "|e 30 UeuseH ¢l

SJUBLIA [ VYFVD
/VINDS YIM UORRI0SSY

sjuaned
JO "ON [B301

sjueLIeA
PJAEIED)

Lvygv9
/VINOS

saav

SWOJPUAS
Asdaid3

aW02IN0 JO uonIuYaq

(Awoup3) Jeak
uonendod pue Joyiny

a|gerien
aWo2IN0

(penunuo)) ¢ alqel

© 2016 John Wiley & Sons Ltd

750 CNS Neuroscience & Therapeutics 22 (2016) 740-757



SCN1A and GABRAT1 Variants in Phenytoin Response

R. Baghel et al.

(penuuUod)

‘sa8esop dnnadesayy pajes|oy
Ajjewixew je

Adeisayiouow yiim juswiiesty
8ulodJapun a)iym Jeak

auo Jo pouad e Jano sainzjes
10 92UBLINIDQ JUDISISa 8nid

Jue)sisal ‘Adeiayjouow Yim juswiiesty (esauIyd
3nip zos Bulnp Jeak auo jses)| je 4oy 8uoy 8uoH
anIsuodsal G610E60154 ‘1//862T54 sadAy 24nz|as ON :aAIsuodsa 8nig asuodsal ‘ueisAeje|n)
uonedosse oN 8nJp 20/ v0S1 '€68020154 ‘€L7Z8101S4 VINDS dA 79D SnoLeA asuodsai 3nia 3nia uelsy [LS] €102 ‘e 38 UeLBEH /|
'sieak omj 1ses)
1e 10} Jeah Jad z| 1ses|
1e Jo Aouanbauy aunzies pey
pue ‘UoieINP YIUOW-XIS 1sea|
1e Jo yoes ‘|euy Adesayi-onp
auo pue s|ely Adesayjouow
0M] 1583 1B 0} BAIsUodsalun
Jue3sisal upisisas 8nuq “Adesayy
8nip ovz @3V Uo Jeak auo jses| e 4o}
aAIsuodsau s8nip SH-ITLN ainzlas oN eAlsuodsal Snig asuodsal (uelpul ynos)
uoijeo0sse oN 8nip 10T Lk 0206£22s4 Lv4av9 snoueA EI asuodsai 3nia 3nia uelsy [os] €10z ‘e 3@ uelRg 91
‘dn-mojjo} Jo syuow z|
0} € woly adAjousd
99 0 850y} uey} Jaydly
Ajueoyiudis alem jo
adAj0us8 Vv 81/T18ESI
ayj JO sJaled
Ul 78D JO S|9AS] WInias (Lyygvo) ‘pouiad dn-mojjoy
pue s8sop adueuduley G6E99LGESI ‘TELO6TTSI YuoW-Z 8ulnp 45 %0G> pue
‘dn-moj|oj jo 'GE8859Z1S1 (v INDS) '%G/-0G '%SL JO uoneuIguIod
syjuow G| 03 SLpuow € 20GEL8LS) ‘LLvLLG/SH :asuodsa. Jood ‘poliad SELE]]
WoJ} 99+9V 1£/86CCS4 'G/TL6V0LSH '€G8020 1S dn-moj|0} Y3uow-yZ Buunp (4S) 8niqg asoq
UM paje|dosse ‘'G/9Z691 151 ‘698/991S4 1v49v9 93l 2INnZ|as :asuodsal poo9 asuodsal (858UIYD UBH)
sem asuodsa. Jood 8 '81£T18€SI "1 LL86TTSI ‘VINOS 749D 34 asuodsas 8nia 8nig ueisy l6v] zl0Z ‘le@ noyz Gl
|ans| ewseld zgD/as0p Ajlep
790 :UuosLpdwod Jo xapuj
s|ans| 8nup pue asoq
‘s)inpe ul asop Ajlep
2oueURIUIRW B8kJaAR B}
SI Q@ a4eym ‘sones (@aaq)
asop Ajiep pauyap/(aad) asop
Allep paquasald :0ipJ asoq
“Juawieal; suaied
ay3 Jo AJ03SIY By} Ul SYISIA
9AIINJASUOD 2JOW JO OM)
40} padueyd usaq jou sey
1By} 950( :9SOP IUDUIUIDIN
asoq
SsjueLIeA [VHEYOD sjuaiied sjueleA Lv4av9 sqly  oWoJpuAs 8W02IN0 JO UoIuyaq a|qeren (Apuy3) Jeah
/VINDS YIIM UONed0SSY 10 'ON [e10L RIELED] /VINOS Asdayid3 |awodNo uonendod pue Joyiny

(panunuod) + ajqel

751

CNS Neuroscience & Therapeutics 22 (2016) 740-757

© 2016 John Wiley & Sons Ltd



R. Baghel et al.

SCN1A and GABRAT Variants in Phenytoin Response

(penunuod)

ulom Apog
pue asop 8yl Aq paisnipe
9JoM 78D JO SUOIIRIUSIUOD
ewse|d ajejs-Apesis
:uosLpdwod Jo xapu|
s|ana| 8nug pue asoqg
850p 82UDUBIUIDIA
asoq
‘Apnys Jeak-| e
Ul JUaWILaJ} 03 asuodsal
1004 :Jupjsisal 8nig

Juejsisal “Apmis SELE]
8nip pe Je9A-3U0 B Ul JUBWILaI] 0} 8niqg asoq
asuodsau sadAy asuodsay :aAsuodsal 8nig asuodsau (as8u1yD)
uope|osse oN 8nip 65 €8 81/Z18€s! VINDS 790 snoleA asuodsau Snig 8nig uelsy lov] €10z e 1@ UNA 0O
'|0J3U0D NZIBS IO}
AJadins suodiapun pey oym
sjuaned 4o sasop pajess|o}
wnwixew e sqiy a1eldoidde
92443 YIIM Jeah auo jo porad
© J9AO0 S8inz|as Inoj 1ses)| 1e
0 92UBINIDQ :JUDISISAI 8nid
Jue3sisal ‘JISIA dn-moj|04 ISe| By}
8nip 0z1 wioJy Jeak auo 1ses| 1e Joy
aAIsuodsal sadAy 2Inz|as ON :aA/suodsal Snig asuodsau (uelpul yIoN)
uope|0sse oN 8nip v6z v8y 81/Z18€s! VINDS 790 snoleA :asuodsai 8nia 8nig uelsy [£€] €10Z e 18 ewny 6l
S950p PaleIa|o}
wnwixew
Japun sa3y paquasald
Ajjeudoidde omy ises) je
UM WOpPaaly) 84Nnzlas aAsIyde
03 aJnjieq :jup3sisas 8nig
J93U0| SeM JBABYDIYM
‘sypuow z| Jo (sypuow g| sed
8y} UlyIm 8urundd0 sanzias
woJj paulwialap)
"9oue)sIsal 8nup |eAJ23UI 9INZI9SId)Ul
UM (9698Z8YS)) EVHEYD JUeISsisal (0868900151 ‘28£268954 uonuanssiu-ald 1538u0| U
pue ‘(0LEL1GS4) ZvHavo 8nip L/€ ‘TTLLSL1S] ‘£/8€889SI SaWI} 934y} JO WNWIUIW B JO}
‘(1vdav9) £/8€889s) anIsuodsal Buipnjoul) sdNS s3nip sadAy 2INZ13s ON :aAIsuodsal Snig asuodsau (858UIYD UBH)
10 UOIIRIDOSSE DAI}DRIAIU| 3nip 6vE LzL Suid3ey apim ausn 1VH9Y9 snoleA SNolLeA asuodsas Snug 8nig ueisy [zs] €10z ‘|e 1@ 8unH 8l
sjueLIeA [ VHEYOD sjuaiied sjueleA Lv49Y9 sgly  eWoJIpuAs 8W02IN0 JO UoIuYaq a|qeren (Apuy3) Jeah
/VLNDS U3M UOIRRID0SSY JO 'ON [e30L RJRCIVED) /VINOS Asdayid3 aWwodNo uonejndod pue Joyiny

(panunuod) + ajqel

© 2016 John Wiley & Sons Ltd

752 CNS Neuroscience & Therapeutics 22 (2016) 740-757



SCN1A and GABRAT1 Variants in Phenytoin Response

R. Baghel et al.

(panunuoo)

Jay81y e yim pajeidosse

alam adAjoldey

V1£,.86CCS)-V8LLCLBESI
pue ss|le ¥ 81/Z18€S4

‘99 03 pasedwod 7g)

ewse(d Jo S[oA3| JOMO|

Ajpueayiusis pamoys

VV 81/Z18€54 ‘asuodsal
8nip yum uoneposse oN

8duelsisal
8nup yum pajenosse
Sem 10 //G88101s4

99J} 94NZIdSUOU YHIM
pa3jeID0SSe aiam Y9+99
pue s|sje 9 |L/£/86¢¢S4

991

Jue)sisal

3nip 9v
anIsuodsau
3nup 66 Grl

quelsisad
8nup gge
aAIsuodsal

8nip 191 615

904} anzjasuou
£G1 934}
9INnzIds y61 1GE

81/T18€ESI "1 £/86TCSI VINOS

81/T18€ESI '1£L86TCSI VINOS

L611971SI

‘T7198911S) ‘€7G/09/S
'£1588101S) ‘SyieL61S
‘09821954 '€58020 LS4

‘G6119¥1SJ ‘ZOSELBLSI VINOS

1££86TTS4 ‘8LLT18ES VINOS

Z40

740

s3nip

snoLeA

740

sadAy
snoueA

sadAy
snoLeA

sadAy
snoueA

34

UOI1LID0SSE Ul JBSA BUO 15ed)
e Joj padueyd usaq jou pey
1By} 950( [9SOp IUDUIUIDI

asoa
‘wsljogelaw 790 Jo
uonen|eAs ayj Joj sieyeweled
se pasn aJom soljed 3790
:az4) pue ‘79D :az4d ‘790
3790 pue dzgd pue 379D 79D
10 SUOIJeJIUBOUOD palsn(pe
-95S0p dduUBURUIBIN (SHYAD)
SOIIDJ 8SOP/UOIIDIIUBIUOD
s|aAa| 8nup pue asoq
“Juswiieal; Adesayjouow
10 JeaAk auo jo pouad

© JAAO $24NzIas Unoj Jses)| e

0 92UBJINIDQ JUDISISa 8nid

JuswieaJ; Adesayjouow

3ulnp Jeak auo 1sea| e 4oy

98J} 2Inz|as :aAIsuodsas Snig
asuodsas 8nug

'S9S0P PaIeJs|0} [PWIXEW

1e sa3y 3upoo|g |auueyd

WINIPOS 940W JO OM] JO S|el}
YIM JusWiINIDB) 84080 Jeak

83U} JOAO S3INZI3S UNoj Jses| je
J0 92UBINIDQ JUDISISAd 8nid
's@3v 3umdolq

[SUUBYD WINIPOS YIIM pajesl)

Asdajide yum syuaned ul ‘ysia

dn-moj|o} 1se| 8y Jo a3ep

ay3 01 dn ‘JeaA e 1ses| je U0}

2INzIas ON :aA/suodsal Snig
asuodsai Snug

‘Apnis Jeak-auo

8y} JO syuow aa.y}

15e| puB 994y} IS4l Usamiaq

sainzfas jo uonsodoud

Ay} Ul 8seaJdap %001

uey ssa7 :9a4) anzIasUoN

‘Apms

Jeak-auo0 a3 JO syuow a4y}

58| pue 83JY) 1544 Usamiaq

$04nzi8s Jo uopJodoud ayy ul

95L2J09P %001 [99.4) 94NZI8S
asuodsas 8nug

S|aA3)| (@sauiyd ueH)

8nug asoq uelsy [95] 510z e @ BN bT

SENE]]
8nug a8soq
asuodsal (on0s0y)

8nig uelseone) [GG] Gl0z "e 39 1De@ €C

asuodsal (uelensny)

3nia ueiseane) Sl vioz e dA 2z

asuodsau (@sauIyd ueH)

8nig ueisy [es] ¥10Z "le 19 Buem  IZ

SJUBLeA [VHEYO
/VLNJS UM UOREIDOSSY

sjuaijed
10 'ON [e10L

sjueLeA
PJIEIED)

Lv4avo
/VINJS

sa3av

SWOJPUAS
Asdayid3

BWo02INno o uo

4ad

s|qeLieA (Apuy3) Jeak
Ellexigle) uone|ndod pue Joyiny

(panunuod) + ajqel

753

CNS Neuroscience & Therapeutics 22 (2016) 740-757

© 2016 John Wiley & Sons Ltd



R. Baghel et al.

SCN1A and GABRAT Variants in Phenytoin Response

(Penuuo)

1Hd Upm pajeasy
sjusned uj saunzjes

'TLEOSELS) “LY9TELLSH
'S6v881Z1S) ‘0EGSELLS

58| 93 Ul $84NZIas 210w JO U0
YIM Sjuslied :5a4nzias jualinday
‘Apnis ayy

JuaJindald Ylim pajeldosse dd uo ¢e 'G6€991G€S4 'GE8BSGIT LS
9J3M D81/C18ESA dA U0 68 74D ‘1009/G1L1SI'666G/GL 1S4 JO syjuow omi 1siy auya ul
-V098CEY9SI /0812 18ESH uo 891 LHd (VINOS) z0sEL8LSA S[ens| a3v e1eis-Apesis Buluiene
V098zEr9ss adAjoldip uo '94TL6V0LSH ‘L LL86TTS Joje ‘Juawiess} 43v sletdoidde
VLNJS pue 50e55e//S) Y6 s94nzies ‘0EVL6101S) ‘098ZEY9SI a11dsap ‘syuow usl Ise| S|oAs|
-VGEBBGICLSI/O0ESSELLSH jua4inday ‘81/Z18€S] ‘£861618S4 dd dA 9yl Ul 934} ainzies paulewal 8nig asoq
-VGE8859¢C 1S/ 7Sl 8inzies '££588101SJ ‘698,995 Lv4avo 740 sadAy Ooym siuslied ‘@4nziss oN asuodsal (uetpul yuoN)
adAjoldip Lvyavo ON 52T 6L€ ‘GOLLBELSI ‘PYGGELISI ‘VINOS 1Hd SnoLeA asuodsai 3nia 8nig uelsy Apmis Juesaid /g
“(uoneulquiod
ul Jo Adesayouow)
s@3v pasn Ajgjendoidde
pue pajeJajo} omy
JO JuaWieaJy ajenbape Jaye
wopsal} 8Jnz|ss snonuiuod
10 aJn|led upisisad 8nig
“(498uo| ay3)
JeaA auo Jo ‘quawiea)
940J3q |eAJalul 8inzZiasialul
Jue)sisal 1598U0| 8y} Sawl} 8.y} Jo
3nup 9g1 WNWIUIW e J0} WopaaJ) 8inzles
anisuodsal (1vygv9) 0206/2254 Lvyavo s8nup sadAy 939|dwo) ‘anisuodsal 8nig asuodsau (@s8UIYD URH)
uonepposse oN 8nip §€Z 16€ (VLINOS) 8L/z18€S4 ‘VINDS SnoLeA SNoLeA asuodsai 3nug 3nig uelsy [8G S10Z ‘[e 38 noyz 9C
950p-U0I3e3UBdU0D 79D
s|ans| 8nuqg pue asoq
3790 ‘790
sjana| 8nia
2500 UL
sadAy ‘950 WNWIXeN ‘Bs0g wnwiuip S|aA3)| (uerued)
uole|d0sse oN oL 14486254 VINDS 79D SnoLeA asoq 8nig esoq ueisy [£G] GLOZ "|e 18 IzZeweN Gz
‘(y8nous 3e) ones 78D
13790 9yl "9Sop @dueUSIUIEW
7d2/s50 79D ewse|d :(s¥do)
501104 8SOP/UOIINIIUBIUO)
s|ans| 8nug pue asod
“Jo8uo| sem
JaABYDIYM ‘sypuow g |
J0 (syauow z| ised auyy
ulyim SuIN220 $8INZI9s WoJj
“(¥@ouy) oneu pauIWISlap) [BAISIUI 9INZI9SIalul
950p-U0I3e3UBdU0D uopuaneiul-aad 3583U0| 8y} ploj-€
JlwyaLedo| JO WNWIUIW B 10} S24NZI8S WO
|ednjeu zgD Jomoj e WIOpPaaJ) Se paulap Sem [0J3u0d
pue 8s0p adueUIUIRW 9INZIss PO0Y '|0JIU0D 3INZIss
790 paisnlpe pue adue|dwod poosd yym
SJUBLIBA | VHYEGVO sjuaned SjueleA LV49YO sQav 9WOJPUAS 9WO02IN0 JO uouyaQg s|qelien (Apuy3) Jeah
/VLNDS YIM UONeIDOSSY JO "ON [P3OL pINEDEL) IVINDS Asda|id3 awo02IN0 uole|ndod pue Joyiny

(ponunuo)) + alqel

© 2016 John Wiley & Sons Ltd

754 CNS Neuroscience & Therapeutics 22 (2016) 740-757



R. Baghel et al. SCN1A and GABRAT1 Variants in Phenytoin Response

< o o marker haplotypic and diplotypic combination (rs6432860_
= ‘ < . i . )
§ <3 g o g 3 2 = rs3812718, AC) of exonic SNP (rs6432860) and intronic splice

3 § § 3 © 5 %08 z = variant (rs3812718) was observed to be significantly higher in

o 0 QY T 5 T O - . . " : ” :

g 5123 g 5 £3 g g = patients with “recurrent seizures.” Of the associated haplotypes,

s ¢e § é B é 2 g ) 1s6432860 is a synonymous SNP and was in LD with another sig-

2= | s " T o = . . .

I RE R 3 e E S nificantly associated SNP rs2298771 (Alal067Thr) which may

°cF | §alB8Rgor —

gg|leEsees g ca g alter structure and function of SCNI1A. The intronic SNP
"QN 1s3812718 (IVS5-91G>A) is known to be a functional variant and
w
v disrupts the consensus 5" splice donor site of a highly conserved

- p p ghly

5 5 alternative exon (5N) resulting in altered proportion of neonate

g o s and adult exon 5 transcripts in adult brain tissue. The study b

z £ = p Yy by

'TOE % 9 Tate e/ al. was the first to describe the significant association of

- S IVS5-91G>A with maximum dose and drug concentration at
I} g
o maintenance dose of PHT as well as CBZ [34,35]. However,
X : ,

g S S another study of CBZ dosage in Austrian population failed to
% § ® g reveal the significant association [36]. Additionally, other studies
R _;; § also failed to replicate the associations [28,37]. Later the IVS5-
88 = B 91AA genotype was also reported to be associated with CBZ-resis-
SR 2 8 YP! p

19} 1% . . . .

222|538 . tant epilepsy without any underlying influence on dose [38]. On

25 |- Q< IS

é s 229 o = the contrary, a recent study on Chinese patients revealed signifi-
.:% g cant association of AA genotype with higher dose-adjusted CBZ

23 _g S concentration; however, it did not influence CBZ-resistant pheno-

=

s & o type [39]. Another report by Zhou et al. observed that patients

S < < Yp p Y p

o © © E with AA genotype had higher maintenance dose and serum levels
E ) as compared to GG genotype carriers. Additionally, this study also

& - 9 revealed significant association of GG genotype with higher reten-

< c =2 tion rates of CBZ. The report has also showed significant associa-
- © p g

® 2 '§ tion of the variant with CBZ tolerability. Although our study did
Q.

g g Q % not find significant association of IVS5-91G>A with therapy opti-

%J_ 2 g - mization parameters, we did observe significant association of

g © @ p g
-r'% i_ another variant rs6432860 from the same gene with drug levels. It

= C was observed that genotypic distribution of rs6432860 had signifi-
° 2 a9 g yp g
8o Z s < NZ cant influence on dose-adjusted drug levels at maximum PHT dose
S ¢+ = A
S5c8 g S o in the order AA<GA<GG (P = 0.042). And lastly, both the SNPs
ERC RS LIS 2 pS % rs6432860 and IVS5-91G>A) were observed to be significantl
2 9 83w S g Q - 5 ® g Y
g 2520 ] § & % 3 associated with therapy optimization parameters (dose and drug
= Do <} S T . . . . .
3 § 5< % g é g’_g q g g bl gi levels), when present in diplotypic combination. We observed a
5| S£E5E SeSB8<xsc|Sc significant association of SCNIA diplotype 1s6432860[rs3812718
c|5S8%P9o £32E2¢s 3 = g plotyp
2| eg552 L2E=SSZE|L: AC) with lower dose-adjusted drug levels at maximum PHT dose
Slco3zgssgsass|a sz ) 8
“g) 8L RE g==3 S<ec¢E § é& (P-value = 0.021). Being a drug target, significant association of
£ = SCNIA may not affect the metabolism of drug directly rather it
()
2 o may alter the structure or function of the ion channel. The altered

) © o Y

£E2 ° 9 sensitivity could further lead to a change in the dose requirement

3= S

g § N g for efficacious treatment which may then indirectly result in the
o o
< g‘ altered serum drug levels [34]. In fact, association of drug levels
£ 8 with drug targets is considered to be more informative and stron-

S = R 2 er as compared to dose, because drug levels rule out the possibil-

S = s 3 8 p g p

£e E £ ity of underlying pharmacokinetic variability. A comprehensive

3 -

2 E § ‘£ list of all pharmacogenetic studies exploring GABRAI and SCNI1A
N é along with their findings in different worldwide populations has
© E_ been further summarized in Table 4 [30,34-36,38-56].
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supported by functional experiments may also further highlight
the possible binding sites and affinity of PHT for GABRAI receptor.
Furthermore, association of SCN1A variants also highlights its role
in poor response to PHT monotherapy, possibly by modulating
serum drug levels. Although we did observe several significant
associations supported by functional relevance, our study has its
own limitations. In an attempt to achieve a homogenous patient
pool in terms of phenotype and drug therapy, we adopted a strin-
gent inclusion and exclusion criteria. We further excluded all
heterogeneous complex phenotypes and multitherapy patients
from the final analysis. This has resulted in small patient size
which is the major limitation of the present study. Hence, some of
the modest associations reported (P-values >0.01) in the present
study may turn out to be false positive. On the other hand, we did
observe several strong and well-powered associations. Despite
being significant, results of the present study may be viewed cau-
tiously and replication of these associations needs to be demon-
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