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Abstract

Drug-induced hepatotoxicity (DIH) is a common adverse event that is associated with both antiretroviral (ARV)
and anti-tuberculosis drugs (ATD). Moreover, the genetic variations predisposing ARV- and ARV-ATD-
induced liver toxicity in African populations are not well investigated, despite the two diseases being the major
global health problems in sub-Saharan Africa. We performed a genome-wide association study (GWAS) and
replication study to identify the genetic variants linked to the risk of developing DIH due to ARV drugs alone,
and ARV-ATD co-treatment in Ethiopian HIV-positive patients. Treatment-naı̈ve newly diagnosed HIV pa-
tients (n = 719) with or without tuberculosis (TB) co-infection were enrolled prospectively and received
efavirenz-based ARV therapy with or without rifampicin-based short course ATD, respectively. Whole-genome
genotyping was performed by using the Illumina Omni Express Exome Bead Chip genotyping array with
951,117 single nucleotide polymorphisms (SNPs) on a total of 41 cases of DIH, and 452 people without DIH
(treatment tolerants). The replication study was carried out for 100 SNPs with the lowest p-values (top SNPs) by
using an independent cohort consisting of 18 DIH cases and 208 treatment tolerants. We identified a missense
SNP rs199650082 (2756G/A, R919Q, p = 1.4 · 10-6, odds ratio [OR] = 18.2, 95% confidence interval
[CI] = 7.1–46.9) in an endoplasmic reticulum to the nucleus signaling-1 (ERN1) gene on chromosome 17 to be
associated with DIH in the ARV-only cohort. In the ARV-ATD co-treatment groups, rs4842407, a long
intergenic noncoding RNAs (lincRNAs) transcript variant on chromosome 12, was associated with DIH
( p = 5.3 · 10-7, OR = 5.4, 95% CI = 2.8–10.3). These genetic variants that are putatively associated with DIH
due to ARV drugs alone and ARV-ATD co-treatment establish a foundation for future personalized medicine in
people with HIV and TB and call for larger studies in independent populations.
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Introduction

Antiretroviral therapy (ART) has dramatically low-
ered HIV-/AIDS-related mortality globally, but treatment-

associated liver toxicity remains a challenge (Fink and Bloch,

2013; Ugiagbe et al., 2012; Yimer et al., 2011, 2012, 2014). To
end the AIDS epidemic, several African countries, including
Ethiopia, are currently making important progress in scaling up
HIV testing and ART in response to the UNAIDS (2014) 90–90–
90 target: 90% of people with HIV diagnosed, 90% of diagnosed
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people on treatment, and 90% of treated people having fully
suppressed viral replication by 2020. On the other hand, anti-
retroviral (ARV) treatment-associated hepatotoxicity is of in-
creasing concern in the management of patients with HIV/AIDS
(Jones and Nunez, 2012; Reisler et al., 2003; Turkova et al.,
2009; Ugiagbe et al., 2012; Walker, 2007).

Tuberculosis (TB) is the most common opportunistic in-
fection in people living with HIV/AIDS, and concomitant
treatment of the two diseases is challenging because of drug
interactions and overlapping toxicities. The risk of develop-
ing drug-induced hepatotoxicity (DIH) after treatment initi-
ation is much higher for TB-HIV co-infected patients than for
those with HIV or TB mono-infection (Araujo-Mariz et al.,
2016; Mugusi et al., 2012; Yimer et al., 2011, 2014). ARV-
and anti-tuberculosis drug (ATD)-induced hepatotoxicity
have become major clinical challenges because of high
morbidity, mortality, and frequent hospitalization as a lead-
ing cause of acute liver failure and complications requiring
liver transplantation (Elsharkawy et al., 2013; Fink and
Bloch, 2013; Nunez, 2010; Turkova et al., 2009).

The type and incidence of DIH varies between populations
and geographical locations (Lamar and Nunez, 2011; Mugusi
et al., 2012; Yimer et al., 2011). The mechanisms and risk
factors in DIH are complex, involving both host genetics and
environmental factors (Daly, 2010; Nunez, 2010). Previous
candidate gene association studies have reported the potential
role of genetic variation in Cytochrome P450 (CYP) 2B6 and
ATP-binding cassette subfamily-B member-1 (ABCB1) for
ARV-DIH with efavirenz- or nevirapine-based regimens
(Mugusi et al., 2012; Ritchie et al., 2006; Yimer et al., 2011,
2012). Studies also reported an association between poly-
morphisms in drug-metabolizing genes (N-acetyltransferase-
2 [NAT2], CYP2E1, glutathione S-transferase-1 [GSTM1],
uridine diphosphateglucuronosyltransferase-1A1 [UGT1A1])
and mitochondrial superoxide dismutase (SOD2) with ATD-
induced hepatotoxicity (Huang, 2014; Kim et al., 2015; Yi-
mer et al., 2011).

Although candidate gene studies contribute to the discov-
ery of genetic risk variants that are associated with ARV- and
ATD-induced hepatotoxicity, the identified variants may ac-
count only for a proportion of the genetic variations. Genome-
wide association studies (GWAS) have identified variant al-
leles that are associated with an increased risk of developing
DIH after treatment intentions with various classes of drugs
(Aithal and Grove, 2015; Daly et al., 2009; Urban et al., 2014).
Recently, using GWAS in Ethiopian TB patients, we have
reported genetic variations in ATP-/GTP-binding protein-
like-4 (AGBL4) and family with sequence similarity 65
member-B (FAM65B) as potential risk factors for developing
ATD-induced liver toxicity (Petros et al., 2016).

The genetic variations predisposing ARV- and ARV-
ATD-induced liver toxicity in black African populations are
not well investigated, despite the two diseases being the
major public health problems in sub-Saharan Africa. As the
scale of ART is increasing in sub-Saharan African countries,
it is imperative to identify the genetic markers that are as-
sociated with an increased risk of ARV-induced liver toxicity
for subsequent treatment interventions. This study reports on
GWAS and replication studies of genetic variants in relation
to DIH risk with ARV drugs alone, and ARV-ATD co-
treatment, in Ethiopian HIV-positive people with or without
TB co-infection.

Materials and Methods

Study participants

The study participants for the present GWAS were in-
cluded from a recent observational, prospective cohort study
where the incidence and patterns of ARV drugs and/or ATD-
induced liver toxicities were investigated (Yimer et al.,
2014). In brief, newly diagnosed treatment naı̈ve patients
enrolled into the following study arms were considered for
the present study:

1. HIV-positive patients with CD4 count £200 cells/mm3

without TB co-infection receiving efavirenz-based
ARV therapy only.

2. TB and HIV co-infected patients with CD4 count £200
cells/mm3 receiving both rifampicin-based short-course
anti-TB drugs and efavirenz-based ARV therapy at the
same time (Fig. 1). Following the World Health Orga-
nization (WHO) and national TB-HIV treatment guide-
lines valid during the study period, all TB-HIV patients
initiated rifampicin-based ATD regimen and initiation of
ARV was delayed for a maximum of 8 weeks after
starting ATD treatment. Patients who developed DIH
while on anti-TB drugs alone (before starting ARV
therapy) were not included in the present study.

The study participants were recruited from three health
institutions: the Kazanchis and the Beletshachew Health
Centers and the Black Lion specialized referral and teaching
university hospital in Addis Ababa, Ethiopia. The inclusion
criteria were HIV-positive men and non-pregnant women of
age ‡18 years. Patients were excluded if they had a history of
prior treatment for TB/HIV, known preexisting liver disease,
or abnormal liver biochemistry before starting treatment; if
they were positive for either hepatitis B virus surface antigen
or anti-hepatitis C virus antibody, they were also excluded.

The study protocol and consent procedure were approved
by the Institutional Review Board of College of Health
Sciences, Addis Ababa University; the National Research
Ethics Review Committee of Ethiopia, Ethical Review

FIG. 1. Study design, genotyping, and quality control flow
chart. GWAS, genome-wide association study; HIV, human
immunodeficiency virus; SNP, single nucleotide polymor-
phism; TB, tuberculosis.
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Board of Karolinska Institutet, Sweden, and Ethical Review
Committee of RIKEN, Japan. Written informed consent was
obtained from all the study participants before their inclu-
sion in the study.

Drug treatment and patient follow-up

All patients received treatment according to the national
and the WHO treatment guidelines for HIV and TB as pre-
viously described (Yimer et al., 2014). In brief, all HIV pa-
tients received ARV drugs containing efavirenz and
lamivudine with stavudine, zidovudine, or tenofovir. TB-HIV
coinfected patients also received short-course ATD consist-
ing of rifampicin, isoniazid, pyrazinamide, and ethambutol
for the first 2 months followed by rifampicin and isoniazid for
the next 4 months. The patients were not on other known
hepatotoxic drugs concurrently (except co-trimoxazole,
which was given for TB and HIV co-infected patients ac-
cording to the National Treatment Guideline). Liver function
tests were carried out at baseline and on the 1st, 2nd, 4th, 8th,
12th, and 24th weeks after initiation of treatment.

Case definitions, severity grade, and pattern
of hepatotoxicity

The criteria set by the International DIH Expert Working
Group were used for DIH case definitions and pattern of
hepatotoxicity (Aithal et al., 2011). The upper limit of normal
(ULN) for liver biochemical parameters used for the study
population were alanine aminotransferase (ALT 33 U/L, male;
29 U/L, female), aspartate aminotransferase (AST, 41 U/L),
alkaline phosphatase (ALP, 128 U/L), and 1.0 mg/dL for total
bilirubin (T Bil) (Yimer et al., 2014). All cases met at least one
of the following criteria: (1) ALT ‡5 · ULN, (2) ALP
‡2 · ULN, or (3) ALT ‡3 · ULN along with T Bil ‡2 · ULN.
Patients on ARV drugs alone or ARV-ATD co-treatment but
who did not fulfill the case definitions and presented no clinical
symptoms for DIH during the follow-up period were consid-
ered as treatment tolerant controls for the ARV drugs alone and
ARV-ATD co-treatment groups, respectively.

The pattern of hepatotoxicity was defined by using an R-
value, where R = (ALT/ULN)/(ALP/ULN). Cases were cat-
egorized as a hepatocellular (R ‡ 5), cholestatic (R £ 2), or
mixed (2 < R < 5) pattern of DIH (Aithal et al., 2011). Clinical
severity grading was determined by employing the highest
measured values for each of the biochemical parameters
during the course of DIH. Patients with grades 1 and 2 se-
verities were grouped into a ‘‘mild-to-moderate’’ group, and
those with grades 3 and 4 were classified into a ‘‘severe’’
group. Causality assessment for DIH was performed by using
the Roussel Uclaf Causality Assessment Method (RUCAM)
(Danan and Benichou, 1993).

Genotyping and quality control

Blood samples were collected, and DNA was extracted by
using the QIAamp DNA Maxi Kit (QIAGEN GmbH, Hilden,
Germany). Genotyping was conducted in RIKEN Center for
Integrative Medical Sciences (Yokohama, Japan). For GWAS
analysis, genotyping was performed on a total of 41 cases and
452 controls with Illumina Omni Express Exome Bead Chip
genotyping array (Illumina, Inc., San Diego, CA, USA) ac-
cording to the manufacturer’s protocol. This array captures

951,117 single nucleotide polymorphisms (SNPs). Replication
studies were then carried out for the top 100 SNPs (the lowest
p-value) by using an independent cohort of 18 cases and 208
controls. Genotyping for the replication studies was done by
using a multiplex polymerase chain reaction (PCR)–based
Invader assay (Ohnishi et al., 2001) with the ABI PRISM
7900HT Sequence Detection System (Applied Biosystems,
Foster City, CA, USA).

For data cleaning, as shown in Figure 1, systematic step-
wise quality filtering of raw genotyping data was done by
using PLINK v1.07 (Purcell et al., 2007). From an initial full
set, those SNPs that were not mapped on autosomal chro-
mosomes were filtered out. In addition, SNPs with a call rate
<99%, minor allele frequency (MAF) <0.01, or deviated
from expected Hardy-Weinberg equilibrium ( p < 1.0 · 10-6)
were removed from further analysis. A total of 662,282 and
662,807 SNPs passed the quality filter for the ARV drugs
alone and ARV-ATD co-treatment groups, respectively. In-
dividuals were checked for gender concordance between
recorded clinical data and genotype-determined sex. Samples
with a genotyping call rate greater than 99% were included in
the analysis. The effect of population structure was assessed
through principal component analysis (PCA) implemented in
Eigenstrat (Price et al., 2006). Quantile-quantile (QQ) plots
comparing the expected and observed p-values were per-
formed in an R-statistical environment. To detect population
stratification, genomic control inflation factor (kGC) was also
calculated (Devlin and Roeder, 1999).

Statistical analysis

After the quality filter, the tests of associations were done by
using PLINK (Purcell et al., 2007). For each SNP, Fisher’s
exact test using the three genetic inheritance models (domi-
nant, recessive, allele frequency) were carried out to compare
allele and genotype frequencies between cases and controls.
SNPs were rank ordered according to the minimum p-value in
the genetic models. A threshold for genome-wide significance
was set as p < 7.5 · 10-8 after Bonferroni correction. SNPs with
p-values below 10-5 were considered suggestive of genome-
wide significance (Dahlin et al., 2015). Logistic regression
analysis adjusted for clinical variables such as sex, body mass
index, baseline CD4 count, and HIV viral load as covariates
was also performed. These variables were associated with DIH
as previously described (Yimer et al., 2008, 2011). A combined
analysis of GWAS and replication studies was conducted by
using the inverse-variance method (de Bakker et al., 2008).
Manhattan plots were generated to visualize the results by
using Haploview software (Barrett et al., 2005).

Results

For the GWAS analysis, there were 14 cases and 293
controls in the ARV drug-alone treatment group, and 27 cases
and 159 controls in the ARV-ATD co-treatment group that
passed the quality filter. The demographics and clinical
characteristics of the study participants for ARV-alone and
ARV-ATD co-treatment groups are described in Tables 1
and 2, respectively. There were statistically significant dif-
ferences ( p < 0.05) in liver function test values between cases
and controls in the GWAS and the replication cohorts of both
treatment groups. There were no statistically significant dif-
ferences in the number of DIH cases and treatment tolerants
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Table 2. Demographics and Clinical Variables of the Study Participants in Antiretroviral

and Anti-Tuberculosis Drugs Co-Treatment Group

Variables

GWAS Replication

Cases Controls p Cases Controls p

No. of patients 27 159 11 133
Sex (M, F) 15, 12 73, 86 0.35 5, 6 69, 64 0.68
Age (year), mean (SD) 37.9 (10.7) 35.7 (9.8) 0.30 37.6 (9.5) 37.3 (10.0) 0.92
BMI (kg/m2), mean (SD) 18.9 (2.4) 19.0 (2.6) 0.92 19.8 (3.9) 18.7 (3.2) 0.29
CD4 count, mean (SD) 74.7 (55.1) 90.6 (49.9) 0.13 109.2 (61.6) 89.8 (52.8) 0.23
Viral load, log mean (SD) 5.3 (0.6) 4.9 (0.9) 0.04 5.0 (0.9) 4.9 (0.9) 0.71
ALT (U/L), mean (SD) 49.3 (19.8) 30.5 (13.1) <0.01 63.3 (28.2) 31.1 (14.7) <0.01
AST (U/L), mean (SD) 69.8 (40.2) 36.2 (15.3) <0.01 91.5 (54.8) 37.6 (16.4) <0.01
ALP (U/L), mean (SD) 220.7 (94.4) 121.3 (68.8) <0.01 206.5 (95.8) 118.0 (64.6) <0.01
T Bil (mg/dL), mean (SD) 0.9 (0.5) 0.6 (0.3) <0.01 0.8 (0.5) 0.5 (0.4) 0.06

ARV drugs, N (%)
D4T/3TC/EFV 11 (40.7) 65 (40.8) 0.99 2 (18.2) 29 (21.8) 0.78
ZDV/3TC/EFV 7 (25.9) 47 (29.6) 0.70 3 (27.3) 32 (24.1) 0.81
TDF/3TC/EFV 9 (33.3) 47 (29.6) 0.69 6 (54.5) 72 (54.1) 0.98

DIH type, N (%)
Cholestatic 21 (77.8) 6 (54.5)
Hepatocellular - 3 (27.3)
Mixed 6 (22.2) 2 (18.2)

Severity grade, N (%)
Mild to moderate 24 (88.9) 10 (90.9)
Severe 3 (11.1) 1 (9.1)

RUCAM scale, N (%)
Definite (score >8) 17 (63.0) 7 (63.6)
Probable (score 6–8) 7 (25.9) 3 (27.3)
Possible (score 3–5) 3 (11.1) 1 (9.1)

Table 1. Demographics and Clinical Variables of the Study Participants in Antiretroviral

Drug-Alone Treatment Group

Variables

GWAS Replication

Cases Controls p Cases Controls p

No. of patients 14 293 7 75
Sex (M, F) 5, 9 115, 178 0.79 1, 6 8, 67 0.77
Age (year), mean (SD) 35.3 (12.6) 37.1 (10.6) 0.31 36.1 (8.8) 33.0 (7.1) 0.28
BMI (kg/m2), mean (SD) 20.6 (5.0) 19.3 (2.8) 0.11 19.4 (2.8) 19.6 (2.6) 0.85
CD4 count, mean (SD) 96.2 (64.2) 99.2 (53.6) 0.84 93.4 (68.1) 109.4 (59.2) 0.51
Viral load, log mean (SD) 5.0 (0.9) 4.9 (1.0) 0.64 4.9 (0.9) 4.7 (1.2) 0.54
ALT (U/L), mean (SD) 43.6 (15.4) 30.1 (13.2) <0.01 51.9 (48.3) 31.8 (16.0) <0.01
AST (U/L), mean (SD) 48.4 (13.0) 36.1 (16.7) <0.01 66.4 (23.5) 34.2 (14.3) <0.01
ALP (U/L), mean (SD) 199.8 (75.1) 120.3 (63.1) <0.01 203.5 (89.3) 118.0 (36.2) <0.01
T Bil (mg/dL), mean (SD) 0.7 (0.9) 0.5 (0.3) 0.70 0.6 (0.3) 0.6 (1.1) 0.97
ARV drugs, N (%)

D4T/3TC/EFV 7 (50.0) 148 (50.5) 0.97 3 (42.9) 33 (44.0) 0.96
ZDV/3TC/EFV 4 (28.6) 91 (31.1) 0.84 4 (57.1) 42 (56.0) 0.96
TDF/3TC/EFV 3 (21.4) 54 (18.4) 0.78

DIH type, N (%)
Cholestatic 10 (71.4) 5 (71.4)
Hepatocellular 2 (14.3) 1 (14.3)
Mixed 2 (14.3) 1 (14.3)

Severity grade, N (%)
Mild to moderate 13 (92.6) 6 (85.7)
Severe 1 (7.4) 1 (14.3)

RUCAM scale, N (%)
Definite (score >8) 9 (64.3) 4 (57.1)
Probable (score 6–8) 3 (21.4) 2 (28.6)
Possible (score 3–5) 2 (14.3) 1 (14.3)

3TC, lamivudine; ALP, alkaline phosphatase; ALT, alanine aminotransferase; ARV, antiretroviral; AST, aspartate aminotransferase;
BMI, body mass index; D4T, stavudine; DIH, drug induced hepatotoxicity; EFV, efavirenz; GWAS, genome-wide association study;
RUCAM, Roussel Uclaf Causality Assessment Method; SD, standard deviation; TDF, tenofovir; T Bil, total bilirubin; ZDV, zidovudine.
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with regard to the different ARV regimens. In both treatment
groups, more than half of the cases had a cholestatic pattern
of DIH. Ten percent of the cases developed a severe grade of
hepatotoxicity in either a hepatocellular or a mixed pattern.
Four participants in each treatment group had developed
jaundice and necessitated discontinuation of treatment. There
were no cases of liver transplantation. All of the cases had a
minimum score of three (‘‘possible’’) in the RUCAM scoring
system for DIH.

The QQ plots for the observed versus expected p-values
are shown in Figure 2. The genomic inflation values were
closer to one (kGC 0.98 and 1.00), indicating no systemic test
statistic inflation, and population stratification was reason-
ably controlled. The PCA plot presented in Figure 3 indicated
that our study population is distinct from the HapMap ref-
erence samples, even from the West African cluster. The
Manhattan plots for the GWAS analyses are shown in

FIG. 2. QQ plots for the observed versus expected p-values.
(A) ARV drug-alone treatment group (kGC = 0.98). (B) ARV-
ATD drug co-treatment group (kGC = 1.00). ARV, anti-
retroviral; ARV-ATD, antiretroviral and anti-tuberculosis;
QQ, quantile-quantile.

FIG. 3. PCA plot of the study population. Ethiopians coded
as N33 with the HapMap reference population. CEU, Utah
residents of Northern and Western European ancestry; CHB,
Han Chinese individuals from Beijing, China; JPT, Japanese
individuals from Tokyo, Japan; PCA, principal component
analysis; YRI, Yoruba trios from Ibadan, Nigeria.

FIG. 4. -Log10 p values of logistic regression across
chromosomes. (A) ARV drug-alone treatment group. (B)
ARV-ATD drugs co-treatment group.
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Figure 4. The SNPs with the lowest p-value (top SNPs) in the
GWAS after adjustment for sex, body mass index, CD4
count, and HIV viral load were nonsynonymous SNP
(rs199650082, p = 2.3 · 10-6, odds ratio [OR] = 21.4, 95%
confidence interval [CI] = 7.5–60.6) in an endoplasmic re-
ticulum to nucleus signaling-1 (ERN1) gene on chromosome
17, and rs4842407 ( p = 7.2 · 10-6, OR = 5.9, 95% CI = 2.7–
12.8) within the intron of non-coding RNA on chromosome
12 for ARV drug-alone and ARV-ATD co-treatment groups,
respectively (Supplementary Table S1).

The top SNPs for the replication studies are shown in
Supplementary Table S2. The top SNPs in the combined
analysis after adjustment for covariates were rs199650082
( p = 1.4 · 10-6, OR = 18.2, 95% CI = 7.1–46.9), and rs4842407
( p = 5.3 · 10-7, OR = 5.4, 95% CI = 2.8–10.3) for ARV drug-
alone and ARV-ATD co-treatment groups, respectively
(Table 3). Top SNPs for DILI in pharmacokinetic genes and
human leukocyte antigen (HLA) region for ARV drug-alone
and ARV-ATD co-treatment groups are indicated in Sup-
plementary Table S3.

Discussion

Genetic determinants of HIV treatment response are cur-
rently firmly on the global health research agenda as efforts to
improve access to treatment scale up (Soko et al., 2016). In
this broader and global context, using a candidate gene ap-
proach, we have investigated pharmacogenetic markers for
ARV alone (n = 285) or with ATD co-treatment-induced liver
toxicity (n = 353) (Yimer et al., 2011, 2012). As a continua-
tion, we evaluated the patterns of ARV and/or ATD drug-
induced liver toxicities in a large prospective cohort study
(n = 1060) (Yimer et al., 2014). In the present study, we
carried out GWAS and a replication study in a total of 719
patients treated with either ARV drugs alone or ATD to

identify genetic variants associated with ARV-induced liver
toxicity. Our preliminary finding indicates the potential role
of a missense SNP rs199650082 (2756G/A, R919Q) in an
ERN1 gene on chromosome 17, and rs4842407 located in the
long intergenic noncoding RNA (lincRNA) on chromosome
12 for ARV-alone- and ARV-ATD-induced liver toxicity,
respectively. To our knowledge, this is the first GWAS for
ART-associated DIH.

The participants for the current study were selected from a
recent prospective cohort study (Yimer et al., 2014) by con-
sidering DIH cases developed during ART treatment only (in
HIV only patients) or TB-HIV patients who developed DIH
after initiation of ART therapy. In the latter cohort, anti-TB
therapy was initiated 4–8 weeks before ART initiation. The
median time for DIH onset among Ethiopian HIV patients who
initiated ART alone was 4 weeks; whereas for TB-HIV pa-
tients receiving anti-TB therapy alone, the median DIH onset
was 2 weeks after treatment initiation (Yimer et al., 2014). TB-
HIV patients who developed DIH during prior anti-TB therapy
(before starting ART) were excluded from this study.

All the TB-HIV patients who developed liver toxicity
(cases) in the present study tolerated the prior anti-TB ther-
apy and developed DIH after initiating ART. Therefore, it is
plausible to assume that the DIH event is more likely due to
ART but not due to the concomitantly administered anti-TB
drugs, although synergistic effects between ARV and anti-TB
drugs to elicit the event cannot be ruled out. If this assump-
tion holds true, findings from the present study may reflect
possible genetic markers for ARV-induced liver toxicity.

In the present study, we identified SNPs that are suggestive
of importance to predict DIH. The top SNP (rs199650082) in
the combined analysis of ARV drugs treatment group is a
missense SNP (R919Q [2756G/A]) in the ERN1 gene. The
protein encoded by this gene is the endoplasmic reticulum
(ER) to nucleus signaling 1 protein, a human homologue of

Table 3. Top Single Nucleotide Polymorphisms Associated with Drug-Induced Hepatotoxicity

in the Combined Analysis for Antiretroviral Drug-Alone and Antiretroviral

and Anti-Tuberculosis Drugs Co-Treatment Groups

Group SNP Chr (loci)
Alleles
(RA) Study

Cases/
controls MAF p_min p_adj OR (95% CI) Gene/loci

ARV rs199650082 17 (62121526) T/C (T) GWAS 14/293 0.03 4.3 · 10-6 2.3 · 10-6 21.4 (7.5 - 60.6) ERN1
Rep 7/66 0.02 2.6 · 10-1 2.3 · 10-1 6.8 (0.3–15.8)
Comb 21/359 0.03 1.8 · 10-6 1.4 · 10-6 18.2 (7.1–46.9)

rs7804397 7 (116857547) A/C (A) GWAS 14/293 0.09 7.3 · 10-6 3.0 · 10-5 7.1 (3.1–16.2) ST7
Rep 7/66 0.08 5.9 · 10-1 1.0 · 100 NA
Comb 21/359 0.09 1.1 · 10-5 3.0 · 10-5 7.1 (3.4–14.9)

rs16947045 17 (61770954) T/C (T) GWAS 14/293 0.05 1.5 · 10-5 4.7 · 10-5 7.4 (2.9–18.7) MAP3K3
Rep 7/66 0.05 1.0 · 100 1.0 · 100 NA
Comb 21/359 0.05 3.4 · 10-5 4.7 · 10-5 7.4 (3.1–17.5)

ARV-
ATD

rs4842407 12 (79201073) T/C (C) GWAS 27/159 0.44 2.3 · 10-7 7.2 · 10-6 5.9 (2.7–12.8) LOC642550
Rep 8/108 0.44 1.6 · 10-2 2.2 · 10-2 4.2 (1.2–14.4)
Comb 35/267 0.44 3.0 · 10-7 5.3 · 10-7 5.4 (2.8–10.3)

rs11012476 10 (21292923) A/G (A) GWAS 27/159 0.03 5.7 · 10-5 5.1 · 10-5 13.7 (4.3–43.5) NEBL
Rep 8/107 0.02 2.4 · 10-2 1.9 · 10-2 16.9 (1.6–178)
Comb 35/266 0.03 9.6 · 10-7 2.8 · 10-6 14.3 (5.3–39.9)

rs251891 5 (115050362) A/C (A) GWAS 27/159 0.10 1.2 · 10-4 6.0 · 10-5 5.8 (2.7–12.2) TMED7
Rep 8/104 0.13 8.9 · 10-3 1.3 · 10-2 4.5 (1.4–13.9)
Comb 35/263 0.11 3.5 · 10-6 2.5 · 10-6 5.2 (2.9–9.5)

ARV-ATD, antiretroviral and anti-tuberculosis drugs co-treatment; Chr (loci), chromosome, and chromosomal loci based on NCBI built
37; CI, confidence interval; Comb, combined analysis; ERN1, endoplasmic reticulum to nucleus signaling-1; MAF, minor allele frequency;
NA, not applicable; OR, odds ratio; p_adj, logistic p-value after adjustment for covariates; p_min, minimum p-value among allelic,
dominant, and recessive models of Fisher’s exact test, and p-value of inverse variance combined analysis; RA, risk allele; Rep, replication
study; SNP, single nucleotide polymorphism.
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the yeast serine/threonine-protein kinase/endoribonuclease
inositol-requiring enzyme 1 (IRE1) gene product (Tirasophon
et al., 1998). This protein possesses intrinsic kinase and en-
doribonuclease activities, and it is important in altering gene
expression as a response to ER-based stress signals (Chen
et al., 2014a; Itzhak et al., 2014). Emerging evidence indi-
cates that stress in ER makes a substantial contribution to the
pathogenesis of DIH (Chen et al., 2014b). Perhaps the ARV
drugs have contributed to stress in ER.

Another top SNP (rs16947045) identified in the combined
analysis of the ARV drug treatment group was located in
mitogen-activated protein kinase-3 (MAP3K3/MEKK3). This
gene directly regulates the stress-activated protein kinase
pathway that participates in the regulation of cellular re-
sponses to various extracellular signals (Ellinger-Ziegelbauer
et al., 1997). Although further analysis is required to clarify
the functional importance of ERN1 and MAP3K3 genes,
variation in the expression of proteins that are encoded by
these genes might contribute to individual differences for
ARV-DIH susceptibility.

In the ARV-ATD co-treatment group, the top SNP
(rs4842407) had a consistently strong signal in the GWAS, the
replication study, and the combined analyses, both before and
after adjustment for covariates. The SNP rs4842407 is a
lincRNAs transcript variant located between LOC642550 and
SYT1 on chromosome 12. Long noncoding RNAs (lncRNAs)
are transcribed RNA molecules (>200 nucleotides in length)
that structurally resemble mRNAs but do not encode proteins.
Thousands of lincRNAs are now known; however, many of
their functions are still unknown.

Recently, lincRNAs are emerging as important regulators
in a wide range of biological processes, including prolifera-
tion, apoptosis, and differentiation (Cai et al., 2016; Shi et al.,
2013). Liver-expressed lincRNA promoters show greater
enrichment for proximal binding of liver transcription factors
than protein-coding gene promoters, which may reflect the
higher conservation of liver lincRNA promoters (Melia et al.,
2016). In fact, recently, hepatic lncRNAs are reported to be
involved in the progression of liver fibrosis (He et al., 2014;
Yu et al., 2016; Zheng et al., 2015). Previous GWAS studies
revealed some SNPs within the lincRNAs as disease associ-
ated (Hirano et al., 2015; Radtke et al., 2009).

The significant association of rs4842407 with ARV-ATD-
induced hepatotoxicity in the present study may indicate its
relevance in determining predisposition to DIH in TB-HIV
coinfected patients receiving dual treatment for the two dis-
eases. Alternatively, this SNP might be in linkage disequi-
librium (LD) with other SNPs that are implicated in the
development of DIH. If the results are replicated in a larger
sample size, rs4842407 may serve as a marker for DIH sus-
ceptibility during ARV-ATD co-treatment.

Candidate gene studies conducted on genetic risk factors
contributing to ARV drugs and/or ATD-induced hepatotox-
icity identified genetic variants in genes involved in drug
metabolism (CYP2B6, NAT2), drug transporter proteins
(ABCB1), and HLA region (Daly, 2016; Mugusi et al., 2012;
Yimer et al., 2011, 2012). In addition, variants in AGBL4 and
FAM65B were identified as potential risk factors for ATD-
induced liver toxicity through GWAS (Petros et al., 2016). In
the current study, we did not find genetic variants that passed
genome-wide significance level in both the pharmacokinetic-
related genes and HLA region. But we found a possible

association between SNPs rs11642957 ( p = 9.5 · 10-5) in ATP-
binding cassette subfamily-C member-1 (ABCC1, membrane-
bound drug transporter) and rs9276370 ( p = 2.8 · 10-4) in the
vicinity of HLA-DQA2 in the ARV drug-alone and ARV-ATD
co-treatment groups, respectively (Supplementary Table S3).
Due to these drugs, DIH may be related to the combined effect
of the newly identified variants, the pharmacokinetic and
immune-related gene variants.

The incidence of ARV- and ATD-induced liver toxicity
displays wide variability among populations. While receiv-
ing the same type of treatment regimen, HIV (16% vs. 6%)
and TB-HIV co-infected (30% vs. 10%) patients from
Ethiopia presented a higher incidence of DIH compared with
patients from Tanzania (Mugusi et al., 2012; Yimer et al.,
2011 2012, 2014). Ethiopians display a distinct pharmaco-
genetic profile and CYP enzyme activities compared with
other populations, including Caucasian, Asians, and other
Black African populations. Higher CYP3A (Gebeyehu et al.,
2011), CYP2A6 (Aklillu et al., 2014), CYP2B6 (Ngaimisi
et al., 2013), SLCO1B1 (Aklillu et al., 2016), and CYP2D6
(Aklillu et al., 1996) enzyme activities and unique distribu-
tion of the respective variant alleles in Ethiopians compared
to other populations were reported previously.

Indeed, the PCA plot of the whole-genome genotyping
data in the present study indicated distinct clusters for Ethi-
opians compared with HapMap data for Caucasians, Chinese,
Japanese, and Nigerians (Fig. 3). This further corroborates
the need for more population-specific pharmacogenetic
studies in Africa to identify genetic markers for drug-induced
adverse events such as liver toxicity. Black Africans are
characterized by greater levels of genetic diversity, more
within-group genetic heterogeneity, and low LD between loci
compared with non-African populations (Campbell and
Tishkoff, 2008; Teo et al., 2010). HIV and TB infection re-
main major problems in sub-Saharan Africa, and treatment is
scaled up. Hence, the identification of genetic biomarkers
that predict the safety and efficacy of ARV and ATD treat-
ment in different black African populations is crucial.

There are several limitations of this study. First, as DIH is a
rare event, identifying a large number of cases for GWAS can
be a constraint for achieving large study samples. For the
present study, notably 4 years of research and work were
required to collect the 59 cases, which resulted in a relatively
limited number of case samples for sub-group analyses.
Second, populations of African ancestry display greater ge-
netic diversity and lower levels of LD among chromosomal
loci (Campbell and Tishkoff, 2008; Teo et al., 2010). The low
levels of LD are disadvantageous when screening the genome
for associations by using the current SNP-genotyping ap-
proaches that essentially rely on the principle of LD mapping.

Although GWAS in populations of African ancestry is
challenging due to a less degree of LD, the high level of genetic
diversity and weak LD with neighboring SNPs in Africans
ancestry is considered a powerful tool for fine mapping causal
disease or phenotype-associated variants globally (Campbell
and Tishkoff, 2008; Peprah et al., 2015). Therefore, additional
studies with a larger sample size using higher-density SNP
array or next-generation sequencing may be required to dis-
cover susceptibility variants. Our study may represent an im-
portant first step in applying GWAS to identify genetic variants
of ARV drug-alone- or ARV-ATD co-treatment-induced
hepatotoxicity in black African populations.
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The third limitation is that as drug combinations are the
current treatment protocols for TB/HIV infections, we cannot
affirm that the risk variants identified correspond only to a
single drug or multiple drugs. As treatment of TB/HIV con-
sists of combination therapy, it is not possible to study indi-
vidual ARV or ATD drugs in TB-/HIV-infected patients for
ethical reasons. Thus, the identification of genetic risk factors
for ARV-ATD co-treatment-induced liver toxicity is both
important and relevant for future clinical applications, par-
ticularly in the current era when ARV drugs are being rolled
for extensive use in Africa that bears a large burden of HIV
and TB.

Identifying individuals at risk for DIH before drug treat-
ment would improve drug safety. Although genetic associa-
tions with ATD- and ARV drug-induced hepatotoxicity
susceptibility have been reported, none have yet been strong
enough to be useful for managing DIH in the clinical practice.
Identifying non-genetic factors, such as measurement of
biomarkers in body fluids to predict individuals at risk for
DIH before drug treatment, could have a potential for pre-
vention. Large-scale ‘‘-omics’’ technologies are powerful
tools for molecular profiling of complex disorders such as
idiosyncratic DIH. The application of the new technologies,
such as transcriptomics (study alterations in gene expression
as a result of toxic compounds), proteomics (characterizes
patterns of altered protein expression), and metabonomics
(characterizes patterns of altered metabolites in blood or ur-
ine) besides pharmacogenomics, offer the potential to reveal
biomarkers, identify individuals at risk, and clarify the
pathogenesis of idiosyncratic hepatotoxicity (Fontana, 2014;
Thulin, 2014) (No. 3458).

Proteomics investigations revealed elevated levels of
cadherin 5 (CDH5) and fatty acid-binding protein (FABP) as
protein biomarkers for DIH (Mikus et al., 2016). However,
the detection of idiosyncratic hepatotoxicants with the cur-
rently available in vitro methods remains challenging, as
idiosyncratic drug reactions are unpredictable and mostly
immune mediated (Van Summeren et al., 2012). The inte-
gration of data from different research platforms (proteomics,
transcriptomics, metabolomics, genomics) by using a sys-
tems biology approach may provide an opportunity to iden-
tify biomarkers for the prevention of idiosyncratic DIH in
clinical practice.

Conclusions

Using genome-wide genotyping, we identified potential
genetic variants associated with DIH due to ARV drugs alone
and ARV-ATD co-treatment in Ethiopian HIV-infected pa-
tients with or without TB co-infection. The results provide
evidence that in addition to genetic variants previously iden-
tified by candidate gene association studies, other variants also
influence the risk of developing DIH by ARV or ARV-ATD
drugs. These genetic variants that are putatively associated
with DIH due to ARV drugs alone and ARV-ATD co-
treatment establish a foundation for future personalized med-
icine in people with HIV and TB in Africa and call for larger
discovery and replication studies in independent populations.
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