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ABSTRACT

We investigated the influence of CYP2B6, GSTP1, and SLCO1BI star allele-predicted phenotypes and CBR1 variants on
clinical outcomes in patients with HCC receiving DOX via TACE. A prospective cohort of patients with HCC underwent
DOX therapy via TACE. Selected genes were genotyped in germline DNA samples from the final cohort (82 patients) via
Axiom Precision Medicine Diversity (PMD) Research Array technology. The Kaplan-Meier (KM) method and Cox propor-
tional hazards (CPH) model were employed to find independent clinical and genetic predictors of overall survival (OS) and
progression-free survival (PFS) after TACE. Based on univariate and combined association analyses of genetic factors, the
star alleles predicting the phenotypic status of three genes (CYP2B6, GSTP1, and SLCO1B1) did not significantly modify the
response potential of DOX via TACE, as indicated by OS or PFS. Conversely, we found a novel association between two CBR1
polymorphisms (rs3787728 and rs1005695) and interindividual differences in OS and PFS. The presence of a heterozygous
genotype (TC or CG at either locus, which were highly frequent in our cohort), probably with greater CBR metabolic activity,
appeared to have an expressive influence by negatively modulating the consequences of DOX locoregional therapy on HCC
by shortening the median OS (KM p =0.02 and 0.04, respectively) and median PFS (KM p =0.05 and 0.023, respectively) in

Abbreviations: AFP, a-fetoprotein; DF, decreased function; DOX, doxorubicin; HCC, hepatocellular carcinoma; HWE, Hardy-Weinberg equilibrium; IF, increased
function; IM, intermediate metabolizer; MAF, minor allele frequency; NF, normal function; NM, normal metabolizer; OR, odds ratio; OS, overall survival; PD,
pharmacodynamics; PF, poor function; PFS, progression-free survival; PGx, pharmacogenetic; PharmGKB, Pharmacogenomics Knowledge Base; PK,
pharmacokinetics; PM, poor metabolizer; QC, quality control; RM, rapid metabolizer; SNPs, single nucleotide polymorphisms; TACE, transarterial
chemoembolization; UF, undetermined function; UM, ultrarapid metabolizer.
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comparison to those with other haplotypes. Exploratory PGx studies involving a wider HCC cohort and targeting more DOX-

related genes are needed to replicate our findings.

Trial Registration: NCT06313047 (Study Details | Pharmacogenetic of Doxorubicin in HCC. | clinicaltrials.gov)

1 | Introduction

Hepatocellular carcinoma (HCC) is the sixth most common
malignancy worldwide and the fourth leading cause of cancer-
related death [1]. The incidence and risk factors for HCC differ
across regions and countries. Incidence rates of hepatocellular
carcinoma are highest in Eastern Asia, Northern Africa, and
Southeast Asia [1].

In the Arab world, HCC is a major health problem, especially in
Egypt, which has the highest incidence rate of HCC in Africa [2].
The incidence of HCC in Saudi Arabia is considered in the mid-
dle of international trends; however, the majority of cases are
diagnosed at late stages and have poor prognoses [3]. The main
risk factor for HCC in Egypt is infection with hepatitis C virus
(HCV), which affects about 15% of the population [2]. In other
Arab countries, such as Saudi Arabia, United Arab Emirates
(UAE), and Morocco, hepatitis B virus (HBV) is the leading
cause of HCC [4]. Other factors that contribute to HCC in the
Arab region include obesity, diabetes, alcohol consumption, and
nonalcoholic steatohepatitis (NASH) [1, 5].

Early-stage HCC is best managed by curative treatment,
which includes surgical resection, ablation, or transplanta-
tion. Patients with intermediate-stage disease, particularly
unresectable HCC, often receive palliative locoregional ther-
apy, while systemic treatment, including chemotherapy, ty-
rosine kinase inhibitors, or immunotherapy, is reserved for
patients with advanced disease [6].

One of the methods of locoregional treatment is transarterial
chemoembolization (TACE). This involves injecting a chemo-
therapy drug (such as doxorubicin [DOX], epirubicin, cisplatin,
or adriamycin) mixed with an embolic agent (such as ethio-
dized oil or microspheres) into the hepatic artery that supplies
blood to the tumor. Such localized administration will cause
an infarct and thus necrosis of the tumor. This is preferred
over systemic chemotherapy, as the drug can directly target
the cancer cells and block their blood supply, while minimiz-
ing the exposure to the rest of the body [7]. Unfortunately, the
majority of HCC cases are discovered much later in life, which
contributes to the dire prognosis of this disease. Finding a re-
liable serum biomarker, or combination of pharmacogenomic
(PGx) indicators, is still a critical research area for achieving
early diagnosis as well as improving clinical outcomes after
chemotherapy with TACE sessions [8, 9].

DOX is the most common cytotoxic drug used for TACE [7, 10],
alone or in combination with chemotherapy [11-13] at fixed or
variable doses, depending on patient variables (body surface area,
weight) and tumor size [7]. As a cytotoxic anthracycline antibi-
otic, DOX operates in two ways: It intercalates between DNA base
pairs, and it uncoils the DNA helix. This hinders DNA synthesis
and prevents DNA topoisomerase II from breaking and resealing

DNA properly. The other mechanism involves the production of
free radicals, which damage biological membranes, DNA, and pro-
teins [14, 15]. These effects cause quickly dividing cells to undergo
apoptosis. DOX is effective against numerous types of cancer, in-
cluding acute leukemia, lymphomas, sarcomas, and solid tumors.
DOX was approved for use in the United States in 1974 and is still a
key drug in many cancer chemotherapy regimens [15-17].

DOX is degraded in the liver by microsomal enzymes, which
produce toxic or immunogenic intermediates, mainly doxorubi-
cinol and DOX semiquinone radicals [14]. In brief, DOX can be
transformed to doxorubicinol through two-electron reduction.
Doxorubicinol is less antineoplastic but more cardiotoxic than
the parent drug; the rate of this reaction may influence both the
antitumor activity and the danger of DOX-induced heart failure
[16, 18]. Two carbonic anhydrase isoforms (CBR1 and CRB3)
and two aldoketoreductase isoforms (AKR1A1 and AKR1C3)
were deemed possible doxorubicinol-producing enzymes inside
the mitochondria that can interrupt respiration and cause the
release of cytochrome C, which initiates apoptosis [15, 17].

Cytochrome P450 2B6 (CYP2B6) is responsible for the metab-
olism of anticancer medicines. Population variation caused by
single nucleotide polymorphisms (SNPs) in the CYP2B6 gene
results in variations in drug metabolism, which can lead to un-
pleasant reactions or therapeutic failure. So far, around 30 non-
synonymous variants in the CYP2B6 gene have been discovered.
The occurrence of these polymorphisms reveals intra- and inter-
population variability, which influences therapeutic efficacy at
the individual and population levels [19].

The glutathione S transferase (GST) family is made up of isoen-
zymes that participate in the Phase II detoxification of xenobiot-
ics by glutathione conjugation. GST is a detoxifying enzyme that
regulates cell sensitivity to anticancer medicines. The GST gene
is involved in DOX resistance [20, 21]. Genetic variations in GST
genes have been linked to limited chemotherapeutic responses.
The GSTP1 Ile to Val substitution has been associated with re-
duced enzyme activity in the removal of chemical agents, which
can lead to several toxicities during chemotherapy [21].

P-glycoproteins, including ATP-binding cassette (ABC) family
members such as ABCBI transporters (also known as multidrug
resistance 1 [MDR1] proteins), are responsible for DOX cell efflux,
by which they regulate both the intra- and extracellular concentra-
tions and bioavailability of the drug and its metabolites [22]. The
existence of DOX at lower effective dosages in circulation and/
or cancer tissue may result in cancer cell survival and drug resis-
tance [23]. ABCBI gene polymorphisms have a significant impact
on DOX pharmacokinetics (PK) and pharmacodynamics (PD), in-
fluencing the DOX concentration and clearance [24]. Influx drug
transporter genes, including solute carrier (SLC) family transport-
ers such as SLC22A16, may have an impact on the systemic PD of
DOX, leading to various types of hematological toxicity [22, 25-27].
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Carbonyl reductase 1 (CBR1), a monomeric NADPH-dependent
cytosolic enzyme, is the primary hepatic DOX reductase [16].
However, the variability in CBR1 enzyme activity may influence
the outcomes of therapy with DOX and other CBR1 substrates
[27, 28]. Previous sequencing of full-length CBR1 genes revealed
some nonsynonymous SNPs that determine variations in hepatic
CBR1 expression [29, 30], which displayed unique catalytic and
thermodynamic features [31]. Among the studied SNPs in the con-
text of DOX PK are ¥*133G>A (1s9024), 720C>T (rs20572), 262G>A
(rs1143663), and 391C>T (rs41557318) [28]. Breast cancer patients
who carried even one of the variants of these SNPs displayed in-
creased DOX exposure levels resulting from decreased clearance,
implying the possibility that decreased catalytic activity of the
CBR1 enzyme leads to reduced intracellular conversion of DOX
to doxorubicinol [28]. Another study reported an increased risk of
recurrent vomiting induced by DOX in breast cancer homozygous
CC carriers of the SNP rs20572 [27]. To the best of our knowledge,
no CBRI polymorphisms have been investigated in terms of their
impact on survival outcomes in any cancer setting. Additionally,
their influences on DOX PK and PD were neither examined nor
replicated in other cancer types.

A review of the current literature revealed that some PGx
studies were conducted to examine the influence of candidate
markers in certain gene groups (metabolic genes) in mod-
ulating the clinical effectiveness of DOX in various types of
cancers, though not HCC [22, 25, 27, 28, 32-46]. Additionally,
these investigations were inconclusive in terms of association
results and limited to certain ethnogeographic groups that
mostly received DOX in combination with cyclophosphamide
[28, 33, 39] or in polychemotherapy regimens [27, 32, 34, 45].
These factors could limit the extrapolation of the findings
of the studied PGx markers to all cancer settings or diverse
ethnic populations, where germline or somatic genetic muta-
tions could be dissimilar in terms of their population frequen-
cies and expression (due to the heterogeneity of the tumors).
Within the context of HCC and the use of DOX via the TACE
procedure, only one study has examined the impact of SNPs
in one glycosyltransferase gene (GALNTI4) on drug response
and survival in a group of Taiwanese patients [47]. Despite
the significant association between GALNTI4 genotype and
cancer cell apoptosis it found [47], we speculate that polymor-
phisms in other genes directly related to the DOX PK/PD path-
way have roles in survival outcomes in patients with HCC.

On the above background, the present study was carried out to
estimate the frequencies of all genetic variants in the top four
rated genes (based on PharmGKB: CYP2B6, GSTP1, SLCOI1BI,
and CBRI) [15, 17] reported to be involved in the PK and pos-
sibly the PD of DOX and to examine their association with the
overall clinical effectiveness outcome in a sample of Arabic HCC
patients.

2 | Materials and Methods
2.1 | Study Design and Patients

This was a prospective cohort study conducted between August
2022 and December 2023 at qualified oncology departments

for the management of HCC in university hospitals. The
Institutional Review Board (IRB) of Princess Nourah University
(PNU) (IRB Log Number: 23-0177) approved all procedures,
which were conducted in compliance with recognized ethical
norms. Initially, 224 consecutive HCC patients, both male and
female, were screened for potential inclusion. Patients under-
went a comprehensive review of their medical history, physical
status, and laboratory results. Eligible patients had their base-
line viral indicators for HBV and HCV evaluated. Eligibility
criteria included: aged >18years, with a confirmed diagnosis
of intermediate or advanced-stage HCC (proven by histologi-
cal, radiological, or pathological analysis) according to the
American Association for the Study of Liver Diseases (AASLD)
guidelines [6], and amenable to receive DOX via TACE technol-
ogy based on our expert opinion (tumors were unresectable or
noncandidate for radiofrequency ablation). Individuals with any
of the following criteria were excluded: age > 75years, presence
of portal vein thrombosis, white blood cell count < 3x 1079%/L,
platelet count < 50 X 1079%/L, serum bilirubin >3 mg/dL, serum
creatinine concentration > 1.5mg/dL, a history of co-occurring
illnesses, or a diagnosis with different types of cancer. All pa-
tients provided written informed consent before enrollment.
Primary data concerning demographic and clinical informa-
tion, including age, sex, HCC medical background information
(etiology, staging, tumor characteristics, and prognostic crite-
ria), baseline laboratory values, and concurrent medication use
were collected from medical records. All data were entered in
an anonymous fashion into an electronic annotated data entry
program, which was specifically designed for this project by the
Research Electronic Data Capture (REDCap) software project
linked to PNU [48].

Based on a standard conventional TACE treatment protocol,
each patient was intra-arterially infused with a combination
emulsion containing two medications: ethionized oil and DOX.
For tumors with a diameter less than 5cm, the ethionized oil
dose was <5mL. Tumors larger than 5cm were given a max-
imum dose of 10mL. The DOX dose ranged between 30 and
60mg/m?, depending on the tumor size, extent, and blood

supply.

2.2 | Study Oversight

As this study was observational, a follow-up period was con-
ducted over a period of 13months to enable the full capture of
clinical outcomes, including effectiveness and safety. Triple
pelvic abdominal computed tomography (CT) scans were per-
formed both before and 1 month after TACE to identify recur-
rence and the need for another therapeutic cycle. Follow-up
appointments were scheduled for all patients, including those
who achieved complete response (CR), to identify any negative
effects and to undergo evaluations of hematologic, kidney, and
liver function.

2.3 | Clinical Outcome Definitions

To evaluate the effectiveness of doxorubicin mediated through
TACE, the following outcome measures were employed.
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2.3.1 | Primary Outcomes

2.3.1.1 | Overall Survival (0S). The primary outcomes
were overall survival (OS), which was expressed as the num-
ber of deaths that occurred at any time after TACE treatment
(OSe), as well as the median OS time, which was measured
from the date of TACE until the date of death from any cause. If
death did not occur, the patients who survived were censored,
and they were counted as surviving to the end date of the fol-
low-up period (December 31, 2023).

2.3.1.2 | Progression-Free Survival (PFS). PFS events
(PFSEs) were defined objectively and subjectively based on two
separate measures: radiological examination (by imaging tests)
or clear clinical ascertainment of symptomatic deterioration
status. Objective radiologic progression was identified based on
independent radiologic review, and the patients were classified
according to modified Response Evaluation Criteria in Solid
Tumors (mRECIST) [49] into four groups: complete response,
partial response, stable disease, or progressive disease. Subjec-
tive symptomatic deterioration status was determined based on
a global deterioration of health status requiring discontinuation
of treatment or severe symptoms leading to death (as confirmed
by the oncologist's documentation in a patient's file). Every effort
was made to document patients who did not have any progres-
sive disease as censored events in the PFS analysis at the date
of the last follow-up (December 31, 2023), the date of the start
of the next treatment, or the date of death (without hepatic
tumor progression). Consequently, the median PFS time was
measured from the date of the first TACE session until the date
of any evidence of PFSE (tumor radiological or clear clinical
symptomatic progression), death, or last follow-up (December
31,2023).

The objective response rate (ORR) (which is calculated from
the number of events of complete and partial radiological
response) and disease control rate (DCR) (which is equal to
the ORR plus the number of stable disease events) were de-
termined according to radiological assessments based on the
RECIST criteria [50]. These surrogate endpoints were consid-
ered valid for enhancing the power of detecting genetic asso-
ciations with effectiveness estimates in the present study, as
they were previously validated for their significant correlation
with OS in HCC patients treated with TACE [50, 51] or immu-
notherapy [52].

2.3.2 | Secondary Outcome (a-Fetoprotein [AFP])

In several studies, AFP was deemed a significant biomarker
for tumor biological response due to its ability to predict com-
plete tumor necrosis as well as OS in patients with HCC [53-55].
However, contradictory findings have been reported about AFP
sensitivity according to tumor size in HCC [56-58]. Therefore, in
the present study, AFP concentrations (ng/mL) were measured
before and after TACE treatment (at 46 weeks). The AFP per-
centage change was estimated based on a comparison between
the baseline AFP and the lowest post-TACE measurement (in
the case that the patient received 2 or more cycles). In this
study, a more than 20% reduction in the AFP level after TACE

was considered a satisfactory endpoint for tumor response (i.e.,
protection of liver function to the greatest extent, control of the
tumor, or downregulation of the tumor stage)- [53].

2.4 | Genotyping Method and Quality Control

On the first day of the visit, blood samples for genotyping
were collected into two 5-mL EDTA tubes. Genomic DNA
was extracted from whole blood by a QTAGEN SymphonyS?
automated extraction system via a QTAGEN DSP DNA Midi
Kit according to the manufacturer's instructions (Qiagen). A
Nanodrop spectrophotometer was used to determine the con-
centration and purity of the extracted DNA. The extracted ge-
nomic DNA samples were amplified by multiplex PCR using
a QTAGEN Multiplex PCR Kit according to the manufactur-
er's instructions (Qiagen). This step was done to allow high-
resolution genotyping of extremely homologous regions of the
genome. Following amplification, genome-wide genotyping of
the participants was performed using the Applied Biosystems
Axiom Precision Medicine Diversity (PMD) Research Array
technology on an automated Applied Biosystems GeneTitan
Multi-Channel (MC) instrument (Affymetrix Inc., Santa
Clara, CA, USA). This axiom array solution offers comprehen-
sive coverage of >850,000 single nucleotide polymorphisms
(SNPs), insertions or deletions (indels), and copy number vari-
ations (CNVs) with dense whole-genome coverage across di-
verse populations (Catalog identifier: 951961; ThermoFisher
Scientific, https://www.thermofisher.com/order/catalog/
product/951961/) [59], as well as thorough analysis of > 5000
PGx markers in > 1100 core and extended PK/PD genes across
clinical annotation levels of evidence 1-4 (as established by
PharmGKB) that influence the absorption, distribution, me-
tabolism, and excretion (ADME) of commonly prescribed
medications. In addition, this array facilitates CNV analysis
of regions of key pharmacogenes (CYP2A6, CYP2D6, GSTM1,
GSTT1, UGT2B17, and SULTIAI).

The genotyping profiles generated were analyzed with Applied
Biosystems Axiom Analysis Suite software v5.2 (Thermo
Fisher Scientific, Santa Clara, CA, USA). Specifically, for
genes that have well-defined star allele nomenclature, the
software enables the translation of genotype calls to func-
tional allele calls (star allele nomenclature), which enables the
prediction of gene metabolism (classification into UM, ultrara-
pid metabolizer; RM, rapid metabolizer; NM, normal metab-
olizer; IM, intermediate metabolizer; PM, poor metabolizer)
or functional status (classification into PF, poor function; DF,
decreased function; NF, normal function; IF, increased func-
tion) based on detected diplotypes. The databases used to cre-
ate the allele translation tables were the PharmGKB-Stanford
University pharmacogenomics reference database and the
Pharmacogene Variation (PharmVar) Consortium [60]. All
genotype calls of the genes that did not have a star allele no-
menclature are reported as homozygous for the major allele,
heterozygous, or homozygous for a variant at each polymor-
phic locus. Markers of the candidate genes having a genotyp-
ing call rate <95%, minor allele frequency (MAF) <0.05, or
Hardy-Weinberg equilibrium (HWE) p <0.001 were excluded
from association analysis.
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2.5 | Statistical Analysis

All the data were reviewed, coded, and analyzed via SPSS
statistical software version 29 (IBM SPSS Statistics, IBM Inc.,
NY, USA). The Kolmogorov-Smirnov test was used to assess
the normality of the continuous variables, which are pre-
sented as mean +standard deviation, median (interquartile
range), or the range. The unpaired Student's t-test was used
to compare the means of unrelated parametric values, while
the Mann-Whitney test was used to analyze unrelated non-
parametric data. Categorical data are summarized as percent-
ages and numerical values. Depending on the normality test,
chi-squared analysis or Fisher's exact test was performed to
examine the individual impact of the population categorical
data, as well as the separate effect of star allele-translated
phenotypes or genotypes on each of the study outcomes, in-
cluding death, tumor progression, and biological response (%
change in AFP). The Kaplan-Meier (KM) method was used to
estimate the survival probability (median OS or median PFS)
with respect to different groups (demographics, clinical data,
and star allele-translated phenotypes or genotypes), and the
log rank test was used to compare survival (event-time distri-
butions). Cox proportional hazard analysis was conducted to
examine the associations of the variables with the main effec-
tiveness outcomes (OS or PFS) and to obtain the hazard ratio
(HR) with its 95% confidence interval (CI) for each factor or
covariate separately. Associations of study variables (genetic
and nongenetic) with the AFP response were examined by
logistic regression analysis and are presented as odds ratios
(ORs) and their 95% Cls.

Variables that demonstrated significance in the univariate anal-
yses were included in a multivariate regression to find the most
significant predictors of the study outcomes (i.e., multivariate
Cox proportional hazard models for OS and PFS or multiple
logistic regression analysis for AFP response). For all tests,

statistical significance was defined as p <0.05 for a two-tailed
distribution.

3 | Results

3.1 | Baseline Patient Demographic
Characteristics and Clinical Variables

Out of 224 screened HCC patients, 100 were eligible for the
study. 88 patients were initially enrolled in the study, but six pa-
tients dropped out of the final analysis because of incomplete
data. The patient recruitment, enrollment, and follow-up data
are depicted in Figure 1. The clinical and demographic charac-
teristics of the 82 included patients are given in Table 1.

The mean age of the participants was 62.29 +6.57years, and
73.2% were male. About 92.7% of the patients had hepatitis C,
4.9% had hepatitis B, and the etiological cause was undefined in
3.7%. The presence of liver cirrhosis and ascites was clinically
confirmed in 63.4% and 22%, respectively. The patients’ history
of comorbidities and prognostic criteria are presented in Table 1.
A total of 9.8% of patients required treatment with sorafenib,
93.9% were on cytotoxic chemotherapy, 6.1% were on hormonal
therapy, and 23.2% received concomitant antiviral therapy
(Table 1).

According to the Child-Pugh liver functional classification,
most patients were initially class A (70.7%), indicating adequate
liver function. According to the Barcelona Clinic Liver Cancer
Staging and Treatment Allocation (BCLC) system [61], the ma-
jority were categorized as class B (46.3%), indicating an interme-
diate stage with multinodular status, and fewer were classified
as early-stage A (42.7%), associated with 1 or 3 nodules <3cm in
length, or as very early class 0 (11%), associated with one lesion
of less than 2cm in size.

224 patients were screened.

124 didn't meet eligibility

criteria.

100 patients were recruited.

12 patients declined to
participate.

6 patients were excluded:

88 patients were initially
included in the study.

-2 did not receive radiographic
examination due to unplanned
travel.

-2 due to their refusal to
provide sample for genotyping.
- 2 dueto incomplete biological

data sets.

82 patients were included in
the final analysis.

FIGURE1 | Flowchart for patient screening, recruitment, and follow-up.
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TABLE1 | Baseline demographics and clinical characteristics of the
included patients (n=82).

Demographic data Value, n (%)
Sex

Male 60 (73.2)

Female 22(26.8)
Age (years)

Mean+SD 62.29+6.57

Median (range) 61.5 (48-74)
Albumin, g/dL, mean + SD 3.65+0.54
Hemoglobin, g/dl, mean +SD 12.16 +1.90
Bilirubin, mg/dL, mean + SD 1.01+0.39
ALT, U/L, median (range) 39 (15-219)
AST, U/L, median (range) 51 (18-248)

AFP, ng/mL, median (range) 46.9 (0.63-36979)

TACE Frequency
1 75 (91.5)
2 4(4.9)
3 2(2.4)

Systemic anticancer therapy

Sorafenib 8(9.8)
Cytotoxic chemotherapy 77 (93.9)
Hormonal therapy 5(6.1)
Antiviral therapy 19 (23.2)

History of comorbidities and prognostic criteria

TABLE1 | (Continued)
Demographic data Value, n (%)
HCC HFL
1 HCC <2cm carcinoma in situ 11 (13.4)
1 HCC or 3 nodules <3cm 32(39)
Multi nodular 39 (47.6)
Disease extension
Liver only 67 (81.7)
Metastatic 15(18.3)

Note: Values are presented as the mean +SD, median (range), or number
(percentage) as appropriate.

Abbreviations: AFP, alpha-fetoprotein; ALT, alanine transaminase; AST,
aspartate aminotransferase; BCLC, Barcelona clinic liver cancer staging and
treatment allocation system; bilirubin, total bilirubin; HFL, hepatic focal lesion;
TACE, transcatheter arterial chemoembolization.

Macroscopic vascular invasion was identified in 19 patients
(23.2%), and extrahepatic spread or metastasis was confirmed in 6
(7.3%) and 15 (18.3%) patients, respectively. By Eastern Cooperative
Oncology Group (ECOG) staging [62], the performance status was
equal to O for all patients, indicating that they were fully active and
able to complete all their daily activities as before their illness.

Baseline laboratory results were as follows: albumin
(3.65+0.54g/dL), hemoglobin (12.16+1.90g/dL), bilirubin
(1.01 £0.39mg/dL), alanine transaminase (ALT) (39 [range:
15-219] U/L), aspartate transaminase (AST) (51 [range: 18-
248] U/L), and AFP (46.9 [range: 0.63-36979] ng/mL). The
TACE procedure frequency during the current study period
was 1, 2, and 3in 92.6%, 4.9%, and 2.5% of the included cohort
patients, respectively.

3.2 | Distribution of the Star Allele-Predicted
Phenotypes of the CYP2B6, GSTP1,
and SLCO1B1 Genes

Based on the PMD Research Array genotyping module, a total of
192 (120, 14, and 58) probe sets (markers) were targeted in the anal-
ysis to identify genotype calls and star alleles (haplotypes) of the
CYP2B6, GSTP1, and SLCOIBI genes, respectively. The average
call rate of the selected markers was 99.6%. As shown in Table 2,
the functional status of three studied genes (CYP2B6, GSTPI, and
SLCO1BI) was determined based on their corresponding known
haplotype-diplotype-based star allele calling via Axiom Analysis
Suite software (AxAS, Metabolizer file). Notably, among the three
genes identified in the HCC cohort in this study, CYP2B6 NM
(47.6%), GSTP1 NM (51.2%), and SLCO1B1 NF (46.3%) were the
most common phenotypes.

3.3 | Distribution of CBR1 Genotypes

From the CBRI gene, out of seven markers identified in the
PMD Research Array genotyping module, three SNPs were se-
lected based on standard parameters (biallelic, passed the dish
QC, MAF >0.05, and HWE p>0.001) for inclusion in the final

Hepatitis C 78 (95.1)
Hepatitis B 4(4.9)
Liver cirrhosis 52(63.4)
Ascites 18 (22)
Macroscopic vascular invasion 19 (23.2)
Extrahepatic spread 6(7.3)
Child-Pugh class
A 58 (70.7)
B 22(26.8)
C 2(2.49)
Tumor characteristics
BCLC stage
0 9(11)
A 35 (42.7)
B 38 (46.3)
(Continues)
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TABLE2 | Phenotype frequencies and associated genotypes (known
calls) for the considered genes (n=82).

Frequency,
Gene? N (%) Associated genotypes®
CYP2B6
PM 12 (14.6) *6/%6
IM 27 (32.9) *1/%6, *2/*6, *4/*6
RM 4(4.9) *1/*4,*2/*4
NM 39 (47.6) *1/*1, ¥1/%2, *2/*2
GSTP1
IM 40 (48.8) *A/*B, *A/*C, *B/*B,
*B/*C, *C/*C
NM 42 (51.2) *ASFA
SLCO1B1
PF 3(3.7) *15/*15, *5/*15, *5/*5
DF 22(26.8) *1A/*15, *1A/*5,
*1B/*15, *1B/*17
IF 8(9.8) *1A/*14, *1B/*14
NF 38 (46.3) *14/*15, *14/%21, *1A/*1A,
*1A/*1B, *1B/*1B, *5/*14
UF 11 (13.4) *15/%27, ¥17/%21, *1A/*21,

*1A/*27, ¥*1B/*21, *21/*21

Note: Allele definitions are based on those of PharmGKB (at: Curation of DPWG
content into PharmGKB) [63] and PharmVar (https://www.pharmvar.org/gene).
Abbreviations: DF, decreased function; IF, increased function; IM, intermediate
metabolizer; NF, normal function; NM, normal metabolizer; PF, poor function;
PM, poor metabolizer; RM, rapid metabolizer; UF, undetermined function based
on the designations of the Axiom Analysis Suite software (AXAS, Metabolizer
file); UM, ultrarapid metabolizer.

aKnown calls (haplotype-based allele calling) were classified as UM.

bStar allele known calls obtained by genotyping via Applied Biosystems Axiom
Precision Medicine Diversity Research Array technology.

association analysis. The MAFs of the three included CRB1
SNPs (rs2835265, rs3787728, and rs1005695) in the current HCC
cohort were 0.0526, 0.237, and 0.324, respectively. As a nonstar
allele gene, CBRI had genotypes presented as homozygous for
the major allele, homozygous for the variant allele, or heterozy-
gous at each SNP. CBRI rs2835265 SNP analysis revealed that
the major-allele CC genotype was present in 74 patients (99.2%),
while the heterozygous genotype TC was present in eight pa-
tients (8.9%). The CBRI rs2835265 homozygote TT was not de-
tected in this cohort. CBRI rs3787728 had the major-allele TT
genotype in 4 patients (4.9%), while the variant genotypes TC
and CC were found in 30 patients (36.6%) and 48 patients (58.5%),
respectively. For CRBI rs1005695, the major-allele GG genotype
was present in 8 patients (9.8%), while the variant genotypes
GC and CC were present in 36 patients (43.9%) and 38 patients
(46.3%), respectively.

3.4 | Effectiveness Outcomes

In the present HCC cohort, the median follow-up was
9.13months (range 1.77-95.27). At the end of the follow-up

period, the cumulative OS rate was 90.1%, while the cumulative
PFS rate was 54.3%.

The median PFS time was 21.73 months (95% CI 10.87-107.87),
and the median OS time was 84.34 months (95% CI 77.16-91.52).
A biological response (20% reduction in AFP) was obtained in
36 patients (44.4%). The distribution of the radiological response
level attained at the end of the study period, based on the mRE-
CIST criteria, was as follows: complete response in 20 patients
(24.7%), partial response in 21 patients (25.9%), stable response
in 3 patients (3.7%), and progressive response in 37 patients
(45.7%).

3.4.1 | Association of Nongenetic Predictors With
Effectiveness

As shown in Table S1, the initial univariate analysis by Kaplan-
Meier and Cox proportional hazard methods revealed some
clinical and prognostic patient criteria that were found to have
a significant negative impact on both survival outcomes median
OS and median PFS. Clearly, the presence of clinical factors
such as ascites, macroscopic vascular invasion, metastatic dis-
ease extension, and progression of radiological response (based
on mRECIST) was associated with shorter OS and PFS. On the
other hand, certain other clinical factors, such as AFP response
status and hepatitis B etiology, were significant negative predic-
tors of median PFS but not median OS. Other demographic data
(such as age and sex), baseline laboratory data (including albu-
min, hemoglobin, bilirubin, ALT, ALT, and AFP), concomitant
use of systemic therapy (sorafenib, cytotoxic chemotherapy, and
antivirals), presence of liver cirrhosis, Child-Pugh class, TACE
frequency, and BCLC stage had nonsignificant influences on
both OS and PFS in this HCC cohort (Table S1). A multivariate
Cox proportional hazards model with a forward likelihood ratio
revealed that the presence of metastatic disease extension was
the most significant predictor of shorter OS, with an HR of 8.36
(95% CI 1.1-63.5, p=0.04), while hepatitis B etiology was the
strongest predictor of shorter PFS (HR: 5.04, 95% CI 1.26-20.1,
p=0.022).

As for the biological response, univariate association analyses
between the response status (response vs. nonresponse) and
baseline patient characteristics are given in Table S2. In this
HCC cohort, none of the demographic or clinical criteria were
associated with changes in AFP after TACE therapy.

3.4.2 | Association of Genetic Predictors With
Effectiveness

3.4.2.1 | Association of Star Allele-Predicted Pheno-
types With Effectiveness. The distributions of median OS
and median PFS with respect to each star allele gene pheno-
type status are displayed in Table 3. For CYP2B6, the longest
median OS and PFS were observed among individuals with
RM (27.7 and 54.4months, respectively) compared to those
with other phenotypes, but the differences did not reach sta-
tistical significance (log rank p=0.43 and 0.2, respectively).
For GSTP1, the estimated OS and PFS were longer among
HCC patients characterized by IM status (86.8 and 32 months,
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TABLE 3 | Univariate associations of the star allele-predicted phenotypes of the CYP2B6, GSTP1, and SLCO1B1 genes with effectiveness

outcomes (overall survival, progression-free survival).

Effectiveness measure

Overall survival (OS)

Progression-free survival (PFS)

Median OS Unadjusted Median PFS Unadjusted
Gene p? (95% CI) pP HR (95% CI) p° p? (95% CI) p® HR (95% CI) pe
CYP2B6
PM 0.47 23.8 0.43 0 0.99 0.59 65.5(41.7-89.1) 0.2 1.58 0.68
(5.2-42.5) (0.18-14.2)
IM 15.5 (6.2-24.8) 1.73(0.43-6.96)  0.44 12.7 (0.12-25.3) 3.35 0.24
(0.44-25.6)
PM/ 18 (9.8-26.3) 1.16 (0.29-4.6) 0.84 48.2(31.5-64.8) 1.1 (0.56-2.1) 0.82
M
RM 27.7 0 0.99 54.4(27.1-81.6) 0.4 (0.05-3.1) 0.38
(18.8-74.1)
NM 16.1 2.57(0.35-18.8)  0.35** 21.7 (10.2-33.3) 2.49 0.38**
(11.4-20.9) (0.33-18.8)
GSTP1
M 0.71 86.8 0.45  0.58(0.138-2.4) 0.45 0.66 32 (0-69.9) 0.8 0.92 0.8
(77.8-95.8) (0.48-1.77)
NM 81.6 21.7 (10.7-32.7)
(70.3-92.8)
SLCO1B1
PF/ 0.69 10.1(8.1-12) 074  1.0(0.23-4.5) 099 0.27 16.6(13.7-19.6) 0.3 0.675 0.35
DF (0.29-1.6)
IF 29.2 (3.7-54.6) 0.93 (0.1-8.3) 0.95 60.1 (28.9-91.3) 0.537 0.32
(0.16-1.8)
UF 24.7 (4.7-44.7) 0.75(0.19-2.99)  0.98 19.8 (17.9-21.8) 0.664 0.41
(0.25-1.8)
NF 18.1 (11-25.2) 0.39(0.053-2.9)  0.68* 21.7 (10.5-32.9) 0.640 0.18*
(0.33-1.2)

Abbreviations: CI, confidence interval; DF, decreased function; HR, hazard ratio; IF, increased function; IM, intermediate metabolizer; NF, normal function; NM,
normal metabolizer; OS, overall survival; PF, poor function; PFS, progression-free survival; PM, poor metabolizer; RM, rapid metabolizer; UF, undetermined function;

UM, ultrarapid metabolizer.

ap values obtained by univariate analyses, with the chi-squared test or Fisher's exact test used to compare variables.

bp values obtained by the log rank (Mantel-Cox) test in the Kaplan-Meier analysis.

°HR and p values obtained by Cox proportional hazard analysis for associations between effectiveness outcomes (OS or PFS) and each star allele-predicted phenotype.

*All versus reference category.
**NM versus RM.

respectively) than among those characterized by NM (81.6
and 21.7 months, respectively), but again the differences were
not statistically significant (log rank p=0.45 and 0.8, respec-
tively). For the SLCOIBI gene, like CYP2B6, the increased
functional status of the SLCO1B1 IF phenotype group was
associated with longer OS and PFS (29.2 and 61.1 months,
respectively). The estimates of OS and PFS tended to be much
shorter among the patients with a lower-functioning SLCO1BI
gene of the PF/DF (10.1 and 16.6 months) or NM kind (18.1
and 21.7months), though again the differences were not sta-
tistically significant (log rank p=0.74 and 0.3, respectively).

Regarding the biological response, as noted in Table 4, none of
the three genes' star alleles predicted phenotypes displayed a
significant impact on the AFP% change after TACE therapy.

3.4.2.2 | Association of Common CBR1 Genotypes
With Effectiveness. The distributions of OS and PFS medi-
ans according to the five identified CRBI SNPs (rs2835265,
rs3787728, and rs1005695) are displayed in Table 5. For CRBI
rs2835265, despite the observed reduction in median OS and PFS
associated with the variant genotype TC (19.8 and 14.6 months,
respectively) compared with the major-allele CC genotype (84.3
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TABLE 4 | Univariate associations of the star allele-predicted phenotypes of the CYP2B6, GSTP1, and SLCO1B1 genes with the biological

response (% change in AFP).

Effectiveness according to AFP % change

Gene Responder, N (%) Nonresponder, N (%) p?* OR (95% CI)® p°
CYP2B6
PM 4(11.1) 7(16.3) 0.490 1.14 (0.08-16.95) 0.923
M 15 (41.7) 11 (25.6) 2.73 (0.23-34) 0.436
RM 1(2.8) 2(4.7) 0.72 (0.06-8.6) 0.794
NM 16 (44.4) 23(53.5) 1.391 (0.12-16.7) 0.794
GSTP1
M 19 (52.8) 19 (44.2) 0.502 1.4 (0.58-3.4) 0.447
NM 17 (47.2) 24 (55.8)
SLCO1B1
PF/DF 9 (25) 15 (34.9) 0.540 0.75 (0.26-2.2) 0.593
IF 4(11.1) 4(9.3) 1.25(0.27-5.8) 0.776
UF 7(19.4) 4(9.3) 2.19(0.54-8.8) 0.271
NF 16 (44.4) 20 (46.5) 1.7 (0.15-19.6) 0.668

Abbreviations: AFP, alpha-fetoprotein; CI, confidence interval; DF, decreased function; IF, increased function; IM, intermediate metabolizer; NF, normal function;
NM, normal metabolizer; OR, odds ratio; PF, poor function; PM, poor metabolizer; RM, rapid metabolizer; UF, undetermined function; UM, ultrarapid metabolizer.
2p values obtained by univariate analyses, with the chi-squared test or Fisher's exact test used to compare variables.

b0dds ratio (95% CI) of positive response.

¢p values obtained by multiple logistic regression analyses after adjustment for nongenetic factors.

and 32months, respectively), the survival probabilities esti-
mated by the KM method (log rank p=0.86 and 0.62, respec-
tively) and Cox proportional hazard analysis (HR,q 1.2 [CI
0.148-9.8] and HR .4 1.3 [CI 0.457-3.7]) were similar (p>0.05).

However, for the second CRBI SNP (rs3787728), the heterozy-
gous TC genotype was significantly associated with reduced cu-
mulative OS (Figure 2: A1) and greater hazard for death (HRq
5.3 (CI 1.07-26.3)) than the homozygous CC genotype. Further
association analysis was conducted by pooling the TC genotype
with the major-allele TT genotype (four patients), which also re-
vealed a significantly lower probability of OS with this combina-
tion than with the homozygous CC genotype (Figure 2 (A2): log
rank p=0.045). The latter comparison confirmed the impact of
the T allele (reference) on shortening OS compared with the C
allele in this HCC cohort. Similarly, examination of the impact
of this SNP (rs3787728) on PFS reinforced the influence of the
T allele on reducing progression survival (Table 5 and Figure 3:
Bl and B2), where the TC genotypes demonstrated a markedly
reduced median PFS interval of 7.1 months (CI 0-21.7) in com-
parison with that of the homozygote CC genotype at 59.4 months
(CI 10.9-107.9).

For the third CRBI SNP (rs1005695), carriers of the G allele (ref-
erence) in the GG and CG groups had a significantly shorter OS
interval than CC homozygotes (Figure 2: A3 and A4). The im-
pact of the G allele of the CRBI SNP (rs1005695) on PFS was also
evident (Figure 3: B3 and B4). The other two minorly prevalent
CRBI SNPs (rs9024 and rs20572) did not significantly affect ei-
ther OS or PFS.

Similarly (as noted earlier for other gene phenotypes concern-
ing the biological response), none of the CRBI SNPs displayed a
significant association with the percentage change in AFP after
TACE therapy (Table 5).

3.4.3 | Combined Genetic and Nongenetic Multivariate
Association Analyses

Initially, combined analysis of genetic factors revealed that
T allele carriers of CRBI rs3787728 (TC and TT genotypes)
were more likely to have reduced OS than G allele carriers of
CRBI 181005695 (CG and GG genotypes) (HR 4.4, CI 0.9-22.02,
p=0.068).

Subsequently, nongenetic factors (including the presence of
ascites, macroscopic vascular invasion, and metastatic disease
extension), which revealed a significant impact on OS in the uni-
variate analysis, were incorporated with CRBI polymorphisms
(rs3787728 and rs1005695) in multivariate Cox regression analy-
sis by the forward stepwise likelihood ratio. The obtained model
revealed that metastatic disease extension (p=0.015), followed
by ascites (p=0.062), was the most powerful predictive factor
for modulating the impact of doxorubicin on OS than genotypic
variants within both CRBI SNPs.

When we conducted combined multivariate Cox regression anal-
ysis of genetic factors to explore their impact on PFS, we found
that G allele carriers of CRBI rs1005695 (GC and GG genotypes)
had a greater risk of shortening PFS than T allele carriers of
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FIGURE 2 | Kaplan-Meier analysis of overall survival (OS) in HCC patients receiving doxorubicin chemotherapy mediated through TACE. (A1)
OS in patients with different CRB1 rs3787728 genotypes. (A2) OS in CRB1 rs3787728 T allele carriers (TC and TT genotypes) versus non-T carriers
(CC genotype). (A3) OS in patients with different CRB1 rs1005695 genotypes. (A4) OS in CRB1 rs1005695 G allele carriers (GC and GG genotypes)

versus non-G carriers (CC genotype).

CRBI 153787728 (TC and TT genotypes). However, exploration
of nongenetic factors (including AFP response status, hepatitis
B etiology, and other aforementioned OS prognostic factors) to-
gether with CRBI polymorphisms (rs3787728 and rs1005695)
demonstrated the greater influence of nongenetic prognostic
factors on PFS. The AFP response status (p=0.006), the pres-
ence of macroscopic vascular invasion (p=0.022), metastatic
disease extension (p=0.028), and hepatitis B etiology (p =0.06)
were independent predictors of PFS. The statistical significance
of CRBI polymorphisms (rs3787728 and rs1005695) was not re-
tained in the final model.

4 | Discussion

Based on the efforts of PharmGKB, a number of top evidence-
rated genes, together with their associated variants, were in-
tegrated to aid further research on precision medicine and its
future implementation in clinical practice [15, 17]. These PGx
markers are deemed essentially useful as an initial skeleton to
explain interindividual and interethnic variability of certain
chemotherapeutic drugs, such as DOX PK and PD, and hence

how they could modulate the clinical response [15]. However,
the heterogeneous nature of tumors in different cancer sites, the
interethnic variability in germline genetic variant frequencies,
and the ongoing advancements in genotyping techniques and
bioinformatics tools may hinder the extrapolation of all current
findings to global cancer settings in diverse ethnogeography
groups. Our study examining the associations of polymorphisms
in four candidate genes with survival outcomes in Arabic HCC
patients receiving DOX via TACE has yielded findings relevant
to our population in this cancer setting.

4.1 | Star Allele-Predicted Phenotypes
and Survival Outcomes

The first group of findings concerning the predicted phenotypes
of the star alleles was obtained via pharmacogenomic testing
with the Axiom Array, which enables the examination of a
broad collection of probe sets targeting all potential genetic vari-
ants within the three studied metabolic genes (CYP2B6, GSTP]I,
and SLCOIBI). The definitions of the star alleles and their
corresponding metabolic statuses were based on the updated
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| Kaplan-Meier analysis of progression-free survival (PFS) in HCC patients receiving doxorubicin chemotherapy mediated through

TACE. (B1) PFS in patients with different CRB1 rs3787728 genotypes. (B2) PFS in CRB1 rs3787728 T allele carriers (TC and TT genotypes) versus
non-T carriers (CC genotype). (B3) PFS in patients with different CRB1 rs1005695 genotypes. (B4) PFS in CRB1 rs1005695 G allele carriers (GC and

GG genotypes) versus non-G carriers (CC genotype).

PharmGKB-Stanford University pharmacogenomics refer-
ence database and the Pharmacogene Variation (PharmVar)
Consortium [60, 63, 64]. The implementation of this genotyping
technique with its accurate translation of star allele calls to dis-
tinct phenotypes in our HCC patients made this study a unique
attempt in comparison to previous DOX PGx studies in which
a limited number of SNPs in the three genes were genotyped
without subgrouping of patient genotypes according to known
metabolic capacity phenotypes. Notably, in our study, despite
interindividual variations in OS and PFS among the three gene
phenotypes, the differences were not statistically significant.
This finding implies that the three metabolic genes had nonsig-
nificant impacts on modulating the effect of DOX on improving
survival outcomes in patients with HCC.

Regarding the CYP2B6 gene, the *2 (normal function), *8 (no
function), *9 (decreased function), and *4 (increased function)
alleles [65] were associated with a poor outcome (in terms of OS,
PFS, or both), while CYP2B6*5 (normal function) was associated
with a longer PFS [33] in the setting of breast cancer patients re-
ceiving a combination therapy of DOX and cyclophosphamide
[33]. Consistent with our findings, other studies have failed to
show a statistically significant impact of CYP2B6 SNPs on breast
cancer survival [34, 39]. These conflicting findings could be at-
tributed to the fact that the metabolic influence of CYP2B6 could
be substrate specific as well as to differences in the frequency

of ethnogeographic star alleles among different cohorts [66]. On
the other hand, CYPI1BI1 SNPs, which are involved in the metab-
olism of DOX, were found to be associated with the incidence of
cardiotoxicity in an animal model study [67], but no evidence of
their impact on OS or PFS was noted in childhood acute lympho-
blastic patients receiving DOX in polychemotherapy [32].

For the GSTPI gene, our observation of a nonsignificant impact
of its predicted phenotypes (IMs vs. NMs) on predicting survival
was consistent with some previous studies examining the influ-
ence of its common SNP (GSTP1*B_c.313A>G(I105V), rs1695),
which is associated with reduced enzymatic activity. In agree-
ment with our findings, the mutated variant 105V had no effect
on OS or PFS in childhood acute lymphoblastic leukemia [32]
or other malignancies [34, 39, 44, 68]. In contrast to our find-
ings, decreased PFS has been found among variant carriers of
this reduced-function GSTPI SNP in patients with osteosarcoma
[45] or decreased OS among major-allele homozygotes (*A/*A)
with advanced gastric cancer [69] receiving DOX as multiagent
chemotherapy. On the other hand, GSTPI homozygous GSTPI
(*B/*B genotype) has been associated with a reduced risk of
chemoresistance to doxorubicin in breast cancer patients [42].
Collectively, these negative findings on survival outcomes were
mainly attributed to the altered sensitivity of cancer cells to
DOX chemotherapy induced by bearing either GSTPI genotypes
resulting in chemoresistance (in major-allele homozygotes)
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[42, 69, 70] or increased toxicity associated with less DOX detox-
ification in variant carriers (such as leukopenia and cardiotoxic-
ity) [45, 71]. However, these interpretations were not supported
by the use of DOX via TACE in the current HCC cohort, possibly
due to the overexpression of GSTPI in patients with liver cirrho-
sis or in patients with HCC (as previously reported), regardless
of the germline phenotype [20, 72]. Our results are more in line
with studies [42, 69, 70] reporting the favorable impact of har-
boring the mutant allele *B, as the IMs in our cohort tended to
have longer OS and PFS than the NMs. Nevertheless, further
molecular studies estimating the GSTP1 protein level in HCC
tumor tissues are speculated to undermine or highlight the
significance of GSP1 germline phenotyping before its use as a
PGx marker for DOX chemoresistance or safety in HCC clinical
practice.

The polymorphisms of SLCOIBI, a gene encoding a liver-
specific member of the organic anion transporter family [73, 74],
were speculated to have an impact on DOX transport from the
blood into hepatocytes in the HCC setting. Despite the observed
variability among the predicted phenotypes of SLCO1BI star al-
leles in terms of OS and FPS median survival time, the differ-
ence was nonsignificant in the present cohort for both survival
terms. Polymorphism in another transporter gene, SLC22A16
(a member of the organic cation transporter family), which is
highly expressed in bone marrow but minimally expressed in
hepatocytes [75], was shown to modulate DOX blood levels [25]
and hence increase toxicity (mainly leucopenia) [33] and neu-
tropenia [22, 27] in breast cancer patients. In line with our re-
sults, these SLC22A16 SNPs have not shown a proven impact on
survival (OS and PFS) [25, 33]. Importantly, patients in former
cancer sites were receiving systemic DOX-based chemotherapy
[22, 25, 27, 33], while our patient received DOX in the form of
locoregional administration directed into the hepatic artery, a
factor that minimizes exposure of normal body cells to DOX.
Whether SLCOI1BI or SLC22A16 polymorphisms impact the
DOX safety profile (laboratory or other adverse events) in the
current HCC cohort remains an area of interest for our future
multiplex genotyping research in HCC. These investigations are
deemed mandatory for prioritizing the selection of relevant PGx
transporter markers according to the method of DOX adminis-
tration in various clinical cancer practice venues.

4.2 | Common CBRI Genotypes and Survival
Outcomes

The second group of findings of this study is related to CBRI
polymorphisms. In fact, in addition to known clinical nonge-
netic prognostic HCC factors, CBRI interindividual genetic
variation had the greatest genetic impact on OS and PFS in this
cohort. For the first time, the presence of reference alleles of two
novel SNPs in CBR1 (rs3787728 and rs1005695), which occurred
at a high frequency in our cohort (41.5% and 53.7%, respectively),
appeared to influence the effects of DOX locoregional therapy
on OS and PFS in patients with HCC. Notably, these SNPs were
not examined in earlier studies. The present observation of their
negative impact is presumably attributed to the higher activity
associated with harboring the reference alleles in either SNP,
leading to greater CBR metabolic activity (higher clearance
rate of DOX) with faster conversion to its more toxic but less

antineoplastic metabolite (doxorubicinol) [16, 18]. Furthermore,
another possible explanation for the observed association of
CRBI polymorphisms with survival outcomes in parallel with
the less pronounced association of other studied genes in the
present study could be related to the higher expression levels of
the CRBI1 enzyme in hepatocytes [16], the confined site where
the DOX TACE procedure is targeted in HCC patients. Both
assumptions require validation in additional molecular and
functional PK studies. Similarly, a previous PX study reported
that homozygosity for the reference allele at the CBR1 ¢.627C>T
(rs20572) and c.*133G>A (rs9024) loci (both in strong linkage
disequilibrium) were associated with increased clearance and
reduced exposure to DOX in Asian breast cancer patients [28].
Our attempt to further examine the power of these similar
SNPs [28] did not yield a significant impact on either OS or PFS
(Table 5), probably due to their much lower prevalence in our
cohort (0.047 for both SNPs). In contrast, the allele frequency of
the c.627C>T polymorphism was reported to be higher in earlier
studies involving other ethnic groups (Indian (0.18), Caucasian
(0.15), and Chinese (0.26)) [29]. Therefore, these findings are
expected to demonstrate greater consequences on the survival
outcomes of patients with HCC within the aforementioned pop-
ulations. Interestingly, the prevalence of the well-characterized
nonsynonymous V88I (c.262G>A, rs1143663) polymorphism in
the CBR1 gene [30], which appears at a low frequency among
African Americans (0.014) and results in a marked reduction
in the kinetic and thermodynamic properties of CBR1 isoforms
[31], was not detected in our cohort (MAF =0, which is consis-
tent with its frequency within South Asian populations) [28].

Nevertheless, the current study has shed more light on the sig-
nificance of incorporating all CBRI polymorphisms in the PGx
marker panel for HCC patients who are candidates for DOX
therapy, though replication of association findings in larger, di-
verse ethnic studies is still needed before their implementation
can be recommended for routine practice.

4.3 | Strengths and Limitations

As one of the PGx studies in a continuously evolving oncology
research area, our study has certain strengths and limitations.
First, the current study provided novel evidence for the relative
significance of four genes directly involved in DOX PK on sur-
vival outcomes and effectiveness in a very rarely studied cancer
group, HCC patients with tumors deemed unresectable or non-
candidate for radiofrequency ablation. All previous PGx studies
involving HCC patients, as identified in the literature, were con-
cerned with systemic therapy, sorafenib being the last choice for
advanced-stage HCC patients [76-80]. Only one study involving
DOX via the TACE procedure in HCC has been conducted; how-
ever, that study focused on one gene SNP and was limited to
a certain ethnic group [47]. Second, the employment of a fast
microarray technique (including up-to-date clinically relevant
content with all PharmGKB markers) enabled the genotyping of
all known variants within the four genes, specifically with more
accurate metabolic or transport capacity-based phenotyping of
the nomenclature of the three gene star alleles (CYP2B6, GSTP]I,
and SLCOI1BI). In particular, this point may strengthen the find-
ings obtained in the present analyses of their relevant associa-
tions with the outcomes of localized DOX therapy in patients
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with HCC. Previous PGx studies of DOX in other cancer types
[22, 27, 32-34, 41, 42, 44, 45, 71] mostly targeted a few star al-
leles based on the estimated frequencies in related populations,
which could have missed the examination of certain minor star
alleles and their impacts on the global estimation of an individ-
ual metabolic or transport phenotype for DOX. Third, this is the
first study to examine and provide preliminary evidence for the
potential association between CBR1 genetic variants and sur-
vival outcomes after DOX therapy in HCC patients. Fourth, the
prospective design with an extended follow-up period employ-
ing both radiological and biological marker (AFP) assessments
enabled the capture of more robust endpoints, such as tumor
progression and death.

However, our study has several limitations. First, the modest
sample size and its confinement to the Arabic ethnicity could
have limited the power of detecting the significant association
of star allele-predicted phenotypes with DOX effectiveness and
may limit extrapolation to a wider HCC population with diverse
ethnogeographic origins.

Second, as a single gene may not be adequate to elucidate its in-
fluence on xenobiotic effectiveness, other gene polymorphisms
known to be involved in DOX PK (such as ABCBI [efflux], CBR3,
AKRIA1, and AKRIC3 [all three metabolize DOX to doxorubici-
nol]) or the DOX PD pathway (such as DNA repair genes) could
have additive roles in OS and PFS and warrant further investiga-
tion in future work. However, these genes were reported to have
less specific expression in hepatocytes [81]. Third, consistent
with previous epidemiological studies [82] and few PGx studies
in patients with HCC receiving sorafenib [47, 80, 83], the com-
bined analysis in our study revealed that nongenetic prognostic
factors such as metastatic disease extension, hepatitis B etiology,
presence of macroscopic vascular invasion, or ascites appeared
more powerful in predicting and modulating the impact of
doxorubicin on OS and PFS than genotypic variants (within two
CRBI SNPs in our patients). This finding could undermine the
significance of PGx marker germline genotyping in a subset of
HCC patients and may comprehensively indicate the ineffective-
ness of DOX locoregional therapy in HCC patients with these
clinical features. These findings require replication in larger
studies and could be of interest as a target for our future explor-
atory multivariant somatic genomic testing research in HCC.

5 | Conclusions

The present study provides the first evidence for the predictive
value of two CBR1 SNPs in modulating survival outcomes after
DOX therapy via TACE in HCC patients.

In agreement with the findings of previous studies, these vari-
ants of the CBR1 gene appear to be associated with higher CBR1
protein levels and metabolic activity and, accordingly, with a
higher clearance rate of DOX with faster conversion to its more
toxic but less antineoplastic metabolite doxorubicinol. We hy-
pothesize that high levels of doxorubicinol-induced toxicity are
associated with reduced OS and PFS. Despite our view of the
potential value of implementing CRBI polymorphism genotyp-
ing in real practice given its practicality and lower cost in com-
parison to gene expression analyses, the prognostic significance

of CRBI polymorphisms was limited to a subset of HCC patients
in the present cohort who are devoid of known metastatic risk
factors. This point of view suggests that further extensive ex-
ploratory PGx studies on a wider set of HCC clinical factors and
targeting more germline and somatic genes are still needed to
replicate our findings or reveal other DOX-related PK and PD
pathway markers that could have additive predictive value for
improving OS or PFS in HCC patients.
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