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Abstract: Differences in expression of drug response-related genes contribute to inter-individual
variation in drugs’ biological effects. MicroRNAs (miRNAs) are small noncoding RNAs emerging
as new players in epigenetic regulation of gene expression at post-transcriptional level. MiRNAs
regulate the expression of genes involved in drug metabolism, drug transportation, drug targets and
downstream signal molecules directly or indirectly. MiRNA polymorphisms, the genetic variations
affecting miRNA expression and/or miRNA-mRNA interaction, provide a new insight into the
understanding of inter-individual difference in drug response. Here, we provide an overview of the
recent progress in miRNAs mediated regulation of biotransformation enzymes, drug transporters,
and nuclear receptors. We also describe the implications of miRNA polymorphisms in cancer
chemotherapy response.
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1. Introduction

Drug responses are complex traits determined by both genetic and environmental factors.
Variations in expression of drug response-related proteins such as drug-metabolizing enzymes (DMEs),
drug transporters and therapeutic mechanisms (including drug targets and downstream signal
molecules) are the important source of inter-individual variability in drug response. In spite of
genetic factors, epigenetic modification of gene expression at transcriptional and post-transcriptional
levels contributes to variations in the expression of drug response related genes [1]. Accumulated
evidence has shown that genes encoding DMEs, drug transporters, nuclear receptors, and drug targets
are under epigenetic control [1,2]. Pharmacoepigenomics, a newly emerged field of combined study
on genetic variations and epigenetic modifications in drug response, is supposed to expand the scope
of pharmacogenomics and may provide more definite answers to the role of environmental factors in
variable drug response [3].

In addition to transcriptional regulation of gene expression by DNA methylation, histone
modification and xenosensor modulation, microRNAs (miRNAs) mediated post-transcriptional
regulation is a newly recognized mechanism of gene expression regulation that attracts much interest
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in recent years [4]. Understanding of the miRNA-related mechanisms in drug response opens a
new field in pharmacogenetics and pharmacoepigenomics. In this review, we focused on miRNA
and its prospects in pharmacogenomics and translational medicine. PubMed, EMBASE, and Web
of Science databases were searched up to July 2016 for studies that evaluated associations between
miRNAs as well as miRNA polymorphisms and drug response. Relevant publications were identified

by searching for combinations of “miRNAs”, “drug metabolizing enzymes”, “drug transporters”,
“miRNA polymorphisms”, “drug response” and their synonymes.

2. MiRNAs: A New Player in Gene Function and Drug Response

MiRNAs bind to complementary regions of the target transcripts and regulate gene expression
via translational repression or mRNA degradation (Figure 1). Up to date, about 1881 miRNAs are
identified in human genome [5]. However, only 523 human miRBase entries are robustly supported
as miRNA genes [5]. Given miRNAs function as important regulators of a wide range of cellular
processes, identification of canonical miRNA becomes particularly important. It is estimated that more
than 60% of human protein-coding genes harbor miRNA target sites in their 3’-untranslated regions
(3’-UTRs), and miRNAs are predicted to control about 30% of human genes [6]. Roles of miRNAs
in organ development and pathogenesis of human diseases have been extensively studied in recent
years [7]. The expression of some DMEs, drug transporters, and drug targets can also be regulated by
miRNAs through direct or indirect mechanisms [8]. MiRNA-mediated gene regulation provides new
insight into the understanding of variations in an individual’s response to therapeutic drugs.
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Figure 1. MiRNA biogenesis and posttranslational silencing mechanism. The miRNA maturation
includes the production of the primary miRNA transcript (pri-miRNA) by RNA polymerase II or
III and cleavage of the pri-miRNA by Drosha in the nucleus. Pre-miRNAs are transported to the
cytoplasm by Exportin 5 and are processed into miRNA /miRNA* duplexes by Dicer. Only one
strand of the miRNA /miRNA* duplex is processed into the RNA-induced silencing complex (RISC),
which subsequently acts on its target mRNAs through mRNA cleavage, translational repression
or deadenylation, depending on the level of complementarity between the miRNA and its targets.
OREF, open reading frame.
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3. MiRNAs-Mediated Regulation of DMEs and Drug Transporters

Numerous studies have demonstrated that miRNAs can regulate DMEs and drug transporters,
including cytochrome P450s (CYP450s), ABC and SLC transporters, and xenobiotic receptors (Table 1).

3.1. Direct Repression of DME by miRNAs

CYP450s superfamily, the largest group of phase I enzymes, catalyze a huge diversity of drugs in
adult human liver. MiRNA-mediated epigenetic regulation is observed to affect CYP450 expression [8].

CYP1ALl is responsible for the metabolisms of carcinogenic metabolites, such as benzo(a)pyrene.
A positive correlation between miR-18b as well as miR-20b and CYP1A1 mRNA levels was observed
in immortalized lymphoblastiod cell lines [9]. However, miR-18b and miR-20b exhibited no correlation
with CYP1A1 mRNA and protein levels in human liver tissue [10]. Moreover, luciferase assays
revealed that CYP1A1 is a direct target of miR-892a [11]. A significant negative correlation was
observed between miR-892a level and CYP1A1 protein expression [11]. Recently, mRNA and protein
levels of CYP1A1 exhibited negative correlation with miR-132, miR-142-3p, and miR-21 in a cohort of
92 human liver tissue [10].

CYP2A13 is critical for the metabolic activation of the tobacco-specific carcinogen 4-(methyl-
nitrosamino)-1-(3-pyridyl)-1-butanone (NNK), a potent and tobacco-specific procarcinogen [12].
CYP2A3 is the orthologue of human CYP2A13 in rats. In a study mimicking the early stages of
lung cancer development in rats under chronic NNK exposure, Kalscheuer et al., observed that the
expression of several miRNAs, such as miR-101, miR-126%, miR-199 and miR-34, was decreased, while
the expression of CYP2A3 was increased in the early stage of tumorigenesis, and reporter assays
showed CYP2A3 is a direct target of miR-126* [13].

CYP1B1 is involved in metabolism of several procarcinogens and chemotherapeutic drugs
such as doxorubicin. It was the first reported CYP450 isoenzyme undergoing miRNA regulation.
The expression levels of miR-27b [14] and miR-200c [15] correlated reversely with CYP1B1 protein
in breast cancerous and renal cell cancer tissues, respectively. As miR-27b exhibits lower levels in
breast cancer, the miR-27b mediated translational inhibition of CYP1B1 expression may account for
the tumor-specific expression of CYP1B1 at protein level rather than mRNA level in breast cancer [16].
Upregulation of CYP1B1 due to miR-27b and miR-200c downregulation may thus lead to decreased
drug response in cancer.

CYP2C8 is involved in the detoxification of more than 60 clinical drugs. Transfection of miR-103
or miR-107 precursors decreases CYP2C8 protein level via MRE within the CYP2C8 3-UTR in primary
human hepatocytes [17]. Furthermore, inhibition of these miRNAs results in an increase in CYP2C8
protein expression [17]. In addition, miR-21, miR-27a, miR-142-3p, miR-223, and miR-539 exhibited
reverse correlation with CYP2C8 mRNA level in human liver tissue [10].

CYP2(9 is responsible for metabolism of about 20% of clinically used drugs, such as warfarin and
phenytoin. In a human liver tissue, CYP2C9 mRNA level exhibited negative correlation with numerous
miRNAs, of which the most significant miRNAs were miR-16, miR-17, miR-29a, and miR-28-3p [10].
Furthermore, overexpression of miR-128-3p could suppress CYP2C9 mRNA and protein expression in
HepaRG cells [18]. MiR-128-3p expression was inversely correlated with CYP2C9 mRNA expression
in hepatocellular carcinoma (HCC) tumor tissues [18]. And luciferase reporter assay revealed that
CYP2C9 was targeted directly by miR-128-3p [18].

CYP2C19 is a monooxygenase which metabolizes many clinically prescribed therapeutic agents,
including selective serotonin reuptake inhibitors, proton pump inhibitors, clopidogrel, citalopram,
diazepam, and imipramine. Overexpression of miR-103 and miR-107 could reduce CYP2C19 protein
level in human primary hepatocytes [17]. Also, miR-34a, miR-130b, miR-185 displayed a negative
correlation with CYP2C9 mRNA level in human liver tissue [10]. Recently, in silico analysis indicated
CYP2C19 can be targeted by miR-29a-3p [19]. In addition, an inverse correlation was found between
miR-29a-3p and CYP2C19 mRNA or protein expression in HepaRG cells and human liver tissue
samples [19]. CYP2E1 catalyzes the oxidation of many solvents and other small organic molecules.
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A potential miR-378 binding site was identified in the 3'-UTR of CYP2E1 mRNA. In HEK293 cell lines,
miR-378 overexpression can decrease CYP2E1 protein expression and chlorzoxazone 6-hydroxylation
activity [20]. In addition, miR-378 expression correlates inversely with protein level and translational
efficiency of CYP2E1 in human liver [20]. A recent luciferase assay suggested that miR-132 and
miR-212 can directly target CYP2E1 3'-UTR, which may play a role in insulin-induced inhibition of
CYP2E1 expression in primary cultured rat hepatocytes [21]. These findings helped to understand
post-transcriptional regulation of CYP2E1. Also, the negative correlation between miR-10a, let-7g, and
miR-200c and CYP2ET1 mRNA level was reported [10].

CYP2J2 has been found to catalyze epoxidation and hydroxylation of polyunsaturated fatty acids.
More recently, let-7b was shown to repress the expression of epoxygenase CYP2J2 directly, and let-7b
downregulation is associated with increased CYP2]2 expression in lung cancer [22].

CYP3A4 metabolizes more than 50% of therapeutic drugs. The variability of CYP3A4 expression
may contribute to inter-individual difference in drug response. MiR-27b was identified to inhibit
CYP3A4 mRNA /protein expression and miR-27b overexpression in PANC1 cells decreases the
sensitivity to cyclophosphamide [23]. In addition, miR-577, miR-1, miR-532-3p, and miR-627 were
observed to repress CYP3A4 protein expression in cultured HEK293T cells, and downregulated the
translation efficiency of CYP3A4 mRNA in human livers [24]. Negative correlations between levels
of miRNAs including miR-155, miR-454, miR-582-5p, let-7f-1*, miR-181d, and miR-500 and hepatic
CYP3A activity were observed in cirrhotic livers [25]. A recent study demonstrated that miR-27a
could negatively regulate CYP3A4 mRNA and protein level in 26 human liver samples [26]. These
results may reveal a difference in post-transcriptional regulation of CYPs by miRNA in cancer cells
and normal tissues, but also in in vitro versus in vivo.

CYP7A1 is important for the regulation of bile acid synthesis in the liver. Overexpression of
miR-122a and miR-422a inhibited, whereas their inhibitors promoted CYP7A1 mRNA expression in
human hepatocytes [27]. And luciferase reporter assay identified the binding sites of miR-122a and
miR-422a in the CYP7A1 3'UTR.

CYP24A1 is a key enzyme in the inactivation of calcitriol, which exerts antiproliferative effects
in cancer cells by binding to the vitamin D receptor. It has been reported that CYP24A1 may be
a candidate oncogene and a potential prognostic biomarker for cancer [28]. A potential miR-125b
recognition element was identified in the 3’-UTR of CYP24A1 and VDR [29,30]. CYP24A1 protein
expression was increased in breast cancer tissues, which could be explained by decreased miR-125b
expression [30]. As VDR can regulate transcription of CYP24A1, miR-125b is supposed to regulate
CYP24A1 expression directly and indirectly.

3.2. Direct Repression of Drug Transporters by miRNAs

Drug transporters are a group of membrane proteins that are responsible for the transportation
of drugs into and out of cells. Drug transporters can be divided into uptake and efflux transporters.
Uptake transporters are involved in the uptake of endogenous and exogenous substances. The soluble
carrier (SLC) family are major types of uptake transporters. Efflux transporters are primary
active transporters, belonging to the energy-dependent ATP-binding cassette (ABC) superfamily.
Overexpression of one or more ABC transporters accounts for decreased intracellular accumulation
of chemotherapeutic drugs in cancer cells and thus potentiate multidrug resistance (MDR) [31].
The cellular mechanisms of MDR include decreased drug uptake, increased drug efflux, activation
of detoxifying systems, activation of DNA repair mechanisms, evasion of drug-induced apoptosis,
etc. Currently, the most widely studied cellular mechanisms of tumor resistance are those associated
with ABC transporter-mediated drug efflux [32]. Interests in miRNA-mediated modification of the
expression of drug transporters focused on cancer MDR is increasing.

Multidrug resistance protein 1 (MDR1/ABCB1/P-pg) is involved in efflux of numerous drugs
including antibiotics, anticancer drugs, and antiviral agents. Boyerinas et al., showed that let-7g
overexpression in MDRI1 positive ADR-RES cells led to a reduced P-pg expression [33]. An inverse
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correlation was observed between let-7g level and P-pg expression in ovarian cancer patients [33].
The expression of P-gp and MDRI mRNA can be upregulated by miR-27a and miR-451, which were
observed to be higher expressed in the MDR cancer cell lines as compared with their parental lines [34].
In addition, miR-27a and miR-451 antagomir can decrease the expression of P-gp and MDRI mRNA
and increase vinblastine sensitivity in MDR ovarian cancer cells [34]. MiR-27a was further identified
to repress P-gp and MDRI mRNA by targeting HIPK2 in cancer cell lines A2780 and A2780/Taxol [35].
Transfection of miR-451 mimics increases sensitivity to doxorubicin in doxorubicin-resistant MCF-7
cells and irinotecan in colon carcinoma cells by binding to the MDR1 3’-UTR [36]. These findings help
to understand why patients with lower miR-451 level respond worse to irinotecan-based therapy [36].
Furthermore, overexpression of miR-298 and miR-223 was reported to downregulate P-gp expression,
and increase doxorubicin sensitivity in doxorubicin-resistant breast cancer cells and HCC cells [37,38].
Recently, miR-508-5p was reported to suppress expression of P-gp and MDR1 mRNA by directly
targeting the 3'-UTR of ABCB1. MiR-508-5p overexpression can sensitize tumours to chemotherapy
in vivo in gastric cancer [39]. Another study revealed that miR-145 could regulate the expression and
function of P-gp in intestinal epithelial cells [40].

ABCB9 is a brain and spinal cord lysosome-associated transporter. It has shown that miR-31 could
inhibit cisplatin-induced apoptosis via regulating ABCB9 expression in non-small cell lung cancer
cells [41]. And luciferase assay confirmed that ABCBY is a direct target of miR-31 [41].

Multidrug resistance-associated protein 1 (MRP1/ABCC1) mediated the active efflux of
glucuronide, glutathione, and sulfate conjugates [42]. Liang and colleagues found that miR-326
expression in VP-16-resistant MCF-7 cells (MCF-7/VP) was higher than that in MCF-7 cells [43].
Furthermore, miR-326 overexpression decreases ABCC1 mRNA and protein expression by direct
targeting and sensitizing MCF-7/VP cells to VP-16 and doxorubicin [43]. To identify differentially
expressed miRNAs in drug sensitive and resistant small cell lung cancer cell lines that might underlie
MDR, Guo et al., observed that miR-134 downregulated and ABCC1 upregulated in drug resistant
cells, and miR-134 was a causal factor for downregulation of ABCC1 [44]. The liver-specific miR-122
was also reported to render adriamycin and vincristine sensitivity through inhibiting ABCB1 and
ABCC1 expression in HCC [45]. In human pancreatic carcinoma PANC-1 cells, ABCC1 expression is
sharply reduced by miR-1291 transfection, while miR-1291 antagomir exhibited the opposite effect [46].
The miR-1291-directed downregulation of ABCC1 sensitized the PANC-1 cells to doxorubicin [46].
Recently, miR-7 modulates chemoresistance of small cell lung cancer through modulating protein
expression of ABCC1 [47].

ABCC2 plays an important role in resistance to platinum-based chemotherapy. Haenisch and
colleagues found that miR-379 impedes ABCC2 protein expression by directly targeting 3’-UTR of
ABCC2 in HepG2 cells [48,49]. MiR-297 was proved to reduce ABCC2 protein expression in MDR
colorectal carcinoma cells and sensitize these cells to anticancer drugs including oxaliplatin, vincristine,
doxorubicin, 5-fluorouracil and mitomycin C [50]. A recent study demonstrated that let-7c sensitizes
acquired cisplatin-resistant A549 cells by targeting ABCC2 [51].

Multidrug resistance-associated protein 4 (MRP4/ABCC4) is involved in the transport of
endogenous and xenobiotic organic anionic compounds. Borel and colleagues found that miR-125a/b
could regulate ABCC4 mRNA expression by direct targeting 19 paired HCC tissue [52]. More recently,
miR-124a and miR-506 were reported to decrease protein levels and function of ABCC4 in HEK293T /17
cells [53]. Furthermore, a negative correlation between miR-124a and miR-506 expression and MRP4
protein expression was observed in 26 human kidney samples [53].

Borel et al., observed an inverse correlation between ABC transporters and miRNA expression
levels in the HCC tissues, and 13 miRNAs were confirmed to target ABCA1, ABCC1, ABCC5,
ABCC10 and ABCET1 directly [52]. The expression of miR-128 was reduced accompanying by ABCC5
overexpression in chemoresistant breast tumor-initiating cells, which may partially explain why
reduced miR-128 expression was associated with chemotherapeutic resistance and poor survival in
breast cancer [54].
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Breast cancer resistance protein (BCRP/ABCG2) was initially discovered in multidrug resistant
breast cancer cell lines, where it confers resistance to several chemotherapeutic agents. Substrates
for ABCG2 include mitoxantrone, topotecan, irinotecan, methotrexate, and tyrosine kinase inhibitors
such as imatinib and gefitinib [55]. ABCG2 was supposed to contribute to xenobiotica protection for
stem cells and underlies the ability of cancer cells to regenerate post-chemotherapy [56]. MiR-328 and
miR-519¢ were observed to suppress ABCG2 protein expression by targeting the ABCG2 3'-UTR [57-59].
Subsequently, Li and colleagues showed that miR-519¢c downregulates ABCG2 protein expression with
accelerating ABCG2 mRNA degradation and overexpression of miR-519¢ or miR-328 in MCF-7 cells
could increase intracellular mitoxantrone accumulation, which is probably due to a decreased ABCG2
protein expression [60]. In chronic myeloid leukemia K-562 cells, short-term imatinib treatment induced
ABCG?2 expression and decreased miR-212 expression, while anti-miR-212 upregulated ABCG2 protein
expression by direct targeting ABCG2 3'-UTR [61]. Two separate groups have demonstrated that
miR-520h can regulate ABCG2 expression by direct inhibition [62,63]. In addition, miR-181a and
miR-487a can sensitize mitoxantone-resistant breast cancer cells to chemotherapeutic agents by
targeting ABCG2 [64,65].

SLC6A4, also known as serotonin transporter (SERT), is involved in serotonin reuptake. It
is the pharmacological target of selective serotonin reuptake inhibitor antidepressants [66]. Data
from Baudry and colleagues suggested that miR-16 could target SLC6A4 in neuronal 1C11 cell
line [66]. In mice, chronic fluoxetine treatment can increase miR-16 levels in serotonergic raphe
nuclei, which subsequently downregulate SLC6A4 expression [66]. The expression of miR-16 was
negatively correlated with SLC6A4 expression in mouse and miR-16 overexpression lead to decrease
of SLC6A4 in human alveolar epithelial cells [67]. Furthermore, miR-15a and miR-16 could regulate
SLC6A4 expression in human placental choriocarcinoma and rat brain raphe cells [68].

SLC7AS5 is also known as L-type amino acid transporter 1 (LAT1). MiR-126 was reported to inhibit
proliferation of small cell lung cancer cells by targeting SLC7A5 [69]. Drayton and colleagues found that
miR-27a suppresses protein expression of cystine/glutamate transporter SLC7A11 in cisplatin-resistant
bladder cancer. Bladder cancer with low miR-27a or high SLC7A11 expression exhibited poorer clinical
outcomes [70].

Data from Gillen and colleagues has shown that miR-384, miR-494, and miR-1246 could directly
repress mRNA expression of Na-K-ClI co-transporter SLC12A2 in epithelial cells [71]. The peptide
transporter 1 (PEPT1/SLC15A1) is involved in intestinal absorption of small peptides and a
variety of peptidemimetic drugs such as 3-lactam antibiotics. MiR-92b was reported to directly
downregulate mRNA and protein levels of SLC15A1 and thus reduces SLC15A1-mediated drug
transport activity [72]. The H-linked monocarboxylate transporter isoform 1 (MCT1/SLC16A1) is
involved in the transportation of metabolically important monocarboxylates such as lactate, pyruvate,
acetate and ketone bodies. Evidence shows that miR-124 could negatively regulate SLC16A1 expression
at both mRNA and protein levels [73,74].

Up to date, most studies regarding miRNA-mediated regulation of drug transporters mainly
focused on MDR in cancer cells [8]. Targeting specific miRNAs of the drug-resistant network is
promising in overcoming drug resistance in cancer therapy. The miRNA-mediated modification of
drug transporters and the clinical relevance requires further investigation.

3.3. Indirect Regulation of DMEs and Drug Transporters by miRNAs

The expression of genes involved in the disposition of drugs is largely regulated by transcription
factors belonging to the xenobiotic-sensing nuclear receptors family such as pregnane X receptor (PXR),
constitutive androstane receptor (CAR), and hepatocyte nuclear factor 4 alpha (HNF4«). Nuclear
receptors are important in regulation of both the constitutive and inducible expression of DMEs and
transporters. MiRNA-mediated regulation of the expression of nuclear receptors becomes potential
mechanism for controlling DMEs and transporters.
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HNF4« is a key transcription factor that regulates the expression of numerous DMEs and drug
transporters such as CYPs, UDP-glucuronosyltransferases (UGTs), ABC transporters, OATs, and
OATPs [75]. It was found that miR-24 suppresses HNF4a mRNA expression mainly through mediating
its mRNA degradation, while miR-34a acts through direct translational repression [76]. Overexpression
of miR-24 and miR-34a resulted in decreased HNF4«x protein level and its subsequent targets such
as CYP7A1 and CYP8B1 in HepG2 cells [76]. Further study showed that HNF4«x protein levels were
reduced by transfection of miR-24 and miR-629 mimics in HepG2 cells [77]. Also, miR-34a and
miR-449a could downregulate HNF4« protein expression and PXR mRNA levels [78]. In addition,
overexpression of miR-34a, miR-34c-5p and miR-449a lead to decrease in the protein levels and binding
activity of HNF4« [79].

PXR is an important xenoreceptor regulating the inducible expression of a variety of transporters
and DMEs, including CYP3A4. It was reported that miR-148 directly inhibits PXR protein expression
and negatively regulates the translational efficiency of PXR in 25 human liver samples [80]. MiR-148a
could also inhibit the constitutive/inducible CYP3A4 mRNA expression in a PXR-dependent
manner [80]. However, subsequent study failed to observe the correlation between miR-148 and
protein and mRNA level of PXR or CYP3A4 in human liver samples [10,81].

Vitamin D receptor (VDR) is a nuclear hormone receptor, which functions as transcription factors
by binding to vitamin D response element in the promoters of the target genes, such as CYP3A4 [82].
MiR-27b was found to indirectly regulate CYP3A4 by indirect targeting the VDR 3'-UTR and by direct
targeting [23]. Furthermore, miR-125b could decrease VDR protein level in MCF-7 cells by binding to
recognition element within VDR 3'UTR [30]. Hence, miR-125b may be supposed to indirectly influence
CYP3A4 via VDR mediated posttranscriptional regulation.

Glucocorticoids such as cortisol exhibit profound role in neuronal development, immunity, and
metabolism by binding to the glucocorticoid receptor (GR) [83]. It was found that GR could regulate the
expression of CYP2C and CYP3A4 [84]. Vreugdenhil et al., demonstrated that miR-18 and miR-124a
decreased GR-mediated events in addition to reducing GR protein levels in neuronal tissues [85].
However, the miRNA-mediated posttranscriptional regulation of GR exhibits no correlation with
xenobiotic biotransformation.

Estrogen receptor 1 (ESR1), an estrogen-activated nuclear receptors, is involved in regulation of
CYP1B1 expression. Data form Adams and colleagues demonstrated that miR-206 suppresses ESR1
mRNA and protein level in breast cancer cell lines [86]. MiR-221 and miR-222 suppress ESR1 protein
level in MCF-7 and T47D cells [87]. Overexpression of miR-221 or miR-222 resulted in the breast cancer
cell line becoming resistant to tamoxifen [87]. Also, miR-22 directly inhibited ESR1 mRNA and protein
expression in breast cancer cell lines and clinical biopsies [88,89]. In addition, ESR1 was a direct target
of miR-130a in HepG2.2.15 human HCC cells [90].

Peroxisome proliferator activated receptor alpha (PPAR«) is a nuclear hormone receptor family
transcription factor, which is involved in regulation of DME and tumor progression. MiR-10b was
proven to inhibit PPAR« protein expression in steatotic L02 cells [91]. Also, miR-21 and miR-27b could
regulate PPAR« protein level in Huh7 cells [92]. However, these miRNAs exhibited no effect on PPAR«
mRNA levels. Tong et al., showed that miR-506 overexpression in a colon cancer cell could inhibit
PPARx expression, which resulted in hydroxycamptothecin resistance [93]. Another nuclear receptor
liver X receptor « (LXRx) has been found to be suppressed by miR-613 in HepG2 cells [94,95]. A recent
study revealed that miR-206 inhibits LXR« protein expression and promotes LXR-mediated cholesterol
efflux in macrophages [96].

3.4. MiRNAs Mediate Drug-Drug Interactions in Pharmacokinetics

Xenobiotic agent induced dysregulation of miRNAs, which regulates the expression of DEMs and
drug transports, may result in considerable alterations in the pharmacokinetic profile of a concomitant
drug [97]. Rodrigues et al., revealed that the expression of several miRNAs (miR-27a, miR-124a,
miR-148a, and miR-451) in MCEF-7, Caco-2, SH-SY5Y and BE(2)-M17 cell lines can be influenced by
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exposure to 19 xenobiotic drugs, including methadone, dexamethasone, gemcitabine, imatinib, and
mitoxantrone [98]. In this respect, the upregulation of CYP3A4 and ABCB1 by dexamethasone may
involve the suppression of dexamethasone on miR-27b, miR-148a and miR-451 [98], which could
target 3’-UTR of CYP3A4 and ABCBI. Moreover, bilobalide led to a decreased level of miR-148a [98],
which could directly inhibit PXR protein expression. Neuronal miR-124a was reduced by treatment
with psychoactive drugs (cocaine, methadone and fluoxetine) [98], which may provide increased
understanding of neuroplasticity. Dysregulated expression of miR-10a, miR-146a, miR-200b, miR-200c,
miR-221/222, and miR-345 induced by drugs could result in chemoresistance to cisplatin in MCF-7
breast cancer cells [99].

Rifampicin is a well-known drug inducer that activates PXR/RXR. The induction of MDR1
and CYP2B6 mRNA by rifampicin are attenuated by miR-148a overexpression in L5180 cells [80].
Rifampicin could downregulate ABCC2 protein expression by increasing miR-379 expression in HepG2
cells [48]. In primarily cultured hepatocytes, rifampicin upregulated and downregulated the expression
of a set of miRNAs, and some of the mRNA /miRNA pairs were inversely associated [100,101]. Hence,
delineation of the influence of xenobiotic drugs on miRNA profile might present a mechanism of
altered gene expression underlying drug disposition and drug-drug interaction.

Table 1. MiRNAs reported to regulate drug metabolism related genes.

Function Gene Involved miRNA Identification Methods References

DMEs CYP1A1 miR-18b, -20b Correlation, mRNA expression [9]

miR-892a Reporter assay, mRN A/protein expression, [11]
functional assay

CYP2A3 miR-126* 2 mRNA /protein expression [13]

CYP1B1 miR-27b Correlation, Reporter‘ assays, protein expression, [14]
functional assay

CYP2C8 miR-103, -107 Reporter assay, mRNA /protein expression, correlation [17]

CYP2C9 miR-128-3p EMSA, reporter. assay, mRN A/protein [18]

expression, correlation

CYP2C19 miR-103, -107 Protein expression [17]

miR-29a-3p EMSA, mRNA /protein expression, correlation [19]

CYP2E1 miR-378 Reporter assay, mRNA / Protem expression, correlation, [20]
functional assay

miR-132, -212 Reporter assay, mRNA expression [21]

CYP2J2 let-7b Reporter assay, protein expression, functional assay [22]

CYP3A4 miR-27b Reporter assay, mRNA /protein expression, 23]
functional assay

miR-1, -532-3p, -577, -627 Reporter assay, protein expression, correlation [24]

miR-27a Reporter assay, mRNA /protein expression, correlation [26]

CYP7A1 miR-122a, -422a @ Reporter assay, nRNA expression [27]

CYP24A1 miR-125b Reporter assay, mRNA /protein expression, [29]
functional assay

Transporters ~ABCB1/MDR1 let-7g mRNA /protein expression, correlation, functional assay [33]

miR-27a mRNA /protein expression, functional assay [34,35]
miR-451 2 mRNA /protein expression, functional assay [34,36]

miR-298 2 Reporter assay, protein expression, functional assay [37]

miR-223 Reporter assay, mRNA /protein expression, 38]
functional assay

miR-508-5p Reporter assay, mRNA /protein expression, 39]
functional assay

miR-145 Reporter assay, protein expression, functional assay [40]

ABCB9 miR-31 Reporter assay, mRNA/ protein expression, [41]
functional assay

ABCC1/MRP1 miR-326 Reporter assay, mRNA /protein expression, [43]

functional assays




functional assays
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Table 1. Cont.
Function Gene Involved miRNA Identification Methods References
miR-134 mRNA /protein expression [44]
miR-122 mRNA /protein expression, functional assay [45]
miR-1291 @ Reporter assay, mRNA/ protein expression, and [46]
functional assays
miR-7 Reporter assay, mRNA /protein expression, correlation [47]
ABCC2/MRP2 miR-379 Reporter assay, mRNA /protein expression, [48,49]
functional assays
miR-297 @ Reporter assay, mRNA /protein expression, 150]
functional assays
let-7c Reporter assay, mRNA /protein expression, 51]
functional assays
ABCC4/MRP4 miR-125a/b Reporter assay, mRNA expression, correlation [52]
miR-124a, -506 2 Reporter assay, mRNA / Protem expression, correlation, 53]
functional assay
ABCC5/MRP5 miR-128 Reporter assay, protein expression, functional assay [54]
ABCG2/BCRP miR-328 Reporter assay, mRN A/protein expression, 57-59]
functional assays
miR-519¢ Reporter assay, mRNA /protein expression, [60]
functional assays
miR-212 Reporter assay, protein expression [61]
miR-520h Reporter assay, mRNA /protein expression [62,63]
miR-181a Reporter assay, mRNA /protein expression, [64]
functional assays
miR-487a Reporter assay, mRNA/ protein expression, [65]
functional assays
SLC6A4/SERT miR-16 Reporter assay, mRNA/ protein expression, [66-68]
functional assays
miR-15a Reporter assay, protein expression [68]
SLC7A5/LAT1 miR-126 Reporter assay, mRNA /protein expression, correlation [69]
SLC7A11 miR-27a Reporter assay, mRNA /protein expression, [70]
functional assays
SLC12A2 miR-384 2, -494, -1246 2 Reporter assay, mRNA expression [71]
SLC15A1/PEPT1 miR-92b Reporter assay, mRNA / Protem expression, correlation, [72]
functional assays
SLC16A1/MCT1 miR-124 Reporter assay, mRNA /protein expression, [(73,74]
functional assays
Nuclear HNF4a miR-24, -34a Reporter assay, mRNA /protein expression, [76,77]
Receptor functional assays
miR-34a, -34c-5p, -449a Reporter assay, mRNA /protein expression, [78,79]
functional assays
PXR miR-148a Reporter assay, protein expression [80]
VDR miR-27b Reporter assay, mRNA /protein expression [23]
miR-125b Reporter assay, EMSA, protein expression [30]
GR miR-18, -124a Reporter assay, protein expression, functional assays [85]
ESR1 miR-206 Reporter assay, mRNA /protein expression [86]
miR-221, -222 Reporter assay, protein expression, functional assays [87]
miR-22 Reporter assay, mRNA /protein expression [88,89]
miR-130a Reporter assay, mRNA /protein expression [90]
PPAR«x miR-10b, -21, -27b Reporter assay, mRNA /protein expression, correlation [91,92]
miR-506 Reporter assay, mRNA /protein expression, [93]
functional assays
LXRa miR-613 2 EMSA, reporter assay, mRNA /protein expression, [94,95]
functional assays
miR-206 Reporter assay, mRNA /protein expression, [96]

2 MiRNAs that are not listed as bona fide miRNAs in MirGeneDB [5]. EMSA: electrophoresis mobility shift assay.
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4. MiRSNPs Modify Cancer Chemotherapy Response and Survival

A class of functional polymorphisms termed miRNA polymorphisms or miRSNPs are reported to
be a new player in miRNA-mediated gene regulation (Figure 2). MiRSNPs refer to polymorphisms
present at or near miRNA binding sites of functional genes as well as in genes involved in miRNA
biogenesis and in pri-, pre- and mature miRNA sequences. A growing number of miRNAs related
causative SNPs were identified [102]. Disease susceptibility associated miRSNPs have attracted
growing interests [103]. However, knowledge about the pharmacogenomic significance of the miRSNPs
is scarce. Most interest in miRSNPs is focused on cancer chemotherapy resistance and survival.
Numerous miRSNPs associated with chemotherapy response and clinical outcomes are identified
(Table 2).

. . . Mature
Promoter | RNA coding region for miRNA — miRNA
Drug
. response
TF/NR miRSNPs
) ) DMET DMET
Promoter | RNA coding region for DMET mRNA protein

Figure 2. Interplay between miRNA-mediated posttranscriptional regulation of drug disposition
related genes expression and drug response. DMET: drug-metabolizing enzymes and transporters; TF:
transcription factors; NR: nuclear receptors.

4.1. MiRNA Target Site Polymorphisms

Lung cancer (LC) is the leading cause of cancer-related deaths worldwide. Non-small cell lung
cancer (NSCLC) accounts for 80% of all lung cancer cases and less than 15% of patients with NSCLC
survive beyond 5 years [104]. Thus, identification of specific prognostic biomarkers may improve
the medical care of patients with NSCLC. Increased SET8 expression was observed in various types
of tumor, including LC. SET8 rs2240688 T > C, a polymorphism within miR-502 binding site, was
reported to be associated with increased overall survival (OS) or reduced risk of death in small-cell
lung cancer (SCLC) [105] and NSCLC [106]. SET8 modifies cancer prognosis by altering its expression,
which could be suppressed by miR-502. Another miRSNP, rs2240688 A > C, within the 3'-UTR of
CD133 was associated with favorable prognosis [107]. Functional assays revealed that rs2240688 C
allele creates a new binding site for miR-135a/b and thus reduced CD133 mRNA level [107]. CD133
was overexpressed in several human cancer tissues and was associated with poor prognosis [107].
In another study on NSCLC, KTR81 rs3660 polymorphism within potential miR-17 target site was
associated with increased time to recurrence of NSCLC [108]. In addition, evidence revealed that FAS
rs2234978 common allele was associated with longer OS of NSCLC [109]. In the same study, the G
allele of FZD4 rs713065 was associated with longer OS of early NSCLC [109]. Luciferase reporter
assays showed that minor allele of rs2234978 and rs713065 created binding site for miR-651 and
miR-204 [109,110].

Colorectal cancer (CRC) is the second most common malignancy and the fourth-leading cause
of cancer death worldwide. Evidences revealed that miRSNPs may represent prognosis markers
of CRC. The variant allele of LCS6 polymorphism (rs61764370 T > G) in the binding site of let-7 to
KRAS 3'-UTR was reported to be associated with reduced OS and progression-free survival (PFS) in
metastatic colorectal cancer (mCRC) [111], and nonresponse to anti-EGFR-based treatment in KRAS
and BRAF wild-type mCRC patients [112]. However, the conflict results were also observed, in
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which LCS6 common allele exhibited association with shorter PFS/OS or no effect on them [113,114].
The contradictions may be explained by small sample size and the different inclusion criteria for the
mutations in each study. Further clinical studies are needed to increase the accuracy in predicting
cetuximab responsiveness based on the LCS6 polymorphism.

Ovarian cancer (OC) is the most lethal gynecological malignancy and the 5-year survival rate
is less than 30% [115]. A recent study revealed that variant allele of MDM4 3’-UTR polymorphism
rs4245739 abrogates the miR-191 target site and results in increased MDM4 expression, which was
associated with increased risk for recurrence, accelerated tumor progression, and chemotherapy
resistance in ovarian carcinoma [115]. In a study on 417 Caucasian patients with OC, another potential
miR-409-3p recognition site polymorphism, MDM4 rs10900596 G > A, was related to an improved
treatment response in ovarian cancer [116]. In the same study, the rs1425486 variant allele disrupts
PDGFC pairing with miR-425, inhibits miR-425 targeting, and results in higher PDGFC expression and
worse OS [116]. Moreover, the variant allele of KRAS rs10771184 within potential miR-544 binding site
was associated with better treatment response and increased OS in OC [116].

Several miRSNPs exhibited association with survival of other tumors. The rs2240688 CC genotype
was identified to be associated with reduced SET8 protein levels and longer postoperative OS
in Asian patients with HCC [117]. The results suggest that SET8 modifies cancer prognosis by
altering its expression, which could be suppressed by miR-502. Evidence indicates that KTR81 rs3660
polymorphism within potential miR-17 target site was associated with toxicity or survival of Hodgkin
lymphoma [118] and multiple myeloma [119]. Furthermore, the rs1045385 C allele of AP-2« rs1045385
polymorphism was insensitive to miR-200b/200c/429 induced repression of AP-2c expression and
increases cisplatin sensitivity in endometrial cancer cell line HEC-1A cells [120]. In addition, the CDON
rs3737336 polymorphism located in the miR-181c/miR-5007 binding site was associated with reduced
PFS of prostate cancer [121,122].

4.2. Polymorphisms in miRNA Biogenesis Gene

Numerous miRSNPs associated with NSCLC chemotherapy toxicity or survival were identified.
MiR-196a2 rs11614913 C > T polymorphism could alter mature miRNA expression and function.
Rs11614913 CC homozygotes exhibited higher occurrence of overall toxicity in response to gemcitabine
or cisplatin [123]. Also, rs11614913 T allele was associated with better OS and disease-free survival
(DFS) [124]. In the same study, the minor allele carriers of miR-149 rs2292832 exhibited better OS
and DFS [124]. Recent evidence indicated that G allele of pre-miR-27a rs895819 was associated with
decreased response rate to platinum-based chemotherapy, reduced OS and increased risk of death in
NSCLC [125]. In another study on 452 early-stage and 526 late-stage NSCLC patients, minor allele
of miR-5197 rs2042253 was associated with increased OS [126]. Recently, DROSHA rs6886834 minor
allele was associated with shorter median recurrence-free time [109]. Furthermore, XPO5 3/-UTR
polymorphism rs11077 was identified as predictor for recurrence of NSCLC [108] and survival of
SCLC [127].

There are several miRSNDPs as markers of clinical outcome of CRC. Boni et al., found two
polymorphisms were associated with clinical outcome in metastatic colon cancer patients treated with
5-fluorouracil and irinotecan [128]. The rare homozygous genotype of pri-miR26a-1 rs7372209 exhibited
poorer response and reduced time to progression [128]. And the minor allele of another polymorphism
pri-miR-100 rs1834306 was associated with increased time to progression [128]. The minor allele of
miR-608 rs4919510 was associated with shorter recurrence-free survival (RES) and the minor allele
homozygotes in miR-219-1 rs213210 exhibited increased RFS of colorectal adenocarcinoma [129].
Recently, major allele in miR-219-1 rs213210 was reported to be associated with worse OS [130].
In the same study, carriers of minor allele in miR-608 rs4919510 exhibited longer event-free survival
(EFS) [130].

Evidences have shown that miRSNPs may be associated with survival in urinary system cancers.
Two miRSNPs, KIF3C rs6728684 and IFI30 rs1045747, were associated with reduced PFS in prostate
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cancer treated with androgen-deprivation therapy [121]. The variant allele of DDX20 rs197412
conferred a decreased risk of recurrence and the variant homozygous genotype of DGCRS rs2073778
was associated with increased risk of progression in non-muscle-invasive bladder cancer [131].
MiRSNPs were also identified as prognostic markers for other cancers. XPOS5 rs11077
polymorphism exhibited association with OS and PFS of multiple myeloma [119], chemotherapy
toxicity and OS of Hodgkin lymphoma [118], and survival of HCC [132]. In addition, the G allele of
rs17408716 within RNASEN was associated with better treatment response and longer OS of OC [116].

Table 2. MiRSNPs as biomarkers of chemotherapy response and survival.

Gene MirSNPs In.volved Cancer Association with Variant Allele References
miRNAs Types
SET8 rs16917496 T > C miR-502 SCLC Increased OS [105]
NSCLC Increased OS and reduced risk of death [106]
CD133 rs2240688 A > C miR-135a/b LC Increased OS [107]
KRT81 rs3660 C > G miR-17 NSCLC Increased time to recurrence [108]
FAS rs2234978 A > G miR-651 NSCLC Reduced OS [109]
FZD4 15713065 A > G miR-204 NSCLC Increased OS [109,110]
KRAS 1561764370 T > G let-7 CRC Poort;‘frl;;;s:;;’ f:;‘:;‘ergag;‘;‘;’;ecan [111]
CRC Resistance to anti-EGFR-based therapy [112]
CRC Improved OS/PFS [113,114]
MDM4 rs4245739 C > A miR-191 oC Delayed progression and tumor related death [115]
rs10900596 G > A miR-409-3p 2 oC Better treatment response [116]
PDGFC rs1425486 G > A miR-425 oC Poor treatment response and reduced OS [116]
KRAS rs10771184 T > A miR-544 oC Better treatment response and increased OS [116]
SET8 rs16917496 T > C miR-502 HCC Increased OS [117]
KRT81 rs3660 C > G miR-17 HL Increased risk of neurological toxicity [118]
KRT81 rs3660 C > G miR-17 MM Increased OS [119]
AP-2x rs1045385 A > C _I;S(I){C_zioz% BC Increased cisplatin sensitivity [120]
CDON 183737336 T > C miR-181c, -5007 2 PC Recreased PFS [121,122]
miR-196a-2  rs11614913C > T NSCLC Decrease‘fﬂ?f:ﬁ:igg;%%’(m“y and [123,124]
miR-149 rs2292832 T > C NSCLC Increased OS/DFS [124]
pre-miR-27a rs895819 A > G NSCLC Poor treatment response and reduced OS [125]
miR-5197 2 152042253 T > C NSCLC Increased OS [126]
DROSHA 156886834 G > A NSCLC Reduced RFS [109]
XPO5 rs11077 A > C NSCLC Increased time to recurrence [108]
SCLC Reduced OS [127]
pri-miR-26a-1  rs7372209C > T CRC Reduced time to progression [128]
pri-miR-100 rs1834306 T > C CRC Increased time to progression [128]
miR-219-1 rs213210 T> C CRC Increased RFS [129]
CRC Increased OS/RFS [130]
miR-608 154919510 C > G CRC Decreased RFS [129]
CRC Increased EFS [130]
KIF3C 156728684 T > G PC Reduced PFS [124]
IFI30 rs1045747 T > C PC Reduced PFS [121]
DDX20 rs197412C >T BC Decreased risk of recurrence [131]
DGCRS8 rs2073778 G> T BC Increased risk of progression [131]
XPO5 rs11077 A > C MM Increased OS [119]
HL Increased OS/DEFS for heterozygotes [118]
HCC Increased OS [132]
RNASEN rs17408716 A > G oC Better treatment response and increased OS [116]

2 MiRNAs that are not listed as bona fide miRNAs in MirGeneDB [5]. NSCLC: non-small cell lung cancer;
SCLC: small cell lung cancer; LC: lung cancer; CRC: colorectal cancer; OC: Ovarian cancer; HCC: hepatocellular
carcinoma; HL: Hodgkin lymphoma; MM: multiple myeloma; BC: bladder cancer; PC: prostate cancer.

4.3. CNV-miRNA: Possible Causative Variations Affecting Drug Response

Copy number variations (CNVs) refer to segments of genomic DNA that show variable numbers
of copies in the genome due to deletions or duplications. CNVs affect gene expression in a
copy number-dependent manner and account for about 18% detected genetic variation in gene
expression [133]. CNVs in miRNA genes (CNV-miRNAs) affect binding and regulation of miRNA
target genes [134]. Evidences have revealed that CNV-miRNAs were involved in a broad range of
phenotypes, including male fertility [135], multiple sclerosis [136], and autism [137]. More recently,

209 CNV-miRNAs were identified in CNV regions, and 4 miRNAs (miR-1268, miR-1233, miR-1972,
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and miR-384) were located in polymorphic CNV regions [138]. These miRNA-CNVs include deletions
(miR-384 and miR-1324), duplications (miR-1972 and miR-1977), and multiple duplications (miR-1233
and miR-1268) [138]. Significance of these miRNA-CNVs remains to be explored. Therefore, there
is still a long way to go before the implication of these miR-CNVs into pharmacogenomics and
personalized medicine.

5. MiRNAs and Ethnic Difference in Drug Response

Evidences revealed that polymorphisms in miRNAs have significantly different frequencies
among various populations [139,140]. And these polymorphisms may lead to severe defects to
functions of miRNAs and then possible ethnic difference in drug response. Previous studies
have demonstrated that 17%-30% of genes are differentially expressed among different ethnic
populations [140,141] and miRNAs are also expressed in a population-specific manner [141,142].
The differentially expressed genes and miRNAs may be another basis of ethnic difference in
drug response.

A total of 1899 SNPs in 961 reported pre-miRNAs were identified [139]. Among them, some
SNPs exhibited significantly different frequencies between various populations in the HapMap
and 1000 Genome Projects [139]. Recently, Rawlings-Goss et al., identified 31 miRSNPs that were
globally population-differentiated in frequency between African and non-African populations [140].
Moreover, miR-202, a potential breast cancer biomarker, exhibited significantly high allele frequency
differentiation at rs12355840 polymorphism, which influences miRNA expression in vivo and breast
cancer mortality [140]. The role of these SNPs in the inter-ethnic difference in drug response needs
further investigation.

Previous studies identified many miRNAs that exhibit ethnic difference in expression and
prognostic significance for cancer. A total of 33 differentially expressed miRNAs between CEU
and YRI were identified in HapMap lymphoblastoid cell lines [142]. More than 55% of the
differentially expressed miRNAs were inversely correlated with an mRNA expression phenotype in
each population samples, and 21 of these miRNAs correlated with cellular sensitivity to at least one of
the chemotherapeutic agents in carboplatin, daunorubicin, and cytarabine [142]. Moreover, a large
number of SNPs exhibiting different allele frequencies affected the expression of the differentially
expressed miRNAs [142]. High miR-181b expression in cancer tissue correlated with poor survival
of black rather than white patients with CRC [143]. The expression levels of plasma miR-375 are
ethnically different in diabetes of Han and Kazak populations [144]. Furthermore, higher plasma
miR-144 expression was significantly associated with diabetes in Swedes, but not in Iraqis [145].
MiR-182, miR-152, miR-204, miR-222 and miR-202 exhibited differential expression in colon cancer
between African and Caucasian Americans [146]. Notably, miR-182 was increased and two potential
miR-182 targets (FOXO1 and FOXO3A) were decreased in African Americans tumors, which may
contribute to decreased colon cancer survival in African Americans [146].

6. Conclusions

MiRNAs emerge as a new player in epigenetic regulation of genes involved in drug response.
MiRSNPs are recently found to be associated with progression and prognosis of different types of
cancers. Detection of miRNAs and miRSNPs holds promise in the field of miRNA pharmacogenomics
for individualized medicine. The challenge for achieving individualized drug therapy is manyfold.
Establishing the relation of miRNAs and miRSNPs to drug response phenotypes may not be
straightforward. Factors affecting drug response are multifold and complex. At present, individualized
drug therapy may be achieved when these factor are simple and well defined. Several important
achievements, such as warfarin therapy based on VKORC1I and CYP2C9 genotypes, have been achieved.
Large scale, prospective clinical trials are needed to reveal causal associations between genetic as well
as epigenetic variations and drug response. It is safe to say that more pharmacoepigenomic biomarker
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of drug response and stronger supporting clinical research evidence are expected to surface in the
coming years.
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