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Abstract 

 

MicroRNAs (miRNAs) are a family of short, non-coding RNA whose final product is a 

22-nucleotide functional RNA molecule. They regulate the expression of target genes by 

binding to complementary regions of transcripts to repress their translation or promote mRNA 

degradation. Since miRNAs regulate every aspect of cellular function, their dysregulation is 

associated with a variety of diseases including cancer, diabetes, and cardiovascular diseases. 

Therefore, miRNAs are now considered new therapeutic targets. However, the roles of 

miRNAs in the metabolism of xenobiotics and endobiotics have only recently been revealed. 

This review describes the current knowledge on the regulation of cytochrome P450s and 

nuclear receptors by miRNAs, the physiological and clinical significance. The miRNA 

expression is readily altered by chemicals, carcinogens, drugs, hormones, stress, or diseases, 

and the dysregulation of specific miRNAs might lead to changes in the drug metabolism 

potency or pharmacokinetics as well as pathophysiological changes. In the field of 

pharmacogenomics, the evaluation of miRNA-related polymorphisms would provide useful 

information for personalized medicine. Utilizing miRNAs opens a new era in the fields of 

drug metabolism and pharmacokinetics as well as toxicology.  
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1. Introduction 

     MicroRNAs (miRNAs) are short (~22-nucleotide), endogenous non-coding RNAs that 

lead to gene silencing through translational repression or mRNA degradation (Bartel, 2004). 

They are now recognized as critically important regulators of gene expression. So far, more 

than 1000 human miRNAs have been identified (miRBase, release 16, 

http://www.mirbase.org/). Computational prediction estimates that 60% of human mRNAs 

could be targets of miRNAs (Friedman et al., 2009). The miRNAs have roles in fine-tuning 

the expression of their target genes forming intricate networks. Research on miRNA is 

growing exponentially, and it is now clear that miRNAs can potentially regulate every aspect 

of cellular processes such as differentiation, proliferation and apoptosis as well as a large 

range of physiological processes such as development, immune response, metabolism, tumor 

formation, and disease development (Kloosterman and Plasterk, 2006). Since 30% of miRNA 

are expressed in a tissue- or cell-specific manner, the expression patterns are associated with 

the physiological functions of miRNAs. Dysregulation of the miRNA function may lead to 

certain diseases. 

     In the fields of drug metabolism and pharmacokinetics (DMPK), the roles of miRNAs 

have only recently started to become clear. The purpose of this review is to summarize recent 

findings concerning the roles of miRNA in the regulation of cytochrome P450s (P450, CYP) 

and nuclear receptors and their clinical significance with consideration of their potential 

application for pharmacotherapy. 

 

2. Biogenesis of miRNAs and gene regulation by miRNAs 

     Genes encoding miRNA are located in intergenic or intragenic (intronic or exonic) regions 

with both sense and antisense orientations (Lagos-Quintana et al., 2001). In human, the 

distribution of miRNA is as follows: 52% intergenic miRNAs, 43% intronic miRNAs, and 

5% exonic miRNAs (Hinske et al., 2010). The miRNAs are first transcribed as long primary 

transcripts, generating a stem-loop containing primary miRNA (pri-miRNA). The pri-miRNA 

is processed to a 70- to 100-nucleotide hairpin-shaped precursor miRNA (pre-miRNA) by a 
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microprocessor complex including Drosha and DiGeorge syndrome critical region 8 protein 

(DGCR8) in the nucleus. The pre-miRNA is exported into the cytoplasm by Exportin 5, 

processed to miRNA duplex of about 22 nucleotides by Dicer or Ago2, and then unwound 

into the single strand form of mature miRNAs. The functional guide strand is loaded onto the 

RNA-induced silencing complex (RISC), composed of Dicer, TAR RNA binding protein 

(TRBP) and Argonaute protein Ago2, and guides the complex to its mRNA targets with 

imperfect pairing causing translational repression or mRNA degradation (Krol et al., 2010). 

Target sites of animal and human mRNAs are usually at the 3’-untranslated region (UTR), 

although there are examples of target sites in the coding region as well (Duursma et al., 2008). 

The passenger strand, named miRNA*, is usually degraded, although it is sometimes 

functional. Gene silencing by miRNAs include multiple mechanisms and the details can be 

found in other review articles (Chekulaeva and Filipowicz, 2009; Fabian et al., 2010).  

 

3. Prediction/identification of miRNA(s) for a given target gene 

     Identification of miRNA(s) for a target gene is a challenging task because miRNAs bind to 

their target by partial complementarity over a short sequence. The nucleotides 2–8 at the 

5’-end of the miRNA, called the seed sequence, are critical and sometimes sufficient to 

repress the target translation (Lewis et al., 2005). To predict the miRNAs for the target genes, 

several computational programs such as MicroCosm Targets (John et al., 2004), TargetScan 

(Lewis et al., 2003; 2005), Pictar (Krek et al., 2005), and microrna.org (Betel et al., 2008) are 

available. In most cases, many kinds of miRNAs are predicted. The predicted miRNAs vary 

significantly depending on the different algorithms used in the programs, because these 

algorithms place variable weight on complementarity to the miRNA seed sequence, 

evolutionary conservation of the microRNA recognition element (MRE) of the target gene, 

free energy of the miRNA-mRNA duplex, and accessibility of the target site. The false 

positive rate of the predicted candidate targets of a given miRNA is thought to be 30-50% 

(Alexiou et al., 2009; Watanabe et al., 2007). Confirming experimentally the validity of all of 

them is a time-, money, and energy-consuming process. We consider the following points to 
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choose miRNAs that are to be experimentally verified: 1) convergence of algorithms and 2) 

conservation of the target site sequence among species, although these points are neither a 

necessity nor a guarantee of function, 3) accessibility to target: it seems to be a critical feature 

of miRNA target recognition, and 4) whether the miRNA is substantially expressed in the 

tissue where the target mRNA is expressed. 

     To validate specific miRNA:mRNA interaction, several lines of experiments can be used. 

The most commonly employed technology is the use of luciferase assays using reporter 

constructs containing the MRE of the target mRNA downstream of the reporter gene. The 

constructs are co-transfected into the cells with precursor miRNA (or the expression plasmid 

of miRNA) or antisense oligonucleotide (AsO) for miRNA to overexpress or inhibit miRNA. 

Evidence can be established whether the reporter activity is significantly decreased or 

increased. The overexpression or inhibition of miRNA is an effective method to determine 

potential miRNA:mRNA interactions. In the overexpression experiments, a possible concern 

is that the decrease of target expression might be an artifact of overexpression. From this 

point, experiments to inhibit endogenous miRNA are valuable. Furthermore, an inverse 

relationship between the protein and miRNA levels is expected, for example, cancer versus 

normal tissues, or among individuals or cell lines. 

    In addition to the above direct methods, it is useful to determine the change of mRNA or 

protein expression by microarray or proteome analysis after the overexpression or inhibition 

of miRNA to determine the targets of a given miRNA comprehensively  (Lim et al., 2005; 

Baek et al., 2008). It should be noted that these include secondary targets, the expression of 

which may change owing to the expression changes of the primary targets. We should also 

pay attention to the fact that different proteins have different turnover rates. This means that 

the level of protein with high turnover will change rapidly, whereas stable proteins will be 

affected later. In addition, if one determines only the changes in mRNA levels, some targets 

whose expression repression is caused by translational repression could be missed. Thus, for 

comprehensive analysis, both mRNA and protein analysis should be considered. Another 

method is immunoprecipitation of RISC and sequence analysis of mRNAs in the 
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immunoprecipitant (Beitzinger et al., 2007). In such a experiment, we don’t know which 

mRNAs are targets of which miRNA. To overcome this problem, the overexpression or 

inhibition of miRNA before the immunoprecipitation and comparison with control by 

microarray analysis will be useful (Karginov et al., 2007; Chi et al., 2009). 

 

4. miRNAs that regulate P450s and nuclear receptors 

     P450s are important enzymes that catalyze the metabolism of xenobiotics including drugs, 

environmental chemicals, and carcinogens as well as endobiotics such as steroids, bile acids, 

and fatty acids. Most P450s are transcriptionally regulated by nuclear receptors. The 

understanding of the mechanisms of the transcriptional regulation of P450s has progressed 

greatly, but post-transcriptional regulation largely remains to be clarified. Recently, some 

P450s and nuclear receptors have been found to be post-transcriptionally regulated by 

miRNAs (Table 1, Fig. 1). We introduce the examples that have been confirmed as targets of 

miRNA by direct experimental methods as described above, and the clinical significance. 

 

4.1 Relationship to cancer 

     miRNA studies have achieved much progress in the field of cancer. There are many 

publications concerning miRNAs related to cancer. The miRNA expression in most types of 

cancer cells is quite different from that in normal cells. Certain miRNAs have been found to 

serve as oncogenes or tumor suppressor genes, being associated with cancer initiation and/or 

progression. P450s are also one of the factors associated with the initiation or progression of 

cancer. In cancer tissues, some P450 expressions are modulated, and that would lead to an 

imbalance in the metabolism of exo/endobiotics. Some P450s related to cancer have been 

found to be regulated by miRNA as follows. 

 

4.1.1 CYP1B1 

     CYP1B1 catalyzes the metabolic activation of a variety of procarcinogens and 

promutagens, including polycyclic aromatic hydrocarbons and aryl amines (Shimada et at., 
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1996). In addition, CYP1B1 metabolizes 17β-estradiol to form a catechol metabolite that 

cause DNA damage (Han and Liehr, 1994). It has been demonstrated that the expression level 

of CYP1B1 protein is higher in various types of cancer compared with normal tissue (Murray 

et al., 1997), whereas there is no difference in the CYP1B1 mRNA levels between cancerous 

and normal tissues (Cheung et al., 1999) implying post-transcriptional regulation. This 

background prompted us to investigate the possibility that human CYP1B1 might be 

regulated by miRNA, and we found that it is negatively regulated by miR-27b via 

translational repression (Tsuchiya et al., 2006). Interestingly, the expression level of miR-27b 

was lower in breast cancer tissues than in adjacent normal tissues. A significant inverse 

association was observed in the expression levels of miR-27b and CYP1B1 protein between 

breast cancer and normal tissues. The decreased expression of miR-27b would be one of the 

causes of the high expression of CYP1B1 protein in cancer tissues. The study by Tsuchiya et 

al (2006) is the first to reveal the regulation of P450 by miRNA.  

 

4.1.2 CYP2A3 

     Kalscheuer et al (2008) have reported that chronic administration of 

4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone (NNK) to F344 rats reduced the expression 

of several miRNAs including miR-126* in lung. They found that CYP2A3, which catalyzes 

the metabolic activation of NNK, is regulated by miR-126*. Since the reduced miR-126* 

expression was accompanied by increased CYP2A3 expression (at both mRNA and protein 

levels) in the NNK-treated rats, they concluded that the expression changes would reinforce 

NNK genotoxicity.  

 

4.1.3 CYP24 and vitamin D receptor (VDR) 

    1,25-Dihydroxyvitamin D3 (calcitriol) has now received much interest for its anti-tumor 

activity (Deeb et al., 2007), although it is well known as a regulator of calcium and bone 

homeostasis. Most of the biological effects of calcitriol are elicited by the binding to VDR 

(Carlberg and Polly, 1998). Calcitriol is then inactivated by CYP24, a key metabolic enzyme, 
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the expression of which is regulated by VDR (Chen and DeLuca, 1995). It has been reported 

that CYP24 (Deeb et al., 2007) and VDR (Friedrich et al., 2002; Khadzkou et al., 2006) are 

overexpressed in various cancers. We found that both human CYP24 (Komagata et al., 2009) 

and VDR (Mohri et al., 2009) are post-transcriptionally regulated by miR-125b. It was 

demonstrated that the miR-125b expression is decreased in breast cancer tissues, being a 

causal factor of the overexpression of CYP24 and VDR. Since CYP24 is a target of VDR, the 

miR-125b would directly and indirectly regulate CYP24. The increase of VDR in cancer 

tissues would augment the anti-tumor effects of calcitriol, whereas the increase of CYP24 

would attenuate the anti-tumor effects. When we investigated the effects of miR-125b on the 

anti-proliferative effects of calcitriol using human breast cancer-derived MCF-7 cells, the 

overexpression of miR-125b restored the cell growth suppressed by calcitriol, indicating that 

miR-125b had a great impact on the VDR function in this cell system. 

 
4.1.4 Estrogen receptor α (ERα) 

     Three fourths of diagnosed breast cancers express ERα, which is a target of estrogen, 

exerting proliferative effects. ERα is an important marker for the prognosis and is predictive 

of the response to endocrine therapy in breast cancer patients. ERα regulates the expression of 

human CYP1B1, which catalyzes the metabolism of estradiol to a carcinogenic metabolite, 

4-hydroxyestradiol (Tsuchiya et al., 2004). It has been demonstrated that human ERα is 

regulated by miR-206, whereas the activation of ERα results in the decreased expression of 

miR-206, showing mutually inhibitory regulation (Adams et al., 2007). After this report, it 

was reported that miR-221, miR-222 (Zhao et al., 2008), and miR-22 (Xiong et al., 2010) also 

regulate human ERα expression. The authors suggested the possibility that these miRNAs 

may be potential targets for anti-estrogen therapy. 

 

4.2 Relationship to metabolism of xenobiotics/endobiotics 

4.2.1 CYP2E1 
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    CYP2E1 catalyzes the metabolism of a variety of low molecular-weight xenobiotics 

including drugs, organic solvent, and procarcinogens. CYP2E1 is inducible by some 

compounds through post-transcriptional or post-translational mechanisms. In a panel of 

human liver samples, no positive correlation between the CYP2E1 activity and CYP2E1 

mRNA levels was observed (Sumida et al., 1999), indicating the post-transcriptional 

regulation for the constitutive expression. As for the molecular mechanism, we found that 

human CYP2E1 is regulated by miR-378 (Mohri et al., 2010). The significance of miR-378 in 

the regulation of CYP2E1 was supported by the finding of an inverse correlation between the 

miR-378 level and CYP2E1 protein level in a panel of human liver samples. This study could 

provide a new insight into the unsolved mechanism of the post-transcriptional regulation of 

CYP2E1. 

 

4.2.2 CYP3A4 and pregnane X receptor (PXR) 

     CYP3A4 is the most abundant P450 in human liver, and it is responsible for the 

metabolism of more than one half of prescription drugs and endogenous compounds such as 

steroids. There are large interindividual differences (~50 fold) in the CYP3A4 expression 

level in human livers. CYP3A4 is inducible by a wide variety of exogenous and endogenous 

compounds through the activation of PXR, possibly being responsible for the variability in the 

expression levels. We studied whether CYP3A4 and PXR may be regulated by miRNA 

focusing on miR-148a among the various predicted miRNAs, because miR-148a was 

commonly predicted and is substantially expressed in liver. Another reason was that miRNA 

tends to regulate genes in the same pathway to exert its biological function (i.e., miR-148a 

repression of both PXR and CYP3A4 would result in both direct and indirect mechanisms to 

regulate CYP3A4).  

     Our data demonstrated that the miR-148a regulates PXR but not CYP3A4 (Takagi et al., 

2008). Interestingly, the miR-148-dependent regulation of PXR affected the induction of 

endogenous CYP3A4 in human colon carcinoma-derived LS180 cells. Correlation analysis 

using human liver samples showed that the PXR protein level was not positively correlated 
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with PXR mRNA supporting the post-transcriptional regulation. In contrast, the CYP3A4 

protein level showed a significantly positive correlation with the CYP3A4 mRNA level 

indicating that the transcriptional regulation mainly contributes to the expression. Although 

we didn’t examine CYP3A4 further, Pan et al (2009a) subsequently reported that CYP3A4 

protein in LS180 and human pancreas cancer-derived PANC1 cells was decreased by the 

overexpression of miR-27b, accompanied by a decrease of the CYP3A4 mRNA level. A 

limitation of their study may be that the conclusion was drawn from only an overexpression 

study. Again, to determine the impact of miRNAs on their targets, an inhibition study of 

endogenous miRNA as well as correlation analysis between the miRNA and target mRNA 

levels would be necessary. All proteins are produced by mRNA, which means that 

transcriptional regulation certainly participates. The balance between the transcriptional and 

post-transcriptional regulation is critical. If miRNA cannot overcome the strong 

transcriptional regulation of a target gene, the involvement of miRNA may be invisible. We 

think that in CYP3A4 this might be the case. 

     In our study, since the translational efficiency of PXR was inversely correlated with the 

miR-148a levels, it is suggested miR-148a would actually be involved in the regulation of 

PXR in human livers. In addition, the positive correlation between the PXR protein level and 

CYP3A4 at both the mRNA and protein levels suggests that the miR-148a-dependent PXR 

regulation would have great impact on the basal expression of CYP3A4 in human livers. 

     PXR regulates a variety of drug-metabolizing enzymes and transporters. We found that the 

induction of CYP2B6 (2-fold) and multi-drug resistance 1 (MDR1)/P-glycoprotein (5-fold) 

mRNA by rifampicin in LS180 cells was also attenuated by the overexpression of miR-148a. 

Thus, the miR-148a-dependent regulation of PXR appeared to affect target genes in common. 

 

4.2.3 Hepatocyte nuclear factor 4α (HNF4α) and CYP7A 

     HNF4α is a master regulator of drug-metabolizing enzymes, drug transporters, and genes 

involved in the synthesis/metabolism of bile acids, fatty acids, cholesterol, glucose, and urea 

(Gonzalez, 2008). HNF4α regulates gene expression not only via direct binding to the gene’s 



12 

regulatory sequences but also through the regulation of other transcriptional factors such as 

PXR and constitutive androstane receptor (CAR). HNF4α forms large transcriptional 

regulatory networks in the liver. Therefore, it is believed that the change of HNF4α 

expression has a great impact upon the function of the liver. We found that human HNF4α is 

regulated by miR-24 and miR-34a (Takagi et al., 2010). Interestingly, miR-34a recognizes 

MRE in the 3’-UTR and causes translational repression, whereas miR-24 recognizes MRE in 

the coding region and causes mRNA degradation. The down-regulation of HNF4α by these 

miRNAs resulted in the decrease of various target genes such as CYP7A1, CYP8B1 (bile 

acid-synthesizing enzymes), CYP27A1 (a cholesterol-metabolizing enzyme), and 

phosphoenolpyruvate carboxykinase (PEPCK, a gluconeogenetic enzyme). We also could 

provide a novel feedback loop for bile acid synthesis as follows: bile acids activate protein 

kinase C (PKC)/mitogen-activated protein kinase (MAPK) and reactive oxygen species 

(ROS) pathways. The PKC/MAPK and ROS pathways increase miR-24 and miR-34a 

expression, respectively. These miRNAs down-regulate the HNF4α expression resulting in 

the expression of bile acid-synthesizing enzymes. Thus, the involvement of miRNAs in the 

fine-tuning of bile acid synthesis was demonstrated. 

 

4.3 Others 

     Several research groups (Karbiener et al., 2009; Lin et al., 2009; Jennewein et al., 2010; 

Kim et al., 2010) have reported that miR-27a and miR-27b repress the expression of 

peroxisome proliferator-activated receptor γ (PPARγ) suggesting an association with the 

change in adipocyte differentiation and anti-inflammatory effects. In addition, a recent study 

reported that adipogenesis-regulated miR-130 represses PPARγ, thereby controlling adipocyte 

gene expression programs (Lee et al., 2010). Interestingly, an inverse correlation was 

observed in which PPARγ mRNA was high in obese women but low in lean women, whereas 

miR-130 was low in obese women but high in lean women. Since it was reported that PPARγ 

agonists such as rosiglitazone and pioglitazone increased the expression of CYP26 (retinoic 

acid-metabolic enzyme) in HepG2 cells (Tay et al., 2010), it would be interesting and worth 
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investigating whether the miRNA-dependent regulation of PPARγ affects retinoid 

metabolism. 

     Lin et al (2009) have reported, using mouse embryonic fibroblast-derived 3T3-L1 

preadipocytes, that overexpression of miR-27a or miR-27b decreased the expression of 

C/EBPα, which is involved in the regulation of some P450s (Akiyama and Gonzalez, 2003). 

Pan et al (2009a) have reported, using LS180 and PANC1 cells, that overexpression of 

miR-27b decreased the expression of VDR. Ji et al (2009) have reported, using rat hepatic 

stellate cells, that the inhibition of miR-27a and miR-27b increased the expression of retinoid 

X receptor α (RXRα), a heterodimer partner of various nuclear receptors such as PXR, VDR, 

CAR, PPAR, farnesoid X receptor, and liver X receptor. They described that the sequences of 

MRE on the RXRα mRNA are highly conserved, implying that human RXRα may also be 

regulated by miR-27. Taken together, miR-27 seems to regulate a wide variety of key 

transcriptional factors that are involved in the regulation of various drug metabolizing 

enzymes. It would be interesting to investigate the impact of miR-27 on the metabolism of 

xenobiotics/endobiotics in human livers, in addition to our finding that CYP1B1 is a direct 

target of miR-27b. 

     Vreugdenhil et al (2009) have reported that rat and human glucocorticoid receptors (GR) 

are regulated by miR-18 and miR-124a. Uchida et al (2009) also reported that rat GR is 

regulated by miR-18 and that the sequences of MRE are well conserved among rat, mouse, 

and human. Although the expression of miR-124a is restricted to brain, miR-18 is widely 

expressed throughout the body. Since GR is involved in the regulation of CYP2B6, CYP2C9, 

CYP3A4, PXR, and CAR (Rezen et al., 2011), additional studies are needed to determine 

whether the miRNA-dependent regulation of GR might affect drug metabolism. 

     Collectively, it has been revealed that various nuclear receptors are regulated by miRNAs. 

The regulation of nuclear receptors by miRNA results in changes in the expression of a 

variety of target genes, constructing complex regulatory networks. Since this knowledge has 

only recently been taken into consideration in drug metabolism, further studies are warranted 

to clarify the clinical significance of miRNAs in the control of pharmacokinetics for better 



14 

understanding of inter- and intraindividual differences in drug responses and adverse 

reactions. 

 

5. Modulation of miRNA expression 

 

5.1 Modulation of miRNA expression by chemicals, drugs, and hormones 

     Similar to coding RNA, miRNAs are controlled by transcription factors (Krol et al., 2010). 

There are several reports regarding the changes of miRNA expression through 

ligand-activated nuclear receptors. 2,3,7,8-Tetrachlorodibenzo-p-dioxin (TCDD), a potent 

environmental toxicant, is a ligand of aryl hydrocarbon receptor (AhR), which forms a 

heterodimer with AhR nuclear translocator (ARNT) and binds to xenobiotic response 

elements on the promoter of many kinds of drug-metabolizing enzymes such as CYP1A, 

alcohol dehydrogenase (ALDH), and glutathione S-transferase (GST). It is well known that 

TCDD causes vast changes in mRNA expression, but the administration of TCDD to mice 

and rats caused few changes in miRNA (45 and 17 miRNAs, respectively) levels in liver 

(Moffat et al., 2007). Mouse and rat hepatoma cells in culture also exhibited few changes in 

miRNAs in response to TCDD (Moffat et al., 2007). A recent study has reported that the oral 

administration of benzo(a)pyrene, another ligand of AhR, to mice caused no changes in 

miRNA, in spite of widespread changes (> 400 genes) in mRNA expression (Yauk et al., 

2010). 

     It has been demonstrated that the administration of Wy-14,643, a specific PPARα agonist, 

to mice for 2 weeks caused changes (>1.5-fold) in the expression of 27 miRNAs (12 miRNAs 

were decreased and 15 miRNAs were increased) (Shah et al., 2007), but greater changes in 

707 mRNAs (671 mRNAs were decreased and 36 mRNAs were increased, >4-fold). When rat 

primary thymocytes were treated with dexamethasone, a synthetic glucocorticoid that binds to 

GR, the expression of 56 out of 350 miRNAs was altered (44 miRNAs were decreased and 12 

miRNAs were increased) (Smith et al., 2010). Testosterone, which regulates gene expression 

through androgen receptor (AR), affects the expression of 6 miRNAs in female mouse liver 
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(Delić et al., 2010). Treatment of estradiol, a ligand of ERα, caused changes in the expression 

of a subset of miRNAs in mice, rats, and human breast cancer-derived MCF-7 cells (Klinge, 

2009). Taken together, the expression of miRNAs actually changes in response to chemicals 

and steroid hormones, but the changes are likely smaller than those of mRNA expression. 

     Various stressors also affect miRNA expression. Arsenite, which is known to activate 

nuclear factor-erythroid 2-related factor 2 (Nrf2) (Aono et al., 2003), affects miRNA 

expression in human lymphoblastoid TH-6 cells (Marsit et al., 2006). Cigarette smoking 

causes the down-regulation of many miRNAs in the lungs of both mice and rats (Izzotti et al., 

2011) as well as human airway epithelial cells (Schembri et al., 2009). The administration of 

the hepatotoxicants acetaminophen or carbon tetrachloride to rats caused changes in the 

expression of some miRNAs (there were only 13 commonly changed miRNAs in the two 

groups) in liver (Fukushima et al., 2007). As described above, the chronic administration of 

NNK, a tobacco-specific carcinogen, to rats reduced the expression of several miRNAs in 

lung (Kalscheuer et al., 2008). There is accumulating evidence that these up-regulated or 

down-regulated specific miRNAs could alter the expression of target mRNAs and lead to 

some phenotypic changes (Shah et al., 2007; Kalscheuer et al., 2008; Maillot et al., 2009; 

Ribas et al., 2009). 

     Interestingly, it has been demonstrated that enoxacin, an antibiotic, affects the processing 

of miRNAs by facilitating the interaction between TRBP and RNA (Shan et al., 2008). 

Yamagata et al (2009) reported that the ligand-activated ERα inhibits the Drosha processing 

of pre-miRNA. Smith et al (2010) have reported that the expression of miRNA-processing 

enzymes such as Dicer, Drosha, and DGCR8 were significantly reduced at the mRNA and 

protein levels during glucocorticoid-induced apoptosis. Thus, it is likely that chemicals and 

steroids modulate the expression of miRNAs not only transcriptionally but also 

post-transcriptionally.  

    

5.2 Modulation of miRNA expression in disease 
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     A growing number of reports have shown that aberrant miRNA expression is a common 

feature of human diseases such as cancer, Alzheimer’s disease, cardiovascular disease, 

schizophrenia. Since miRNAs regulate cellular functions, it is not surprising that miRNAs are 

implicated in a wide variety of diseases. We can refer to a database for miRNA-diseases 

associations, the Human MiRNA & Disease Database (HMDD) 

(http://202.38.126.151/hmdd/mirna/md/) (Lu et al., 2008). Because of the growing evidence 

that a variety of diseases are associated with the dysregulation of miRNAs, miRNAs are now 

considered as a new tool for diagnosis and therapy, as described below in detail (Calin and 

Croce, 2006). Our great concern is that such dysregulation of specific miRNAs in diseases or 

miRNA manipulation in therapy may lead to changes in drug responses in patients, although 

it has never been noticed so far. 

 

6. Potential therapeutic applications of miRNAs 

 Since miRNAs are differently expressed in diseases and they play critical roles in various 

biological pathways, miRNAs are expected to be potential targets of therapeutics. The 

modulation of the levels of miRNAs can be adapted from existing gene therapy and antisense 

technology. For miRNAs whose expression is reduced in diseases, re-introduction of miRNA 

into the proper tissue could provide a therapeutic benefit by restoring the regulation of target 

gene(s). An RNA-interference-based method using chemically modified antagomirs or locked 

nucleic acid (LNA)-modified oligonucleotides is already being developed. The therapeutic 

potency has been demonstrated in vivo using experimental animals such as mouse and 

monkey (Krützfeldt et al., 2005; Lanford et al., 2010). Furthermore, there are several ongoing 

clinical trials (Seto et al., 2010; Wahid et al., 2010). The most advanced miRNA-based 

therapeutics is targeted to the liver-specific miR-122, which is involved in hepatitis C 

replication and cholesterol metabolism. The company reported that there have been no 

apparent adverse reactions so far. In addition, some pioneering pharmaceutical companies 

have initiated studies on creating therapeutic candidates with miRNA mimics or miRNA 

inhibitors for cancer, cardiovascular diseases, neurological disorders, and viral infections. It is 
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possible that the miRNA-based therapy could be used to regulate drug sensitivity. For 

example, the expression changes of miRNA in cancer cells are associated with resistance to 

anti-cancer drugs (Saker et al., 2010), and there is accumulating evidence that many drug 

transporters such as MDR1/P-glycoprotein, breast cancer resistance protein (BCRP/ABCG2), 

and multi-drug resistance-associated protein 1 (MRP1) are regulated by miRNAs (Zhu et al., 

2008; Pan et al., 2009b, Liang et al., 2010). It is also possible that miRNAs could be utilized 

to selectively modulate drug metabolizing enzymes, drug transporters, and nuclear receptors 

toward optimal drug responses in pharmacotherapy. Targeting miRNAs for therapy could be 

an emerging field, although there are many hurdles to be overcome: stability, appropriate in 

vivo delivery systems, and selectivity. An individual miRNA could regulate several genes and 

pathways simultaneously suggesting that miRNA modulation could be powerful. However, 

attention must be paid to the possibility that miRNA manipulation may cause unanticipated 

effects, because the targets of the each miRNA have not been thoroughly clarified. 

 

7. miRNA-related polymorphisms 

     Single nucleotide polymorphisms (SNPs) are the most common human genetic variants. 

The SNPs may affect either the expression or activities of various enzymes, and therefore 

may be associated with differences in the physiological or pharmacological outcomes. 

Polymorphisms can be present not only in the mRNA but also in mature miRNA sequences. 

In addition, polymorphisms in pri-miRNA and pre-miRNAs affect the expression level of 

mature miRNAs (Iwai et al., 2005; Duan et al., 2007) and might lead to modification of the 

expression level of target genes. A polymorphism in an mRNA target site would be 

target-specific, whereas a polymorphism in an miRNA may affect the expressions of multiple 

genes and have serious consequences. A polymorphism in the genes encoding 

miRNA-processing enzymes may have a large impact (Horikawa et al., 2008). 

     Thousands of miRNA-related polymorphisms have been identified and are catalogued in 

databases such as Patrocles (http://www.patrocles.org/Patrocles.htm) and PolymiRTS 

(http://compbio.uthsc.edu/miRSNP/). Many miRNA-related polymorphisms have been shown 
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to be associated with diseases (Sethupathy and Collins, 2008), because a gain-of function or 

loss-of-function of miRNA polymorphisms would result in changes in the expression of target 

mRNAs that are related to diseases: e.g., SLITRK1 (Slit and Trk-like 1) 

gene/miR-189/Tourette’s syndrome, AGTR1 (angiotensin receptor 1) 

gene/miR-155/hypertension, and FGF20 (fibroblast growth factor 20) 

gene/miR-433/Parkinson disease. 

     Pharmacogenetics research has matured considerably during the past few decades. The 

importance and implications of genetic polymorphisms in genes encoding drug metabolizing 

enzymes are largely recognized. Representative polymorphisms that can be used clinically are 

these of UDP-glucuronosyltransferase/irinotecan and thiopurine methyltransferase/thiopurines. 

In contrast to the accumulating evidence of polymorphisms on coding genes that affect drug 

responses and adverse effects, there are few examples regarding miRNA-related 

polymorphisms that can affect drug responses. A SNP in the binding site of miR-24 in the 

3’-UTR of human dihydrofolate reductase gene leads to the overexpression of dihydrofolate 

reductase and methotrexate resistance (Mishra et al., 2007). Interestingly, it has been reported 

that SNPs in the pri-miR26a-1 or pri-miR-100 genes were significantly associated with the 

tumor response or time to progression in patients treated with 5-fluorouracil and CPT-11 

(Boni et al., 2011), although the molecular mechanism by which these polymorphisms act is 

not yet understood.  

     Actually, the SNPs exist on the 3’-UTR of many genes encoding P450s and other drug 

metabolizing enzymes. So far, most of them might be overlooked, because they are unlikely 

to affect the enzyme property or expression levels. Further studies are warranted to investigate 

whether the SNP may lose or gain the recognition site of miRNA, causing differences in the 

clinical outcome. Pharmacogenomics research on miRNAs should provide clues to 

understanding the cause of interindividual variability in drug responses and adverse reactions. 

 

8. Conclusions 
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     We now recognize the critical roles of miRNAs in numerous physiological processes and 

their involvement in human diseases. There is increasing interest in understanding the 

contribution of miRNAs to pharmacological and toxicological outcomes. How is miRNA 

expression changed under physiological conditions (diet, alcohol, smoking, environmental 

chemicals, stress, supplement, medication, or diseases)? Do the differences in the miRNA 

expression affect the drug response or susceptibility to xenobiotic toxicity? How do the 

miRNA-related polymorphisms affect pharmacokinetics and pharmacodynamics? Clarifying 

such issues will provide us better understanding of the intra- and interindividual variability in 

drug responses. miRNAs have clearly opened a new field in DMPK and toxicology.  

 

Acknowledgments 

    The author’s studies were support by Grant-in-Aid for Scientific Research (B) from Japan 

Society for the Promotion of Science and by Health and Labor Science Research Grant from 

the Ministry of Health, Labor and Welfare of Japan. We acknowledge Mr. Brent Bell for 

reviewing the manuscript. 



20 

References 

 

Adams, B. D., Furneaux, H., & White, B. A. (2007). The micro-ribonucleic acid (miRNA) 

miR-206 targets the human estrogen receptor-α (ERα) and represses ERα messenger 

RNA and protein expression in breast cancer cell lines. Mol Endocrinol 21, 

1132-1147. 

Akiyama, T. E., & Gonzalez, F. J. (2003). Regulation of P450 genes by liver-enriched 

transcription factors and nuclear receptors. Biochim Biophys Acta 1619, 223-234. 

Alexiou, P., Maragkakis, M., Papadopoulos, G. L., Reczko, M., & Hatzigeorgiou, A. G. 

(2009). Lost in translation: an assessment and perspective for computational 

microRNA target identification. Bioinformatics 25, 3049-3055. 

Aono, J., Yanagawa, T., Itoh, K., Li, B., Yoshida, H., Kumagai, Y., et al. (2003). Activation 

of Nrf2 and accumulation of ubiquitinated A170 by arsenic in osteoblasts. Biochem 

Biophys Res Commun 305, 271-277. 

Baek, D., Villén, J., Shin, C., Camargo, F. D., Gygi, S. P., & Bartel, D. P. (2008). The impact 

of microRNAs on protein output. Nature 455, 64-71. 

Bartel, D. P. (2004). MicroRNAs: genomics, biogenesis, mechanism, and function. Cell 116, 

281-297. 

Beitzinger, M., Peters, L., Zhu, J. Y., Kremmer, E., & Meister, G. (2007) Identification of 

human microRNA targets from isolated argonaute protein complexes. RNA Biol 4, 

76-84. 

Betel, D., Wilson, M., Gabow, A., Marks, D. S., & Sander, C. (2008). The microRNA.org 

resource: targets and expression. Nucleic Acids Res 36(Database issue), D149-D153. 

Boni, V., Zarate, R., Villa, J. C., Bandrés, E., Gomez, M. A., Maiello, E., et al. (2011). Role 

of primary miRNA polymorphic variants in metastatic colon cancer patients treated 

with 5-fluorouracil and irinotecan. Pharmacogenomics J in press. 

Calin, G. A., & Croce, C. M. (2006). MicroRNA signatures in human cancers. Nat Rev 

Cancer 6, 857-866. 



21 

Carlberg, C., & Polly, P. (1998). Gene regulation by vitamin D3. Crit Rev Eukaryot Gene 

Expr 8, 19-42. 

Chekulaeva, M., & Filipowicz, W. (2009). Mechanisms of miRNA-mediated 

post-transcriptional regulation in animal cells. Curr Opin Cell Biol 21: 452-460. 

Chen, K. S., & DeLuca, H. F. (1995). Cloning of the human 1α,25-dihydroxyvitamin D-3 

24-hydroxylase gene promoter and identification of two vitamin D-responsive 

elements. Biochim Biophys Acta 1263, 1-9. 

Cheung, Y. L., Kerr, A. C., McFadyen, M. C., Melvin, W. T., & Murray, G. I. (1999). 

Differential expression of CYP1A1, CYP1A2, CYP1B1 in human kidney tumours. 

Cancer Lett 139, 199-205. 

Chi, S. W., Zang, J. B., Mele, A., & Darnell, R. B. (2009) Argonaute HITS-CLIP decodes 

microRNA-mRNA interaction maps. Nature 460, 479-486. 

Deeb, K. K., Trump, D. L., & Johnson, C. S. (2007). Vitamin D signalling pathways in 

cancer: potential for anticancer therapeutics. Nat Rev Cancer 7, 684-700. 

Delić, D., Grosser, C., Dkhil, M., Al-Quraishy, S., & Wunderlich, F. (2010). 

Testosterone-induced upregulation of miRNAs in the female mouse liver. Steroids 75, 

998-1004. 

Duan, R., Pak, C., & Jin, P. (2007). Single nucleotide polymorphism associated with mature 

miR-125a alters the processing of pri-miRNA. Hum Mol Genet 16, 1124-1131. 

Duursma, A. M., Kedde, M., Schrier, M., le Sage, C., & Agami, R. (2008). miR-148 targets 

human DNMT3b protein coding region. RNA 14, 872-877.  

Fabian, M. R., Sonenberg, N., & Filipowicz W. (2010). Regulation of mRNA translation and 

stability by microRNAs. Annu Rev Biochem 79, 351-379. 

Friedman, R. C., Farh, K. K., Burge, C. B., & Bartel, D. P. (2009). Most mammalian mRNAs 

are conserved targets of microRNAs. Genome Res 19, 92-105. 

Friedrich, M., Axt-Fliedner, R., Villena-Heinsen, C., Tilgen, W., Schmidt, W., & Reichrath, J. 

(2002). Analysis of vitamin D-receptor (VDR) and retinoid X-receptor α in breast 

cancer. Histochem J 34, 35-40. 



22 

Fukushima, T., Hamada, Y., Yamada, H. & Horii, I. (2007). Changes of micro-RNA 

expression in rat liver treated by acetaminophen or carbon tetrachloride--regulating 

role of micro-RNA for RNA expression. J Toxicol Sci 32, 401-409. 

Gonzalez, F. J. (2008). Regulation of hepatocyte nuclear factor 4α-mediated transcription. 

Drug Metab Pharmacokinet 23, 2-7. 

Han, X., & Liehr, J. G. (1994). DNA single-strand breaks in kidneys of Syrian hamsters 

treated with steroidal estrogens: hormone-induced free radical damage preceding 

renal malignancy. Carcinogenesis 15, 997-1000. 

Hinske, L. C., Galante, P. A., Kuo, W. P., & Ohno-Machado, L. (2010). A potential role for 

intragenic miRNAs on their hosts' interactome. BMC Genomics 11, 533. 

Horikawa, Y., Wood, C. G., Yang, H., Zhao, H., Ye, Y., Gu, J., et al. (2008). Single 

nucleotide polymorphisms of microRNA machinery genes modify the risk of renal 

cell carcinoma. Clin Cancer Res 14, 7956-7962. 

Iwai, N., & Naraba, H. (2005). Polymorphisms in human pre-miRNAs. Biochem Biophys Res 

Commun 331, 1439-1444. 

Izzotti, A., Larghero, P., Longobardi, M., Cartiglia, C., Camoirano, A., Steele, V. E., et al. 

(2011). Dose-responsiveness and persistence of microRNA expression alterations 

induced by cigarette smoke in mouse lung. Mutat Res in press. 

Jennewein, C., von Knethen, A., Schmid, T., & Brüne, B. (2010). MicroRNA-27b contributes 

to lipopolysaccharide-mediated peroxisome proliferator-activated receptor γ 

(PPARγ) mRNA destabilization. J Biol Chem 285, 11846-11853. 

Ji, J., Zhang, J., Huang, G., Qian, J., Wang, X., & Mei, S. (2009). Over-expressed 

microRNA-27a and 27b influence fat accumulation and cell proliferation during rat 

hepatic stellate cell activation. FEBS Lett 583, 759-766. 

John, B., Enright, A J., Aravin, A., Tuschl, T., Sander, C., & Marks, D. S. (2004). Human 

MicroRNA targets. PLoS Biol 2, e363. 

Kalscheuer, S., Zhang, X., Zeng, Y., & Upadhyaya, P. (2008). Differential expression of 

microRNAs in early-stage neoplastic transformation in the lungs of F344 rats 



23 

chronically treated with the tobacco carcinogen 

4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone. Carcinogenesis 29, 2394-2399. 

Karbiener, M., Fischer, C, Nowitsch S., Opriessnig, P., Papak, C., Ailhaud, G., et al. (2009). 

microRNA miR-27b impairs human adipocyte differentiation and targets PPARγ. 

Biochem Biophys Res Commun 390, 247-251. 

Karginov, F. V., Conaco, C., Xuan, Z., Schmidt, B. H., Parker, J. S., Mandel, G., et al. (2007). 

A biochemical approach to identifying microRNA targets. Proc Natl Acad Sci USA 

104, 19291-19296. 

Khadzkou, K., Buchwald, P., Westin, G., Dralle, H., Akerström, G., & Hellman, P. (2006). 

25-Hydroxyvitamin D3 1α-hydroxylase and vitamin D receptor expression in 

papillary thyroid carcinoma. J Histochem Cytochem 54, 355-361. 

Kim, S. Y., Kim, A. Y., Lee, H. W., Son, Y. H., Lee, G Y., Lee, J. W., et al. (2010). miR-27a 

is a negative regulator of adipocyte differentiation via suppressing PPARγ expression. 

Biochem Biophys Res Commun 392, 323-328. 

Klinge, C. M. (2009). Estrogen regulation of microRNA expression. Curr Genomics 10, 

169-183. 

Kloosterman, W. P., & Plasterk, R. H. (2006). The diverse functions of microRNAs in animal 

development and disease. Dev Cell 11, 441-450. 

Komagata, S., Nakajima, M., Takagi, S., Mohri, T., Taniya, T., & Yokoi, T. (2009). Human 

CYP24 catalyzing the inactivation of calcitriol is post-transcriptionally regulated by 

miR-125b. Mol Pharmacol 76, 702-709. 

Krek, A., Grün, D., Poy, M. N., Wolf, R., Rosenberg, L., Epstein, E. J., et al. (2005). 

Combinatorial microRNA target predictions. Nat Genet 37, 495-500. 

Krol, J., Loedige, I., & Filipowicz, W. (2010). The widespread regulation of microRNA 

biogenesis, function and decay. Nat Rev Genet 11, 597-610. 

Krützfeldt, J., Rajewsky, N., Braich, R., Rajeev, K. G., Tuschl, T., Manoharan, M., et al. 

(2005). Silencing of microRNAs in vivo with 'antagomirs'.  Nature 438, 685-689. 

Lagos-Quintana, M., Rauhut, R., Lendeckel, W., & Tuschl, T. (2001). Identification of novel 



24 

genes coding for small expressed RNAs. Science 294, 853-858. 

Lanford, R. E., Hildebrandt-Eriksen, E. S., Petri, A., Persson, R., Lindow, M., Munk, M. E., 

et al. (2010). Therapeutic silencing of microRNA-122 in primates with chronic 

hepatitis C virus infection. Science 327, 198-201. 

Lee, E. K., Lee, M. J., Abdelmohsen, K., Kim, W., Kim, M. M., Srikantan, S., et al. (2010). 

miR-130 suppresses adipogenesis by jnhibiting peroxisome proliferator-activated 

receptor γ expression. Mol Cell Biol 31, 626-638. 

Lewis, B. P., Burge, C. B., & Bartel, D. P. (2005). Conserved seed pairing, often flanked by 

adenosines, indicates that thousands of human genes are microRNA targets. Cell 120, 

15-20.  

Lewis, B. P., Shih, I. H., Jones-Rhoades, M. W., Bartel, D. P., & Burge, C. B. (2003). 

Prediction of mammalian microRNA targets. Cell 115, 787-798. 

Liang, Z., Wu, H., Xia, J., Li, Y., Zhang, Y., Huang, K., et al. (2010). Involvement of 

miR-326 in chemotherapy resistance of breast cancer through modulating expression 

of multidrug resistance-associated protein 1. Biochem Pharmacol 79, 817-824. 

Lim, L. P., Lau, N. C., Garrett-Engele, P., Grimson, A., Schelter, J. M., Castle, J., et al. 

(2005). Microarray analysis shows that some microRNAs downregulate large 

numbers of target mRNAs. Nature 433, 769-773. 

Lin, Q., Gao, Z., Alarcon, R. M., Ye, J., & Yun, Z. (2009). A role of miR-27 in the regulation 

of adipogenesis. FEBS J 276, 2348-2358. 

Lu, M., Zhang, Q., Deng, M., Miao, J., Guo, Y., Gao. W., et al. (2008). An analysis of human 

microRNA and disease associations. PLoS ONE 3, e3420.  

Maillot, G., Lacroix-Triki, M., Pierredon, S., Gratadou, L., Schmidt, S., Bénès, V., et al. 

(2009). Widespread estrogen-dependent repression of micrornas involved in breast 

tumor cell growth. Cancer Res 69, 8332-8340. 

Marsit, C. J., Eddy, K., & Kelsey, K. T. (2006). MicroRNA responses to cellular stress. 

Cancer Res 66, 10843-10848. 

Mishra, P. J., Humeniuk, R., Mishra, P. J., Longo-Sorbello, G. S., Banerjee, D., & Bertino, J. 



25 

R. (2007). A miR-24 microRNA binding-site polymorphism in dihydrofolate 

reductase gene leads to methotrexate resistance. Proc Natl Acad Sci USA 104, 

13513-13518. 

Moffat, I. D., Boutros, P. C., Celius, T., Lindén, J., Pohjanvirta, R., & Okey, A. B. (2007). 

microRNAs in adult rodent liver are refractory to dioxin treatment. Toxicol Sci 99, 

470-487. 

Mohri, T., Nakajima, M., Fukami, T., Takamiya, M., Aoki, Y., & Yokoi, T. (2010). Human 

CYP2E1 is regulated by miR-378. Biochem Pharmacol 79, 1045-1052. 

Mohri, T., Nakajima, M., Takagi, S., Komagata, S., & Yokoi, T. (2009). MicroRNA regulates 

human vitamin D receptor. Int J Cancer 125, 1328-1333. 

Murray, G. I., Taylor, M. C., McFadyen, M. C., McKay, J. A., Greenlee, W. F., Burke, M, D., 

et al. (1997). Tumorspecific expression of cytochrome P450 CYP1B1. Cancer Res 

57, 3026-3031. 

Pan, Y. Z., Gao, W., & Yu, A. M. (2009a). MicroRNAs regulate CYP3A4 expression via 

direct and indirect targeting. Drug Metab Dispos 37, 2112-2117. 

Pan, Y. Z., Morris, M. E., & Yu, A. M. (2009b). MicroRNA-328 negatively regulates the 

expression of breast cancer resistance protein (BCRP/ABCG2) in human cancer cells. 

Mol Pharmacol 75, 1374-1379. 

Rezen, T., Rozman, D., Pascussi, J. M., & Monostory, K. (2011). Interplay between 

cholesterol and drug metabolism. Biochim Biophys Acta 1814, 146-160. 

Ribas, J., Ni, X., Haffner, M., Wentzel, E. A., Salmasi, A. H., & Chowdhury, W. H. (2009). 

miR-21: an androgen receptor-regulated microRNA that promotes 

hormone-dependent and hormone-independent prostate cancer growth. Cancer Res 

69, 7165-7169. 

Sarkar, F. H., Li, Y., Wang, Z., Kong, D., & Ali, S. (2010). Implication of microRNAs in 

drug resistance for designing novel cancer therapy. Drug Resist Updat 13, 57-66. 



26 

Schembri, F., Sridhar, S., Perdomo, C., Gustafson, A. M., Zhang, X., Ergun, A., et al. (2009). 

MicroRNAs as modulators of smoking-induced gene expression changes in human 

airway epithelium. Proc Natl Acad Sci USA 106, 2319-2324. 

Sethupathy, P., & Collins, F. S. (2008). MicroRNA target site polymorphisms and human 

disease. Trends Genet 24, 489-497. 

Seto, A. G. (2010). The road toward microRNA therapeutics. Int J Biochem Cell Biol 42, 

1298-1305. 

Shah, Y. M., Morimura, K., Yang, Q., Tanabe, T., Takagi, M., & Gonzalez, F. J. (2007). 

Peroxisome proliferator-activated receptor α regulates a microRNA-mediated 

signaling cascade responsible for hepatocellular proliferation. Mol Cell Biol 27, 

4238-4247.  

Shan, G., Li, Y., Zhang, J., Li, W., Szulwach, K. E., Duan, R., et al. (2008). A small molecule 

enhances RNA interference and promotes microRNA processing. Nat Biotechnol 26, 

933-940. 

Shimada, T., Hayes, C. L., Yamazaki, H., Amin, S., Hecht, S. S., Guengerich, F. P., et al. 

(1996). Activation of chemically diverse procarcinogens by human cytochrome P450 

1B1. Cancer Res 56, 2979-2984. 

Smith, L. K., Shah, R. R., & Cidlowski, J. A. (2010). Glucocorticoids modulate microRNA 

expression and processing during lymphocyte apoptosis. J Biol Chem 285, 

36698-36708. 

Sumida, A., Kinoshita, K., Fukuda, T., Matsuda, H., Yamamoto, I., Inaba, T., et al. (1999). 

Relationship between mRNA levels quantified by reverse transcription-competitive 

PCR and metabolic activity of CYP3A4 and CYP2E1 in human liver. Biochem 

Biophys Res Commun 262, 499-503. 

Takagi, S., Nakajima, M., Kida, K., Yamaura, Y., Fukami, T., & Yokoi, T. (2010). 

MicroRNAs regulate human hepatocyte nuclear factor 4α, modulating the expression 

of metabolic enzymes and cell cycle. J Biol Chem 285, 4415-4422. 

Takagi, S., Nakajima, M., Mohri, T., & Yokoi, T. (2008). Post-transcriptional regulation of 



27 

human pregnane X receptor by micro-RNA affects the expression of cytochrome 

P450 3A4. J Biol Chem 283, 9674-9680. 

Tay, S., Dickmann, L., Dixit, V., & Isoherranen, N. (2010). A comparison of the roles of 

peroxisome proliferator-activated receptor and retinoic acid receptor on CYP26 

regulation. Mol Pharmacol 77, 218-227. 

Tsuchiya, Y, Nakajima, M., Kyo, S., Kanaya, T, Inoue, M., & Yokoi, T. (2004). Human 

CYP1B1 is regulated by estradiol via estrogen receptor. Cancer Res 64, 3119-3125. 

Tsuchiya, Y., Nakajima, M., Takagi, S., Taniya, T., & Yokoi, T. (2006). MicroRNA regulates 

the expression of human cytochrome P450 1B1. Cancer Res 66, 9090-9098. 

Uchida, S., Nishida, A., Hara, K., Kamemoto, T., Suetsugi, M., Fujimoto, M., et al. (2008). 

Characterization of the vulnerability to repeated stress in Fischer 344 rats: possible 

involvement of microRNA-mediated down-regulation of the glucocorticoid receptor. 

Eur J Neurosci 27, 2250-2261. 

Vreugdenhil, E., Verissimo, C. S., Mariman, R., Kamphorst, J T., Barbosa, J. S. & Zweers, T., 

et al. (2009). MicroRNA 18 and 124a down-regulate the glucocorticoid receptor: 

implications for glucocorticoid responsiveness in the brain. Endocrinology, 150, 

2220-2228. 

Wahid, F., Shehzad, A., Khan, T., & Kim, Y. Y. (2010) MicroRNAs: synthesis, mechanism, 

function, and recent clinical trials. Biochim Biophys Acta 1803, 1231-1243.  

Watanabe, Y., Tomita, M., & Kanai, A. (2007). Computational methods for microRNA target 

prediction. Methods Enzymol 427, 65-86. 

Xiong, J., Yu, D., Wei, N., Fu, H., Cai, T., Huang, Y., et al. (2010). An estrogen receptor α 

suppressor, microRNA-22, is downregulated in estrogen receptor α-positive human 

breast cancer cell lines and clinical samples. FEBS J 277, 1684-1694.  

Yamagata, K., Fujiyama, S., Ito, S., Ueda, T., Murata, T., Naitou, M., et al. (2009). 

Maturation of microRNA is hormonally regulated by a nuclear receptor. Mol Cell 36, 

340-347. 



28 

Yauk, C. L., Jackson, K., Malowany, M., & Williams, A. (2010). Lack of change in 

microRNA expression in adult mouse liver following treatment with benzo(a)pyrene 

despite robust mRNA transcriptional response. Mutat Res in press. 

Zhao, J. J., Lin, J., Yang, H., Kong, W., He, L., Ma, X., et al. (2008). MicroRNA-221/222 

negatively regulates ERα and associates with tamoxifen resistance in breast cancer. J 

Biol Chem 283, 31079-31086. 

Zhu, H., Wu, H., Liu, X., Evans, B. R., Medina, D. J., Liu, C. G., et al. (2008). Role of 

MicroRNA miR-27a and miR-451 in the regulation of MDR1/P-glycoprotein 

expression in human cancer cells. Biochem Pharmacol 76, 582-588. 



29 

 
Table 1. Cytochrome P450s and nuclear receptors that are regulated by miRNAs. 

Target  miRNA   Reference 

CYP1B1  miR-27b   Tsuchiya et al., 2006 

CYP2A3 (rat) miR-126*   Kalscheuer et al., 2008 

CYP2E1  miR-378   Mohri et al., 2010 

CYP3A4  miR-27b   Pan et al., 2009a 

CYP24A1  miR-125b   Komagata et al., 2009 

 

PXR  miR-148a   Takagi et al., 2008 

VDR  miR-125b   Mohri et al., 2009 

PPARγ  miR-27a   Kim et al., 2010, Lin et al., 2009 

miR-27b Karbiener et al., 2009, Jennewein et al., 2010 

  miR-130   Lee et al., 2010 

RXRα (rat) miR-27   Ji et al., 2009 

HNF4α  miR-24a, miR-34  Takagi et al., 2010 

ERα  miR-206   Adams et al., 2007 

  miR-221/222  Zhao et al., 2008 

  miR-22   Xiong et al., 2010 

GR  miR-18, miR-124a  Vreugdenhil et al., 2009 

If not specified, the targets mean human mRNAs.
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Figure legends 

 

Fig. 1. Cytochrome P450s and nuclear receptors that are regulated by miRNAs. The miRNAs 

regulate targets forming an intricate network with transcriptional factors and signal 

transduction pathways.  
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