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Abstract. Cytochrome P450 3A4 (CYP3A4) is the most abun-
dant cytochrome P450 enzyme in human liver and intestine,
contributing to the metabolism of >60% of all pharmaceu-
ticals. The expression levels of hepatic CYP3A4 show great
inter-individual variation. However, the detailed regulatory
mechanism of CYP3A4 expression has remained largely
elusive. It has been reported that the non-coding RNA small
vault (sv)RNAD targets the 3' untranslated region (3'UTR) of
CYP3A4 in MCF7 cells. However, to date, the role of syRNADb
has not been examined in human liver tissue and hepatic cell
lines such as HepG2, which was the aim of the present study.
Polymerase chain reaction analysis indicated that the expres-
sion of CYP3A4 was significantly different within a study
cohort (n=19). In addition, a significant negative correlation
was observed between sSVRNAb and CYP3A4 expression in
human liver tissue samples. Furthermore, a luciferase assay on
HepG?2 cells verified that svRNAD directly targets CYP3A4
and regulates the expression of CYP3A4 by interacting
with the validated binding sites of the CYP3A4 3'UTR. The
results provided insight into the variation of the expression of
CYP3A4 among individuals and provided a novel method for
the adjustment of personalized drug treatment. Furthermore,
the present study provided a mechanism of the regulatory role
of svRNADb in multidrug-resistant cells.
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Introduction

Cytochrome P450 (CYP)3A4 is the most abundant hepatic
and intestinal CYP450 enzyme in humans, contributing to
the metabolism of most drugs (1). It shows large intra- and
inter-individual variations, which contribute to marked indi-
vidual differences in drug responses in terms of therapeutic
effects as well as adverse effects (2). High CYP3A4 activity
accelerates the metabolic rate of drugs, shortens their half-life
and reduces their plasma concentration. Therefore, in indi-
viduals with high enzyme activity, the anticipated therapeutic
efficacy of certain drugs may not be achieved at conventional
doses. By contrast, individuals with low CYP3A4 activity
may show decreased drug clearance as well as prolonged
half-life and obvious accumulation of drugs. Collectively,
the variability of CYP3A4 activity or expression may lead
to the uncertainty of the therapeutic efficacy and studies on
the inter-individual variability of CYP3A4 may facilitate
the process of individualized pharmacotherapy and reduce
adverse effects of drugs (1,3).

Inter-individual variability in CYP3A4 expression is
thought to be largely heritable (4,5), and >30 single nucleotide
polymorphisms have been identified in the CYP3A4 gene.
However, the currently known genetic variants at the CYP3A4
locus are unlikely to account for the proposed high variability
in CYP3A4-associated metabolic function (4,6-9). CYP3A4
can be induced by a variety of structurally diverse xenochemi-
cals via xenobiotic receptors (10-19). For instance, grapefruit
juice is a potent inhibitor of CYP3A4-mediated drug metabo-
lism (20). Under specific pathophysiological conditions, such
as inflammatory stimulation, CYP3A4 can also be induced,
which is a key process involved in the toxic vs. therapeutic
effects of numerous drugs (21,22). Furthermore, it has been
shown that CYP3A4 activity is higher in women than in men,
suggesting enhanced pharmacokinetics in women (23). In
spite of this knowledge, the detailed underlying mechanisms
of the variation of CYP3A4 expression among individuals has
remained elusive.

Vault particles are intracellular ribonucleoprotein
particles containing three different proteins and non-coding
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vault RNAs (vRNAs), termed as vVRNA1, vRNA2 and
VRNA3 (24-26), and are thought to be implicated in multi-
drug resistance (10,25,27-29). Studies on the biological
roles of vaults have focused on their protein components,
while VRNAs have not been functionally characterized. As
VRNASs can theoretically fold into structures resembling
micro (mi)RNA precursors, Persson et al (30) sequenced a
group of ~23 nucleotide-containing small RNAs matching
the RNA components of the vault particle and discovered the
non-coding RNA svRNAD.

sVRNAD, a ~23 nucleotide non-coding RNA, is encoded
by the 5'-arm of the stem-loop structure of non-coding vault
RNA1 (vVRNAI). pre-svRNAD, a ~32 nucleotide containing
RNAs derived from VRNA1 and VRNA2, ends precisely at the
3' terminus of sVRNAb. svRNAD can associate with Argonaute
proteins to guide sequence-specific cleavage and regulate gene
expression in the pattern similar to that of miRNAs. CYP3A4
has been validated as the target gene of sYRNAD in the MCF7
cell line (30).

In the light of the importance of CYP3A4 in the liver, the
present study was the first to investigate the role of svRNAb
in the regulation of CYP3A4 expression in liver tissue samples
and the HepG2 cell line. The present study also quantified
sVRNADb by reverse transcription-quantitative polymerase
chain reaction (RT-qPCR). The results revealed a significant
correlation between CYP3A4 and svVRNAb in human liver
tissue samples. Furthermore, a luciferase assay validated that
sVRNADb directly targets the 3'-untranslated region (3'-UTR) of
CYP3A4 in the HepG2 cell line. Furthermore, the present study
suggested a possible role for syRNAD in drug metabolism via
regulation of CYP3A4 expression in multidrug-resistant cells.

Materials and methods

Sample collection. Human liver tissue samples were obtained
from 19 Han Chinese donors who underwent surgery at the
First Affiliated Hospital of Zhengzhou University (Zhengzhou,
China) with the donors' written informed consent. The present
study was approved by the Clinical Research Ethics Committee
of the First Affiliated Hospital of Zhengzhou University and
complied with the Declaration of Helsinki and its subsequent
revisions. A total of 14 males and 5 females (age, 33-60 years;
mean age, 50.3 years) were included in the study. Among these
donors, eight had mild cirrhosis and none had Hepatitis B or C.
All donors had normal liver functions. To avoid any inhibitory
or stimulatory effects on CYP3A4 activity, none of the donors
received any pre-operative medication affecting CYP3A4,
such as rifampicin, dexamethasone or propofol for two weeks,
or alcohol, grapefruit juice or caffeine within three days prior
to the surgery.

CYP3A4 enzymatic activity. Liver microsomes were extracted
from tissues using the CaCl, (Sigma-Aldrich, St. Louis,
MO, USA) method. Liver microsomes were incubated with
midazolam (0.25-75 mmol/l; Sigma-Aldrich) at 37°C for
10 min. The 1-OH midazolam concentration was measured
using an Odyssil C18 HPLC system (Agela Technologies,
Wilmington, DE, USA) with a mobile phase of 20 mM/I
ammonium acetate-acetonitrile, a column temperature of
40°C and a flow rate of 1 ml/min. Michaelis constants (Km,
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Table 1. Population variability of hepatic CYP3A4 expression
phenotypes (n=19).

CYP3A4/GAPDH mRNA  Enzyme
Parameter Relative units activity
Median 0.96 8.36
Minimum 0.06 1.78
Maximum 345 30.17
Ratio max/min 55.18 1691
Normal distribution No No
Coefficient of 89.05 69.61
variation (%)
40"
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Figure 1. Spearman correlation of hepatic CYP3A4 mRNA and enzyme
activity. CYP3A4 mRNA and enzyme activity were significantly correlated.

mM) were estimated to quantify enzymatic activity with five
replicates (31).

RT-gPCR analysis. Approximately 0.1 g of liver was cut into
small pieces and ground with a grinding rod (Shanghai Ding
Jie Technology, Ltd., Shanghai, China) while total RNA was
extracted using 1 ml TRIzol (Life Technologies; Thermo
Fisher Scientific, Inc., Waltham, MA, USA) according to the
manufacturer's instructions, followed by gel electrophoresis for
quality control. Total RNAs were reverse-transcribed to cDNA
using a Revert Aid First Strand cDNA Synthesis kit (Thermo
Fisher Scientific, Inc.). cDNA was then amplified by PCR
using FastStart Universal SYBR Green Master Mix (Roche,
Basel, Switzerland) with the following primers (Invitrogen;
Thermo Fisher Scientific, Inc.): CYP3A4 forward, 5'-CCA
AGCTATGCTCTTCACCG-3' and reverse, 5“-TCAGGCTCC
ACTTACGGTGC-3'; GAPDH forward, 5'-ATCACCATC
TTCCAGGAGCGA-3' and reverse, 5'-GCTTCACCACCT
TCTTGATGT-3") The thermocycling conditions included
1 cycle at 95°C for 10 min, and 40 cycles of 95°C for 15 sec
and 60°C for 1 min. Relative quantities were normalized to
GAPDH as the endogenous control and were calculated using
the 2244 method (32). For svRNAb quantification, RT-qPCR
was performed using TagMan® Small RNA Assays (Applied
Biosystems; Thermo Fisher Scientific, Inc.). U6 small nuclear
RNA (Invitrogen; Thermo Fisher Scientific, Inc.) was used
as the endogenous control. The cycling conditions included
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Figure 2. Sequencing results and the Q-PCR process of svRNAb and pre-svRNAbD. (A) Sequence analysis showed that pre-svVRNAb ends precisely at the 3'
terminus of sVRNAD. (B) The sequencing results showed that the primers for syRNAb and pre-svRNAD putatively amplified the specific products. (C) s'RNAb
and pre-svRNADb have identical 3' ends. In RT reactions, the stem loop RT primer can reversely transcribe the pre-svRNAb and svRNAb simultaneously. When
sVRNAD was quantified, pre-svVRNAb was quantified at the same time. svVRNA, small vault RNA; RT, reverse transcription; Q-PCR, quantitative polymerase

chain reaction.

1 cycle at 95°C for 10 min, and 40 cycles of 95°C for 15 sec and
60°C for 1 min. All gPCRs were run on a 7900 HT instrument
(Applied Biosystems) in three replicates.

Plasmid construction and sequencing. The target PCR prod-
ucts were recovered and ligated into the pPGMT vector (Tiangen
Biotech Co., Beijing, China). Next, PCR products were further
separated using electrophoresis on 2% agarose gels (Tiangen
Biotech Co.). A Zymoclean™ Gel DNA Recovery kit (Zymo
Research Corp., Irvine, CA, USA) was used to recover pure
DNA from agarose gels. Through TA cloning with EcoV
(New England BioLabs, Inc., Ipswich, MA, USA), the PCR
products of svRNADb and pre-svRNAb were inserted into the
PGMT vector. The universal forward primer (Invitrogen;
Thermo Fisher Scientific, Inc.; 3" TGTAATACGACTCACTAT
AGGG-5') was used for sequencing, which was conducted by
Major BioShanghai Technologies Co., Ltd. (Shanghai, China).

Dual-luciferase assay. HepG2 cells (Fudan University IBS
Cell Bank, Shanghai, China) were cultured in Dulbecco's
modified Eagle's medium (Invitrogen; Thermo Fisher
Scientific, Inc.) containing 10% fetal bovine serum
(Invitrogen; Thermo Fisher Scientific, Inc.) at 37°C in
a humidified atmosphere of 5% CO,. For validation of
CYP3A4 as a direct target of sYRNADb, a luciferase reporter
assay was performed using the pGL3 Luciferase Reporter
Vector containing wild-type (WT) CYP3A4 3'-UTR and

mutant (MT) CYP3A4 3'-UTR. Total RNA was reverse
transcribed using a RevertAid First Strand cDNA Synthesis
kit (Thermo Fisher Scientific, Inc.) according to the manu-
facturer's instructions. A 931 base-pair fragment of the
CYP3A4 3'-UTR covering all three svRNADb seed matches
was amplified from cDNA of the human liver tissue using
specific primers obtained from Invitrogen (Thermo Fisher
Scientific, Inc.; forward, 5'-GAATTCTCTAGATGTGCC
TGAGAACACCAGAG-3' and reverse, 5'-GAATTCTCT
AGAACGTGCTTCAAAAAGGCATA-3") which have Xbal
sites. The PCR products were purified using DNA Clean &
Concentrator™-5 (Zymo Research Corp.) according to the
manufacturer's instructions. Following the Xbal enzyme
digestion (New England BioLabs, Inc.) of the purified
product and the pGL3 Renilla luciferase vector (Promega
Corp. Madison, WI, USA), the plasmids were ligated with
T4 DNA ligase (New England BioLabs, Inc.). Deletions
of seed matches were sequentially introduced using the
KOD-Plus-Mutagenesis kit (Toyobo Co. Ltd., Osaka, Japan).
The following primers (Invitrogen; Thermo Fisher Scientific,
Inc.) were used: Forward, 5'-ATGCATGTACAGAATCCC
CGGTTA-3' and reverse, 5'-CTCTCATTGTCTGTGTAG
AGTGTTATAC-3' (site 1); forward, 5'-GAGGAGTTAATG
GTGCTAACTGG-3" and reverse, 5'-CTGATAAGAGAA
TCAACATTTCTCAATAAT-3' (site 2); and forward, 5'-TTC
AACATCCGCCTCCCAGGTT-3' and reverse 5'-TGAGAT
TGCACCACTGCACTCC-3' (site 3). Co-transfection experi-
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Figure 3. Establishment of methods of quantifying the svRNAb and Spearman correlations analysis of CYP3A4 mRNA and svRNADb. (A and B) Polymerase
chain reaction amplification efficiency of primer pair svRNADb and pre-svRNADb. The efficiency was 1.92 and 2.16 for svRNAD and pre-svRNAD, respectively.
(C) As determined by Spearman correlation analysis, there was significant correlation between CYP3A4 mRNA levels and svVRNAD levels. (D) syRNAb was
negatively correlated with CYP3A4 mRNA. In individuals within the study cohort (n=19), (E) a negative correlation between the expression of sSYRNAb and
CYP3A4 mRNA as well as (F) a negative correlation between the expression of sSvRNAb and CYP3A4 enzyme activity was observed. svRNA, small vault

RNA; E, efficiency; CYP, cytochrome P.

ments were performed in 96-well plates. A total of 100 ng
WT or MT reporter constructs and 50 nM svRNAb mimics
or negative control mimics (JIMA, Shanghai, China) were
co-transfected into HepG2 cells using Lipofectamine 2000
transfection reagent (Invitrogen) according to the manu-
facturer's instructions. After 48 h, luciferase activity was
measured with the dual luciferase reporter assay system
(Promega Corp.). The relative luciferase activity was normal-
ized to that of firefly luciferase.

Statistical analysis. Each experiment was performed at least
three times. All values are expressed as the mean + standard
deviation. The establishment of the standard curve of svRNAb
and Spearman's rank correlation were performed using SPSS
for Windows, version 11.0 (International Business Machines,

Inc., Armonk, NY, USA). All tests were two-tailed and
P<0.05 was considered to indicate a statistically significant
difference.

Results

Inter-individual variability of hepatic CYP3A4. CYP3A4
varied considerably at the mRNA expression level as well
as in terms of enzyme activity in the 19 liver tissue samples
assessed in the present study (Table I). The variation was
55-fold and 17-fold for mRNA and enzyme activity, respec-
tively. The coefficient of variation as a normalized measure
of variability was then calculated to be 89.05 for mRNA
expression and 69.61 for enzyme activity. These values
are comparable to those of a previous study on CYP3A4
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variation (7). Furthermore, a Spearman correlation analysis
revealed that CYP3A4 mRNA expression was significantly
correlated with the enzyme activity (Fig. 1).

PCR amplification of svRNAb and pre-svRNAb. As shown
in Fig. 2A, pre-svVRNADb has an identical 3' end to that of
svVRNADb, while the former is nucleotides longer at the 5' end.
As the abundance of svRNAb was expected to be low in liver
tissues, the present study tested whether the PCR primers

for svRNAb and pre-svRNAb were able to produce specific
amplification products. Direct sequencing of amplification
products confirmed that the PCR primers efficiently amplified
the specific products (Fig. 2B). Due to the partial structural
identify of pre-svVRNAb and svRNADb, the stem loop RT primer
can reversely transcribe pre-svRNAb as well as svRNAD in
the RT reactions. The PCR primer for pre-svVRNAb amplified
pre-svRNADb only, while the PCR primer for syRNAb ampli-
fied svRNADb and pre-svRNAD (Fig. 2C).

CYP3A4 is correlated with svRNAD in liver tissue samples.
For accurate quantification, qPCR was used to quantify
pre-svRNADb and the sum of svVRNADb and pre-svRNAD,
with the primer sets designed for pre-svVRNAb and svRNADb,
respectively. First, standard curves were generated. The
amplification efficiency of svRNAb was 1.92 and that of the
pre-svVRNAb was 2.16 (Fig. 3A and B). The calculated differ-
ence of copy numbers between these two sets of primers was
equal to the copy number of svRNADb. Using this method, the
expression levels of svRNADb in 19 human liver tissue samples
were measured. The results revealed a statistically significant
correlation between CYP3A4 mRNA and svRNAD (Fig. 3C).
Enzyme activity of CYP3A4 was also negatively correlated
with the svRNADb (Spearman, P<0.05) (Fig. 3D). Analysis
of 19 liver tissue samples implied that svRNAb had a nega-
tive correlation with CYP3A4 mRNA and enzyme activity,
respectively (Fig. 3E and F). All of these results indicated that
sVRNAD regulates CYP3A4 expression and contributes to the
variability of the expression of CYP3A4.

SVRNAD directly regulates CYP3A4 expression in HepG2 cells.
Three binding sites for syRNAb are present in the 3'-UTR of the
CYP3A4 transcript (30) (Fig. 4A). To identify whether syRNAb
targeted CYP3A4 in HepG2 cells via these three binding
sites, a dual-luciferase reporter gene assay was performed.
Luciferase reporter plasmids containing the wild-type 3'-UTR
(Luc-CYP3A4-wt) or mutant 3'-UTR (Luc-CYP3A4-mt) of
CYP3A4 were constructed to verify the targeted region. The
three validated binding sites in the 3'-UTR were mutated
simultaneously and every corresponding sVRNADb binding site
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had one deletion mutation. The results showed that svRNAb
significantly decreased the firefly luciferase activity of the
reporter vector containing the wild-type 3'UTR (P<0.05);
however, the activity of the mutant 3'-UTR vector remained
unaffected (P>0.05) (Fig. 4B). These results indicated that
sVRNAD targeted the CYP3A4 gene through interacting with
the three binding sites in its 3'-UTR in HepG2 cells, which was
consistent with the result of a previous study (30). However,
the expression of CYP3A4 in HepG2 cells was so low that the
mRNA and protein was almost undetectable. Further study is
also required to validate the expression of mRNA and protein
after the transfection of svRNAb mimics into human primary
hepatocytes.

SVRNADb may be involved in drug metabolism by regu-
lating CYP3A4 expression in multi-drug resistant cells.
Vilalta et al (24) reported a dynamic association between the
VRNA and vault particles, and that there was a pool of VRNAs,
from which a certain fraction was re-located to constitute the
vault particle at any given time (30). The present study demon-
strated that in multi-drug resistant cells, VRNAs were shown to
re-locate from the cytoplasm and form excess vault particles.
VRNAs were located in vault particles as well as being freely
abundant in the cytoplasm. As svRNAb was processed from
vRNALI, it was reasonable to assume that excess formation of
vault particles in multi-drug resistant cell lines would decrease
the amount of free VRNALI in the cytoplasm (10,26). Thus,
the present study speculated that svRNADb expression was
reduced, while CYP3A4 mRNA was augmented in multi-drug
resistant cell lines. The suggested mechanism is illustrated in
the scheme shown in Fig. 5. From this viewpoint, is may be
assumed that svRNAD is involved in drug metabolic mecha-
nisms by regulating CYP3A4 expression in drug-resistant
cells.

Discussion

CYP3A4 is the most abundant hepatic CYP450 enzyme in
humans, contributing to the metabolism of most drugs in
current clinical use. However, the detailed underlying mecha-
nisms of inter-individual variability with regard to CYP3A4
levels and the resulting drug responses and metabolism
have largely remained elusive. svRNADb, a newly identified
non-coding RNA, has been found to target the CYP3A4 gene
in the MCF7 cell line (30). The present study validated the
association between sVRNAb and CYP3A4 in human liver
tissue samples and the HepG2 cell line.

A significant negative correlation was observed between
sVRNAb and CYP3A4 expression in human liver tissue
samples. This hypothesis was further confirmed by a lucif-
erase activity assay, which demonstrated that svRNAb was
able to target the 3'UTR of CYP3A4, and the binding site
was consistent with the seed regions previously reported (30).
These data demonstrated that svRNAD is able to regulate
CYP3A4 expression in the liver, which provided insight into
the underlying mechanisms of the inter-individual variability
of hepatic CYP3A4 expression.

It is worth pointing out a few limitations and drawbacks
of the present study. Although Persson ez al (30) detected
the expression of svRNAb using RNase protection assays,
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the expression of svRNA in liver tissues remained undetect-
able. Furthermore, the PCR primer for syRNADb allowed for
distinguishing sYRNAD from pre-svRNAb. The present study
was the first to quantitatively detect svVRNAb expression
using RT-qPCR. However, whether this method can quantify
svRNAD accurately and effectively requires further evaluation.
In addition, the mechanism provided by Persson et al (30) and
the present study, suggesting that svRNAD is involved in drug
metabolism by regulating CYP3A4 expression in multi-drug
resistant cells, requires additional verification.

In conclusion, the present study reported that SVRNAD is
able to regulate the CYP3A4 expression in the liver, thereby
providing insight into the mechanisms of inter-individual vari-
ability in the therapeutic and toxic effects of drugs.
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