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ABSTRACT

Microsomal epoxide hydrolase (mEH, EPHX1) is a critical xenobiotic-metabolizing enzyme, catalyzing both detoxification and
bioactivation reactions that direct the disposition of chemical epoxides, including the carcinogenic metabolites of several
polycyclic aromatic hydrocarbons. Recently, we discovered that a previously unrecognized and primate-specific EPHX1
transcript, termed E1-b, was actually the predominant driver of EPHX1 expression in all human tissues. In this study, we
identify another human EPHX1 transcript, designated as E1-b′. Unusually, both the E1-b and E1-b′ mRNA transcripts are
generated from the use of a far upstream gene promoter, localized ∼18.5 kb 5′-upstream of the EPHX1 protein-coding region.
Although expressed at comparatively lower levels than E1-b, the novel E1-b′ transcript is readily detected in all tissues
examined, with highest levels maintained in human ovary. The E1-b′ mRNA possesses unusual functional features in its 5′-
untranslated region, including a GC-rich leader sequence and two upstream AUGs that encode for short peptides of 26 and 17
amino acids in length, respectively. Results from in vitro transcription/translation assays and direct transfection in mammalian
cells of either the E1-b′ transcript or the encoded peptides demonstrated that the E1-b′ upstream open reading frames (uORFs)
are functional, with their presence markedly inhibiting the translation of EPHX1 protein, both in cis and in trans configurations.
These unique uORF peptides exhibit no homology to any other known uORF sequences but likely function to mediate post-
transcription regulation of EPHX1 and perhaps more broadly as translational regulators in human cells.
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INTRODUCTION

Microsomal epoxide hydrolase (mEH, EPHX1) catalyzes the
hydration of numerous xenobiotic epoxides; in particular,
those derived by cytochrome P-450 (CYPs) mediated oxida-
tion (Rappaport et al. 1996; Abdel-Rahman et al. 2005). In
these respects, EPHX1 contributes important detoxification
function, for example, in themetabolismof theoccupationally
important neurotoxins and potential carcinogens, styrene
oxide and 1,2-epoxy-3-butene, to less reactive dihydrodiol de-
rivatives (Fretland and Omiecinski 2000). However, EPHX1
also contributes critically to the bioactivation of carcinogenic
polycyclic aromatic hydrocarbons, commonly encountered in
smoke as combustion by-products. In concert with the CYPs,

EPHX1 functions to convert these compounds into highly
reactive electrophilic metabolites capable of forming cova-
lent DNA adducts and thereby initiating mutational events
(Buterin et al. 2000; Lloyd and Hanawalt 2000). The impor-
tance of the EPHX1 bioactivation function has been demon-
strated directly in knockout mouse studies in which EPHX1-
deficient mice are markedly resistant to 7,12-dimethylbenz
[a]anthracene-induced tumorigenesis compared with their
wild-type counterparts (Miyata et al. 1999). Although more
poorly delineated, several lines of evidence also indicate en-
dogenous roles for this enzyme, including that of steroid me-
tabolism, bile acid transport, and in the vitamin K reductase
complex (Guenthner et al. 1998).
In humans, EPHX1 activity levels appear quite variable

among individuals (Hassett et al. 1998; Newman et al. 2005).
While a variety of parameters may contribute to interindivid-
ual differences in expression, EPHX1 genetic polymorphism
is one potential determinant. EPHX1 genetic variation de-
scribed includes the existence of nonsynonymous polymor-
phisms in the gene’s coding region, as well as functional
polymorphisms in the respective upstream promoter regions
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(Raaka et al. 1998; Yang et al. 2009). In these respects, molec-
ular epidemiology reports have associated altered risk of lung
and upper aerodigestive tract cancers with genetic variation in
EPHX1 coding structure (Li et al. 2011). Variation within the
EPHX1 5′-proximal gene promoter region was also suggested
to contribute to differences in transcriptional regulation to-
gether with differential sensitivity of certain individuals to
genotoxic effects resulting from 1,3-butadiene exposures
(Raaka et al. 1998; Abdel-Rahman et al. 2005).
Although EPHX1 expression is detected in nearly all tis-

sues, levels of expression are strikingly tissue selective, with
high levels of enzymatic activity detected particularly in liver
hepatocytes, as well as ovary and testes (Coller et al. 2001;
Liang et al. 2005). Interestingly, the use of alternative promot-
ers has been identified as an important regulatory feature
driving tissue-specific expression of human EPHX1 tran-
scripts containing differing first exons (Liang et al. 2005).
One transcript, designated E1, initiates from the 5′-proximal
promoter that directly flanks the structural coding region of
the gene. However, the E1 transcript is expressed selectively
in the liver (Liang et al. 2005). More recently, a far upstream
promoter, designated E1-b, was identified that is localized
∼18.5 kb 5′ of the E1 exon, yet serves as the predominant
driver of EPHX1 in all tissues examined, including liver
(Liang et al. 2005). Because the human EPHX1 coding region
extends from exon 2 to exon 9, the E1 and E1-b transcripts in-
clude distinct noncoding exon 1’s but otherwise are expected
to generate the same EPHX1 protein. Importantly, the E1-b
promoter region is conserved in nonhuman primates but
has not been identified in rodents, indicating the evolution
of differing transcriptional regulatory mechanisms across
mammalian species.
Potentially important features of post-transcriptional regu-

latory control are often imbedded in the 5′-untranslated re-
gion of mRNA transcripts. In addition to the adoption of
secondary structures that may characterize certain 5′ UTRs,
short upstream open reading frames (ORFs) occur frequently
in eukaryotic genes (Crowe et al. 2006). Estimates indicate
that at up to 40% of mammalian mRNA sequences possess
AUG trinucleotides upstream of the main coding sequence,
with a substantial number of these motifs influencing trans-
lational efficiencies of the associated full-length transcripts
(Morris and Geballe 2000; Churbanov et al. 2005; Crowe
et al. 2006). The presence of 5′ uORFs may affect translation
through several mechanisms, including as a barrier prevent-
ing the efficient scanning of the ribosomal complex through
to themain downstreamORF, by regulating rates of ribosom-
al reinitiation, or through the generation of short peptides
functionally encoded in the uORFs (Sachs and Geballe 2006).
In this study, we identified the existence of a novel human

EPHX1 transcript, designated E1-b′. Like the previously char-
acterized E1-b transcript, E1-b′ is also generated from the use
of a far upstreampromoter, in close genomic proximity to the
E1-b start site. The E1-b′ transcript was detected in all human
tissues examined, but its expression pattern was uniquely

tissue-selectively regulated. Characterization of the 5′ UTR
of the E1-b′ transcript revealed the presence of two uORFs,
predicted to encode short peptides of 26 and 17 amino acids
in length, respectively. We demonstrate that these imbedded
uORFs impart a marked inhibitory effect on EPHX1 trans-
lation. These findings further demonstrate that expression
of human EPHX1 is subjected to complex regulatory con-
trol, involving both transcriptional and post-transcriptional
mechanisms.

RESULTS

Identification of the E1-b′ transcript by RCA-RACE

Using 5′-RACEmethodology, two human tissue EPHX1 tran-
scripts with unique first exons were previously identified
(Liang et al. 2005). Significantly, these studies revealed that
EPHX1 transcription is predominantly driven by a far up-
stream promoter, designated as E1-b. In the present study,
we used a rolling circle amplification technique, i.e., Rapid
Amplification of cDNA Ends (RCA-RACE) (Polidoros et al.
2006) to extend these analyses. This methodology uses gene-
specific primers to eliminate the high background typically
encountered with conventional RACE procedures, coupled
with the use of a universal primer corresponding to the anchor
sequence, to better enable the isolation of even low-level
transcripts within a pool of amplified circular cDNA tem-
plates. The RACE results obtained using total RNA isolates
fromhumanA549 andHepG2 cells both revealed thepresence
of a unique EPHX1 transcript with a novel exon 1 sequence
composition that we designate here as E1-b′. The presence
of the E1-b′ transcript was further verified as present in a va-
riety of human tissues, and its exon 1 sequence was localized
by genomic mapping to an adjacent upstream promoter re-
gion to that previously identified as generating the E1-b tran-
script. A schematic of the overall EPHX1 gene structure from
which the various transcripts are derived is presented in
Figure 1A.
Of interest, analysis of the NCBI AceView database (http

://www.ncbi.nlm.nih.gov) that annotates cDNA-based tran-
script expression failed to identify the novel E-1b′ transcript.
Nor was the E-1b′ transcript identified by review of the
Genbank EST database (http://www.ncbi.nlm.nih.gov). Rath-
er, these database sources indicated the presence of a yet
independent EPHX1 transcript (e.g., HY168853, contributed
by RIKEN), an apparent transcript comprising a combined
[E1-b plus E1-b′] exon 1 structure. However, multiple RT-
PCR-based experiments conducted with panels of human
tissue mRNAs or with human cell lines were unsuccessful in
corroborating the existence of the [E-1b plus E1-b′] EPHX1
exon 1 transcript (data not shown). Our results indicate that
either the respective transcript has been mistakenly identified
in the respective databases or that its level of expression is ex-
tremely low such that it may be of questionable biological sig-
nificance.
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The E1-b′ transcript identified in this study was charac-
terized in detail and contains a 206-nt 5′ UTR that includes
two upstream AUGs 5′ of the main ORF (uAUG1 and
uAUG2) (Fig. 1B), with the main ORF residing in exon
2. The uAUG1 is in-frame with the EPHX1 coding region
and predicted to encode a uORF composed of 26 amino acids
that terminates 5′ of the full-length AUG start codon.
Translation initiating at uAUG2 is predicted to encode an
uORF generating a 17-amino-acid peptide. Unlike uORF1,
the 17-amino-acid ORF is not in-frame with the main
AUG of the full-length transcript and terminates at the +10

position, i.e., downstream from the main ORF translation
initiation site. In its distal region, the E1-b′ 3′ UTR shares
identical sequence with both the E1 and E1-b transcripts
(Fig. 1B).
The E1-b′ 5′ UTR appears to possess a stable secondary

structure, as modeled by Lasergene v.6 software (data not
shown). The folding algorithms indicate the potential of
this region to adopt a complex stem–loop configuration
composed of nine stable individual hairpin structures with
an overall Gibbs free energy value of ΔG =−65.58 kcal/
mol. Secondary structures with a free energy value of less
than −30 kcal/mol are considered stable and likely to impair
translation (Kozak 1989). Together with the contributions of
the two uORFs in this region, the features of the E1-b′ 5′ UTR
are striking and may dictate regulatory control of E1-b′

translation.

In vitro translational efficiency of the 5′-UTR
EPHX1 mRNAs

Expression vectors were constructed containing the full-
length EPHX1 transcript coding region (the full-length ORF
initiates translation in exon 2 and extends to its stop codon
in exon 9) flanked by the various 5′-UTR sequences present
in the endogenous E1, E1-b, or E1-b′ mRNAs. The constructs
were tested using in vitro transcription/translation assays con-
ducted in rabbit reticulocyte lysates. SDS-PAGEanalysis of the
derived 35S-methionine-labeled protein products demon-
strated that the full-lengthE1 andE1-bproductswere translat-
ed at high efficiency; however, translation products of the E1-
b′ 5′-UTR-containing sequence were barely detectable (Fig.
1C). Comparable results were obtained when the constructs
were expressed in transiently transfected 293A cells; i.e., the
translation mediated by the E1-b′ 5′-UTR transcript was
∼20% the level of the E1-b transcript (Fig. 1D). The results in-
dicate that the presence of the E1-b′ 5′ UTRmarkedly impairs
EPHX1 translation both in cell-free lysates and in transfected
human cells.

Mutational and deletion effects on EPHX1 mRNAs
translational efficiency

Previous reports have demonstrated that translational repres-
sion of a full-length mRNA can be assuaged when uAUG co-
dons are mutated. As illustrated in Figure 2A, mutational
analyses of the E1-b′ uAUGs were conducted, both individu-
ally and in combination. Mutation of the first uAUG (Mut1),
which is in-frame with the full-length ORF and within a
favorable Kozak translation initiation context, resulted in
moderately increased translation efficiency (Fig. 2B). We an-
ticipated that the uAUG2 (Mut2)mutationwould affect trans-
lation to a lesser extent because this uAUG is localized within
a poorer theoretical Kozak context for ribosome recognition.
However, the Mut2 modification resulted in markedly en-
hanced EPHX1 protein translation, with levels generated

FIGURE 1. Diverse 5′-leader sequence and translation efficiency of the
EPHX1 variants. (A) Structural map of three human EPHX1 alternative
exon 1s. Both E1-b and E1-b′ are localized ∼18.5 kb upstream of exon
2. Translation of the EPHX1 protein initiates in exon 2; therefore, each
of the three exon 1 transcript variants encode the identical protein. (B)
Exon 1 sequences of the E1-b and E1-b′ EPHX1 transcripts. E1-b′ was
newly identified in this study. E1-b and E1-b′ are separated by 238-bp
GC-rich genomic sequence. Two E1-b′ uAUGs are indicated. The
main AUG within exon 2 is indicated in the lower portion of the figure.
The open reading frames encoded by the first and second uAUGs are un-
derlined with solid and dashed underlines, respectively. (C) Full-length
E1, E1-b, and E1-b′ cDNAs were subcloned into pcDNA 3.1+ vectors
along with a control template containing the main AUG initiating in
exon 2. All constructs were expressed in an in vitro transcription/trans-
lation system. The resulting [35S]-methionine-labeled protein products
were separated by SDS-PAGE, and the gels were dried and exposed to
film. (D) Two micrograms of each of the constructs used in panel A
was transfected into 293A cells. Twenty-four hours after transfection,
equal amounts of total cell lysate were separated by SDS-PAGE, and
EPHX1 protein levels were detected by Western blot using an anti-
EPHX1 antibody. Computer densitometry was performed to assess rel-
ative quantification of EPHX1 protein expression, normalized to β-actin
loading control, and the relative EPHX1 protein levels detected are indi-
cated numerically under the respective lanes of the Western blot results.
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comparable to the wild-type construct. The combined muta-
tions, eliminatingbothuORFs, contributed themostdramatic
effect on translation efficiency, increasing protein production
fourfold to fivefold (Fig. 2B). These results suggest that both
upstreamAUGswithin the E1-b′ 5′ UTR are efficiently recog-
nized as initiation sites by the translational machinery and
function to divert the ribosome’s efficacy of initiating transla-
tion at the downstream AUG that encodes the full-length
cistron.

Functionality of the EPHX1 uAUG1

Todemonstrate that the uORF1 is functional, the STOP1mu-
tation was created as illustrated in Figure 1A, altering the
stop codon of uORF1 to a cysteine residue, thereby extending
the uORF1 translation product in-frame through the main
ORF to now encode a predicted ∼53-kDa protein. The E1-
b′ and STOP1 mutation constructs were expressed in a cell-
free transcription/translation system, and the products were
visualized on an SDS-PAGE gel by 35S autoradiography.
Translation of the E1-b′ construct yielded a single band, rep-
resenting the full-length EPHX1 protein, whereas translation
of the STOP1mutated construct resulted in the production of
two discrete protein bands, one derived from the full-length

EPHX1 protein, and a second, larger protein product resulting
from the uORF1 extension. These results, shown in Figure 2B,
provide further evidence that ribosomal initiation can indeed
occur at the uORF1, functionally interfering with the transla-
tion of the downstream main AUG.

Truncation of the 5′ UTR of E1-b′

The effects of sequential sequence deletions of E1-b′ 5′ UTR
were analyzed using an in vitro transcription/translation sys-
tem. Deletion of the initial 50 nt of the leader sequence result-
ed in an approximately twofold translational enhancement,
whereas a 110-nt truncation, shortening the 5′ UTR to within
5 nt upstream of the first uAUG, resulted in an approximately
threefold increase in translated product (Fig. 2C). Deletion of
the 5′ UTR upstream of the uORFs would likely impact for-
mation of secondary structure normally present within the 5′

region.

trans effects of the E1-b′ uORF1

To investigate potential trans effects of the E1-b′ uORFs, the
natural EPHX1 E1 and E1-b constructs were translated simul-
taneously in thepresenceof theE1-b′ construct. E1wasused as

FIGURE 2. (A) Schematic showing the E1-b′, Mut1, Mut2, and STOP1 constructs. In Mut1 and Mut2, the respective uAUGs were mutated indi-
vidually to noninitiation codon GCAs. In STOP1, the stop codon of uORF1 was mutated to cysteine allowing the translation of the uORF1 to be
extended through the EPHX1 coding region. (B) Full-length and mutant constructs were expressed using coupled in vitro transcription/translation
reactions. In Mut1 + 2, both uAUGs were mutated together to noninitiation codon GCAs. The Del-50 and Del-110 lanes designate the use of tem-
plates where the 5′ leader sequence was deleted by either 50 or 110 nt from the 5-terminus, while preserving the normal uAUGs of the downstream
uORFs. The STOP1 lane was obtained from a separate experiment indicating the existence of two translated products. One was a 50-kDa EPHX1
protein, as expected to be generated from the main AUG, while the other upper band is a higher-molecular-weight product resulting from the
read-through translation of the mutated STOP1 uORF1, encoding an extended N terminus. (C) Computer densitometry was used to determine rel-
ative levels of quantification of EPHX1 protein expression from experiments conducted as described for panel A. Results from three separate exper-
iments are indicated and compared with the control E1-b′ template versus the various mutated or deleted E1-b′ templates. (∗) Significance at P < 0.05,
as determined by ANOVA.
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a relative control because it does not contain any uAUGswith-
in its 5′UTR. Interestingly, the addition of the E1-b′ transcript
to the reaction mix suppressed translation of both the E1 and
E1-b transcripts (Fig. 3A). In a separate assay, increasing levels
of the E1 transcript were added into the reactions and resulted
in corresponding increases in the production of EPHX1 pro-
tein, demonstrating that the reaction mix components were
not limiting in the translation system. These data suggest
that the inhibitory effects of the E1-b′ transcript additions in
translation reactions containing either E1 or E1-b transcripts
result from trans-suppressive activities. To better assess the
specificity of the trans effect, the uORF1-fs construct was cre-
ated by frameshifting the uORF-1 peptide coding sequence
such that the peptide product generated possesses a different
amino acid sequence composite. The E1-b′ and uORF1-fs
constructs were transfected into HepG2 human hepatoma
cells, and their impact on the cellular levels of EPHX1 expres-
sion was analyzed by Western blot. Transfection of E1-b′ re-
sulted in a dose-dependent reduction in the endogenous
EPHX1 protein level (Fig. 3B), whereas transfection with the
uORF1-fs construct was without effect.

Additionally, a lentivirus-based transduction system was
used to express the E1-b′ transcript in HepG2 cells. A control
in these studies included the use of the M12 vector, where the
E1-b′ uAUGs were both mutated into noninitiation codons.
High transduction efficiencies with these vectors, ∼80%–

90%, were verified by expression of green fluorescent protein
(GFP) driven by a separate downstream promoter present in
the constructs (Fig. 3C). Lentivector-driven expression of
the E1-b′ uORFs significantly reduced endogenous EPHX1
protein levels in the cells, compared with the similarly trans-
duced M12 vector (Fig. 3D). These results corroborate those
obtainedwith theHepG2cell studiesdescribed above and sup-
port the concept that short peptides generated from the E1-b′

uORFs function to inhibit endogenous expression of cellular
EPHX1 protein.

Inhibitory effect of synthetic E1-b′ uORF peptides
on in vitro protein production

The 26- and 17-amino-acid peptides, predicted from the E1-
b′ uORF1 and uORF2 sequences, respectively, were commer-
cially synthesized and then tested directly for their effects
on EPHX1 protein synthesis. The results obtained, using a
mammalian cell-free translation system, demonstrated that
addition of either or both peptides significantly inhibited
the generation of EPHX1 protein in a sequence-specific and
dose-dependent manner (Fig. 4B–E). Controls included syn-
thetic scrambled peptides (see Fig. 4A). Although at high pep-
tide concentration the scrambled uORF2 peptide also tended
to inhibit EPHX1protein synthesis, these effectswere not stat-
istically significant. Since the scrambled peptides share the
same amino acid content as the uORF peptides, the inhibitory
nature of uORF peptides may be contributed, at least in part,
to overall charge dependency. To test this idea, a control pep-

tide derived from soluble spoxide hydrolase (sEH; EPHX2)
was substituted, representing a peptide of comparable length
to the uORF2 EPHX1 peptide but possessing a completely dif-
ferent amino acid composition (the sEH peptide sequence is
provided in Supplemental Table 2). Presence of the latter

FIGURE 3. The effects of overexpressionofE1-b′ onEPHX1expression.
(A) 0.5 µg of full-length EPHX1 E1 and E1-b plasmid constructs was ex-
pressed in the presence or absence of 0.5 µg of full-lengthEPHX1E1-b′ or
0.5 µg of full-length EPHX1 E1 plasmid constructs. In vitro translated
[35S]-methionine-labeled products were separated by SDS-PAGE, and
gelsweredriedandexposedto film.TheE1transcriptwasusedasacontrol
to show thatdoubling the addition of this template to the reactions result-
ing in corresponding increased protein product formation, demonstrat-
ing that the translation resources were not limiting in these reactions.
(B) Increasing amounts (2 µg, 3 µg, and 4 µg) of the full-length EPHX1
E1-b′ construct, or the mutated uORF1-fs construct, were transfected
intoHepG2 cells, and the effects on endogenous levels of EPHX1 protein
expression were assessed. The uORF1-fs plasmid is a frameshiftedmuta-
tion construct, in which uORF2 start codon (AUG) is mutated into non-
initiating codon (GCA), and the entireuORF1peptide coding sequence is
frameshifted toallow forproductionof anew18-amino-acidpeptidewith
a completely different composition, and it was used as a control. Twenty-
four hours after transfection, equal amounts of cell lysate were separated
by SDS-PAGE, and EPHX1 proteins were detected inWestern blots with
an anti-EPHX1 antibody. Computer densitometry-based quantification
of EPHX1protein expression in each lane, normalized to loading control,
is indicated under the Western blot results in both panels. (C) HepG2-
C3A cells were transduced with pseudoviral supernatant carrying the
full-length EPHX1 E1-b′ construct, M12 construct (in which both
uAUGs are mutated into noninitiation codons GCAs) or control empty
vector pCDH1.GFPexpression inHepG2-C3Awasdrivenby a promoter
downstream from the E1-b′ andM12 construct cloning site. GFP images
were captured with a fluorescent microscope at 200× magnification at
day 3 post-lentiviral transduction, showing the transduction efficiency
∼80%–90%. (D) Transduced HepG2-C3A cells were subsequently har-
vested forWestern blot analysis with an anti-EPHX1 antibody. The result
shows that overexpression of the E1-b′ construct can decrease the total
amount of EPHX1 protein detected, while overexpression of the M12
constructoremptyvectorcontroldidnot result inanysignificantchanges.
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peptide did not inhibit EPHX1 protein synthesis, even at a
relatively high concentration (100 µM) (Fig. 4F).

E1-b′ uORF peptides do not contribute to nucleolytic
or protein degradation pathways

When rabbit reticulocyte lysates were programmed with
EPHX1 mRNA together with 40 µM each of the E1-b′

uORF peptides, the peptides were also inhibitory (data not
shown), consistent with the data obtained using the in vitro
transcription/translation system (Fig. 4). These results suggest
that the E1-b′ uORF peptides inhibit EPHX1 protein produc-
tion by interfering directly with translation. However, to test
mechanistically whether potential nuclease or protease activ-
ities within the uORF peptide mix might be contributing to
the reduced level of protein production observed, a kinetic
analysis of EPHX1 E-1b mRNA stability was undertaken in
the reticulocyte lysates in the absence or presence of 40 µM
each uORF peptide or corresponding scrambled peptides.
Fractionation of the [α-32P]ATP-labeled E1-b mRNAs was
conducted in time-course studies using polyacrylamide gel
electrophoresis. The RNA stability measures were unaffected
by the presence of uORF peptides (Fig. 5A), indicating the ab-
sence of ribonucleolytic activity contributed by the peptides.
The absence of proteolytic activity of the uORF peptide mix

was similarly ascertained in reactions where EPHX1 mRNA
was translated in the presence of [35S]-methionine for 45
min. Following additions of cycloheximide to stop the trans-
lations, the translation mixtures containing the nascent
EPHX1 protein were incubated in the presence of 40 µM
each peptide for 1 h and then analyzed by SDS-PAGE frac-
tionation (Fig. 5B). The lack of detected degradation indicates
that the uORF peptides are not contributing proteolytic ac-
tivity and further support the idea that inhibitory effects con-
tributed by the peptides involve direct interference with the
translational process.

Translational inhibitory function of uORF peptides
in mammalian cell lines

To test the functionality of the uORF peptides in intact mam-
malian cells, we used a peptide transfection reagent to deliver
active uORF peptides into human lung carcinoma A549 cells.
At 6 h or 24 h post-transfection; equal amounts of total pro-
tein were analyzed for EPHX1 protein expression level.
The protein synthesis inhibitor cycloheximide was included
as a positive control. Delivery of active uORF2 peptide (17
amino acids) into the mammalian cells resulted in significant
inhibition of EPHX1 protein translational, as early as 6 h post-
transfection, similar to the effects noted with cycloheximide.

FIGURE 4. E1-b′ uORF peptides can inhibit EPHX1 protein synthesis in mammalian cell lysate system. (A) Amino acid sequences of synthetic
uORF1, uORF2 peptides, and corresponding scrambled peptide controls. (B,D) Rabbit reticulocyte lysates were programmed with full-length
EPHX1 E1-b plasmid construct, and in vitro transcription/translation occurred in the presence of [35S]-methionine with increasing concentrations
of uORF peptides and scrambled peptides. (C,E) Quantification of EPHX1 E1-b protein expression in the presence of varying peptide concentrations
relative to control (no peptide). The data shown depict means and S.D. values from two separate experiments. (Varying peptide concentrations vs. no
peptide; [∗] P < 0.05, Student’s t-test.) (F) Rabbit reticulocyte lysates were programmed with EPHX1 E1-b transcript, and in vitro transcription/trans-
lation was performed as described previously in the presence of water solvent or 100 µM each peptide—uORF1 peptide, uORF2 peptide, or control
sEH peptide.
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The uORF2 scrambled peptide (17 aaC) was without
effect (Fig. 6A). At the 24 h time point, the effects of the
uORF2 peptides were dissipated, likely due to their degrada-
tion over an extended period. The mock transfection group
(R), where only the transfection reagent was added, and un-
dergoing no transfection (N) (Fig. 6A), was also evaluated,
but these treatments resulted in no detectable changes in
the respective EPHX1 protein levels. Therefore, the uORF1
and uORF2 peptides exhibit their inhibitory function on
EPHX1 translation within mammalian cells, effects are both
potent and of rapid onset—clearly observable at 6 h post-
transfection.

To assess the delivery efficiencies of the uORF peptides in
the transfected cells, the N termini of the uORF1 peptide and
the uORF2 peptide were labeled with DyLight Fluor 633 and
with DyLight Fluor 488, respectively. Tracer amounts of the
labeled peptides were included in each transfection group. At
2 h post-transfection, the cells were fixed and analyzed by
confocal microscopy. The results, shown in Figure 6B, con-
firmed the successful delivery of uORF peptides into intact
A549 cells using the peptide transfection reagent.

The inhibitory activities of the uORF peptides on EPHX1
translation were assessed in A549 cells using SDS-PAGE anal-
ysis. The uORF 1 and uORF2 peptides were transfected both
together and separately. At 6 h post-transfection, equivalent
amounts of total cell protein were subjected to gel electro-
phoresis and analyzed for EPHX1 expression level. The levels
of EPHX1 protein were clearly reduced in the uORF peptide
transfected cells, unlike that of cells transfected with scram-
bled peptides (Fig. 6C). The level of inhibition was compara-
ble to that produced by cycloheximide. Together, the results
demonstrate that the E1-b′ derived uORF peptides were suc-
cessfully delivered into the cells and that their presencemark-
edly inhibited expression of endogenous EPHX1 protein.

Inhibition of EPHX1 protein translation by uORF
peptides in wheat-germ extracts

The inhibitory function of the uORF peptides on EPHX1 pro-
tein synthesis was further examined in a plant-derived wheat
germ in vitro transcription/translation system, programmed
with the EPHX1 E1-b plasmid construct. Varying amounts
of the respective uORF and scrambled peptides were titrated
into the reactions, followed by fractionation by SDS-PAGE
and visualization of the [35S]-methionine-labeled EPHX1
protein products by autoradiography. The results obtained
were quite similar to those using the rabbit reticulocyte lysate
system described earlier; EPHX1 translation in the cou-
pled in vitro transcription/translation system wheat-germ ex-
tracts was markedly inhibited by the addition of the uORF1
and uORF2 peptides (Fig. 7). The uORF1 peptide inhibited
EPHX1 protein translation in a dose-dependent manner,
while uORF1 scrambled peptide was ineffective. Of interest,
both the uORF2 peptide and the uORF2 scrambled peptide
inhibited EPHX1 translation. However, a parallel experiment
using a control peptide of similar length as uORF2 but with
different amino acid composition had no effect on EPHX1
translation (data not shown), similar to the results presented
in Figure 4F. These experiments were also repeated using
wheat germ. In vitro translation extracts programmed with
EPHX1 E1-b mRNA and highly similar results were obtained
(data not shown). These findings imply that the uORF pep-
tides interfere with the function of conserved translational
machinery components. Furthermore, the translational inter-
ference contributed by the uORF peptides exhibits both ami-
no acid sequence and composition/charge dependency.

The N-terminal amino acid sequence of the E1-b′ uORF1
peptide is critical for its inhibitory function

It was envisioned that further mechanistic studies might
be facilitated by use of tagged peptides. An E1-b′ uORF1 pep-
tide was synthesized with an N-terminal biotin tag and sub-
sequently tested using in vitro translation reactions. Un-
expectedly, the presence of the N-terminal tag completely
abolished the translational inhibitory function of the uORF1

FIGURE 5. (A) Kinetic analysis of RNA stability indicates uORF pep-
tides do not contribute to nucleolytic activity. The 32P-labeled full-
length EPHX1 E1-b mRNA was translated in the rabbit reticulocyte
lysate system supplemented with 40 µM uORF peptides and equal
amounts of corresponding scrambled peptides or just water solvent.
An equal amount of lysate was removed from each individual reaction
at different time points, and labeled RNA samples were extracted.
Precipitated RNA samples were fractionated on a 4% polyacrylamide/
8 M urea gel, dried, and exposed to film at −80°C with an intensifying
screen. (B) uORF peptides do not induce nascent protein degradation.
The 32P-labeled full-length EPHX1 E1-b mRNA was translated in the
rabbit reticulocyte lysate system for 45 min at 30°C. Translation was
stopped by the addition of cycloheximide at the final concentration of
500 ng/µL for 15 min at 30°C. Forty micromolar various peptides
were then titrated into each reaction tube. After 1 h of incubation at
room temperature, equal amounts of in vitro–translated [35S]-methio-
nine-labeled EPHX1 E1-b were separated by an SDS-PAGE. Gels were
dried and exposed to film overnight at−80°C. Each experiment was per-
formed at least two times.
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peptide (Fig. 8A). To assess this issue further, a quantitative lu-
ciferase assay experimentwas conducted inwhich several con-
structswere created, incorporating either thewild typeE1-b′ 5′

UTRor specific uORF1mutations andpositionedupstreamof
the translation start site for the firefly luciferase reporter (see
Fig. 8B). The constructs were transfected into A549 cells and
assessed for luciferase activity. The results (Fig. 8C) demon-
strated that although the presence of the unmodified E1-b′

UTR construct retained its inhibitory function, disruption

of the initiation sequence of either uORF1 (M1) or uORF2
(M2) significantly restored luciferase activities, similar to the
results presented earlier assessing these modifications with-
in the context of an in vitro translation system (Fig. 2).
Combined disruption of both of the uAUG1 and uAUG2
initiation codons resulted in the most striking increase in lu-
ciferase expression, about four to five times higher than the
levels detected with the wild-type E1-b′ UTR sequence.
Perhaps most interesting, missense mutations at the first few

FIGURE 6. (A) uORF peptides were transfected into A549 cells in a time-course experiment. At 6 h or 24 h post-transfection, cells were harvested for
Western blot analysis. (17aa) Cells transfected with uORF2 peptide; (17aaC) cells transfected with uORF2 scrambled peptide; (CHX) cells treated with
10 μM cycloheximide; (R) mock transfected group; (N) normal cells. (B) uORF1 and uORF2 peptides were labeled with DyLight Fluor 633 and
DyLight Fluor 488, respectively, at the N termini. Fluorescently labeled peptides were transfected into A549 cells in small amounts as tracers. Two
hours later, the cells were harvested, fixed, stained with DAPI, and examined with confocal microscopy. (DIC) Differential interference contrast.
(C) uORF peptides or scrambled peptides were transfected into A549 cells. Six hours later, cells were harvested and equal amounts of cell lysates
were fractionated on an SDS-PAGE gel. Western blot analysis was performed to detect EPHX1 protein expression using a specific monoclonal anti-
body. β-Actin serves as loading control. Computer densitometry was performed to assess relative quantification of EPHX1 protein expression, nor-
malized to β-actin loading control, and the relative EPHX1 protein levels detected are indicated numerically under the respective lanes of the Western
blot results. Each experiment was performed at least two times.
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N-terminal amino acids of the uORF1 peptide (first N-term
Mut) significantly restored luciferase activity to levels compa-
rable to those achieved with the M1 construct, which is inca-
pable of producing the inhibitory uORF1 peptide. Other
missensemutationsof theuORF1peptide didnot significantly
modify the measured luciferase activities. These results are
consistent with the in vitro translation data shown in Figure
8A, strongly suggesting that the N-terminal amino acid se-
quences of the uORF1 peptide are functionally critical in the
inhibition scheme.

E1-b′ transcript expression in human tissues

Quantitative RT-PCR analyses were conducted on total RNA
isolated from a pool of 20 different human tissues. Of the total
EPHX1 transcripts detected in most tissues, the E1-b′ tran-
script was expressed at a relatively low level, representing

<10% of the total EPHX1 mRNA level. Previous studies
have indicated that the highest levels of EPHX1mRNA are de-
tected in the liver; however, the E1-b′ transcript levels were
preferentially expressed in the ovary (Fig. 9). We assessed
the potential correlative relationship between E1-b′ transcript
levelswith thatofEPHX1protein expressionacross a sampling
of ovary tissues obtained from different human donors. The
characteristics of these tissue samples are described in Figure
10A. The results, shown in Figure 10, B and C, demonstrated
a large interindividual variation among donors with respect to
EPHX1 protein level as well as themeasured levels of the E1-b′

and total EPHX1 transcripts. No correlation was apparent be-
tween the assessed protein expression and with the respective

FIGURE 8. The N-terminal amino acid sequence of E1-b′ uORF1 pep-
tide is critical for its inhibitory function. (A) Rabbit reticulocyte lysates
were programmed with full-length EPHX1 E1-b mRNA transcript, and
in vitro translation occurred in the presence of [35S]-methionine with
the addition of uORF peptides, control sEH peptide (40 µM, final con-
centration), or just water solvent and increasing concentration of Ahx-
Biotin-tagged uORF1 peptide (40 µM, 80 µM, or 160 µM, final concen-
tration). (B) Schematic showing the chimeric EPHX1-luciferase con-
struct. E1-b′ 5′ UTR was cloned and replaced the luciferase 5′-leader
sequence in the pGL3 control vector using the TK promoter. Amino
acid coding sequences of wild-type E1-b′ uORF1 peptide and various
mutation constructs were subsequently included: First N-terminal mu-
tation, second N-terminal mutation, overlapping region (OPR) 6-ami-
no-acid, and 2-amino-acid mutations. (C) Chimeric EPHX1-luciferase
constructs were transfected into A549 cells. Renilla reniformis luciferase
reporter (pRL-CMV) was used as an internal control. Luciferase assays
were performed 24 h after transfection. M1,M2, andM12 constructs are
chimeric EPHX1-luciferase constructs that contain mutated noniniti-
ating start codons of uORF1, uORF2, or both, respectively. The data
shown depict means and SD values derived from six separate experi-
ments, each performed in triplicate. (Mutations of E1-b′ vs. E1-b′; [∗]
P < 0.05; [∗∗] P < 0.01; [∗∗∗] P < 0.001; Student’s t-test.)

FIGURE 7. uORF peptides inhibit EPHX1 protein translation in
wheat-germ extract. (A,C) Wheat-germ extract was programmed with
full-length EPHX1 E1-b plasmid construct and in vitro transcription/
translation occurred in the presence of [35S]-methionine. Different con-
centrations of uORF peptides and scrambled peptides were titrated into
the wheat-germ extract system. (B,D) Quantification of EPHX1 E1-b
protein expression in the presence of varying peptide concentrations,
relative to control (no peptide). The data shown depict means and S.D.
values from two separate experiments. (Varying peptide concentrations
vs. no peptide; [∗] P < 0.05; [∗∗] P < 0.01; [∗∗∗] P < 0.001; Student’s
t-test.)

Nguyen et al.

760 RNA, Vol. 19, No. 6



mRNA levels. These findings suggest the involvement of
additional post-transcriptional regulation control of EPHX1
expression in ovary, similar to earlier reports of discordance
of EPHX1 protein and mRNA levels in human liver and
lung (Omiecinski et al. 1994).

DISCUSSION

Microsomal epoxide hydrolase contributes critical catalytic
functions in the hydrolysis of many chemical epoxides, with
resulting metabolites varying in their electrophilic character
and bioreactivity (Fretland and Omiecinski 2000). In human
tissues, EPHX1 is expressed tissue-selectively, with high levels
detectable in tissues such as liver, ovary, testes, and lung (Liang
et al. 2005). A primate-specific far upstream promoter has

been identified that is the predominant
driver of EPHX1 transcription across
tissues, whereas a proximal promoter
immediately upstream of the gene’s
coding region is selectively active in liv-
er tissues (Liang et al. 2005). In this
study, a novel EPHX1 encoding tran-
script, termed E1-b′, was identified and
characterized. Striking features of the
E1-b′ transcript are its derivation from
the far upstream E1-b promoter region,
its preferential expression in human
ovary tissues, and the presence of two
upstream AUG codons within its 5′-
UTR region. The uORFs are predicted
to encode short peptides of 26 and 17
amino acids in length, respectively, and
the experimental results described here
demonstrate that these uORFs contrib-
ute to unique regulatory control of the
translation process.

To briefly review, the hypothesis that
the uAUGs of the EPHX1 E1-b′ tran-
script function to inhibit ribosome ini-
tiation at the main EPHX1 start codon
was supported by data generated inmu-
tational studies where the upstream
AUGs of the E1-b′ uORFs were convert-
ed into GCAs, either individually or in
combination. The results of these exper-
iments demonstrated that the transla-
tion efficiency of the downstream main
AUG is dependent on the two upstream
ORFs (Fig. 2). Using synthetic E1-b′

uORF peptides, in vitro translation as-
says, andpeptide-deliverymethodology,
we confirmed the inhibitory function of
E1-b′ uORFpeptidesonEPHX1 transla-
tion (Figs. 4, 6). Mechanistically, uORF
peptides did not contribute ribonucleo-

lytic activity or impact protein degradation pathways (Fig. 5).
The E1-b′ uORF peptides also retained their inhibitory func-
tion in a plant-derived in vitro translation system (Fig. 7),
suggesting that the E1-b′ uORF-encoded nascent peptides
function by disrupting activities of highly conserved features
of the translational machinery. Furthermore, NH2-terminal
modifications of the uORF1 or uORF2 peptides largely com-
promised their translational inhibitory function in trans-
fected mammalian cells, within in vitro translation systems
(Fig. 2) and in luciferase gene expression studies (Fig. 8).
Together, these data strongly indicate that the NH2-terminal
amino acid sequences of the uORF peptides play an impor-
tant mechanistic role in directing translational inhibition.
Interestingly, overexpression of E1-b′ in the presence of ei-
ther the E-1 or E1-b mRNAs resulted in dramatic decreases

FIGURE 9. Quantification of EPHX1 E1-b′ transcript levels in human tissues. Real-time PCR
was performed with RNA obtained from 20 human tissues; each RNA sample represents a
pool of at least three individuals. The levels of the E1-b′ transcript and total EPHX1 (mEH) tran-
scripts were quantified by absolute quantification based on standard curves determined using
plasmid DNA templates, and the data are presented individually in the top and middle panels, re-
spectively. The expression level of the E1-b′ transcript is presented as copy number per 1 ng of
total RNA. (Lower panel) A combined data set, presented in log scale. The E1-b′ mRNA transcript
is expressed significantly higher in ovary in comparison to other tissues (P < 0.001).

Regulation of human microsomal epoxide hydrolase

www.rnajournal.org 761



in resulting EPHX1 expression relative to levels that other-
wise typify these respective transcripts. When frameshifted
E1-b′ uORF or M12 mutated constructs were tested in cul-
tured cells, these inhibitory activities were lost, indicating
that the E1-b′ uORFs contribute functional roles in inhibiting
EPHX1 translation through trans suppression as well as by
cis-regulatory mechanisms (Fig. 3).

Many studies have now delineated important roles for
uORFs and their respectively encoded peptides as translation-
al regulators (Lovett and Rogers 1996; Morris and Geballe
2000; Sachs and Geballe 2006). In these respects, ∼40% of
mammalian mRNA sequences contain AUG trinucleotides
upstream of the main open reading frame (Peri and Pandey
2001; Crowe et al. 2006). These open reading frames often ex-
hibit certain levels of sequence conservation (Churbanov et al.
2005) and may encode functional polypeptides (Pendleton
et al. 2005). It is noteworthy that in database scans the se-
quences of the E1-b′ encoded 26-amino-acid and 17-ami-
no-acid peptides do not exhibit significant homology to any
previously reported uORF peptide (data not shown). The
regulation described for uORF peptides is exerted generally
at the initiation phase of protein synthesis. In the ribosome
scanning model, ribosomes initiate translation at the first up-
stream AUG encountered. Although leaky scanning and rein-
itiation of translation past an uORF may occur, the final
translation efficienciesmay be greatly reduced by the presence
of uAUGs. Compelling studies in both prokaryotes and eu-
karyotes have demonstrated that translation initiation from

uORFsmay contribute to translation in-
hibition of the downstream main ORF
(Imataka et al. 1994; Brown et al. 1999;
Kozak 2005), and that these processes
are often tightly controlled (Audic and
Hartley 2004). In this context, results
from cancer research investigations
have demonstrated that the inefficient
translation of uORFs is a regulatory
mechanism used to limit expression of
oncogene products that are required at
low level but otherwise harmful if over-
expressed. For example, the oncogene
mdm2 is transcribed from two alterna-
tive promoters yielding L-mdm2, which
contains two uORFs, and S-mdm2,
which lacks these uORFs (Brown et al.
1999; Jin et al. 2003; Kozak 2005). L-
mdm2 is the dominant transcript in
normal human cells where the oncopro-
tein MDM2 is inefficiently produc-
ed. However, in tumor cells, elevated
MDM2 levels result from a switch in
promoter usage causing the up-regula-
tion of the shorter mdm2 and thereby
enhancing the translation of MDM2
∼20-fold (Landers et al. 1997). Perhaps

in certain cells, under stress situations imposed by the genera-
tion of epoxides, modulation of EPHX1 enzyme activity levels
maybe effected by a switch fromE1-b′ gene promoter usage to
the closely aligned E1-b promoter, which, in turn, may result
in the generation of the shorter and simpler 5′-UTR transcript
possessing higher translational capacity.
Studies in both eukaryotes and prokaryotes have demon-

strated that uORF peptides can cause ribosomal stalling by
various mechanisms, including interference with the peptidyl
transferase center activity (Gu et al. 1994; Lovett and Rogers
1996), thereby inhibiting translation termination by prevent-
ing peptidyl-tRNA hydrolysis (Janzen et al. 2002) or by caus-
ing arrest of elongating or terminating ribosomes in response
to a cellular signal (Luo et al. 1995; Wang and Sachs 1997;
Hood et al. 2009). It is also noteworthy that studies have im-
plicated the role of highly basic peptides in impeding transla-
tion, possibly by causing conformational changes in rRNA
(Lovett and Rogers 1996). Since the E1-b′ uORF peptides
contain highly basic amino acid content, this property may
potentially explain the inhibitory function exhibited by the
E1-b′ uORF peptides.
The relatively high levels of the E1-b′ transcript detected in

human ovarywas notable (Fig. 9) andmayhave implication in
both estrogen metabolism and ovarian cytoprotection. For
example, a previous studyusing a competitive chemical inhib-
itor to inhibit EPHX1 activity suggested the involvement of
EPHX1 in estrogen production (Hattori et al. 2000). We at-
tempted an shRNA approach that effectively down-regulated

FIGURE 10. Interindividual variation in EPHX1 transcript and protein expression profiles in
human ovary tissues. (A) Characteristics of human ovary tissue samples. (B) E1-b′ and mEH
mRNA expressions of different human tissue samples were measured relative to those of sample
4217. Data shown represent means and SD values for each sample performed in duplicate. The
study was repeated twice. (C) Equal amounts of total proteins prepared from various human ova-
ry tissues were fractionated on an SDS-PAGE gel and analyzed for mEH protein expression using
anti-EPHX1 antibody. β-Actin serves as loading control.
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EPHX1 expression in human granulosa KGN cells, but in ap-
parent contradiction to the cited report, our results indicated
that decreased EPHX1 expression correlatedwith a higher lev-
el of estrogen secretion in these cells (data not shown). In ei-
ther case, the results point to a potential involvement of
EPHX1 in the metabolism of endogenous estrogen epoxide
derivatives, a concept that is also consistent with an earlier re-
port demonstrating that estroxide was a substrate for EPHX1
(Vogel et al. 1982). It is interesting to speculate that a high
level of ovarian EPHX1 expression may provide a protective
function in oocytes from effects of exposure to potentially re-
active epoxides produced during steroidogenesis. The selec-
tive expression of the EPHX1 E1-b′ transcript in ovarian
tissues may contribute to EPHX1 post-transcriptional regula-
tion via inherent translational inhibitory activity associated
with the E1-b′ uORF peptides.
In summary, despite sharing common coding region se-

quence within exons 2–9, there exists remarkable diversity
among the three distinct EPHX1 mRNA variants, E1, E1-b,
and E1-b′. Each of the transcripts demonstrates distinct tis-
sue-specific expression profiles and each possesses a unique
5′ UTR. Here, we identified and characterized the E1-b′

EPHX1 transcript, and demonstrate that unlike the previous-
ly identified EPHX1mRNAs, the E1-b′ transcript is expressed
at highest levels in ovary, likely adopts a complex stem–loop
structure in its 5′-UTR domain, and further, contains two
uAUGs that encode peptides of 26 and 17 amino acids, re-
spectively. These uAUG features in the E1-b′ transcript direct
the translation of E1-b′ with significantly lower efficiency
than either the E1 or E1 transcripts. The contribution of
the EPHX1 E1-b′ transcript is significant, both with respect
to the cis-inhibitory effects on translation contributed by its
5′ UTR, as well as the apparent trans-inhibitory effects on
the translation process more generally. It is possible that these
short uORF peptides may influence the active translational
microenvironment and perhaps contribute a control mecha-
nism operating independently of transcription and directly
involved in the regulation of EPHX1 expression in human
tissues.

MATERIALS AND METHODS

Materials

Unless indicated otherwise, all chemicals were purchased from
Sigma-Aldrich, and all cell culture consumables were purchased
from VWR Scientific. Primers for PCR were purchased from
Integrated DNA Technologies. uORF peptides were synthesized by
GenScript.

Cell culture

The human kidney cell lines, 293A and 293T, the human hepatoma
cell line HepG2, HepG2-C3A, and the human lung carcinoma cell
line A549 were maintained in Dulbecco’s modified Eagle’s medium

supplemented with 10% FBS, 2 mM L-glutamine, 10 mM HEPES,
0.15% sodium bicarbonate, 0.1 mM nonessential amino acids, 50
units/mL penicillin G, and 50 μg/mL streptomycin (all from In-
vitrogen Life Technologies). All cells were maintained at 37°C
with 5% CO2.

Rolling circle amplification–rapid amplification
of cDNA ends (RCA-RACE)

The rapid amplification of cDNA ends method (Polidoros et al.
2006) was used to simultaneously analyze the EPHX1 5′ and 3′

UTRs. RNA (2 µg) was reverse-transcribed into first-strand cDNA
in a reaction containing 0.5 µg of oligo(dT)-adaptor primer [5′-
GGCCACGCGTCGACTAGTAC(T)18-3

′] phosphorylated at the 5′

end, 0.5 mM dNTPs, 10 mM dithiothreitol (DTT), 1× first-strand
buffer (Invitrogen), and 200 units of Moloney murine leukemia vi-
rus (MMLV) reverse transcriptase (Invitrogen). Themixture was in-
cubated for 1 h at 37°C followed by heat inactivation of reverse
transcriptase for 15 min at 70°C. The RNA strand was then removed
by the addition of 1 μL of RNase H (Invitrogen), incubated for 20
min at 37°C, and purified using the QIAquick PCR purification
kit (QIAGEN). The purified cDNA (16 µL) was circularized using
1 μL of CircLigase (Epicentre Biotechnologies) for 1 h at 60°C fol-
lowed by inactivation of the enzyme for 10 min at 80°C. The circu-
larized cDNA was then amplified in an RCA reaction using the Φ29
DNA polymerase and random primers. The 50 µL of RCA mixture
contained the following: 10 µL of circularized cDNA, 1 mM dNTPs,
200 µg/mL bovine serum albumin (BSA), 1× Φ29 DNA polymerase
reaction buffer (New England Biolabs), 1 µL of Φ29 DNA polymer-
ase, and 10 µM random hexamers modified by the addition of two
phosphothioate linkages on the 3′ to confer resistance to the Φ29
exonuclease activity. Using the serially diluted RCA reaction as a
template, PCR was carried out using AccuPOL DNA polymerase
and EPHX1 forward (5′-TGGCAAAGTTTCCTCTTTGTCCCG-3′)
and reverse (5′-ATGGAGGCCTGGAAAGGAAGTTCT-3′) primers.
The PCR products were sequenced with specific E1, E1-b, or E1-b′

primers using a CEQ 8000 Genetic Analysis System (Beckman
Coulter).

Plasmids

RNA was isolated from cultures of primary human hepatocytes us-
ing TRIzol Reagent (Invitrogen), and total RNA was converted to
cDNA using the High Capacity cDNA Archive Kit (Applied
Biosystems/Life Technologies). E1-b FP, E1 FP, E1-b′ FP, and
EPHX1 RP were used for PCR amplification of full-length EPHX1
E1-b, E1, and E1-b′ transcripts, respectively. An additional round
of PCR amplification was used to introduce the KpnI (5′) and
BamHI (3′) restriction enzyme sites to the ends of E1-b, E1, and
E1-b′ transcripts. Purified products were separated by agarose
gel electrophoresis, and DNA fragments were purified using a
QIAGEN gel purification kit (QIAGEN). Purified fragments were
ligated into the KpnI/BamHI sites of pcDNA3.1+ and transform-
ed into DH5α ultracompetent cells (Invitrogen). Colonies were
screened by PCR to confirm the presence of the insert. Positive
clones were grown overnight in 2-mL cultures, purified, and se-
quenced using a CEQ 8000 Genetic Analysis System (Beckman
Coulter). Mutation in the 5′ UTR of E1-b′ transcript was performed
using full-length E1-b′ as template and the provided primers by a

Regulation of human microsomal epoxide hydrolase

www.rnajournal.org 763



two-step PCR protocol. Specifically, in Mut1 and Mut2 constructs,
Mut1 FP/Mut1 RP and Mut2 FP/Mut2 RP were used to mutate start
codon AUGs of uORF1 and uORF2, respectively, to noninitiating
codon GCAs. In the Mut1+2 construct, both E1-b′ uAUGs are mu-
tated to GCAs. In Del-50, and Del-110 constructs, the first 50 or 110
nucleotides of the E1-b′ transcript was correspondingly removed us-
ing Del-50 and Del-110 primers. In the STOP-1 construct, uORF1’s
stop codon UGA was replaced with UGC, using STOP1 FP/STOP 1
RP primers. Finally, in the uORF1-fs construct, the uORF2 start
codon (AUG) is mutated into a noninitiating codon (GCA) and
uORF1 was frameshifted to produce a single 18-amino-acid uORF
peptide of distinct sequence, using two primer pairs, FS1a FP/
FS1a RP and FS1b FP/FS1b RP. The DNA primers used in PCR
amplification and the predicted uORF1-fs peptide sequence are pro-
vided in the Supplemental Tables. Prior to transfection, plasmids
were prepped using the Quantum Prep Plasmid Maxiprep Kit
(Bio-Rad).

Protein expression in human cell lines

One day prior to transfection, cells were plated in six-well plates at a
density of ∼400,000 cells/well. Cells were transfected with 2 μg of
EPHX1 expression plasmid using Lipofectamine 2000 (Invitrogen)
in accordance with the manufacturer’s protocol. Whole-cell lysates
were generated 24 h post-transfection by sonication in RIPA buffer
(50 mM Tris-HCl at pH 7.4, 1% NP-40, 0.25% Na-deoxycholate,
150 mM NaCl, 1 mM EDTA). Following centrifugation, the super-
natant was stored at −20°C for subsequent analysis.

In vitro transcription and translation

For the EPHX1 transcript expression study (Figs. 1C, 2, 3A), plasmid
DNA of EPHX1 variants (E1, E1-b, and E1-b′) and the mutated ver-
sions thereof, which contain the full-length EPHX1 cDNA sequence,
were used as templates for in vitro transcription/translation in the
TnT T7 Quick coupled reticulocyte lysate (Promega) according to
the manufacturer’s protocol. Specifically, a total of 1 µg of plasmid
DNAwas transcribed/translated in the presence of [35S]-methionine
in a 50-µL reaction. The reaction was incubated for 90 min at 37°C.
Five microliters of reaction mix was separated in a pre-cast 10%
Tris-HCl gel (Bio-Rad); the gel was subsequently dried and exposed
to film overnight at −80°C.

For in vitro transcription and translation studies with peptide ad-
ditions (Figs. 4, 7), the full-length EPHX1 E1-b plasmid construct
was used as template in the TnT T7 Quick coupled reticulocyte
lysate and the TnT T7 Coupled Wheat Germ Extract System
(Promega). Various peptide concentrations were titrated to each re-
action tube containing reaction master mix supplemented with 0.25
µg of plasmid DNA and followed by [35S]-methionine addition to a
final reaction volume of 12.5 µL. For in vitro translation studies with
peptide additions (Figs. 5A, 8A), rabbit reticulocyte lysate (nuclease
treated; Promega) was programmed with 2 µg of 32P-labeled or
unlabeled full-length EPHX1 E1-b mRNA supplemented with dif-
ferent peptide concentrations in a total volume of 50 µL. The reac-
tion was performed as described previously.

For the protein degradation assay, rabbit reticulocyte lysate (nu-
clease treated; Promega) programmed with 2 µg of full-length
EPHX1 E1-b mRNA in a total volume of 50 µL was translated
for 45 min in the presence of [35S]-methionine at 30°C. The trans-

lation reactions were stopped by incubating the mixture with cy-
cloheximide (500 ng/µL, final concentration) for 15 min at 30°C.
40 µM of various peptides or water (controls) were subsequent-
ly added to reaction mixtures and incubated for 60 min at room
temperature. Translated protein was fractionated on pre-cast 10%
gels.

Western immunoblotting

Equal amounts (10 µg) of total cell lysate were loaded on a 10% SDS-
polyacrylamide gel. After separation, proteins were transferred to a
polyvinylidene fluoride membrane. Detection of EPHX1 proteins
was performed after membranes were incubated with EPHX1 pep-
tide-directed polyclonal antibody (Hassett et al. 1997), followed by
incubation with HRP-conjugated goat anti-rabbit antibody (Bio-
Rad). Proteins were visualized using the Lumi-Light Western blot-
ting substrate (Roche). Detection of GAPDH or β-actin using a
GAPDH antibody (Sigma-Aldrich) or β-actin antibody (Santa Cruz
Biotechnology), respectively, served as a loading control.

Lentiviral transduction

The E1-b′ construct and its M12 derivative, where uAUGs were
mutated into noninitiating codon GCAs, were enzyme-digested
out of pcDNA3.1+ vector and subcloned into the NheI/BamHI
sites of pCDH1-MCS1-EF1-copGFP (pCDH1) cDNA lentivector
(System Biosciences). Twenty-four hours prior to transfection,
293T cells were seeded in a 10-cm dish and grown to ∼70% conflu-
ence over the following day. On the day of transfection, 293T cells
were washed with PBS to remove traces of serum and incubated in
regular media supplemented with 10% HyClone FBS, 10 mM
HEPES, 0.1 mM nonessential amino acids, and 1.5 g/L sodium
bicarbonate. E1-b′, M12, or empty vector pCDH1 plasmids were
cotransfected with pPACKH1 packaging plasmids into 293T cells
using FuGENE 6 (Roche Applied Science) according to the manu-
facturer’s protocol. Pseudoviral supernatants harvested from pack-
aging cells 48 h later were filtered through 0.2-µm Supor
membranes (Acrodisc Syringe Filters; Pall Corporation) prior to in-
fection of HepG2-C3A human hepatoma cells. GFP expression in
target cells was visualized ∼48–72 h after infection using a Nikon
inverted fluorescence microscope connected to a digital camera.
SpotRT software was used to capture images as described previously
(Zamule et al. 2008). Cells were subsequently harvested for protein
analysis.

RNA stability assay

The full-length EPHX1 E1-b mRNA transcript was synthesized us-
ing RiboMAX Large Scale RNA Production System (Promega)
and labeled with [α-32P]ATP and used to program rabbit reticulo-
cyte lysate (nuclease treated; Promega) as described previously. In
vitro translation was performed with unlabeled methionine in the
presence or absence of 40 µM uORF1 or uORF 2 peptides. In vitro
translation was performed for 0, 20, 40, or 60 min at 30°C, and the
reactions were stopped by transferring the tubes to ice. RNA was
then extracted from each reaction using TRIzol Reagent (Life
Technologies), and precipitated RNA samples were fractionated
on a 4% acrylamide/8 M urea gel, subsequently dried and exposed
to film at −80°C with an intensifying screen.
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Fluorescent labeling, transfection, and visualization
of peptides

uORF peptides were labeled using DyLight Amine-Reactive Fluors
(Thermo Fisher Scientific Inc.) according to the manufacturer’s
protocol. Specifically, the uORF1 and the uORF2 peptides were la-
beled with DyLight Fluor 633 andDyLight Fluor 488, respectively, in
0.05 M sodium borate buffer at pH 8.5. Free dye was removed by di-
alyzing overnight at 4°C using a Slide-A-Lyzer G2 Dialysis Cassette
(Thermo Fisher Scientific Inc.) with a 2K molecular weight cutoff.
One day before transfection, 1 × 106 A549 cells were seeded in a
60-mm dish, and ∼24 h later the cells were washed with PBS and
then transfected with 12 µg of peptide in Opti-MEM I Reduced
Serum Media (Life Technologies) using the TurboFect Protein
Transfection Reagent (Fermantas Inc.), according to the manufac-
turer’s protocol. After 2 h, transfection complexes were removed
and cells were incubated in normal media. Cells were harvested at
6 h or 24 h post-transfection for protein analysis. For the peptide
visualization experiment, 50,000 A549 cells were seeded in a
Lab-Tek II Chamber Slide System 8-well glass slide (Nalge Nunc
International Corp.). After 24 h, peptide transfection was performed
as described previously, with 250 ng of labeled peptides as tracer
and 750 ng of unlabeled peptides. After 2 h, the chambers were re-
moved, and cells on glass slides were washed with PBS, fixed using
4% formaldehyde, stained with DAPI, and mounted using Crystal/
Mount (Biomeda Corp.). Fluorescent images were captured using
an Olympus Fluoview FV1000 confocal microscope.

Quantitative real-time PCR

Human tissue RNAwas obtained from the FirstChoice Human total
RNA survey panel (Ambion). Human ovary tissues were obtained
from the Penn State Hershey Cancer Institute Tissue Bank. TRIzol
Reagent (Life Technologies) was used to extract total RNA from
the tissues. Total RNA was converted to cDNA using the High
Capacity cDNA Archive Kit according to the manufacturer’s in-
structions. Real-time PCR was performed using Custom Taqman
Gene Expression Products (Applied Biosystems) following the man-
ufacturer’s standard protocol. The E1-b′ variant transcript was de-
tected using the forward primer (5′-CGGCGGTGAAATGCACTT
AATT-3′), reverse primer (5′- CACGGACGCGCATGAAAAT-3′)
and probe (5′-CCAAGTCGGAACACTG-3′). 18S rRNA (Assay ID
number Hs99999901_s1), total EPHX1 (Assay ID number Hs001
64458_m1), and β-actin (Assay ID number Hs99999903_m1)
were similarly detected using the Applied Biosystems Taqman
Gene Expression Assay. Real-time RT-PCR data were analyzed using
methods previously described (Olsavsky et al. 2007; Page et al.
2007). Plasmids containing cloned E1-b or E1-b′ full-length se-
quences were diluted to create standard curves ranging from 30 cop-
ies to 3 × 107 copies. DNA samples of known target sequence were
used to verify the specificity of the assays.

Preparation of EPHX1-luciferase constructs

The chimeric EPHX1-Luciferase reporters were constructed such
that the unique EPHX1 5′ UTRs were positioned directly upstream
of the luciferase reporter gene. The E1-b′ 5′ UTRs were amplified
using the forward primers HindIII E1-b′ and the reverse primer
EPHX1-LucRP such that the amplicon contained a HindIII site on

the 5′ end and a segment of the luciferase gene with an NarI site
at the 3′ end. The fragment was then digested with HindIII and
NarI and cloned into the pGL3 vector (Promega) such that the
E1-b′ 5′ UTR replaced the luciferase 5′ UTR. The QuikChange
Lightning Site-Directed Mutagenesis Kit (Stratagene) was used to
introduce different mutations to the wild-type construct. DNA
primers used for the mutagenesis are provided in Supplemental
Table 1.

Luciferase reporter assay

One day prior to transfection, 200,000 A549 cells were plated in each
well of a 24-well plate. Lipofectamine 2000 (Invitrogen) was used to
deliver 0.8 µg of wild-type or mutated chimeric EPHX1 E1-b′-lucif-
erase constructs and 0.05 µg ofR. reniformis luciferase reporter (pRL-
CMV) according to the manufacturer’s protocol. Transfection of
each construct was performed in triplicates. Twenty-four hours after
transfection, cells were harvested for luciferase reporter assay using
the Dual-Glo Reporter Assay (Promega) and Veritas Microplate
Luminometer (Turner Biosystems).

Secondary structure modeling

The secondary structures of EPHX1 E1-b′ mRNA 5′ UTRs were
modeled using the GeneQuest module of Lasergene version 6 soft-
ware (DNASTAR).

Statistical analysis

All statistical analyses were performed using GraphPad Prism v4.00
for Windows (GraphPad Software Inc.). A Student’s t-test or
ANOVA followed by post hoc analyses were performed. Results
were considered significant when P < 0.05.

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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