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Abstract
The let-7 microRNA (miRNA) plays important roles in human liver development and disease such
as hepatocellular carcinoma, liver fibrosis and hepatitis wherein oxidative stress accelerates the
progression of these diseases. To date, the role of the let-7 miRNA family in modulation of heme
oxygenase 1 (HMOX1), a key cytoprotective enzyme, remains unknown. Our aims were to
determine whether let-7 miRNA directly regulates Bach1, a transcriptional repressor of the
HMOX1 gene, and whether indirect up-regulation of HMOX1 by let-7 miRNA attenuates oxidant
injury in human hepatocytes. The effects of let-7 miRNA on Bach1 and HMOX1 gene expression
in Huh-7 and HepG2 cells were determined by real-time qRT-PCR, Western blot, and luciferase
reporter assays. Dual luciferase reporter assays revealed that let-7b, let-7c, or miR-98 significantly
decreased Bach1 3’-untranslated region (3’-UTR)-dependent luciferase activity but not mutant
Bach1 3’-UTR-dependent luciferase activity, whereas mutant let-7 miRNA containing base
complementarity with mutant Bach1 3’-UTR restored its effect on mutant reporter activity. let-7b,
let-7c, or miR-98 down-regulated Bach1 protein levels by 50–70%, and subsequently up-regulated
HMOX1 gene expression by 3–4 fold, compared with non-specific controls. Furthermore, Huh-7
cells transfected with let-7b, let-7c or miR-98 mimic showed increased resistance against oxidant
injury induced by tert-butyl-hydroperoxide (tBuOOH), whereas the protection was abrogated by
over-expression of Bach1. In conclusion, let-7 miRNA directly acts on the 3’-UTR of Bach1 and
negatively regulates expression of this protein, and thereby up-regulates HMOX1 gene expression.
Over-expression of the let-7 miRNA family members may represent a novel approach to
protecting human hepatocytes from oxidant injury.
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1. INTRODUCTION
Heme oxygenase 1 (HMOX1) is a key cytoprotective enzyme, catalyzing heme degradation
to produce ferrous iron, carbon monoxide (CO) and biliverdin, which is further reduced to
bilirubin in liver, with carbon monoxide, biliverdin and bilirubin acting as antioxidants [1–
5]. The induction of HMOX1 has been observed as an important event in response to
oxidative stress, and the molecular mechanisms underlying regulation of HMOX1 gene
expression by oxidative stress, heme and other non-heme metalloporphyrins have been
extensively investigated. Among key transcription factors associated with regulating
HMOX1 gene expression, we and others have demonstrated that Bach1, a member of the
cap n’ collar family of zinc-containing basic leucine zipper (bZip) proteins, plays a key role
in tonic repression of HMOX1 gene [6–12]. It does so by forming antagonizing
heterodimers with the Maf-related oncogene family. These heterodimers bind to Maf
recognition elements (MAREs) and suppress expression of genes [e.g., HMOX1 and
NAD(P)H:quinone oxidoreductase (NQO1)][6, 8, 9, 13]. Down-regulation of Bach1
enhances HMOX1 gene expression, and thus has emerged as an effective approach to up-
regulate HMOX1 and NQO1 gene expression in response to oxidative stress [12–14]. Our
recent studies suggest that microRNAs (miRNAs), a new class of small non-coding
regulatory RNAs (~22 nt), play a critical role in regulating Bach1 gene expression at a post-
transcriptional level, indirectly enhancing HMOX1 gene expression in human hepatocytes
[12, 14]. Bach1 contains a 3’-untranslated region (UTR) 3313 nucleotides (nt) in length
which provides a basis for candidate miRNAs binding. However, to date, miRNAs that are
involved in modulating Bach1 gene expression are largely unknown.

The let-7 miRNA family is one of the first two miRNAs discovered in Caenorhabdities
elegans (C. elegans), and the first known human miRNA, consisting of let-7a, b, c, d, e, f, g,
i and miR-98 miRNAs[15, 16]. Besides a pivotal role for the let-7 miRNA family in
embryonic development and cell maturation [17–20], the let-7 miRNA family was found to
play an important role in human liver development [21] and liver disease such as
hepatocellular carcinoma [22, 23], hepatic fibrosis [24] and hepatitis [25], conditions known
to be accelerated by oxidative stress and for which, in consequence, antioxidant therapy has
been proposed as a treatment approach. Thus far, the role of let-7 miRNA in regulating
Bach1 and HMOX1, and the biological function of let-7 miRNA in defending against
oxidative stress in liver have not been investigated. We performed in silico analysis and
discovered two highly conserved sites in the 3’-UTR of Bach1 mRNA that perfectly
matched the seed region of let-7 miRNA.

In the present work, we aimed to study whether the let-7 miRNA family directly regulates
Bach1, and whether indirect up-regulation of HMOX1 by let-7 miRNA attenuates oxidant
injury in human hepatocytes. Our focus was on the five representative let-7 miRNA family
members, let-7a, let-7b, let-7c, let-7e and miRNA-98. Our findings show that let-7 miRNA
directly acts on the 3’-UTR of Bach1, translationally represses expression of this protein,
and thereby up-regulates HMOX1, suggesting that over-expression of let-7 miRNA family
members may represent a therapeutic approach for protection against oxidant injury induced
by chronic liver diseases.
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2. MATERIALS AND METHODS
2.1 miRNA target predications

Three algorithms,TargetScanHuman5.1 (http://www.targetscan.org), PicTar (http://
pictar.mdcberlin.de) and miRanda (http://www.microrna.org) were used to predict putative
binding sites in the Bach1 mRNA for members of the let-7 miRNA family.

2.2 Cell culture
Human hepatoma cell lines, Huh-7 (Japan Health Research Resources Bank, Osaka, Japan)
and HepG2 (American Type Culture Collection, Manassas, VA) were cultured with
Dulbecco’s modified Eagle medium (DMEM) supplemented with 100 units/mL penicillin,
100 µg/mL streptomycin, and 10% (v/v) fetal bovine serum (FBS) from Invitrogen
(Carlsbad, CA) [26]. All cells were maintained in a humidified atmosphere of 95% room air
and 5% CO2 at 37 °C.

2.3 Reporter constructs, co-transfection and luciferase reporter activity assays
pLSV40-Rluc and pLSV40-GL3/Bach1 reporter constructs were kindly provided by B. R.
Cullen (Duke University, Durham, NC) [27]. pLSV40-Rluc contains a cDNA (Rluc)
encoding Renilla luciferase as an internal control reporter and pLSV40-GL3/Bach1 firefly
luciferase reporter construct contains the full-length 3’-UTR of Bach1 mRNA [27].
Constructs were confirmed by restriction enzyme digestion and sequencing. Mutant
pLSV40-GL3/Bach1-Mut was generated by GENEWIZ, Inc. (South Plainfield, NJ).

Co-transfection of miRNA mimics and reporter constructs were performed using
Lipofectamine 2000 from Invitrogen (Carlsbad, CA) according to manufacturer’s protocol.
Briefly, cells were co-transfected with 0.4 µg/mL pLSV40-GL3/Bach1 or mutant pLSV40-
GL3/Bach1-Mut, 0.4 µg/mL of pLSV40-Rluc, and 10–50 nM miRNA mimics. 24–48 h after
transfection, cells were harvested and lysed and luciferase reporter activities were measured
using Dual-Glo® Luciferase Assay System. Firefly luciferase activity was normalized to
Renilla luciferase activity and total protein, determined using the bicinchoninic acid (BCA)
protein assay kit. Values for cells without miRNA mimic transfection were set equal to 1.

2.4 miRNA microarray analysis
The RNA samples were Poly (A) tailed and ligated to biotinylated signal molecules using
the FlashTag™ Biotin RNA labeling Kit (Genisphere, LLC, Hatfield, PA). An Enzyme
Linked Oligosorbent Assay (ELOSA) QC assay was performed to verify labeling prior to
array hybridization. Hybridization, washing, staining and scanning were performed using
Affymetrix GeneChip® system instruments (Affymetrix, Santa Clara, CA). Affymetrix
GeneChip® Operating Software (GCOS) version 1.4 was used to analyze microarray image
data and to compute intensity values. Affymetrix CEL files containing raw, probe-level
signal intensities were analyzed using Partek Genomics Suite (Partek, St. Louis, MO).
Robust multichip averaging (RMA) was used for background correction, quantile
normalization and probeset summarization with median polish [28]. Statistical difference
was calculated by two-way ANOVA analysis with false discovery rate (FDR). Cluster and
Treeview software was used to perform miRNA hierarchical cluster analysis and
visualization [29].

2.5 Transfections with miRNA mimics and inhibitors
The miRIDIAN miRNA mimics for let-7b, let-7c, miR-98, customized mutant let-7b, and
miRNA mimic negative control (MMNC), and the miRIDIAN miRNA inhibitors for let-7a,
let-7c, let-7e and miRNA inhibitor negative control (MINC) were obtained from Dharmacon
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(Lafayette, CO). Transfection of miRNA mimics and inhibitors were performed as described
previously [12]. Briefly, Huh-7 or HepG2 cells were transfected with 10–50 nM of tested
miRNA mimics or inhibitors using Lipofectamine 2000 from Invitrogen (Carlsbad, CA)
according to manufacturer’s protocol. After 24–48 h transfection, cells were harvested for
appropriate subsequent assays.

2.6 Human Bach1 expression vector and transfection
The human Bach1 expression vector [30], constructed by subcloning the human Bach1 full
length cDNA into the mammalian expression vector pCMV6-XL4 (OriGene, Rockville,
MD), was obtained from OriGene. For transfection of Bach1 expression vector pCMV-
Bach1, Huh-7 cells were plated in 24-well plates one day prior to transfection and
transfected at 50% confluence. Cells were transfected with 0.4 µg/well of pCMV-Bach1
using Lipofectamine 2000 (Invitrogen, Carlsbad, CA) according to the manufacturer’s
instructions.

2.7 Real-time quantitative RT-PCR
Total RNA from treated cells was extracted and cDNA was synthesized. Real-time
quantitative reverse transcription-polymerase chain reaction (qRT-PCR) was performed
using a CFX96™ six-channel Real-Time PCR Detection System from Bio-Rad (Hercules,
CA) and iQ™ SYBR Green Supermix Real-Time PCR kit (Bio-Rad) as described
previously [11, 12]. Samples without template and without reverse transcriptase were
included as negative controls, which, as expected, produced negligible signals (Ct
values>35). Fold-change values were calculated by comparative Ct analysis after
normalizing for the invariant quantity mRNA of glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) in the same samples. For analysis of miRNA levels, small RNAs from treated
cells were isolated using mirVANA™ Paris miRNA Isolation Kit (Ambion, Austin, TX). 15
ng of small RNAs were converted to cDNA using TaqMan MicroRNA Reverse
Transcription Kit and primers. 1.33 ul of 1:10 diluted cDNAs was used for real time qPCR
in a total volume of 20 ul containing 1× TaqMan Universal PCR Master Mix and specific
assay for selected mature miRNAs (Applied Biosystems, Carlsbad, CA). Fold-change values
were calculated by comparative Ct analysis after normalizing for the invariant quantity of
RNU 48 in the same samples.

2.8 Western blots
Western blots (WB) were performed as reported previously [11, 12, 26, 31]. In brief, total
proteins (30–50 µg) were separated on 4–15% gradient sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE). After electrophoretic transfer onto
ImmunBlot polyvinylidene fluoride (PVDF) membrane, membranes were blocked in PBS
containing 5% nonfat dry milk and 0.1% Tween-20, and then incubated overnight with
primary antibody at 4°C. The membranes were then incubated for 1 hour with secondary
antibodies (dilution 1:10,000). A Kodak 1DV3.6 computer-based imaging system
(Rochester, NY) was used to measure the relative density of each specific band and perform
densitometric analysis of specific band intensities obtained after WB.

2.9 Cell viability assay
Effects of let-7b, let-7c and miR-98 on tert-butyl hydroperoxide (tBuOOH) induced
cytotoxicity was measured using CellTiter-Glo® Reagent by determining the number of
viable cells based on quantitation of the ATP present, which signaled the presence of
metabolically active cells. Huh-7 cells were transfected for 48 h with 50 nM of let-7b or
mimic negative control by Lipofectamine 2000. Cells were then incubated with various
concentrations of tBuOOH for 4 or 6 h. CellTiter-Glo® Reagent was added for CellTiter-
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Glo luminescent cell viability assay. The luminescence was read on a Synergy HT
microplate reader from Bio-Tek (Winooski, VT) with integration time set for 0.25 to 1
second. Decreases in luminescence were taken as an index of cellular cytotoxicity.

2.10 Cellular reactive oxygen species (ROS) production assay
Huh-7 cells were transfected with let-7b mimic or mimic negative control by using
Lipofectamine 2000, and then treated with tBuOOH to induce levels of intracellular ROS.
ROS levels were measured using DCF assay as described previously [31]. Intracellular ROS
levels were measured as an increase in fluorescence of the oxidized product of 2’,7’-
dichlorofluorescein diacetate (DCF-DA) on a Synergy HT Multi-Detection Microplate
Reader (BioTek, Winooski, VT) at the excitation and emission wavelengths of 488 nm and
525 nm, respectively.

2.11 Statistical analysis
Initial analysis showed that results were normally distributed. Therefore, parametric
statistical procedures were used. The Student’s t-test or ANOVA was used (as appropriate)
to analyze the differences between samples. Values of P <0.05 were considered statistically
significant. Experiments were repeated at least three times with similar results. All
experiments included at least triplicate samples for each treatment group. Statistical analyses
were performed with JMP 4.0.4 software from SAS Institute (Cary, NC).

3. RESULTS
3.1 In silico analysis of putative binding sites for let-7 miRNA in the 3’-UTR of Bach1
mRNA

We employed three algorithms, TargetScan5.1, PicTar and miRanda for the in silico
prediction of binding sites in the Bach1 mRNA for let-7 miRNA and found two perfect seed
region matches between let-7 miRNA and Bach1 3’-UTR (Table 1 and Suppl. Fig. 1). These
sites are highly conserved in the human, mouse, rat, dog, chicken and pig. No perfect
binding site predicted for let-7 miRNA in the coding region of Bach1 was identified.

3.2 let-7b, let-7c and miR-98 directly act on the 3’-UTR of Bach1 mRNA in Huh-7 cells
To determine whether let-7 miRNA directly binds the predicated sites of the Bach1 3’-UTR,
we performed luciferase reporter assays. We chose three representative members in the let-7
miRNA family, namely let-7b, let-7c and miR-98, and over-expressed their levels by
transfecting Huh-7 cells with let-7b, let-7c, miR-98 miRNA mimics. We also transfected
Huh-7 cells with MMNC as controls. Two firefly luciferase reporter constructs, pLSV40-
GL3/Bach1-WT with two perfect seed match sites for let-7 miRNA (Fig.1A), and pLSV40-
GL3/Bach1-Mut with partial seed match for let-7b, let-7c and miR-98 that failed to meet the
criteria for miRNA binding (Fig.1B), were used. let-7b, let-7c, or miR-98 mimic resulted in
a significant decrease in Bach1 3’-UTR-dependent luciferase activity but not in mutant
Bach1 3’-UTR-dependent luciferase activity, whereas MMNC had no effect on WT or
mutant reporter luciferase activities (Fig.1C). These results demonstrated that let-7b, let-7c
and miR-98 directly target Bach1 3’-UTR.

To obtain additional evidence of direct interaction between let-7 miRNA and Bach1-3’-
UTR, mutant let-7b with four nucleotides replaced in the seed region was created to re-
establish perfect seed region matches between mutant let-7b and mutant Bach1 3’-UTR (Fig.
2A). We predicted that mutant let-7b, containing two perfect seed region sites for mutant
Bach1 3’-UTR, should restore its effect on mutant reporter activity. Huh-7 cells were co-
transfected with pLSV40-GL3/Bach1-Mut, pRL-TK, and with increasing concentrations of
let-7b or mutant let-7b mimic, and luciferase reporter activity was assayed. As expected,
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mutant let-7b resulted in a significant reduction in let-7b, let-7c mutant reporter luciferase
activity, whereas let-7b did not affect mutant reporter luciferase activity (Fig.2B), further
indicating the direct interaction between let-7 miRNA and the 3’-UTR of Bach1 mRNA.

3.3 let-7 miRNA directly down-regulates Bach1 gene expression at a post-transcriptional
level in Huh-7 and HepG2 cells

Having shown that let-7b, let-7c and miR-98 directly act on the 3’-UTR of Bach1 mRNA,
we next determined whether let-7 miRNA regulates Bach1 gene expression in Huh-7 cells
and hepG2 cells. The effects of let-7 miRNA mimics or inhibitors on Bach1 mRNA and
protein levels were examined by real-time qRT-PCR and WB, respectively. We first
determined time-course effect of let-7b mimic on Bach1 mRNA and protein levels, and then
chose three representative members, including let-7b, let-7c and miR-98, and over-expressed
their levels by transfecting Huh-7 cells with let-7b, let-7c, miR-98 miRNA mimics. let-7b,
let-7c, or miR-98 mimic resulted in 50–70% reduction of Bach1 protein levels compared
with MMNC (Figs.3A&C). No significant effect of these mimics on Bach1 mRNA levels
was observed (Figs.3B&D), which is consistent with our previous observations.

Next, we transfected Huh-7 cells with a combination of let-7a, let-7c and let-7e inhibitors
and assessed effects of these inhibitors on Bach1 mRNA and protein levels by real-time
qRT-PCR and WB, respectively. We chose to inhibit let-7a, let-7c and let-7e levels since
these members of the let-7 miRNA family are moderately abundantly expressed in Huh-7
cells and are the most abundant let-7 miRNAs in the let-7 miRNA family members
expressed in Huh-7 cells (Suppl. Fig. 2), and inhibition of these miRNAs were expected to
largely decrease let-7 miRNA levels in Huh-7 cells (Suppl. Fig.3B). let-7a, let-7c and let-7e
inhibitors (20 nM each) significantly up-regulated Bach1 protein levels in comparison to
negative controls in Huh-7 cells (Figs.4A&B) without affecting Bach1 mRNA levels (Fig.
4C).

3.4 let-7 miRNA up-regulates HMOX1 gene expression and protects cells from oxidative
injury in Huh-7 cells

We asked whether down-regulation of Bach1, a well-documented transcriptional repressor
of the HMOX1 gene, increases HMOX1 gene expression. We determined the effects of
let-7b, let-7c and miR-98 mimics on HMOX1 mRNA levels by real-time qRT-PCR. Huh-7
cells were transfected with let-7b, let-7c or miR-98 mimic or MMNC as control. As
anticipated, these let-7 miRNA mimics significantly up-regulated HMOX1 mRNA levels by
3–4-fold in comparison with non-specific MMNC (Fig.5A). The up-regulation of HMOX1
by these miRNAs was correlated with down-regulation of Bach1 gene expression.
Furthermore, a combination of let-7a, let-7c and let-7e inhibitors (20 nM each) significantly
inhibited let-7 miRNA-mediated up-regulation of HMOX1 gene expression in Huh-7 cells
(Fig.5B).

In our last set of experiments, we determined whether over-expression of let-7 miRNA
could protect cells from oxidative injury. tBuOOH is widely used model oxidant for
experiments to increase intracellular ROS levels and to produce oxidative injury, and
therefore was used to increase cellular ROS and produce oxidative injury in Huh-7 cells.
Huh-7 cells were transfected with let-7b mimic or MMNC as control for 48 h. Cells with
let-7b mimic transfection showed significant protection from oxidant-mediated cytotoxicity
compared with cells transfected with MMNC (Figs.6A & B). Over-expression of let-7b
significantly blocked increased cellular ROS induced by tBuOOH in Huh-7 cells transfected
with let-7b mimic but not MMNC (Suppl. Fig. 5). And then we asked if the protection
against oxidative injury by let-7b is through the pathway to down-regulate Bach1 and up-
regulate HMOX1. To this end, we performed experiments to over-express Bach1 by using
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an expression vector containing the coding region of the human Bach1 gene [30] and
determine the effects of over-expression of Bach1 on the let-7b-mediated protection against
tBuOOH induced oxidative stress. Transfection of Bach1 expression vector resulted in a
marked increase in Bach1 protein levels. let-7b mimic significantly protected cells from
tBuOOH induced oxidative injury, whereas the protection was abrogated by over-expression
of Bach1 in Huh-7 cells (Figs. 6C&D).

4. DISCUSSION
The major novel findings of this study are summarized as follows: 1) The predicted binding
sites in the 3’-UTR of Bach1 for let-7 miRNA are functional as demonstrated by multiple
lines of evidence, including (a) two conserved 7-mer sites in the 3’-UTR of Bach1 that
perfectly match the “seed region” (positions 2–8) of let-7 miRNA in initial in silico analysis
(Table 1 and Suppl. Fig.1); (b) the expected effects of these miRNAs on luciferase activities
of the luciferase reporter constructs harboring the wild type and mutant Bach1 3’-UTRs
(Figs.1&2); (c) down-regulation of Bach1 protein levels by over-expression of let-7b, let-7c
and miR-98 (Figs.3A&C); and (d) up-regulation of Bach1 protein levels by let-7 miRNA
inhibitors (Figs.4A&B); 2) Over-expression of let-7 miRNA attenuates oxidative injury via
enhancement of the HMOX1 gene expression in human hepatocytes (Figs.5&6, Suppl.Fig.
5). These results suggest that over-expression or up-regulation of let-7b, let-7c and miR-98
represents a novel therapeutic approach for protecting human hepatocytes from oxidant
injury as may occur in hepatitis, and other forms of liver disease.

miRNAs have emerged as a class of important modulators of gene expression at the post-
transcriptional level, acting mainly through translational regulation and mRNA
destabilization [32–36]. In mammals, miRNAs are predicted to regulate more than 60% of
all protein-coding genes[37]. The numbers of miRNAs continue to grow, and additional
candidate genes regulated by miRNAs continue to be identified. The role for miRNA in
regulating HMOX1, either directly or indirectly, has remained largely unknown. HMOX1
contains a relatively short 3’-UTR of 603 nucleotides (nt). Therefore, there are limited
numbers of candidate miRNAs that are predicted to bind this gene and modulate its
expression directly. A recent study demonstrated that miRNA-217 and miR-377 in
combination decrease HMOX1 protein expression and enzymatic activity by directly
interacting with the 3’-UTR of the HMOX1 mRNA, and knockdown of both miRNA-217
and miR-377 by their antagonists leads to a 2-fold increase in HMOX1 protein expression in
primary human umbilical vein cells (HUVEC)[38]. Bach1, an important repressor of
expression of HMOX1 and other heme-sensitive genes, has a much longer of 3’-UTR (3313
nt) which provides greater opportunity for putative miRNAs binding. We recently reported
that miR-196, which has two putative good match binding sites for the 3’-UTR of Bach1
mRNA, translationally represses the expression of this protein, and up-regulates HMOX1 in
human hepatoma cells [12]. Targeting Bach1 by miRNAs has emerged as an effective
approach to enhance the expression of the HMOX1 gene in the liver. In this work,
computational analysis predicted binding sites for let-7a, b, c, d, e, f, g, i and miR-98 in the
3’-UTR of Bach1 (Table 1 and Suppl. Fig.1). We over-expressed levels of the let-7 miRNA
by using let-7b, let-7c and miR-98 mimics, or inhibited the let-7 miRNA levels by let-7a,
let-7c and let-7e inhibitors, to validate or rule out a role for these miRNAs in regulation of
Bach1 and HMOX1. This selection was based on the TargetScan context scores and
miRNAs abundance profile relative to the total pool of miRNAs expressed in human liver
cells (Suppl. Fig. 2). We demonstrated that let-7 miRNA bind to the 3’-UTR of Bach1 and
directly down-regulate expression of this protein at a post-transcriptional level. Recent work
has reported that let-7g suppresses Bach1 expression of both mRNA and protein levels in
breast cancer lines [39], a system which is different from that in the present work. Our
results in human hepatoma Huh-7 and HepG2 cells provide strong evidence that the let-7b, c
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and miR-98 down-regulate Bach1 gene expression at the protein level (Figs. 3&4, Suppl.
Fig. 4). Since no perfect binding site predicted for let-7 miRNA in the coding region and 3’-
UTR of HMOX1 exists, we do not expect a direct effect of let-7 miRNA on HMOX1.
Rather we propose that enhancement of HMOX1 by let-7 miRNA is achieved through direct
interaction of let-7 miRNA with Bach1, a well-recognized transcriptional repressor to
directly regulate HMOX1 gene expression.

There is increasing evidence in recent studies that several members of the let-7 miRNA
family are involved in human liver development, with let-7a, let-7b, and let-7c expressed at
least 2-fold higher in adult compared to embryonic liver [21], and in liver disorders such as
hepatocellular carcinoma [22, 23], hepatic fibrosis [24] and hepatitis [25]. In these and other
liver disorders oxidative stress is known to accelerate the development and progression of
disease, and antioxidant therapy has thus been proposed as treatment approach [40–43].
Over-expression of some of the let-7 miRNA family members was found to inhibit the
proliferation of human hepatocellular carcinoma by targeting tumor-related genes [23], and
to display anti-fibrotic effects, attributed to interaction with the mRNA of TGFβ-R1.
However, there is also the possibility that these let-7 miRNA members could act indirectly,
for example, by increasing expression of antioxidant proteins like HMOX1, a key
cytoprotective enzyme, intimately and critically involved in protecting cells against
oxidative stress and other types of stresses. This hypothesis was confirmed by our study.
Over-expression of let-7b, let-7c and miR-98 led to enhancement of HMOX1 levels and
protection of human liver cells against oxidative injury caused by tBuOOH. This is
noteworthy since the liver is subjected to oxidative stress due to a high rate of oxidative
metabolism, and oxidative stress has emerged as a key player in the development of diverse
liver diseases, including alcoholic and non-alcoholic steatohepatitis, iron and copper
overload, and chronic hepatitis C, etc. Therefore, over-expression of let-7 miRNA family
members may represent a novel therapeutic approach for protecting hepatocytes from
oxidative stress of diverse underlying cause.

In conclusion, the present study has established that let-7 miRNA directly interacts with the
3’-UTR of Bach1 mRNA and translationally represses the expression of this protein, leading
to up-regulation of the HMOX1 gene. Over-expression of the let-7 miRNA family members
may represent a potential novel therapeutic approach to liver disease characterized by
increased oxidative stress. Our findings thus add an important class of miRNAs that
influence expression of HMOX1, a key cytoprotective enzyme. Our studies also raise
important new questions such as interactions between oxidative stress and miRNAs that
need to be explored further. Studies are underway in our laboratory, designed to
systematically identify precise miRNAs, including those unknown miRNA sequences that
associate with oxidative stress, and to determine miRNA-mRNA interactions that regulate
cellular gene expression related to oxidative stress in cell cultures and human liver tissues by
using the latest high-throughput sequencing of RNAs isolated by cross-linking
immunoprecipitation cross-linking immunoprecipitation (CLIP) technology (HITS-CLIP).

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

BCA bicinchoninic acid

bZip basic leucine zipper

CLIP cross-linking immunoprecipitation

CO carbon monoxide

DMEM Dulbecco’s modified Eagle medium

FBS fetal bovine serum

GAPDH glyceraldehyde-3-phosphate dehydrogenase

HITS high-throughput sequencing

HMOX1 heme oxygenase1

MARE Maf recognition element

miRNA microRNA

MINC microRNA inhibitor negative control

MMNC microRNA mimic negative control

NQO1 NAD(P)H:quinone oxidoreductase

nt nucleotide(s)

PAGE polyacrylamide gel electrophoresis

PVDF polyvinylidene fluoride

qRT-PCR quantitative reverse transcription-polymerase chain reaction

ROS reactive oxygen species

SDS sodium dodecyl sulfate

tBuOOH tert-butyl hydroperoxide

UTR untranslated region

WB Western blot
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Highlights

• let-7 miRNA directly binds to the 3’-UTR of Bach1 and negatively regulates
Bach1 gene expression at a post-transcriptional level.

• let-7 miRNA thereby up-regulates the HMOX1 gene expression.

• Over-expression of let-7 miRNA attenuates oxidative injury in human
hepatocytes.
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Figure 1. let-7 miRNA mimics repress wild type but not mutant reporter activities
(A) The firefly luciferase reporter construct pLSV40-GL3/Bach1 containing two seed match
sites for let-7 miRNA is schematically illustrated; (B) Four nucleotides in two seed match
sites of the Bach1 3’-UTR (highlighted) were mutated, leading to a partial seed match at
positions 2–8 of let-7b, let-7c and miR-98 that failed to meet the criteria for miRNA
binding. Effects of let-7 miRNA on WT and mutant reporter activities were illustrated.
Huh-7 cells were co-transfected with 0.4 µg/mL of pLSV40-GL3/Bach1-WT or pLSV40-
GL3/Bach1-Mut, 0.4 µg/mL of pRL-TK (renilla) and with 50 nM let-7 mimic, or MMNC as
negative control by Lipofectamine 2000 as indicated. 48 h after transfection, the luciferase
reporter activities were measured using Dual Luciferase Assay System from Promega.
Firefly luciferase activities were normalized to renilla luciferase activities and total protein,
as indicated in Materials and Methods. Values for cells with 50 nM of MMNC transfection
were set equal to 1. Data are presented as means ± SE, n=3; (C) let-7b, let-7c and miR-98
significantly inhibit WT but not mutant reporter activities (*differs from MMNC only,
p=0.012, let-7b; p=0.016, let-7c; and p=0.012, miR-98).
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Figure 2. Mutant let-7b mimic inhibits the luciferase activity of mutant Bach1 3’-UTR reporter
(A) Four nucleotides in the seed match sites of let-7b were mutated, resulting in formation
of perfect seed region matches between mutant let-7b and mutant Bach1 3’-UTR; (B) Effect
of wild type or mutant let-7b mimic on mutant Bach1 3’-UTR reporter activity. Huh-7 cells
were co-transfected with 0.4 µg/mL of pLSV40-GL3/Bach1, 0.4 µg/mL of pRL-TK and with
0, 10, 20 or 50 nM wild type let-7b or mutant let-7b mimic for 48 h, firefly and renilla
luciferase activities were measured using Dual Luciferase Assay System from Promega.
Firefly luciferase activities were normalized to renilla luciferase activities and total protein,
as indicated in Materials and Methods. Values for cells without miRNA transfection were
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set equal to 1. Data are presented as means ± SE, n=3. *differs from 0, p=0.017, 10 nM;
p=0.004, 20 nM; and p=0.003, 50 nM).
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Figure 3. let-7 miRNA mimics down-regulate Bach1 protein levels in human Huh-7 cells
Human Huh-7 cells were transfected with 0–50 nM of let-7 miRNA mimics, or MMNC as
control by Lipofectamine 2000 for indicated times. Cells were harvested, and total RNA and
proteins were extracted. The levels of Bach1 mRNA and protein were assessed by real-time
qRT-PCR and WB, respectively, as described in Materials and Methods. The amounts of
Bach1 mRNA and protein were normalized to GAPDH, which did not vary with
transfection. Values for cells at time 0 or with a MMNC transfection were set equal to 1.
Data are presented as means ± SE, n=3. * differs from time 0 or negative control, P<0.05.
(A) WB analysis of time-course effects of let-7b mimic on Bach1 protein levels; (B) Time-
course effects of let-7b mimic on Bach1 mRNA levels; (C) WB analysis of effects of let-7b,
let-7c and miR-98 mimics on Bach1 protein levels; (D) Effects of let-7b, let-7c and miR-98
mimics on Bach1 mRNA levels.
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Figure 4. let-7 miRNA inhibitors up-regulate Bach1 protein levels in human Huh-7 cells
Huh-7 cells were transfected with let-7 miRNA inhibitors which contain a combination
let-7a, let-7c and let-7e inhibitors, or MINC as control by Lipofectamine 2000. 48 h after
transfection, cells were harvested and total RNA and proteins were extracted. Bach1 mRNA
and protein levels were assayed by real-time qRT-PCR and WB, respectively. The amounts
of Bach1 mRNA and protein were normalized to GAPDH, which did not vary with
transfection. Values for cells with a mock transfection (0) were set equal to 1. Data are
presented as means ± SE, n=3. (A) Up-regulation of Bach1 protein levels by let-7 miRNA
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inhibitors; (B) Densimetric analysis of Bach1 and GAPDH band intensities (*p=0.009, let-7
inhibitors vs MINC); (C) Lack of effect of let-7 miRNA inhibitors on Bach1 mRNA levels.
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Figure 5. Effects of let-7 miRNA mimics and inhibitors on expression of the HMOX1 gene in
human Huh-7 cells
Huh-7 cells were transfected with let-7 miRNA mimics, MMNC, let-7 miRNA inhibitors (a
combination of let-7a, let-7c and let-7e inhibitors) or MINC by Lipofectamine 2000 for 48
h. Cells were harvested, and total RNA was then extracted. The levels of HMOX1 mRNA
were assessed by real-time qRT-PCR. The amounts of HMOX1 mRNA were normalized to
GAPDH which did not vary with transfection. Values for cells with mimic or inhibitor
negative control transfection were set equal to 1. Data are presented as means ± SE, n=3.
(A) let-7 miRNA mimics up-regulate HMOX1 mRNA levels (*differs from MMNC only,
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p=0.004, let-7b; p=0.002, let-7c; and p=0.001, miR-98); (B) let-7 miRNA inhibitors down-
regulate HMOX1 mRNA levels (*p=0.005, let-7 inhibitors vs MINC).
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Figure 6. Over-expression of let-7b protects cells from oxidative injury in Huh-7 cells
Huh-7 cells were transfected for 48 h with 50 nM of let-7b or MMNC by Lipofectamine
2000. Cells were then incubated with the indicated concentrations of tBuOOH for 4 or 6 h.
CellTiter-Glo® Reagent was added for CellTiter-Glo luminescent cell viability assay on a
Synergy HT microplate reader with integration time set for 0.25 to 1 second. Decreases in
luminescence were taken as an index of cellular cytotoxicity. Data represent means ± SE of
triplicate determinations. Data are presented as means ± SE, n=3. * differs from MMNC
only, P<0.05. Susceptibility of Huh-7 cells transfected with MMNC and let-7b to tBuOOH
induced oxidative injury was compared. (A) 4 h after tBuOOH treatment (*differs from
MMNC, p= 0.03); (B) 6 h after tBuOOH treatment (*differs from MMNC, p=0.03); (C) WB
analysis of over-expression of Bach1 by pCMV-Bach1; (D) The protection of cells by let-7b
against oxidative injury was ablated following over-expression of Bach1. Huh-7 cells were
transfected with 0.4 µg/mL of pCMV-Bach1 or pCMV-XL5, a control vector without Bach1
cDNA insertion for 24 h, and then transfected with 50 nM of let-7b or MMNC for 48 h.
Cells were then incubated with 400 µM of tBuOOH for 6 h. Cell viability assays were
performed as described above. Data are presented as means ± SE, n=3. #p=0.006 and
*p=0.001.
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Table 1

Computational analysis of binding sites for let-7a, let-7b, let-7c, let-7e and miR-98 in the 3’-UTR of Bach1
mRNA
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