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Abstract
Ethanol exerts complex effects on human physiology and health. Ethanol is not only addictive, but
it is also a fetal teratogen, an adult neurotoxin, and an etiologic agent in hepatic and cardiovascular
disease, inflammation, bone loss and fracture susceptibility. A large number of genes and
signaling mechanisms have been implicated in ethanol's deleterious effects, leading to the
suggestion that ethanol is a “dirty drug”. An important question is, are there cellular “master-
switches” that can explain these pleiotropic effects of ethanol? MicroRNAs (miRNAs) have been
recently identified as master regulators of the cellular transcriptome and proteome. miRNAs play
an increasingly appreciated and crucial role in shaping the differentiation and function of tissues
and organs in both health and disease. This critical review discusses new evidence showing that
ethanol-sensitive miRNAs are indeed regulatory master-switches. More specifically, miRNAs
control the development of tolerance, a crucial component of ethanol addiction. Other drugs of
abuse also target some ethanol-sensitive miRNAs suggesting that common biochemical
mechanisms underlie addiction. This review also discusses evidence that miRNAs mediate several
ethanol pathologies, including disruption of neural stem cell proliferation and differentiation in the
exposed fetus, gut leakiness that contributes to endotoxemia and alcoholic liver disease, and
possibly also hepatocellular carcinomas and other gastrointestinal cancers. Finally, this review
provides a perspective on emerging investigations into potential roles of miRNAs as mediators of
ethanol's effects on inflammation and fracture healing, as well as the potential for miRNAs as
diagnostic biomarkers and as targets for therapeutic interventions for alcohol related disorders.

1The following critical review condenses the proceedings of a symposium held at the 32nd Annual Meeting of the Research Society
on Alcoholism, June 20–24, San Diego, CA.
2miRNA annotation throughout this review is based on Human Genome Organization nomenclature
(http://www.hugo-international.org/)
#Corresponding author: miranda@medicine.tamhsc.edu.
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i. Overview
In the past decade or so, small non protein-coding RNAs (ncRNAs) have come to be
appreciated as key regulators of gene expression. Among these, microRNAs (miRNAs) have
garnered perhaps the most attention, as they are conserved among phylogenetically distant
animals and are derived from previously unrecognized endogenous genes as well as from
intronic and exonic regions of known protein-coding genes. Moreover, miRNAs have been
shown to play critical roles in a broad array of fundamental biological processes, including
regulation of the cell cycle, oncogenic transformation, stem cell regeneration and
differentiation, immune cell differentiation, metazoan development, and organogenesis.

Consistent with these diverse roles, the regulatory potential of miRNAs is substantial as they
number more than 700 in the humans alone (http://microrna.sanger.ac.uk; (Griffiths-Jones et
al., 2008)) and often act as “master” regulators, capable of silencing the expression of large
collections of target genes. These target genes are defined by short sequences in their 3' un-
translated regions (UTRs) that are complementary to a given miRNA. Presumably,
relegating these target sequences to this non-coding region has facilitated the expansion of
the regulatory influence of miRNAs through evolution.

As depicted in Figure 1, primary miRNAs transcripts possess partial internal
complementarity and, thus, adopt stem-loop hairpin structures. These precursors are then
successively cleaved by two ribonucleases, Drosha and Dicer, to yield an RNA duplex, one
strand of which is the mature 21–23-bp miRNA. In the cytoplasm, the miRNA associates
with the Argonaute protein and additional accessory proteins to form a so-called RNA-
induced Silencing Complex (RISC). Serving as an adaptor, the miRNA guides this effector
complex to mRNAs possessing a complementary 3' UTR target sequence. Depending on the
extent of complementarity, silencing typically results from either translational repression or
Argonaute-catalyzed mRNA cleavage (Ambros, 2003).

i.a. Effect of ethanol on miRNA Expression and Function
Given the breadth of processes that miRNAs are known to regulate, it is reasonable to
expect that they will play significant roles in mediating the effects of ethanol. While this
remains largely unexplored, in the sections to follow, the authors present recent data
showing that alterations in miRNA levels and miRNA-regulated biology are indeed
associated with mechanisms of ethanol-induced tolerance, gut leakiness, and neural stem
cell proliferation and differentiation (Pietrzykowski et al., 2008; Sathyan et al., 2007; Tang
et al., 2008). In two additional recent reports (Dolganiuc et al., 2009; Wang et al., 2009a),
using larger-scale miRNA screens, the authors reported that ethanol altered the expression of
2–3% of sampled miRNAs in murine models of ethanol-induced steatohepatitis and fetal
brain injury. The miRNA changes observed were roughly equally divided between being up-
regulated and down-regulated. While the absolute number of ethanol-sensitive miRNAs is
apparently small, the capacity of individual miRNAs to control large numbers of genes
suggests that miRNA expression changes will be amplified at the cellular and system level.
Interestingly, only one miRNA, miR200a, was identified in both of these studies, suggesting
that ethanol engenders tissue-specific miRNA responses, and hence tissue-specific miRNA-
regulated biology.
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i.b. Possible Mechanisms of Ethanol-induced Dysregulation of miRNA Expression
At this point we can only speculate about how ethanol exposure might trigger alterations in
miRNA levels. It is well documented that ethanol alters the activities of various signal
transduction pathways, including those involving receptor tyrosine kinases and MAP
kinases, that regulate the activities of transcription factors and, thereby alter gene
expression. Thus, it is entirely possible that ethanol can alter miRNA levels in this manner
as well.

Another intriguing possibility worthy of consideration is that epigenetic changes due to
ethanol may account for altered expression of some miRNAs. Epigenetic regulation of gene
activity is primarily mediated by direct methylation of DNA itself as well as by acetylation,
methylation, and phosphorylation of histone proteins, which govern DNA condensation.
Several reports suggest mechanisms by which ethanol can reduce DNA methylation levels.
Gestational ethanol exposure has been shown to cause reductions in fetal DNA methylation
levels that could be explained by the ability of acetaldehyde, a metabolite of ethanol, to
inhibit DNA methyltransferase activity (Garro et al., 1991). Ethanol consumption has also
been shown to be associated with reduced DNA methyltransferase transcript levels and
altered methylation of imprinted DNA regions in sperm (Bielawski et al., 2002; Ouko et al.,
2009). In addition, chronic ethanol consumption can impair 1-carbon metabolism,
consequently diminishing the availability of S-adenosyl-methionine (SAMe). This methyl
donor is required for both DNA and histone methylation (Hamid et al., 2009; Shukla et al.,
2008). Ethanol-mediated reductions in DNA methylation could be expected to increase
expression of affected genes, including those encoding miRNAs.

The consequences of impaired histone methylation are less predictable as methylation may
have opposing effects on gene regulation, depending which lysine residue is modified.
However, a study of hepatocytes (Choudhury and Shukla, 2008) indicates that ethanol
promotes histone H3 acetylation on lysine 9, a modification associated with transcriptional
activation. This apparently results from a combination of histone acetyl transferase (HAT)
activation and histone deacetylase (HDAC) inhibition. Taken together, these observations
suggest that ethanol can alter the epigenetic landscape and thus contribute to altered
regulation of miRNA expression.

II. miRNA roles in Ethanol Tolerance and Addiction
ii.a. miRNA contribution to ethanol tolerance

Drug tolerance is one of the initial steps leading to addiction, and an essential criterion in the
diagnosis of drug dependence. Tolerance was initially described as a behavioral
phenomenon, and defined as an increase in the exposure to a drug necessary to achieve
constant response to the drug (Kalant, 1998). The American Medical Association identifies
ethanol dependence (referred here also as alcoholism) as a psychiatric disease with
characteristic signs and symptoms, and a progressive course (Hasin, 2003). About 12% of
American adults will experience ethanol dependence at some time in their lives, incurring
enormous social and medical costs. Tolerance to ethanol is an important inclusion criterion
to diagnose alcohol dependence. The development of tolerance enforces increased ethanol
consumption over time, to achieve the same level of intoxication. The principle of ethanol
tolerance can also be observed at the molecular level. For example, initial exposure to
ethanol activates an ion channel, however subsequent chronic ethanol exposure may abolish
activation of that channel. Modern life sciences assume that molecular mechanisms underpin
every type of behavior. However, the exact mechanisms underlying molecular tolerance are
complex, and far from well understood (Pietrzykowski and Treistman, 2008).

Miranda et al. Page 3

Alcohol Clin Exp Res. Author manuscript; available in PMC 2011 April 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



We recently discovered that a miRNA-based mechanism contributes to the development of
molecular tolerance to ethanol (Pietrzykowski et al., 2008). We observed that in rodent
neurons, isolated from the central nervous system, ethanol upregulates one particular
miRNA, miR9, which subsequently affects expression of mRNA splice variants of the main,
pore-forming, alpha subunit of BK channel, a high conductance calcium- and voltage-
dependent potassium channel (Atkinson et al., 1991). We determined that neurons co-
express multiple mRNA variants encoding different isoforms of the BK channel, which vary
in some of their properties. Expression of several isoforms of the same ion channel
presumably enables a cell to be “plastic” and to respond quickly to everchanging
environmental cues. Interestingly, BK channel isoforms also differed in their activation by
ethanol. Some isoforms were very sensitive to ethanol, while others have low sensitivity or
even innate tolerance to ethanol. We hypothesized that the molecular mechanism of
development of ethanol tolerance by the BK channel will include a change in the ratio of
ethanol sensitive and ethanol tolerant isoforms towards ethanol tolerant isoforms.
Quantification of individual variants before ethanol exposure and at various times of
exposure (ranging from 15 min to 24 hrs) to physiologically relevant ethanol concentrations
(20 mM) indeed supported our hypothesis. We observed a radical reduction of splice variant
diversity - specifically a profound decrease in ethanol-sensitive variants. Computational
modeling indicated that this decrease contributed to a relative increase in the expression of
mRNA variants encoding ethanol tolerant BK channels.

Recent discoveries point to miRNAs and other ncRNAs as fundamental regulatory
molecules. Therefore, we decided to determine whether miRNAs could play a role in the
described mechanism of the development of molecular tolerance to ethanol. To answer this
question we focused on the BK channel 3'UTR – an untranslated region of mRNA, known
for its regulation of mRNA stability and a target for miRNAs. We discovered that the BK
channel possess several alternate 3'UTRs, each exhibiting different miRNA binding patterns.
Interestingly, a miR9 binding site was present on only one of these 3'UTRs. Further
experiments indicated that the 3'UTR containing a miR9 binding site is “stitched” to mRNA
transcripts encoding BK isoforms of high ethanol sensitivity. Thus, ethanol by upregulating
miR9, increases the probability of interaction between miR9 and its binding site located on
specific 3'UTRs. As a consequence of this interaction, mRNAs associated with these 3'UTRs
are degraded, biasing the ratio of ethanol sensitive/ethanol tolerant variants toward
tolerance.

The BK channel is abundant in brain and is critical for neuronal function (Dworetzky et al.,
1994). However, there is mounting evidence that miRNAs influence multiple targets.
Therefore, in the last series of experiments, we searched whether a similar regulation can be
attributable to other molecules important for neuronal activity and known to be affected by
ethanol exposure. Indeed, our data indicate that ethanol via miR9 can also affect expression
of at least ten other molecules crucial for synaptic plasticity, circadian rhythm, or
neurotransmitter release (Pietrzykowski et al., 2008).

ii.b. Alcoholism and miRNAs
Alcoholism is a multigenic disease, in which large gene networks are affected. Considering
widespread effect of miR9 on expression of several genes relevant to ethanol actions on the
CNS, it is tempting to speculate that miR9 plays a substantial role in mediating ethanol's
effects on the development of alcoholism. The mammalian genome contains three
independent copies of the miR9 gene (miR9-1, 9-2 and 9-3 on human chromosomes 1, 5 and
15 respectively, according to miRbase, (Griffiths-Jones et al., 2008)). Although the mature
form of each miR9 gene-derived miRNA is identical, there are substantial differences in
their precursors as well as promoter regions. It is worth investigating whether this genomic
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variability contributes to the expression of miR9, and whether there are specific changes in
miR9 genes and their regulatory regions in humans addicted to ethanol.

ii.c. miRNAs and other drugs of abuse
“miRNA-ology” is a relatively young field and publications describing roles of miRNAs in
addiction are starting to emerge. Besides ethanol, a role for miRNAs has recently been
assessed for two other drugs of abuse, nicotine and morphine.

Recently, Huang and Li (Huang and Li, 2009) tested the hypothesis that miRNAs mediate
effects of nicotine on gene expression. Using rodent neuronal cell culture and miRNA
microarrays they measured the effect of 1 hour of 100 uM nicotine exposure on miRNA
expression. They determined that short-term nicotine exposure upregulated the expression of
11 miRNAs, while downregulating the expression of an additional 14 miRNAs. Next, they
focused on miR140* because it potentially targeted several genes important for neuronal
function. One of the prominent targets of miR140* is Dnm1. This gene encodes a large
GTPase, dynamin-1, which plays a central role in synaptic endocytosis (Ferguson et al.,
2007). Huang and Li showed in a series of experiments that expression of miR140* is
upregulated by nicotine exposure, that miR140* can bind to Dnm1mRNA 3'UTR region,
and that miR140* regulates expression of Dnm1 mRNA. Specifically relevant to research on
ethanol addiction, these authors also report that nicotine downregulates miR21 and miR335.
Interestingly, as discussed below (Sathyan et al., 2007), ethanol also down-regulates these
two miRNAs. Since ethanol is frequently co-abused with nicotine, these data point toward
an intriguing possibility that at least some of miRNAs can explain overlapping mechanisms
of ethanol and nicotine actions.

Chronic nicotine (Shan et al., 2009) has also recently been shown to decrease the expression
of miR133 and miR590 in canine cardiomyocytes, while targets of these two miRNAs,
TGF-β1 and TGF-βRII, were upregulated. As TGFs play an important role in regulating the
production of collagens and the development of myocardial fibrosis, nicotine regulation of
miRNAs could contribute to nicotine-related atrial remodeling and arrhythmias. Ethanol is
well known to cause severe heart remodeling and malfunctions e.g. cardiomyopathy,
supraventricular arrhythmias (Klatsky, 2009). It is tempting to hypothesize that, similarly to
nicotine, ethanol-related heart failure is caused, at least partially, by miRNA-dependent
mechanisms.

Evidence that miRNAs are also involved in actions of opioids in neurons comes from work
by Wu (Wu et al., 2008b; Wu et al., 2009). They discovered that the 3'-UTR of the mu-
opioid receptor (MOR1) mRNA contains a functional binding site for the miRNA miR23b.
miR23b binds to MOR1 3'UTR via a K box motif halting association of the mRNA with
polysomes and arresting MOR1 protein production, without causing mRNA degradation
(Wu et al., 2008b). Moreover, prolonged exposure to morphine caused a dose-dependent
increase in miR23b levels in neuronal cells, suggesting a role of miR23b in an auto-
regulatory feedback loop. Interestingly, miR23b upregulation was only observed after
exposures longer then 6 h (Wu et al., 2009). Further studies are warranted to determine the
exact molecular mechanisms underlying this phenomenon.

ii.d. miRNAs and drug addiction
The role of miRNAs in drug addiction is just starting to be investigated. Pioneering work in
this field indicates clearly that miRNAs play important roles in the actions of ethanol and
other drugs of abuse. The emerging picture is already very complex, showing an intricate
relationship between miRNAs and drugs of abuse. Ethanol can cause simultaneous
upregulation of some miRNAs while downregulating others. Ethanol's effect on a particular
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miRNAs can depend on dose and cell type. Some miRNAs can be modulated by both
ethanol and nicotine, suggesting a novel overlap in the molecular mechanisms of these
drugs. However, a clear outcome of these initial studies is the evidence that drugs of abuse
can control the expression of genes and gene networks in cells, by controlling miRNAs.
Perhaps miRNAs serve as molecular convergence points for mechanisms that underlie the
development of drug tolerance and dependence.

III. Ethanol's Effects on Neural Stem Cell Maturation: Implications of
miRNAs for Fetal Ethanol Teratology

Ethanol is clearly addictive and as discussed above, miRNAs can control important
components of addiction like the development of tolerance (Pietrzykowski et al., 2008).
However, ethanol is also an important teratogen, and emerging evidence shows that miRNA
expression is sensitive to ethanol during development and that miRNAs mediate ethanol
teratology (Sathyan et al., 2007; Wang et al., 2009a).

iii.a. Ethanol as a teratogen
Heavy ethanol consumption during pregnancy can lead to growth retardation, mental
retardation, and a constellation of craniofacial, cardiovascular and skeletal defects that are
collectively termed the “Fetal Alcohol Syndrome” or FAS (Clarren, 1986; Clarren et al.,
1978). The rate of FAS births in the general population has not declined (estimated at ~0.2–
1.5 cases/1000 live births (Bertrand et al., 2005)), and the rates of Fetal Alcohol Spectrum
Disorders (FASD, a broader category that includes less severe ethanol effects, (Sokol et al.,
2003)) are unknown, but estimated to be significantly higher. Ethanol consumption during
pregnancy continues to be the leading preventable cause of childhood mental retardation in
the United States.

iii.b. Fetal stem cells are an ethanol target
The tail-end of the first trimester, and the second trimester of pregnancy together represent a
unique period of fetal vulnerability to ethanol and other teratogens, because, during this
period of development, which corresponds to the second half of gestation in the mouse and
rat, stem cells (NSCs) and progenitor cells (NPCs) of the fetal ventricular and subventricular
zones proliferate rapidly to generate most of the neurons of the adult brain (Bayer et al.,
1993). Second trimester-equivalent exposure to ethanol has been reported to lead to a loss of
hippocampal neurons (Barnes and Walker, 1981) altered cortical neurogenesis (Miller,
1989; Miller, 1996; Miller and Nowakowski, 1991), enlargement of the sub ventricular
zone, an intermediate neurogenic layer (Kotkoskie and Norton, 1989), disorganized cortical
architecture (Kotkoskie and Norton, 1988), and a disruption in lamination patterns
specifically in the earliest generated lamina of the emerging cortical plate (Kotkoskie and
Norton, 1989).

In a series of experiments using fetal rodent neurosphere cultures to model the second
trimester fetal neuroepithelium, we found that fetal NSCs/NPCs were a direct target of
ethanol. Surprisingly both rodent (Prock and Miranda, 2007; Santillano et al., 2005) and
human (Vangipuram et al., 2008) fetal derived NSCs/NPCs are highly resistant to ethanol-
induced cell death, even at doses up to 200 mM. However, we observed that ethanol, at
abuse-relevant doses, induced an increase in the size of neurosphere cultures, and increased
in the proportion of cells in S and G2/M phase (Santillano et al., 2005). This ethanol-
induced increase in cell cycle was accompanied by the loss of a specific stem cell-specific
marker (ABCG2) as well as a loss of other stem/progenitor markers (CD117, CD133 and
Sca-1), without an overall change in the expression of the generic immaturity marker, nestin.
From these data, we hypothesized that ethanol, promoted cell cycle, resulting in increased
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maturation, and consequently, depletion of stem and early progenitor cells. In support of this
hypothesis, we observed that ethanol-pretreated neurosphere cultures exhibited increase
evidence for morphologic asymmetric cell division, and an emergence of radial glial-like
cells. Since radial glia are the immediate precursors for neurons (Anthony et al., 2004; Gotz
and Barde, 2005), these data lend further support to a hypothesis that ethanol depletes neural
stem cell pools by inducing maturation rather than death. A final piece of evidence that
ethanol is teratogenic to stem cells, comes from our observation that differentiating
neuroblasts, derived from ethanol pre-exposed neurosphere cultures exhibit significantly
increased migration, compared to non-exposed controls, when cultured on a permissive
extracellular matrix substrate (Camarillo and Miranda, 2008). This final evidence for ethanol
teratogenesis in NSCs/NPCs is important, as this is direct evidence for persistent
(organizational) effects of ethanol in NSCs/NPCs. Additionally these data also advance a
possible mechanism for why ethanol exposure can lead to the formation of fetal neuronal
heterotopias in both children with FAS (Clarren, 1986) and in second trimester rodent
models (Komatsu, 2001; Mooney et al., 2004).

iii.c. MiRNA targets of ethanol control fetal neural stem cell maturation
The effects of ethanol on NSC/NPC maturation are ultimately complex and, as the above
data indicate, likely to result from the mis-recruitment of large gene networks and complex
biological processes. This factor reinforces the notion that ethanol is a “dirty drug” with
pleiotropic effects on cells and tissues, and stymies efforts to develop a coherent model for
ethanol teratogenesis. Nevertheless, the identification of miRNAs as biological targets of
ethanol offers one hope for developing a more coherent model of ethanol's actions, because
individual miRNAs have the capacity to control large gene networks to promote complex
biological endpoints. In a preliminary screen, we identified four miRNAs, miR9, miR21,
miR153 and miR335, that were suppressed by ethanol in NSCs/NPCs (albeit at a relatively
high dose, 70mM, more likely to be attained in an alcoholic (Adachi et al., 1991)). We
observed that knocking down miR21 resulted in rapid induction of apoptosis. However,
concurrently knocking down miR335 prevented the cell death resulting from knockdown of
miR21. These data indicated that miR21 was anti-apoptotic, whereas miR335 in contrast,
was a pro-apoptotic miRNA. Recent evidence from other laboratories shows that miR153 is
also a pro-apoptotic miRNA, because it suppresses the expression of anti-apoptosis genes
like Bcl-2 (Xu et al., 2009). Therefore, ethanol's concurrent suppression of miR21, miR153
and miR335 explains the apoptosis resistance of ethanol-exposed NSCs/NPCs. MiR335
knockdown also specifically resulted in increased BrdU incorporation in neurosphere
cultures, indicating that miR335 suppression may be the mechanism for ethanol-induction of
cell proliferation in neurosphere cultures (Figure 2).

In silico analyses predicted that the Notch receptor ligand, Jagged-1, and the neuron-specific
RNA binding protein ELAVL2/HuB were each targets of three out of four ethanol-sensitive
miRNAs respectively. As predicted, mRNA transcripts for both Jagged-1 and ELAVL2/
HuB were both induced by ethanol in neurosphere cultures. ELAVL2/HuB over-expression
is sufficient to promote neuronal differentiation (Akamatsu et al., 1999). The role of
Jagged-1 is more complex. Though activation of the notch pathway is associated with NSC
proliferation (Basak and Taylor, 2007), Jagged-1-induced proliferation helps establish
neuronal identity (Salero and Hatten, 2007). The induction of predicted differentiation-
associated genes would therefore, seem to further support a hypothesis that ethanol promotes
NSC maturation by de-repressing miRNA-inhibited neuronal identity factors.
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iii.d. Developmental and evolutionary constraints on miRNA involvement in the teratology
of ethanol

Interestingly, while ethanol suppresses miR9 in fetal-derived NSCs/NPCs (Sathyan et al.,
2007), miR9 is induced by ethanol in adult neurons (Pietrzykowski et al., 2008). Clearly,
developmental stage is likely to be a critical modulator of ethanol effects in target tissues.
An important and unanswered question is how developmental stage alters ethanol's actions.
Mir9 is an example of the potential complexity that besets the study of miRNA targets of
ethanol. The mammalian genome contains three independent copies of the miR9 gene (as
mentioned above). While the mature copies of miR9 are identical to each other, the
premature miRNA transcripts and their gene loci exhibit substantial variability. Emerging
evidence suggests that miR9 plays a role in maintaining neural stem cell fate by modulating
transcription and epigenetic factors (Li et al., 2006; Shibata et al., 2008; Zhao et al., 2009).
Further investigations will be required, to determine if different miR9 genes exhibit distinct
spatial and temporal expression patterns, and whether development stage-specific
transcription and epigenetic environments in turn influence the promoters for different miR9
genes.

While miR9 is expressed throughout vertebrate evolution, miR335 first appeared in
eutherian, (i.e., true placental) mammals, as an intronic miRNA within the maternally
imprinted gene MEST/Peg1 (UCSC genome browser, http://genome.ucsc.edu/, (Kent et al.,
2002)). While we know little about miR335's function, maternal uniparental disomy
(duplication of the imprinted maternal chromosome and loss of the expressed paternal
chromosome locus) in the region encompassing the MEST/Peg1, is an etiologic factor in the
Russell-Silver syndrome, an intrauterine and postnatal growth retardation syndrome,
characterized by developmental cognitive delay (Kotzot, 2008), with features somewhat
similar to that observed in FAS. Moreover, inactivation of the paternal MEST/Peg1 locus
leads to fetal and postnatal growth retardation in mouse models (Lefebvre et al., 1998).
Finally, the MEST/Peg1 locus is also implicated in FGF-dependent rostro-caudal patterning
of the fetal cerebral cortex (Sansom et al., 2005). While the specific contribution of miR335
to fetal growth and to fetal cortical patterning is currently unknown, miR335 (along with
miR9) has recently been shown to be suppressed during the maturation of A2B5-postitive
oligodendrocytic progenitors (Lau et al., 2008), suggesting that it may have a role, together
with miR9, in preventing the maturation of neural progenitors. It is tempting to speculate
that miR335 plays a mammalian-specific role in brain development given its evolutionarily
recent, mammalian-specific expression within fetal NSCs/NPCs, its capacity to control cell
survival and proliferation, and its potential to repress differentiation. Consequently,
miR335's sensitivity to ethanol suggests that this miRNA in conjunction with more
evolutionarily conserved miRNAs like miR9, miR21 and miR153 and perhaps others more
recently discovered (Wang et al., 2009a), may confer mammalian-specific patterns of
sensitivity to teratogens like ethanol.

IV. MiRNAs in ethanol-induced gastrointestinal disease
iv.a. A nexus between alcoholic liver disease (ALD) and ethanol-induced gut epithelial
dysfunction

Mounting evidence suggests that aberrant miRNA expression is associated with several
ethanol-induced gastrointestinal (GI) diseases, including ALD, a common and serious
complication of heavy drinking (Burbige et al., 1984; Galambos, 1972; Grant et al., 1988;
Maher, 2002). Since only ~30% of alcoholics develop ALD (Grant et al., 1988), additional
factors besides excessive ethanol consumption must be involved. Indeed, several recent
clinical observations and experimental studies strongly suggest that gut-derived endotoxin is
the key cofactor for ALD (Adachi et al., 1995; Bhagwandeen et al., 1987; Bode et al., 1987;
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Keshavarzian et al., 1999; Nanji et al., 1994). Our previous studies showed that only
alcoholics with ALD, and not those without ALD, developed intestinal hyper-permeability
(Keshavarzian et al., 1999). We also showed that chronic daily ethanol administration to rats
caused gut leakiness through iNOS signaling (Keshavarzian et al., 2001; Keshavarzian et al.,
2009; Tang et al., 2009b). Importantly, ethanol-induced gut leakiness in rats was associated
with endotoxemia and alcoholic steatohepatitis (Keshavarzian et al., 2009), and oats
supplementation prevented loss of intestinal barrier integrity, endotoxemia and
steatohepatitis (Keshavarzian et al., 2001; Tang et al., 2009a). These findings suggesting that
gut leakiness is permissive for the endotoxemia associated with ALD are not surprising. The
intestinal epithelium is a highly selective barrier that permits the absorption of nutrients
from the gut lumen into the circulation, but, normally, restricts the passage of harmful and
potentially toxic compounds including products of luminal microbiota (Clayburgh et al.,
2004; Hollander, 1992; Keshavarzian et al., 1999). Disruption of intestinal barrier integrity
(leaky gut) may lead to the penetration of bacterial products such as endotoxin from the
lumen into the mucosa, and then into the systemic circulation, and initiate local
inflammatory processes in the intestine and even in distant organs such as the liver
(Clayburgh et al., 2004; Hollander, 1992; Keshavarzian et al., 1999).

The primary epithelial structures regulating the intestinal barrier are tight junctional [TJ] and
adherens junctional proteins. Tight junctions function as gates that regulate intestinal
permeability (Clayburgh et al., 2004; Ivanov et al., 2005; Laukoetter et al., 2006; Turner,
2006). One key TJ protein is zonula occludens 1 (ZO-1), and ethanol-induced dysregulation
of ZO-1 in intestinal epithelial cells could underlie ethanol-induced gut leakiness. The
question is how chronic ethanol consumption disrupts TJ proteins including ZO-1.

iv.b. miRNA involvement in ethanol-mediated gut epithelial dysfunction
We recently explored the possibility that miRNAs are involved in the disruption of ZO-1,
hypothesizing that ethanol-induced gut leakiness could be due to the effects of ethanol on
expression of miRNAs that target TJ genes in intestinal epithelial cells. We studied the
effects of ethanol on miR212 in intestinal epithelial cells because preliminary in silico
analyses (Blow et al., 2006; Griffiths-Jones et al., 2006) predicted that ZO-1 was a target of
miR212. We first showed (Tang et al., 2008) that miR212 is highly expressed in intestinal
tissues. We also showed that ethanol-induced miR212 over-expression is accompanied by
reductions in ZO-1 protein expression, disruption of tight junction protein (ZO-1), and
increased permeability of monolayers of Caco-2 cells. Ethanol-induced miR-212 over-
expression correlated with ethanol-induced disruption of monolayer integrity. Most
importantly, we found (Tang et al., 2008) that miR212 levels in colon biopsy samples in
ALD patients were higher than in healthy controls; ZO-1 protein levels were lower. To see if
miR212 regulates ZO-1 levels, we conducted both overexpression studies using miR212
precursors and inhibition studies using miR212-specific antisense oligonucleotide inhibitors
(anti-miR212). The data showed that miR212 over-expression significantly inhibited ZO-1
protein expression and knocking down of miR212 expression in Caco-2 cells using anti-
miR212 significantly inhibited ethanol-induced hyperpermeability by 50% (Tang et al.,
2008). These studies suggest a novel mechanism for ethanol-induced gut leakiness, namely,
that ethanol induces miR212 over-expression, which disrupts intestinal barrier integrity by
inhibiting ZO-1 translation. This cascade leads to dysfunction of tight junctions and
increased intestinal permeability (Figure 3). This mechanism provides a potential therapeutic
target for preventing gut leakiness in patients with ALD (Tang et al., 2008).

Ethanol-induced changes in miRNA profiles in the digestive system are not limited to gut
leakiness. For example, ethanol-induced changes in miRNA expression in the liver was
recently reported (Dolganiuc et al., 2009). These authors found an aberrant liver miRNA
profile in alcoholic steatohepatitis (ASH induced by feeding mice a Lieber-DeCarli ethanol
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diet) and non-alcoholic steatohepatitis (NASH induced by feeding mice a methionine-
deficient (MCD) diet). They reported that the Lieber-DeCarli diet up-regulates ~1% and
down-regulates ~1% of known miRNAs; the MCD diet up-regulates ~3% and down-
regulates ~1% of known miRNAs in mouse liver. After 5 weeks of either diet, expression of
both miR705 and miR1224 was increased, while expression of miR182, miR183, and
miR199a-3p was down-regulated during Lieber-DeCarli feeding and upregulated during
MCD feeding. The authors proposed that changes in miRNAs contribute to impaired hepatic
lipid homeostasis and the inflammatory cascade in ASH and NASH (Figure 3).

iv.c. A role for miRNAs in ethanol-induced GI cancer
Lineage differentiation of intestinal epithelial cells is determined by developmental and
environmental signals. A role for miRNA in the differentiation of intestinal epithelial cells
was recently reported (Hino et al., 2008). This study showed that miR194 is highly induced
by hepatocyte nuclear factor-1 (HNF-1), a transcription factor that regulates gene expression
in intestinal epithelial cells. Their studies indicated that miRNAs are involved in lineage
commitment decisions in intestinal epithelium and that miRNA are regulated in a tissue-
specific manner in intestinal epithelium (Hino et al., 2008). Not surprisingly, dysregulated
miRNA profiles have been reported for several GI cancers such as colon and liver cancers.
For example, the role of miRNAs in colon cancer was first reported by Michael et al
(Michael et al., 2003). They identified miR-143 and miR-145 as dysregulated miRNAs in
colon cancer. Since then, the role of miRNAs in the carcinogenesis, genomics, prognosis,
and chemotherapy of colon cancer were studied and reviewed by others (Yang et al., 2009).
Recently, Sung et al reported that differential expression of miRNAs in plasma of colorectal
cancer patients is a potential marker for colorectal cancer screening (Ng et al., 2009a).
Tryndyak et al (Tryndyak et al., 2009) studied the role of miRNAs in rat model for dietary
methyl-deficiency induced hepatocarcinogenesis; this is relevant to hepatocarcinogenesis in
humans that is associated with viral hepatitis B and C infection, and with alcoholic and
metabolic liver diseases. They showed that methyl-deficiency inhibited the expression of
miRNAs, miR34a, miR127, miR200b, and miR16a, which are involved in the development
of hepatocellular carcinoma (HCC) through regulation of apoptosis, cell proliferation,
intercellular adhesion, and epithelial-mesenchymal transitions (Tryndyak et al., 2009).
miRNA expression profiling in human HCC cells and tissues and in experimental models of
HCC have been reviewed (Braconi and Patel, 2008). Recently, Kota et al (Kota et al., 2009)
reported that HCC cells exhibit reduced expression of miR26a, an miRNA that is normally
expressed at high levels in diverse tissues. They induced miR26a expression through
systemic administration of miR26a in a mouse model of HCC using adeno-associated virus.
Their results showed that induction of miR26a expression leads to inhibition of cancer cell
proliferation, induction of tumor-specific apoptosis, and dramatic protection from disease
progression without toxicity. These findings suggest that therapeutic strategies based on
modulation of miRNA activity hold great promise for many disorders in which miRNAs
play an important role in the disease mechanism (Kota et al., 2009). Thus, It is highly
plausible that ethanol-induced changes in miRNA profiles are involved in the increased
incidence and in the clinical course of several GI cancers. Proof of this hypothesis requires
further studies.

iv.d. miRNAs and inflammatory GI disease
Finally, changes in miRNAs that are induced by ethanol could be key in mediating ethanol-
induced inflammatory processes in intestine and liver because the potential importance of
miRNAs in intestinal inflammation has recently been demonstrated. Wu et al (Wu et al.,
2008a) measured miRNA expression in the intestinal mucosa of patients with active
ulcerative colitis (UC), inactive UC, Crohn's disease, irritable bowel syndrome, infectious
colitis, and microscopic colitis, as well as in healthy subjects by microarray and RT-PCR.
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Their results showed that 11 miRNAs were differentially expressed in active UC (8
increased and 3 decreased significantly). miR192 expression was decreased in colonic
epithelial cells in active UC. Macrophage inflammatory peptide (MIP)-2 was identified as a
target of miR192. In colonic epithelial cells, TNF, a proinflammatory cytokine that is
present in high levels in the inflamed intestine, induced miR192 reduction and MIP-2
overexpression (Wu et al., 2008a). MiRNAs not only appear to be involved in gut
inflammation, but also, in regulation of intestinal functions such as fluid secretion. For
example, Kapeller et al reported an association between a functional variant of miR510
target site of the serotonin receptor-type 3E gene (HTR3E) and diarrhea predominant
irritable bowel syndrome (Kapeller et al., 2008). It remains to be seen whether miRNAs that
target inflammation regulatory genes also play a role in ethanol-induced inflammation in the
intestine and liver.

In summary, recent studies provide compelling evidence for the role of miRNAs in
mechanisms underlying several ethanol-induced GI disorders. MiRNAs therefore represent
new therapeutic targets for the prevention and/or treatment of ethanol-related intestinal and
liver diseases.

v. Emerging Perspectives
v.a. MiRNAs and ethanol, implications for inflammation and fracture healing

Orthopedic surgeons have long recognized that fractures of alcoholics are more difficult to
heal successfully (Nyquist et al., 1997; Tonnesen et al., 1991) and have a higher incidence of
non-union3 (Foulk and Szabo, 1995; Nyquist et al., 1998), perhaps due to perturbations in
the initial, inflammatory stage of fracture healing. The inflammatory stage of fracture
healing involves a rapid and short lived influx of neutrophils, followed by monocyte/
macrophage infiltration and finally lymphocytes. Each of these cell types migrate to the site
and are maintained under the direction and signaling of chemokines and other regulatory
factors. Inflammation involves a highly coordinated sequence of events controlled by
positive and negative mechanisms, most assurdaly including miRNAs.

Chronic ethanol consumption dysregulates the immune system, favoring Th2- over Th1-type
immune responses, impairing the function of neutrophils and monocytes (Szabo, 1999), cells
that also control the inflammatory stage of fracture healing. An analysis of the involvement
of miRNAs in Th1-type inflammatory responses may therefore inform us about the potential
role of miRNAs in fracture healing as well. Bacterial endotoxin has recently been shown to
induce several miRNAs, e.g., miR132, miR146a/b and miR155, in a human monocyte cell
line (Taganov et al., 2006). MiR155 was also induced in bone marrow-derived
macrophages, stimulated via a variety of different mechanisms and pathways, including
ethanol-sensitive signaling molecules like TNF-α, JNK, and AKT (Androulidaki et al.,
2009; O'Connell et al., 2007; Tili et al., 2007), suggesting that miR155 is a common target
of the primary macrophage response to a broad range of inflammatory mediators.
Interestingly, endotoxin-mediated activation of mouse bone marrow, results in an induction
of miR155 as well as granulocyte/monocyte expansion (O'Connell et al., 2008), and miR155
is overexpressed in the bone marrow of patients with certain types of acute myeloid
leukemia (O'Connell et al., 2008), suggesting that miR155, once induced, contributes to the
expansion of myeloid lineages.

Other known ethanol sensitive miRNAs like miR9 may also contribute to inflammation-
associated activation of myeloid cells. For example, a recent report (Bazzoni et al., 2009)
showed that miR9 was up-regulated in human neutrophils and monocytes, when stimulated

3Non-union is due to inability of bony trabecular bridges to fuse the fractured ends, resulting in an inability of the fracture to heal.
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by TLR4 or the proinflammatory cytokines TNF-α, and IL-1β. A final interesting miRNA
involved in blood cell production and the inflammatory response is miR223, which is
expressed nearly exclusively in bone marrow (Chen et al., 2004). MiR223 increases as
granulocytic differentiation proceeds from granulocyte-monocyte progenitors through
peripheral blood granulocytes, but is repressed when the progenitors adopt the monocyte
fate (Johnnidis et al., 2008). Mef2c, a transcription factor that promotes myeloid progenitor
proliferation, is a target for miR-223 (Johnnidis et al., 2008). Overexpression of miR223
doubled the cells committed to the granulocyte-specific lineage while knock-down had the
opposite effect (Fazi et al., 2005). They also demonstrated regulatory control of miR233 by
the transcriptional factors NFI-A and C/EBPα, with NFI-A maintaining it at low levels and
C/EBPα up-regulating its expression (Fazi et al., 2005). The involvement of miRNAs in the
recruitment of neutrophils and monocytes to support inflammatory responses suggests a
strong likelihood that these miRNAs will also play an important role in fracture healing.

v.b. MiRNA profiling in postmortem brain of human alcoholics
A number of studies have used gene expression profiling to identify differentially expressed
genes in postmortem brain of long-term alcohol abusers (Flatscher-Bader et al., 2005;
Iwamoto et al., 2004; Lewohl et al., 2000; Liu et al., 2004; Liu et al., 2006; Mayfield et al.,
2002; Sokolov et al., 2003). The prefrontal cortex, which is important for judgment,
decision-making, and other cognitive function, has been of particular interest in several
expression studies because of its susceptibility to damage by ethanol abuse (Harper et al.,
1985; Kril et al., 1997; Kril and Harper, 1989). In a previous study we investigated 27
individual cases (14 well characterized alcoholics and 13 matched controls) and found that
long-term ethanol abuse altered the expression of a number of functionally related families
of genes including myelination, ubiquitination, apoptosis, cell adhesion, neurogenesis, and
neural disease (Liu et al., 2006). Importantly, gene expression patterns were identified that
accurately discriminated between control and alcoholic cases suggesting that ethanol abuse
reprograms gene transcription in specific and potentially predictable ways. It is interesting to
speculate that the genes that are important in distinguishing control from alcoholic groups
are under the control of regulatory elements such as miRNAs.

As discussed in previous sections, miRNAs can target many mRNA transcripts for either
translation repression or degradation, but the function of many human miRNAs is unknown.
Since altered gene expression patterns have been identified in response to long-term ethanol
consumption it is possible that miRNAs play a role in this regulation. While few published
miRNA reports have focused on human brain, support for this hypothesis comes from recent
studies demonstrating that peripheral myelin protein 22 (PMP22) is a target of miR29a
suggesting that myelin gene expression is regulated in part by miRNAs (Verrier et al.,
2009). Long-term ethanol use has been shown to significantly regulate a number of
myelination-related genes including PMP22 in a number of postmortem brain studies
(Flatscher-Bader et al., 2005; Lewohl et al., 2000; Liu et al., 2006). In addition, there is
growing evidence that altered miRNAs may be involved in a variety of neurodegenerative
disorders including Alzheimer's, Parkinson's, and prion diseases (Barbato et al., 2009;
Hebert and De Strooper, 2009; Hebert et al., 2009; Junn et al., 2009; Montag et al., 2009).
Interestingly, families of genes involved in neurodegeneration are significantly
overrepresented in the prefrontal cortex of alcoholics (Liu et al., 2006) suggesting a link
between alcoholism and other neurodegenerative conditions. Together these studies raise the
possibility that the altered expression of brain genes observed in human alcoholism may be
due to ethanol-induced changes in the levels of miRNAs.
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v.c. Diagnostic and therapeutic applications of miRNAs in ethanol abuse and dependence
Early diagnosis and treatment of complex diseases such as alcoholism may benefit from
miRNA studies designed to identify disease-specific molecular markers that provide a
fingerprint of the condition, or to identify potential therapeutic targets. Rapid advances in
the field of genomics offer new diagnostic and screening potential even for complex genetic
diseases like alcoholism. The importance of understanding miRNA expression changes in
ethanol abuse and dependence can be appreciated by the impact of numerous studies in other
diseases, most notably cancer, where studies have led to improved therapeutic strategies
(Kota et al., 2009; Ng et al., 2009b; Rossi, 2009) and to a molecular classification of disease
that promises to be more accurate and informative than traditional diagnostic tests
(Heneghan et al., 2009; Wang et al., 2009b). A better understanding of ethanol-induced
changes in miRNA expression may also provide an accurate means to diagnose various
consequences of ethanol abuse as well as to identify potential therapeutic strategies to treat
the condition and/or the consequences of heavy ethanol use.

VI. Summary
The studies outlined in this review highlight a number of important findings that suggest that
miRNAs play key roles in regulating genes involved in a variety of biological processes,
such as cell proliferation, inflammation, neuronal differentiation, developmental timing,
synapse function, and neurogenesis. Given that a single miRNA can potentially target
hundreds of mRNA transcripts for either translation repression or degradation, it is possible
that these small RNAs serve as “master” regulators of cell function. In addition, these
studies demonstrate that the regulatory potential of miRNAs is not restricted to specific cell
types, model systems, or species underscoring the potential role of miRNAs in orchestrating
the complexities involved in normal cellular function.

These studies also demonstrate that ethanol and other drugs of abuse can alter the levels of
specific miRNAs that in turn result in dysregulation of target genes ultimately producing
abnormal cellular function. The consequences of ethanol perturbation depends on the system
under investigation, but may 1) lead to changes in populations of ion channel isoforms
resulting in tolerance to the drug, 2) alter the fate of neuronal stem cells that may underlie
the developmental abnormalities observed in FAS, 3) be involved in ethanol-induced GI
conditions such as ALD and gut leakiness, and 4) alter inflammatory response that may
ultimately impair wound and bone fracture healing. These findings demonstrate a striking
diversity in the regulatory potential of miRNAs and underscore the importance of further
investigations in the field.
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Figure 1.
MicroRNA biogenesis and potential influences of alcohol. Hairpin primary miRNA
transcripts are successively cleaved by RNases Drosha and Dicer while undergoing transport
from the nucleus to the cytoplasm. Association of the mature miRNA with an Argonaut
protein (Ago) directs the complex to complementary target sequences in specific messenger
RNAs, leading to their cleavage or disruption of their translation. Ethanol may affect
miRNA expression by altering activation of transcription factors (TF) and/or epigenetic
modifications of DNA and DNA-associated histone complexes, including methylation (Me)
and acetylation (Ac). See text for additional details.
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Figure 2.
Model for the collaborative role for miR21 and miR335 in shaping fetal NSC/NPC fate in
the presence and absence of ethanol. Mir21 is anti-apoptotic, while miR335, its functional
antagonist, is pro-apoptotic (see text for details). The model shows that in the absence of
ethanol, miR21 and miR335 cooperatively repress gene expression to balance cell survival
and proliferation. Ethanol decreases both miRNAs (along with miR153 and miR9), resulting
in derepression of gene expression, and consequently, increased cell proliferation while
maintaining overall apoptosis resistance. We hypothesize that this increase in proliferation
following miR-335 suppression prematurely depletes stem cells from the fetal
neuroepithelium.
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Figure 3.
Model for miRNA involvement in Alcoholic Liver Disease (ALD). ALD can result from
both direct actions of ethanol on the liver and indirectly, from ethanol's actions on the
enteric epithelium. The indirect mode of action implicates miRNA dysregulation in the gut
as a permissive agent for ALD. For example, the ethanol-mediated increase in miR212 leads
to increased gut leakiness by disrupting the expression of key enteric tight junction
scaffolding proteins like ZO-1. The resulting endotoxemia initiates hepatic damage and may
lead indirectly to the development of ALD. The composite model is based on research by
Tang et al., 2008, and Dolganiuc et al., 2009. See text for additional details.
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