Neuropsychopharmacology (2009) 34, 1395-1405
© 2009 Nature Publishing Group Al rights reserved 0893-133X/09 $32.00

@

www.neuropsychopharmacology.org

Evidence for Selective microRNAs and Their Effectors as

Common Long-Term Targets for the Actions of Mood

Stabilizers

Rulun Zhou', Peixiong Yuan', Yun Wang', Joshua G Hunsberger', Abdel Elkahloun?, Yanling Wei',
Patricia Damschroder-Williams', Jing Du', Guang Chen' and Husseini K Manji*"'

'Laboratory of Molecular Pathophysiology, National Institute of Mental Health, National Institutes of Health, Bethesda, MD, USA; “Microarray
CORE Facility, NHGRI, National Institutes of Health, Bethesda, MD, USA

MicroRNAs (miRNAs) regulate messenger RNA (mRNA) translation in a sequence-specific manner and are emerging as critical
regulators of central nervous system plasticity. We found hippocampal miRNA level changes following chronic treatment with mood
stabilizers (lithium and valproate (VPA)). Several of these miRNAs were then confirmed by quantitative PCR: let-7b, let-7¢c, miR-128a,
miR-24a, miR-30c, miR-34a, miR-221, and miR-144. The predicted effectors of these miRNAs are involved in neurite outgrowth,
neurogenesis, and signaling of PTEN, ERK| and Wnt/f-catenin pathways. Interestingly, several of these effector-coding genes are also
genetic risk candidates for bipolar disorder. We provide evidence that treatment with mood stabilizers increases these potential
susceptibility genes in vivo: dipeptidyl-peptidase 10, metabotropic glutamate receptor 7 (GRM7), and thyroid hormone receptor, f.
Treatment of primary cultures with lithium- or VPA-lowered levels of miR-34a and elevated levels of GRM7, a predicted effector of miR-
34a. Conversely, miR-34a precursor treatment lowered GRM7 levels and treatment with a miR-34a inhibitor enhanced GRM7 levels.
These data confirm that endogenous miR-34a regulates GRM7 levels and supports the notion that miR-34a contributes to the effects of
lithium and VPA on GRMY. These findings are the first to demonstrate that miRNAs and their predicted effectors are targets for the

action of psychotherapeutic drugs.

INTRODUCTION

Bipolar disorder (BPD) is a common, chronic recurrent
mental illness that affects the lives and functioning of many
worldwide. A growing number of recent studies indicate
that for a majority of patients, outcome is quite poor. High
rates of relapse, chronicity, lingering residual symptoms,
subsyndromes, cognitive and functional impairment, psy-
chosocial disability, and diminished well-being are unfortu-
nately common occurrences in BPD (Belmaker, 2004;
Goodwin and Jamison, 2007). There is thus a clear need
to develop improved long-term therapeutics for this
devastating illness.

A major impediment in our ability to develop improved
therapeutics for BPD is the fact that our understanding of
the molecular and cellular underpinnings of the illness is in
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its infancy. It is clear that a true understanding of the
underlying biology of recurrent mood disorders must
include an explanation for the predilection to episodic
and often profound mood disturbance that can become
progressive over time. BPD undoubtedly arises from the
complex interaction of multiple susceptibility (and protec-
tive) genes and environmental factors. The phenotypic
expression of the disease includes not only mood dis-
turbance, but also a constellation of cognitive, motor,
autonomic, endocrine, and sleep/wake abnormalities. In
recent years, research has highlighted the role of neural
circuits and synapses, and the plastic processes controlling
their function. Thus, there is a growing appreciation that
these illnesses can best be conceptualized as genetically
influenced disorders of synapses and circuits, rather than
simply as deficits or excesses in individual neurotransmit-
ters (Schloesser et al, 2008).

Furthermore, the therapeutic effects in the treatment of
these disorders are seen only after chronic administration,
thereby precluding simple mechanistic interpretations
based on their acute biochemical effects. This has led to
the suggestion that a cascade of downstream gene and
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protein expression changes is ultimately responsible for
their therapeutic effects (Kubota et al, 2006; Pandey and
Dwivedi, 2005; Perova et al, 2008). In this context, it is
noteworthy that microRNAs (miRNAs) have recently
emerged as key regulators of complex temporal and spatial
patterns of gene/protein expression changes and, thereby,
synaptic and neural plasticity.

miRNAs are encoded in the genomes of all multicellular
organisms and can be transcripted from either an intergenic
cluster or single genetic regions (Filipowicz et al, 2008;
Novina and Sharp, 2004). The transcripts fold into long
hairpin RNAs called primary microRNAs (pri-miRNAs)
with imperfect internal sequence complementarity
(Filipowicz et al, 2008; Novina and Sharp, 2004). Drosha,
a nuclear enzyme, cleaves pri-miRNAs into smaller, roughly
70-nucleotide hairpin RNAs termed precursor miRNAs
(pre-miRNAs; Filipowicz et al, 2008; Novina and Sharp,
2004). Pre-miRNAs are exported from the nucleus to the
cytoplasm and then cleaved into mature, single-stranded
miRNAs, 21-22 nucleotides long, by another nuclease, Dicer
(Filipowicz et al, 2008; Novina and Sharp, 2004). A mature
miRNA is then assembled into a ribonucleoprotein complex
(Novina and Sharp, 2004). This complex most commonly
binds to the 3'-untranslated sequences of particular
messenger RNAs (mRNAs) through partially complemen-
tary sequences, and prevents the mRNAs from being
translated into proteins (Filipowicz et al, 2008; Novina
and Sharp, 2004). In a few cases, the miRNA is exactly or
nearly exactly complementary to a site in an mRNA,
resulting in mRNA cleavage and degradation similar to that
observed with small interfering RNAs (Filipowicz et al,
2008; Novina and Sharp, 2004). Multiple types of miRNAs
can cooperate to suppress translation of a single mRNA.
Furthermore, a single type of miRNA can interact with
multiple types of miRNAs, thus regulating the protein
expression of different genes (Filipowicz et al, 2008; Novina
and Sharp, 2004). About 550 human miRNAs have been
documented and verified (Griffiths-Jones et al, 2008), some
of which are exclusively expressed in neurons (Kim et al,
2004a). miRNAs have been recently shown to be crucial in
regulating a variety of neurobiological processes, including
neurogenesis, neurite outgrowth, synaptogenesis, synaptic
and neural plasticity, and circadian rhythms (for a review see
Fiore et al, in press; Gao, 2008).

Hippocampus is one of the brain regions involved in
mood regulation. Mood stabilizers such as lithium and
valproate (VPA) alter intracellular signaling processes such
as PKC (Bebchuk et al, 2000; Birnbaum et al, 2004; Brennan
et al, in press; Chen et al, 1994; Manji et al, 1993), ERK/
MAP (Einat et al, 2003; Engel et al, in press; Hao et al, 2004;
Yuan et al, 2001), and the Wnt/f-catenin pathways (Gould
et al, 2007, 2008; Gould and Manji, 2002); enhance the
expression of Bcl-2 (Chen et al, 1999; Huang et al, 2003;
Yuan et al, 2001), BAG1 (Silva et al, 2008; Zhou et al, 2005),
and neurotrophin (Angelucci et al, 2003; Einat et al, 2003;
Frey et al, 2006; Fukumoto et al, 2001; Jacobsen and Mork,
2004; Walz et al, 2008); promote neuronal remodeling (Silva
et al, 2008; Wood et al, 2004; Yuan et al, 2001) and
neurogenesis (Chen et al, 2000; Hao et al, 2004; Kim et al,
2004b; Laeng et al, 2004; Son et al, 2003; Yu et al, 2003); and
modulate AMPA and NMDA receptor function (Du et al,
2004, 2008) in hippocampus. However, the molecular
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mechanisms through which mood stabilizers deliver this
wide range of hippocampal effects are largely unknown. We
therefore undertook a series of experiments to determine
whether miRNAs represent hippocampal targets for the
long-term actions of mood stabilizers.

MATERIALS AND METHODS
Animals and Treatment

All animal treatments, procedures, and care were approved
by the National Institute of Mental Health Animal Care and
Use Committee and followed the Guide for the Care and Use
of Laboratory Animals (ISBN 0-309-05377-3). Rats were
chronically treated with lithium and VPA using a clinically
relevant regimen established by our laboratory (Einat et al,
2003). In brief, male Kyoto Wistar rats (starting weight 150-
200 g) were housed two to four per cage in a 12-h light/dark
cycle with water and food ad libitum. After a 1-week
accommodation period, the rats received drug treatments.
Control (regular) chow and lithium carbonate- or VPA-
containing chows were custom-produced by Bio-Serve
(Frenchtown, NJ, USA). Chows were identical with the
exception of the drug. Half-dose chows (1.2 g/kg lithium
carbonate or 10 g/kg VPA) were used in the first week, and
full-dose chows (2.4 g/kg lithium carbonate or 20 g/kg VPA)
for the remaining 3 weeks. Lithium-treated rats were
provided with saline to prevent any potential electrolyte
imbalance due to lithium treatment. The rats were killed by
decapitation, rat brains were dissected on ice, and
hippocampi rapidly frozen in dry ice and stored at —80°C
until further tissue processing.

miRNA Preparation

miRNAs from rat hippocampus were separated with
mirVana miRNA Isolation Kit (Ambion, Austin, TX)
according to the manufacturer’s manual.

Screening miRNA Targets of Chronic Lithium and VPA
Treatment

miRNA microarray was used to screen potential targets. The
array slides were made in the Microarray CORE Facility of
NHGRI, NIH. In brief, mirVana miRNA Probe Set 1564V2,
which is a collection of 662 amine-modified DNA oligonu-
cleotides targeting a comprehensive selection of human,
mouse, and rat miRNAs, was purchased from Ambion.
These probes were printed on Corning Epoxide Coated
Slides (Corning Inc., Corning, NY) in triplicate. miRNA
labeling and hybridization were carried out using Ambion’s
miRNA Labeling Kit and Bioarray Essential Kit, respec-
tively, per manufacturer’s instructions (Ambion). miRNA
samples were pooled from two animals of the same
treatment group for one slide. Samples from control
animals and lithium- or VPA-treated animals were mea-
sured on the same slide. A second round of array
experiments was conducted with another set of pooled
samples from different animals to serve as a biological
repeat in screening. Assay consistency was analyzed and
tested via three replicates of the same miRNA on the slide.



The following criteria were used to select targets for
further validation: (1) the detection was reliable, ie the
difference between the control and drug-treated animal
groups were detected with three repeats per group on the
same slide, and this difference had a p-value of <0.05
(Student’s t-test); (2) the detected difference was biologi-
cally repeatable, ie similar and significant results were also
obtained in the second round of array screening; (3) the
expression differences were similar for the lithium and VPA
treatment groups, ie significant changes occurred in the
same direction for both lithium and VPA.

Validation of Microarray Findings with Quantitative
Real-time PCR

Quantitative real-time PCR (qRT-PCR) was carried out
using Ambion’s qRT-PCR miRNA detection Kkit, per
manufacturer’s instructions (Ambion). In brief, hippocam-
pal miRNAs from each individual animal were reverse-
transcribed with the corresponding RT primer. The RT
product (cDNA) then entered a 40-cycle PCR with the
corresponding PCR primers, in which SYBR Green I was
used as the signal fluorescence and ROX as the control
fluorescence. miRNA reverse transcription was on an
Applied Biosystems’ GeneAmp 9700 thermal cycler, and
real-time PCR on an Applied Biosystems 7900HT Fast Real-
Time PCR System (Applied Biosystems, Foster City, CA).
Samples from all treatment groups were processed at the
same time to avoid inter-experiment variances.

miRNA Effector Prediction

Lists of predicted effectors of lithium- and VPA-regulated
miRNAs were generated using the TargetScan program
(http://www.targetscan.org; Lewis et al, 2003).

Selection of miRNA Effectors for Follow-up
Investigation

The effectors of lithium- and VPA-targeted miRNAs were
selected for follow-up investigation based on presumed
illness pathophysiology (admittedly in its infancy), as well
as from targets implicated in the whole genome association
dataset generated by the Wellcome Trust Case Control
Consortium (WTCCC; Consortium, 2007). The WTCCC list
contains all genes for which the single nucleotide poly-
morphisms (SNPs) have strong or moderate (eg p-
value < 0.0001) associations with BPD.

Immunoblotting (Western Blot)

Immunoblotting was conducted as previously described
(Chen et al, 1998), with modifications. In brief, rat
hippocampal samples were suspended in ice-cold lysing
buffer. The buffer contained 20mM Tris-HCl (pH 7.5),
1 mM EDTA, 1 mM EGTA, 2.5 mM sodium pyrophosphate,
1% Triton X-100, 150 mM NaCl, and 1 mM p-glyceropho-
sphate, as well as the following ingredients added into the
buffer immediately before use to the final concentrations of
5mM DTT: 1% Phosphatase Inhibitor Cocktail I, 1%
Phosphatase Inhibitor Cocktail II, and 10% Protease
Inhibitor Cocktail (Sigma, St Louis, MO). Samples were
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homogenized by sonication (setting 2.5, 1sx 10 times,
VirSonic ultrasonic cell disrupter (Virtis, Gardiner, NY)).
Samples were then centrifuged (15s at 14 000g) to remove
undissolvable debris. Protein concentrations were deter-
mined using the BCA protein assay kit (Pierce Biotechnol-
ogy, Rockford, IL).

Immunoblotting was performed using amounts of protein
demonstrated to be within the linear range for the analysis.
Equal amounts of proteins were loaded to 8-16% SDS-
PAGE gels and separated by electrophoresis. Proteins were
then electrophoretically transferred to nitrocellulose mem-
branes. Nonspecific binding on the nitrocellulose was
blocked with Tris-buffered saline plus Tween-20, 5% nonfat
dry milk. The antibodies for f-actin (ACTB; Cell signaling,
Boston, MA), calpain 6 (Abcam, Cambridge, MA), Dipepti-
dyl peptidase 10 (DPP10; Abcam), estrogen-related recep-
tor-y (Imgenex, San Diego, CA), metabotropic glutamate
receptor 7 (GRM7; Abcam), and thyroid hormone receptor,
f (THRB; Abcam) were diluted according to the manufac-
turer’s recommendations and, if necessary, further adjusted
according to initial test results. The secondary antibodies
were horseradish peroxidase conjugated anti-rabbit anti-
body. The immunocomplex was detected with an ECL plus
kit (Amersham Biosciences, Piscataway, NJ). Quantitation
of the immunoblots was performed by densitometric
scanning of the film using the Kodak IS4400CF image
analysis system and the corresponding software (Eastman
Kodak, Rochester, NY).

Primary Hippocampal Neuron Culture, Treatments and
Transfections

Primary hippocampal neuron cultures were prepared as
previously described (Du et al, 2004, 2008). The neurons
were treated with 1 mM (final concentration) of lithium or
VPA for 1 or 5 days. RNAs were delivered into neurons
using i-Fect reagent according to the manufacturer’s
specification. A pilot experiment was conducted to test
the dosage of RNAs (10, 20, 30, and 40 nmol/l) as well as
incubation time (1, 2, and 3 days) to assess earliest optimal
outcomes. For the rest of experiments, 40 nmol/l of RNAs
and a 2-day incubation period were selected. All RNA
reagents were from Ambion including Pre-miR™ miRNA-
34a precursor (PM11030), Pre-miR miRNA-34a precursor
negative control (AM17110), anti-miR™ miRNA-34a inhi-
bitor (AMI11050), and anti-miR miRNA-34a inhibitor
negative control (AM17010).

RESULTS

Potential Hippocampal miRNA Targets of Chronic
Lithium and VPA Treatment

The microarray screening revealed reliable changes (at least
30%; t-test, p-value <0.05 for in-slide technical repeats) in
hippocampal expression levels of 37 miRNAs in the lithium
group (Supplementary Table S1) and 31 miRNAs in the
VPA group (Supplementary Table S2). These changes were
also observed in biological repeat experiments with
different samples (ie samples from different animals treated
chronically with lithium or VPA). Among these potential
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Table | Findings from miRNA Array Screening of Common
Hippocampal miRNA Targets of Chronic Treatment with Lithium
and VPA

Initial test Repeated test
Test
Lithium VPA Lithium VPA

miRNA  Fold p Fold p Fold P Fold P
let-7b 04737 0.0013 0.5395 0.0040 0.6495 0.0377 05640 0.0049
let-7¢ 04783 0.0010 0.5403 0.0143 0.6903 0.0083 05963 0.0300
miR-105  0.6329 0.0013 05816 00228 0.6722 0.0395 0.7493 0.0312
miR-128a 0.5831 0.0083 0.6920 00108 0.7925 0.0148 0.6909 0.0346
miR-24 05671 00010 0.7024 00068 0.7919 0.0277 0.7349 0.0473
miR-30c  0.6256 0.0060 0.6054 0.0321 0.7197 0.0381 0.8390 0.0060
miR-34a  0.6186 0.0450 0.5934 00079 0.7168 00197 0.6054 0.0283
miR-221  0.5484 0.0155 0.6581 0.0383 0.7492 0.0024 0.7241 0.0044
miR-144 17022 00167 16420 00067 1.6902 0.0087 1.5262 0.0398
miR-136  1.0037 0.7752 0.9607 0.1456 1.0004 09963 1.0296 0.8016

See Materials and Methods for details about the procedures.

lithium- and VPA-regulated miRNAs, nine were regulated
by both lithium and VPA in a similar manner (Table 1).

Common Hippocampal miRNA Targets of Chronic
Treatment with Lithium and VPA

To validate the screening findings, additional hippocampal
samples were obtained from another cohort of rats
chronically treated in the same manner. Five individual
samples per treatment group were used in the validation
experiments. Consistent with the screening results (Table 1),
chronic treatment with either lithium or VPA significantly
downregulated levels of let-7b, let-7c, miR-128a, miR-24a,
miR-30c, miR-34a, and miR-221 (Figures la-g) and
significantly upregulated levels of miR-144 (Figure 1h). To
evaluate the background difference, we tested 5S rRNA
levels for lithium, VPA, and control groups (n=>5 for each
group). There was no difference according to this evaluation
(levels: lithium, 0.9739 £0.1841; VPA, 0.9904 £ 0.2078; and
control, 1.0000 £ 0.1333; all values adjusted with control
levels and in the mean + SE format). To assess the selectivity
of the common effect of lithium and VPA on miRNA
expression, the levels of miR-136 were also measured in
hippocampal samples from treated animals. As with the
screening results (Table 1), the treatments did not
significantly alter miR-136 levels (Figure 1i). The screening
findings for miR-105 (Table 1) were not continued further
due to the inability to obtain specific and efficient working
PCR primers.

Prediction of Potential Overall Effects of Lithium and
VPA Through their Common miRNA Targets

The list of predicted effectors of validated lithium- and
VPA-regulated miRNAs was generated by the TargetScan
program. The list contained 1988 total entries and 1654
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unique entries (Supplementary Table S3); differences
were due to the fact that some effectors were common
effectors of multiple miRNAs. It was noted that no predicted
effectors for miR-105 were found in the rat database.
The list was uploaded to, and annotated with, the Ingenuity
Pathways Analysis System. Several biological processes
and signaling pathways were significantly targeted by
the effectors on the list (Tables 2 and 3). Based on the
multiple comparison-corrected p-values, the most signifi-
cant of the targeted neuronal processes included neurogen-
esis, neurite outgrowth, and brain and nervous system
development (Table 2). The most significant of the targeted
signaling pathways were the PTEN, axonal guidance,
ERK, Wnt/f-catenin, and f-adrenergic signaling pathways
(Table 3).

Common Candidates on the miRNA Effector and BPD
Candidate Gene Lists

To prioritize the follow-up investigation of predicted
miRNA effectors, we adapted a ‘convergent genomic
approach’ (Bertsch et al, 2005). The WTCCC-reported list
of SNPs (p-value <0.001) was obtained from the supplement
of the WTCCC paper; a total of 42 SNP corresponding genes
were retrieved from the NCBI database (http://
www.ncbi.nlm.nih.gov/SNP/batch.cgi; Supplementary Table
S4). Comparison of this gene list to the list of predicted
effectors of validated lithium- and VPA-regulated miRNAs
was made using the Ingenuity Pathways Analysis System.
The comparison revealed six common candidates (Table 4).

Effects of Chronic Lithium and VPA on Protein Levels of
Common Candidates on the miRNA Effector and BPD
Candidate Gene Lists

Evaluation of common candidates found on both the
miRNA effector and BPD candidate gene lists (Table 4)
was undertaken by monitoring hippocampal protein levels
following chronic treatment with lithium or VPA (Figure 2).
Consistent with our microarray findings that showed
downregulation of miR-128a, miR-24, and miR-34a, which
negatively control translations of their effectors, chronic
treatment with lithium or VPA significantly upregulated
hippocampal protein levels of DPP10, GRM7, and THRB.
Chronic treatment with lithium and VPA did not signifi-
cantly alter hippocampal protein level of CAPNG6 (Figures 2a
and b), which is inconsistent with miR-34a downregulation
by these agents. To ensure consistent sample preparation,
f-actin levels were also monitored where no significant
differences were found (Figures 2a and i).

Effects of Lithium and VPA on miR-34a and GRM7
Levels in Primary Cultures of Hippocampal Neurons

To test whether hippocampal cultures are a valid way to
mechanistically assess the effects of lithium and VPA on
miRNAs and their effectors, these cultures were treated with
lithium or VPA for either 1 or 5 days. The longer treatment
(5 days) reduced levels of miR-34a (Figures 3a and b) and
increased levels of GRM7 (Figures 3c-f).
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Figure | Effects of chronic lithium and VPA treatments on hippocampal levels of miRNAs. Rats (five per group) were treated with lithium or VPA.
miRNAs were isolated and gRT-PCR was conducted. Data are presented as percent of control. (a) Levels of let-7b. Significant group differences were
detected (F(2, 12) = 10.85, p =0.0020, ANOVA,; control vs lithium: p<0.01, control vs VPA, p <0.01, Bonferroni's multiple comparison test). (b) Levels of
let-7c. Significant group differences were detected (F(2, 12) =21.37, p<0.01, ANOVA; control vs lithium: p <0.01, control vs VPA, p<0.01, Bonferroni's
multiple comparison test). (c) Levels of miR-128a. Significant group differences were detected (F(2, 12) =8.807, p<0.01, ANOVA; control vs lithium:
p<005, control vs VPA, p<00I, Bonferroni's multiple comparison test). (d) Levels of miR-24a. Significant group differences were detected
(F(2,12) =14.86, p<0.01, ANOVA; control vs lithium: p<0.01, Bonferroni's multiple comparison test; control vs VPA, t(8) =2.108, p =0.07, t-test).
(e) Levels of miR-30c. Significant group differences were detected (F(2, 12) =7.104, p<0.01, ANOVA,; control vs lithium: p <0.01, control vs VPA, p <0.05,
Bonferroni's multiple comparison test). (f) Levels of miR-34a. Significant group differences were detected (F(2, 12) =4.633, p<0.01, ANOVA; control vs
lithium: p <0.05, Bonferroni's multiple comparison test; control vs VPA, p <0.05, Newman—Keuls multiple comparison test). (g) Levels of miR-221. Significant
group differences were detected (F(2, 15) =8.360, p<0.01, ANOVA, control vs lithium: p <0.05, control vs VPA, p <0.01, Bonferroni's multiple comparison
test). (h) Levels of miR-144. Significant group differences were detected (F(2, 15) =6.597, p<0.01, ANOVA; control vs lithium: p <0.05, Newman—Keuls
multiple comparison test; control vs VPA, p<0.01, Bonferroni's multiple comparison test). (i) Levels of miR-136. No significant group differences were
detected (F(2, 15)=0.03413, p=097, ANOVA). *p<0.05; *p<0.10.

Effects of Gain or Loss of Function of miR-34a on GRM7 DISCUSSION

Levels in Primary Culture of Hippocampal Neurons In this study, we demonstrated for the first time that select

To test whether miR-34a was sufficient to impose negative =~ miRNAs are regulated by psychotherapeutic drug adminis-
control on GRM7 protein levels in hippocampal neurons,  tration. Furthermore, several of these miRNAs are regulated
cultured hippocampal neurons were incubated with Pre-miR  in concert by the administration of the structurally
miRNA-34a precursor (PM11030) and Pre-miR miRNA-34a  dissimilar mood stabilizing agents, lithium and VPA. In
precursor negative control for 2 days. Pre-miR miRNA-34a  addition, using a ‘convergent genomic approach’ (Bertsch
precursor incubation significantly reduced GRM7 protein et al, 2005), we identified and validated changes in selected
levels (Figures 4a and b). To test whether miR-34a and GRM7  downstream targets of the miRNAs that emerged from
coexist in the same cell and whether endogenous miR-34a is  genome-wide association studies of BPD. miRNAs have now
sufficient to control GRM7 protein levels, cultured hippo-  emerged as key regulators of integrated cellular function,
campal neurons were incubated with anti-miR miRNA-34a  and may be particularly important for regulating plastic
inhibitor and anti-miR miRNA-34a inhibitor negative control ~ processes in the brain (Leung and Sharp, 2006; Novina and
for 2 days. The anti-miR miRNA-34a inhibitor significantly =~ Sharp, 2004). As we discuss in greater detail below, these
increased GRM7 protein levels (Figures 4c and d). findings suggest that some miRNAs and their effectors may
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Table 2 Neuronal Function Annotation of Predicted miRNA
Targets

Processes and functions of nervous system p-value®
Neurogenesis [.52E—11
Development of brain 551E-08
Development of central nervous system 2.33E-07
Development of nervous system 2.74E-07
Outgrowth of neurites 4.63E—-07
Differentiation of neurons 5.94E-07
Growth of neurites 5.45E-06
Development of forebrain 6.13E—06
Development of neurons 7.56E—-06
Quantity of central nervous system cells 9.58E—05
Development of hippocampus I.12E—04
Differentiation of central nervous system cells [.29E-04
Quantity of brain cells 4.88E—04
Neurological process of mice 8.10E—04
Branching of dendrites [.I1E-03
Development of nervous tissue [.26E—-03
Development of mesencephalon [.33E—-03
Branching of neurites |.38E—-03
Depression of synapse I.72E-03
Differentiation of granule cells 2.37E-03
Differentiation of brain cells 3.76E-03
Development of nerves 3.99E-03
Guidance of axons 5.69E-03
Quantity of neurons 6.05E—-03
Maturation of neurons 6.05E-03
Long term depression of synapse 6.23E—-03
Survival of neurons 7.37E-03
Learning of mice 7.84E—-03
Neurological process of axons 8.32E-03
Neurological process of neurites 8.32E-03
Proliferation of neurons 8.86E—03
Long-term potentiation of neurons [.34E-02
Biogenesis of synapse 1.47E—-02
Spatial learning of mice |.64E—02
Survival of neuroglia [.83E—02
Long-term potentiation of eukaryotic cells [.89E—02
Development of neurites [.90E—02
Migration of neurons [.90E—-02

?p-value with B-H multiple testing correction.

contribute to the molecular, cellular, and behavioral actions
of lithium and VPA.

Lithium and VPA Selectively Regulate a Selected Group
of miRNAs in Hippocampus

In this paper, the miRNAs identified as targets for the
actions of chronic lithium and VPA are known to play
diverse and intriguing roles in brain function. A recent
report from miRBase—the central online repository for
miRNA nomenclature, sequence data, annotation, and
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Table 3 Pathway Annotation of Predicted miRNA Targets

Signaling and metabolic pathways p-value®
PTEN signaling 2.82E-05
Axonal guidance signaling 2.82E-05
ERK/MAPK signaling 6.61E-05
Wnt/f-catenin signaling 3.09E-04
Cardiac ff-adrenergic signaling 3.09E-03
Hypoxia signaling in the cardiovascular system 4.79-03
Ephrin receptor signaling 6.31E-03
Neuregulin signaling |.00E—02
Integrin signaling |.00E—02
PPAR«/RXRa: activation I.00E-02
PI3K/AKT signaling [.02E-02
PPAR signaling |.20E-02
Inositol phosphate metabolism I.41E-02
Actin cytoskeleton signaling I.51E-02
B cell receptor signaling I.51E-02
G-protein coupled receptor signaling |.74E-02
Insulin receptor signaling |.82E—02
Neurotrophin/TRK signaling |.82E—02
IGF-1 signaling 2.95E—-02
Notch signaling 3.72E-02
Tight junction signaling 3.98E-02
Nicotinate and nicotinamide metabolism 4.68E—02
TGF-f signaling 4.68E—02

p-value with B-H multiple testing correction.

target prediction—indicates that there are 533 documented
miRNA genes that encode 555 distinct miRNAs in humans
(Griffiths-Jones et al, 2008). The microarray used in this
study contained probes for 662 sequences for human,
mouse, and rat miRNAs. The repeated microarray screening
experiments showed that hippocampal expression levels of
37 and 31 miRNAs are altered by chronic treatment with
lithium and VPA, respectively (Supplementary Tables S1
and S2).

Among all affected miRNAs, nine were common for both
treatments (Table 1). The screening findings on eight of
these commonly affected miRNAs were further confirmed
using quantitative PCR (Figure 1). These data demonstrate
that lithium and VPA regulate a select group of miRNAs in
the hippocampus. The miRNAs in this group include let-7b,
let-7c, miR-128a, miR-24a, miR-30c, miR-34a, miR-221, and
miR-144 (Figure 1). Future investigation will be needed to
reveal the subhippocampal regions and cell types involved
in these selective effects of lithium and VPA on miRNAs.
Whether lithium and VPA induce a similar pattern of
miRNA changes in other brain regions related to mood
regulation also warrants further microarray investigation.
Similarly, it is important to bear in mind that drug-induced
changes in gene expression do not necessarily reflect
changes in protein expression.

Support from the literature demonstrates that chronic
lithium or VPA treatment alters intracellular signaling
systems including PKC, ERK/MAPK, PI3K/Akt, and Wnt/b-
catenin pathways (see Introduction and references therein).
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Table 4 Common Candidates on the miRNA Effector and BPD Candidate Gene Lists

miRNAs (context score) Genetics

Symbol Description
miR-128a miR-24 miR-34a p-value

CAPN6 Calpain 6 —0.26 9.99E—06
DPPI0 Dipeptidyl-peptidase 10 —0.17 I.31E-05
ESRRG Estrogen-related receptor-y —0.07 2.15E-04
FAMI26A Family with sequence similarity 126, member A. —-0.78 2.04E—-05
GRM7 Metabotropic glutamate receptor 7 —0.30 9.73E—-05
THRB Thyroid hormone receptor, f8 —0.31 2.16E-04

The effectors of miRNAs targeted by both lithium and VPA treatments were predicted using TargetScan. Genetic data were originated from the WTCCC whole
genome association study. The WTCCC-reported SNPs list (p-value <0.001) was obtained from the supplement of the WTCCC paper and SNP corresponding gene
IDs were retrieved from the NCBI database. Comparison of predicted miRNA effectors and genetic data was done using the Ingenuity Pathways Analysis System.
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Figure 2 Effects of chronic lithium and VPA treatments on hippocampal levels of selected proteins. Rats (5 or 16 per group) were treated with lithium or
VPA. Hippocampal protein extracts were prepared, and immunoblots of selected proteins and densitometry analysis of the blots were conducted. Data are
presented as percent of control. () Representative blots of proteins tested. (b) Levels of 75kDa CAPN6. No significant group differences were detected
(F(2,12) =0.2553, p =0.78, ANOVA). (c) Levels of 58 kDa CAPN6. No significant group differences were detected (F(2, 12) =0.5858, p =0.57, ANOVA).
(d) Levels of DPPI0. Significant group differences were detected (F(2,45) =4.954, p<0.01, ANOVA,; control vs lithium: p<0.01, control vs VPA, p<0.05,
Bonferroni's multiple comparison test). (e) Levels of GRM7. Significant group differences were detected (F(2, 12) =7.710, p<0.01, ANOVA: lithium vs
control: p<0.01, VPA vs control: p<0.05, Bonferroni's multiple comparison test). (f) Levels of THRB. Significant group differences were detected
(F(2,45) =9.205, p <0.05, ANOVA, control vs lithium: t(30) = 2.553, p <0.02; control vs VPA, p <0.05, Bonferroni’s multiple comparison test). (g) Levels of
ACTB to ensure consistent protein loading. *p <0.05.

Despite some reports (Fiore et al, in press; Gao, 2008;
Hermeking, 2007), the roles of these pathways in miRNA
regulation are largely unknown. With miRNA research still
in its infancy and the regulatory mechanisms governing
expressions of miRNAs affected by lithium and VPA
relatively unknown, investigating the effects of lithium
and VPA on these pathways via changes in miRNAs
represents an exciting and untapped area of study that
holds promise for understanding yet another level of
regulatory control and modulation.

miRNAs can Contribute to the Effects of Lithium and
VPA by Targeting Specific Proteins

Given that miRNAs directly interfere with mRNA transla-
tion and stability, miRNAs have been viewed as the
gatekeepers for the expression of many genes (Kosik,
2006; Leung and Sharp, 2006; Novina and Sharp, 2004). It is
estimated that up to 30% of all mammalian genes are
regulated by miRNAs (Leung and Sharp, 2006). miRNA
effectors can be predicted based on the sequences of
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Figure 3  Effects of chronic lithium and VPA treatments on miR-34a and GRM7 levels in primary culture of hippocampal neurons. Primary cultures of rat
hippocampal neurons were prepared and treated with | mM of lithium or VPA for | or 5 days. Levels of miR-34a and GRM7 were measured. Data are
presented as percent of control. (a) Levels of miR-34a after | day of treatment. No significant group differences were detected. (F(2, 12) =2.021, p=0.18,
ANOVA). (b) Levels of miR-34a after 5 days of treatment. Significant group differences were detected. (F(2, 12) =22.54, p =0.18, ANOVA,; control vs
lithium: p<0.01, control vs VPA, p <0.01, Bonferroni's multiple comparison test). (a and b) Levels of 5S rRNA to justify the background difference. (c and d)
Representative blots of GRM7, levels of ACTB to ensure consistent protein loading. (e) Levels of GRM7 after | day of treatment. No significant group
differences were detected. (F(2, 12) = 1.374, p =0.28, ANOVA). (f) Levels of GRM7 after 5 days of treatment. Significant group differences were detected.
(F(2,12)=9.307, p<0.01, ANOVA; control vs lithium: p <0.01, control vs VPA, p <0.05, Bonferroni's multiple comparison test). *p <0.05.

mRNAs and miRNAs and the strength of their interaction;
the accuracy of these predictions is about 70% (Lewis et al,
2003; Martin et al, 2007). In this study, the TargetScan
program was preferred because it predicts effectors in rats
in addition to humans and mice; a lower context score
reflects higher prediction validity (Lewis et al, 2003).

A total of 1654 unique effectors were predicted for
miRNAs affected by treatment with both lithium and VPA
in hippocampus (Supplementary Table S3). The ‘convergent
genomic approach’ was used to prioritize the investigation
on the predicted effectors. Six candidates were common to
both the predicted miRNA effectors and the BPD risk gene
lists (Table 4). Notably, and given the limitations of genetic
association studies and miRNA prediction, such prioritizing
does not mean that the common candidates are the genes
responsible for BPD, or that other effectors on the predicted
effector list are not important.

Given the limitations of available working antibodies,
four of the six common candidates could be investigated. As
predicted from lithium- and VPA-induced downregulation
of miR-128a, miR-24a, and miR-34a, which negatively
control translations of their effectors, chronic treatment
with lithium or VPA significantly upregulated hippocampal
protein levels of DPP10, GRM7, and THRB (Figure 2). The
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data suggest that miRNAs contribute to the effects of
lithium and VPA on the protein levels of certain effector
genes. The accuracy in determining these effector genes in
biological systems may be due to the effector prediction
software as well as considering differential cell localizations
of miRNA and its predicted effectors. This may help explain
why chronic treatment with lithium and VPA did not
significantly alter hippocampal protein levels of CAPNG6
(Figures 2a and b).

In addition, a series of experiments were conducted in
primary culture of hippocampal neurons to assess the role
of miRNAs in lithium- and VPA-induced protein level
changes. As with the in vivo experiments, long-term, but not
short-term, treatment with lithium and VPA downregulated
miR-34a levels and elevated GRM7 protein levels (Figure 3).
These data validate hippocampal culture as a useful way to
investigate the mechanisms underlying the effects of lithium
and VPA on miR-34a levels and GRM7 expression. Pre-miR
miRNA-34a precursor incubation significantly reduced
GRM7 protein levels in primary hippocampal culture
(Figures 4a and b), confirming that miR-34a is sufficient
to impose negative control on GRM7 protein levels. The
anti-miR miRNA-34a inhibitor significantly increased
GRM7 protein levels in primary hippocampal culture
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Figure 4 Effects of miR-34a precursor and inhibitor on GRM7 levels in primary culture of hippocampal neurons. Primary cultures of rat hippocampal
neurons were prepared and treated with miR-34a precursor, miR-34a inhibitor, or relative controls for 2 days. GRM7 levels were measured. Data are
presented as percent of control, levels of ACTB to ensure consistent protein loading. (a and c) Representative blots of GRM7 are shown. (b) GRM7 levels
after treatment with miR-34a precursor. Significant group differences were detected. (t(6) =3.829, p<0.0l, unpaired t-test). (d) GRM7 levels after
treatment with miR-34a inhibitor. Significant group differences were detected. (t(6) =2.806, p <0.05, unpaired t-test). *p <0.05.

(Figures 4c and d), demonstrating that miR-34a and GRM7
coexist, at least in cultured hippocampal neurons, and that
endogenous miR-34a is sufficient to control GRM7 protein
levels. Additional studies are needed to further confirm the
role of miR-34a in induction of GRM7 protein levels by
lithium and VPA treatments. These studies may include
double in situ hybridization or immunohistochemistry
experiments with probes for miR-34a and GRM?7 in addition
to treatment experiments using miR-34a knockout (KO)
animals, to determine whether these animals are resistant to
some of the behavioral and biochemical effects of either
lithium or VPA.

Plausible Implications of the Current Findings for
Future Studies

Mood stabilizers are known to produce a variety of
molecular, cellular, and behavioral effects. These include
direct interactions of mood stabilizers with lithium-
sensitive magnesium-dependent phosphatases, GSK-3,
HDAC, and enzymes involved in GABA production (for
review see (Gould et al, 2004)). These effects also include
alterations in signaling systems such as the ERK/MAPK,
PKC, PI3K/Akt, and Wnt/b-catenin pathways and in
neuronal processes such as neurite outgrowth, neurogen-
esis, and neuronal structure remodeling (see Introduction
and references therein). Although the step-by-step mole-
cular mechanisms underlying the signaling and morpholo-
gical effects are not well understood, gene function
modulation through both transcriptional regulation and
post-translational modification has been suggested as a
plausible mechanism.

The unique feature of miRNA-mediated gene regulation is
that a single miRNA can negatively control the expression
of multiple genes in cytosol; thus they are ideally placed at
the nexus of concerted temporal and spatial regulation of
gene expression. Recent data also suggest that the effectors
of a given miRNA are concentrated in one or few biological
functional processes (Hobert, 2008; Kosik, 2006; Leung et al,
2006; Novina and Sharp, 2004). The function and pathway
analysis described here revealed that the effectors of
common miRNA targets of lithium and VPA were
significantly represented in neurogenesis, neurite out-
growth, brain and nervous system development, and the
signaling pathways PTEN, axonal guidance, ERK/MAPK,
and Wnt/f-catenin (Tables 2 and 3). These prediction
results are surprisingly consistent with the known cellular
and signaling actions of lithium and VPA. Considering this
consistency, the potential contribution of miRNAs to the
known cellular and intracellular effects of lithium and VPA
should, at the very least, not be ignored in future studies.

GRM7 has emerged from a recent whole genome
association study as a candidate gene for BPD (2007).
GRM?7 is a predicted effector of miR-34a where endogenous
miR-34a is sufficient to control GRM7 levels, at least in
cultured hippocampal neurons (Figure 4). These results,
showing that miR-34a is downregulated, lead to the
predicted upregulation of its effector GRM7 in both in vivo
(Figure 2) and cultured hippocampal neurons by lithium
and VPA (Figure 3). GRM7 (also known as mGluR7) KO
mice show less immobility time in the forced swim and tail
suspension tests, and less anxiety-like (or more risk-taking-
like) behavioral displays in the light-dark box, elevated plus
maze, staircase, and stress-induced hyperthermia tests, as
well as more activity when first exposed to a novel
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environment (Cryan et al, 2003). Lithium and VPA have
been found to alleviate excessive behavioral excitement in
several genetically modified strains of mice assessed using
some of the same or similar behavioral paradigms (Engel
et al, in press; Roybal et al, 2007; Shaltiel et al, in press).
Taken together, these data raise the possibility that lithium
and VPA produce at least some of their behavioral effects
through mechanisms that include modulation of protein
levels through miRNAs such as miR-34a.

In summary, the data from this study demonstrate, for the
first time, that a small group of miRNAs and their predicted
effectors are regulated by the administration of the mood
stabilizers lithium and VPA. These findings suggest that
some miRNAs and their effectors may contribute to the
molecular, cellular, and behavioral actions of lithium and
VPA. Further investigation on neuronal and behavioral
functions of the miRNAs specified in this study might lead
to new insights into the pathophysiology of mood disorders,
and to novel targeted therapies for BPD.
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