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MicroRNA Alterations in Induced Pluripotent Stem
Cell-Derived Neurons from Bipolar Disorder Patients:

Pathways Involved in Neuronal Differentiation,
Axon Guidance, and Plasticity

Monica Bame,1 Melvin G. McInnis,1 and K. Sue O’Shea1,2

Bipolar disorder (BP) is a complex psychiatric condition characterized by severe fluctuations in mood for which
underlying pathological mechanisms remain unclear. Family and twin studies have identified a hereditary
component to the disorder, but a single causative gene (or set of genes) has not been identified. MicroRNAs
(miRNAs) are small, noncoding RNAs *20 nucleotides in length, that are responsible for the posttranslational
regulation of multiple genes. They have been shown to play important roles in neural development as well as in
the adult brain, and several miRNAs have been reported to be dysregulated in postmortem brain tissue isolated
from bipolar patients. Because there are no viable cellular models to study BP, we have taken advantage of the
recent discovery that somatic cells can be reprogrammed to pluripotency then directed to form the full com-
plement of neural cells. Analysis of RNAs extracted from Control and BP patient-derived neurons identified 58
miRNAs that were differentially expressed between the two groups. Using quantitative polymerase chain
reaction we validated six miRNAs that were elevated and two miRNAs that were expressed at lower levels in
BP-derived neurons. Analysis of the targets of the miRNAs indicate that they may regulate a number of cellular
pathways, including axon guidance, Mapk, Ras, Hippo, Neurotrophin, and Wnt signaling. Many are involved in
processes previously implicated in BP, such as cell migration, axon guidance, dendrite and synapse develop-
ment, and function. We have validated targets of several different miRNAs, including AXIN2, BDNF, RELN,
and ANK3 as direct targets of differentially expressed miRNAs using luciferase assays. Identification of
pathways altered in patient-derived neurons suggests that disruption of these regulatory networks that may
contribute to the complex phenotypes in BP.
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Introduction

M icroRNAs (miRNAs) are small, conserved, noncod-
ing RNAs typically 19–24 nucleotides in length, which

are capable of regulating multiple genes simultaneously.
They contain short sequences in their 5¢ ends that base pair
with complementary sequences in messenger RNAs
(mRNAs) [1]. This interaction typically leads to gene re-
pression by targeting the mRNA for degradation [2–4] or by
blocking the binding of translation machinery to mRNAs,
thereby preventing translation [5]; however, it has also been
shown that miRNA binding can activate translation in certain
circumstances [6–8]. miRNA-binding sites on target RNAs
are somewhat repetitive in the genome and can be found in
many different mRNAs, giving each miRNA the ability to
regulate multiple genes simultaneously [9] and allowing
multiple miRNAs to target a single gene.

Since their discovery in Caenorhabditis elegans in 1993
[10], over 2,500 miRNAs have been identified in humans,
and are believed to regulate 70%–90% of all human genes
[11]. They have been shown to play roles in neural devel-
opment [12–15], as well as in the adult brain [16,17], where
they show region-specific expression patterns [18]. Expres-
sion changes in response to neuronal activity [19] and to
stress [20], can regulate dendritic spine number [21] and
circadian rhythm [17], and promote long-term potentiation
[22]. miRNA levels have been shown to be dysregulated in
postmortem brain tissue [23,24] and plasma [25] of patients
with bipolar disorder (BP), and the mood stabilizer lithium
alters the expression of several miRNAs both in vivo [25,26]
and in vitro [27].

BP is a complex, chronic psychiatric illness characterized
by pathological mood fluctuations ranging from mania/
hypomania to depression, interspersed with periods of
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euthymia. The underlying biological mechanisms remain
unclear [28]. Disease onset typically occurs in early adult-
hood or adolescence [29] and brain imaging studies of
children and adolescents diagnosed with BP have identified
decreases in the volume of several brain regions compared
with unaffected individuals, including the dorsolateral pre-
frontal cortex [30], ventrolateral prefrontal cortex [31], an-
terior cingulate cortex [32–34], amygdala [30,34–39], and
hippocampus [39,40]. The exact causes of these structural
abnormalities are unclear, but they are likely to result from a
complex interaction of environmental factors and multiple
genes that affect neural development.

Family and twin studies have identified a hereditary
component to BP [41–50], estimated to be >70%, but a
causative gene has not been identified [51]. In fact, genome-
wide association studies have identified numerous loci that
confer susceptibility to BP although each with an odds ratio
of 1.05–1.13 [52]. This suggests that many genes in different
pathways each with a small effect, may contribute to the
phenotype. Since miRNAs have the ability to regulate
multiple genes simultaneously and their expression changes
in response to stress, neuronal activity, and psychiatric
drugs, miRNA dysregulation may be a potential mechanistic
link between genetic anatomy and clinical manifestation.

Materials and Methods

Stem cell derivation

Skin biopsies (3 mm) were taken from patients diagnosed
with BP and from control individuals with no psychiatric
diagnosis. Briefly, patient fibroblasts were derived, ex-
panded, and reprogrammed to pluripotency [53]. Clonal
lines were selected, tested for karyotype, germ lineage dif-
ferentiation capacity, and for mycoplasma. Selected induced
pluripotent stem cell (iPSC) lines were expanded to freezer
stock, differentiated into neural precursor cells (NPCs), then
into neurons [53]. All procedures were approved by the
relevant University of Michigan oversight committees. Skin
biopsies were obtained with informed consent using proce-
dures approved by the Institutional Review Board-Medicine
(IRBMED-HUM00043228). Protocols for reprogramming
skin cells to pluripotency were approved by the Human
Pluripotent Stem Cell Review Oversight Committee (No.
1048). All materials were deidentified before transferring
them to the laboratory.

Neural differentiation of iPSCs

iPSCs were grown on mouse embryonic fibroblasts
(MEFs) in human embryonic stem cell (hESC) medium
(Dulbecco‘s modified Eagle’s medium: nutrient mixture
F-12 [DMEM/F12], 20% KOSR, 1 · nonessential amino
acid [NEAA], 0.5 · GlutaMAX, and 20 ng/mL FGF2) until
they reached 80% confluence. iPSC colonies were then
manually cut and scraped to remove them from MEFs. Cells
were pelleted by centrifugation, resuspended in hESC me-
dium without FGF2, containing 2 mM dorsomorphin dihy-
drochloride and 5 mM SB431542, and grown in suspension
to form embryoid bodies (EBs). After 4 days, EBs were
switched to Neural Induction Medium (NIM; DMEM/F12,
1 · N2 Supplement, 1 · NEAA, 1 · GlutaMAX, 1 · Pen/
Strep, 20 ng/mL FGF2) for 3 days. On the following day

(day 8 of differentiation), EBs were plated on tissue culture
dishes coated with poly-l-ornithine (20mg/mL) and laminin
(10 mg/mL) in NIM. Within 5–7 days of plating EBs, neural
rosettes formed. Rosettes were manually passaged twice to
enrich for NPCs. After the second passage, rosettes were
dissociated into single cells in 25% Accutase (diluted in
Dulbecco’s phosphate-buffered saline without calcium and
magnesium) and plated onto dishes coated with poly-
ornithine and laminin in NPC medium (Neurobasal Med-
ium, 1 · B27 Supplement, 1 · NEAA, 1 · GlutaMAX,
1 · Pen/Strep, 20 ng/mL FGF2) to form a monolayer of
NPCs, which were expanded and banked. For differentiation
into neurons, NPCs were dissociated in Accutase and plated
onto dishes coated with poly-ornithine and laminin at a
density of 50,000 cells/cm2 in NPC medium to form a
monolayer of NPCs. One to two days after plating, NPC
medium was switched to Neural Differentiation Medium
(NDM; Neurobasal Medium, 1 · B27 Supplement,
1 · NEAA, 1 · GlutaMAX) and cells were differentiated for
28 days.

Phenotype analysis

Transcript expression in neurons differentiated from NPC
for 4 weeks was examined in quantitative polymerase chain
reaction (qPCR) and using immunocytochemistry to assess
protein expression. For immunocytochemistry, cells were
fixed in 4% paraformaldehyde for 15 min at room temper-
ature, washed in phosphate-buffered saline (PBS) and stored
at 4�C in PBS containing 0.1% sodium azide. Cells were
then exposed to primary antibodies (bIII tubulin, nestin,
etc.), followed by secondary antibody conjugated to Cy3 or
FITC. The extent of differentiation was assessed and cells
photographed in a Leitz inverted fluorescence microscope.

RNA extraction and PCR analysis

After 28 days of neuronal differentiation, total RNA was
extracted from neurons using the mirVana miRNA Isolation
Kit from Thermo Fisher (AM1560) following the manufac-
turer’s instructions. RNA concentrations were calculated
spectrophotometrically and samples stored at -80�C in 4mg
aliquots. For qPCR, complementary DNA (cDNA) was pre-
pared from RNA aliquots by treatment with Dnase I (Thermo
Fisher Scientific) and reverse transcribing it using Superscript
III (Invitrogen) and random nonamers. The cDNA was then
used with iTAq Universal SYBR Green Supermix in qPCR
reactions to examine the expression of stem cell or neuronal
markers. Primer sequences are available on request.

Analysis and qPCR validation of miRNAs

RNA aliquots from three control and three BP patient-
derived neuron samples were submitted to the Microarray
Core Facility at the University of Michigan, where RNAs
were labeled using the Flashtag Biotin RNA-Labeling Kit
and analyzed using miRNA 4.1 (Illumina) microarrays.
After hybridization, RMA was used to calculate expression
values for each probe set. TaqMan mRNA Assays (Life
Technologies) or the MystiCq miRNA Quantitation System
(Sigma) was used to validate expression of three miRNAs
elevated in control neurons and six miRNAs elevated in
BP-derived neurons.
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Identification of differentially expressed miRNAs

Two hundred and seventy-five probe sets with a threshold
fold change of ‡1.5 were selected, then P values adjusted for
multiple comparisons using an false discovery rate (FDR) of
0.05. These were selected for additional analysis using the
Limma package of bioconductor implemented in the R
statistical environment and using Database for Annotation,
Visualization, and Integrated Discovery (DAVID) [54].

Target identification and analysis

To identify and analyze potential gene targets of each
differentially expressed miRNA, we used four miRNA
databases, including miRDB (http://mirdb.org/miRDB)—
which ranks targets based on the likelihood that they contain
a complementary seed sequence for a specific miRNA—to
generate the final list of target genes potentially regulated
by the miRNAs. Using an 80% probability cut off pro-
duced 1,263 targets predicted to be upregulated by miR-
NAs downregulated in BP neurons and 2,724 targets predicted
to be downregulated by miRNAs upregulated in BP neurons.
Hierarchical Cluster Analysis, Kyoto Encyclopedia of
Genes and Genomes (KEGG) pathway analysis, and Gene
Ontology (GO) classifications were then carried out in
DAVID on targets of significantly altered miRNAs.

Construction of miRNA expression vectors

Genomic DNA sequences for miRNAs were obtained from
the UCSC Genome Browser (https://genome.ucsc.edu). Pri-
mers containing EcoR1 (5¢ end) and Xba1 (3¢ end) restriction
sites were used to clone each miRNA (with 100 base pairs
flanking both ends of the primary miRNA sequence) from H1
(WA01) human embryonic stem cell genomic DNA. miR-
NAs were cloned into a modified version of the pUS2 vector
(D. Turner, University of Michigan) containing an mCherry
coding sequence upstream of the miRNA cloning site and a
puromycin resistance cassette cloned into the second multiple
cloning site (MCS).

Construction of miRNA target expression vectors

Gene-specific primers for selected targets were designed
to make cDNA corresponding to a region containing the
miRNA-binding site for each potential target. An 800-base
pair portion of this cDNA with the miRNA-binding site in
the center was then amplified by PCR using primers con-
taining PmeI (5¢ end) and SbfI (3¢ end) restriction sites.
Potential gene targets were cloned from human fetal brain
RNA (Invitrogen), except BDNF which was cloned from
human iPSC-derived neurons and NLGN1, which was
cloned from H1 hESC genomic DNA. The potential miRNA
targets were then cloned into the 3¢ untranslated region
(UTR) of firefly luciferase in the pmirGLO dual-luciferase
miRNA target expression vector (No. E1330; Promega).
Once the miRNA target expression vectors were complete,
site-directed mutagenesis by primer extension was used to
mutate potential miRNA-binding sites into random sequences
to use as negative controls. The mutated PCR products were
gel extracted, digested, with PmeI and SbfI restriction en-
zymes, and ligated back into the 3¢ UTR of firefly luciferase in
the pmirGLO vector to create scrambled control vectors.

Target validation

A dual luciferase assay (pmirGLO; Promega) was em-
ployed to test selected potential miRNA targets. The 3¢ UTR
(containing the complementary seed sequence) of each was
cloned into the MCS of the pmirGLO vector. This vector
was cotransfected into NIH 3T3 cells with a miRNA over-
expression vector containing mCherry, pPUS2c. On binding
of the miRNA to the target, transcription of firefly lucifer-
ase, luc2, is blocked and no signal is detected. The hu-
manized Renilla luciferase-neomycin resistance casette,
hRluc-neo, was used as a control reporter to normalize gene
expression. To determine the peak expression of the miR-
NAs, NIH3T3 cells were transfected with the pPUS2c
vector containing each miRNA and mCherry expression was
monitored over 72 h. Peak expression occurred *48 h
posttransfection, which was selected for qPCR to examine
expression of each miRNA from each miRNA expression
vector. The miRNA overexpression vectors significantly
increased the levels of each miRNA. Controls in which 3T3
cells received the pmirGLO vector containing a 3¢ UTR in
which the complementary seed sequence was mutated to
prevent binding of the miRNA were also carried out. De-
tection of firefly luciferase activity indicated that the miR-
NA seed sequence was unable to bind the target, confirming
that the miRNA has a binding site within that target.

For each experimental replicate (n = 4–5), transfections
were performed in duplicate and cell lysates were combined,
aliquoted into 4 wells of a 96-well plate and luciferase ac-
tivity determined by averaging firefly luciferase and nor-
malizing to the average Renilla luciferase activity. Each
experimental replicate was repeated at least four times and
experimental values (miRNA+target) were compared with
control values (miRNA+scrambled target) and data ana-
lyzed using t-test.

Results

Phenotype analysis

After 4 weeks of differentiation of NPC, neurons from
control as well as those from bipolar patients had differen-
tiated extensively, forming many branching processes
(Fig. 1A–F), and cultures were largely free of other cell
types. Consistent with our previous observations [53], NPC
from BP patients differentiated for 4 weeks into neurons
express slightly higher levels of genes associated with
ventral telencephalic cell types, including the GABAergic
interneuron marker NKX2.1, and the vesicular GABA
transporter vGAT (Fig. 1G, H). Neurons derived from con-
trol iPSC expressed somewhat higher levels of the vesicular
glutamate transporter vGLUT1 (Fig. 1I), a transcript present
in excitatory, glutamatergic neurons of the cortex.

Enrichment analysis

After hybridization to Illumina 4.1 miRNA microarrays,
RMA was used to calculate expression values for each probe
set. Principal component analysis was carried out on the
expression values and the first two principal components
plotted. The bipolar patients grouped together but one
control did not cluster with the others, suggesting that dif-
ferences between the groups were not large. Group
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comparisons were carried out and probe sets with a fold
change of 1.5 or greater were selected for additional anal-
ysis. P values were adjusted for multiple comparisons using
an FDR of 0.05. Table 1 lists transcripts with significantly
higher expression in neurons from bipolar individuals
(n = 34, right columns) and those with significantly lower
expression in BP neurons (n = 24, left columns). Several
miRNAs upregulated in the bipolar group have previously
been associated with neuropsychiatric or neurological condi-
tions or with central nervous system (CNS) development
(Table 1). Many are expressed in the brain, and several are
regulated by lithium. Conversely, many of the miRNAs
downregulated in the BP neurons have been implicated in
proliferation and in cancer, but only one, miR874–5p, was
previously associated with schizophrenia and BP.

Validation

Of the nine differentially expressed miRNAs examined in
qPCR, eight were concordant in the direction of their fold
change with the microarray data and one miRNA, miR874–
5p, was discordant, being elevated in the qPCR analysis of

BP miRNAs (Fig. 2). Pearson Correlation = 0.879, P < 0.05,
two-tailed test.

Target analysis

Predicted targets of miRNAs upregulated and down-
regulated (with 80% confidence) in control and BP patient
neurons were imported into DAVID and GO, KEGG path-
way, and hierarchical cluster analyses were carried out
(Tables 2 and 3). Briefly, pathways including axon guid-
ance, pathways in cancer, as well as Mapk, Neurotrophin,
and Hippo signaling, were identified in both groups,
whereas Endocytosis, Ubiquitination, Proteoglycans in
cancer, Phosphatidylinositol, and FoxO signaling, were
present in the targets predicted to be downregulated in BP.
Focal adhesion, Wnt, and Ampk signaling pathways were
identified in the targets predicted to be upregulated in BP.

Gene ontology

Cellular component analysis identified a number of similar
terms in both groups, including Cytosol/cytoplasm, Membrane,

FIG. 1. Neuronal differentiation in cultures from control (A–C) or BP patient (D–F) iPSC. Cells were exposed to antibodies
to bIII tubulin (FITC) followed by FITC-labeled secondary antibody and with Hoechst dye (blue). Scale bar = 200mm. Neurons
from BP iPSC lines expressed slightly higher levels (nsd) of the ventral forebrain neuronal marker NKX2.1 (G) and of vGAT (H) and
somewhat lower levels of vGLUT1 (I) than controls in qPCR. Graphs represent gene expression relative to a b-actin control (C). BP,
bipolar disorder; iPSC, induced pluripotent stem cell; nsd, no significant difference; qPCR, quantitative polymerase chain reaction.
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and Nucleoplasm. Interestingly, targets associated with Sy-
napse and Dendrite were also identified in both groups. Trans-
golgi, RNA processing body, Tight junction, Endosome,
Nuclear speck, and Ruffle were present in the group of miRNA
targets predicted to be downregulated in BP. Growth cone and
Neuronal cell body were the only unique components in the
targets predicted to be upregulated in BP.

Target validation

The binding of selected targets by differentially expressed
miRNAs is summarized in Fig. 3, shown as percentage of
the control (set to 100%). Of the targets of miR195–5p
(which was increased in BP neurons) AXIN2, BDNF,

CACNA1E, MIB1, NLGN1, and RELN were confirmed, with
luciferase activity decreasing 53%–76%. Of the miR382–5p
targets (also increased in expression in BP neurons), SYT4
was significantly downregulated by the miRNA, while NFIA
was downregulated, but levels did not reach significance.
miR10b-5p (downregulated in BP neurons) targeted ANK3,
BDNF, CAMK2G, DLGAP2, and NFASC significantly re-
ducing luciferase activity 50%–78%.

Discussion

Current research suggests that neuropsychiatric disorders
may result from alterations in pathways that affect neuronal
differentiation and function [55,56], producing a spectrum

Table 1. MicroRNA Expression

miRNA down in BP miRNA up in BP

miRNA ASSN Region miRNA ASSN Region

MIR-10B-3P GBM, MB,
HD, S [147,148]

MIR-124-2-5P D, NG [158–160]

MIR-10B-5P HD, S [149,150] MIR-1244-4
MIR-1269B MIR-128-1-3P CE, AS [161,162]
MIR-1270 GBM [151] MIR-1343-3P
MIR-1233-1 MIR-138-2-3P PD, BP [163] BP-BA9 [24]
MIR-1306 MIR-139-5P
MIR-378C NSC, GBM

[152,153]
MIR-181C-3P SZ, INF [80,164–166]

MIR-378D MIR-195-5 EB, SZ, ASD [157,164,167]
MIR-378F MIR-219B-5P EB, SZ, O [157,168,169] SZ-BA10 [64]
MIR-378G MIR-29C-5P EB, ALZ, SZ [157,170,171] BP-BA10,

SZ/BP-BA9 [62,63]
MIR-422A S [154] MIR-3156-1-5P
MIR-4260 MIR-3174
MIR-4444-1 MIR-330-5P EB, BP, NSC [157,172,173] BP, SZ-BA9 [24]
MIR-4632-3P MIR-382-5P SZ-OE [174]
MIR-4736 MIR-3918 SZ-BA46 [175]
MIR-4793-5P MIR-3939
MIR-5002 MIR-4304
MIR-6500-3P GBM [155] MIR-4327
MIR-6740 MIR-4454
MIR-6756 MIR-4521 FCD, GBM [176,177]
MIR-6775-3P MIR-4666B
MIR-6805 MIR-4750-3P
MIR-6821 ALZ [156] MIR-4773-2
MIR-874-5P hESC [157] BP/SZ-

BA46 [23]
MIR-485-5P EB, SZ, GBM [157,178,179] BA10 [64]

MIR-487B-3P EB, GBM [157,180,181]
MIR-584-5P GBM [182]
MIR-593-5P GBM [183]
MIR-6072
MIR-6509-3P
MIR-654-3P
MIR-6801-5P
MIR-6890
MIR-744-3P ND, ESC, GABA [184]
MIR-766-5P hESC, ALZ [157,185]

miRNAs expressed at significantly higher levels in control neurons (ie, downregulated in BP; left three columns), compared with those
upregulated in BP patient-derived neurons (right three columns). miRNAs previously associated with stem cells, nervous system
development, or mood disorders are listed (ASSN) and localization data from postmortem brain (Region). Increased expression of miRNA
suggests targets should be downregulated and vice versa.

ALZ, Alzheimer’s disease; AS, astrocytoma; ASD, autism spectrum disorder; ASSN, association; BA, Brodmann’s area; BP, bipolar disorder;
CE, cortical excitability; D, dendrites; EB, embryoid body; FCD, focal cortical dysplasia; GBM, glioblastoma; HD, Huntington’s disease; hESC,
human embryonic stem cell; INF, inflammation; MB, medulloblastoma; miRNA, microRNA; ND, neural differentiation; NG, neurogenesis; NSC,
neural stem cells; O, oligodendrocytes; OE, olfactory epithelium; PD, panic disorder; S, synaptogenesis; SZ, schizophrenia.
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of conditions that reflect the sequelae of aberrant neural
development [55]. Since small alterations in the expression
of miRNAs can fine-tune the expression of multiple genes in
regulatory networks, they are uniquely positioned to influ-
ence development and function in a cell type-specific and
spatiotemporally restricted manner and are further subject to
epigenetic regulation and disease-specific mutation.

Postmortem analysis of miRNAs in the BP CNS

Before the availability of iPSC-derived neurons, data re-
garding miRNA expression in BP has relied on the analysis
of postmortem brain tissue, cerebral spinal fluid (CSF), or

peripheral blood. While there is no clear consensus re-
garding affected brain region or neuronal cell type and
miRNA dysregulation in BP [57,58], studies have often
examined the frontal/prefrontal cortex (Brodmann’s area
[BA] 8, 9,10, 46). Of the studies of miRNA expression in
the bipolar brain (reviewed in Fries et al. [58] and Geaghan
and Cairns [59]), several miRNAs were coordinately dif-
ferentially expressed in our sample (Table 1). These include
miR-124 (increased in both BP brain and iPSC-derived BP
neurons) [60], which regulates glial versus neuronal gene
expression [61]. miR-219 (increased in both), which is in-
volved in the circadian clock and also targets CAMKII
[60,62] which is expressed in forebrain glutamatergic neu-
rons. MiR-29c (upregulated in our BP neurons) was also
upregulated in several other studies of BP: in the prefrontal
cortex (PFC) [58], in extracellular vesicles from both the
PFC [62,63] as well as from BA10 neuropil [64]. In another
study [65], both miRNAs whose expression was signifi-
cantly increased (miR-330, miR-138) in BA9 of BP pa-
tients were also significantly upregulated in our sample.
miR-874, which was significantly downregulated in BP-
derived neurons in the current study, was also down-
regulated in the dorsolateral prefrontal cortex (BA46) of
BP patients [66]. Finally, of the 43 dysregulated miRNAs
from the BP PFC [58], only miR-29c (up in both), and
mirR-874 (decreased in both) were significantly altered in
the current investigation.

Several miRNAs previously associated with BP, including
miR-137 [67], miR-34a [68], and miR-9 [69], were not sig-
nificantly altered in neurons from BP individuals in the cur-
rent study. This may be due to the small sample size, method,
or extent of differentiation, or there may be individual vari-
ation in their expression in BP. However, miR-29c (which
was significantly increased in BP neurons) was previously
identified in three additional studies. As with many of the
other miRNAs, GO terms associated with the targets of miR-
29c are related to extracellular matrix (ECM), and KEGG
pathway analysis suggests roles in ECM/receptor interactions,
in focal adhesions, and in pathways in cancer.

FIG. 2. Microarray validation. qPCR analysis of the ex-
pression of three miRNAs identified as downregulated in BP
neurons (miR-10b-5p, miR-10b-3p, and miR-874-5p) and
six miRNAs upregulated in BP neurons. Eight are consistent
with the direction of change observed in the microarray.
However, miR-984-5p was decreased in the BP sample in
the microarray, but in qPCR was increased in BP neurons.
Pearson correlation = 0.879, P < 0.05. miRNA, microRNA.

Table 2. KEGG Pathway Analysis of Predicted Targets

Targets predicted to be D/R in BPa Targets predicted to be U/R in BPb

GO term P value GO term P value

Axon guidance 1.7 e-3 Axon guidance 3.5 e-3

Phosphatidylinositol signaling 2.5 e-3 Mapk signaling 1.3 e-2

Endocytosis 2.5 e-3 Pathways in cancer 1.8 e-2

Proteoglycans in cancer 9.0 e-3 Ras signaling 3.1 e-2

Ubiquitination 9.4 e-3 Neurotrophin signaling 4.5 e-2

FoxO signaling 1.0 e-2 Hippo signaling 4.8 e-2

Mapk signaling 1.0 e-2 Ampk signaling 4.8 e-2

Neurotrophin signaling 1.7 e-2 Focal adhesion 5.4 e-2

Pathways in cancer 3.0 e-2 Wnt signaling 5.5 e-2

Hippo signaling 3.2 e-2

mTor signaling 3.4 e-2

Ras signaling 4.8 e-2

KEGG pathway analysis of targets predicted to be downregulated in BP neurons (left two columns) and targets predicted to be
upregulated in BP (right two columns). P values are Benjamini adjusted for large sample size. Several signaling pathways were identified in
both groups, including: Axon guidance, Mapk, Ras, Hippo, and neurotrophin signaling. P values were adjusted for large samples.

aThat is, miRNAs increased in BP.
bmiRNAs decreased in BP.
D/R, downregulated; GO, Gene Ontology; U/R, upregulated.
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miRNAs obtained from peripheral tissues, including
several body fluids [70] have been suggested as possible
biomarkers of disease (eg, [71]). Of the 10 miRNAs iden-
tified in that study of CSF, several were also coordinately
dysregulated in our samples: miR-330 and miR-4521, which
were upregulated in both, and miR-4793 which was down-
regulated. Sampling of extracellular vesicles (exosomes)
released from neurons or glia has been suggested to provide
an opportunity for peripheral sampling of brain-derived

proteins. These vesicles are also important in cell/cell
communication and gene expression [63] and are often
loaded with miRNAs and other noncoding RNAs. As in
Alzheimer’s disease and Tauopathies [72], exosomes may
ultimately be a ‘‘dump’’ for toxic proteins to be removed
from the cell and may therefore be a new therapeutic target
in BP. Exosomes form through the endosomal pathway—
several components of which were identified in GO pathway
analysis of targets significantly downregulated in BP in this

Table 3. Gene Ontology Analysis of Predicted Targets: Cellular Component

Targets predicted to be D/R in BPa Targets predicted to be U/R in BPb

GO term P value GO term P value

Cytosol 9.9 e-10 Cytoplasm 1.1 e-3

Membrane 3.9 e-8 Dendrite 4.3 e-3

Nucleoplasm 1.2 e-7 Nucleoplasm 5.3 e-3

Trans-golgi 1.6 e-4 Membrane 7.0 e-3

RNA processing body 1.8 e-3 Synapse 2.6 e-2

Synapse 3.5 e-3 Membrane component 2.9 e-2

Endosome 7.7 e-3 Growth cone 3.0 e-2

Dendrite 1.0 e-2 Neuronal cell body 4.5 e-2

Tight junction 3.8 e-2

Nuclear speck 3.8 e-2

Ruffle 4.8 e-2

GO analysis of predicted targets: cellular component. Cytosol/cytoplasm, membrane, nucleoplasm, synapse, dendrite, pathways in cancer
were common to both groups, while Trans-golgi, RNA processing body, endosome, tight junction, nuclear speck and ruffle were unique to
targets predicted to be downregulated in BP. Growth cone, neuronal cell body were unique to the targets predicted to be upregulated in BP.

aThat is, miRNAs increased in BP.
bmiRNAs decreased in BP.

FIG. 3. Target validation (A)
Downregulation of six of seven
genes targeted by miR195-5p (up in
BP). (B) Downregulation of two
targets of miR382-5p (up in BP). (C)
Upregulation of all five targets of
miR10B-5p (down in BP). Targets
were downregulated 20%–50%.
*P < 0.05.
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study. Interestingly, in a recent RNA-seq analysis of highly
expressed transcripts in BP and C astrocytes (DeLong, in
preparation), hierarchical cluster analysis identified ‘‘Exo-
some’’ as the first and most significant cluster. Of potential
relevance to BP, exosomal transport and transfer has been
suggested to contribute to the transgenerational inheritance
of environment-induced phenotypes [73,74], and alterations
in the formation, content, or release of these vesicles could
have a profound effect on BP.

Drug responsiveness

miRNAs may both mediate the effects of antipsychotic
drugs [60,75,76], and also be regulated by them, including
lithium [75,77], valproate [75,78], as well as antipsychot-
ics [79,80]. In fact, valproate has been shown to degrade
DICER, which would globally decrease mature miRNA
expression [81], and fluoxetine to inhibit neurogenesis by
decreasing the expression of miR-16 [82]. miRNAs may
also be useful markers of antipsychotic drug response [76],
and miRNA targets themselves are often genetic risk factors
for BP [75]. Ultimately, medicines may mediate treat-
ment response by targeting signaling pathways, particularly
b-catenin/Wnt, Mapk, Notch, and mTor, which are involved
in neurogenesis, plasticity, proliferation, and synaptic func-
tion [75], as well as previously unsuspected pathways iden-
tified in this analysis; Hippo, FoxO, Ras, and Ampk signaling.

Genetics

Increasingly, evidence suggests that epigenetic alterations
may play a role in BP [83]; in the case of miRNAs, their
transcription is often regulated by DNA methylation [84,85].
Copy number variants and polymorphisms in genes in miRNA
biogenesis pathways and in miRNA targets are overrepre-
sented in BP [86], and miRNAs are often located in BP sus-
ceptibility loci [58,67,87–89], which may contribute to risk/
transmission of risk for BP. For example, of the *42 miR-
NAs that target the BP risk gene CACNA1C, miR-1343 was
significantly increased in our sample and expression of its
target, CACNA1C, decreased [53]. Finally, polygenic risk
scores based on miRNA genes have predicted suicide be-
havior in BP patients [90].

miRNA targets that had a ‡80% probability of miRNA
binding were analyzed using DAVID. KEGG Pathway
analysis of the miRNA targets identified a number of sig-
nificantly altered signaling pathways (Table 2), some of
which have previously been associated with BP. Most are
involved in cell growth, division, cell migration, and dif-
ferentiation, emphasizing the role of neural development in
BP. Common pathways include: Axon guidance, Pathways
in cancer, Mapk signaling, which is critical in synaptic
plasticity, and which is affected by lithium and valproic acid
[91]. The Ras signaling pathway, which controls cell
growth, differentiation, and survival can activate both Mapk
and mTor signaling. Alterations in Ras pathway signaling
have previously been reported to be involved in aspects of
social behavior [92]. Hippo pathway signaling, which is
involved in control of cell division and organ size, has also
previously been implicated in BP [94,95]. Neurotrophin
signaling was identified in both groups, and has also been
previously been associated with BP [96,97]. An additional
pathway predicted to be downregulated in BP was Foxo

signaling, which is involved in proliferation, lifespan, and
stress response. The Foxo pathway is suppressed by both
lithium and BDNF and may be a target for the treatment of
anxiety and depression [98]. Alterations in mTor signaling,
which regulates cell growth, motility, survival, protein
synthesis, and transcription, have previously been associated
with depressive episodes in BP [93,94].

Three signaling pathways were identified in targets ex-
pected to be upregulated in BP: Wnt signaling, which is
involved in cell division, migration, and differentiation and
is often reported to be altered in BP (reviewed in Hoseth
et al. [99]), Focal adhesion, and Ampk pathway signaling,
which is involved in energy homeostasis and glucose me-
tabolism, but has not previously been implicated in BP.
While there is considerable evidence for alterations in in-
tracellular signaling cascades in BP disorder, these results
suggest novel pathways and new molecular targets.

GO analysis of the targets identified structural compo-
nents: Cytoplasm, Membrane, and Nucleoplasm as top GO
terms in both groups (Table 3). Synapse and Dendrite were
also identified in both groups. Targets of the group predicted
to be upregulated in BP (ie, miRNAs decreased) were as-
sociated with additional structural elements: Growth cone
and Neuronal cell body, perhaps influencing neuronal
morphology and thereby function. Interestingly, targets
predicted to be downregulated in expression included:
Trans-golgi, RNA processing body, Endosome, Nuclear
speck, Tight junction, and Ruffle. Of these, the RNA pro-
cessing body (P-body) is thought to play a role in miRNA
gene silencing since a number of proteins necessary for
miRNA gene silencing are localized to P-bodies. Several
significant GO terms: Endosome, Early endosome, and
Trans-golgi network suggests tight control of vesicle pack-
aging within the neurons.

Validated targets of miR-10b (upregulated in BP) include
transcripts involved in fundamental aspects of neuronal
differentiation such as axon outgrowth and fasciculation,
NFASC [100,101]; in postsynaptic density organization and
signaling, DLGAP2 [102,103] and CAMK2G [103,105]; in
glutamatergic neuronal differentiation, DLGAP2 [104]; or-
ganization of the axon initial segment, ANK3 [106] and
NFASC [101]; and in white matter organization, ANK3
[107]. Genetic alterations in the NGF family member/neu-
ronal survival factor BDNF [108,109] and in ANK3
[110,111] have been associated with BP, and DLGAP2 and
BDNF with schizophrenia [112,113]. Of these, CAMK2G
may be of particular interest in early CNS development as it
is prominently expressed in the forebrain, where it plays a
critical role in glutamatergic synaptic plasticity and function.

Validated targets of miR-195 include the E3 ubiquitin
ligase MIB1, which controls neuronal differentiation and
synaptic plasticity by positively regulating Notch [114] and
Wnt/bCat [115] pathway signaling. MIB1 is present in the
postsynaptic density [116], is involved in dendritic spine
outgrowth [117], can inhibit neurite outgrowth [116], and is
overexpressed in astrocytoma [118]. Another target, AXIN2,
is a negative regulator of the canonical Wnt pathway [119];
however, low levels are required to maintain stemness of
neural stem cell [120,121]. Consistent with this, activation
of the Wnt/bCat pathway plays an important role in rostral
forebrain differentiation of ESC [122], while mutation and
overexpression of AXIN2 can contribute to medulloblastoma
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[123]. CACNA1E, a BP risk factor, plays a role in synaptic
plasticity and dendritic spine formation [124] through its
ability to regulate cellular calcium influx; NLGN1 promotes
synaptogenesis [125] and synaptic maturation [126], and has
been implicated in schizophrenia (SZ) [127] and autism
spectrum disorder (ASD) [128]. RELN is involved in corti-
cal neuronal migration and positioning during CNS devel-
opment [129,130], and has been implicated in SZ, BP, ASD,
and major depressive disorder (reviewed in Ishii et al.
[131]). It is critically involved in neuronal positioning, and
in the maturation and refinement of GABA and glutama-
tergic synaptic circuits, thereby controlling the excitatory/
inhibitory balance of the developing cortex [132], which is
often disrupted in BP [133].

Only SYT4 was validated in luciferase assays as a direct
target of miR-382, which was upregulated in BP. NFIA, a
key regulator of astrocyte differentiation [134], did not meet
statistical significance, although it has previously been as-
sociated with BP [135,136]. Interestingly, many of the
miRNA targets examined in this study, including SYT4,
DLGAP2, MIB1, and CACNA1E are involved in synaptic
organization and function. A surprising number are involved
in organization of the postsynaptic density: DLGAP2/PSD95
[102,103,112]; CAMKII [105]; NFASC [137]; and SYT
[138], where they may regulate patterning, synaptic plas-
ticity, and function.

Overall, the validated targets of miRNAs dysregulated in
BP neurons are heavily represented with transcripts in-
volved in glutamatergic/GABAergic neurotransmission,
postsynaptic associated factors, and essential contributors to
cortical histogenesis and maturation/function.

miRNAs and developmental contributions
to neuropsychiatric conditions

Of the >2,500 human miRNAs identified to date, over
70% are expressed in the CNS [139], where they play crit-
ical roles in lineage specification from preimplantation de-
velopment [140], through neural induction [141], adult
neurogenesis [142], in pathfinding, proliferation, and cell
migration [143], to plasticity and synaptogenesis in the adult
brain [56]. The ability of a single miRNA to regulate po-
tentially hundreds of transcripts positions these non-coding
RNAs to play critical roles in controlling signaling pathways
involved in both normal and abnormal CNS development,
and therefore in complex multigenic conditions, such as
neuropsychiatric disease. The widespread switch in miRNA
expression that occurs in the adolescent brain [144], a period
which often corresponds to the identification of the first
neuropsychiatric symptoms, the fact that differentially ex-
pressed targets are enriched in neurodevelopmental genes
[145], as well as cell-type-specific [146] and spatiotemporal
patterns of miRNA expression in the CNS, suggest that
understanding how miRNA expression is controlled may be
critical in recognizing their contribution to normal devel-
opment and therefore to BP. In fact, Beveridge [144] has
shown that many of the miRNAs that are expressed early in
development and are normally downregulated shortly after
birth, continue to be expressed inappropriately in the
schizophrenic brain. That 9/140 of the miRNA that decrease
with increasing age in the CNS (miR-124a, miR-138a, miR-
139, miR-181c, miR-29c, miR-382, miR-422b, miR-487b,

miR-625), but none of the miRNAs that increase with age,
identified in the BP neurons, may suggest an important role
in the maturation or plasticity of the BP CNS.

Patient-derived iPSC may be particularly useful in un-
derstanding the role(s) of miRNAs in CNS development and
errors in development, because they provide an opportunity
to probe and alter the expression of miRNAs, their targets,
singly and in combination, in various cell types of the CNS.
Targeted alteration will be important since miRNAs can af-
fect genes in multiple pathways, with the resulting concern of
off-target effects [82]. Interestingly, miRNA targets are over-
represented in genes involved in glutamatergic/GABAergic
neuronal differentiation and function, in dendritic and synaptic
factors, as well as in proteins that are essential contributors
to cortical histogenesis. These results implicate neural de-
velopment as key in neuropsychiatric disorders, and im-
portantly, they also identify intracellular signaling cascades
both novel and known to be involved in BP.
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gerbauer, T Sipilä, E Maron, K Pettai,, L Kananen, R
Navinés, et al. (2011). Human microRNAs miR-22, miR-
138-2, miR-148a, and miR-488 are associated with panic
disorder and regulates several anxiety candidate genes and
related pathways. Biol Psychiatry 69:526–533.

164. Dinan TG. (2010). MicroRNAs as a target for novel an-
tipsychotics: a systematic review of an emerging field. Int
J Neuropsychopharm 13:395–404.

165. Hutchison ER, EM Kawamoto, DD Taub, A Lal, K Ab-
delmohsen, Y Zhang, WH Wood, 3rd, E Lehrmann, S
Camandola, et al. (2013). Evidence for miR-181 in-
volvement in neuroinflammatory responses of astrocytes.
Glia 61:1018–1028.

166. Song H, X Zhang, R Chen, J Miao, L Wang, L Cui, H Ji and
Y Liu. (2019). Cortical-neuron-derived exosomal micro-
RNA 181c-3p inhibits neuroinflammation by down-
regulating CXCL1 in astrocytes of a rat model with ischemic
brain injury. Neuroimmunomodulation 26:217–233.

167. Vasu MM, A Anitha, I Thanseem, K Suzuki, K Yamada,
T Takahashi, T Wakuda, K Iwata, M Tsuji, T Sugiyama
and N Mori. (2014). Serum microRNA profiles in children
with autism. Mol Autism 5:40.

168. Sun Y-J, Y Yu, G-C Zhu, Z-H, J Xu, J-H Cao and JX Ge.
(2015). Association between single nucleotide polymor-
phisms in MiR219-1 and MiR137 and susceptibility to schizo-
phrenia in a Chinese population. FEBS Open Biol 5:774–778.

169. Bruinsma IB, M van Dijk, C Bridel, T van de Lisdonk, SQ
Haverkort, TF Runia, L Steinman, RQ Hintzen, J Kill-
estein, et al. (2017). Regulator of oligodendrocyte matu-
ration, miR-219, a potential biomarker for MS. J
Neuroinflammation 14:235.

170. Segaran RC, LY Chang, H Wang, G Sethi and FR Tang.
(2020). Neuronal development-related miRNAs as bio-
markers for Alzheimer’s disease, depression, Schizophrenia
and ionizing radiation exposure. Curr Med Chem 21.

171. Wohlers I, C Schultz, F Kilpert and L Bertram. (2020).
Alzheimer’s disease risk SNPs show no strong effect on
miRNA expression in human lymphoblastoid cell line.
Neurobiol Aging 86:202.e1–202.e3.

172. Maffioletti E, A Cattaneo, G Rosso, G Maina, C Maj, M
Gennarelli, D Tardito and L Bocchio-Chiavetto. (2016).
Peripheral whole blood microRNA alterations in major de-
pression and bipolar disorder. J Affect Disord 200:250–258.

173. Choi I, JH Woo, I Jou and E-H Joe. (2016). PINK1 de-
ficiency decreases expression levels of mir-326, mir-330,
and mir-3099 during brain development and neural stem
cell differentiation. Exp Neurobiol 25:14–23.

174. Mor E, S-I Kano, C Colantuoni, A Sawa, R Navon and N
Shomron. (2013). MicroRNA-382 expression Is elevated
in the olfactory neuroepithelium of schizophrenia patients.
Neurobiol Dis 55:1–10.

175. Santarelli NA, NJ Beveridge, PA Tooney and MJ Cairns.
(2011). Upregulation of Dicer and microRNA expression

in the dorsolateral prefrontal cortex Brodmann area 46 in
schizophrenia. Biol Psychiatry 69:180–187.

176. Wang X, Y Sun, Z Tan, N Che, A Ji, X Luo, X Sun, X Li,
K Yang, et al. (2016). Serum microRNA-4521 Is a po-
tential biomarker for focal cortical dysplasia with refrac-
tory epilepsy. Neurochem Res 41:905–912.

177. Senfter D, M Samadaei, RM Mader, J Gojo, A Peyri, G
Krupitza, M Kool, M Sill, C Haberler, et al. (2019). High
impact of miRNA-4521 on FOXM1 expression in me-
dulloblastoma. Cell Death Dis 10:696.

178. Hauberg ME, P Roussos, JK Grove, AD Borglum, and M
Mattheisen; the Schizophrenia Working Group of the
Psychiatric Genomics Consortium. (2016). Analyzing
the role of microRNAs in schizophrenia in the context
of common genetic risk variants. JAMA Psychiatry 73:
369–377.

179. Wang Z-Q, M-Y Zhang, M-L Deng, NQ Weng, H-Y
Wang and S-X Wu. (2017). Low serum level of miR-485-
3p predicts poor survival in patients with glioblastoma.
PLoS One 12:e0184969.

180. Ames HM, M Yuan, MA Vizaino, W Yu and FJ Rodriguez.
(2017). MicroRNA profiling of low-grade glial and glio-
neurojnal tumors shows an independent role for cluster
14q32.31 member miR-487b. Mol Pathol 30:204–216.

181. Kumar A, S Nayak, P Pathak, S Purkait, PB Malgulawar,
MC Sharma, V Suri, A Mukhopadhyay, A Suri and C
Sarkar. (2018). Identification of miR-379/miR-656
(C14MC) cluster downregulation and associated epige-
netic and transcription regulatory mechanism in oligo-
dendrogliomas. J Neurooncol 139:23–31.

182. Wang XP, XL Deng and L-Y Li. (2014). MicroRNA-584
functions as a tumor suppressor and targets PTTG1IP in
glioma. Int J Clin Exp Pathol 7:8573–8582.

183. Zhang R, R-L Wei, W Du, L-W Zhang, T Du, YD Geng
and XT Wei. (2019). Long noncoding RNA
ENST00000413528 sponges microRNA-593-5p to mod-
ulate human glioma growth via polo-like kinase 1. CNS
Neurosci Ther 225:842–854.

184. Choy FC, TS Klaric, SA Koblar and MD Lewis. (2017).
miR-744 and miR-224 downregulate Npas4 and affect
lineage differentiation potential and neurite development
during neural differentiation of mouse embryonic stem
cells. Mol Neurobiol 54:3528–3541.

185. Denk J, K Boelmans, C Siegismund, D Lassner, S Arit and
H Jahn. (2015). MicroRNA profiling of CSF reveals po-
tential biomarkers to detect Alzheimer‘s disease. PLoS
One 20:e012723.

Address correspondence to:
Prof. K. Sue O’Shea

Departments of Psychiatry
and Cell and Developmental Biology

University of Michigan Medical School
3051 BSRB, 109 Zina Pitcher Place

Ann Arbor, MI 48109-2200
USA

E-mail: oshea@umich.edu

Received for publication March 14, 2020
Accepted after revision May 21, 2020

Prepublished on Liebert Instant Online May 22, 2020

MIRNAS IN BIPOLAR PATIENT IPSC-DERIVED NEURONS 1159


