
Converging miRNA functions in diverse brain disorders: A case
for miR-124 and miR-126

Kai C. Sonntag1,*, Tsung-Ung W. Woo1,2,*, and Anna M. Krichevsky3,*

1Department of Psychiatry, Mailman Research Center, McLean Hospital, Belmont, MA 02478
2Laboratory of Cellular Neuropathology, Mailman Research Center, McLean Hospital, Belmont,
MA 02478
3Center for Neurologic Diseases, Brigham and Women’s Hospital, Boston, MA 02115

Abstract
A growing body of information on the biology of miRNAs has revealed new insight into their
roles in normal homeostasis and pathology of disease. miRNAs control all steps of the cellular
expression machinery acting through a “single miRNA/multiple targets” or “multiple miRNAs/
single target” mechanism. They have profound impact on the regulation of signaling pathways,
which govern common and specific functions across different cellular phenotypes. There is
increasing evidence that various diseases share similar disturbances in gene expression networks.
Since miRNAs have both common and varying effects in different cellular contexts, they might
also influence overlapping signaling pathways in different organs and disease entities. Here, we
review this concept for two miRNAs highly abundant in the brain, miR-124 and miR-126, and
their potential role in diseases of the brain.
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Introduction
There is increasing evidence for overlapping miRNA functions in different disease entities,
such as cancer and neurodegeneration (Du and Pertsemlidis, 2011). Conceptually, this is
based on the common belief that a miRNA target in one cell type would also be a target in a
different cellular context. However, this is not necessarily the case as cell type and cellular
environment (genetic and epigenetic status, sequence, expression levels and stoichiometry of
direct and indirect targets, and miRNPs) also seemingly contribute to miRNA functions.
There are several levels to assess miRNA regulations across different diseases. On the one
hand, one can look at miRNA profiles and determine their expression levels in relation to
the pathological condition. Profiling has been done in multiple studies and there is a
tremendous effort in developing improved platforms for higher throughput and sensitivity
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(Krichevsky, 2007, Sonntag, 2010). This also goes together with other technologies, such as
laser microdissection, to target specific cell populations. Data from these profiling studies
can be used to correlate miRNAs with known molecular networks and signaling pathways to
predict functional relations (Sonntag, 2010). On the other hand, one can look at
experimentally validated relationships between miRNAs and their targets. While this is
more feasible for specific diseases, such as cancer, in which tissue material, cell lines or
animal models are available, it is more difficult for neurodegenerative or psychiatric
disorders, for which these experimental tools are less accessible.

Conceptually, the potential roles of miRNAs in neurodegeneration have been well
established (Barbato, et al., 2009, Bushati and Cohen, 2008, Eacker, et al., 2009, Hebert and
De Strooper, 2009, Hebert, et al., 2009, Nelson, et al., 2008, Singh, 2007, Sonntag, 2010),
but so far, there is only very little information on the function of these molecules in disease
processes. Similarly, there is emerging evidence that miRNAs are involved in psychiatric
diseases, including bipolar disorder, schizophrenia, and addiction (Miller and Wahlestedt,
2010, Xu, et al., 2010). However, like in neurodegeneration, their functions remain largely
unknown. In contrast, oncogenic and tumor suppressor functions for a number of key
miRNAs in cancer are much better understood. In fact, many known miRNA functions and
target interactions have been discovered in cancer cells. In addition, there is already an
emerging field in cancer research to develop new therapeutic strategies using miRNAs and
other regulatory RNAs. Translational research that is based on miRNA profiling,
experimentally validated data, and knowledge about the individual biology of disease
entities could provide a powerful approach to develop common miRNA-based therapeutic
and diagnostic strategies (Du and Pertsemlidis, 2011).

Here we describe converging miRNA functions in the brain exemplified for one key
miRNA, miR-124, and discuss a translational approach to predict the roles of a less well
characterized miRNA, miR-126, in relation to various brain disorders.

miR-124: the most abundant miRNA in the CNS
miR-124 (also called miR-124a) is the most abundant miRNA in the brain. The miR-124
family was detected in 46 animal species from Caenorhabditis to Homo sapiens (Guo, et al.,
2009). Its abundance in embryonic and adult cortical tissues of various mammalian species
ranges from 5% to 48% of all miRNAs expressed (Lagos-Quintana, et al., 2002, Landgraf, et
al., 2007); Krichevsky, unpublished data), suggesting its key function in the CNS. Due to its
extraordinary enrichment in metazoan nervous systems through more than 500 million years
of evolution (Peterson, et al., 2009), miR-124 is one of the best-studied miRNAs in various
organisms (reviewed by (Gao, 2010), by both basic biologists interested in molecular
mechanisms of miRNA regulation and neuroscientists investigating brain development and
function. In mammalian brain development, miR-124 expression increases during the
prenatal period, reaching its peak level by the end of fetal development and remains highly
expressed in the postnatal brain (Krichevsky, et al., 2003). This miRNA is not expressed or
is detected only at low levels in neural stem and progenitor cells, but it is induced strikingly
with the exit of neuroblasts from the cell cycle during neuronal differentiation and highly
expressed in differentiating and mature neurons (Krichevsky, et al., 2006, Maiorano and
Mallamaci, 2009, Sempere, et al., 2004). Since astrocytes do not express miR-124
(Smirnova, et al., 2005), this molecule was considered neuron-specific. Indeed, miR-124 is
widely expressed in virtually all postmitotic neurons in all CNS regions, with the exception
of the pituitary gland in adult humans, mice, and rats, and its expression is relatively low in
the ventricular zone in the embryonic brain (Bak, et al., 2008, Deo, et al., 2006, Landgraf, et
al., 2007, Olsen, et al., 2009). Similarly, miR-124 is expressed in all differentiating and
mature neurons in the chick spinal cord (Cao, et al., 2007, Visvanathan, et al., 2007) as well
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as in all differentiating cells throughout the larval zebrafish brain and retina (Wienholds, et
al., 2005). Interestingly, in Aplysia, miR-124 is abundantly expressed in sensory neurons,
but it is almost undetectable in motor neurons (Rajasethupathy, et al., 2009). In C. elegans, it
is also mostly confined to sensory neurons (Clark, et al., 2010), suggesting functional
divergence of this miRNA during the phylogenetic transition from invertebrates to
vertebrates.

miR-124 in differentiation and functions of neurons
The striking induction of miR-124 expression during neuronal differentiation and brain
development, its confinement to the CNS, and high expression levels in mature neurons
suggest unique and important roles this molecule may play in neurogenesis and neuronal
function. Indeed, a number of groups have reported that miR-124, alone or in combination
with other factors, can promote the neuronal phenotype during differentiation of
uncommitted cells in vitro. For example, transient overexpression of miR-124 and mir-9/9*
in murine embryonic stem cell (ESC) derived neural progenitor cells significantly increased
the proportion of differentiated βIII-tubulin-positive neurons in culture (Krichevsky, et al.,
2006). Stable overexpression of miR-124 induced neuronal markers and promoted neurite
extension in cultures of embryonal carcinoma P19, neuroblastoma CAD and N2a, and
isolated cortical progenitor cells (Maiorano and Mallamaci, 2009, Makeyev, et al., 2007,
Visvanathan, et al., 2007). This previous work has culminated in a recent report showing
that a combination of miR-124 with miR-9/9* and several neurogenic transcription factors
induces conversion of human fibroblasts to neurons that exhibit functional synapses, action
potentials and a gene expression profile characteristic of mature neurons (Yoo, et al., 2011).
Therefore, miR-124 has emerged as an integral part of the genetic circuitry that directs
neural fate determination.

While the exact functions of miR-124 in the CNS in vivo are still not completely well
defined and in part controversial (Cao, et al., 2007, Visvanathan, et al., 2007), several
studies point to an instructive role of this miRNA in promoting both embryonic and adult
neurogenesis. For example, in the developing spinal cord in the chick neural tube, miR-124
has been implicated in the stimulation of neuronal differentiation (Visvanathan, et al., 2007).
In mice, gain- and loss-of-function experiments have also confirmed an involvement of
miR-124 in the temporal progression of neurogenesis in the adult subventricular zone (SVZ)
(Cheng, et al., 2009). Generation of miR-124 knockout animals would further shed light to
this field; however, this is technically-challenging as it would require triple knockouts,
because miR-124 is expressed from three independent genetic loci. Interestingly, abrogating
the single miR-124 locus in C. elegance did not cause any gross abnormalities in the
development of the nervous system (Clark, et al., 2010).

The functions of miR-124 in the adult CNS and mature neurons are relatively poorly
studied. So far, it is unclear whether miR-124 is required for fine-tuning gene expression in
order to maintain the neuronal phenotype or for regulation of principal neuronal functions
such as, e.g., synaptic plasticity. With numerous direct targets identified in the adult brain
(see below), it is possible that miR-124 is involved in both of these processes. This notion is
supported by the high turnover of miR-124 along with other miRNAs in mature neurons
(Krol, et al., 2010), as well as by findings of recent studies in which miR-124 was shown to
be a part of a complex regulatory gene expression network mediated by miRNAs in the
context of cocaine-induced neuronal adaptations (Chandrasekar and Dreyer, 2009,
Chandrasekar and Dreyer, 2011). Also, in Aplysia, where miR-124 is present exclusively in
sensory but not motor neurons, its expression is modulated by the neurotransmitter serotonin
and, as such, it may have a role in long-term synaptic plasticity by directly controlling
CREB and CREB signaling (Rajasethupathy, et al., 2009). Whether miR-124 has a similar
function in the mature CNS in vertebrates remains to be investigated.
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Numerous miR-124 targets: from HeLA cells to brain
As most other miRNAs, miR-124 is predicted to target hundreds of mRNA transcripts. In
fact, due to its high conservation and tissue specificity, miR-124 served as a model for
understanding miRNA targeting and establishing target prediction rules. For example, a
seminal study by Lim and colleges (Lim, et al., 2005) reported that ectopic overexpression
of miR-124 in non-neural HeLa cells led to the repression of 174 non-neuronal mRNAs
(expressed at low levels in the brain and at high levels in other tissues) and shifted their
expression profile towards that of a neural phenotype. Subsequently, many of the regulated
genes have been validated as direct miR-124 targets. Further studies on pro-neural CAD
cells (Makeyev, et al., 2007) demonstrated that miR-124 down-regulated approximately 300
conserved targets, preferentially those expressed at low levels in the CNS, and conversely,
specific inhibition of miR-124 in primary cortical neurons increased levels of numerous
non-neuronal transcripts (Conaco, et al., 2006). Further mechanistic insight into miR-124
regulation was provided by Hendrickson and colleagues (Hendrickson, et al., 2009), who
identified direct targets in miR-124 transfected non-neural HEK-293T cells by virtue of their
association with Argonaute proteins, which are core components of the miRNA effector
complex. Among the approximately 600 mRNAs specifically recruited to Argonaute
proteins by miR-124, there was a large dynamic range for both the reduction of mRNA
stability and their translation rate with changes in mRNA stability accounting for ~75% of
the estimated effect on protein production. As for most other miRNAs, miR-124 targets
follow the classical rules: they tend to have sequences in the 3'UTR that are recognized by
the 5' seed of miR-124 (Chi, et al., 2009, Wang, et al., 2010). Finally, high-throughput
sequencing of RNAs isolated by crosslinking immunoprecipitation mapped functional
Argonaute-miR-124-mRNA interaction sites in the mouse brain and confirmed direct
miR-124 binding to hundreds of transcripts (Chi, et al., 2009). Collectively, these studies
provide a comprehensive molecular atlas of miR-124- target gene interactions and imply
miR-124’s involvement in establishing and maintaining neuronal identity, as well as neuron
function.

Among its numerous mRNA targets miR-124 may also modulate key molecules in signaling
pathways that are associated with disease pathogenesis. For example, miR-124 down-
regulates the phosphatase SCP1, a component of the anti-neural RE1-silencing transcription
repressor complex (REST), whose down-regulation is critical for induction of neurogenesis
during CNS development (Visvanathan, et al., 2007). Interestingly, in non-neuronal cells,
miR-124 itself is transcriptionally repressed by REST, allowing the persistence of non-
neuronal transcripts (Conaco, et al., 2006). A double-negative feedback loop between REST/
SCP1 and miR-124 ensures stabilization and maintenance of neuronal gene expression in
appropriate pro-neural conditions. Another principal target is PTBP1 (PTB/hnRNP I), a
global repressor of alternative pre-mRNA splicing in non-neuronal cells (Makeyev, et al.,
2007). During developmental shifts, miR-124 controls down-regulation of PTBP1, and thus
the alternative splicing machinery towards production of neuronal-specific transcripts.
Strikingly, among alternatively spliced mRNAs that are affected by miR-124, those that are
involved in “cytoskeleton organization and biogenesis” and “cell projection” bio-terms are
overrepresented. Together with miR-9*, miR-124 also regulates BAF53a, a subunit of the
neural-progenitor-specific chromatin-remodeling complex (Yoo, et al., 2011). Mutations
abolishing this regulation and causing persistent BAF53a expression lead to defective
activity-dependent dendritic outgrowth in neurons. In addition to these “non-neuronal”
transcripts, mRNAs associated with mitotic cell cycle progression, cell proliferation, and
DNA replication are also overrepresented among miR-124 targets (Makeyev, et al., 2007,
Wang and Wang, 2006). Collectively, these data substantiate miR-124’s role in arresting cell
cycle and promoting mitotic exit during neurodifferentiation, and instructing morphogenesis
of neurons. Disturbances in this regulation could result in dysfunction of neural pathways.
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miR-124 in brain tumors
miR-124 regulation of numerous brain transcripts strongly suggests that dysregulation or
malfunction of this miRNA might contribute to the pathogenesis of human brain disorders.
As brain tumors are diseases of dysregulated neuro-glial cell proliferation and
differentiation, the involvement of miR-124 in such pathologies would be anticipated.
Indeed, expression profiling of various human brain tumors demonstrated that miR-124 is
one of the most strongly and uniformly down-regulated miRNAs in brain neoplasia. In
anaplastic astrocytoma, oligodendroglioma, and glioblastoma (GBM), which represent the
most common and aggressive primary glial brain tumors in adults, miR-124 is down-
regulated 30 to 7,800-fold when compared to non-neoplastic brain tissues and gliosis
(Fowler, et al., 2010, Nelson, et al., 2006, Silber, et al., 2008); and Krichevsky, unpublished
results). Medulloblastoma (MB), the most common malignant pediatric brain tumor of
neuronal linage, thought to arise from aberrant cerebellar development, also exhibits reduced
miR-124 levels relative to normal cerebellum (Ferretti, et al., 2008, Li, et al., 2009, Pierson,
et al., 2008). miR-124 expression is especially low in MBs associated with activated Sonic
Hedgehog signaling (Cho, et al., 2011) and in Gli1high MBs (Ferretti, et al., 2008), a
subgroup with relatively poor clinical outcome.

Mechanistically, it is unclear whether decreased levels of miR-124 correlate with neoplastic
transformation. As described above, miR-124 is expressed at high levels in differentiated
neurons, but not in glial cells or neuronal progenitors. In situ hybridization in
oligodendroglioma specimens has demonstrated that miR-124 is expressed in neurons only,
but not in tumor cells (Nelson, et al., 2006). The low levels of miR-124 detected in tissue
derived from highly invasive tumors might, therefore, be due to residual neurons
contaminating tumor specimens. If so, does miR-124 reduction in brain tumors merely
reflect the absence of neurons and the abundance of undifferentiated highly proliferative
cells in the tumor mass? Or does this miRNA have an active tumor suppressive role in the
brain? In other words, would reduction of miR-124 in committed/mature neurons lead to de-
differentiation and neoplastic transformation? Or would failure to induce miR-124
expression in neural progenitor/stem cells under certain conditions lead to neoplastic
transformation? While these important questions await further experimentation using both in
vitro and in vivo model systems, support for miR-124 as a tumor suppressor comes from
non-neural systems. Previously considered as neuron-specific, miR-124, in fact, is also
expressed in peripheral blood samples, pancreatic β-cells, and some other cells, albeit at
lower levels (Agirre, et al., 2009, Liang, et al., 2007). A tumor suppressive role for miR-124
has been reported in acute lymphoblastic leukemia (ALL), where its epigenetic silencing by
hypermethylation is an independent negative prognostic factor (Agirre, et al., 2009).
Furthermore, overexpression of miR-124 in a xenogeneic mouse model of ALL significantly
decreases tumor growth. Hypermethylation of miR-124 promoters has also been reported for
colon, breast, lung, and hematological malignancies (Furuta, et al., 2010, Lujambio, et al.,
2008, Wong, et al., 2011). However, as of today, there are no data supporting aberrations in
any of the three human miR-124 genes and/or their epigenetic modifications in brain
cancers, and treatment with demethylating agents does not restore miR-124 expression in
GBM and MB cell lines (Li, et al., 2009, Silber, et al., 2008).

Regardless of whether reduction of miR-124 contributes to brain tumorigenesis or not, it
could still be a potential therapeutic agent. If overexpression of miR-124 can shift HeLa and
HEK cells toward expressing neuronal genes, it is plausible that supplementation of
miR-124 might also promote differentiation of both glial and neural tumors. Indeed, it has
been demonstrated that ectopic overexpression of miR-124, alone or in combination, can
induce cell cycle arrest and appearance of the neuronal marker βIII-tubulin in human glioma
cells in vitro (Silber, et al., 2008). Overexpression of miR-124 in the glioma cell line A172
also decreases cell migration and invasion without affecting their proliferation (Fowler, et
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al., 2010). In addition, in several MB cell lines, significant effects of miR-124 ectopic
expression on proliferation and growth have been reported (Li, et al., 2009).
Mechanistically, restoration of miR-124 in glioma and other malignant brain tumors may
slow tumor progression by repressing various miR-124 targets. Indeed, numerous validated
targets are highly expressed in GBM and have demonstrated functions in gliomagenesis.
These include factors of the cell cycle machinery that are directly regulated by miR-124,
such as CDK6, which is an important regulator of the G1 to S-phase progression and is
highly active in brain tumor cells (Lujambio, et al., 2008, Pierson, et al., 2008, Silber, et al.,
2008). PTBP1, a principal miR-124 target and regulator of splicing (Makeyev, et al., 2007),
and see above), is aberrantly overexpressed in glioma, and its removal inhibits glioma
proliferation and migration (Cheung, et al., 2009). GTPase activating protein 1 (IQGAP1),
Laminin γ1 (LAMC1), and β1-integrin (ITGB1) are three additional well-established targets
(Cao, et al., 2007, Chi, et al., 2009, Fowler, et al., 2010, Lee, et al., 2010, Lim, et al., 2005)
with important roles in tumor cell invasion, and frequently elevated in gliomas (Kawataki, et
al., 2007, McDonald, et al., 2007, Piao, et al., 2009). miR-124 also targets regulator of sex
determining region Y-box 2 (SOX9) (Cheng, et al., 2009), a transcription factor and stem
cell marker, which is highly expressed in various malignant brain tumors and is involved in
tumor cell proliferation (Sutter, et al., 2010, Swartling, et al., 2009). It should be noted that
the reduced levels of miR-124 in GBM might contribute to or may even directly result in the
de-repression of these molecules in the tumor cells. In our analysis of The Cancer Genome
Atlas, the largest available database of molecular characteristics for 260 GBM patients
(2008), we have determined that the expression of PTBP1, LAMC1, IQGAP1, ITGB1,
CDK6, and SOX9 is strongly negatively correlated with miR-124 expression, with
correlation coefficients ranging from −0.22 to −0.57 and p-values <0.002 (Krichevsky,
unpublished results). These data further suggest that restoring miR-124 levels/activity by its
ectopic overexpression in cancer cells should perhaps be a focus of future therapy
developments for brain tumors.

miR-124 in neurodegeneration
A contribution of miR-124 to neurodegenerative disorders, such as Alzheimer’s disease
(AD), Parkinson disease (PD), and Huntington’s disease (HD) is unknown. Several reports
indicate a possible reduction of miR-124 levels in human brain regions affected by AD and
HD (Lukiw, 2007, Packer, et al., 2008, Smith, et al., 2011), while other screens do not
observe this decrease (Cogswell, et al., 2008, Johnson, et al., 2008). It should, however, be
noted that reduced levels of miR-124 sometimes observed in the neurodegenerative hetero-
cellular tissues could very likely be due to the reduced proportion of neurons, in which the
miRNA is expressed. More refined analysis of specific cell populations affected by a disease
should be carried out to draw any meaningful conclusion. High levels of neuronal miR-124
were also detected by in situ hybridization in human entorhinal and transentorhinal cortex in
both healthy and AD subjects (Nelson and Wang, 2010). In HD, Johnson et al. reported that
miR-124 targets in the caudate are statistically enriched and represent 2.2% of all up-
regulated genes arguing for miR-124 down-regulation and function in this disease (Johnson
and Buckley, 2009, Johnson, et al., 2008). Interestingly, the transcription factor REST,
whose function is highly linked to miR-124 (see above), has been suggested as one of the
factors involved in neuronal cell death in the striatum of HD patients, further supporting a
potential role of this miRNA in HD pathogenesis. Still, no functional studies investigating
the role of miR-124 in these neurodegenerative diseases have been reported. It has recently
been demonstrated that miR-124 can shift the splicing patterns of Amyloid Precursor protein
(APP), a key protein in AD pathology, and this reaction is mediated by PTBP1, which is a
known target of miR-124 (Smith, et al., 2011). However, the relevance of this finding to
APP biogenesis and amyloid accumulation in AD is unclear.
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A new and surprising function of miR-124 has recently been discovered in our studies of
microglia, the CNS-resident cells of the macrophage linage (Ponomarev, et al., 2011).
Microglia isolated from the mouse brain and spinal cord, but not peripheral macrophages
isolated from other tissues, express high levels of miR-124. These normally quiescent cells
in the healthy adult CNS become activated in areas of trauma and infection in the aging
human brain, as well as in neurodegenerative and neuroinflammatory diseases, such as
multiple sclerosis (MS). Microglia activation is the principal pathology in these conditions.
Interestingly, miR-124 has emerged as a key regulator of microglia quiescence in the CNS.
Activated microglia down-regulate miR-124 expression in vitro and miR-124 levels
correlate inversely with the activation state of microglia and macrophages in the CNS.
Ectopic expression of miR-124 in peripheral bone marrow derived macrophages deactivates
them by reducing the production of multiple cytokines and markers of activated cells,
whereas the inhibition of miR-124 in microglia in vitro and intracranially in vivo activated
the cells. Furthermore, systemic administration of miR-124 in experimental autoimmune
encephalomyelitis, a mouse model of MS, prevented or ameliorated disease symptoms and
enhanced recovery. The mechanism underlying systemic function of this miRNA is through
the direct uptake by peripheral macrophages and their deactivation, which in turn, leads to
deactivation of dendritic cells and autoimmune T cells. Since miR-124 administration
suppressed macrophage activation in vivo, theoretically it could be therapeutic not only for
MS, but also for other inflammatory diseases such as type 1-diabetes, rheumatoid arthritis
and atherosclerosis.

In contrast to neurons, the functions of miR-124 in monocyte/macrophage cells are primarily
mediated by its direct target enhancer-binding protein alpha (C/EBPα), a master
transcription factor that controls differentiation of myeloid cells, and further downstream
through PU.1, another master regulator of monocyte/macrophage differentiation (Feng, et
al., 2008, Zhang, et al., 2004). Similar to its function in differentiation of neural cells,
miR-124 may restrict proliferation and promote differentiation of monocytes into adult
microglia. Thus, miR-124 may be viewed as a master regulator of differentiation and
maturation of various cell types in the CNS. Investigation of this miRNA as a principal
element of molecular networks that drive distinct cell fates like neurons and microglia, may
improve our understanding of diverse brain disorders, from brain tumors to
neurodegenerative conditions and autoimmune diseases such MS.

Identifying new miRNA players in brain diseases
Although a role of miR-124 in normal brain functioning and in diseases has been intensively
investigated, corresponding data of the involvement of other brain-enriched miRNAs are
sparse. Because the living human brain is not easily accessible to experimental
manipulations, the identification and characterization of miRNAs in the pathophysiology of
brain diseases, including both neurologic and psychiatric disorders, is challenging. As such,
studying postmortem brains from subjects with these disorders is often the only viable
alternative approach. In fact, there have been many reports of mRNA expression profile
abnormalities in various neurologic and psychiatric conditions. The number of studies that
examine miRNA expression profiles in these conditions is also rapidly increasing. By
associating specific miRNAs that are differentially expressed in disease states with
disturbances in signaling pathways revealed by mRNA expression profiling, it is possible to
begin to understand the roles of miRNAs in the molecular pathophysiology of brain
dysfunction (Sonntag, 2010). However, several biological and technical confounds that are
intrinsic to this approach need to be considered. For example, a number of miRNAs have
been implicated in the pathophysiology of schizophrenia (SZ), a prevalent psychiatric illness
that is characterized by debilitating cognitive and psychotic symptoms. Such findings came
entirely from profiling miRNA expression in homogenized gray matter tissues obtained
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from postmortem brains of subjects with the disorder (Beveridge, et al., 2010, Beveridge, et
al., 2008, Guo, et al., 2010, Kim, et al., 2010, Kocerha, et al., 2009, Mellios, et al., 2008,
Perkins, et al., 2007, Santarelli, et al., 2011). However, similar to the discussion above for
AD, these findings in SZ have not been consistent between studies. In fact, in most cases,
even within the same cortical region (e.g. dorsolateral prefrontal cortex), the miRNAs that
were differentially expressed in different studies seldom overlap. In instances when they do
overlap, the same miRNAs were altered in opposite directions (i.e. up- versus down-
regulation) in different studies (e.g. (Beveridge, et al., 2010, Santarelli, et al., 2011)). This
inconsistency may in part be due to the different technologies utilized for expression
profiling, variable platform specificity, as well as various statistical methods used for data
analysis.

Because of the tremendous heterogeneity in the organization of neural circuits in the
cerebral cortex, without knowing which miRNAs are altered in what cell populations, which
include many functionally distinct neuronal and glial cell types, it is exceedingly difficult to
understand how miRNA dysregulation leads to neural circuit dysfunction and hence the
clinical manifestations of various diseases, especially if findings differ between studies. This
problem is further compounded by the fact that current understanding of the roles of many
of these miRNAs in the regulation of normal brain circuit functions is extremely limited. An
informative approach to this problem is the analysis of targeted cell populations using laser-
assisted microdissection technology and there is an increasing appreciation of this
methodology in studying postmortem brain tissue. For example, we and others have recently
determined the complete mRNA expression profiles of laser-microdissected dopamine
neurons in PD (Cantuti-Castelvetri, et al., 2007, Elstner, et al., 2011, Simunovic, et al., 2009,
Simunovic, et al., 2010) and in the pyramidal neurons in layer 3 of the superior temporal
gyrus (STG) of the cerebral cortex in SZ individuals (Woo, unpublished results). These
studies delineated a dysregulated expression network of the diseased cells and revealed
insight into disturbed signaling pathways, which could be targets of miRNAs (Sonntag,
2010). To test this possibility, we additionally determined the complete miRNA profiles in
the same dopamine and pyramidal cell populations using high throughput quantitative RT-
PCR technologies. The experiments revealed a set of deregulated miRNAs that was
associated with PD- or SZ-relevant signaling pathways, and some of these associations are
also seen in other cellular contexts and diseases. Altogether, these data provide the
framework for a translational approach of how mRNA/miRNA profiling and data mining
could link pathways to miRNA abnormalities in and between different disease entities. In
the following, this concept is exemplified by miR-126, which was significantly up-regulated
in the male populations in both PD and SZ. This miRNA may be associated with PI3K
signaling together with IGF-1, a pathway implicated in the pathogenesis of PD, or with the
TGF-β and bone morphogenetic protein (BMP) signaling cascades, which were deregulated
in the SZ samples (Fig. 1).

miR-126 in different cellular contexts
miR-126 has mainly been studied in endothelial cells and it is implicated in several forms of
cancer, angiogenesis, vascularization, erythropoiesis, endothelial/leukocyte interaction,
inflammation and immune response (Fish, et al., 2008, Fish and Srivastava, 2009, Grabher,
et al., 2010, Harris, et al., 2008, Huang, et al., 2011, Meister and Schmidt, 2011, Oglesby, et
al., 2010, Shen, et al., 2008, Zhao, et al., 2011). In endothelial cells, its expression is
regulated by the transcription factors Ets-1 and -2, and in tumor cells it can be suppressed by
Src tyrosine kinase (Li, et al., 2009). Validated direct targets of miR-126 are listed in Table
1; among them are several factors and pathways that are also important in neural cell
function. For example, a major emerging function of miR-126 is its involvement in
modulating key molecules in PI3K, MAPK, and AKT signaling as it regulates the
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expression of both negative regulators, such as Sprouty-related EVH1 domain–containing
protein 1 (Spred1) and phosphoinositide kinase 3 regulatory subunit 2 (PIK3R2 or p85β)
(Fish, et al., 2008, Guo, et al., 2008, Ishizaki, et al., 2011, Wang, et al., 2008, Zhu, et al.,
2011), and pathway activators like insulin receptor substrate 1 (IRS-1) (Ryu, et al., 2011,
Zhang, et al., 2008), Vascular Epithelial Growth Factor (VEGF) (Zhu, et al., 2011), and
EGF-like domain-containing protein 7 (EGFL7) (Fish, et al., 2008, Kuhnert, et al., 2008,
Musiyenko, et al., 2008, Nikolic, et al., 2010, Wang, et al., 2008). Other factors targeted by
miR-126 are involved in apoptosis, the transport of ubiquinated proteins in the ubiquitin
proteasome/endosome system, and TNF-α signaling (Harris, et al., 2008, Li, et al., 2008,
Oglesby, et al., 2010). Recently miR-126 was validated as a regulator of SOX2 in the
modulation of cell cycle arrest and apoptosis in gastric cancer (Otsubo, et al.). In the neural
context, SOX2 is an important factor in maintaining self-renewal and pluripotency of stem
cells and neural progenitors. Taken together, miR-126 appears to be a miRNA that affects
cell growth and survival pathways in diverse cellular contexts.

A potential role of miR-126 in brain disorders
High expression of miR-126 has been reported in the human and rodent brain (Landgraf, et
al., 2007) and in cultured rat motoneurons (Wei, et al., 2010) indicating that it could play a
role in neuronal cell function. Nevertheless, there are very little functional data of this
miRNA in the CNS. One interesting aspect of miR-126 function in the nervous system could
be through its genomic and regulatory link with EGFL7. miR-126 is encoded in intron 7 of
the EGFL7 gene and originates from the EGFL7 pre-mRNA (Wang, et al., 2008). Although
the EGFL7 mRNA has not been described as a direct target of miR-126, it can regulate
EGFL7 expression in different cellular contexts, such as endothelial cells and cancer,
probably through indirect mechanisms (Kuhnert, et al., 2008, Meister and Schmidt, 2011,
Musiyenko, et al., 2008, Nikolic, et al., 2010). EGFL7 is expressed in the mammalian brain
where it regulates Notch signaling in neural stem cells altering their self-renewal and
multipotency as well as their differentiation potential towards neuro- and gliogenesis
(Schmidt, et al., 2009). Thus, EGFL7 could have implication for boosting adult neurogenesis
as a repair mechanism in neurodegenerative disorders and brain injury (Bicker and Schmidt,
2010), and might also contribute to brain neoplasia (Huang, et al., 2010). Although it
remains to be determined whether miR-126 is involved in these processes, given its impact
on EGFL7 regulation in a magnitude of cell systems, it is likely that similar mechanisms
also occur in neurons.

Another potential role of miR-126 in the neuronal context could be derived from its
profound impact on regulating factors in key signaling pathways that are also active in
neurons and are associated with disease processes. As discussed above, miR-126 is involved
in the PI3K pathway, and in particular IGF-1, VEGF or EGFL7 signaling, from which it
targets IRS-1, PI3KR2 (p85β), SPRED1, and CRK. Insulin/IGF-1 signaling promotes
neurite sprouting, synapse formation, and neuronal survival, and it has been implicated in
memory, aging, and neurodegeneration (Bishop, et al., 2010, Nelson and Alkon, 2005). For
example in AD and PD, there is evidence that neurons are resistant to IGF-1 and there is a
large body of data linking changes in growth factor/IGF-1 signaling to disease pathogenesis
and altered neuronal cell function (Craft and Watson, 2004, Freude, et al., 2009, Moloney, et
al., 2010, von Bohlen und Halbach and Unsicker, 2009). In experimental animal models of
neurotoxicity related to PD pathogenesis, activation of IGF-1 signaling protects against toxic
insult to 6-OHDA (Guan, et al., 2000, Quesada, et al., 2008, Quesada and Micevych, 2004,
Xu, et al., 2009), whereas disruption of IGF-1 signaling produces enhanced neurotoxicity
(Giovannone, et al., 2009). Similar protective effects were also observed in multiple other
studies on inflammation and brain injury suggesting a central role of the IGF-1 pathway in
cell survival in vivo. In addition to growth factor/IGF-1 signaling, the PI3K pathway is also
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involved in other aspects of neuronal cell function including mechanisms of dysfunction
related to, e.g., oxidative stress, apoptosis, and others. In SZ, TGF-β and BMP signaling in
pyramidal neurons in layer 3 of the cortex is among the most significantly dysregulated
pathways and bioinformatics analysis indicates that these disturbances may be linked to
miRNA dysregulation (Woo, unpublished results). TGF-β/BMP signaling also engages the
PI3K pathway and regulates a variety of other signaling cascades, including those that are
associated with apoptosis and anoikis (Vachon, 2011), which may play a role in the
pathophysiology of decreased dendritic spine density on pyramidal neurons in SZ (Glantz, et
al., 2006).

Altogether, the findings discussed above raise the possibility that disturbances in the
expression of the genes related to PI3K signaling pathways in PD and SZ may be associated
with miR-126 deregulation in neuronal cell populations as well. However, this might not be
as straightforward as one would predict from confirmed miRNA/target relationships;
regulation of one or multiple targets by a miRNA and its consecutive effects on signaling
pathways in one cell type does not necessarily predict the same outcome in a different
cellular context (Gabriely, et al., 2011). For example, miR-126 is not associated with the
down-regulation of PIK3R2 in small lung cancer (SCLC), TOM1 in breast cancer (MCF7),
or SPRED1 in acute myeloid leukemia (AML) cell lines, while it regulates these sane targets
in other cell types (Miko, et al., 2011). Another example suggestive of cell type-dependent
miRNA functions comes from a recent study on miR-34b and miR-34c in PD (Minones-
Moyano, et al., 2011). Both of these miRNAs are members of the miR-34a/b/c family,
which is down-regulated in several forms of cancer and targets factors that are involved in
cell cycle arrest, senescence, and apoptosis (Hermeking, 2010), and has also been proposed
as a potential plasma marker for HD (Gaughwin, et al., 2011, Parekh, 2011). In the
Miñones-Moyano et al. study, miRNA profiling in different brain regions revealed down-
regulation of miR-34b and miR-34c in tissue from PD patients. Subsequent functional
analysis in SH-SY5Y neuroblastoma cells showed that inhibition of miR-34b/c
compromised cell viability by impairing mitochondrial function including the production of
reactive oxygen species. Although the study did not provide information on specific
miR-34b/c targets, it indicated a reduction of Parkin and DJ1, two proteins that are linked to
mitochondrial dysfunction in PD, in both miRNA-depleted SH-SY5Y cells and those PD
brain regions with decreased miR-34b/c levels. The authors suggest that miR-34b/c
deficiency might negatively affect mitochondrial function through an indirect mechanism
that includes Parkin and DJ1. Interestingly, in cancer, expression of the miR-34 family
members is activated by p53, while their silencing is associated with promoter methylation
(Corney, et al., 2007, Kumamoto, et al., 2008, Toyota, et al., 2008). However, it is unclear
whether these mechanisms are responsible for the observed down-regulation in PD. A caveat
in the Miñones-Moyano study is that miR-34 expression was analyzed in heterogeneous cell
populations from brain tissue and its function was not directly linked to the neuronal
phenotype. This is an important parameter as the apoptosis-inductive properties of miR-34
in cancer presumably depend on the cellular and genetic context, its expression levels and
feed-back loops involving p53 (Hermeking, 2010). At present, it remains to be established
whether similar mRNA targets and downstream signaling pathways are also affected by
miR-34b/c in neurons. Some evidence comes from a recent study showing that miR-34c is
up-regulated in the hippocampus of AD patients and mice, and its identification as a target
to rescue learning impairment in a mouse model of AD (Zovoilis, et al., 2011). Interestingly,
this function was associated with regulating its target Sirt1, which regulates p53 activity in
cancer cells (Yamakuchi and Lowenstein, 2009), and this mechanism has also been
implicated in neurite elongation during mouse neural stem cell differentiation (Aranha, et
al., 2011). Finally, it needs to be established whether aberrant miRNAs are cause or
consequence of disease pathogenesis and whether they confer (neuro)protection or
vulnerability. In the case of miR-34, similar to its function in cancer, cognitive disturbances
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in AD, and neural cell differentiation, down-regulation in Parkinsonian DA neurons that
undergo apoptosis (Simunovic, et al., 2009) could be a compensatory anti-apoptotic effect as
well.

Thus, multiple factors depending on cell type, activation, and environment can influence
miRNA expression and signaling making their functions not necessarily universal.
Currently, much of the mechanisms that govern cell type-specific target regulation by
miRNAs are unclear underscoring the complexity of expression networks across different
cell systems. The challenge will be to delineate how a certain (or multiple) miRNA(s) is/are
regulated by and regulate(s) a particular cellular phenotype and how this regulation
contributes to normal or abnormal cell function and consequently to disease processes.

Conclusions
Although there has been significant progress in delineating the basic biology of miRNAs
and their roles in cancer, current knowledge of the regulation of brain functions by miRNAs
in both normal and disease states is comparatively limited. This review highlights what we
believe is an effective strategy to study the roles of miRNA in brain circuit dysfunction in
neurologic and neuropsychiatric disorders. The strategy involves characterization of miRNA
expression changes in specific cell types within neural circuits known to be dysfunctional in
the disorder of interest, and then correlative analysis of these changes in relation to mRNA
expression. This approach should facilitate the development of an overarching biological
framework within which specific pathophysiological hypotheses can be conceptualized and
subsequently tested in in vitro and/or in vivo experimental systems.
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Figure 1.
Expression of miR-126 in PD and schizophrenia (SZ) and its targeting of PI3K signaling
pathways. (A) Substantia nigra DA neurons from sporadic PD patients (5 males and 3
females, right bars) or pyramidal neurons in layer 3 of the superior temporal gyrus (STG) of
the cerebral cortex from SZ patients (4 males and 5 females, right bars) and aged-matched
controls (PD: 5 males and 3 females, SZ: 4 males and 5 females, left bars) were isolated by
laser-assisted microdissection from postmortem brain material as previously described
(Pietersen, et al., 2011). miRNA expression profiles were performed by Megaplex Human
miRNA TaqMan® Arrays (LifeTechnologies) and quantified by the 2−ΔCt method (Livak
and Schmittgen, 2001) using RNU44 or MammU6 snoRNA expression for normalization.
Data are plotted for all samples combined or males and females separately, and statistical
significance determined by 3-way ANOVA and student’s t-test. (B) Schematic of upstream
factors in IGF-1/TGF-1β/PI3K signaling and validated targets of miR-126.
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Table 1

Functionally validated targets for miR-126.

Target Species Cell System References

c-Myb Zebrafish Hematopoiesis (Grabher, et al., 2010)

CRK Human Lung cancer (Crawford, et al., 2008)

HOXA9 Human Hematopoiesis (Shen, et al., 2008)

IRS-1 Human Breast cancer, hepatocytes (Ryu, et al., 2011, Zhang, et al., 2008)

Pak1 Zebrafish Endothelium (Zou, et al., 2011)

PIK3R2 (p85β) Human Colon, breast cancer (Guo, et al., 2008, Zhu, et al., 2011)

PLK2 Human Leukemia (Li, et al., 2008)

PTNP9 Human Erythropoiesis (Huang, et al., 2011)

SLC7A5 Human Lung cancer (Miko, et al., 2011)

SOX2 Human Gastric cancer (Otsubo, et al.)

Spred1 Zebrafish, Mouse Endothelium (Fish, et al., 2008, Wang, et al., 2008)

TOM1 Human Epithelium (Oglesby, et al., 2010)

VCAM Human Endothelium (Harris, et al., 2008)

VEGFA Human Lung, breast cancer (Liu, et al., 2009, Zhu, et al., 2011)
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