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Abstract

The diversity of IncRNAs has expanded within mammals in tandem with the evolution of
increased brain complexity, suggesting that IncRNAs play an integral role in this process. In this
chapter, we will highlight the identification and characterization of InNcCRNAS in nervous system
development. We discuss the potential role of IncRNAs in nervous system and brain evolution,
along with efforts to create comprehensive catalogues that analyze spatial and temporal changes in
IncRNA expression during nervous system development. Additionally, we focus on recent
endeavors that attempt to assign function to INcRNAs during nervous system development. We
highlight discrepancies that have been observed between /n vitro and in vivo studies of INCRNA
function and the challenges facing researchers in conducting mechanistic analyses of INcRNASs in
the developing nervous system. Altogether, this chapter highlights the emerging role of INcRNAs
in the developing brain and sheds light on novel, RNA-mediated mechanisms by which nervous
system development is controlled.
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9.1 Evolution of the Brain and Emergence of IncRNAs

The emergence of a true nervous system can be traced back to the evolution of the Bilateria,
organisms that displayed two sides that are virtual mirror images, a hollow gut tube and a
clustering of nerve cells into a nerve cord. The brain evolved from the clustering of the nerve
cells at the anterior pole of the organism, connecting to other clusters of nerve cells, or
ganglia, distributed along the central nerve cord. With the evolution of the vertebrates, this
ventrally located nerve cord evolved into the dorsally located spinal cord. Likewise,
throughout evolution, nervous system development is controlled by a largely conserved set
of transcription factors and signaling molecules [1, 2]. Many of the same gene sets are even
present and function orthologously in the more evolutionary primitive “nerve nets” of
Cnidaria [3, 4]. These findings raise the question: How do the same gene sets function to
control the great diversity of structures and cell types that are found in the nervous system
across evolution? While some of this diversity is undoubtedly generated by gene
duplications and repurposing of orthologous gene functions [5, 6], other mechanisms are

Correspondence to: Seth Blackshaw.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Clark and Blackshaw

Page 2

certainly at work. These questions are most pertinent for the development of highly complex
mammalian brains, particularly those of higher primates. In this section, we explore the
potential central role of IncRNAs in the evolution of the mammalian nervous system.

During vertebrate and more specifically hominid evolution, the brain has undergone an
evolutionarily rapid expansion in size. In mammals with larger, more convoluted cortices,
the expansion in size correlates with an expanded diversity of progenitor cells [7] that
possess an increased proliferative capacity [8—14]. In primates, the greatly increased size of
the cerebral cortex appears to result from a dramatic expansion of progenitors in the outer
subventricular zone [15, 16]. Interestingly, when brain size is normalized to body size using
the encephalization quotient (EQ), the expansion in size of the brain across mammalian
evolution shows a strong, nonlinear correlation with the expansion in the numbers of
individual IncRNAs (Fig. 9.1).

Consistent with the notion that IncRNAs have co-evolved with the expanded repertoire of
brain functions, a majority of INcRNAs examined to date display specific expression within
neuroanatomical regions or neuronal cell types in mouse [22, 23]. Many of these brain-
enriched IncRNAs are co-expressed with, and display genomic localizations in close
proximity to, known neurodevelopmental regulators [24] and likely regulate similar
processes during neurodevelopment. Together, this has led to the general hypothesis that the
expanded diversity in INCRNASs is pivotal to the expansion in higher-order cognitive ability
of humans and primates and the diversity of neuronal cell types and function. Accordingly,
roughly one-third of ~13,800 IncRNAs examined are specific to the primate lineage, with
~40% of the IncRNAs displaying nervous system-specific expression [19, 25-27]. The
emergence of brain-specific IncRNAs during primate/human evolution likely occurred
through gene duplication, since brain-specific IncRNAs are more likely to originate from
genomic regions that have undergone recent duplication than are more ubiquitously
expressed or non-brain-enriched IncRNAs [25, 28, 29]. With the continued annotation of
genomes and transcriptomes of various species across evolution, we are better able to assess
the evolutionary conservation of INcRNAs and their role in the emergence of human-specific
traits [30].

Interestingly, although IncRNAs display poor overall primary sequence conservation when
compared to protein-coding genes [29, 31], brain-specific IncRNAs display two interesting
evolutionary attributes: (1) brain-specific IncRNAs display higher sequence conservation
than IncRNAs expressed in other tissues [24, 32] and (2) the spatiotemporal expression
patterns of orthologous brain-enriched IncRNAs are maintained across multiple species [32].
This suggests that the expansion in the number of IncRNASs has played a critical role in the
development of brain structures throughout the mammalian lineage. To further support the
hypothesis that INcRNAs are vital to the evolutionary expansion of relative brain size and
cognitive ability, researchers have identified genomic loci that display high conservation
throughout vertebrate evolution but have undergone rapid evolution in humans [33-36].
These sequences are postulated to, therefore, play a role in human-specific brain functions.
~2700 “human accelerated regions (HARSs),” which had selectively undergone rapid
evolution following the divergence of the ancestors of humans and chimpanzees, were
identified in these studies. Most HARs mapped to noncoding regions throughout the human
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genome. Of these, an estimated 30% of HARs mapped to identified brain-specific
enhancers. A total of 15 HARs mapped to sequences annotated as long intergenic noncoding
RNAs [37]; however, the extent to which the majority of HARs overlap unannotated,
intronic, or antisense INCRNASs remains to be analyzed.

Most notably, researchers identified one specific HAR, HAR1, which overlaps the HAR1F
brain-expressed INcRNA [35]. HAR1 showed the most accelerated substitution rate of any
genomic region examined (18 bp of substitution in 118 bp since the last common ancestor of
humans and chimpanzees). The HARIFIncRNA was further examined and is expressed
developmentally in the Cajal-Retzius neurons of the cortex, the upper cortical plate, the
hippocampal primordium, dentate gyrus, cerebellar cortex, and a handful of hindbrain
nuclei. HARIF expression in both cortical and extra-cortical regions overlapped with
expression of reelin, a known regulator of neurodevelopment. Of particular interest are the
Cajal-Retzius neurons. The Cajal-Retzius cells populate the subpial granular layer, a region
of the brain that is enlarged in humans [38-41]. To date, the function of HARIF, and many
other HARs, remains unknown. It will be of great interest to determine the role of HARIFin
Cajal-Retzius cell development.

Aside from HARs that overlap annotated IncRNA sequences, the degree of INCRNA
contribution to the evolution of the brain is difficult to assess, given the poor degree of
primary sequence conservation that is seen for most INcRNAs [42]. To further address the
evolutionary emergence and contributions of INcCRNAS in organisms with more complex
brains, researchers examined “micro-synteny” of human genomic regions that contained
IncRNASs across both large- and small-brained species [43]. These efforts first identified 187
human IncRNAs that are differentially expressed in progenitors or mature neurons of the
developing embryonic human brain. When comparing the degree of conservation in genomic
architecture surrounding the INcCRNA across 30 species (29 mammals plus the chicken),
species with large brains (high gyrencephalic indices (GI) >1.5; corresponding on average to
approximately one billion cortical neurons [11]) displayed higher than expected
conservation of the syntenic genomic landscape surrounding the IncRNA [43]. Conversely,
smaller-brained species, with fewer sulci and gyri, displayed lower than expected IncRNA
gene-neighborhood conservation. There were, however, two key exceptions: (1) the
marmoset, a low-GI primate thought to have recently evolved from a high-GI ancestor [44],
and (2) the manatee, a large but lissencephalic species [45]. Both of these species had higher
than anticipated degrees of micro-synteny conservation. Importantly, when examining
IncRNASs that are expressed in non-neuronal cells across all species, there was no similar
correlation between the degree of micro-synteny and brain size [43]. This data suggests an
evolutionary pressure to maintain the genomic architecture of regions that include INcRNAs,
which in turn is likely to be important for regulation of neurogenesis and brain size. Further
supporting this hypothesis, the researchers observed that the degree of micro-synteny
conservation of IncRNAs was highest when the INcRNAs were positioned in close proximity
to transcription factors that control neuronal development [43].

Additional research both identifying and characterizing nervous system-expressed INCRNAS
will continue to aid in our understanding of the evolutionary changes that have enabled the
development of the human brain. Our current understanding of the identity (Sect. 9.2) and
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function (Sect. 9.3) of IncRNAs involved in nervous system development comprises the
remainder of the chapter.

9.2 Building a Catalogue of IncRNAs Expressed in the Developing Nervous

System

While functional studies on IncRNAs in nervous system development are still lagging
considerably (see Sect. 9.3), transcriptomic analyses have identified thousands of IncRNAs.
In fact, with much greater coverage of the developing and mature brain by RNA-Seq
analysis, recent studies have identified numbers of IncRNAs within given species that
approach, or even exceed, the number of protein-coding genes [46]. For example, the
NONCODEV4 collection estimates ~56,000 or ~46,000 independent IncRNAs for human
and mouse, respectively [47].

While these numbers likely overestimate the true number of INCRNA transcripts, we expect
the number of validated INcCRNAS to increase beyond the annotated numbers from
GENCODE (~15,000 for human, ~9000 for mouse [19]) for two main reasons. First, recent
analysis has revealed that INcCRNAs show a higher degree of tissue- and cell-type specificity
than protein-coding genes [22, 23, 48-52]. It is thus almost certain that large numbers of
IncRNAs may have escaped detection in previous RNA-Seq experiments—in particular,
many have likely been lost in libraries prepared from bulk tissue, due to highly specific
expression in rare cell types and/or low levels of overall expression. This is especially
relevant in the nervous system, where the numerous brain structures and nuclei are
comprised of highly diverse neuronal subtypes. Advances in single-cell RNA sequencing
(scRNA-Seq) along with systematic characterization of individual cell types through efforts
such as the BRAIN Initiative [53] will overcome these technical limitations. The power of
SCRNA-Seq analysis was underlined in a recent study that identified >5500 novel INCRNAs
from single cells of the mouse cleavage stage embryo [54]. In addition, experimental design
may also be limiting our detection of IncRNAs. Many RNA-Seq experiments are designed to
capture only polyadenylated transcripts, in order to deplete the fraction of regulatory RNAs
from the sequencing runs. While many IncRNAs are polyadenylated, significant fractions of
IncRNAS persist as non-polyadenylated transcripts [19]. Moreover, detection and
identification of antisense INcRNAs remains difficult unless strand-specific RNA-Seq
libraries are generated, a technique currently not employed for many publically available
datasets.

The second reason is our rapidly advancing understanding of the immense complexity of the
mammalian transcriptome. Our current knowledge of the transcriptome is substantially
limited by the sequencing technologies we employ. Sequencing reads that do not map in a
linear fashion to the reference genome are frequently discarded as aberrant or false
sequences. The presence of circular RNAs is an example of novel IncRNA species that have
only recently been detected in large numbers through more rigorous analyses of RNA-Seq
datasets [55-58]. Additional complexity of the transcriptome is being uncovered through the
use of targeted RNA-Seq or Capture-Seq [59]. This has identified intragenic splicing events
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and enabled reliable identification of novel IncRNAs, including lowly expressed or rare
IncRNA variants [60-62].

Many studies have begun to examine the expression of IncRNAs in embryonic stem (ES)
that have undergone controlled differentiation both in vitro and within progenitor and neural
precursor cells within the native developing nervous system in vivo. Here, we summarize
these results.

9.2.1 Identification of IncRNAs from In Vitro Studies

Many exploratory studies characterizing IncRNA expression during neuronal development,
particularly those assessing human development, focus on analysis of neural progenitors
generated through in vitro controlled differentiation from pluripotent stem cells. These
studies allow researchers to both easily obtain large quantities of relatively pure cells for in-
depth analysis of transcript profiles and to control the precise developmental environment to
analyze temporal changes in gene expression. The high degree of cell purity that can often
be obtained using these approaches also aids in the detection of transcripts expressed at low
levels, a category that includes many IncRNAs. A series of recent studies have shed
considerable light on the identity of IncRNAs expressed in pluripotent stem cells and the
highly dynamic patterns of INCRNA expression seen during directed differentiations toward
specific neuronal cell type fates.

Initial studies of pluripotent stem cells reported that twice as many IncRNAs were
selectively expressed in undifferentiated ES cells relative to more differentiated stages [63].
This is consistent with previous observations that analyzed the number of protein-coding
genes expressed during pluripotent stages [64—66] and is also consistent with the high
overall fraction of the genome that is present as euchromatin in ES cells [67-69]. All told,
studies have identified over 250 IncCRNAs that are selectively expressed in pluripotent stem
cells [63, 70, 71].

Other studies have aimed to identify InNcRNAs that are candidates for controlling neuronal
identity based on differential expression of IncRNAs during progressive differentiation of
stem cells toward neuronal lineages. In one study, researchers examined the expression
profiles of InNcRNAs during the differentiation of mouse embryonic forebrain-derived neural
stem cells using microarrays [72]. These studies examined the bipotent sonic hedgehog-
responsive, Nkx2.I-positive stem cells that generate both cortical GABAergic interneurons
and oligodendrocytes. Comparing the bipotent progenitor cells, GABAergic interneurons,
oligodendrocytes, and oligodendrocyte progenitor cells to neural stem cells, the researchers
identified 169 IncRNAs (out of 3659 probes on the arrays) with differential expression
during neural progenitor cell differentiation. Of particular interest, four INCRNAs were
selectively activated upon GABAergic neuronal commitment. One of these, Ak044422,
appears to function as a pre-miR for miR-124a, which accounts for nearly half of all brain-
expressed miRNAs [73]. miR-124ais known to promote neuronal differentiation at least in
part through repression of Pthp1 [74]. Consistent with this, Ak044422 shows
complementary expression to PrhpI during neuronal differentiation [72]. However, the
researchers suggest that expression of Ak044422transcript in the mature nervous system,
and posttranscriptional modifications that include alternative splicing and polyadenylation,
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imply that the Ak044422transcript may have additional functions in nervous system
development independent of miR-124a. This same study identified 100 additional INcRNAs
that displayed differential expression upon oligodendrocyte progenitor specification [72].

Similar experiments profiling IncRNA expression were performed on the directed
differentiations of human ES cells to dopamine neurons [75]. Microarray profiling of
IncRNA expression in ES cells, neurogenic progenitors, and mature dopamine neurons were
used to identify IncRNAS that were candidates for regulating maintenance of pluripotency or
neurogenic commitment. Over 900 IncRNAs were identified as differentially expressed
during neurogenic commitment, with three INCRNAs identified as exclusively expressed in
undifferentiated ES cells and 35 IncRNAs highly enriched in neural progenitor cells.

Together, these studies have provided a foundation for examining the considerable diversity
of IncRNA expression during neurogenic differentiation and neuronal cell fate commitment.
However, in most cases, the extent to which the in vitro expression of individual INcRNAs
correlate with their in vivo expression patterns remains undetermined.

9.2.2 LncRNAs Identified Through In Vivo Studies of Neuronal Differentiation

While in vitro studies of cultured cells have provided a wealth of data identifying IncRNA
expression with respect to neuronal differentiation from pluripotent stem cells, the extent of
IncRNA expression in the nervous system has been further advanced through the profiling of
primary tissue samples. Techniques such as customized microarrays for InNCRNAs, serial
analysis of gene expression (SAGE), and RNA-Seq analysis of primary nervous system
tissue have identified thousands of InNCRNAs expressed in the nervous system of multiple
species [19, 20, 22, 23, 30, 46-50, 61, 76—78]. Additionally, highly cell and tissue-specific
IncRNASs can be identified by expression profiling of micro-dissected or sorted tissue and/or
cell populations.

Early studies examined the global transcript expression across a time series of retinal
development using SAGE [49], identifying multiple noncoding transcripts that showed both
temporally dynamic and spatially restricted expression patterns. These analyses identified
and examined the retinal expression patterns of IncRNAs including Six3os (Rncrl), Neatl or
Gomafu (Rncr2), and RncrR3 (the previously mentioned Ak044422). Importantly, these
studies indicated that some INncRNAs display exceptionally high levels of expression during
retinal development, including Rncr2which comprised ~0.2% of all polyadenylated RNA
transcripts in the neonatal retina [49, 79].

More recent studies have begun to examine the complexity of the transcriptome within
defined progenitors and neuronal cell types. In one such study, researchers examined the
diversity of transcript expression within three defined subtypes of cortical pyramidal neurons
including the sub-cerebral projection neurons, callosal projection neurons, and
corticothalamic projection neurons [80]. RNA-Seq analysis of FACS-sorted cells across
neurodevelopment identified 806 IncRNAs with significant differential expression between
cell types and developmental stages. Four hundred forty-nine of these INCRNASs were
selectively expressed in one of these pyramidal cell subtypes, supporting the high degree of
cell-type specificity of IncRNAs [23].
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LncRNA expression in adult neural stem cells of the subventricular zone (SVZ) of the lateral
ventricles and the subgranular zone (SGZ) has been profiled extensively. The first study to
address this question was a large-scale in situ hybridization analysis conducted by the Allen
Brain Atlas. This effort identified 849 brain-expressed IncRNAs, a number of which were
selectively expressed in adult neural stem cells [22]. Later studies have examined the
expression of INcRNAs within neurogenic progenitor niches of the adult mouse
subventricular zone [77]. Transcript profiles were compared to neurons of the mature
olfactory bulb, to which the differentiating cells of the SVZ migrate, neural stem cells of the
SGZ, ES cells, and ES cell-derived neurogenic progenitors. This study identified 6876,
5044, or 3680 novel IncRNA transcripts beyond those annotated in the RefSeq, UCSC, or
Ensembl reference genome builds, respectively [77]. Consistent with previous reports,
IncRNAs displayed more highly spatially and temporally restricted expression than protein-
coding genes. To further profile these cell types, RNA Capture-Seq was used and identified
an additional 3500 IncRNA transcripts within the SVZ, olfactory bulb, and dentate gyrus
[77].

As previously mentioned, additional IncRNAs continue to be identified as sequencing
technology advances, particularly with the recent optimization of single-cell RNA-Seq [54].
Recently, researchers profiled the transcript profiles of both bulk tissue samples and
individual cells from micro-dissected human neocortices [78]. In bulk-sequencing
experiments of tissue across human neocortical development, over 8000 novel INCRNAs
were identified. When examining InNcRNA expression across 276 individual cells, over 1400
IncRNAS were detected. Interestingly, when the expression levels of individual InNCRNAs
were analyzed in individual cells, it was found that InNcRNAs displayed similar expression
levels to protein-coding genes. However, when analyzing expression of the same INCRNAs in
bulk tissue samples or within the pooled reads of the 276 individual cells, IncRNA
expression levels were detected at much lower levels. This further supports the hypothesis
that while INcRNAs are expressed at similar levels to protein-coding genes within individual
cells, they display a much higher level of cell type-specific expression.

Numerous studies have now indicated the extensive expression of IncRNAs during all stages
of brain development. Global sequencing/profiling experiments have identified thousands of
brain-specific INcRNAs. Large-scale efforts, including the Allen Brain Atlas, have begun to
examine both the spatial and temporal expression of individual INcRNAs [22, 81].
Additional studies have complemented these large-scale efforts, focusing on more discrete
cell populations, including the primary auditory cortex and medial geniculate body [76] or
restricted numbers of InNcRNAs including, but not limited to, /inc-RBE [82], linc-00320[83],
Dio30s [84], EVA [85, 86], and £v2[87]. Other studies have observed changes in brain
IncRNA expression that are associated with genetic mutants in neurological and psychiatric
diseases [88-94] and pharmacological treatments [95, 96] in the brain. Yet despite the large
number of IncRNAs that show highly dynamic expression patterns during brain
development, many researchers still remain skeptical of their functional importance. A key
challenge moving forward is the need to carefully design studies to both address the function
of IncRNAs in nervous system development and to identify the mechanisms by which they
act.
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9.3 LncRNA Function in Nervous System Development

We have previously conducted an extensive review of the role of INcRNAs in regulation of
neural development [97]. Here we will briefly discuss the major findings previously
reviewed and highlight more recent studies that further demonstrate the importance of
IncRNAS in nervous system development.

9.3.1 Lessons Learned from In Vitro Studies

Most large-scale studies of IncRNA function have focused on identifying the regulation of
pluripotency states and neural induction. As previously mentioned, numerous INcRNAs
display dynamic expression during neural differentiation of ES cells. To identify regulatory
role of these INCRNAS, researchers have performed loss of function studies using short
hairpin RNA (shRNA)-mediated knockdown and analyzed effects on ES cell differentiation.
In particular, inhibition of five IncCRNAs resulted in a propensity of the stem cells to adopt a
neuroectoderm lineage [98], suggesting a role of these INcCRNAS in repressing neural
commitment. Additionally, 30% of IncRNAs with selective expression in ES cells interacted
with chromatin-modifying proteins, leading the authors to suggest that these INCRNAs
function to promote pluripotency through regulation of chromatin architecture [98].
Similarly, further analysis of /incRNA1230(linc1230) identified that this INCRNA is both
necessary and sufficient to repress neural commitment of mouse ES cells [99]. Linc1230
modulates H3K4me3 accumulation on the promoters of the transcription factors Pax6 and
Sox1 by interacting with the Trithorax complex component WDR5 [99]. Overexpression of
linc1230results in reduced WDRS5 occupancy and H3K4me3 histone marks at promoters of
genes that promote neuronal differentiation, suggesting that /inc1230inhibits neural
induction by sequestering WDR5.

The IncRNA Tuna (also known as megamind [29]) and 19 additional IncRNAs were
identified as regulators of pluripotency through a large-scale RNA-interference screen in
mouse ES cells [100]. Interestingly, 7unashows a high degree of sequence homology across
vertebrates and is selectively expressed in the nervous system in zebrafish, mouse, and
humans. In ES cells, knockdown of Tunaresults in reduced proliferation, while
overexpression of 7unain ES cells resulted in the opposite phenotype, leading to increased
proliferation. In differentiating neuronal cultures, loss of 7una expression resulted in
reduced expression of neural progenitor markers and genes involved in neural lineage
commitment. Consistent with this, knockdown of megamind in zebrafish resulted in
embryos with small brains and eyes, a phenotype that was rescued by expression of the
orthologous zebrafish, human, or mouse isoforms [29]. Further analysis showed that 7una
interacts with three RNA-binding proteins (RBPs) [100]. Knockdown of each of these RBPs
mimicked the loss of 7una expression within ES cells. Further analyses indicated that 7una
expression is required to recruit the RBPs to the promoters of pluripotency factors including
Nanog, Sox2, and Fgf4. Chromatin isolation by RNA purification (ChIRP) was used to
identify 7una/DNA interactions [101]. ChiRP experiments revealed that 7unawas associated
with the promoters of pluripotency factors in ES cells [100]. Similarly, the IncRNA
LOC646329was found to be expressed in radial glia, which functions as neural stem cells
during brain development, and in both primary glioblastoma multiforme tumors and
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glioblastoma-derived cell lines [78]. Inhibition of LOC646329 expression reduced the
propagation of the tumor cell line, identifying an additional IncRNA that regulates the
proliferative capacity of stem cells [78].

Other studies have focused on the function of INcCRNAS selectively expressed upon neuronal
induction or in regulation of cell fate specification in subventricular zone neural stem cells
(SVZ NSCs) [77]. Six3os expression is enriched in the stem cells of the SVZ relative to
SVZ-derived neural precursors, and its knockdown resulted in fewer neurons and
oligodendrocytes and an increase in astrocytes [77]. In contrast, D/xIas also displays robust
expression in the SVZ, and inhibition of D/xZas expression inhibited neurogenesis and
decreased astrocyte formation, but had no effect on oligodendrocyte production [77]. This
phenotype, seen following D/xZas knockdown, may result from altered expression of nearby
protein coding genes, as this study observed a decrease in transcript levels of both D/xZ and
Dix2. Short interfering RNA (siRNA) loss of function was used to analyze the function of
four InNcRNAs (Rmst, Ak124684, Ak091713, and Ak055040) that displayed enriched
expression upon neuronal induction of human ES cells. In each case, knockdown of the
IncRNA resulted a roughly fivefold decrease in the number of neurons generated, instead
promoting oligodendrocyte production [75]. Further analysis of these INCRNAs suggests that
they control neuronal fate specification through a variety of different mechanisms. These
include regulation of chromatin structure through interactions with SUZ12 (Ak055040),
regulating expression of the neurogenic miRNAs miR-125b and let-7 (Ak091713),
interaction with the REST/coREST complex (Ak124684), and by functioning as a
transcriptional co-regulator, recruiting SOX2 to its transcriptional targets (RMST) [75, 102].
Further characterization of the InNCRNA Rmst has discovered that the miRNA miR-135a2is
encoded in the last intron of Rmst[103]. Recent studies have identified a feedback loop
where Lmx1b, in response to Wnt/beta-catenin pathway activation, increases expression of
Rmst/miR-135a2 and miR-135aZ, which in turn decreases Wnt1 expression levels. This
regulatory circuit thus controls the size of dopaminergic progenitor pool of the midbrain
[103-105]. In light of this, it will be interesting to determine the extent of which Rmst
regulates neural induction independent of m/R-135a2 expression.

LncRNAs have also been identified as regulators of oligodendrocyte specification. While
many IncRNAs have been identified as selectively expressed in intermediate neural
progenitors prior to oligodendrocyte specification [72], relatively few have been directly
identified in oligodendrocyte precursors. In one study, the regulatory function of the
antisense transcript Nkx2.2as was identified to be a positive regulator of oligodendrocyte
specification. NMkx2.2as overexpression resulted in an increased number of Nestin + stem
cells and a bias toward oligodendrocyte lineage during differentiation of neural stem cells
[106]. As Nkx2.2is required for oligodendrocyte specification [107], the result of
overexpression of Nkx2.2as on Nkx2.2transcript abundance was examined. It was
determined that the sense-antisense pairing of Nkx2.2asand Nkx2.2 stabilized Nkx2.2
mMRNA [106]. However, the effect on Nkx2.2 protein levels remains undetermined. In other
studies, the expression of IncRNAs during the controlled differentiation of oligodendrocyte
precursor cells (OPC) from neural stem cells was examined. These studies identified that
Inc-OPC (long noncoding RNA-oligodendrocyte precursor cell) shows highly specific
expression in OPCs [108]. Olig2, a transcription factor that is necessary and in some
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contexts sufficient, for OPC specification from neural progenitors [109-111], was found to
bind the proximal promoter of /nc-OPC and induce its expression upon OPC specification
[108]. These data implicate IncRNAs in the regulation of both neuronal and glial
differentiation.

As many IncRNAs are primate or even human specific [52], studies of such INcCRNAs remain
limited to cultured cells. Recently, researchers identified the INcRNA LncND in a screen for
IncRNA transcripts that may function as miRNA sponges during human brain development
[112]. LncRNAs, along with transcribed pseudogenes and circular RNAs [58, 113-120], can
fine-tune MiRNA concentration by sequestering and stabilizing miRNAs within Argonaute
protein complexes [121], thereby controlling translation during development [113, 116, 119,
122]. Interestingly, LncND is expressed from a genomic locus that is deleted in individuals
with certain neurodevelopmental disorders [123-126]. Expression of LncND increases
during neurogenesis and rapidly drops upon neuronal differentiation [112]. Similarly,
LncND s expressed at high levels within the ventricular zone of the developing cerebral
cortex [112]. In silico analysis predicted 16 putative miR-143-3p seed sites within LncND,
which were confirmed using luciferase assays [112]. Interaction of LncND with AGO2, a
component of the RISC complex, further supported the hypothesis that Ln7cND functions as
a miRNA sponge [112]. Analysis of mRNA transcripts for miR-143-3p binding sites
identified putative binding sites of miR-143-3p in the 3" UTRs of both Notch1 and Notch2
[112]. Consistent with a role in regulating the Notch signaling pathway, knockdown of
LncND resulted in decreased Notch pathway activation and a corresponding increase in
neurogenesis [112]. Overexpression of LncND in cerebral organoids resulted in expansion
of the radial glial cell population [112], which phenocopies the effects of increased Notch
pathway activation [127-129]. These results suggest that L7¢c/ND functions to sequester and
stabilize miR-143-3p within neural progenitors, in order to maintain Notch signaling and
prevent premature neuronal differentiation [112].

Many IncRNAs, such as Meg3and Dio3os, are expressed in the brain and other tissues from
imprinted loci [84, 130]. The INcCRNA Meg3acts as a tumor suppressor, likely by regulating
apoptosis and angiogenesis [130]. Dio3os is also expressed in the brain from an imprinted
locus. In contrast to the usual pattern seen with imprinted InNcRNAs and associated protein-
coding genes, Dio30s and Dio3 are both expressed from the same chromosome [84, 131]. It
will be interesting to determine if Dio3os facilitates imprinting of its locus through silencing
of the opposite chromosome.

9.3.2 Lessons Learned from In Vivo Analysis of IncRNAs

9.3.2.1 IncRNAs in Retinal Development—One neuronal tissue that has provided a
wealth of information regarding IncRNA regulation of nervous system development is the
developing retina. The retina serves as a simplified neural tissue that arises from a
multipotent pool of progenitor cells capable of generating each of the seven major classes of
retinal cell types (six neural— retinal ganglion cells (RGCs), amacrine cells (ACs), bipolar
cells (BCs), rod photoreceptors, and cone photoreceptors; one glial cell—Muiller glial cells
(MG)). SAGE analysis, gRT-PCR, and in situ hybridization experiments on retinal tissue
across mouse retinal development indicated the presence and abundance of IncRNAs and
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identified cell-type specific expression of many IncRNAs within discrete retinal cell types
[49, 132]. Characterization of the function of these INCRNAs in retinal development has
subsequently been performed through in vivo gain and loss of function studies [49, 133—
136].

The IncRNA T7ug1 was identified in a screen examining genes upregulated after exposure of
RPCs to taurine, which induces rod photoreceptor differentiation [133]. Knockdown of 7ugl
resulted in abnormal inner and outer segments of photoreceptors, increased cell death, and
an increase in the cone photoreceptor marker PNA, consistent with a role of 7ugl in
promoting rod genesis and inhibiting production of cones [133]. Additional studies of 7ugl
first indicated that 7ugZ regulates cell fate decisions through its interaction with the
polycomb repressive complex 2 (PRC2) and through regulation chromatin structure [137].
Interestingly, 7ugZ expression is induced by p53, and loss of 7ugZ expression resulted in an
increase of cell-cycle regulator transcript expression, implying that 7ugZ inhibits cell
proliferation during cellular damage/stress [133].

The IncRNA Gomafu, also known as RNCRZ2 or Miat, is the most abundantly expressed
IncRNA in the developing retina, comprising 0.2% of all polyadenylated transcripts in
neonatal mouse retina [49, 135, 138, 139]. Functional studies indicate that Gomafu
negatively regulates both AC and MG cell differentiation, with loss of function resulting in
increased production of ACs and MG [135]. More recently, it was shown that Gomafu
functions by regulating alternative splicing through interaction with the splicing regulators
QKI and SF1 [140]. It will be interesting to determine if Gomafi/s role in controlling retinal
cell fate specification is mediated by regulation of alternative splicing.

Six3osis a IncRNA that is both divergently transcribed and co-expressed with the
homeodomain transcription factor Six3. Six3o0sis shown to promote BC specification and
inhibit MG development [136]. Six30s regulates SIX3 transcriptional activity by acting as a
transcriptional scaffold, stabilizing a complex including SIX3, EYA1, and EZH2 and
directly regulating expression of SIX3 target genes [136, 141]. In other studies, researchers
characterized the expression and function of the natural antisense transcript Vax2os1.
Overexpression of Vax2os1 indicates that it functions to maintain the proliferative potential
of retinal progenitor cells and prevents premature differentiation of rods [142].

Finally, recent work in the retina has examined functional role of RNCR4. RNCR4 is
divergently transcribed from a locus that contains the pre-miRNA cluster miR-183/96/182.
The mature miR-183/96/182 and RNCR4 both display robust expression in photoreceptor
cells, beginning at P5 and increasing into adulthood [134]. It was shown that RNCR4
expression results in increased processing of the pre-mIR-183/96/182 to the mature miRNAs
by acting as a repressor to the pri-miR-183/96/182 processing inhibitor Dax3x [134].
Increases in the mature miR-183/96/182 expression levels result in aberrant cellular
organization of multiple retinal cell types and the appearance of whorls and rosettes in the
outer retina as a consequence of premature miR-183/96/182 expression, which in turn
disrupts outer limiting membrane formation by altering Crb1 expression [134]. This
suggests that RNCR4 expression controls the timing of pri-miR-183/96/182 processing to
guide retinal histogenesis and outer limiting membrane formation.
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9.3.2.2 IncRNAs in Brain Development—As our understanding of genome complexity
expands, and tools to manipulate the genome to assess gene function improve, researchers
are beginning to assess the requirement of IncRNAs in vivo during brain and nervous system
development. In particular, genetic knockout or knockdown experiments are being used to
assess the necessity of individual IncRNAs in control of nervous system development.
Surprisingly, in many cases in vivo gain and loss of function analysis of individual INCRNASs
gives discordant results when compared to in vitro manipulations. Additionally, phenotypes
observed following targeted deletions of large regions of DNA that include InCRNA
transcript sequence have often been viewed skeptically, due to the potential loss of important
cis-regulatory elements of neighboring genes. In this section, we will review our current
understanding of the regulation of neural development by IncRNAs in vivo (Sect. 9.3.2.2.1)
and highlight the functions attributed to InNcRNAs resulting from genetic manipulations of
IncRNA expression on nervous system development (Sect. 9.3.2.2.2).

Regulation of Nervous System Development, by INcRNASs In Vivo: Recent studies have
identified the neural-specific INcRNA Pinky (Pnky) as a regulator of neurogenesis in the
embryonic and postnatal brain [143]. Pnky is expressed at high levels in the ventricular-
subventricular zone of the adult brain, a neurogenic niche that is maintained into adulthood
[143, 144]. However, Pnky expression is downregulated upon activation of the
differentiation program of the neural stem cells [143]. Interestingly, when Pnky expression is
decreased using sShRNASs either in vitro or in vivo, the researchers observed an increase in
neurogenesis, with a concomitant decrease in the fraction of cells expressing markers of
neural stem cells. This likely resulted from an increase in proliferation of transient
amplifying cells and decrease in cell death [143]. To further investigate the mechanisms by
which Pnky functions, the researchers analyzed its protein partners using RNA pulldown
followed by mass spectrometry, demonstrating that Pnky interacted with PTBP1 [143].
PTBP1 has previously been shown to function as a repressor of neuronal differentiation by
both regulating pre-mRNA splicing and by inhibiting expression of the neurogenesis-
promoting gene Ptbp2 [145-150]. Like Pnky knockdown, PthpI knockdown also resulted in
expanded production of neurons, regulating a highly overlapping gene set as Pnky [143].
The physical interaction between Pnky and PTBP1 interaction, the identical phenotype seen
following loss of expression, the highly overlapping set of regulated genes, and additional
epistasis experiments allowed the researchers to conclude that Pnky regulates neurogenesis
of ventricular-subventricular zone stem cells through regulation of PTBP1 function [143].

Genetic L oss of Function Studies of IncRNAsin Brain Development: While much of our
knowledge about the mechanisms by which IncRNAs regulate neural development stems
from in vitro studies, recent efforts have begun to increase the number of genetic models of
IncRNA loss of function. Here we will highlight the importance of carefully designed loss of
function studies (Fig. 9.2) and compare the results from in vivo genetic manipulations to
those seen in cell line-based in vitro studies.

One of the more thoroughly analyzed IncRNAs that regulates brain development is Ev72
(DIx6asl) [87, 151-153]. Evi2is expressed in the Shh-responsive cells of the ventral
telencephalon during embryonic development and is transcribed from a region that partially
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overlaps ei, one of the two ultra-conserved enhancers (ei + eii) for the neighboring genes
DIx5and DIx6[87]. Transcriptional initiation of £v/2occurs just 3" to the eii enhancer
[87]. Initial in vitro experiments suggested that £v£2supplied in trans was required for

DL X2 recruitment and activation of the D/x5/D/x6 enhancer sequence, which in turn
activated D/x5and Dix6transcription [87]. However, when Evi2 expression was inhibited
by targeted insertion of a premature polyadenylation signal, D/x6 expression was actually
increased, suggesting that £v/2 transcription can also function to inhibit D/x6 expression
[151]. Interestingly, the regulation of D/x6 expression by £vif2seems to occur in cis, as low
levels of ectopic EvFZexpression fail to rescue D/x6 expression in Evi2-mutant mice [151].
However, when high levels of £v/2are ectopically expressed in Evf2 mutants, both D/x5
and DIxé6 transcript levels increase, suggesting a trans-acting effect of £v/2similar to those
that are observed in vitro [87, 151]. Genetic disruption of Evf2expression initially resulted
in a decrease in the number of hippocampal interneurons, which resolved as the mice
matured [151]. However, although the number of interneurons in the adult mice remained
similar to wild-type controls, the researchers observed reduced inhibition of the CAl
pyramidal neuron activity [151], the post-synaptic targets of the hippocampal interneurons,
implying the presence of a persistent functional defect in these cells.

Other experiments investigating £v72function suggested that loss of £v/2expression
resulted in a failure to recruit both DLX proteins and the transcriptional repressor MECP2 to
the DIx5/DIx6 enhancers [151]. Evf2was found to prevent DNA methylation of enhancer ei,
suggesting that regulation of ei methylation modulates the binding affinities of DLX1/DLX2
and MECP?2 to the enhancer, which in turn regulates D/x5/D/x6 expression [152]. Since
Evi2is required for recruitment of DLX1/DLX2 to the D/x5/DIx6 enhancer, but does not
bind DLX1/DLX2 directly [87, 151], the researchers employed immuno-affinity purification
followed by mass spectrometry to identify additional proteins that are part of the £v/2-
DLX1/DLX2 complex, and which potentially contribute to the £vf2-mutant phenotype
[153]. These experiments indicated that DLX1 interacts directly with the chromatin
remodeling proteins BRG1 and BAF170 in the developing mouse forebrain [153]. DLX1-
BRG1 complexes were found to associate with the D/Ix5/D/x6 enhancers and were enriched
in the presence of Ev/2, suggesting a functional role of the DLX1-BRG1 complex formation
in regulation of DIx5/DIx6 expression [153]. Furthermore, BRG1 was found to bind £vF2
through its RNA-binding domain [153]. Absence of £v2expression decreases DLX1-BRG1
complex formation at the enhancers that control D/x5/D/x6 transcription and also leads to a
corresponding decrease in both H3AcK9 and H3AcK18 histone modifications locally [153].
Interestingly, Ev72inhibits the ATPase domain of BRG1, suggesting that £v72directs the
BRG1-DLX1/DLX2 complex to the DIx5/DIx6 enhancer but that high levels of £vF2
transcripts within the complex also inhibit the chromatin remodeling activity of BRG1, thus
inhibiting D/x5/DIx6 enhancer activity [153].

Much like the approach used to generate £v72knockout animals, D/xIas expression was
genetically disrupted through targeted insertion of a premature polyadenylation sequence
[154]. Contrary to in vitro reports, where loss of D/xZas resulted in compensatory decrease
in DiIx1 and DIx2expression [77], loss of DixZasin vivo results in a modest increase D/x1
and Mash1 transcript expression [154]. Since D/xZ-mutant mice display profound defects in
hippocampal GABAergic interneuron specification [155-157], the researchers next
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examined expression of Gad67, a marker of GABAergic cells. However, the increase in D/x1
expression induced as a consequence of D/xZas loss had no effect on GABAergic
interneuron number [154], consistent with previous reports where D/xI overexpression did
not induce GABAergic interneuron specification, in sharp contrast to its paralogues D/x2
and DIx5[158, 159]. While expression of genes that control GABAergic neuronal
specification such as D/x1, Mash1, and Lhx6 is altered within D/xZas brains, no other
neurological phenotypes were observed [154]. Instead, slight defects in the alico-chlear
commissure were observed in D/xZas mutants [154]. Further investigations will be required
to determine if any behavioral phenotypes are observed as a consequence of D/xZas loss of
function, akin to those observed for £vf2-mutant mice, despite the absence of altered
GABAergic interneuron cell number [151].

Recently, a consortium of researchers generated a cohort of targeted deletions of individual
mouse IncRNAs to explore their developmental function in vivo [160]. As many IncRNAs
overlap protein-coding sequences, the researchers focused on intergenic InNcRNAS, so as to
investigate phenotypes not attributable to loss of protein-coding gene sequence. Using a
combination of cell-based functional assays, RNA-sequencing and computational analyses,
the group selected 18 IncRNAs, many with shared homology to human transcript sequences,
for targeted deletion in mouse [160]. Of relevance to this review, 12 of the 18 INCRNAs
display expression within adult mouse brain or ES cell-derived neural stem cells. Seven of
the 12 brain-expressed INcRNAs have human orthologues that display differential expression
during human neuronal stem cell differentiation [160].

In order to generate the INcRNA knockouts, the entire IncRNA transcript sequence was
replaced with a /acZreporter cassette, allowing a highly sensitive assessment of IncRNA
expression patterns using /acZ/beta-Gal staining [160]. Targeted inactivation of the IncCRNA
Peril, which is expressed at high levels in mouse ES cells, and shows both temporally and
spatially restricted expression within the brain and spinal cord of developing mouse
embryos, resulted in reduced viability relative to wild-type or heterozygous littermates
[160]. RNA-seq and gene set enrichment analysis (GSEA) of Peri/’~ brains revealed that
genes involved in multiple essential processes including cell cycle regulation and energy
metabolism were downregulated [160]. However, the mechanism by which Peri/loss
contributes to lethality remains unknown. The knockout of an additional INCRNA, Fendir,
which is expressed at low levels in the developing brain, likewise results in increased
lethality. In two separate knockout models, either by gene replacement [160] or insertion of
premature polyadenylation signals [161, 162], lethality was observed, as a result of either
cardiac [162] or respiratory defects [160]. The role of this IncRNA in brain development,
however, remains unexplored.

Interestingly, the locus that encodes the transcription factor Brni (Pou3f3), a well-studied
regulator of cortical development [163-165], also contains two INCRNAs (Pantr1, also
known as /inc-Brnla, and Pantr2, also known as /inc-Brn1b) that were both deleted as part
of this knockout project [160]. Pantr1 and Pantr2both have conserved human orthologues
and were identified as differentially expressed during neural stem cell differentiations [160].
Pantr1 is transcribed from a region immediately upstream of the transcriptional start site of
Brn1, and on the opposite strand. Deletion of Pantr1, therefore, may also delete portions of
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the proximal promoter of Brn and is likely to lead to a decrease in BrnI transcription.
Pantr2, however, is transcribed from a region ~10 kb downstream of the Brn1 locus, again
on the opposite DNA strand. Using the /acZknock-in, it was shown that Pantr2is expressed
within neural progenitors of the mouse dorsal and ventral telencephalon at E13.5.
Expression is maintained within both the subventricular and ventricular zones at E15.5, but
more restricted expression is observed in the superior cortical layers by E18.5. Upon
deletion of Pantr2, Brn1 transcript and BRN1 protein levels were both decreased by ~50%.
Pantr1 expression, however, was increased [160]. Deletion of Pantr2resulted in a reduction
in the thickness of all cortical layers, likely the result of reduced proliferation of the
intermediate progenitors of the subventricular zone that subsequently give rise to cortical
neurons. Examination of the cortex of Pantr2~'~ mice revealed that a subset of upper-layer
cortical neurons were converted to deep layer neurons [160]. This cortical thinning
phenotype is similar to what is observed for Brn1/Brn2 (Pou3f3/Pou3f2) double, but not
single, mutants [163-165], suggesting that Pantr2 functions in the specification of upper
cortical neuron identity independent of its role in regulating Brn expression [160].

To expand on the preliminary studies of each of the knockout lines, RNA-Seq was
conducted at E14.5 and adult stages on brains from knockout and wild-type littermates for
the 13 IncRNAs that displayed any brain expression [166]. Interestingly, loss of Pantr or
Pantr2 did not affect Brn1 expression in whole brains at either time point. Conversely, Brnl
(Pou3f3), Brn2 (Pou3f2), and Brn4 (Pou3f4) all displayed increased expression in Pantrl
knockout brains at E14.5 [166]. Additionally, of the 13 IncRNA knockout lines studied in
these experiments, only five showed significant differences in the expression levels of
neighboring gene expression at either the time point [166]. Together, these data further
suggest that brain-expressed INcRNAs may function to regulate gene expression both locally
in cis but also in trans [166]. Further characterization of each knockout line will be required
to determine the specific function of each individual INCRNA.

Some IncRNAS expressed during nervous system development, however, show no or very
mild phenotypes following targeted inactivation. Two examples of brain-expressed INCRNAs
in which knockout models that fail to produce obvious phenotypes are Malat1 and Visc2
[167-170]. Other IncRNA knockouts display only minor phenotypes. The InCRNA Neat1,
which displays enriched expression in neurons compared to their neural precursors [72], is
expressed in a nuclear subdomain known as paraspeckles [171-173]. Paraspeckles are
nuclear bodies composed of more than 40 RNA-binding proteins [174]. Neat1 is required for
paraspeckle formation in both in vitro and in vivo studies [171-173, 175, 176]. However, the
physiological function of paraspeckle formation is unclear, as mice lacking NeatZ expression
and paraspeckle formation fail to display any clear developmental phenotype [176], with one
notable exception. It was recently determined that NeatZ knockout mice display a stochastic
infertility resulting from corpus luteum dysfunction [177, 178]. However, the contribution of
Neat1 and paraspeckle formation to brain development or nervous system diseases such as
amyotrophic lateral sclerosis (ALS), where elevated Neat expression is observed during
early stages of the disease [179], remains to be determined.

The IncRNA Gomafu (also known as RNCRZ2 or Mial) was previously identified to function
in retinal cell fate specification [135], and decrease in Gomafu expression is associated with
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mRNA splicing defects in schizophrenia [140]. Knockout mice, however, display no gross
developmental defects. Instead, behavioral tests performed on Gomafu knockouts suggest
that these mice display a mild hyperactivity phenotype and enhanced hyperactivity to
repeated psychostimulant exposure [180]. Analysis of extracellular dopamine within the
nucleus accumbens revealed increased dopamine levels compared to wild-type controls,
consistent with the observed hyperactivity [180]. Likewise, schizophrenia patients also
exhibit hyperactivity, and Gomafu expression is downregulated in postmortem brain samples
of schizophrenia patients [140]. However, RNA-Seq analysis of hippocampal cultures from
wild-type and Gomafu knockout mice revealed only 18 transcripts that displayed differential
expression [180]. As Gomafu is previously predicted to regulate mRNA splicing through its
interactions with the splicing regulators QKI, SF1, and CELF3 [140, 181, 182], alternative
splicing of a handful of transcripts was assessed in hippocampal cells of Gomafu knockout
mice [180]. However, unlike the changes observed in postmortem brain samples from
schizophrenia patients, where Gomafu showed decreased expression [140], Gomafu™'~ mice
displayed little change in alternative splicing [180].

Despite these studies, our knowledge of the in vivo contributions of IncRNASs to nervous
system development remains clouded by emerging discrepancies between in vitro and in
vivo results. To further complicate matters, the design of knockout targeting strategies for in
vivo loss of function studies can significantly affect interpretations of any phenotypes
obtained (Fig. 9.2). For example, three different targeting strategies were used to generate
Malat1 knockout mice. Importantly, while no gross phenotypes were observed in any of the
studies [167-169], the effect of Malat1 loss of function on Neat? expression depended on
the mechanism by which MalatZ expression was inhibited. Deletion of either the promoter
and proximal 5” transcript sequence or the entire gene body of MalatI resulted in an
increase in NMeatI expression [167, 169]. However, insertion of /acZand two premature
polyadenylation sequences into the Malat1 locus resulted in decreased Neatl expression
[168]. Together, these data indicate the context-dependent sequence requirement for genome
architecture. It remains to be determined, however, if MalatZ-dependent regulation of Neat!
expression occurs solely by controlling the activity of cis-regulatory elements or whether
Malat1 also regulates Neat1 transcription in trans.

9.4 Conclusions

With the emergence of vastly improved sequencing technologies, we are beginning to
understand the full complexity of the transcriptome. These analyses have revealed that the
numbers of INCRNAs have expanded in parallel with the evolutionary increase in brain
complexity. Emerging experiments profiling the transcriptomes of nervous system tissue
continue to identify many novel IncRNAs. As we continue to identify and characterize the
diverse cell types of the brain across development through single-cell RNA-Seq, and
continue to explore the complexity of alternative splicing through Capture-seq profiling, we
expect that the number of validated IncRNAs will expand dramatically. While considerable
effort is now going into investigating the function of these IncRNAs during nervous system
development, it is important to keep in mind exactly how these studies are performed. In
vitro studies expand the repertoire of mechanistic analyses that we can perform, but results
from such studies require in vivo validation, as the IncRNAs are likely functioning in a cell
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type- and context-specific manner that is often only imperfectly recapitulated in cultured
cells. Furthermore, in vivo studies of INcRNA function need to be carefully designed to
directly examine the function of the IncRNA transcripts themselves. This is especially
important for genetic loss of function studies, where changing the genomic locus that
encodes the INCRNA in question may disrupt the activity of important cis-regulatory
elements. Additional challenges remain in the design of efforts to address the function of
natural-antisense or opposite strand transcripts, due to their genomic proximity to protein-
coding genes.

Given the abundance of functions being attributed to INcRNAs, it is especially important to
understand their mechanisms of action. Since IncCRNAs in many cases function as molecular
scaffolds—that bind DNA, RNA, protein, or combinations of these biomolecules—
understanding the precise composition of these complexes will be pivotal. However, given
the low cellular expression levels and/or scarcity of cell types in which the IncRNAs are
expressed, traditional pulldown/mass spectrometry experiments will prove challenging. In
any case, recent years have clearly shown that IncRNAs are central to regulation of neuronal
differentiation, and our appreciation of their importance will likely grow substantially in the
years ahead.
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Graph depicting the number of IncRNAs identified in given species relative to the
encephalization quotient (EQ). EQ is indicative of the deviation from the expected brain size
based on body mass, with larger numbers indicative of larger than expected brain size
(normalized to the cat brain/body ratio equivalent) [17, 18]. Number of IncRNAs for a given
species is taken from Gencode (Homo sapiens, \ersion 25 (March 2016, GRCh38)—

Ensembl 85) [19, 20] or from published reports [21]. Trendline represents nonlinear fit with

R2=0.8343
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on genomic architecture and neighboring gene expression. Careful design of genetic
strategies targeting IncRNA loss of function must be implored to ensure that resulting
outcomes are the result of INcRNA function and not a consequence of changes to the
genome architecture that result in unintended outcomes
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