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Abstract

The role of post-transcriptional gene regulation in human brain development and neurodevelopmental disorders remains
mostly uncharacterized. ELAV-like RNA-binding proteins (RNAbps) are a family of proteins that regulate several aspects of
neuronal function including neuronal excitability and synaptic transmission, both critical to the normal function of the brain
in cognition and behavior. Here, we identify the downstream neuronal transcriptional and splicing networks of ELAVL2, an
RNAbp with previously unknown function in the brain. Expression of ELAVL2 was reduced in human neurons and RNA-
sequencing was utilized to identify networks of differentially expressed and alternatively spliced genes resulting from hap-
loinsufficient levels of ELAVL2. These networks contain a number of autism-relevant genes as well as previously identified
targets of other important RNAbps implicated in autism spectrum disorder (ASD) including RBFOX1 and FMRP. ELAVL2-
regulated co-expression networks are also enriched for neurodevelopmental and synaptic genes, and include genes with
human-specific patterns of expression in the frontal pole. Together, these data suggest that ELAVL2 regulation of transcript
expression is critical for neuronal function and clinically relevant to ASD.

Introduction hundreds of genes linked to ASD with no single gene accounting
One of the unfortunate consequences of the intricacies of the for greater than a few percent of cases (1-4). These results indi-
highly evolved human brain has been the emergence of neuro- cate that most individuals with ASD have heterogeneous ge-
developmental disorders such as autism spectrum disorder netic insults that converge upon common biological pathways
(ASD). There is a strong genetic component to the etiology of during brain development. Understanding the molecular mech-
ASD and similar disorders. Exome studies have uncovered anisms of this convergence will be essential for the
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development of better methods of diagnosis and broadly appli-
cable therapeutics.

RNA splicing has recently emerged as playing a key role in
nervous system development and numerous diseases (5-13). In
particular, altered splicing occurs in ASD (14-16) suggesting that
investigating the genes involved in RNA splicing within the hu-
man brain as well as the specific transcripts altered in ASD will
provide a foundation for exploring the relationship between al-
ternative splicing and the origin of neurodevelopmental disor-
ders. Several splicing factors have been implicated in ASD; in
particular, the gene encoding RBFOX1 (previously known as
A2BP1) has been repeatedly linked to ASD at both the genetic as
well as functional level (1,14,17-20). As there are few differen-
tially expressed genes (DEGs) in ASD brains compared with con-
trols (14,21), these findings suggest that post-transcriptional
alterations might have a greater impact on ASD than overall
gene expression levels.

We previously determined the alternatively spliced tran-
scripts occurring downstream of RBFOX1 in human neurons
(18). Within the introns flanking the RBFOX1 regulated alterna-
tively spliced exons, we identified a significant enrichment of
motifs for another RNA-binding protein (RNAbp), ELAVL2
(ELAV-like neuron-specific RNA-bp2; also known as HuB), a
gene that is differentially expressed when RBFOX1 levels are re-
duced (Supplementary Material, Figure S1) (18). These results
suggested that RBFOX1 and ELAVL2 might coordinately regulate
RNA processing in human neurons.

There is little known about the function of ELAVL2 in the
brain. Previous work has identified bound mRNAs to ELAVL1 in
the brain (22) and the bound mRNAs and alternative splicing
downstream of ELAVL3 or ELAVL4 in the brain (23), but the mo-
lecular pathways downstream of ELAVL2 are presently un-
known. Therefore, among the four neuronal ELAV-like (nELAVL)
family members expressed in the brain, ELAVL2 remains the
only one for which the downstream pathways have yet to be de-
termined. Recent work in mouse hippocampus has suggested
that ELAVL2 has an activity-dependent function hypothesized
to be post-transcriptional either in the form of RNA stabilization
or translational control (24). We previously identified a human-
specific frontal pole co-expression network enriched for
ELAVL2-binding motifs as well as increased expression of
ELAVL2 in the frontal pole on the human lineage (25). ELAVL2
has also been associated with schizophrenia in a Japanese
cohort (26). Taking these data together with the strong associa-
tion of RBFOX1 regulated networks with ASD risk (1) and the
common dysregulated pathways in ASD and schizophrenia (27),
we hypothesized that ELAVL2 might regulate critical gene ex-
pression pathways involved in human neurodevelopment.

To investigate this hypothesis, we reduced ELAVL2 levels in
primary human neurons (phNs) via RNAi-mediated knockdown
(kd) and carried out RNA-sequencing (RNA-seq) similar to our
approach for studying RBFOX1 (18). We identify a number of al-
ternatively spliced transcripts downstream of ELAVL2 that over-
lap with RBFOX1 targets as well as targets of FMR1, a gene
encoding the RNAbp FMRP that causes the neurodevelopmental
condition Fragile X Syndrome, which often includes ASD as a
comorbidity (28-31). Alternatively spliced as well as DEGs down-
stream of ELAVL2 correspond to a number of known ASD risk
genes and genes that encode synaptic proteins, consistent with
the predicted model of synaptic deficits being associated with
ASD (32). More strikingly, we identify co-expression modules
containing genes with conserved regulation downstream of
both ELAVL2 and RBFOX1 representing genes involved in ASD,
FMRP-regulation, and/or synaptic function. Finally, ELAVL2

targets that are also specifically changed in the human frontal
pole compared with non-human primates have higher connec-
tivity in co-expression networks compared with other genes.
These data are the first to identify the molecular pathways
downstream of ELAVL2 and the results suggest that the
ELAVL2-regulated pathways are involved in normal human
brain function and their disruption may play a role in neurode-
velopmental disorders including ASD.

Results

ELAVL2 is co-expressed with other RNAbps during
human cortical development

Positive correlations between gene expression can suggest in-
volvement in similar cellular or molecular pathways and/or pro-
tein interactions (33). To explore the relationship between
ELAVL2 and other RNAbps such as RBFOX1 we examined the dy-
namic expression of both genes in silico during the development
of human cortical regions using a database of human brain
gene expression throughout the lifespan (www.brainspan.org).
Notably, we found positive co-expression between ELAVL2 and
RBFOX1 during fetal cortical development (Fig. 1A), suggesting a
potential shared biological relationship. To explore this rela-
tionship further, as the frontal cortex is involved in cognitive
and neurodevelopmental disorders, we asked whether ELAVL2
and RBFOX1 are co-expressed in this particular region. We found
that ELAVL2 and RBFOX1 are significantly co-expressed in fron-
tal cortex (Spearman rank correlation test, p=0.61, P=0.00014)
with an even higher co-expression during fetal development
(Spearman rank correlation test, p=0.72, P=0.0017), suggesting
an important role for these genes in influencing the
development of this brain region during this critical time period
(Fig. 1B). We identified similar co-expression in the ventricular
zone, a neurogenic niche important for neuronal proliferation
and differentiation (Fig. 1C). This is interesting as alternative
splicing has been recently implicated in neurogenesis (15,34,35)
and a previous study found expression of ELAVL2 within the
mouse ventricular and intermediate zones (36). However, we
should note that RNA-seq of the developing mouse cortex ob-
served significantly less expression of RBFOX1 in the ventricular
zone and subventricular zone compared with ELAVL2 (37), per-
haps suggesting species-specific differences in co-expression.

In order to assess additional potential RNAbp interactions in
the fetal frontal pole, we used the weighted topological overlap
(wTO) method (38) to infer ELAVL2, RBFOX1 and FMR1 partners
in fetal frontal cortical development. As co-expression correla-
tions can sometimes infer biological interactions, such as
protein-protein interactions between the protein products of
two genes (33), wTO aims to highlight potential pathways be-
tween genes of interest, e.g. RNAbps, based on the interaction
of co-expressed genes (see Methods section). The wTO method
therefore requires a predetermination of which genes will be
the nodes in a network module. In this case, we assigned all
RNAbps as potential nodes and the resultant association of
genes with these RNAbps should identify novel and as well as
previously-supported interactions with RNAbps in the develop-
ing frontal cortex. Nodes with the greatest number of connec-
tions to other genes are considered “hub” genes and can be
thought as driving much of the structure of the network. Using
this approach, we found that ELAVL2 is one of the major hubs of
the module and, in addition, network prediction showed strong
interaction between ELAVL2, RBFOX1 and FMR1 (Fig. 1D). PUM2,
an FMRP target involved in embryonic development that
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Figure 1. ELAVL2 expression in human brain and phNs. (A) Expression distribution of RBFOX1 and ELAVL?2 in fetal cortical regions (A1C, primary auditory cortex; DFC,
dorsolateral frontal cortex; IPC, inferior parietal cortex; ITC, inferior temporal cortex; M1C, primary motor cortex; MFC, medial frontal cortex; OFC, orbital frontal cortex;
S1C, primary sensory cortex; STC, superior temporal cortex; V1C, primary visual cortex; VFC, ventral frontal cortex). (B) ELAVL2 and RBFOX1 expression comparison in
dorsolateral prefrontal cortex throughout the lifespan. The fetal developmental period in which RBFOX1 and ELAVL2 are strongly co-expressed is indicated. (C)
Expression distribution of ELAVL2 and RBFOX1 in cortical layers (VZ, ventricular zone; SZ, subventricular zone; 1Z, intermediate zone; SP, subplate; CP, cortical plate;
MZ, marginal zone; SG, subpial granular layer). (D) Co-expression sub-module of RNAbps in prefrontal fetal cortex. Interactions represent potential protein interactions
between RNAbps predicted by co-expressed genes. Each link corresponds to a weight calculated according to the correlation of the gene sets between nodes (see
Methods section). RNAbps are preselected as nodes in the network. Shown are links between ELAVL2 (blue), RBFOX1 (purple), FMR1 (green) and other RNAbps (grey). (E)
Co-localization confocal images of ELAVL2 and FMRP in phNs. Arrows indicate the perinuclear localization of both RNAbps. TO-PRO-3 is used to identify nuclei. Scale

bar, 5 um.

interacts with RBFOX2 and ELAVL1 (31,39,40), is strongly associ-
ated with ELAVL2, RBFOX1 and FMRI, reflecting novel pathways
not yet characterized. We also found that HNRNPA1, a gene im-
plicated in neuronal death and Alzheimer’s disease (41),
HNRNPK, a gene implicated in neuronal differentiation and pre-
viously linked with the nELAVL family (13,42,43), and HNRNPH1,
an RBFOX1 target gene whose binding site is enriched near
RBFOX1 target exons (18), are all strongly connected with
ELAVL2. RC3H2 and G3BP2 are RNAbps that are targets of
nELAVL proteins (23,43) and hubs of the module strongly linked
with ELAVL2 and RBFOX1. Co-expression between RNAbps has
been also found at the proteomic level with higher co-
expression in fetal brain compared with adult brain
(Supplementary Material, Figure S2) (44,45), suggesting a role for
those RNAbps in the development of human brain. Taken

together, our genomic approach identified ELAVL2, RBFOX1 and
FMRI1 as important hubs in an RNAbp network expressed during
frontal cortical development.

ELAVL2 targets are involved in synaptic function and
neurodevelopmental disorders

To assess the role of ELAVL2 in regulating target genes in hu-
man brain development, we used phNs that can recapitulate
human in vivo brain gene expression patterns (25,46-48). We
first assessed the expression of ELAVL2 in the phN system using
an ELAVL2-specific antibody (Supplementary Material, Figure
S3) (24). ELAVL2 is expressed in MAP2 and NeuN positive phNs
(Fig. 1E and Supplementary Material, Figure S4), supporting the
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use of these cells as a model to study ELAVL2 function. ELAVL2
is expressed throughout the cell including the nucleus; how-
ever, we noted colocalization of ELAVL2 and FMRP in the peri-
nuclear region of phNs (Fig. 1E). These data are in line with
previous work demonstrating an enrichment of FMRP in perinu-
clear structures in neurons (49).

To examine the genetic network downstream of ELAVL2 in
human neurons, we used a lentiviral short-hairpin in the

A B

microRNA context to kd ELAVL2 expression and differentiated
phNs for 4-weeks. ELAVL2 protein levels were significantly
reduced using this method (Fig. 2A), reflecting haploinsuffi-
ciency intended to alter, but not eliminate, ELAVL2 function.
Although ELALV2 transcript levels were unchanged with kd
(Supplementary Material, Table S2), changes in translation
in the absence of changes in transcription are frequently ob-
served for shRNAs constructed in the microRNA context (50).
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Figure 2. ELAVL2 kd alters alternative splicing events in phNs. (A) Characterization of ELAVL2 kd by immunoblotting. Protein expression of ELAVL2 was significantly re-
duced by 71% using shELAVL2. Samples were normalized to beta-actin and compared with shGFP control (t-test, P=0.0012, n=4 with each experiment performed at
least in duplicate). (B) Protein-protein interaction network of ELAVL2 alternative spliced genes (blue) and RBFOX1 alternative spliced genes (purple). Also shown are
genes associated with ASD (red); genes associated with FMRP-regulated pathways (green); and genes associated with synaptic function (yellow). (C) Overlaps of ELAVL2
and RBFOX1 alternatively spliced genes with ASD, FMRP-regulated pathways and synaptic genes. (D) Position enrichment of the ELAVL2 (blue) and RBFOX1- (purple)
binding sites in exon-flanking intronic regions and the 3'UTR of alternative spliced genes for all of the alternatively spliced genes in either dataset. (E) Co-occurrence of
binding sites in introns or UTRs of the 14 common alternatively spliced targets of ELAVL2 and RBFOX1. Red corresponds to a co-occurrence; Grey corresponds to a non-

occurrence.
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We carried out RNA-seq of five biological replicates in phNs
with either ELAVL2 kd or a control hairpin.

To identify potential target genes, we conducted an in silico
prediction of alternatively spliced events regulated by ELAVL2.
Due to differences between the current method and prior com-
putational analyses, in order to make direct comparisons, we
also carried out the same approach for the data from the
RBFOX1 study as previously described (18). In total, we identified
68 alternatively spliced genes in ELAVL2 kd and a total of 142 al-
ternatively spliced genes in the reanalysis of RBFOX1 kd. As ex-
pected, a significant 18% (26 genes; hypergeometric test, P =4.49
x 1071 overlap with the previous analysis was observed, con-
sistent with typical published overlaps between different splic-
ing algorithms (51). Almost all of the alternative splicing events
detected in the presence of ELAVL2 and RBFOX1 kd belong to
the cassette exon category with many of the events also catego-
rized as mutually exclusive exon skipping or the use of alterna-
tive 3’ or 5’ splice sites (Supplementary Material, Table S1).

To improve our understanding of the functional relation-
ships between splicing events driven by ELAVL2 and RBFOX1,
we highlighted alternatively spliced events representing known
protein-protein interactions. We found an overrepresentation
of known protein-protein interactions among the alternatively
spliced genes emphasizing common pathways in which ELAVL2
and RBFOX1 might be involved (Fig. 2B). Among the most inter-
esting pathways, we found that RNPS1, an RNAbp recently asso-
ciated with ASD (52), and HNRNPK are affected by RBFOX1
splicing and are strongly associated with ELAVL2 during brain
development (Fig. 1D), suggesting co-regulation of similar path-
ways between those four important neuronal RNAbps. We also
identified significant overlaps of alternatively spliced genes
driven by ELAVL2 and RBFOX1 involved in ASD, FMRP-related
pathways and synaptic function (Fig. 2C), implicating a role for
ELAVL2 in neurodevelopmental disorders such as ASD and in-
tellectual disability (ID) (Supplementary Material, Table S1).
Taken together, these data highlight novel and well-known tar-
gets of ELAVL2 and RBFOX1, strengthening links to ASD and
brain development.

To further validate the alternative splicing prediction, we ex-
amined the enrichment of ELAVL2 and RBFOX1-binding motifs
in the flanking region of the alternatively spliced exons.
Interestingly, we found a similar pattern of enrichment for
ELAVL2- and RBFOX1-binding sequences in the local intronic
space (500nt), with a higher specificity in the downstream
intronic sequence, and in the 3’-untranslated region (3'-UTR)
when analyzing all of the alternatively spliced genes in either
dataset (Fig. 2D). These data are consistent with previous find-
ings in which RBFOX1 and nELAVL family members show pref-
erential binding to the downstream intronic region (17,18,23).
Moreover, we found a similar distribution of binding site enrich-
ment in the 3'-UTR of the alternatively spliced genes suggesting
a role for ELAVL2 along with RBFOX1 in mRNA stabilization and
trafficking as previously hypothesized (17,23,53,54). When we
examined the co-occurrence of ELAVL2- and RBFOX1-binding
sites in the 14 genes alternatively spliced by both factors, we
found that 13/14 exhibit co-occurrence in intronic regions and
7/14 exhibit co-occurrence in the 3'UTR (Fig. 2E). As recent work
has indicated that RBFOX1 regulates transcript stability (53), we
therefore investigated whether ELAVL2 also regulates transcript
stability. Using our reanalyzed RBFOX1 phN dataset, we first
confirmed regulation of transcript stability by RBFOX1
(Wilcoxon ranked test, P=1.2 x 10~ °%. However, we did not find
that ELAVL2 expression in phNs affects transcript stability
(Wilcoxon ranked test, P=0.9). Taken together, these results
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support a role for ELAVL?2 in regulating alternative splicing and
both converging and parallel pathway regulation with RBFOX1.

Identification of genes differentially expressed
downstream of ELAVL2

Because alternative splicing can affect other mechanisms of
gene expression, such as transcription, to gain insight into the
potential function of ELAVL2 on the gene regulatory networks
important for brain development, we determined the set of
DEGs in the kd phNs and their association with neurodevelop-
mental disorders. We found in total 134 DEGs with ELAVL2 kd
and 99 DEGs with RBFOX1 kd (absolute log,FC > 0.3, false dis-
covery rate (FDR) < 0.05; Methods and Supplementary Material,
Table S2). To validate the ELAVL2 DEGs, we performed gqRT-PCR
on 12 selected genes including 3 differentially spliced genes
from Figure 2E (Fig. 3A). Even though the differentially spliced
genes did not reach our cutoff for differential expression, we
could observe a significant change in expression, suggesting our
statistical cutoff is sufficiently stringent for removing false posi-
tives but may allow for false negatives. We next ascertained
whether these DEGs are enriched for any biologically relevant
functional categories. Notably, we found that ELAVL2 DEGs are
enriched for pathways implicated in neurodevelopment such
as axon guidance, neuronal migration and synaptic function
(Fig. 3B).

As the nELAVL family has been linked to neuronal physiol-
ogy and brain function (17,18,23,53), we examined whether
any of the DEGs are linked with ASD. We identified a small
but significant overlap of ELAVL2 DEGs- and ASD-related genes
(Fig. 3C), finding well-characterized candidates such as AFF2,
CD44, MCC, PRUNE2 and SEMAS5A (Fig. 3D) (55-59). Others, such
as DLAG1P1, GRIN2B and RELN are also implicated in FMRP-
regulated pathways (31,60-62), suggesting ELAVL2 and FMRP
regulate similar biological pathways implicated in ASD.
Interestingly, we did not find significant overlap of ASD- or
FMRP-related genes with either reported targets of ELAVL1 or
nELAVLs (23) (data not shown), highlighting these as potential
ELAVL2-specfic pathways.

ELAVL2 kd highlights modules involved in neuronal
development and synaptic function

To better infer the genetic regulatory mechanisms altered by
the ELAVL2 kd, we carried out weighted gene co-expression net-
work analysis (WGCNA) (63,64) to identify the most highly
co-expressed (hub) genes related to ELAVL2 expression and im-
plicated in ASD, FMRP-regulated pathways or synaptic function.
We found six modules that were directly correlated with
ELAVL2 kd status. Among those, two modules showed strong
association with DEGs, ASD and/or FMRP targets: hEL13 and
hEL24, respectively (Fig. 4A and B, Supplementary Material,
Table S3). We then asked whether the biological network mod-
ules dependent on ELAVL2 are conserved in RBFOX1 kd. We
found a striking pattern of preservation, with the hEL13 and
hEL24 key modules both strongly preserved within the RBFOX1
kd dataset (Fig. 4C). Taken together, these observations high-
light the role of ELAVL2 in neurodevelopment and related disor-
ders, by affecting the expression of multiple genes implicated in
ASD. Moreover, we show how the gene co-expression networks
identified with ELAVL2 kd are preserved within the RBFOX1 kd
supporting a shared functional relationship in the regulation of
these critical neurodevelopmental pathways.
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Figure 3. ELAVL2 kd alters gene expression in phNs. (A) Validation of 12 DEGs detected by RNA-seq using qRT-PCR. RNA-seq values are shown in blue and gqPCR values
are shown in grey. Standard error of the mean is indicated by the black bars. (B) Gene ontology enrichment of DEGs downstream of ELAVL2. (C) ELAVL2 DEGs are en-
riched for ASD genes. (D) Expression of the 13 ASD genes that are upregulated with ELAVL2 kd.

Since interacting proteins are more likely to be co-expressed
compared with non-interacting proteins (65), we determined
which proteins co-expressed with ELAVL2 and RBFOX1 showed
differential expression driven by ELAVL2 in phNs. ELAVL2 itself
is in the hEL19 module, which is also significantly enriched for
FMRP targets (hypergeometric test, P=0.012; FDR correction,
perm =0.0001) and includes other RNAbps such as PUM2 and
RC3H1 implicated in FMRP-regulated pathways and found co-
expressed with ELAVL2 in frontal pole development (Fig. 1D).
RBFOX1 was found in the hEL24 module, which is enriched for
ELAVL2 DEGs, as well as ASD and FMRP targets. RBFOX1 is also
found co-expressed with several genes implicated in ASD,
FMRP-regulation and synaptic function (e.g. NTRK3, PRUNE2 and
SEMASA) consistent with its involvement in neuronal develop-
ment and related disorders (Fig. 5). Furthermore, we also identi-
fied additional RNAbps strongly co-expressed with RBFOX1
(Supplementary Material, Table S3). Among those was NOVAI,
implicated in neuronal excitability and post-transcriptionally
regulated by RBFOX1 (18,66), and CPEB3, implicated in synaptic
plasticity and dendrite morphogenesis (67,68), indicating that
RBFOX1, NOVA1 and CPEB3 are likely directing similar neurode-
velopmental pathways in phNs. These data are consistent with
previous results showing that RBFOX1 and NOVA1 synergisti-
cally regulate alternative splicing (69).

Because it has been previously shown that ELAVL? is differ-
entially expressed specifically in the human frontal pole com-
pared with non-human primates (25), we asked whether the
transcriptional circuitry of human frontal pole specific genes is
altered by ELAVL2 kd. To test this hypothesis, we determined
the intranetwork connectivity of genes with human frontal pole
specific patterns of expression (25). Remarkably, the human-
specific genes have significantly higher connectivity compared
with all the pairs of the network (Wilcoxon rank sum test, P <
0.01). Significant differences in connectivity were also found for
ASD, FMRP, synaptic and alternatively spliced genes (Wilcoxon

test, P < 0.01; Supplementary Material, Figure S5). These data
suggest that dysregulation of ELAVL2 affects the normal cir-
cuitry of genes implicated in neurodevelopmental disorders and
human-specific frontal pole expressed genes, highlighting
ELAVL2 as a regulator of important neuronal pathways that
may be involved in frontal lobe evolution.

Discussion

The genes and molecular pathways at risk in ASD and other
neurodevelopmental disorders are still not fully delineated. As
these disorders are thought to be a consequence of human brain
evolution, the study of a gene with human-specific brain ex-
pression such as ELAVL2 provides direct insight into how brain
disorders and brain evolution are connected. Furthermore,
there is accumulating evidence that the pathways disrupted in
ASD are highly convergent and post-transcriptional mecha-
nisms are at play. Using a human cellular model and RNA-seq,
we identified the transcriptional program regulated by ELAVL2.
Although this cellular system cannot model several develop-
mental properties associated with ASD pathophysiology such
as cortical migration, axon guidance, and brain circuit forma-
tion, it can recapitulate in vivo gene expression patterns of the
human brain. ELAVL2-associated co-expression networks are
highly preserved with co-expression networks regulated by
RBFOX1, also an ASD gene. We also found that these two splic-
ing factors are co-expressed with FMR1 during the critical period
of human fetal brain development, and all of these RNAbps reg-
ulate molecular pathways implicated in neurodevelopmental
disorders and/or neuronal function. More importantly, we have
uncovered relationships among these genes with other RNAbps
suggesting the existence of an even larger network of RNAbps
that underlie vulnerability to disorders of neurodevelopment.
Among the additional ELAVL2-associated genes encoding
RNAbps, we found well-characterized genes such as, HNRNPH2,
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Figure 4. ELAVL2 kd alters genetic modules involved in neurodevelopmental networks. (A) ELAVL2 kd yielded two key modules (hEL13 and hEL24) enriched in synaptic
genes, FMRP targets, and DEGs. Genes with higher connectivity are indicated by larger node size. ASD genes (red); FMRP targets (green); synaptic genes (yellow); ELAVL2
DEGs (blue); RBFOX1 DEGs (purple); Human frontal pole-specific genes derived by comparison of gene expression in human and non-human primate brains (black) (25).
Barplots below each module show the relationship of each sample to the module eigengene. In both modules, ELAVL2 kd samples show strong positive correlation. (B)
Gene ontology enrichment indicates modules strongly enriched for neurogenesis and neurodevelopmental pathways. (C) Preservation of the ELAVL2 modules in the
RBFOX1 kd data set (significance Z score > 5). The two key modules of interest are indicated.

To better understand the functional role of ELAVL2 in hu-
man neuronal gene regulatory networks, we performed a
genome-wide analysis examining transcriptional and splicing
changes caused by loss of ELAVL2. We focused on genes

RNPS1 and YTHDC2 that are associated with ASD (Fig. 1D)
(52,61). The observation that several RNAbps implicated in ASD
interact with ELAVL2 in frontal cortical development further
supports the role of ELAVL2 in such disorders.
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implicated in ASD, FMRP-regulated pathways, and synaptic
function. Although we identified a relatively small number of al-
ternatively spliced or DEGs downstream of ELAVL2, these gene
lists significantly overlapped with all of these functional catego-
ries. It is possible that our analysis is limited by the partial kd of
ELAVL2 expression; however, we chose to recapitulate ELAVL2-
haploinsufficiency that might most closely mimic a disease-
state. It is unlikely that other nELAVL family members are
compensating, as we did not observe changes in their expres-
sion (Supplementary Material, Table S2). The relatively low nu-
clear expression and enhanced perinuclear expression of
ELAVL2 together with dispersed cytoplasmic expression (Fig. 1E)
may suggest an additional role for ELAVL2 post-splicing al-
though pre-mRNA splicing has been observed outside of the nu-
cleus (70), particularly in the dendrites of neurons (71,72).
However, while we did not observe an effect of ELAVL2 on RNA
stability, future genome-wide binding studies can better ascer-
tain whether ELAVL2 is involved in RNA trafficking or other as-
pects of RNA processing.

Among the ELAVL2 alternatively spliced events, we found
CADM]1, a synaptic cell adhesion molecule associated with ASD
(73-76), CTNNBI1, a neuronal development gene involved in ASD
and FMRP-regulated pathways (31,61,77) and UBE3A, a gene im-
portant for dendritic patterning and associated with ASD
(78-81) (Supplementary Material, Table S1). CADM1 and CTNNB1
have been previously described as targets of the nELAVL family
(23,43), further supporting nELAVL regulation of ASD candidates
genes. Moreover, CADM1 was also found as an alternatively
spliced gene downstream of RBFOX1 and has previously been
shown as an RBFOX1 target in a mouse brain HITS-CLIP study
(17), suggesting co-regulation of CADM1 by ELAVL2 and RBFOX1.

Although the number of ELAVL2 and RBFOX1 overlapping
targets is small (10 DEGs and 14 alternatively spliced), such an
overlap is actually greater than previous studies examining
nELAVL shared alternatively spliced targets (six genes; (23,43)).
Moreover, by using a network approach, we uncovered con-
served co-expression between ELAVL2 and RBFOX1 regulated
genes that strengthen the involvement of ELAVL2 in neurodeve-
lopmental disorders. The hEL24 module is strongly enriched for
ASD genes, FMRP targets, and synaptic genes and the hEL24
module is enriched for DEGs implicated in ASD (Supplementary
Material, Table S3). The hEL13 module is also significantly en-
riched for DEGs in ELAVL2 and RBFOX1 kd implicated in ASD
and ID. In addition, the hEL24 module is remarkably enriched
for genes involved in neurodevelopment, axonogenesis and
neuronal projection (Fig. 4B).

Remarkably, we showed that the expression of ASD-
associated genes is significantly affected by ELAVL2 kd. Among
the most interesting candidates, we detected AFF2, CNTNAPS,
GRIN2B, LRFN5, MCC, PRUNE2 and SEMAS5A (Supplementary
Material, Table S2). Such ASD-associated genes are also priori-
tized as module hubs genes. Taken together, these data demon-
strate a strong connection between the ELAVL2-associated
networks and neurodevelopmental disease. In addition, this
data provide an important source for novel ELAVL2 candidate
genes and potentially implicate ELAVL2 in etiologies such as
ASD and/or ID.

Network analysis allowed us to determine alteration of the
intranetwork connectivity by ELAVL2 kd. We found that ELAVL2
kd significantly affects the circuitry of genes associated with
ASD, FMRP-targets, synaptic genes, and alternatively spliced
genes, providing direct evidence for the role of ELAVL2 in the
regulatory mechanisms of neurons. Also, of note, we identified
a remarkable dysregulation at the circuitry level of genes with
human specific expression patterns in frontal lobe compared
with other non-human primates. These data lead us to specu-
late that ELAVL2 may have a key role in the regulatory networks
of genes that might be implicated in human brain evolution.

The finding that ELAVL2 does not regulate transcript stabil-
ity like RBFOX1 illustrates a key difference between RBFOX1 and
ELAVL2 function and may explain why fewer differentially
spliced transcripts were identified with reduction of ELAVL2
compared with RBFOX1. Recent work has shown that ELAVL1
(or HuR) kd affects protein localization rather than transcript
level or splicing (54). However, another recent study has shown
that ELAVL1 has a higher binding affinity to intronic regions
compared with 3'UTRs supporting a role in splicing regulation
(23,82). Consistent with this, our findings confirm a role for
ELAVL?2 in regulating splicing and transcript abundance; how-
ever, we cannot rule out the possibility that ELAVL2 also regu-
lates protein localization through transcript trafficking. Such a
role for nELAVL family members has been previously hypothe-
sized (23,83). Future studies examining the interaction of
ELAVL2 with its bound transcripts in neurons will provide in-
sight into this possibility.

These data are the first report defining alternative splicing
and differential gene expression downstream of ELAVL2 in hu-
man neurons; however, additional studies will be required to
determine which changes are due to direct versus indirect regu-
lation by ELAVL2. We have found that many of these targets are
enriched for genes linked to ASD and neurodevelopment.
Our data further supports a model where the function of
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co-expressed RNAbps may be important in the development of
the human frontal cortex. Additionally, examining these novel
and well-characterized RNAbps and their association with
ELAVL2 predict pathways that may be important for neurodeve-
lopmental disorders and suggests new targets for further study.
We also find enrichment of genes involved in neuronal func-
tion, suggesting that ELAVL2 is an important factor in establish-
ing normal neuronal and synaptic function in the brain, thus
deepening our understanding of normal neurodevelopment and
its relationship to ASD pathogenesis in humans.

Materials and Methods

Constructs

DNA constructs used in this study were as follows:
pLenti6.4-ELAVL1-V5 (generated by Invitrogen Gateway system
from pDONR223, Open Biosystems, OHS1770-202320774),
PFRT-DestFLAGHA HuB (ELAVL2) (Addgene, 65758), pFRT-
TODestFLAGHA HuC (ELAVL3) (Addgene, 65756) and pFRT-
TODestFLAGHA_HuD (ELAVL4) (Addgene, 65757). All constructs
were confirmed by sequencing.

Cell culture

phNs were cultured and differentiated as previously described
n (18). phNs were transduced with lentiviruses containing ei-
ther a specific hairpin against ELAVL2 or green fluorescent pro-
tein (GFP). Total RNA was extracted using a miRNeasy Mini kit
(Qiagen, 217004). 293T cells (ATCC) were cultured in DMEM con-
taining 10% fetal bovine serum (Invitrogen, 0437028) and
antibiotic-antimycotic (Invitrogen, 15240-062) at 37°C under 5%
CO,. Forty-eight hours after transfection using FUGENE6 trans-
fection reagent (Promega, E2691), cells were harvested. Cells
were washed with PBS, lysed with a lysis buffer (20mM Tris-
HCI, pH 8.0, 1mM EDTA, 150 mM NaCl, 0.1% (w/v) Triton X-100)
with protease inhibitor cocktail (Sigma, P8340).

gRT-PCR

gRT-PCR was carried out as previously described in (18). Single-
stranded cDNAs were made using DNasel, Amplification grade
(Invitrogen, 18068015) and SuperScript III First-Strand Synthesis
SuperMix (Invitrogen, 18080400) and amplified by PCR according
to the manufacturer’s instructions. qRT-PCR was performed us-
ing iTaq Universal SYBR Green Supermix (Bio-Rad Laboratories,
172-5121) and a Touch Real-Time PCR Detection System (Bio-
Rad Laboratories, CFX384). Data analysis was performed by the
delta delta Cq method using a Touch Real-Time PCR Detection
System and CFX Manager software (Bio-Rad Laboratories,
CFX384). Each sample was normalized to beta-actin expression
followed by normalization to an shRNA GFP control. Two to four
biological replicates and three to four technical replicates were
used for each experiment. Data analysis was performed by the
delta delta Cq method. Primer sequences are available upon
request.

Immunoblotting

Whole cell lysates were generated from transduced phNs as pre-
viously described in (18) and immunoblotted with the following
antibodies: rabbit anti-HuB (ELAVL2; Hel-N1) (1:200; Sigma,
H1538) or rabbit anti-ELAVL2 (1:15 000; ProteinTech, 14008-1-AP),
mouse anti-glyceraldehyde-3-phosphate dehydrogenase (1:5000;
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Millipore, MAB374) followed by goat anti-rabbit-poly-horseradish
peroxidase (1:4000; Cell Signaling Technology), mouse anti-beta-
actin-horseradish peroxidase (1:100 000; Sigma-Aldrich, A3854),
IRDye 680RD donkey anti-mouse IgG (10 000; LI-COR Biosciences,
926-68072) or IRDye 800CW donkey anti-rabbit IgG, (10 000; LI-
COR Biosciences, 926-32214). The images were collected using the
Odyssey Infrared Imaging System (LI-COR Biosciences).

Immunocytochemistry

Cultured phNs were fixed with 4% paraformaldehyde, permea-
bilized with 0.1% Triton X-100, and blocked with a solution of
10% goat serum and 1% BSA in PBS. Cells were incubated with
the following primary antibodies at 4°C overnight: rabbit anti-
HuB (ELAVL2; Hel-N1) (1:200; Sigma, H1538), mouse anti-FMRP
(1:100; clone 2F5-1; 2F5-1 was deposited to the DSHB by
Tartakoff, Alan M./Fallon, J.R. (DSHB Hybridoma Product 2F5-1)
(84), anti-MAP2 (1:2000; Abcam, ab92434), anti-NeuN (1:100;
Millipore, MAB377). Cells were washed and then incubated with
species-specific secondary antibodies for 1h at room tempera-
ture: Alexa Fluor 647 and/or Alexa Fluor 555 (1:2000; Invitrogen).
For nuclear counterstaining, cells were coverslipped with
Prolong Gold Antifade Mountant with DAPI (Invitrogen,
P36934). TO-PRO-3 (Invitrogen, T3605) was also used to stain the
nucleus. Confocal images were captured using Zeiss confocal la-
ser scanning microscope (LSM 510 with META, Carl Zeiss).

RNA-seq analysis

RNA-seq was performed on an Illumina HiSeq 2500 using
polyA-enriched RNA from five biological replicates from phNs: 5
shGFP and 5 shELAVL2. 100 bp single-end reads were generated
and uniquely mapped to the human genome (hg19/GRCh37) us-
ing Segemehl (85) with the following parameters -S -A 95 -T.
Uniquely mapped reads where extracted. Mapped reads were
counted and RPKM were calculated using a custom script in R
based on the GenomicFeatures library and Ensembl gene refer-
ence (86,87). In order to make a direct comparison to our previ-
ously published data, we performed the same protocol for
shRBFOX1 and shGFP samples from (18). Alternative splicing,
isoform levels, and bayes factors for splicing events were in-
ferred using the MISO algorithm with default parameters using
both isoform-centric and exon-centric analysis based on MISO
annotation (88). RefSeq transcript annotation was used for exon
junction annotation and exons with ¥ < 0.1 were excluded from
the analysis. Alternative splicing events and/or exon dosage
were manually curated using the UCSC web-browser and vali-
dated using DEXseq (89-91)

We compared each shELAVL2 sample with each shGFP sam-
ple sequentially and the total alternatively spliced genes where
then summarized into a single list from all the pairwise com-
parisons. The same approach was used for shRBFOX1 and
shGFP samples. The DEGs were calculated using DESeq (92).
FDR < 0.05 and [log2FC| > 0.3 thresholds were applied.

RNADp site analysis

To perform RNAbp site enrichment, we downloaded intronic
and 3'-UTR sequences from the UCSC web interface (91). We in-
terrogated only flanking region of 500 bp upstream and 500 bp
downstream of exons as well as the full 3'-UTR region. RNAbp
site enrichment was performed using RBPmap (93) with high
stringency using nELAVL and RBFOX1 core sequences. Predicted
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motif detections were manually confirmed using a custom Perl
script.

Additional large-scale datasets

Human brain expression data were downloaded and subsetted
from BrainSpan (www.brain-map.org, 2011). The protein-pro-
tein interaction database was built using Biogrid and inWeb hu-
man datasets (94,95). The RNAbp gene sets were downloaded
from RBPDB (96), autism related genes were downloaded from
SFARI according to the latest release (97), synaptic-related genes
were downloaded from SynaptomeDB (98) and FMRP-target
genes and human-specific frontal pole genes were used from in-
dependent publications (25,31). The proteome data was col-
lected from the Human Proteome Map (44) and the Human
Proteome Atlas (45).

Network construction

For the protein-protein interaction network, we considered a
protein-protein interaction present if found in either one of the
datasets used. We used the DEGs of shELAVL2 and shRBFOX1
and their known protein-protein interactions. To infer the dor-
solateral frontal cortex RNAbp network, we applied the wTO ap-
proach (38) using the RNAbp as nodes for the network
interaction. In contrast to other methods, we calculate the wTO
by taking into account that an RNAbp can act either as an acti-
vator or repressor of splicing. Therefore, edges between RNAbps
show the same or opposite predicted function according to their
commonly correlated gene sets. WGCNA of the shELAVL2 and
shGFP samples was performed using a custom R script (63). We
defined the modules using mid-weight bicorrelation followed
by unsigned network approach, minimum module size =60,
power =12, deepSplit=4 and cut height threshold =0.1.

We calculated the module preservation between the ELAVL2
and RBFOX1 datasets using the module preservation function
implemented in the WGCNA package applying 100 permuta-
tions (64). Data integration and statistical analysis were based
on custom R and SQL scripts. The hypergeometric test was used
to detect gene set enrichment in WGCNA modules. As back-
ground for population size, we used an independent cortical
gene expression set data as described in Parikshak et al. 2013
(99) (15585 total genes), defining a more appropriate background
set for phNs. To evaluate the enrichment, we performed permu-
tation testing by randomizing each gene set 10000 times and as-
sessing for ASD, FMRP and synaptic genes within the cortically
expressed genes and assessing significance by the hypergeo-
metric test. None of the randomized overlaps showed signifi-
cant P-values (perm P =0.0001).

Gene ontology analysis

Gene ontology enrichment was performed using DAVID (100)
and confirmed using WebGestalt (101,102). As background, we
used all the expressed genes. In Supplementary Material, Table
S4, we indicate the FDR values and number of gene belonging to
the specific gene ontology category from DAVID.

Code

All scripts are available upon request to the corresponding
authors.

Accession numbers

The NCBI Gene Expression Omnibus accession number for the
RNA-seq data reported in this manuscript is GSE69092.

Supplementary Material

Supplementary Material is available at HMG online.
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