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Cell type-specific transcriptomes are enabled by the action of multiple regulators, which are frequently expressed
within restricted tissue regions. In the present study, we identify one such regulator, Quaking 5 (Qki5), as an RNA-
binding protein (RNABP) that is expressed in early embryonic neural stem cells and subsequently down-regulated
during neurogenesis. mRNA sequencing analysis in neural stem cell culture indicates that Qki proteins play sup-
porting roles in the neural stem cell transcriptome and various forms of mRNA processing that may result from
regionally restricted expression and subcellular localization. Also, our in utero electroporation gain-of-function
study suggests that the nuclear-typeQki isoformQki5 supports the neural stem cell state.Wenext performed in vivo
transcriptome-wide protein–RNA interaction mapping to search for direct targets of Qki5 and elucidate how Qki5
regulates neural stem cell function. Combinedwith our transcriptome analysis, thismapping analysis yielded a bona
fidemap of Qki5–RNA interaction at single-nucleotide resolution, the identification of 892Qki5 direct target genes,
and an accurate Qki5-dependent alternative splicing rule in the developing brain. Last, our target gene list provides
the first compelling evidence thatQki5 is associatedwith specific biological events; namely, cell–cell adhesion. This
prediction was confirmed by histological analysis of mice in which Qki proteins were genetically ablated, which
revealed disruption of the apical surface of the lateral wall in the developing brain. These data collectively indicate
that Qki5 regulates communication between neural stem cells by mediating numerous RNA processing events and
suggest new links between splicing regulation and neural stem cell states.
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A given cell’s transcriptomic output is enabled by various
regulators that mediate transcription and post-transcrip-
tional modifications. Ubiquitously expressed transcripts
encoding abundant proteins (e.g., housekeeping proteins)
are essential for basic cellular functions, while cell type-
specific transcripts determine the characteristics of spe-
cific cell lineages as well as cell morphology, functions,
and behavior. Regulation of the transcriptome is thought
to be controlled by ubiquitous and/or cell type-specific
DNA-binding transcription factors (Yamamizu et al.

2013). In addition, it has become increasingly clear that
RNA-binding proteins (RNABPs), which are major con-
tributors to post-transcriptional regulation via their inter-
action with RNAs, also participate in the generation of
cell type-specific transcriptomes (Darnell 2013; Gerst-
berger et al. 2014; Zhang et al. 2016).

Traditionally, biochemical analyses of RNABPs
have consisted of in vitro reconstitution assays with cul-
tured cells and/or recombinant proteins. Although such
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analyses are powerful and reliablemethods for confirming
biochemical mechanisms, these experiments often do not
accurately reflect the stoichiometries of in vivo protein–
RNA interactions. Thus, it has been necessary to develop
improved assays capable of taking “snapshots” of RNABP
function in vivo. Recently developed advanced technolo-
gies, such as protein–RNA interaction techniques, RNA
sequencing (RNA-seq), and ribosome profiling, have
begun to elucidate the biochemical functions of RNABPs
at the transcriptomic level (Blencowe 2006; Licatalosi and
Darnell 2010; Ingolia 2014; Nussbacher et al. 2015; Yano
et al. 2015; Van Nostrand et al. 2016). Such systemic anal-
yses provide precise mechanistic insights into gene regu-
lation. These strategies, in combination with genetic
models, have elucidated the biological roles of neural
RNABPs. For example, such a strategywas used in the dis-
coveries thatNova2 regulates the radial migration of post-
mitotic neurons and that Ptbp2 regulates the interkinetic
migration of neural progenitors in the developing cortex
(Yano et al. 2010; Licatalosi et al. 2012). Furthermore, dis-
abled-1 signaling was identified as a target pathway medi-
ating the Nova2-dependent cortical neuron migration
phenotype. These reports illustrate how the study of
RNABP-mediated RNA regulation using effective genetic
tools and multilayered transcriptome assays is essential
for developing a better understanding of the physiological
functions of RNABPs.
One recent study reported that ∼1542 genes encode

RNABPs and that the expression patterns of a majority
of these showed a degree of tissue specificity that was low-
er than that for transcription factors (Gerstberger et al.
2014). This suggests that many RNABPs support RNA
processes that govern basic cellular events rather than
mediate tissue-specific transcriptome characteristics.
However, numerous other reports have shown the in-
volvement of tissue-specific RNABPs in neuronal devel-
opmental processes and diseases. Specifically, Nova2-,
Ptbp1/2-, and Srrm4-dependent alternative splicing con-
trols early cortical development, and Stau2 regulates
asymmetric cortical neural stem cell divisions, as evi-
denced by genetic tools and/or in vivo manipulations
(Kusek et al. 2012; Li et al. 2014; Vuong et al. 2016; Zhang
et al. 2016)
The Quaking (Qki) proteins are a STAR (signal trans-

duction and activation of RNA) family of K homology
(KH) domain-containing RNABPs and are widely ex-
pressed across multiple embryonic and adult tissues. A
spontaneous mouse mutant, quakingviable (qkv), exhibits
a deletion of the proximal region of theQk gene onmouse
chromosome 17 and has been used to define Qki func-
tions (Ebersole et al. 1996). Genetic and biochemical stud-
ies have reported that Qki is involved in certain aspects of
RNA metabolism, such as pre-mRNA splicing, mRNA
stabilization, microRNA (miRNA) biogenesis, and circu-
lar RNA (circRNA) biogenesis (Wang et al. 2013; Zong
et al. 2014; Conn et al. 2015). In the nervous system,
Qki proteins are predominantly expressed in oligodendro-
cyte lineage cells (Hardy et al. 1996; Hardy 1998) and are
key regulators of oligodendrocyte differentiation and
myelination. These effects are mediated by RNA-level

regulation of cell cycle- and myelin-related genes (Laroc-
que et al. 2002, 2005; Wu et al. 2002; Darbelli et al.
2016). In addition, our immunohistochemical analysis
in the present study and a previous report revealed unique
cellular distributions of these proteins during brain devel-
opment (Fig. 1; Hardy 1998). Specifically, Qki5 is ex-
pressed in early neural stem cells but not neuronal
progenitors (Fig. 1; Hardy 1998). However, the transcrip-
tome-wide RNA-binding sites and biologically relevant
target RNAs of the three major alternatively spliced iso-
forms (Qki5, Qki6, and Qki7) in neural stem cells remain
unclear. Our mRNA-seq analysis of Qk knockdown neu-
ral stem cells presented here suggests that Qki5 facilitates
the generation of a neural stem cell-specific transcrip-
tome, a function consistent with the restricted expression
pattern of these proteins. Additionally, transcriptome-
wide mapping of Qki5–RNA interactions via high-
throughput sequencing and cross-linking immunoprecip-
itation (HITS-CLIP), a method used previously to define
the functional roles of RNABPs, revealed that the major
functions of Qki5 involve binding to intronic RNA and
the regulation of alternative splicing in a binding posi-
tion-dependent manner. Furthermore, we generated a
list of direct Qki5 targets, suggesting previously unrecog-
nized physiological roles for Qki5 in the regulation of cell
adhesion pathways in neural stem cells. These functions
were further confirmed by the use of newly generated con-
ditional Qki knockout mouse models. Last, we illustrate
how transcriptome-wide RNAmethods andmouse genet-
ics can be used to reveal a previously unsuspected Qki5
function. Specifically, we show that Qki5 regulates
ventricular surface structure by mediating the cadherin–
catenin signaling pathway in early embryonic neural
stem cells.

Results

Qki proteins are expressed in early neural stem cells

TheQki RNABPs arewell-known regulators of the cell cy-
cle and the differentiation of glial cells, such as oligoden-
drocytes and astrocytes, in the central nervous system
(CNS) (Biedermann et al. 2010). Biochemical and mouse
genetic studies have shown that Qki proteins regulate
trasncriptomes via pre-mRNA splicing as well as mRNA
stabilization and translation. However, comprehensive
studies of the functions of Qki proteins in the developing
CNS have not been reported previously. As each Qki pro-
tein isoform transcribed from theQk genemay differ in its
localization and distribution in the embryonic brain, we
first assessed Qki protein expression by immunofluores-
cence using isoform-specific antibodies (Supplemental
Fig. S1). We found that Qki5 and Qki6 are expressed in
the ventricular zone (VZ) at embryonic day 9.5 (E9.5),
when neural tube closure has occurred, whereas expres-
sion of Qki7 begins at around E18.5, at the start of gliogen-
esis (Fig. 1A,D).
We next examined expression of Qki5 and Qki6 in neu-

ral stem cells using antibodies against various lineage
markers in the E15.5 cortex. We observed that Qki5 and
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Qki6 colocalize in the same cells of theVZ; however, their
intracellular distributions differ. Qki5 is localized primar-
ily in the nucleus due to its NLS (nuclear localization sig-

nal) in the C-terminal region, while Qki6, which does not
contain an NLS, is cytoplasmic (Fig. 1C). These two pro-
teins are also coexpressed in Pax6-positive neural stem

Figure 1. Qki5 and Qki6 are expressed in early neural stem cells of the developing mouse brain. (A) Frontal sections of mouse brains at
each developmental age (embryonic day 9.5 [E9.5], E12.5, E15.5, and E18.5) were immunostained using anti-pan-Qki antibodies or iso-
form-specific antibodies (Qki5, Qki6, and Qki7). This staining revealed that Qki5 and Qki6 are expressed in the ventricular zone (VZ)
at E9.5, when neural tube closure is complete. Expression of these proteins continues through embryogenesis. Expression of Qki5 and
Qki6 in neural stem cells is down-regulated during neurogenesis. Bar, 100 µm. (B) Detailed expression of Qki5 and lineagemarker proteins
in an E15.5 mouse cortex. Qki5-positive cells (green) also express Qki6 (red) in the VZ, although the subcellular localization of these pro-
teins is quite different, with Qki5 being present in the nucleus, and Qki6 present in the cytoplasm. Qki5 expression colocalizes with Pax6
(red), a neural stem cell marker, and is down-regulated in Tbr2-positive intermediate progenitors (red) in the VZ and subventricular zone
(SVZ). Qki5 andNeuroD (red) aremutually exclusive, andQki5 expression is completely absent in Tag1-positive axons (red). Bar, 100 µm.
(C ) Mutually exclusive subcellular localization of Qki5 andQki6 proteins in embryonic neural stem cells from an E15.5mouse neocortex.
Qki5 (red) is clearly distributed in the nucleus stained with Hoechst 33258 (blue). In contrast, Qki6 (green) is localized mainly in the cy-
toplasm. The bottom two panels are higher-magnification views of the boxed area of the top panels. Bars: top panels, 20 µm; higher-mag-
nification views, 10 µm. (D) Schematic illustrations of the expression patterns of Qki proteins in the developing neocortex. (Left panel)
Qki5 and Qki6 are expressed in embryonic neural stem cells at E9.5, and Qki7 expression starts at around E18.5. (Right panel) The expres-
sion of Qki proteins with lineage marker proteins in the E15.5 mouse neocortex. Qki5/6 expression is notably down-regulated in Tbr2+

intermediate progenitors. (CP) cortical plate; (IZ) intermediate zone.
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cells. Qki5 expression is down-regulated in cells that ex-
press Tbr2, which encodes the DNA-binding transcrip-
tional factor Eomes (Englund et al. 2005). Tbr2 is also
known as a marker of intermediate progenitors in the
VZ and subventricular zone (SVZ) and is expressed mutu-
ally exclusive of the transcription factor NeuroD1, which
is expressed in post-mitotic immature neurons (Fig. 1B,D;
Miyoshi and Fishell 2012). Qki5 expression is furthermore
absent in Tag1-positive axons. These expression patterns
collectively suggest possible roles for Qki5 and Qki6 in
neural stem cells during the early phase of embryonic
neurogenesis.

Qki is involved in neural stem cell differentiation
through mediating RNA regulation

To investigate whether Qki5 and Qki6 are involved in
neural stem cell functions, we performed transcriptome
analysis of mRNA obtained from cultured neural stem
cells, which were characterized previously as expressing
Nestin protein (∼95% of cells), a marker of neural stem
cells (Lendahl and McKay 1990; Hayashi et al. 2015).
Neural stem cells were isolated from E14.5 mouse corti-
ces and infected with a sh-Qk- or sh-control-expressing
lentivirus to knock down all Qki proteins in cultures
(Supplemental Fig. S2A–D). Six days after infection,
the cells were collected and subjected to mRNA library
generation and sequencing analysis. We confirmed the
quality of shRNA against the Qk gene by Western blot-
ting analysis in HEK293T cells to detect the effect of ex-
ogenous Qki proteins (Supplemental Fig. S2C) and by
immunofluorescence staining to detect endogenous
Qki proteins in primary neural stem cells (Supplemental
Fig. S2D).
We generated mRNA libraries from three independent

neural stem cell cultures and performed 100-base-pair (bp)
paired-end sequencing using the Illumina HiSeq 2500 sys-
tem. In total, 366million and 343million paired-end reads
were obtained for the control and shQk mRNA-seq sam-
ples, respectively. Sequence reads were aligned to the
mouse genome (mm9) or an exon junction database using
the TopHat2 tool (Kim et al. 2013), and gene expression
level and alternative splicing eventswere quantified using
the Quantas tool (Wu et al. 2013). The analysis of gene
expression changes confirmed a >60% reduction in Qk
mRNAs. In shQk knockdown cells, steady-state levels
of 202 transcripts were up-regulated (fold change >1.5;
Stat_ebayes <5; P < 0.001), and 483 transcripts were
down-regulated (fold change <0.66; Stat_ebayes <5; P <
0.001) with empirical Bayes statistics (Fig. 2A).
To explore howQk knockdown affects biological func-

tion in neural stem cells, we performed a gene ontology
(GO) analysis using a list of genes that the mRNA-seq
data indicated were up-regulated or down-regulated (Sup-
plemental Fig. S3A). The following GO termswere ranked
among the top five when genes that were up-regulated
upon Qk knockdown were considered in biological pro-
cesses: “brain development,” “axonogenesis,” “forebrain
development,” “neuron projection morphogenesis,” and
“cell morphogenesis involved in differentiation.” These

terms suggest that neuronal differentiation processes are
promoted by Qk knockdown. However, unexpected bio-
logical processes were ranked among the top five terms
when down-regulated genes were considered (Supplemen-
tal Fig. S2E).

Figure 2. Qki5 and QKi6 are involved in neural stem cell func-
tion. Neural stem cells from the E14.5 mouse cortex were cul-
tured and infected with a lentivirus encoding sh-control or sh-
Qk shRNA to knock down all Qki proteins. Six days after infec-
tion, the cells were collected. mRNA libraries were made and
subjected to next-generation sequencing. (A) Scatter plot of the
log10 RPKM (reads per kilobase per million) of sh-control versus
sh-Qk RNA-seq significant hits (P < 0.001) with absolute fold
changes of ≥1.5. Each point represents the mean RPKM obtained
from three replicates for an individual gene. (B) Pie charts show
proportions of apical radial glia (aRG)-related transcripts and
basal radial glia (bRG)-related transcripts among the total number
of transcripts as well as up-regulated and down-regulated tran-
scripts in sh-Qk neural stem cells. (C ) Schematic illustration of
aRG and bRG. In sh-Qk neural stem cells, bRG-related tran-
scripts are more highly enriched compared with the sh-control
condition. (D) Bar graph of RNA-seq data and quantitative RT–
PCR (qRT–PCR) validation of Qki-dependent transcript level
changes in aRG-related (pea15a, Itgb8, vim, vcam1, and Tnc
[Tanascin C]) and bRG-related (Brsk2, ptpro, Nsg2, chgb, and
Dact1) genes. Transcript levels of aRG-related transcripts are de-
creased, while transcript levels of bRG-related transcripts are in-
creased in sh-Qk neural stem cells. The error bar shows the SD
using three independent biological replicates.
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We next classified the transcripts into four categories
(“neuron,” “astrocyte,” “oligodendrocyte,” and “others”)
using a transcriptome database for all three types of cells
purified from the mouse brain (Cahoy et al. 2008). The
data showed that the proportion of neuron-related genes
was enriched among up-regulated transcripts in shQk
neural stem cells, while the proportion of glia (astrocyte
and oligodendrocyte)-related genes was enriched in
down-regulated transcripts (Supplemental Fig. S2F), con-
sistent with the GO data indicating that Qk knockdown
leads to neuronal differentiation. Importantly, these find-
ings were validated by quantitative RT–PCR (qRT–PCR)
analyses, confirming expression level changes in all 15
candidate genes tested. Five of the neuron-related tran-
scripts were increased 1.3-fold to 5.7-fold, and 10 glial
transcripts were decreased 0.3-fold to 0.8-fold (Supple-
mental Fig. S2G), indicating that Qki5 may facilitate glio-
genesis by inhibiting neurogenesis.

This result prompted us to further examine the involve-
ment of Qki proteins in the neural stem/progenitor state.
Cortical neural stem cells include apical radial glia (aRG),
which undergo mitosis at the ventricular side of the VZ,
and basal radial glia (bRG), which lack ventricular con-
tacts and undergo mitosis in the SVZ. One previous study
reported that the transcriptome of bRG cells is more sim-
ilar to that of intermediate neuronal progenitor cells than
to aRGs in mice (Florio et al. 2015). Based on these aRG
and bRG data sets and considering the total detected tran-
scripts, 11% of transcripts were aRG-related, and 12%
were bRG-related. Among the up-regulated transcripts
in shQk cells, 21%were related to bRG cells, a proportion
that revealed enrichment relative to the total detected
transcripts. In contrast, aRG-related genes are more en-
riched among down-regulated transcripts in sh-Qk neural
stem cells (Fig. 2B,C).

These findings were also completely validated in qRT–
PCR assays of RNA isolated from three replicates each of
sh-control and sh-Qk neural stem cells. These analyses
confirmed expression level changes in 10 of 10 candidate
genes tested. Expression levels of aRG-related genes
(pea15a, itgb8, vim, vcam1, and Tnc [Tanascin C]) de-
creased 0.5-fold to 0.7-fold, while those of bRG-related
genes (brsks, ptpro, Nsg2, chgb, and Dact1) increased
1.4-fold to 2.1-fold in knockdown cells (Fig. 2D). These re-
sults suggest that Qki may be involved in the mainte-
nance of aRG cells through regulation of the neural stem
cell transcriptomic profile.

To further assess whether the knockdown ofQk affects
pre-mRNA processing events in neural stem cells, we an-
alyzed mRNA-seq data at the exon junction level. We ob-
served dramatic mRNA processing defects, which may be
due to changes in potential Qki-dependent RNA process-
ing events. The decrease in Qki protein level induced the
exclusion of 483 alternative exons and the inclusion of
597 alternative exons, with significant differences in
splicing levels in Qk knockdown cells compared with
control cells (Fig. 3A). These differences included all alter-
native exon changes (i.e., cassette exon, mutually exclu-
sive exons, tandem cassette exons, alternative 5′ site,
alternative 3′ site, and intron retention) (Table 1). Qk

knockdown primarily affected cassette-type exons (618
of 1080 events; 57.2%). In addition, semiquantitative
RT–PCR validation was performed for two examples of
cassette-type exons. Qki leads to the inclusion of PPP1r9a
exon6 (ΔI = 0.60) and the exclusion of ptpro exon17 (ΔI =
−0.51), reflecting the mRNA-seq data (Fig. 3B,C). Tran-
scripts likely to be regulated by Qki splicing changes
were enriched in cell lineage-specific transcripts com-
pared with total transcripts. Such transcripts included ol-
igodendrocyte-related transcripts (30% of alternative
splicing transcripts changed vs. 17% total), while no en-
richment was observed for transcripts related to other

Figure 3. Qki-dependent alternative splicing in neural stem
cells. (A) Scatter plot of the exon inclusion of sh-control versus
sh-Qk RNA-seq significant hits. P < 0.001. Each point represents
themean obtained from three replicates for an individual alterna-
tive splicing event. (B,C, left panels) RT–PCR analysis of PPP1r9a
(B) and Ptpro (C ) splicing in both sh-Qk and sh-control neural
stem cells. The control lanes correspond to cDNA mixtures am-
plified for different numbers of cycles (see the Materials and
Methods). The bar graphs show the quantification of PPP1r9a
(B) and Ptpro (C ) RT–PCR products from the left panels. ΔI indi-
cates the change in fraction of the alternative exon. The error
bar represents the SD using three independent biological repli-
cates. (D) Transcripts were categorized into four groups: “neu-
ron,” “oligodendrocyte,” “astrocyte,” and “others.” The pie
charts show the proportion of each group relative to all transcripts
(top panel) and those transcriptswith alternative splicing changes
(bottom panel). Lineage genes were enriched in the Qki-depen-
dent alternative splicing changes group.
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cell types, including neurons, astrocytes, and aRG and
bRGcells (Fig. 3D; Supplemental Fig. S3A). In contrast, ge-
neral transcripts that are expressed in multiple cell types
were not enriched (Fig. 3D). Interestingly, the GO terms
among splicing changes show that genes related to cellu-
lar organization, including cellular junctions, are enriched
compared with those of transcript level changes (Supple-
mental Fig. S3B). The mRNA-seq data indicate that Qki
proteins regulate RNA processing events that occur in
the nucleus, to which the Qki5 isoform is restricted. We
therefore suspected that Qki5 may be an important con-
tributor to RNA processing events in neural stem cell
functions.

Qki5 is involved in neural stem cell functions

To determine whether the nuclear isoform Qki5 func-
tions in embryonic neural stem cells, we performed in
utero electroporation experiments. These gain-of function
experiments were performed to clarify the actions of Qki5
andQki6, which are expressed in neural stem cells (Fig. 1).
We introduced a plasmid encoding Flag-tagged Qki5 and
Qki6 under control of the CAG promoter into the lateral
ventricle (LV) of the developing neocortices of wild-type
mice at E13.5. A control pCAGS empty vector or Qki5
or Qki6 pCAGS vector was transfected together with a
plasmid encoding the fluorescent protein Venus (Nagai
et al. 2002), enabling the monitoring of the transfected
cells in vivo. Two days after the E13.5 electroporation,
the brains were fixed for histological analysis via the as-
sessment of Venus-labeled cells. In the control condition,
Venus-labeled cells were widely distributed from the VZ
to cortical plates. Transfection of plasmid encoding
Qki5 protein caused cells to migrate to aberrant positions
rather than that of Qki6 overexpression. We also observed
a dramatic increase in the number of cells that were posi-
tive for phospho-histone H3 (PH3), a mitosis marker, in
Qki5-overexpressing cells compared with control and
Qki6-overexpressing cells (Fig. 4A,B). These results sug-
gest that Qki5 inhibits neuronal migration and induces

ectopic mitotic cells, supporting our hypothesis that the
nuclear Qki member Qki5 plays functional roles in neural
stem cells.

Mapping of Qki5 protein and RNA interactions in the
developing mouse brain

mRNA-seq analysis identified Qki-regulated transcripts
but did not address whether these targets are regulated
directly or indirectly (Licatalosi and Darnell 2010). To ef-
ficiently identify direct Qki5 targets in living tissue, we
performed BrdU (5-bromodeoxyuridine)-CLIP (Weyn-
Vanhentenryck et al. 2014) with several modifications
(MY-HITS-CLIP; referred to here as HITS-CLIP) (M
Yugami, HOkano, ANakanishi, andMYano, in prep.) us-
ing E14.5 mouse brains for material. After UV irradiation,
Qki5–RNA complexes were seen in sizes similar to and
higher-molecular-weight sizes than Qki5 in high and
low levels of RNaseA, respectively (Fig. 5A). Purified
RNA from triplicate individual brains were sequenced.
The resulting reads (total 6,764,930 reads) were filtered
and aligned to the mouse genome (Bowtie; mm9). After
removing PCR duplicates, these unique tags were pooled

Table 1. Qki5 regulates many types of alternative splicing
patterns

(CE) Cassette exon; (TACE) tandem cassette exon; (MXE) mutu-
ally exclusive exon; (A5SS) alternative 5′ site; (A3SS) alternative
3′ site; (IR) intron retention.

Figure 4. The nuclear Qki member Qki5 contributes to neural
stem cells functions. (A) Gain-of-function study to clarify the ac-
tions of Qki5 and Qki6 (which are expressed in neural stem cells)
by in utero electroporation. Plasmid DNA encoding Flag-tagged
Qki5 and Qki6 under the control of the CAG promoter was intro-
duced into the LV of the developing neocortices of wild-typemice
at E13.5. Tomonitor the transfected cells, a plasmid encoding Ve-
nus protein was cotransfected. Two days after electroporation,
the brains were fixed for immunofluorescence analyses. Qki5
transfected cells showed aberrant migration and positions of
PH3-positive mitotic cells, whereas Qki6-overexpressing cells
did not. (Blue) Hoechst; (red) PH3; (green) Venus. Bar, 100 µm.
(B) Quantification ofA. The proportion of PH3/Venus double-pos-
itive cells relative to the total number of Venus-positive cells was
significantly increased in the VZ and SVZ/IZ. n = 4. (∗) P < 0.05, t-
test. Data represent the mean SD of four independent brains.
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to identify the Qki5–RNA interactions that were biologi-
cally reproducible. These interactions represented 11,931
clusters (biologic complexity [BC]≥ 2; peak height >2)
that contained overlapping Qki5 CLIP tags from all three
brains (185,426 brain 1 tags, 93,117 brain 2 tags, and
49,673 brain 3 tags). Of these robust clusters, 41.6% and
43.1% were distributed in introns and deep intergenic re-
gions of the mouse genome, respectively, potentially re-
flecting the cellular distribution of Qki5 (Fig. 5B). The
tag length was 24 nucleotides (nt) in our CLIP experi-
ments—shorter than for standard HITS-CLIP. Many of
the tags aligned and appeared to begin at a single position,
suggesting that the residue of cross-linked RNA sites
bound by Qki5 blocked cDNA synthesis from RNA tags
during reverse transcription; this process is known as
cross-link-induced termination (Fig. 5C right, bottompan-
el; Weyn-Vanhentenryck et al. 2014). We therefore per-
formed cross-link-induced termination analysis based on
the Qki5 CLIP tags (Fig. 5C top panel; Supplemental Fig.
S4A). Several past reports have used similar strategies to
study in vivo protein–RNA-binding sites at single-nucleo-
tide resolution and across the transcriptome (Modic et al.

2013; Weyn-Vanhentenryck et al. 2014). To identify the
features that characterize Qki5-binding RNA sites, we ob-
tained extended sequences from −15 to +15 relative to
Qki5 CITSs (cross-linked-induced termination sites) and,
as a control, shuffled 31-nt sequences with the same nu-
cleotide content as the hits (Supplemental Fig. S4B). Based
on the sequencing features associated withQki5–RNA in-
teractions, we found that the most overrepresented 6-nt
features were UACUAA and ACUAAC, both of which
showed very high significance (z-scores: 34.44 and 31.21,
respectively) (Fig. 5D right panel; Supplemental Fig.
S4C). In addition, the top five ranked 6-nt features com-
monly included the CUAA sequence (Supplemental Fig.
S4C).

Overall, ourHITS-CLIP analysis from living brain tissue
revealed robust Qki5 association with UACUAAH ele-
ments (where H indicates “not G”). This result is similar
to a previously defined RNA-binding motif for Qki pro-
teins, with slight differences (Galarneau and Richard
2005; Hafner et al. 2010). Among these elements,
ACUAAH sequences are enriched 42-fold and 38-fold at
the 0 and −1 positions (relative to the CITS), respectively.

Figure 5. Qki5 HITS-CLIP identified specific binding
sites in themouse brain. (A) Autoradiogram of the nitro-
cellulose membrane of labeled 32P-labeled RNA cross-
linked to immunoprecipitation-purified Qki5 from
wild-type E14.5 mouse brains treated with low or high
RNase A using an anti-Qki5-specific antibody. A very
weak signal was observed under non-cross-linked condi-
tions. (B) Genomic distribution of BC≥ 2 clusters (Qki5-
binding events). (C, top panel) CITS-based identification
of ACUAAH as a consensus binding site for Qki5. (Bot-
tom left panel) MEME (multiple EM [expectation maxi-
mization] for motif elicitation) analysis [−15, 15] also
detected the UACUAAC motif as a top hit (E-value =
5.1 × 10-−288). (Bottom right panel) A representative ge-
nome browser view of Qki5 CLIP tag density along the
intronic region of the Tcf12 gene. Note that each
Qki5-binding tag lines up sharply with the ACUAAH
site, indicating a CITS. (D) Based on sequencing features
associated with Qki5–RNA interactions, the most over-
represented 6 nt were UACUAA and ACUAAC.
UACUAA and ACUAAC have high z-scores: 34.44 and
31.21, respectively. (E) Enrichment analysis was calcu-
lated from the frequency of ACUAAH (red) and YCAY
(green) starting at each position relative to the inferred
truncated cross-link sites using extended sequences ob-
tained from −15 to +15 relative to Qki5 CITSs and shuf-
fled 31-nt sequences with the same nucleotide
composition (controls). ACUAAH (H indicates “not G
”) were enriched at positions 0 and −1.
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In contrast, the YCAY motif of Nova proteins, which
share a KH-type RNA-binding domain with Qki proteins,
were not enriched (Fig. 5E). Moreover, MEME (multiple
EM [expectation maximization] for motif elicitation)
analysis (in the −15- to 15-nt range) also revealed the
UACUAAC motif with very high significance (E-value =
5.1 × 10−288) (Fig. 5C left, bottom panel; http://meme.ebi.
edu.au). This finding agrees well with the CITS result. In
fact, a representative CITS-containing element
(ACUAAC) in an intronic sequence of the Tcf12 gene
was observed at the 0 position of the CITS (Fig. 5C).

HITS-CLIP results with transcriptome analysis reveal a
functional role of Qki5-dependent alternative splicing in
neural stem cells

We generated Qki5–RNA-binding and RNA expression
maps for both control and Qk knockdown neural stem
cells (Figs. 2, 5). Both data sets have been used to correctly
predict RNABP rules, specifically with regard to alterna-
tive RNA processing (Licatalosi and Darnell 2010).
We performed validation analysis of the mRNA-seq re-
sults using semiquantitative RT–PCR assays to measure
the levels of transcripts containing potential Qki5-depen-
dent exon inclusion or skipping. These experiments
strongly validated the sequencing results (Supplemental
Fig. S5A–H). In addition, we focused on the map4k4
gene, which contains several Qki5–RNA-binding sites as
determined by HITS-CLIP (Supplemental Fig. S5I). Two
large Qki5–RNA-binding clusters were identified in this
gene, both of which were located in intronic regions and
included alternative exons. These two clusters contained
ACUAAC and ACUAAU sites (as identified by HITS-
CLIP), respectively (Supplemental Fig. S5I).
To determine whether these Qki5–RNA interactions

are functionally relevant with respect to alternative
exon inclusion inmap4k4, we performed RT–PCR assays.
Wedetected aberrant splicing changes, includingmultiple
exon inclusions in Qk knockdown cells, suggesting that
Qki5 directly regulates alternative splicing and has a func-
tional role at this RNA-binding locus (Supplemental Fig.
S5I). To identify the functional effects of Qki5, using the
RNA sequence elements that we identified via HITS-
CLIP, we plotted the frequency of the identified sequence
element ACUAAY across 278 cassette-type alternative
splicing events. This analysis indicated an asymmetric
bidirectional pattern of alternative splicing events. Specif-
ically, Qki5 binding at this element on a 3′ end of an up-
stream intron results in exon skipping, whereas binding
to the 5′ end of a downstream intron results in exon inclu-
sion (Supplemental Fig. S5J).
To further explore the relationship between direct Qki5

binding and splicing, we examined HITS-CLIP-identified
element clusters near alternative exons thatwere differen-
tially expressed between control andQk knockdown neu-
ral stem cells, based on the mRNA-seq analysis. We
restricted our analysis to exons that were subjected to cas-
sette-type regulation. For the 296 Qki5-dependent cas-
sette-type splicing events that were defined (with ∣DI∣ >

0.1 by mRNA-seq: 146 Qki5-dependent exon inclusion
events and 150 Qki5-dependent skipping events), we per-
formed normalized complexity mapping by counting the
Qki5 CLIP tags within the region extending between the
constitutive exons that flanked Qki5-sensitive exons.
This method has been described previously in the genera-
tion of a Nova2 splicing map (Fig. 6A; Licatalosi et al.
2008). Our results suggest that the direction of Qki5-de-
pendent alternative splicing can be predicted based on a
position-dependent RNA map obtained using CLIP data
from the developing mouse brain (Fig. 6A).
In addition, we confirmed three models of the Qki5-

binding position-dependent alternative splicing in neural
stem cells using a series of representative validations, in-
cluding Tcf12 (a neural stem cell transcription factor
gene), in which Qki5-dependent exon skipping occurred;
Evl, a gene encoding an actin-binding protein; and spag9,
a gene encoding a member of the cancer testis antigen
gene family in which Qki5-dependent exon inclusion oc-
curred (Shankar et al. 1998; Uittenbogaard and Chiara-
mello 2002; Michael et al. 2010; Pollen et al. 2015). For
these genes, Qki5-dependent exon inclusion and skipping
were observed as well as both the Qki5-binding code and
CLIP clusters close to the alternative exon along the pre-
sent splicing rule (Fig. 6B–D).

Qki5 regulates cell polarity of the apical surface
by modulating the cadherin–catenin signaling
pathway in neural stem cells

Our finding thatQki5mediates RNAprocessing raises the
question of whether the Qki5 target sequencemap and di-
rect RNA targets are predictive of the biological signifi-
cance of Qki5 in neural stem cells. To further explore the
biologically relevant pathway of Qki5 targets in neural
stem cells, we performed GO and KEGG (Kyoto Encyclo-
pedia of Genes and Genomes) pathway analyses using a
list of 892 predicted target genes identified by Qki5
HITS-CLIP (with CLIP cluster being defined as having
more than five tags).“Adhesion,”“junction,” and“plasma
membrane” were the recurring GO terms among Qki5
HITS-CLIP targets (Supplemental Tables S2–S4). KEGG
pathways associated with Qki5 targets were cell adhesion
molecules (CAMs) and tight junction proteins, some of
which (cadherin and catenin) span these two groups and
function in cell–cell adhesion, the cytoskeleton, etc. (Fig.
7; Supplemental Fig. S6; Supplemental Table S1).
These findings led us to investigate further whether

Qki5 maintains cell–cell adhesion and the cytoskeleton
in neural stem cells in vivo. As Qki-null mice die between
E9.5 and E10.5 showing vascular remodeling defects in
the yolk sacs and kinky neural tubes (Li et al. 2003), we
generated a Qk-flox mouse line. We then generated
CNS-specific Qki conditional knockout (cKO) mice by
crossing the Qk-flox mice with the Nestin-Cre driver
line (Supplemental Fig. S7A,B; Tronche et al. 1999). The
cadherin–catenin complex is highly concentrated at the
apical surface of neural stem cells and participates in the
organization of adherence junctions (AJs), as observed
for epithelial cells (Hatta andTakeichi 1986; Aaku-Saraste
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et al. 1996; Kusek et al. 2012). The AJ protein β–catenin
binds both cadherins and actin fibers. Consistent with
these prior studies, our immunohistochemical analysis
revealed a polarized localization of β–catenin at the apical
cell membrane in the control cortex at E14.5 (Fig. 8A). In
addition, another AJ protein, N-cadherin, exhibited in-
tense localized expression at the apical surface, where
AJs are located in neural stem cells (Supplemental Fig.
S7C; Kadowaki et al. 2007). In theQk cKO brain, we found
that β–catenin and N-cadherin levels were significantly
reduced, especially on the ventricular surface of the ven-
tro–caudal portion of the LV. At higher magnification,
we observed a mesh-like pattern of unpolarized β–catenin
expression at the apical surface, where delaminated bulg-
es often formed (Fig. 8A).

More recently, β–catenin was identified as a component
of centrosomes required for centrosome maintenance in
neuroepithelial cells (Huang et al. 2007; Chilov et al.
2011). To further investigate the impact of Qki5 on neural
stem cells, we analyzed centrosomes and microtubules.
In control brains, centrosomes and microtubules on the
ventral surface of the LV, as detected by γ–tubulin and
α–tubulin, respectively, were localized at the apical sur-
face as expected. In Qki cKO brains, γ–tubulin staining
was irregular and expanded into the VZ of the LV. In these
cells, the polarized localization of α–tubulin was lost (Fig.
8A; Supplemental Fig. S7D). During neurogenesis, centro-
some andmicrotubule organization is implicated in inter-
kinetic nuclear localization in neuroepithelial cells. In
the control cortices at E14.5, the majority of M-phase

cell nuclei was labeled with PH3 at the apical surface of
the VZ, and S-phase nuclei detected using 30 min of
BrdU pulse-labeling were observed in the VZ/SVZ. In
the γ–tubulin-disrupted area of Qki cKO cortices, PH3-
positive M-phase cells were not anchored to the apical
surface and penetrated into the VZ. Moreover, BrdU-la-
beled S-phase cells were dispersed in the VZ/SVZ and in-
vaded the ventricular surface. In addition, whereas Pax6-
positive neural stem cells were restricted to the VZ in
control mice, Pax6-positive neural stem cells were locat-
ed diffusely in the VZ/SVZ of Qki cKO mice, with an ac-
companying loss of apical localization of β–catenin (Fig.
8B; Supplemental Fig. S7E). These scattered Pax6-positive
neural stem cells are also expressing the intermediate fil-
ament protein Nestin, another neural stem cell marker
(Supplemental Fig. S7F). Last, we asked whether Qki5 im-
pacts neurogenesis. Dcx-positive neurons were mislocal-
ized in the apical surface and VZ of Qki cKO mice,
suggesting that ectopic neurogenesis occurs in the ven-
tricular regions of disorganized neural stem cells (Fig.
8C). These observations were replicated in three separate
Qki cKO cortices.

Given that Qki5 regulates cell polarity of the apical sur-
face in neural stem cells, we sought to determine whether
Qki5 directly regulates key alternative splicing events re-
lated to cadherin–catenin pathways predicted byGO anal-
ysis. A recent study identified several genes involved in
the stemness of human neocortical radial glia (neural
stem cells in the outer SVZ) that play an important role
in cortical expansion (Pollen et al. 2015). Of those genes,

Figure 6. Qki-dependent bidirectional control of al-
ternative splicing in vivo. (A) The normalized com-
plexity map of CLIP tags near alternative exons that
are misspliced in sh-Qk neural stem cells. The total
number (Y-axis) of CLIP tags centered in each 50-nt
window relative to alternative and flanking constitu-
tive splice sites is shown for exons that exhibit in-
creased skipping (top panel) and splicing (bottom
panel). (B–D, top panels) Three models of Qki5 action
on exon inclusion and exclusion. (Second panels from
the top) Genome browser view of Qki5 CLIP tag den-
sity along the Tcf12 (B), spag9 (C ), and Evl (D) genes,
including the alternative exon and the flanking re-
gion. (Middle panels) Magnified view of each gene
showing the Qki5-repressed alternative exon and a
BC2 or BC3 CLIP cluster, including our defined
Qki5-binding sites (highlighted in yellow). RT–PCR
analysis of each pre-mRNA splice in sh-control and
sh-Qk cells, performed to monitor the splicing of an
alternative exons. (Bottom panels) Primers corre-
sponding to each flanking exon were used to deter-
mine the expression of aberrantly processed mRNAs
in sh-Qk cells.
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Tnc and Ptprz1 (protein tyrosine phosphatase, receptor
type Z, polypeptide 1) each harbors Qki5-regulated alter-
native exons and is known to be involved inmultiple neu-
ral stem cell functions such as epithelial–mesenchymal
transition (EMT), cell adhesion, proliferation, and self-re-
newal. Both exons were validated by qRT–PCR and semi-
quantitative RT–PCR analysis using mRNA obtained
from shQk knockdown cultured neural stem cells and pri-
mary cultured neural stem cells from E14.5 Qki cKO
mouse cortices (Fig. 8D; Supplemental Fig. S8A). Further-
more, we discovered an important Qki5 direct RNA
switch between pkm1 (pyruvate kinase, muscle 1) and
pkm2 as a potential major regulator of β–catenin signal-
ing. RT–PCR analysis showed up-regulation of Pkm1 ex-
pression in both shQk knockdown and Qki cKO neural
stem cells (Fig. 8E; Supplemental Fig. S8B,C). Interesting-
ly, this up-regulation of Pkm1 was also observed in a Qk
gene dosage-dependent manner using three different siR-
NAs for the Qk gene (Supplemental Fig. S8C), which
may represent a mechanism similar to that observed for
PTBP1 and hnRNPA1/2 (David et al. 2010). In addition,
given that Qki5 regulates the cadherin–catenin pathway,
we performed qRT–PCR analysis of mRNA obtained
from primary cultured neural stem cells. We found the
mRNA reduction of major β–catenin downstream genes,

such asmyc, ccnd1, cd44, and vim (Fig. 8F). This primary
Qki cKO neural stem cell culture model also confirmed
our findings that Qki inhibits neurogenesis andmaintains
aRG-related genes (Fig. 2D; Supplemental Figs. S2G, S8D,
E). Last, as Qki5 acts on the CAM pathway and the micro-
environment of neural stem cells, these results are consis-
tent with the KEGG pathway analysis of Qki5 HITS-CLIP
direct targets.
Thus, the impaired polarization of cell polarity signals

in early embryonic neural stem cells of Qki cKO brains
may reflect a role for Qki5 in the developing brain (Fig.
8G,H). Failure of neural stem cells to maintain cell polar-
ity results in disruption of the AJs, the detachment and
displacement of neural stem cells from the VZ, and ectop-
ic neurogenesis. These findings demonstrate that the reg-
ulation of RNA by Qki5 in neural stem cells is crucial for
themaintenance of appropriate neural stem cell functions
and neurogenesis.

Discussion

In the present study, we found that the RNABP Qki5 reg-
ulates neural stem cell characteristics and the cadherin–
catenin pathway through RNA processing. Through the

Figure 7. Tight junction pathway overrepresented among Qki5 HITS-CLIP target genes based on DAVID-KEGG pathway analysis. An
example of a KEGG pathway that was overrepresented among the Qki5 targets. The red stars denote direct target genes identified by
Qki5HITS-CLIP (cut-off: CLIP cluster withmore than five tags). The figureswere obtained fromGOanalysis usingDAVIDBioinformatics
Resources (http://david.niaid.nih.gov).
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Figure 8. Qki deletion results in disruption of the apical surface of the lateral wall and ectopic neurogenesis. (A–C ) Double-immunos-
taining analysis of E14.5 control (Qkfl/fl or Qkfl/+) and Nes-cre/+; Qkfl/fl brains using antibodies against β-catenin and γ-tubulin (A), PH3
and γ-tubulin (B, left panel), PH3 and BrdU (B,middle panel), β-catenin and Pax6 (B, right panel), N-cadherin and Dcx (C, left panel), and
Dcx and BrdU (C, right panel). Arrows indicate reduced protein expression, and arrowheads show defective areas. A single asterisk indi-
cates a bulge-like structure inA and expansion of BrdU-positive or Pax6-positive cells inB. Two asterisks indicateDcx-positive neurons at
the apical surface. Bars: A, top panel, 200 µm; A, bottom panel, B,C, 20 µm. (D) Qki5 directs alternative splicing of the neural stem cell
niche gene Ptprz1 (protein tyrosine phosphatase, receptor type Z, polypeptide 1). (Top left panel) Integrative Genomics Viewer (IGV) im-
age showing themRNAexpression level along thePtprz1 gene from sh-control versus sh-Qkneural stemcells. (Middle left panel) Genome
browser view of Qki5 CLIP tag density along the Ptprz1 gene, including the alternative exon and the flanking region. (Bottom left panel)
Magnified view of the Ptprz1 gene showing the Qki5-enhanced alternative exon and robust BC3 CLIP clusters, including defined Qki5-
binding sites (highlighted in yellow). (Right panel) qRT–PCR analysis in sh-control, sh-Qk, and Qk cKO neural stem cell cultures, per-
formed to monitor the splicing of an alternative exon. (E, top left panel) IGV image showing the mRNA expression level along the
pkm (pyruvate kinase,muscle) gene from sh-control versus sh-Qkneural stemcells. Genome browser viewofQki5CLIP tag density along
the pkm gene, including the alternative exon and flanking region. (Bottom left panel) The intronic region of pkm showing the Qki-inhib-
ited alternative exon (pkm1) and a BC2 CLIP cluster centered on the 3′ splice site. (Right panel) Bar graphs show the results of a qRT–PCR
validation using sh-Qk andQk cKOneural stem cells. (F ) qRT–PCR analysis using cDNA from sh-control or sh-Qkneural stemcells. Four
major β-catenin downstream genes exhibited decreased expression inQk cKO neural stem cell culture. The data are represented as a ratio.
The housekeeping gene Ywhazwas used as an internal control. (G) Qki5 contributes for themaintenance of neural stem cell functions by
regulating alternative splicing of its key targets: Tnc, Ptprz1, and Pkm, as indicated by red stars. (H) Model summarizing the roles of Qki
proteins in neural stem cell organization and their functions in cortical development. The loss of Qki proteins leads to the ectopic place-
ment of neural stem cells within the SVZ/IZ, with abnormal cell cycle-dependent interkinetic nuclear movement and ectopic neurogen-
esis. Qki may contribute to the polarized spatial distribution of crucial signaling complexes within neural stem cells and thus support
neurogenesis and cortical development.
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use of systematic biological strategies, mRNA-seq, and
HITS-CLIP analysis, we also revealed bidirectional regula-
tion of Qki5-dependent alternative splicing with direct
target RNAs in the developing brain. These data were
also predictive of the biological functions of Qki5 in neu-
ral stem cells, and an additional newly generated genetic
tool confirmed a role for Qki5 in cell adhesions. Our in
vivo biochemical and biological analyses further enabled
the investigation of correlations between observedmolec-
ular mechanisms and biological functions.
Given the evidence that RNABPs are broadly expressed

across all tissues, in contrast to DNA-binding transcrip-
tion factors, many RNABPs are thought to support basic
cellular processes (Gerstberger et al. 2014). In this study,
we found that Qki5 and Qki6 are specifically expressed
in early neural stem cells during brain development (Fig.
1; Hardy 1998). Interestingly, the expression level of these
proteins rapidly decreases in Tbr2-positive neuronal pro-
genitors, indicating that they have cell type specificity
in the developing brain despite their broad expression
across tissues. This observation raised the possibility
that Qki5 andQki6might generate a neural stem cell-spe-
cific transcriptome and that the loss of their expression
could lead to neuronal commitment. Indeed, based on
ourmRNA-seq analysis, Qki proteins are involved in neu-
ral stem cell states and the inhibition of neuronal gene ex-
pression, supporting the hypothesis that the expression
patterning of RNABPs reflects the transcriptome of the
host cell (Fig. 2).
Several lines of evidence indicate that individual

RNABPs participate in multiple layers of RNA regulation
and therebymodify the transcriptome and translatome. In
such a complex context, it is difficult to precisely describe
the biological and cellular roles of RNABPs (Irimia and
Blencowe 2012; Kapeli and Yeo 2012). While classical bio-
chemisty has providedmechanistic insights intoRNAreg-
ulation, there is a gap between what can be learned from
biochemical experiments and the intricacies of biological
processes. Recent studies using comprehensive biochemi-
cal approaches and genetics have attempted to bridge this
gap (Darnell 2013). Such comprehensive analyses, in com-
bination with genetic mouse models, provide an accurate
picture of RNA processing mechanisms (Licatalosi and
Darnell 2010). Using similar strategies, we successfully
characterized the nuclear function of Qki5, with a focus
on its alternative splicing mechanisms. These functions
are very similar to those of Nova proteins, which were
the first identified tissue-specific RNABPs. Specifically,
itwas found thatwhenQki5 bindsRNAupstreamof an in-
tron, the alternative exon is skipped, whereas binding
downstream from an intron enhances exon inclusion
(Fig. 6; Ule et al. 2006; Licatalosi et al. 2008).
Several groups have shown that certain RNABPs con-

trol cortical development. Importantly, all of these results
were validated in knockout mice or by using in vivo
knockdown strategies (Kusek et al. 2012; Licatalosi et al.
2012; Shibasaki et al. 2013; Quesnel-Vallieres et al.
2015; Vuong et al. 2016). However, mice that are null for
a given RNABP often exhibit pleiotropic phenotypes,
which canmake it difficult to explain a specific biological

role through a single target RNA processing event. Nova
proteins, for which it was shown that altered disabled-1
signaling and Z+ agrin alternative splicing could be res-
cued by correcting disrupted RNA regulation events, pro-
vide two excellent examples of proteins for which
comprehensive studies led to major advances (Ruggiu
et al. 2009; Yano et al. 2010). In our study, using in vivo
biochemical and comprehensive strategies, we identified
a specific pathway that explained the observed phenotype;
namely, cell adhesion formation defects on the embryonic
ventricular surface (Fig. 8; Supplemental Fig. S7). These
findings were achieved through the use of both compre-
hensive biochemical assays and genetics. In fact, while
mRNA-seq data support a role for Qki proteins in neural
stem cell differentiation, the data regarding direct Qki5
target genes are consistent with only two biological pro-
cesses (Fig. 7; Supplemental Table S1; Supplemental Fig.
S6). Both of these identified that a primary role of Qki5
is related to cell–cell contacts rather than proliferation
and differentiation of neural stem cells. Especially, pheno-
types observed in Qki cKO (namely, the disruption of AJs)
were also seen in the loss of β–catenin and N-cadherin
function (Fig. 8A–C; Kadowaki et al. 2007; Chilov et al.
2011). Therefore, we conclude that this phenotype stems
primarily from aberrant RNA regulation of Qki5 direct
target genes and eventually results in mislocation of neu-
ral stem cells and ectopic neurogenesis. These processes
highlight the importance of obtaining an accurate picture
of the protein–RNA regulatory network.
One previous study revealed a role of Qki proteins as a

tumor suppressor that is involved in p53 protein func-
tions. This activity supported a model in which p53
directly up-regulates QKI protein, which mediates miR-
20a function and thereby inhibits TGF-β signaling in
GEM (glioblastoma multiforme) (Chen et al. 2012). In
this previous study,QKI stabilizedmaturemiR-20a via di-
rect binding, without affecting the primary miRNA (pri-
miRNA) levels ofmiR-20a. We did not observe any chang-
es inmiR-20a levels in Qki-depleted neural stem cells. Al-
ternatively, another report has suggested a role for Qki
proteins in miRNA processing and cancer. For example,
Qki was reported to inhibit the expression of mir7-1,
which is transcribed from intronic sequences of the
hnrnpk gene. Qki proteins were observed to directly
bind both upstream and downstream intronic RNA sites
near the mir7-1 locus and affect cancer progression in a
glioma cell line. This regulation is involved in tumor pro-
gression of the glioma cell line U343 (Wang et al. 2013). A
similar form of regulation was also observed in the con-
text of neural stem cells in the present study. Our CLIP
data revealed two functional Qki5-binding elements in
the upstream intron of mir7-1 but not in the downstream
sites, and qRT–PCR validation assays confirmed Qki5-de-
pendent mir-7-1 processing (Supplemental Fig. S8F).
These results suggest that Qki5 proteins have context-de-
pendent regulatory functions, emphasizing the signifi-
cance of approaching these questions in a cellular context.
Genetic studies have implicated alternative splicing in

a growing list of human diseases (Singh and Cooper
2012; Ling et al. 2013). For example, schizophrenia is
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strongly associated with the expression of aberrantly
spliced isoforms of pathology-related genes, including
Erbb4 and DISC1 (Law et al. 2007; Nakata et al. 2009).
QKI has also been reported as a candidate gene for schiz-
ophrenia (Aberg et al. 2006). A recent report showed that
a long noncoding RNA (lncRNA), Gomafu, which is
down-regulated in the post-mortem cortical gray matter
of the superior temporal gyrus in schizophrenia, directly
binds QKI proteins. These data suggest a model in which
this interaction leads to aberrant splicing in schizophrenia
pathology (Barry et al. 2014). Our CLIP data from neural
stem cells also confirmed numerous Qki5-binding sites
(consisting of a large number of ACUAAH sites) on
gomafu transcripts (data not shown). However, we still
do not have clear evidence of whether a Qki5–gomafu in-
teraction affects Qki5-dependent alternative splicing
events. As we were able to identify several Qki5 target
transcripts in this study, further studies focusing on the
potential interaction with gomafu are warranted, as
gomafu knockout mice exhibited hyperactive behavior
and a small subset of aberrant alternative splicing events
in a recent report (Ip et al. 2016). In addition to RNA reg-
ulation, alternative mRNA splicing, miRNA processing,
and lncRNA binding, Qki proteins are now known to be
major regulators of circRNA generation. A previous find-
ing estimated that QKI participates in over one-third of
circRNA production during the human EMT (Conn
et al. 2015). This observation of the role of Qki in the
EMTmaymirror our observations in the context of neural
stem cells. Specifically, Qki-deficient mice exhibited de-
fects in the neural stem cell microenvironment due to ab-
errant cell-to-cell contacts (Fig. 8; Supplemental Figs. S7,
S8), similar to what occurs in the EMT. Therefore, the
Qki5 regulatory network, including circRNA regulation,
may also be involved in the EMT. Our findings can now
be added to what is known regarding how RNABPs con-
tribute to the numerous functions of RNA in cortical de-
velopment. In addition, our data provide physiological
insights into several fundamental processes, such as the
roles of RNA in cell-to-cell communications.

Materials and methods

Mice

All of the mouse procedures were performed in accordance with
Keio University and Niigata University guidelines. Conditional
Qk-null mice (Qkflox/flox) were generated as follows. Briefly, a tar-
geting construct containing loxP sites flanking exon 2 of the qk
gene was linearized and electroporated into C57BL/6N embryon-
ic stem cells. Embryonic stem cell clones with homologous re-
combination at the targeting site were injected into ICR
blastocysts. The chimeras obtained were subsequently crossed
with C57BL/6N females, and offspring with successful germline
transmission of the targeted allele were crossed with C57BL/6N
mice expressing Flp recombinase to remove the neomycin resis-
tance cassette. This breeding strategy resulted in a floxed allele
(Qkflox/+) (Mishina and Sakimura 2007). The mice were then in-
tercrossed to obtain Qkflox/flox homozygote animals.
Mouse tail DNA was genotyped by performing PCR with the

specific primers Qk-loxF (5′-GACACCATCTTTACTTCCTG-

3′) and Qk-loxR (5′-TGTCAACCTATTCGGGCATT-3′), result-
ing in a band of 570 bp in the wild-type and 680 bp in the floxed
allele. To generate embryonic conditional Qk knockout mice,
Qkflox/flox mice were crossed with Nestin-Cre transgenic mice
(Tronche et al. 1999). To detect the Nestin transgenes and Cre
recombinase, the following primers were used: Nes-F (5′-AA
TCCTTCTTCGGGCTTCGG-3′) and Cre-R (5′-TTGCGAACCT
CATCACTCGT-3′).

Neural stem cell culture and lentivirus production

Neural stem cells were isolated from the E14.5 mouse cortex and
cultured in MHM (medium hormone mix) medium or KBM neu-
ral stem cell medium (Kojin Bio) with 10 ng/mL basic FGF (Hay-
ashi et al. 2015). Lentiviruses encoding sh-control or sh-Qk,
which targeted all Qki proteins for knockdown, were produced
and infected into cultured neural stem cells following a previous-
ly described procedure (Naka et al. 2008). Six days after infection,
the cells were collected and subjected to mRNA library genera-
tion and protein analysis.

Tissue preparation and immunostaining

The embryos were fixed with 4% paraformaldehyde in phos-
phate-buffered saline and post-fixed in the same fixative. The
samples were then cryoprotected with 30% sucrose/PBS and sec-
tioned (18-µm sections) with a cryostat (Leica, CM1850UV). For
BrdU analysis, the dams were injected intraperitoneally with
BrdU (Sigma-Aldrich) dissolved in 50 mg/kg 0.9% NaCl for the
indicated periods. The embryos were then subjected to immuno-
histochemistry. The sections were boiled in 10 mM citric acid
buffer (pH 6.0) for 5 min before performing immunofluorescence
staining for Qki5, Qki6, Qki7, PH3, BrdU,N-cadherin, β–catenin,
γ–tubulin, β–tubulin, Nestin, Pax6, and Dcx. The sections were
incubated overnight at 4°C with primary antibodies (see the Sup-
plemental Material) followed by incubation with Alexa dye-con-
jugated secondary antibodies (1:1000; Invitrogen). The nuclei
were stainedwith 10 µg/mLHoechst 33258 (Sigma, B2883). Imag-
es of the immunostained specimens were collected using a confo-
cal laser scanning microscope (Carl Zeiss, LSM510; or Olympus,
FV1200).

HITS-CLIP and data analysis

CLIP using anti-Qki-5-specific antibodies (Bethyl Laboratories,
A300-183A) was performed using E14.5 wild-type mouse whole
brains with three biological replicates, as described elsewhere
with several modifications (Licatalosi et al. 2008; Weyn-Vanhen-
tenryck et al. 2014). Anti-rabbit IgG was used as a negative con-
trol. Following PCR amplification, high-throughput sequencing
was performed using Illumina MiSeq at the Center for Biore-
source, Brain Research Institute, Niigata University. The se-
quence tags were aligned to the mouse genome (mm9) using
Bowtie. Unique tags were collected by eliminating duplicates of
those tags that had the same sequence start site on the same
strand. Details are described in the Supplemental Material.

mRNA sequence and data analysis

Total RNA was obtained from three independent replicates of
cultured neural stem cells. The RNAwas extracted using QIAzol
followed by the generation ofmRNA libraries using IlluminaTru-
Seq protocols for poly-A selection, fragmentation, and adaptor li-
gation according to the manufacturer’s instructions (Illumina,
TruSeq RNA sample preparation kit version 2). The multiplexed
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librarieswere sequenced as 100-nt paired-end runs on an Illumina
HiSeq 2500 system. Sequence reads weremapped to the reference
mouse genome (NCBI build 37.1/mm9) by TopHat2 (Kim et al.
2013). Expression and alternative splicing events were quantified
by Quantas tool (Wu et al. 2013). A detailed description is in the
Supplemental Material.

Western blot, RT–PCR, and qRT–PCR

Western blotting and RT–PCR analyses were performed as de-
scribed elsewhere (Yano et al. 2010). At least three biological rep-
licates were used for qPCR, which was performed with a
StepOnePlus real-time PCR detection system (Applied Biosys-
tems). Mouse Ywhaz or Gapdh genes were used as internal con-
trols, and the results were calculated with the ΔΔCT method.

In utero electroporation

In utero electroporation was performed as described elsewhere
(Yano et al. 2010). Briefly, empty pCAGS or Qki5- or Qki6-
expressing pCAGS vectors were transfected into E13.5 mouse
brains together with a plasmid encoding Venus protein, which
allows tracing of the transfected cells in vivo. Two days after
electroporation, the brains were fixed and subjected to
immunohistochemistry.
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