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SUMMARY
During brain development, neural stem cells (NSCs) initially produce neurons and change their fate to generate glias. While the regula-

tion of neurogenesis is well characterized, specificmarkers for glial precursor cells (GPCs) and themaster regulators for gliogenesis remain

unidentified. Accumulating evidence suggests that RNA-binding proteins (RBPs) have significant roles in neuronal development and

function, as they comprehensively regulate the expression of target genes in a cell-type-specific manner. We systematically investigated

the expression profiles of 1,436murine RBPs in the developingmouse brain and identified quaking (Qk) as a marker of the putative GPC

population. Functional analysis of the NSC-specific Qk-null mutant mouse revealed the key role of Qk in astrocyte and oligodendrocyte

generation and differentiation fromNSCs. Mechanistically, Qk upregulates gliogenic genes via quaking response elements in their 30 un-
translated regions. These results provide crucial directions for identifying GPCs and deciphering the regulatory mechanisms of gliogen-

esis from NSCs.
INTRODUCTION

In early embryonic stages, multipotent neural stem cells

(NSCs) generate only neurons, while in later stages they

halt neurogenesis and shift to gliogenesis, namely the pro-

duction of astrocytes and oligodendrocytes (OLs). Fate

change and transition timing of pluripotent NSCs to neuro-

genesis are regulated by the master bHLH (basic-helix-loop-

helix) transcription factors of Hes1/Hes5 (Hairy and

enhancer of split 1/5), Asc1, and Neurog2 (Neurogenin 2)

(Imayoshi andKageyama, 2014). In addition, epigenetic reg-

ulators, such as the polycomb group (PcG) complex (Corley

and Kroll, 2015) or Hmga1/2 (high-mobility-group AT-hook

1/2) (Ozturk et al., 2014), and Notch signaling are essential

for neurogenesis. In contrast, the regulation of gliogenesis

is unresolved. PcG complex, Hmga2, and fibroblast growth

factor (FGF) signaling are required for fate transition of

NSCs from neuro- to gliogenesis (Bronstein et al., 2017;

DinhDuong et al., 2019; Hirabayashi et al., 2009). However,

studies to identify parallel mechanisms for gliogenesis,

particularly gliogenic gene regulation,haveyet tobe success-

ful (Imayoshi and Kageyama, 2014), suggesting an elusive

molecular mechanism for gliogenesis other than transcrip-

tion factor regulation. Furthermore, no marker for a com-

mon glial precursor cell (GPC; or a bipotent OL-astrocyte

glial-restricted precursor cell) of the two glial cell types has

been identified (Rowitch and Kriegstein, 2010), leaving un-

answered questions regarding the regulation of gliogenesis.
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Accumulating evidence suggests that RNA-binding pro-

teins (RBPs) play significant roles in brain development.

RBPs directly bind to targetmRNAs via consensus sequences

and comprehensively regulate the expression of target genes

in functional clusters called ‘‘regulons’’ (Keene, 2007; Takeu-

chi et al., 2018). RBPs generate spatially and temporally

regulated gene expression patterns in a cell-type-specific

manner and regulate fate specification and differentiation

of cells in neuronal tissues (Gerstberger et al., 2014; Kapeli

andYeo, 2012; Lennox et al., 2018). In this study,we focused

on RBPs and identified Qk as a novel GPCmarker and a key

regulator of gliogenesis. Qk has long been known to regulate

OL differentiation, based on research conducted on viable

quaking-hypomorphic mutant mice (qkv) (Chenard and Ri-

chard, 2008). To our knowledge, this is the first report to

indicate that Qk is required for comprehensive gliogenic

gene expression, therefore making it essential for inducing

GPCs from NSCs. The findings indicate the broader impact

of Qk on gliogenesis in its entirety and have redefined the

overall picture of glial cell development from NSCs.
RESULTS

Identification of RBPs Highly Expressed in NSCs yet

Shut Off after Neural Differentiation

Given that a certain population of RBPs show tissue-, cell-

type-, and spatiotemporal-specific expression patterns, we
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aimed to identify a novel RBP marker of GPCs that could

potentially be the essential regulator of GPC genesis from

NSCs. Master transcription factors that induce neuronal

differentiation are expressed both in NSCs and in differen-

tiating neurons, but not in glial cell lineages (Imayoshi and

Kageyama, 2014). Hence, we aimed to identify RBPs that

are highly expressed in NSCs with no expression in

neuronal cell lineages. For this purpose, we utilized laser

capturemicrodissection to separate the developing cerebral

cortex into NSC- and neuron-specific areas: the ventricular

zone (VZ) and the cortical plate (CP) that arises from the

VZ, respectively. Next, RNA was extracted from these re-

gions and a transcriptome analysis was carried out using

the GeneChip Mouse Exon 1.0 ST Array (Figure 1A).

Compared with RNA sequencing (RNA-seq), array-based

transcriptome assays require a reduced amount of RNA

with linear amplification, making this technique suitable

for the limited sample volumes recovered from specific re-

gions of embryonic brains or laser-captured specimens. In

our transcriptome study, Pax6 (paired box 6), Neurog1/2,

Hes5, and Gli3 showed NSC-enriched expression (fold

change [FC] in neuron/NSC <0.1, p < 0.01), and Reln

(reelin), CamK (Ca2+/calmodulin-dependent protein ki-

nase) family members, glutamate receptors, ion channels,

and cadherins demonstrated neuron-enriched expression

(FC in neuron/NSC >5.0, p < 0.01), indicating the success-

ful separation of NSC- and neuron-specific genes. Using

these transcriptome data, we identified NSC-enriched

RBPs with expression significantly higher than in neurons

(FC in neuron/NSC <0.33, p < 0.01) (Figure 1B). By refer-

encing a database containing the tissue-specific expression

profiles of 1,542 human RBPs (Gerstberger et al., 2014), we

further characterized the selective expression of the NSC-

enriched RBPs in neural tissues. Among all identified

NSC-enriched RBPs,Qkwas themost abundantly expressed

in NSCs and was selectively expressed in fetal and adult

brains (Figure 1B, fetal and adult brain indices), suggesting

its specific role in neural development or in brain-specific

cells. Next, we histologically examined QK expression in

the E15.5 cerebral cortex. QK expression was detected in

the VZ, where it was positively stained with bromodeox-

yuridine (BrdU). QK expression was negative above the

VZ, where Tuj1-positive neurons that had differentiated

from NSCs were accumulated (Figure 1C). These results

indicate that the laser capture microdissection and tran-

scriptome study successfully identified a candidate RBP

with potential to be a marker or regulator of GPCs.

Loss of Qk Causes Severe Brain Atrophy with

Hypomyelination in Qk-Null Brains

We next investigated the function of Qk in gliogenesis.

During embryogenesis, QK is selectively expressed in the

VZ; in neuronal cells, its expression is lost (Figure 1C). In
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histological examination at P0, QK was expressed

throughout the VZ (or ependymal layer). QK was also

densely expressed in the intermediate zone/subventricular

zone (IZ/SVZ), especially in regions close to the VZ, and

sparsely in the CP, with a gradient of high apical density

to low basal density (Figure 2A). This expression pattern

suggests that QK is expressed in the early GPC population,

which is differentiated from NSCs and migrates from the

stem cell niche into the IZ/SVZ and later to the cortical

layers that harbor more differentiated cells. In addition,

QK expression was detected in endothelial and smooth

muscle cells of cortical vessels, and in the pia mater in

the developing cerebral cortex (Figure 2A), as previously re-

ported (Li et al., 2003).

To elucidate the function of Qk in glial cell regulation, we

generated conditional knockout (KO) mice for Qk (Qk flox)

(Figure S1) and crossed them with Nestin-Cremice to delete

the floxed Qk gene in both NSCs and their offspring cells.

Qk-KO embryos were obtained at E18.5, 1 day before birth,

with the expected Mendelian ratio, exhibiting no detect-

able abnormalities in brain morphology. In histological

analysis, no gross abnormalities were detected in structure

or cellular distribution; the thicknesses of the VZ and the

CP in the developing cortex of the Qk-KO brain were com-

parable to those of the control (Cont) brain (Figure 2B),

indicating that the loss ofQk in NSCs does not cause severe

defects in brain formation during the embryonic period. As

Qk is known to regulate OL production, we further exam-

ined the role of Qk in generating OLs from NSCs. Expres-

sion of the mature OL marker MBP (myelin basic protein)

became evident in the wild-type cerebral cortex around

P14, particularly in the white matter of the developing cor-

tex and the corpus callosum (Figure 2C, MBP). QK was ex-

pressed throughout the cortex at this stage. Co-localization

of QK with MBP was detected, indicating that the OLs that

form the myelin sheath express QK (Figure 2C, MBP/QK).

In P14 QK-KO brains, MBP expression was significantly

decreased throughout the brain, including in the corpus

callosum, indicating severe hypomyelination of OLs (Fig-

ure 2D, Qk-KO). These brains exhibit loose cerebral paren-

chyma with greatly dilated lateral and third ventricles

(Figure 2D, Qk-KO), indicating that the loss of Qk caused

hypomyelination with severe brain atrophy. In the quaking

viable (qkv) mouse, a spontaneous autosomal recessive Qk

mutant, hypomorphic Qk expression reduced the number

of mature OLs in the CNS (Hardy, 1998). These, and our re-

sults, indicate that Qk is essential for the generation and

differentiation of OLs from NSCs.

QK Is Expressed in Putative GPCs

We further investigated QK-expressing cells via marker

analysis, by examining the expression of OLIG2, a

bHLH transcription factor that regulates the specification



Figure 1. Identification of RBPs Highly Ex-
pressed in NSCs Yet Shut Off After Neural
Differentiation
(A) Scheme for extracting RNA from NSC and
neuron layers in cerebral cortices using laser
capture microdissection and transcriptome
analysis with ExonArray. Scale bar, 100 mm.
Abbreviations: MZ, marginal zone; CP,
nascent cortical plate; SP, subplate; IZ/SVZ,
intermediate zone/subventricular zone; VZ,
ventricular zone.
(B) Identification of NSC-specific RBPs. Mean
expression levels in NSC and neuronal layers,
fold change (FC) of expression levels between
NSC and neuronal layers (neuron/NSC), and p
values were calculated (n = 3 each for NSC and
neuronal layers). Embryonic and adult brain
indices were calculated based on RBP
expression levels in human fetal and adult
brains and compared against those of other
organs (expression level in embryonic or
adult brain/mean expression level in other
organs) using a human RBP database that
covers 1,542 RBPs (Gerstberger et al., 2014).
Putative target RNAs are shown.
(C) Co-immunostaining of QK (red), BrdU
(green), and Tuj1 (turquoise) in coronal
sections of the cranial regions of E15.5 em-
bryos (top). Scale bar, 250 mm. Boxed areas
are shown at higher magnification in the
bottom row. Scale bar, 50 mm. Abbreviations
are the same as in (A).
and differentiation of NSCs to OL precursor cells (OPCs)

(Meijer et al., 2012) and astrocyte progenitors (Marshall

et al., 2005). In P0 Cont brains, QK was densely expressed

in the VZ (or ependymal layer) (Figure 3A) as previously

observed (Figure 2A). In the area above the white line (Fig-

ure 3A), scattered QK-expressing cells were well overlap-

ped by OLIG2-positive cells, indicating that QK is ex-

pressed in OPCs and astrocyte progenitors. We further

examined the expression of the OPC marker platelet-
derived growth factor receptor alpha (PDGF-Ra), which

is essential for the proliferation, differentiation, and sur-

vival of OPCs (Funa and Sasahara, 2014). PDGF-Ra-posi-

tive OPCs were detected in the same area as QK and

OLIG2 double-positive cells (Figure 3A). Dual immuno-

staining for QK and PDGF-Ra revealed that PDGF-Ra-ex-

pressing cells were largely positive for QK (Figure 3B),

indicating that OPCs express QK. Accumulation of QK-

positive cells, negative for OLIG2 and PDGF-Ra, was
Stem Cell Reports j Vol. 15 j 883–897 j October 13, 2020 885



Figure 2. Loss of Qk Causes Severe Brain
Atrophy with Hypomyelination in Qk-Null
Brains
(A) Immunostaining of QK (red) in coronal
sections of P0 brain (leftmost image). Scale
bar, 500 mm. The boxed area is shown at
higher magnification with DAPI counter-
staining in the two right images. Arrowheads
indicate QK expression in endothelial and
smooth muscle cells. Scale bar, 100 mm. Ab-
breviations are the same as in Figure 1A.
(B) Nissl staining of the coronal sections of
head regions from E18.5 control (Cont) and
Qk f/f;Nestin-Cre (Qk-KO) embryos. Scale bar,
500 mm. Boxed areas in the two left images
are shown at higher magnification in the two
right images. Scale bar, 100 mm. Abbrevia-
tions are the same as in Figure 1A.
(C) Co-immunostaining of MBP (green) and
QK (red) in coronal sections of P14 wild-type
cortex (three left images). Scale bar, 250 mm.
The boxed area in the left MBP/QK image is
shown at higher magnification in the right-
most image. Scale bar, 50 mm.
(D) Immunostaining of MBP in the coronal
sections of the P14 brain from Cont and Qk-KO
mice (two left images). Scale bar, 500 mm.
Boxed areas indicated in Cont and Qk-KO
cortices are shown at higher magnification in
the image to their immediate right. Scale bar,
250 mm. Abbreviations: 3-V, third ventricle;
LV, lateral ventricle.
detected between the VZ and the OLIG2-positive cell

layers (Figure 3A). As no markers for the GPC population

have been identified, it could not be definitively

concluded that these cells were, in fact, GPCs. However,

considering that QK expression is lost in neuronal cell lin-

eages after they differentiate from NSCs, these data

strongly suggest that NSC-derived GPCs express QK and

further differentiate into OPCs and, presumably, astrocyte

progenitors. Next, we examined the expression of known

glial progenitor markers in these putative GPC popula-

tions using anti-CNP (2ʹ,3ʹ-cyclic nucleotide 3ʹ-phospho-
diesterase) and anti-NG2 antibodies. CNP is expressed

during OL development (Groteklaes et al., 2020). In P0,

CNP expression was not observed in the developing cor-
886 Stem Cell Reports j Vol. 15 j 883–897 j October 13, 2020
tex (Figure S2A), and was weakly detected in the corpus

callosum of P7 cortex (Figure S2B), consistent with a pre-

vious report. NG2 proteoglycan (the product of the CSPG4

[chondroitin sulfate proteoglycan 4] gene) is the OL lineage

marker (Nishiyama et al., 2009), and recent studies sug-

gest multipotency of NG2 cells (Tsoa et al., 2014). In P0

brains, a small number of NG2-positive cells showing

highly branched morphology were scattered, while the

vascular cells in the brain parenchyma were highly posi-

tive (Figure S2C), as was previously reported. Whereas

QK expression overlapped with these NG2 cells, the vast

majority of putative GPCs did not express NG2, which

is consistent with the observation indicating that NG2

is expressed later than PDGF-Ra (Nishiyama et al.,



Figure 3. QK Is Expressed in Putative GPCs
(A) Co-immunostaining of QK (red) and OLIG2 (green) in coronal sections of P0 cortices from control (Cont) (upper leftmost) and Qk-KO
(lower leftmost) mice. Scale bar, 250 mm. The boxed areas in QK/OLIG2 images are shown at higher magnification in the three images to
their right. PDGF-Ra labeling was performed using adjacent sections. The white line in Cont demarks the area where QK-positive/OLIG2-
negative cells accumulated (lower left) and the area where QK-positive/OLIG2-positive cells scattered (upper right). The white line in Qk-
KO corresponds to the area in Cont. Scale bar, 100 mm.
(B) Co-immunostaining of QK (red) and PDGF-Ra (green) in coronal section of P0 Cont cortex. Arrows indicate QK/PDGF-Ra double-positive
cells. Scale bar, 50 mm.
(C) The number of OLIG2+ and PDGF-Ra+ cells in P0 cortices is shown (n = 3 in each genotype). Data are presented as mean ± SD. *p < 0.05
and **p < 0.01 (Student’s t test).

(legend continued on next page)
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2009). Overall, these results indicate that QK is a good

marker for the earlier GPC population that still does not

express CNP and NG2.

We further analyzed the progenitors of astrocytes and

OPCs in P0 Qk-KO brains. The number of QK-expressing

cells was greatly reduced and the remaining Qk expression

was primarily detected in the endothelial and smoothmus-

cle cells of cortical vessels (Figure 2A). As the efficiency of

Cre-induced inversion and inactivation of Lox66/Lox71

via the FlipRosabgeo trapping vector (Schnutgen et al.,

2005) is known to be lower than Cre-induced excision of

LoxP floxed alleles (Oberdoerffer et al., 2003), we were

able to detect the remaining QK-expressing cells in which

the Qk gene was not inactivated in Nestin-Cre-expressing

NSCs. The distribution of OLIG2-positive cells in Qk-KO

cortices was slightly, yet significantly, increased compared

with Cont (Figures 3A and 3C). Western blotting (WB) of

Cont and Qk-KO cortices confirmed disruption of QK

expression in Qk-KO cortices. Meanwhile, total OLIG2

protein expression in Qk-KO cortices was slightly, yet

significantly, increased compared with Cont (Figure 3D),

suggesting a compensatory mechanism triggered by

decreased number of OLs. In contrast, expression of

PDGF-Ra was significantly downregulated in Qk-KO

cortices compared with Cont (Figures 3A and 3C), and total

PDGF-Ra protein expression in Qk-KO cortices was signifi-

cantly downregulated compared with Cont (Figure 3D).

Although we detected CNP expression in OLs within the

corpus callosum in P7 Cont, it became much weaker in

P7 QK-KO (Figure S2B). In addition, NG2 cells were nearly

absent from P0 QK-KO cortices (Figure S2D). These data

indicate that loss of Qk failed to induce PDGF-Ra-positive

OPCs from NSCs, subsequently decreasing the number of

OLs and causing severe hypomyelination (Figure 2D). As

expression of OLIG2 precedes PDGF-Ra in OPCs (Stolt

et al., 2002), it is postulated that OLIG2-positive glial pro-

genitors were generated from NSCs in Qk-KO brains; how-

ever, these cells had already lost their ability to differentiate

into PDGF-Ra-positive OPCs.

As the expression profiling of QK+ cells suggested QK as a

good marker of the GPC population, we broadened our

analysis and evaluated QK-expressing cells (irrespective of

the type) using single-cell transcriptomic data reported in

the context of developing mouse neocortex (Loo et al.,

2019). In P0, QK-expressing cell populations include

immature astrocytes (including GPCs and astrocyte pro-

genitors), OLs (OPCs), endothelial cells, and choroid

plexus cells (Figures S3A and S3B), in line with our immu-

nohistochemistry studies. Of note, QK expression was
(D) Representative results of WB for QK, OLIG2, PDGF-Ra, and a-TUBU
OLIG2 and PDGF-Ra in WB were quantified by densitometry, normali
genotype). Data are presented as mean ± SD. **p < 0.01 (Student’s t

888 Stem Cell Reports j Vol. 15 j 883–897 j October 13, 2020
also detected in the microglia and interneurons; thus we

further analyzed the distribution of these cells. QK expres-

sion was detected in IBAI (induction of brown adipocytes

1)-positive cells in the pia mater and in the septal area,

but not in the IZ/SVZ (Figure S3C, Cont), consisten with

the recent findings that brain microglia originates from

embryonic mesenchymal cells in the pia or from fetal mac-

rophages in the yolk sac (for more details, please see the re-

view by Mosser et al., 2017) and these microglia express

QK. Interneurons are known to be generated in the VZ of

the medial ganglionic eminence and to migrate tangen-

tially into the CP. In this study, a weak QK expression was

detected in the subpallium, where GAD65/GAD67 (gluta-

mic acid decarboxylase-65 and -67)-positive cells were

accumulating, suggesting that QK is expressed by interneu-

rons (Figure S3D, subpallium in Cont). However, we did

not observe QK expression in migrating interneurons in

the CP (Figure S3D, CP in Cont). Overall these data suggest

that newly generated interneurons express QK but then

lose its expression during differentiation, similar to that

observed for cortical neurons (Figure 1C). Altogether, these

results attest that QK is a novel marker of the early GPC

population; a substantial number of cells in the IZ/SVZ still

negative for OLIG2, PDGF-Ra, CNP, and NG2 can be iden-

tified via QK (Figures 3A, 3B, S2, and S3E).

QK Is Expressed in Astrocyte Progenitor Cells, and Loss

of Qk Impairs Astrocyte Generation from NSCs

We next investigated whether QK is expressed in astrocyte

progenitor cells and is involved in astrocyte genesis.We uti-

lized acyl-CoA synthetase bubblegum family member 1

(ACSBG1) as an astrocyte marker, as it is specifically ex-

pressed in astrocytes and their progenitors (Cahoy et al.,

2008). In expression analyses of wild-type cerebral cortices,

ACSBG1 expression became evident near P3 and was de-

tected throughout the cortex, particularly in cortical gray

matter (Figure 4A). Scattered QK-positive cells in the CP

were more prevalent at P3 than P0 and were uniformly de-

tected throughout the cortex (Figure 4A), suggesting the

migration and proliferation of QK-positive cells from the

VZ to the developing CP. Moreover, ACSBG1-expressing

cells were largely positive for QK (Figure 4A), indicating

that astrocyte progenitor cells express QK.

Next, we investigated the generation of astrocytes in Qk-

KO brains. In P3 Qk-KO brains, ACSBG1 expression was

downregulated throughout the cortex, which was

confirmed by the significantly reduced number of

ACSBG1-positive cells (Figure 4B). Disruption of QK

expression and significant downregulation of ACSBG1
LIN in P0 cortices from Cont and Qk-KO mice. Signal intensities of
zed by a-tubulin, and indicated using a bar graph (n = 3 in each
test).



Figure 4. QK Is Expressed in Astrocyte Progenitor Cells, and Loss of Qk Impairs Astrocyte Generation from NSCs
(A) Co-immunostaining of ACSBG1 (green) and QK (red) in the coronal sections of P3 wild-type cortex (left two). The boxed area in the
ACSBG1 image is shown at higher magnification in the rightmost image. Arrows indicate cells that are double positive for red (QK) and
green (ACSBG1). Scale bar, 50 mm.
(B) Immunostaining of ACSBG1 in coronal sections of P3 cortices from control (Cont) and Qk-KO mice (left two). Scale bar, 250 mm. Boxed
areas in Cont and Qk-KO mouse cortices are shown at higher magnification in the next two images. Scale bar, 50 mm. The number of
ACSBG1+ cells in P0 cortices is shown using a bar graph in the rightmost image (n = 3 in each genotype). Data are presented as mean ± SD.
***p < 0.001 (Student’s t test).

(legend continued on next page)
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protein expression inQk-KO cortices was confirmed byWB

(Figure 4C). Hence, the genesis of astrocyte progenitor cells

from GPCs was disrupted in Qk-KO mouse brains and was

analogous to a defect in OL differentiation. To further

confirm this hypothesis, we investigated the production

of astrocytes by glial fibrillary acidic protein (GFAP) immu-

nostaining. The expression of GFAP in astrocytes became

evident in the cerebral cortex around P7, and its expression

in radial glial cells was particularly apparent in their radial

fibers (Figure 4D). At P7, QK-expressing cells were scattered

widely throughout the entire cortex. GFAP-expressing as-

trocytes were largely positive for QK, indicating that astro-

cytes express QK.

Next, we examined the phenotype of astrocytes in Qk-

KO brains. In P7 Qk-KO brains, GFAP immunostaining

was severely decreased throughout the cortex, which

was confirmed by the significantly decreased number of

GFAP-positive cells (Figure 4E). We confirmed the disrup-

tion of QK expression and significant downregulation of

GFAP protein expression in Qk-KO cortices by WB (Fig-

ure 4F). In Qk-KO brains, atrophy of brain parenchyma

alongside the expansion of the lateral and third ventri-

cles was detected (Figure 4E). Among several possible ex-

planations for this phenomenon, this may be explained

by a loss of astrocytes. Our Qk-floxed mice could not

completely inactivate the Qk genes in VZ by P0, thus

we estimated the KO efficacy by counting the remaining

QK+/OLIG2+ cells that escaped from Cre-mediated inacti-

vation and comparing with the numbers in Cont. The

KO efficacy at P7 cortices was 84.8%; this frequency

was larger than that characterizing the decrease of

GFAP-positive cells or GFAP protein levels, indicating

that the loss of Qk did not completely abolish astrocytes

at this time point, but significantly disrupted the gener-

ation of astrocytes from NSCs. On the other hand, the

OL production examined via MBP expression was more

severely downregulated, as shown in Figure 2D, thus

indicating that Qk is indispensable for the generation

and maturation of OLs, as previously reported (please

see review by Chenard and Richard, 2008). Qk is known
(C) Representative results of WB for QK, ACSBG1, and a-TUBULIN in P3
were quantified by densitometry (n = 3 in each genotype), normalized
as mean ± SD. **p < 0.01 (Student’s t test).
(D) Co-immunostaining of GFAP (green) and QK (red) in coronal sectio
the GFAP image is shown at higher magnification in the rightmost im
green (GFAP). Scale bar, 50 mm.
(E) Immunostaining of GFAP in coronal sections of P7 brains from Cont
lateral and third ventricles detected in Qk-KO brains. The boxed areas
right images. Scale bar, 50 mm. The number of GFAP+ cells in P7 cortice
genotype). Data are presented as mean ± SD. *p < 0.05 (Student’s t
(F) Representative results of WB for QK, GFAP, and a-TUBULIN in P7
GFAP were quantified by densitometry (n = 3 in each genotype), no
presented as mean ± SD. ***p < 0.001 (Student’s t test).
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to regulate OL production, as observed in hypomorphic

qkv mice. However, these studies using NSC-specific

null mutant mice for Qk revealed the extended role of

Qk in regulating gliogenesis.

Qk Is Required for Fate Specification of NSCs to GPCs

As the staining of markers in cells cannot reliably identify

whether expression has been completely lost or is downre-

gulated, we established an in vitro culture system of NSCs

and conducted transcriptome analysis to capture cell fate

change. NSCs were isolated from cerebral cortices of Qk-

KO and Cont mice, and glial differentiation was induced

by mimicking in vivo gliogenesis (Figure 5A). Prior to induc-

tion,we examined the proliferative capability ofQk�/�NSCs

in the presence of basic FGF (bFGF) and no significant differ-

ence was observed in proliferation between Qk-KO and

Cont, consistent with the finding that VZ thickness and

neuronal cell production from NSCs were intact in Qk-KO

brains (Figure 2B). Next, differentiation of NSCs to glial cells

was induced using media containing 10% fetal bovine

serum but lacking bFGF. Cont NSCs expressed the stem

cell marker SOX2 on day 1; however, they began to express

ACSBG1 on day 2 and GFAP on day 4, indicating successful

astrocyte differentiation fromNSCs (Figure 5B).Qk-KONSCs

also expressed SOX2 on day 1; however, expression of

ACSBG1 andGFAPwasmuch lower than inContNSCs (Fig-

ure 5B), consistentwith our earlier findings inQk-KObrains.

Quantitative analysis indicated fewer GFAP-positive cells in

Qk-KO NSCs than in Cont NSCs, although total cell

numbers were comparable (Figure 5C), supporting our hy-

pothesis that loss of Qk inhibited NSC differentiation into

GFAP-positive astrocytes without causing cell loss.

Hypothesizing that Qk is required for fate specification of

NSCs to GPCs, we carried out a transcriptome analysis at an

early time point, 24 h after inducing glial differentiation

(day 1). To comprehensively detect transcriptomic changes

in differentiating Qk�/� NSCs, we performed gene set

enrichment analysis (GSEA), which uses statistical ap-

proaches to identify significantly enriched or depleted

groups of genes. We referenced the cell-type-specific
cortices from control and Qk-KO mice. Signal intensities of ACSBG1
by a-TUBULIN, and indicated using a bar graph. Data are presented

ns of the P7 wild-type cortex. Scale bar, 250 mm. The boxed area in
age. Arrows indicate cells that are double positive for red (QK) and

and Qk-KO mice (left). Scale bar, 500 mm. Asterisk indicates dilated
in the two left images are shown at higher magnification in the two
s is shown using a bar graph at the rightmost bottom (n = 2 in each
test).
cortices from Cont and Qk-KO mice are shown. Signal intensities of
rmalized by a-tubulin, and indicated using a bar graph. Data are



Figure 5. Qk Is Required for the Fate Specification of NSCs to GPCs
(A) Scheme for isolating NSCs from embryonic mouse cortices and inducing differentiation into glial cells in vitro.
(B) Expression of SOX2 (green), ACSBG1 (red), and GFAP (red) during glial differentiation of control (Cont) and Qk-KO NSCs. Scale bar,
100 mm.
(C) GFAP-positive and total cell numbers counted during glial differentiation of Cont and Qk-KO NSCs (counted on days 1, 2, 3, and 4 after
induced differentiation using four samples from Cont and Qk-KO NSCs). Data are represented as the mean ± SEM (n = 4 in each genotype,
***p < 0.001 using Student’s t test).
(D) GSEA plots of Cont and Qk-KO NSCs at day 1 after glial differentiation. Differentially expressed genes were analyzed using glia-, OPC-,
and neuron-enriched gene sets. NES, normalized enrichment score.
enriched gene lists for astrocytes, OLs, OPCs, glial cells (as-

trocytes + OPCs + OLs), and neurons (Zhang et al., 2014).

GSEA showed that glia- and OPC-enriched genes were

induced in Cont NSCs, indicating that Cont NSCs differen-

tiate into GPCs. In contrast, loss of Qk significantly down-

regulated glia- and OPC-enriched genes compared with

Cont NSCs (Figure 5D), indicating that marker expression

was downregulated rather than completely abolished. Sur-

prisingly, we found that neuron-enriched genes, including

several types of neuron-specific genes, were aberrantly up-

regulated inQk�/�NSCs (Figure 5D), suggesting that loss of

Qk disrupted NSC differentiation to GPCs and instead

induced these cells to become neural precursor cells.

Together, GSEA results clearly indicate that Qk is required

for fate specification of NSCs to GPCs.
Qk Upregulates Astrocyte/OL Genes, Cell-Surface

Signaling Receptors, and Endocytosis Pathway Genes

as Gliogenic Regulons

Next, we attempted to elucidate the molecular function of

Qk inmRNA regulation of gliogenesis. To specify the target

mRNAs ofQk, we identified genes with significantly altered

expression in Qk�/� NSCs using the thresholds of FC > 1.5

(log2 FC > 0.58) and FC < 0.67 (log2 FC < �0.58) with

adjusted p < 0.01 in DESeq2; a total of 383 genes were

downregulated and 570 genes were upregulated in Qk�/�

NSCs compared with Cont. Qk contains RNA-binding mo-

tifs known as STAR domains. Several studies using SELEX

and CLIP-seq have identified the unique UACUAAH (H =

not G) motif as the RNA recognition sequence of Qk and

designated it the quaking response element (QRE) (Fagg
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Figure 6. Qk Upregulates Astrocyte/OL
Genes, Cell-Surface Signaling Receptors,
and Endocytosis Pathway Genes as Glio-
genic Regulons
(A) The cumulative distribution showing the
relationship between changes in mRNA
expression of all expressed genes and the
presence of QRE in 30 UTRs in control (Cont)
and Qk-KO NSCs at day 1 after glial differen-
tiation.
(B) Top: Scheme of 30 UTR reporter vectors
expressing eGFP cDNA with 30 UTR of Rab5a
(Rab5a wt 30 UTR), Snx5 (Snx5 wt 30 UTR), Cbl
(Cbl wt 30 UTR), Cav1 (Cav1 wt 30 UTR), or
eGFP lacking a 30 UTR (eGFP). Bottom: Re-
porter vectors were co-transfected into HeLa
cells with a Qk-6 expression vector and the
expressed mRNA from each vector was
examined by qPCR. Relative mRNA levels to
eGFP lacking a 30 UTR (eGFP) are shown. Data
are presented as mean ± SD (experiments
were performed with biological triplicate (n =
3), ***p < 0.01 using Student’s t test).
(C) Pathway analysis of regulatory Qk target
genes. The table lists the pathways for which
the p value is <0.001 and FDR (false discovery
rate) is <0.1. Genes highlighted with yellow
are categorized as cell-surface receptors or
ligands.
et al., 2017; Galarneau and Richard, 2005; Hafner et al.,

2010; Hayakawa-Yano et al., 2017). Previous studies have

indicated that Qk binds directly to the QRE(s) in the 30 un-
translated region (30 UTR) and stabilizes targetmRNAs (Lar-

ocque et al., 2005; Li et al., 2000; Zearfoss et al., 2011;

Zhang et al., 2003; Zhao et al., 2006). Based on these find-

ings, we examined whether Qk globally regulates expres-

sion of genes possessing a QRE(s) in their 30 UTR. We

analyzed the relationship between FC of all expressed

genes under Qk-KO conditions and the presence of QREs

in 30 UTRs. Compared with genes that lack QRE, the cumu-

lative curves of genes possessing QREs were shifted to the

left according to the number of QREs they possessed, indi-

cating that the loss of Qk decreased expression of target

mRNAs (Figure 6A).

We next examined whether QREs in the 30 UTR of tran-

scripts are responsible for Qk-dependent mRNA expres-

sion. Endocytosis has been identified as a regulatory target

of Qk (Shingu et al., 2017), and two endocytosis pathway

genes, Rab5a and Snx5 (Sorting nexin 5), were identified as

targets of Qk containing QREs in their 30 UTR and were

downregulated in Qk-KO NSCs (log2 FC = �1.12 for Rab5a

and �1.49 for Snx5). Two non-target control endocytosis
892 Stem Cell Reports j Vol. 15 j 883–897 j October 13, 2020
pathway genes Cbl and Cav1 (Caveolin 1) do not possess

QREs in their 30 UTR, yet were also downregulated in Qk-

KO NSCs (log2 FC = �0.63 for Cbl and �1.44 for Cav1).

We generated reporter vectors that express eGFP (enhanced

green fluorescent protein) mRNA with the 30 UTR of these

genes (Figure 6B). Each reporter construct was co-trans-

fected with the cytoplasmic isoform of Qk-6 (Qk full). To

examine whether the presence of Qk is sufficient to stabi-

lize target mRNAs in a non-cell-type-specific manner,

HeLa cells were used due to their low, or undetectable,

levels of endogenous Qk mRNA and protein compared

with brain samples (data not shown). The levels of eGFP

mRNA of Rab5a and Snx5 reporters were significantly

higher than Cont eGFP lacking a 30 UTR (1.80- and 1.88-

fold for Rab5a and Snx5wt 30 UTRs, respectively; Figure 6B),

while levels of Cbl and Cav1 reporters lacking QREs were

comparable to Cont eGFP (1.01- and 1.08-fold for Cbl and

Cav1 wt 30 UTRs, respectively; Figure 6B), suggesting that

Qk stabilized Rab5a and Snx5 reporter mRNAs via QREs.

We further examined the ability of QREs to stabilize

mRNAs by introducing a mutation in which the putative

QRE was changed from ACTAAH to TCGAGH. The mRNA

levels of QRE-mutated Rab5a and Snx5 reporters (Rab5a



Figure 7. Scheme for the Identified Qk Function in Regulation of Glial Differentiation from NSCs
mut 30 UTR and Snx5mut 30 UTR) decreased to a level com-

parable to Cont eGFP, Cbl, and Cav1 reporters lacking QRE,

indicating that the mutation rendered them insensitive to

Qk (1.18- and 1.26-fold for Rab5a and Snx5 mut 30 UTR,

respectively; Figure 6B). These results indicate that a

QRE(s) in the 30 UTR is essential for Qk-dependent upregu-

lation of target mRNAs.

To further identify the target genes of Qk that regulate

gliogenesis, the significantly downregulated genes in the

Qk-KONSC-induced glial differentiationwere separated ac-

cording to the presence or absence of a QRE(s) in their 30

UTR. A total of 279 genes were identified as putative Qk tar-

gets. These were further classified according to astrocyte-,

OL-, OPC-, glia-, or neuron-enriched genes using gene lists

for GSEA. The putative Qk target genes contained

numerous glia-, astrocyte-, OL-, and OPC-enriched genes.

These include essential molecules for the proliferation or

development of astrocytes or OLs, such as S100b (Zimmer

et al., 1995) and PDGF-Ra (Funa and Sasahara, 2014) (Table

S2), indicating that several gliogenic genes possess QREs

and that Qk comprehensively upregulates them during

gliogenesis. To further identify the Qk-targeted regulons

of gliogenesis, we carried out a gene ontology pathway

analysis of the 279 putative target genes of Qk. We identi-

fied two biological processes with significant enrichment

scores (p < 1 3 10�3 and q < 0.1): ‘‘positive regulation of

peptidyl-tyrosine phosphorylation’’ and ‘‘positive regula-

tion of cell migration’’ (Figure 6C). Although there was

no clear evidence that these processes are essential for glio-
genesis, genes in these categories are highly enriched for

cell-surface signaling receptors or ligands (9/11 and 11/

14, respectively) (Figure 6C) such as PDGF-Ra or FGF recep-

tor 3, which was recently shown to be essential for the

neurogenic-to-gliogenic fate transition of NSCs (Dinh Du-

ong et al., 2019). These data indicate that Qk is necessary

for the upregulation of several cell-surface signaling mole-

cules that mediate glial differentiation. The gene set

involved in the ‘‘endocytosis pathway’’ was identified in

the Kyoto Encyclopedia of Genes and Genomes (KEGG)

with a significant enrichment score (p < 1 3 10�3 and q <

0.1) (Figure 6C), and this pathway is essential for glial dif-

ferentiation (please see Discussion). Taking our results

together, we have indicated that Qk is required for compre-

hensive upregulation of (1) astrocyte/OL-specific genes, (2)

cell-surface signaling receptors, and (3) endocytosis

pathway genes as gliogenic regulons (Figure 7). As previ-

ously mentioned, Qk is known to regulate OL production,

as observed in hypomorphic qkv mice. However, these

studies, using NSC-specific null mutant mice for Qk, re-

vealed the extended role of Qk in regulating gliogenesis.
DISCUSSION

Growing evidence indicates the significance of RBPs in

neuronal development and brain functions. NOVA1/2

(Ule et al., 2005), PTBP1 (polypyrimidine tract binding pro-

tein 1) (Boutz et al., 2007; Licatalosi et al., 2012; Zhang
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et al., 2016), SRRM4 (serine/arginine repetitive matrix 4)

(Calarco et al., 2009), RBFOX1/2 (RNA-binding protein

fox-1 homolog 1/2) (Gehman et al., 2011, 2012), TDP-43

(TAR DNA binding protein-43) (Polymenidou et al.,

2011), Fus (fused in sarcoma) (Lagier-Tourenne et al.,

2012), and SFPQ/PSF (splicing factor proline/glutamine

rich or PTB-associated splicing factor) (Takeuchi et al.,

2018) have been shown to be essential for neurogenesis

or neural functions. In contrast, PTBP2 (Boutz et al.,

2007; Licatalosi et al., 2012; Zhang et al., 2016), ELAVl2

(ELAV-like RNA-binding protein 2) (Akamatsu et al.,

1999), and musashi (Sakakibara et al., 2002) have been

demonstrated to be required for the proliferation and stem-

ness of NSCs. These studies show that specific subsets of

RBPs are important in neurons and NSCs encompassing

neurogenesis, yet RBPs with specific roles in gliogenesis

were not identified. The systematic exploration of all

RBPs herein revealed Qk function in astrocytes as well as

in the fate decision of NSCs to glial cells (Figure 7), while

Qk is widely accepted as the specific regulator for OL

differentiation.

Genetic studies have identified mutations in RBP genes

as causes of neurodegenerative or psychiatric diseases,

indicating that RBPs play important roles in brain func-

tion (Kapeli and Yeo, 2012). Alterations in isoform

expression of the human homolog of Qk, QKI, were

demonstrated in approximately 30% (6/20) of glioblas-

tomas (Li et al., 2002), and QKI was identified through

a genotype-phenotype study as a tumor suppressor that

affects the stemness of glioma stem cells (Hu et al.,

2013; Shingu et al., 2017). Here, we reveal that the loss

of Qk selectively disturbed the glial differentiation of

NSCs. These findings provide insight into why Qk muta-

tions contribute to poorly differentiated malignant glial

cell tumors, as well as into the molecular pathogenesis

of glioblastomas and their treatment. Interestingly, QKI

mutation or dysregulation of QKI expression is

frequently observed in schizophrenia patients, and

decreased transcript levels of QKI-7 and QKI-7b splice

variants (or their aberrant splicing) were reported (please

see review by Chenard and Richard, 2008). These results

suggest an association between the dysregulation of glio-

genesis and the pathological mechanism of schizo-

phrenia. In addition, a number of studies have investi-

gated the nature of unique postnatal stem cells of NG2

cells, which give rise to both glial cells and interneurons

(Tsoa et al., 2014). We observed Qk expression in NG2

cells and their ablation in P0 Qk-KO cortices (Figure S2D),

suggesting an essential function of Qk in gliogenesis and

also in neurogenesis. We also found that QK is expressed

in microglial cells; of note, its expression is not inacti-

vated in Nestin-Cre mice (Figure S3C, Qk-KO), since mi-

croglial cells are not generated from NSCs in brain but
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originate from non-neuronal fetal tissues. As our Qk-KO

mice experienced premature death, similar to that

observed in qke5 mice (Noveroske et al., 2005), and mi-

croglial cells still expressed Qk in this context, further

studies using time- and site-specific gene-targeting tech-

niques would be expected to decipher the function of

Qk in adult brains and to elucidate its roles in NG2 cells,

microglial cells, and the disease-causing mechanisms in

adult brains.

The mechanism responsible for directly inducing glial

cells fromNSCs requires further investigation. Qk regulates

the differentiation of NSCs to GPCs by comprehensively

regulating gliogenic regulons that include glia-, astrocyte-

, OPC-, and OL-specific genes, cell-surface signaling recep-

tors, and endocytosis pathway genes (Figure 7). Endocy-

tosis pathways facilitate signaling receptor expression and

replacement (Haglund and Dikic, 2012). Downregulation

of Qk causes persistent expression of the receptors respon-

sible for maintaining pluripotency and prevents differenti-

ation of NSCs in Qk/Pten/Trp53 triple-KO mouse brains

(Shingu et al., 2017). Mechanistically, Qk stabilizes the

target mRNAs of the genes listed above. Thus, transcrip-

tional regulation and Qk may synergistically regulate

gliogenic gene expression. In addition, we noted that

Qk�/�NSCs failed to differentiate into GPCs and aberrantly

expressed neural genes; however, these Qk�/� NSCs were

unable to becomemature neurons (data not shown), which

is consistent with the observation that cortical formation

was intact at E18.5. This result indicates that the mecha-

nism of fate switching between neurogenesis and gliogen-

esis could not be explained simply by the presence or

absence of Qk in precursor cells. The identification of Qk

as the RBP that drives GPC development allows Qk to be

used as a marker for the isolation of GPCs and is an ideal

tool for the characterization of GPCs and further investiga-

tions into the regulatory mechanisms of gliogenesis. This

would lead to an enriched understanding of the global

structure of the regulation of glial differentiation from

NSCs during brain development, as well as the disease-

causing mechanism and pathological consequence of

schizophrenia.
EXPERIMENTAL PROCEDURES

Mice
Conditional KOmice forQkwere generated (Figures S1A and S1B).

Detailed information is given in the Supplemental Experimental

Procedures. All animal care and experiments were conducted in

accordance with the US National Institutes of Health Guide for

the Care and Use of Laboratory Animals, and all experimental proto-

cols were approved by the Institutional Animal Care andUse Com-

mittee of the Kyoto University Graduate School of Medicine and

the RIKEN Kobe Branch.



Primary Neural Stem/Precursor Cell (NS/PC) Culture

and Differentiation into Astrocytes
NS/PCs were isolated from E14 mouse embryo (male and female)

cortices of Qk-KO and Cont brains. To induce glial differentiation,

cells were seeded on dishes in N2 medium lacking bFGF but con-

taining 10% fetal bovine serum.

Exon Array Analysis of NSC- and Neuron-Specific

Layers and Bioinformatics Analysis
Cranial regionswere isolated from E15.5 C57BL/6mouse embryos.

The lower and upper areas of the entire cortex (harboringNSC- and

neuron-specific regions, respectively) from rostral to caudal were

isolated using a laser capturemicrodissection system (LMD6; Leica)

(Figure 1A). Exon array experiments were performed using the

GeneChipMouse Exon 1.0 ST ExonArray (Affymetrix, SantaClara,

CA, USA) as previously described (Ishigaki et al., 2012). Bioinfor-

matics analysis of exon array data was performed as previously

described (Yamashita et al., 2012).

Comparative Analysis of RNA-Seq Data from NSCs
RNA-seq was performed as previously described (Takeuchi et al.,

2018). For differential gene expression analysis, we used DEseq2

(Love et al., 2014). Genes that met the following criteria were

considered as differentially expressed: log2 FC > 0.58 (FC > 1.5)

or log2 FC <�0.58 (FC < 0.67) and an adjusted p < 0.01 for primary

cells; raw tag countR31 for at least one condition (Cont orQk-KO);

and TPM R2 for at least one condition. Raw data from mRNA-seq

were deposited in the Gene Expression Omnibus (GEO) under

accession no. GSE117018.

Data and Code Availability
All data are available from the GEO under accession no.

GSE117018. In-house scripts were used to calculate RPKM and

TPM. All data and scripts not included here are available from

the corresponding author upon reasonable request.

SUPPLEMENTAL INFORMATION

Supplemental Information can be found online at https://doi.org/

10.1016/j.stemcr.2020.08.010.
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