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Krüppel-like factors (Klfs) are DNA-binding transcriptional factors that regulate multiple physiological features, including the cell
cycle, cell differentiation, and tissue organization. Among them, Klf2, Klf4, and Klf5 are crucial for the induction and maintenance of
pluripotent stem cells. However, the roles of these factors in maintaining neural stem cells (NSCs) remain poorly understood. Here,
we show that Klf5 plays a dominant role in maintaining neural precursor cell (NPC) populations by suppressing their differentiation
and radial migration in developing mouse brains of either sex. Klf5 also regulates the proliferation of NPCs and promotes differ-
entiation of Pax6+ apical radial glia in the ventricular zone to Eomes+ (Tbr2+) intermediate progenitor cells in the subventricular
zone by upregulating Hes1 and Eomes expression. Overexpression of Klf5 in NPCs reduced the pool of quiescent NSCs in the post-
natal brain, resulting in attenuated neurogenesis in the subependymal zone and the dentate gyrus of the hippocampus in the adult
brain. Klf5-overexpressing male mice exhibited impaired memory formation and reduced preference for social novelty. Our findings
suggest a mechanism by which NPCs expand the output of differentiating cells through intermediate progenitor populations.
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Significance Statement

Neural precursor cells (NPCs) in the mammalian developing brain take one of two fates: a few NPCs elongate their cell cycle
time and become quiescent neural stem cells, whereas the others differentiate into intermediate progenitor cells. However, the
molecular mechanisms underlying this fate choice remain largely unknown. The number of divisions of intermediate progen-
itor cells is much larger in primates than in rodents, providing a cellular basis for the expansion of the outer subventricular
zone and for the massive production of neurons and glia in the primate brain, leading to gyrification of the primate cortex. In
this study, we investigated the role of Klf5 in the generation and proliferation of intermediate progenitor cells.
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Introduction
Genes for Krüppel-like factor (Klf) are orthologs of the
Drosophila melanogaster gene Krüppel. They are critical regula-
tors in cell proliferation and differentiation in mammalian devel-
opment (Ghaleb et al., 2005; Suske et al., 2005; McConnell et al.,
2007; Yamane et al., 2018). Klf protein family members, which
share three C2H2 zinc-fingers at their carboxyl termini, are clas-
sified into subgroups based on their structural or functional rela-
tionships (Moore et al., 2011; Tetreault et al., 2013). Klf2 and Klf4
belong to the same subfamily, harboring a repression domain
adjacent to an activation domain and nuclear localizing signals
neighboring their first zinc finger domain (Bialkowska et al.,
2017). Despite the fact that Klf5 is structurally divergent from
Klf2 and Klf4, these three factors share common functions in
the maintenance of cellular pluripotency (Bruce et al., 2007;
Jiang et al., 2008; Nandan and Yang, 2009; Bourillot and
Savatier, 2010). Whereas simultaneous depletion of Klf2, Klf4,
and Klf5 results in differentiation of embryonic stem cells
(ESCs), overexpression of any one of three genes can achieve leu-
kemia inhibitory factor-independent maintenance of pluripotent
mouse ESCs (Jiang et al., 2008; Jeon et al., 2016). Klf2, Klf4, and
Klf5 also play important roles in neural development and neuro-
genesis (Moore et al., 2011). Klf4 is expressed in neural stem cells
(NSCs) but drastically downregulated in differentiated neurons
during brain development. Klf4 overexpression inhibits NSC
proliferation that is accompanied by elevated glial fibrillary acidic
protein (GFAP) expression and astrocyte hypertrophy, but the
function of Klf5 in the maintenance of the neural precursor cell
(NPC) population remains largely unknown.

Fibroblast growth factor 2 (FGF2)-responsive NSCs are gen-
erated at Embryonic Day (E)8.5 in the mouse forebrain, and their
population size expands during early embryonic stages (Hitoshi
et al., 2004). During neural development, self-renewing NSCs
assume a morphology of Pax6+ apical radial glia that proliferate
in the ventricular zone (VZ) and then migrate to the subventri-
cular zone (SVZ), where they lose apical processes to become
Pax6+ outer radial glia. The presence of these cells, which was
first recognized in the fetal brain of primates, was also later found
in rodents (Hansen et al., 2010; Wang et al., 2011; Hevner, 2019).
Tbr2+ intermediate progenitors are a transit amplifying cell pop-
ulation in the SVZ and the source of excitatory cortical projection
neurons (Haubensak et al., 2004; Kowalczyk et al., 2009).
Expansion of the outer SVZ, comprising outer radial glia and
intermediate progenitors, is the cellular basis for production of
large numbers of neurons as well as the gyrification of the cortex
in human and macaque monkey brains (Molnár et al., 2019).
A few NSCs are selected and have elongated cell cycles as slowly
dividing NSCs but other precursor cells vigorously proliferate to
provide a massive volume of neurons and glia (Fuentealba et al.,
2015; Furutachi et al., 2015; Tanaka et al., 2020). The molecular
mechanisms underlying the segregation of slowly dividing and
vigorously dividing NPCs remain largely unknown. In this study,
we investigated the function of Klf5 in neural development,
focusing on the roles of Klf5 in cell cycle regulation and in the
maintenance of the NPC population.

Materials and Methods
Animals. All experiments were carried out with the permission of the

institution’s Animal Research Committee, and all mice used in these
experiments were kept in the institution’s Research Center for Animal
Life Science with a 12:12 h light/dark cycle (lights on, 8:00 A.M.–8:00
P.M.) and ad libitum access to food and water. Klf5 conditional knock-
out (cKO) and Nestin-Cre and CAG-stop-Klf5 transgenic mice (Isaka

et al., 1999; Ema et al., 2008; Azami et al., 2017) were maintained as het-
erozygous on either a CD1 or C57/BL6 background. E0.5 was defined as
2:00 P.M. on the day of plug detection. They were genotyped by PCR
using primers described in each paper and in Table 1.

Generation of knockdown and expression vectors for Klf2, Klf4, and
Klf5. Several target sequences were selected for each gene, and pairs of
synthetic oligonucleotides were annealed and cloned into a pSilencer
vector (Thermo Fisher Scientific), in which resultant shRNAs were tran-
scribed under the control of the human U6 promoter. Target sequences
used in this study are summarized in Table 1. Klf2, Klf4, and Klf5 cDNAs
were amplified by RT-PCR and cloned into pBR-CAG-cHA-pA vector
(RIKEN DNA Bank).

RT-qPCR, RNA-sequencing, and microarray analysis. Total RNAwas
isolated using a RNeasy Mini kit (Qiagen), and 0.5–1.0 µg of total RNA was
reverse-transcribed with an oligo-dT primer (Invitrogen) and ReverTra Ace
(Toyobo) to synthesize cDNA. Quantitative RT-PCR analysis using the
Light-Cycler system (Roche) was carried out according to themanufacturer’s
protocol. The primers used in this study are summarized in Table 1. The
RNA-sequencing libraries were prepared using the NEBNext Ultra
Directional RNA Library Prep Kit for directional libraries (New England
BioLabs) and the KAPA HTP Library Preparation Kits (KAPA
Biosystems) according to the manufacturer’s instructions. The libraries
were sequenced using the Illumina HiSeq platforms. Raw sequence reads
were aligned to the reference mouse genomes (GRCm38/mm10) by
HISAT2 (Kim et al., 2015). Genome-wide expression levels were measured
as a unit of transcripts per kilobase million (TPM) using StringTie (Pertea
et al., 2015), and the number of reads was counted per gene per sample using
HTseq-count within HTSeq (Anders et al., 2015). Finally, differentially
expressed genes (DEGs) were identified by DESeq2 (Love et al., 2014).
Gene Ontology (GO) analysis was performed on DEGs using the DAVID
functional annotation tool (Sherman et al., 2022). RNA-seq data have been
deposited into the GEO database with the accession number GSE222950.

cDNAs of wild-type and Klf5 OE ESCs were amplified linearly and
labeled with a Cy3- or Cy5-conjugated nucleotide. Hybridization

Table 1. Primers

Gene Primer Sequence

Genotyping PCR
Nestin-Cre tg Cre-P3 5′-AGGTTCGTTCACTCATGGA-3′

Cre-P2 5′-AAATCCATCGCTCGACCAGTTTAGTTACCC-3′

Klf5 cKO Klf5-deletion 5′-GTAATGGATGTGAACAGATTTGAGG-3′

Klf5-WT allele 3′ 5′-CGACATGTCTTCACTAAAGTCACTC-3′

Klf5-loxP 5′-TATAATGTATGCTATACGAAGTTAT-3′

CAG-stop-Klf5 OE tg Klf5-A1 5′-CGATTCACAACCCAAATTTACC-3′

Klf5-B2 5′-TGGCGCTTCATGTGCAGCGCGA-3′

RT-PCR
Klf2 Klf2-Fw2 5′-GCGTACACACACAGGTGAGA-3′

Klf2-Rv2 5′-GCACAAGTGGCACTGAAAGG-3′

Klf4 Klf4-Fw 5′-TACCCCTACACTGAGTCCCG-3′

Klf4 Rv 5′-GGAAAGGAGGGTAGTTGGGC-3′

Klf5 Klf5-A1 5′-CGATTCACAACCCAAATTTACC-3′

Klf5-B1 5′-GTATGAGTCCTCAGGTGAGCTTTTA-3′

Hes1 Hes1-A2 5′-AGCGCACCCTGCAAGTTGGGCA-3′

Hes1-B2 5′-TCAGAAGAGAGAGGTGGGCTAG-3′

Eomes Tbr2-A1 5′-GCAAAGCGGACAATAACATGCA-3′

Tbr2-B1 5′-GAGTCTTGGAAGGTTCATTCAA-3′

β-actin β-actin-A1 5′-AGGCCAACCGTGAAAAGATGAC-3′

β-actin-B1 5′-GTACATGGTGGTACCACCAGAC-3′

shRNA hairpin sequences
Klf2 #1; 5′-GCCTTGTGAGAAATGCCTTTGAttcaagagaTCAAAGGCAT

TTCTCACAAGGC-3′

Klf4 #2; 5′-GCGCTACAATCATGGTCAAGTttcaagagaACTTGACCAT
GATTGTAGCGC-3′

Klf5 #2; 5′-GACGTCAATGAAACAGTTCttcaagagaGAACTGTTT
CATTGACGTC-3′
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procedures were performed by TaKaRa Bio. Raw data were analyzed using
the GeneSpring software version 13.0 (Agilent Technologies). The raw
probe intensities were background-subtracted, and the signal values were
set to threshold level 10 and log2-transformed. Normalization was per-
formed using a 75th percentile shift algorithm; data were then normalized
using a baseline-to-median-of-all-samples algorithm. Transcripts were
filtered for a twofold change relative to themedian intensity across all sam-
ples. Microarray data have been deposited in the GEO database under
accession GSE245044.

Luciferase reporter assay. The distal and proximal promoter regions
of the Hes1 gene and the first and second introns of the Eomes gene were
PCR amplified and cloned into a luciferase reporter plasmid (PicaGene
basic vector 2, Toyo Ink). FuGENE6 (Roche) was used to transfect
Neuro2a cells with the luciferase reporter plasmid and an internal control
Renilla luciferase reporter plasmid (Promega), in combination with
the following expression plasmids: pBR-CAG, pBR-CAG-Klf2,
pBR-CAG-Klf4, pBR-CAG-Klf5, and pBR-CAG-myc-NICD. Luciferase
activities were determined using a Dual-Luciferase Reporter Assay
System (Promega).

Antibodies. Primary antibodies used in this study were as follows:
rabbit anti-Klf5 (1:100, Abcam), rabbit anti-Pax6 (1:1,000, Millipore),
rabbit anti-Tbr2 (1:1,000, Abcam), mouse anti-βIII tubulin monoclonal
IgG (1:1000, Sigma-Aldrich), mouse anti-BrdU monoclonal IgG
(1:1,000, Millipore), and rabbit polyclonal (1:2,000, Invitrogen) and rat
monoclonal anti-GFP IgG (1:1,000, Nacalai Tesque) antibodies. We
also used biotinylated goat anti-rabbit or anti-rat IgG antibodies
(Vector Lab) and appropriate Alexa Fluor-conjugated secondary anti-
bodies (1:4,000, Invitrogen).

Immunohistochemistry. Timed pregnant mice were intraperitoneally
injected with BrdU [Sigma-Aldrich; 50 mg/kg dissolved in D-phosphate-
buffered saline (PBS) at 10 mg/ml] 2 h before being killed. Embryos at
E14.5 or older were transcardially perfused with 4% paraformaldehyde.
Brains were harvested and postfixed with the same fixative overnight, fol-
lowed by cryoprotection with 20% sucrose in PBS at 4°C. Coronal cryosec-
tions were cut at 10 µm thickness for E10.5 embryos or at 14 µm thickness
for brains from E14.5 or E16.5 embryos using a cryostat (CM3050, Leica).
Sections were permeabilized with 0.3% Triton X-100/PBS for 5 min and
blocked with 10% normal goat serum/PBST for 1 h and then incubated
with primary antibody overnight at 4°C. After washing with PBS, sections
were incubated with a fluorescent-conjugated secondary antibody, fol-
lowed by counterstaining of nuclei withHoechst 33342 (1 µg/ml). For dou-
ble immunostaining of GFP and BrdU, Tbr2 or Pax6, sections were stained
with rabbit or rat anti-GFPantibodies, followedbybiotinylated anti-rabbit/
rat IgG antibody (1:200). Then, the sections were boiled in 10 mM citrate
buffer, pH6.0, for 5 min, blockedwith 10%normal goat serum/PBS for 1 h,
and reacted with primary antibodies for BrdU, Tbr2, or Pax6 at 4°C
overnight. After washing, the sections were incubated with Alexa Fluor
488-conjugated streptavidin and Alexa Fluor 594-conjugated anti-
mouse/rabbit IgG antibodies. For the immunostaining of Klf5, sections
were incubated with 1.5 N HCl at 37°C for 20 min to retrieve epitopes.
Sections were then sequentially incubated with blocking solution,
anti-Klf5 antibody, biotinylated anti-rabbit IgG antibody, and Alexa
Fluor 488-conjugated streptavidin. Fluorescence was visualized using an
Olympus BX51 microscope with an Olympus DP70 CCD camera.
Confocal images were captured using a laser-scanning microscope (SP8;
Leica). Coronal sections for Nissl staining were cut at 10 µm thickness
from paraformaldehyde-fixed, paraffin-embedded brains.

In situ hybridization. Synthesis of single-stranded riboprobes and in
situ hybridization procedures were described previously (Ishino et al.,
2014). Briefly, digoxigenin (DIG)-labeled single-stranded riboprobes
for Hes5 were synthesized using T3 RNA polymerase and DIG RNA
labeling mix (Roche). The hybridized DIG-labeled probe was detected
by overnight incubation of the sections with anti-DIG antibody conju-
gated to alkaline phosphatase (1:2,000; Roche). The color was developed
in the presence of 4-nitro blue tetrazolium chloride, 5-bromo-4-chloro-
3-indolyl phosphate (Roche).

In utero electroporation. In utero electroporation was performed as
described previously (Naruse et al., 2006). GFP and shRNA expression
plasmids at a concentration of 3.0 µg/µl in D-PBS containing 0.05%
Fast Green were prepared immediately before use. Timed pregnant
ICR mice at E13.5 were deeply anesthetized by intraperitoneal injection
of 100 mg/kg ketamine (Daiichi Sankyo) and 10 mg/kg xylazine (Bayer)
solution. An electroporator (CUY21, NEPA GENE) was used to deliver
five 50 ms pulses of 32 volts at 950 ms intervals after plasmid DNA was
microinjected into the lateral ventricles of the embryos, using a heat-
pulled capillary pipette. To detect proliferating cells, BrdU (50 mg/kg
body weight, Sigma-Aldrich) was injected intraperitoneally into the
dam 2 h before the perfusion.

NPC culture. The isolation of NSCs from embryonic brains was per-
formed as described previously (Tropepe et al., 1999; Hitoshi et al., 2011).
To obtain primary neurospheres, cells from the ganglionic eminence of
E15.5 embryos were dissociated into single cells and cultured at
10 cells/µl in serum-free medium [SFM; DMEM/F12 (1:1), 5 mM
HEPES buffer, 0.6% glucose, 3 mM NaHCO3, 2 mM glutamine,
25 µg/ml insulin, 100 µg/ml transferrin, 20 nM progesterone, 60 µM
putrescine, and 30 nM sodium selenite] in the presence of 10 ng/ml
FGF2 together with 2 µg/ml heparin (all from Sigma-Aldrich). NSCs
from adult brains were isolated and cultured as described previously
(Hitoshi et al., 2011). Briefly, brains were aseptically collected into oxy-
genized artificial cerebrospinal fluid (124 mMNaCl, 5 mM KCl, 1.3 mM
MgCl2, 2 mM CaCl2, 26 mM NaHCO3, 0.18% glucose, and 100 units/ml
penicillin–streptomycin). The entire subependymal zone of the lateral
ventricles was excised and cut into small pieces. The tissue was subjected
to enzyme digestion in a solution containing 1.33 mg/ml trypsin,
0.67 mg/ml hyaluronidase, and 0.2 mg/ml kynurenic acid (all from
Sigma-Aldrich) for 1 h at 37°C to facilitate tissue dissociation. The tissue
was then triturated using a fire-polished Pasteur pipette in SFM contain-
ing trypsin inhibitor (Roche). After washing with SFM, the cells were cul-
tured at a density of 5 cells/µl in a 24-well plate (Falcon) in 500 µl SFM
containing 20 ng/ml EGF, FGF2, and heparin. The number of floating
spherical colonies (neurospheres) was counted after 7 d when the sphere
diameter exceeded 0.08 mm. The total number of neurosphere-forming
NSCs in the adult brain was calculated based on the volume in which the
SVZ cells were suspended (usually 600 µl), the volume applied in the cul-
ture, and the number of resultant neurospheres in the culture.

To assess self-renewal, primary single neurospheres were mechani-
cally dissociated into single cells in 0.2 ml of SFM containing FGF2,
EGF, and heparin and then subcloned in 96-well (0.2 ml/well) plates
(Falcon). Self-renewal of NSCs was assessed by identifying new neuro-
spheres after further culture for 7 d in vitro.

The cortices of E14.5 Klf5 OE and littermate control embryos were
treated with trypsin and DNase I at 37°C for 5 min before trituration
into single cells. The cells (1.0 × 105) were cultured in 100 µl 5% B27/
Neurobasal medium on a polyethyleneimine (0.1% in 0.15 M borate
buffer), pH 8.4/Matrigel-coated cover glass. After 48 h, the cells were cul-
tured in the presence of 5 µM BrdU for 4 h and in the presence of 5 µM
BrdU/EdU for an additional 1 h. The cells were then fixed and immunos-
tained for GFP and BrdU, followed by visualization of EdU using a
Click-iT EdU Cell Proliferation Kit (C10337, Thermo Fisher Scientific)
according to the manufacturer’s protocol.

Single-cell RNA-sequencing and ChIP-sequencing data reanalysis.
Single-cell RNA-seq and ChIP-seq data were downloaded from the
GEO under the indicated accession numbers: single-cell GSE138243
(Belenguer et al., 2021) and ChIP-seq Klf4, SRR952210, and Klf5,
SRR952211 (Aksoy et al., 2014). Downloaded FASTQ data were mapped
to the Mus musculus genome (mm10) using HISAT2 (Kim et al., 2015).
For single-cell RNA-seq, mapped reads were counted and annotated
based on the Mus musculus genome assembly GRCm38 (mm10) using
featureCounts (Liao et al., 2014). Following the original report, gene-level
and transcript counts were then imported into the R/Bioconductor pack-
age edgeR (Chen et al., 2016) and were normalized for TMM (trimmed
mean of M-values) to adjust for differences in library sizes. The false dis-
covery rate (FDR) was calculated by EdgeR. For ChIP-seq, mapped reads
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were converted to bigwig files using deepTools2 (Ramírez et al., 2016) to
check the precipitated region by IGV (Robinson et al., 2023).

Magnetic resonance imaging. Magnetic resonance imaging (MRI)
was performed as described previously (Amatsubo et al., 2009). Briefly,
we used a 7.0 T horizontal-bore MR scanner (Unity Inova; Agilent
Technologies) and obtained T2-weighted magnetic resonance images
with parameters of TR/TE 1,800/42 ms with 0.8 mm intervals. The lat-
eral ventricle size was measured by circumscribing the ventricles on
T2-weighted images using ImageJ (https://imagej.net/software/imagej/).
The total volume is the sum of the corresponding areas in square centi-
meter multiplied by the MR interplane gap of 0.8 mm.

Behavioral test. Behavioral tests were performed as described previ-
ously (Daun et al., 2020). The open-field test, Barnes maze test, social
interaction test, and contextual and cued fear conditioning test were con-
ducted according to the manufacturer’s protocol (O’Hara & Co.). In the
open-field test, the total distance was used as an index of locomotor activ-
ity in a novel environment. The number of times the animals reared was
used to assess stereotypic behavior, and the percentage of time spent in
the central area was used as an index of anxiety. Spatial memory was
assessed using the Barnes maze test. After acquiring a memory for the
target position, the target escape box was moved to a new position oppo-
site the original one to assess memory renewal ability. Training trials
were conducted on 8 consecutive days, and then the mice underwent a
reversed probe trial. Conditioned fear memory was evaluated with con-
textual and cued tests that represented hippocampus-dependent and
hippocampus-independent learning tasks, respectively. The contextual
and cued fear conditioning tests were conducted 1, 7, and 28 d after
the training to assess immediate, recent, and remote fear memory,
respectively. One day after the remote memory testing, extinction train-
ing was performed on 4 consecutive days. Then, memory extinction was
assessed 36 d after the initial training.

Sociability and social novelty preference assessment were conducted
in a three-chamber social interaction apparatus with grid cages in the
right and left chambers (O’Hara & Co.). Briefly, during a 10 min habit-
uation period, when both grid cages were empty, the time spent around
each grid cage by a subject mouse was measured. Following the habitu-
ation phase, a single, unfamiliar male mouse was placed in one of the two
cages. Time spent around each grid cage was measured in a 10 min ses-
sion as an indicator of sociability. Social novelty preference was evaluated
in an additional 10 min session, during which a new, unfamiliar male
mouse was placed in the previously empty grid cage.

Statistics. Statistical analysis was performed by one-way ANOVA
followed by a Dunnett or Tukey honest significant difference test. If
applicable, we used an unpaired two-tailed Student’s t test. The level of
significance was set at p < 0.05.

Results
Klf5 is dominant in the regulation of NPC migration,
differentiation, and proliferation
We first examined expression levels of Klf2, Klf4, and Klf5 by
RT-qPCR in mouse ESCs and embryonic forebrain. Consistent
with preceding studies (Bruce et al., 2007; Ema et al., 2008;
Jiang et al., 2008; Parisi et al., 2008), we found abundant expres-
sion of these three genes in the ESCs (Fig. S1A). In the E8.5 fore-
brain as well as in the E14.5 cortex, expression levels were
downregulated relative to the ESCs. Klf5 exhibited expression
levels several times higher than Klf2 and Klf4 in the developing
brain (F(2,6) = 7.008; p= 0.0269 for E8.5 forebrain; F(2,6) = 10.98;
p= 0.0099 for the E14.5 cortex by one-way ANOVA; Fig. S1B).
Ubiquitous expression of Klf5 in the forebrain of E10.5 embryos
and in the cortex and ganglionic eminence of E14.5 embryos was
confirmed by immunohistochemistry (Fig. S1C–E).

To investigate the roles of Klf2, Klf4, and Klf5 in neurogenesis,
we performed in utero electroporation (Fig. 1A) to analyze the

effects of acute knockdown and overexpression of each gene.
We first electroporated shRNA-coding vectors together with a
GFP expression plasmid into the dorsal VZ of embryos at
E13.5. We analyzed the brains 72 h after the electroporation
(Fig. 1A). Among Klf2, Klf4, and Klf5, only Klf5 knockdown sign-
ificantly enhanced the radial migration of NPCs to the cortical
plate (F(4,23) = 4.585; p= 0.0141; control vs Klf5 KD; p= 0.0052
using a Dunnett multiple-comparisons test; Fig. 1B).
Meanwhile, only Klf5 overexpression suppressed the radial
migration of NPCs (F(3,14) = 8.730; p= 0.0016; control vs Klf5
OE; p= 0.0023 using a Dunnett multiple-comparisons test;
Fig. 1C,D). We also examined whether Klf5 overexpression can-
celed the effect of Klf5 knockdown, using a mutant form of Klf5
(Klf5m). Klf5m carries nucleotide substitutions that makes it
resistant to shRNA-mediated knockdown but generates no
amino acid substitution relative to wild-type Klf5. We found
that Klf5m indeed rescued the enhanced radial migration in
the presence of Klf5 shRNA expression (F(2,13) = 14.16; p=
0.0005; pSilencer/pBR-CAG vs Klf5 KD/pBR-CAG; p= 0.0249
and Klf5 KD/pBR-CAG vs Klf5 KD/Klf5m; p= 0.0004 using a
Tukey multiple-comparisons test; Fig. 1E,F). These results sug-
gest that Klf5 suppresses the radial migration of NPCs. This, in
turn, prompted us to examine differentiation because differentia-
tion and radial migration of NPCs are tightly coupled.

Pax6+ NPCs in the VZ are known to differentiate into Tbr2+

SVZ cells. Contrary to our expectations, analysis of the brains
24 h after electroporation showed that Klf5 overexpression
increased the number of Tbr2+ cells and decreased the number
of Pax6+ cells (t(13) = 2.750; p= 0.0165 for Tbr2+ cells; t(13) =
2.240; p= 0.0432 for Pax6+ cells; Fig. 2A,B). In addition, BrdU
incorporation (50 mg/kg injected intraperitoneally 2 h before
fixation) increased in the presence of Klf5 overexpression
(t(17) = 3.745; p= 0.0016; Fig. 2C,D). These results suggest that
Klf5 facilitates the transition from Pax6+ radial glia to Tbr2+

intermediate progenitors but prevents further differentiation
into neuroblasts.

Klf5 overexpression increases NPC proliferation and
attenuates NSC self-renewal capability
We further determined the effects of Klf5 overexpression in
developing mouse brains by mating CAG-Stop-Klf5 mice with
mice carrying a NPC-specific Cre driver, Nestin-Cre, to generate
Nestin-Cre, CAG-Stop-Klf5 double transgenic (Klf5 OE) mice
(Fig. 3A). In Klf5 OE mice, Klf5 overexpression was induced in
both the NPCs and their progeny. Immunohistochemical analy-
sis of Klf5 OE embryonic brains showed the presence of more
Tbr2+ cells in the VZ of Klf5-overexpressing brains compared
with control mice (Fig. 3B). This observation was verified by a
significant increase in the number of Tbr2 + Pax6+ cells among
NPCs (t(8) = 2.616; p= 0.0308; Fig. 3C). Furthermore, we found
that Klf5 overexpression enhanced proliferation of Tbr2+ inter-
mediate progenitor populations (t(9) = 3.413; p= 0.0077;
Fig. 3D). This observation suggested that terminal differentiation
of Tbr2+ intermediate progenitors was delayed due to augmented
proliferation. Therefore, we conducted a birthdating analysis, in
which NPCs were labeled with EdU at E11.5 and their destina-
tion was analyzed at P0. In the mammalian developing cortex,
NPCs radially migrate and settle in an inside-to-outside pattern.
Neurons in the deep layers are generated during the earliest stage
of neurogenesis (E11.5–12.5). Indeed, we found that EdU+ neu-
rons were mostly present in layer VI/subplate of wild-type brains
(Fig. 3E). In contrast, significantly more EdU+ neurons were
detected in layer V of the cortex of Klf5 OE pups (Fig. 3F).
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In addition, we found that layers II–IV of the Klf5OEmouse cor-
tex were thinner than those of the control cortex (Fig. 3G). These
results suggest that the generation of early-born neurons was
delayed and that production of late-born neurons was reduced
in the cortex of Klf5 OE pups. We also determined that Olig2+

oligodendrocyte precursor cells were generated in the cortex
and found that the percentage of Olig2+ cells was increased in
Klf5 OE pup brains compared with control brains (Fig. 3I).

We next determined how Klf5 overexpression affected cell
cycle timing. We first showed that Klf5-transfected Neuro2a

mouse neuroblastoma cells incorporated more BrdU than cells
transfected with a control vector (t(27) = 5.243; p < 0.0001;
Fig. 4A,B). Then, we used a BrdU and EdU double labeling pro-
tocol to show that the average S-phase time and overall cell cycle
time were both shorter in the presence of Klf5 overexpression
(t(27) = 3.921; p= 0.0005 for Ts; t(27) = 9.444; p < 0.0001 for Tc;
Fig. 4C–F). We applied the same protocol to cells from the cortex
of E14.5 Klf5 OE and littermate control embryos (Fig. 5A).
Consistent with the immunohistochemical results, more cortical
cells from Klf5 OE embryos incorporated BrdU than those from

Figure 1. Effect of Klf5 knockdown and overexpression on NPC migration. A, Schematic diagram of in utero electroporation. At 72 h after in utero electroporation of shRNA plasmids for Klf2,
Klf4, or Klf5 together with pCX-EGFP into the cortex of E13.5 embryos, coronal cryosections were immunostained for GFP. White-dotted lines show the pial surface. B, The percentage of GFP+ cells
in the cortical plate (CP, white), intermediate zone (IMZ, light gray), and VZ/SVZ (dark gray). C, D, Klf2, Klf4, or Klf5 expression and control plasmids together with a pCX-EGFP expression plasmid
were electroporated into the cortex of E13.5 embryos. The percentage of GFP+ cells in the cortical plate was determined 72 h later. E, Expression plasmid of a shRNA-resistant mutant form of Klf5
(Klf5m, shown in the left scheme), together with Klf5 shRNA and EGFP expression plasmids, were coinjected into the brains of E13.5 embryos and electroporated 72 h before immunostaining.
F, Percentages of GFP+ cells. Circles and diamonds represent individual animals. Data were analyzed by one-way ANOVA, followed by a Dunnett (B, D) or by Tukey (F) post hoc test (*p< 0.05),
and are shown as means ± SEM. Scale bars, 100 μm.
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control embryos (t(12) = 3.819; p= 0.0024; Fig. 5B). At the same
time, the average cell cycle time was shortened from 83.4 to
39.4 h in the presence of Klf5 overexpression (t(12) = 2.855; p=
0.0145; Fig. 5C).

Together, these results suggest that Klf5 overexpression facil-
itates the transition from slowly dividing, neurosphere-forming
NSCs to vigorously dividing neural progenitor cells, which
remain undifferentiated but have lost self-renewal capability.
Although some neural progenitor cells may form relatively small
primary neurospheres in vitro, these primary neurospheres can-
not be passaged to generate secondary neurospheres. We
assessed the size of the neural precursor population by a colony-
forming neurosphere assay using cells from the cortex of E13.5
embryos. We found that the number of primary neurospheres
was increased in Klf5 OE embryos compared with littermate
wild-type embryos (F(3,24) = 6.059; p= 0.0032; wild-type vs Klf5
OE, p= 0.0209; Fig. 5D). It is possible that this increase resulted
from enhanced proliferation of neural progenitor cells due to
Klf5 overexpression. We then evaluated the self-renewal capacity
of neurosphere-forming cells by passaging single primary neuro-
spheres, since the number of secondary neurospheres reflects the
extent of symmetric, expansive divisions of NSCs during primary
neurosphere formation. The number of secondary neurospheres
was significantly reduced in Klf5 OE embryos (F(3,24) = 3.108; p=
0.0453; wild-type vs Klf5 OE, p= 0.0306; Fig. 5E). NSCs in the
cortex of mouse embryos migrate ventrally to the VZ of the gan-
glionic eminence and persist as quiescent, lifelong NSCs in the
postnatal brain (Willaime-Morawek et al., 2006). Therefore, we

also examined NSC self-renewal in the ganglionic eminence of
E15.5 embryos. We found that the number of primary neuro-
spheres was comparable among the genotypes, but the number
of secondary neurospheres from Klf5-overexpressing NSCs was
decreased compared with control NSCs (F(3,31) = 6.061; p=
0.0023; wild-type vs Klf5 OE, p= 0.0008; Fig. 5F,G). Thus, these
results suggest thatKlf5 overexpression expands the Tbr2+ neural
progenitor population with reduced self-renewal capability.

Klf5 deficiency attenuates NSC self-renewal
We analyzed the effects of Klf5 deficiency in developing mouse
brains by mating Nestin-Cre tg and Klf5 cKO mice (Fig. 6A).
When proliferating cells were labeled with a 2 h exposure to
BrdU, the ratio of BrdU+ cells in the Pax6+ population, but not
in the Tbr2+ population, was significantly lower in Klf5 cKO
than in control embryos (t(4) = 4.969; p= 0.0077 for Pax6+; t(4)
= 0.914; p= 0.4125 for Tbr2+; Fig. 6B,C). We further examined
the size of the NSC population in Klf5 cKO embryos using cells
from the ganglionic eminence of E15.5 embryos because gangli-
onic eminence NSCs exhibited muchmore self-renewal than cor-
tical NSCs (Fig. 5E,G). We found that the number of primary
neurospheres was significantly lower in E15.5 Klf5 cKO than in
littermate wild-type embryos (F(2,35) = 3.852; p= 0.0308; control
vs Klf5 cKO; p= 0.019; Fig. 6D). In addition, the number of sec-
ondary neurospheres was significantly lower in the Klf5 homozy-
gous as well as heterozygous KOs than in wild-type primary
neurospheres (F(2,27) = 4.909; p= 0.0152; control vs Klf5 hetero-
zygous, p= 0.0446; control vs Klf5 cKO, p= 0.0136; Fig. 6E).

Figure 2. Effect of Klf5 overexpression on NPC differentiation and proliferation. A, C, Klf5 overexpression plasmid together with a pCX-EGFP expression plasmid was used for in utero elec-
troporation into the cortex of E13.5 embryos. The brains were analyzed 24 h later. BrdU was intraperitoneally injected into the dam 2 h before sacrifice. Coronal cryosections were immunostained
for GFP and either Tbr2 or Pax6 (A) or BrdU (C). B, D, Percentages of Tbr2+ cells and Pax6+ cells (B) and BrdU+ cells (D) among GFP+ cells after overexpression were calculated. Data were
analyzed using Student’s t tests (*p< 0.05) and are shown as means ± SEM. Scale bars, 20 μm.
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Thus, the self-renewal capability of NSCs was impaired by Klf5
deficiency in a gene-dosage–dependent manner. These data
appear inconsistent with the results of the Klf5 overexpression
study. However, this inconsistency disappears when Klf5 sup-
presses the differentiation of NPCs into postmitotic neurons, as
demonstrated by Klf5 KD experiments (Fig. 1A,B).

Downstream genes affected by Klf5 overexpression in NPCs
RNA-sequencing analysis was carried out for primary neuro-
spheres derived from the brain of Nestin-Cre::CAG-Stop-Klf5
and Nestin-Cre control embryos. We identified 886 upregulated
and 615 downregulated genes resulting from Klf5 overexpression
(Fig. 7A). The gene expression profiles clearly separated
Klf5-overexpressing and control neurospheres (Fig. 7B).
Consistent with the above notion, Klf5 overexpression decreased
the expression of prominin 1, a marker gene for stem cells
(Florek et al., 2005; Walker et al., 2013; Fig. 7A). GO enrichment

analysis for both up- and downregulated genes showed significant
enrichment of biological processes related to NSC maintenance
and Notch signaling (Fig. 7C). Notch signaling plays pivotal roles
in the maintenance of NSCs (Artavanis-Tsakonas et al., 1995;
Nakamura et al., 2000; Hitoshi et al., 2002; Yoon and Gaiano,
2005). We found that effector genes of Notch signaling, Hes5
and Hey1, were downregulated, although another effector gene,
Hes1, was at a high expression level; in contrast, Notch ligand
genes, Dll3 and Jag1, were upregulated in the Klf5-overexpressing
neurospheres (Fig. 7D,E). Klf2 and Klf4 were not significantly
affected by Klf5 overexpression.

Recently, NPCs were analyzed by single-cell RNA-sequencing
techniques to reveal distinct transcriptomic profiles in NSC pop-
ulations (Llorens-Bobadilla et al., 2015; Belenguer et al., 2021).
Thus, active NSCs in the subependymal zone of the adult mouse
brain were characterized by a tendency for higher Klf5 expression
and significantly lower expression of Klf2 and Klf4 than those in

Figure 3. Analysis of Klf5-overexpressing mouse embryonic brains. A, Generation of conditional Klf5 overexpression (Klf5 OE) mice by mating Nestin-Cre and CAG-Stop-Klf5 transgenic mice.
The CAG promoter drives GFP expression and FLAG/HA-tagged Klf5 after Cre excision in the transgene. B, BrdU was injected intraperitoneally into the dam at E14.5, and the embryos were
perfused after 2 h. Coronal cryosections derived from Klf5 OE or littermate wild-type embryos were triple immunostained for BrdU, Pax6, and Tbr2. Higher-magnification views of the areas
enclosed by dotted squares are shown in the panels on the right. Scale bars, 200 μm (lower magnification) and 50 μm (higher magnification). C, The percentage of Tbr2+Pax6+ cells in NPCs
(Tbr2+ or Pax6+ cells). D, The percentage of BrdU+Tbr2+ cells among all Tbr2+ cells. E–I, EdU was intraperitoneally injected into the dam at E11.5, and pups were perfused at P0. Coronal
cryosections were immunostained for Ctip2 (E), a marker of layer V, or Olig2, a marker of oligodendrocyte-lineage cells (H), followed by visualization of EdU incorporation into DNA. Scale bars,
100 μm. F, Percentages of EdU+ cells in each layer of three sections at the level of the ganglionic eminence were counted and averaged. G, Thickness of each layer at the medial, middle, and
lateral regions of the cortex in three sections at the coronal level of the ganglionic eminence was measured and averaged. I, Percentages of Olig2+ cells in the cortex of three sections at the levels
of ganglionic eminence were counted and averaged. Data were analyzed using Student’s t tests (C, D, F, I) or by one-way ANOVA followed by a Dunnett post hoc test (G) (*p< 0.05) and are
shown as means ± SEM.
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Figure 4. Shortening of the cell cycle time by Klf5 overexpression. A, Schematic diagram of double labeling with BrdU and EdU. Neuro2a cells were transfected with Klf5 overexpression and
control plasmids, together with a GFP expression plasmid. Two days after transfection, the cells were cultured in the presence of BrdU for 4 h, followed by BrdU/EdU for 1 h. The cells were then
fixed and immunostained for GFP and BrdU, followed by visualization of the EdU reaction. White arrows and arrowheads indicate BrdU+EdU+ and BrdU+EdU– cells, respectively. Scale bar,
50 μm. B, Percentages of BrdU+ cells among GFP+ transfectants. C, D, Schematic diagram (C) and equations (D) for the calculation of S-phase time (Ts) and cell cycle time (Tc). E, F, S-phase time
(E) and cell cycle time (F) of Klf5-transfected and control Neuro2a cells. Data were analyzed using Student’s t tests (*p< 0.05), and error bars indicate means ± SEM.

Figure 5. Cell cycle time and self-renewal of Klf5-overexpressing NPCs. A, Cells from the cortex of E14.5 Klf5 OE and littermate control embryos were cultured in the presence of BrdU for 4 h
and then in BrdU/EdU for 1 h. The cells were then fixed and immunostained for GFP and BrdU, followed by visualization of the EdU reaction. White arrows and arrowheads indicate BrdU+EdU+

and BrdU+EdU– cells, respectively. Scale bar, 50 μm. B, Percentages of BrdU+ cells. C, Average cell cycle times. D, F, Numbers of primary neurospheres derived from the cortex of E13.5 mouse
brains (D) or from the ganglionic eminence of E15.5 mouse brains (F), which were cultured in SFM in the presence of FGF-2 and heparin for 7 d. E, G, Individual primary neurospheres were
mechanically dissociated and recultured in SFM in the presence of EGF, FGF-2, and heparin. The number of secondary neurospheres derived from single primary neurospheres was counted after
7 d. Data were analyzed using Student’s t tests (B, C) or by one-way ANOVA, followed by a Dunnett post hoc test (D–G) (*p< 0.05) and are shown as means ± SEM.
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shallow quiescent NSCs (Fig. 7F). Interestingly, active NSCs
exhibited similar expression profiles for Notch signaling-related
genes as those in Klf5-overexpressing neurospheres, except for
Hes1 (Fig. 7F).

The RNA-seq data and our microarray analysis using
Klf5-overexpressing ESC lines detected 95 and 75 commonly
upregulated and downregulated genes, respectively (Fig. 7G).
Among them, Hes1 expression in Klf5-overexpressing ESCs
was increased by 1.53-fold compared with control ESCs (n = 2
for each group). The public ChIP-sequencing database for geno-
mic binding of Klf5 in mouse ESCs showed that Klf5 preferen-
tially occupies the promoter region of Hes1 but not that of
Hes5 (Fig. 7H), suggesting that Hes1 is a direct target of transac-
tivation by Klf5. We tested this notion by measuring Klf5 tran-
scriptional activity using a firefly luciferase reporter assay in
Neuro2a cells. When a distal region of the Hes1 promoter where
Klf5 ChIP-seq peaks accumulated was ligated to the luciferase
gene, overexpression of Klf5, but not Klf2 or Klf4, significantly
enhanced promoter activity compared with the control expres-
sion vector (Fig. S2A). In contrast, when the proximal region
of the Hes1 promoter, where an RBP-J binding site exists, was
tested, only the Notch1 intracellular domain (NICD), the active
form of the Notch1 receptor, produced strong promoter activity
(Fig. S2A). Consistent with these findings, Klf5 and NICD

overexpression induced Hes1 expression in Neuro2a cells
(Fig. S2B). No apparent peaks were observed in the promoters
of Dll3 or Jag1 genes. In addition, we observed a moderate
peak for Klf5 binding in the second intron of the Eomes (Tbr2)
gene (Fig. 7H). Interestingly, Eomes expression was upregulated
in the Klf5-overexpressing ESCs (average 3.13-fold change) rela-
tive to control ESCs, suggesting that Klf5 directly transactivates
Eomes expression. Indeed, although we could not detect any pro-
moter activity in the first and second introns of Eomes following
Klf2, Klf4, or Klf5 expression, only Klf5 significantly increased
Eomes expression (Fig. S2C,D). We further tested whether Klf5
overexpression specifically upregulatesHes1 or Eomes expression
in NPCs using Klf4- or Klf5-expressing lentivirus vectors
(Fig. S3A–C). We confirmed that Klf5, but not Klf4, overexpres-
sion resulted in a significant increase in Hes1 and Eomes expres-
sion in lentivirus-infected neurospheres (Fig. S3D,E).

Hes1 expression is normally restricted to Pax6+ cells in the VZ
(Fig. 7I), yet in brains from Klf5-overexpressing embryos some
Tbr2+Pax6– cells in the SVZ did express Hes1 (Fig. 7I). Thus,
these results support the notion that Klf5 plays a key role in
the generation of Tbr2+ neural progenitors that lose their self-
renewal capability and that Klf5-mediated Hes1 upregulation
prevents the cells from further differentiating into neuroblasts
and maintains their proliferation as intermediate progenitors.

Figure 6. The self-renewal of Klf5-deficient NSCs. A, NPC-specific Nestin-Cre driver mice were used to generate Klf5 cKO embryos. BrdU was injected intraperitoneally into the dam at E14.5,
and embryos were perfused after 2 h. Coronal cryosections derived from Nestin-Cre or Nestin-Cre, Klf5 cKO embryos were double immunostained for Pax6 and BrdU. Scale bars, 200 μm (lower
magnification) and 50 μm (higher magnification). B, C, Percentages of BrdU+Pax6+ cells in total Pax6+ cells (B) and BrdU+Tbr2+ cells in total Tbr2+ cells (C) were calculated. D, Numbers of
primary neurospheres derived from the ganglionic eminence of E15.5 embryos were counted. E, Each primary neurosphere was mechanically dissociated and recultured in SFM in the presence of
EGF, FGF-2, and heparin. The number of secondary neurospheres derived from single primary neurospheres was counted after 7 d. Data were analyzed using Student’s t tests (B and C) or by
one-way ANOVA, followed by a Dunnett post hoc test (D and E) (*p< 0.05) and are shown as means ± SEM.
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Klf5 overexpression results in ventriculomegaly and reduced
adult neurogenesis
We further analyzed Klf5 OE mice in the postnatal stages. First,
we found that Klf5 OE mice had smaller brains than their litter-
mate controls (t(18) = 2.525; p= 0.0212; Fig. 8A). MRI of the Klf5
OE brains showed enlargement of the lateral ventricles (t(4) =
3.850; p= 0.0183; Fig. 8B,C). This phenotype was likely not due
to occlusion of cerebrospinal flow because we never observed
tumor-like cell proliferation along and protrusions into the ven-
tricular system that would have prevented the flow. This finding
is likely attributable to cortical hypoplasia in Klf5 OE mice and,
therefore, is consistent with ex vacuo ventriculomegaly. Our
observations of the neural precursor population in the embryonic
brain indicate that Klf5 overexpression facilitates the transition
from Pax6+ radial glia to Tbr2+ intermediate progenitor cells
and predict that the population of self-renewing NSCs will

decrease in the postnatal brain. Indeed, the number of NSCs
was depleted in 10-week-old Klf5 OE mice compared with their
littermate controls (F(3,9) = 22.46; p= 0.0002; Fig. 8D), and the
self-renewal capability of Klf5-overexpressing NSCs was drasti-
cally attenuated relative to control NSCs (F(3,9) = 10.33; p=
0.0028; Fig. 8E). The total number of neurosphere-forming
NSCs was substantially reduced in the Klf5 OE mouse brain
over the lifespan of the animal (Fig. 8F). Moreover, the degree
to which the rate of neurosphere production was reduced was
higher in Klf5 OE mice than in control mice (by 43.82% from
10 to 24 weeks in Klf5 OE mice vs 19.08% in control mice;
Fig. 8F). As a result of this NSC depletion, the number of transit
amplifying cells, the direct progeny of NSCs that can be detected
by BrdU incorporation, was decreased in both the subependymal
zone and subgranular zone of the dentate gyrus in Klf5 OE mice
relative to the littermate controls (t(9) = 3.010; p= 0.0147 for the

Figure 7. Transcriptome and ChIP-sequencing analyses of Klf5-overexpressing NPCs. A, RNA-sequencing data shown as scatterplots comparing the global gene expression profile of primary
neurospheres derived from E15.5 Klf5 OE or Nestin-Cre littermate control embryos. Red and blue arrows point to yellow dots indicating Klf5 and prom1, respectively. B, Heat map showing
expression levels of DEGs. C, GO enrichment analysis for both up- and downregulated genes displayed as fold change in expression between Klf5 OE and littermate control animals. D, Volcano plot
of DEGs. E, Heat map showing expression levels of genes related to Notch signaling. F, Relative single-cell expression levels normalized to the average of primed (shallow quiescent) NSCs.
Asterisks indicate that the expression levels of the indicated genes in active NSCs are significantly upregulated or downregulated compared with primed NSCs (FDR < 0.05). G, Venn diagram
showing the number of upregulated and downregulated genes that are expressed in both Klf5-overexpressing neurospheres and ESCs. H, Peaks for Klf5 and Klf4 binding to Hes1, Hes5, Dll3, Jag1,
and Eomes (Tbr2) loci. I, Codetection of Hes1 expression using in situ hybridization followed by immunostaining for Tbr2 and Pax6 in the E15.5 cortex. Higher-magnification views of the areas
enclosed by dotted squares are shown in the panels on the right. Arrowheads indicate representative cells containing in situ hybridization signals. Scale bars, 50 μm.
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subependymal zone; t(11) = 2.800; p= 0.0173 for the subgranular
zone; Fig. 8G–I). We further determined neurogenesis in the
granular cell layer by a long-term BrdU labeling study, in which
NPCs in the subgranular zone were labeled at 20 weeks of age
and analyzed for their differentiation into NeuN+ mature

neurons over 4 weeks (Fig. 8J). We observed a reduction in
BrdU+ neurons in the Klf5 OE mice compared with littermate
controls (t(4) = 4.887; p= 0.0081).

We next tested if the reduction in the number of NSCs and
subsequent neurogenesis affected the behavior of Klf5 OE mice.

Figure 8. Analysis of postnatal mouse brains with Klf5 overexpression. A, The brain size as indicated by the illustration was measured in Klf5 OE (n= 8) and littermate control mice (n= 12).
B, Representative T2-weighted magnetic resonance images and Nissl-stained sections of 10 week Klf5 OE and littermate wild-type mouse brains. Coronal planes at the anterior commissure (top
panels), the interventricular foramen (center panels), and the splenium (bottom panels) are shown. C, The lateral ventricle size measured in Klf5 OE (n= 3) and littermate wild-type mice (n= 3).
D, The number of resulting primary neurospheres counted after 2,500 cells from the tissue surrounding the lateral ventricles (the subependymal zone) of 10 week mouse brains were cultured for
7 d in SFM in the presence of EGF, FGF-2, and heparin. E, The number of secondary neurospheres derived from single primary neurospheres that were mechanically dissociated and recultured in
the same medium for 7 d. F, The total number of neurosphere-forming NSCs in the brains of Klf5 OE (n= 4–7 at each time point) and littermate control (n= 7–9 at each time point) mice over
the lifespan of the animals. Data are shown as means ± SD. G, BrdU (50 mg/kg) was intraperitoneally injected five times at 3 h intervals. The mice were killed 1 h after the last injection. Coronal
cryosections of Klf5 OE and littermate wild-type mice were immunostained for BrdU. H, I, Numbers of BrdU+ cells in the subependymal zone (H) and in the dentate gyrus (I) of 24 week Klf5 OE
and littermate control mouse brains. J, BrdU was intraperitoneally injected into mice five times at 20 weeks of age, and the mice were killed 4 weeks after the last injection. Coronal cryosections
of Klf5 OE and littermate wild-type mice were immunostained for BrdU and the indicated markers. Arrowheads and arrows indicate BrdU+ cells in the subgranular zone and the granular cell layer
(GCL), respectively. The areas within the dashed boxes are shown on the right at higher magnification. K, The total number of BrdU+ cells in the GCL from the rostral tip of the dentate gyrus to
the end of the splenium of 24 week Klf5 OE and littermate control mouse brains. Data were analyzed using Student’s t tests (C, H, I, K) or by one-way ANOVA, followed by a Dunnett post hoc test
(D, E) (*p< 0.05) and are shown as means ± SEM except for F. Scale bars, 1 mm (B), 200 μm (G, J lower magnification), and 50 μm (J higher magnification).
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In an open-field test, Klf5 OE mice showed hyperactive locomo-
tion (t(38) = 2.592; p= 0.0135) but had anxiety levels, as measured
by the center time, that were comparable to those of the control
mice (Fig. 9A). In a Barnes maze test to assess spatial memory,
Klf5 OE mice were less able to recall the position of the target
escape box compared with control animals, although they did
eventually acquire comparable memory to the control animals

as assessed in a probe test (t(34) = 0.2347; p= 0.8159; Fig. 9B,C).
Klf5 OE mice showed apparent memory impairment when the
target escape box was moved to a new position opposite the orig-
inal one (t(34) = 2.516; p= 0.0167; Fig. 9B,D). In contrast, condi-
tioned fear memory was grossly similar between Klf5 OE
and their littermate control mice in both a contextual and cued
test, which are considered as hippocampus-dependent and

Figure 9. Behavior analysis of mice with Klf5 overexpression. A, Klf5 overexpression (Klf5 OE) and littermate wild-type male mice at 10 weeks of age were subjected to an open-field test.
Representative trajectories in the open-field chamber during the 10 min test period are shown. Total traveled distance (left) and time spent in the center area (right) were compared. B, Klf5 OE
(n= 22) and littermate wild-type (n= 14) male mice were assessed for spatial memory in a Barnes maze test. Latency and errors in entering the target escape box were measured during the
training and reversed training. C, D, In the probe (C) and reversed probe (D) tests, time spent around each hole was measured in relation to the angle of the hole to the target. The accuracy of the
reference memory was scored as the ratio of the time spent around the target to the time spent around the target and neighboring holes. E, Klf5 OE and littermate wild-type male mice were
assessed for sociability and novelty preference in a three-chamber apparatus. After habituation training to the apparatus, the time spent around each grid chamber was measured. Data were
analyzed using Student’s t tests (A, C–E) or by two-way ANOVA (B) (*p< 0.05) and are shown as means ± SEM except for B, in which error bars indicate SD.
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independent learning tasks, respectively (Fig. S4). Sociability and
social novelty preference assessment conducted using a three-
chamber social interaction apparatus revealed that Klf5 OE and
their littermate control mice had comparable interest in stranger
mice (F(3,118) = 17.62; p < 0.0001; sociability), indicating no pref-
erence for social novelty by Klf5 OE mice (Fig. 9E).

Discussion
We demonstrated here that Klf5 shares a common function with
Klf4 and suppresses the radial migration of NPCs to the cortical
plate (Qin and Zhang, 2012). On the other hand, Klf5 plays an
opposite role to Klf4 in the maintenance of the NPC population.
Klf4 inhibits the proliferation of NPCs and enhances expression
of GFAP, a marker of NSCs in the postnatal brain (Qin and
Zhang, 2012), whereas Klf5 induces the transition from Pax6+

radial glia to Tbr2+ intermediate progenitors and increases their
proliferation. Similar opposing effects of Klf4 and Klf5 on cell pro-
liferation were documented using several cancer cell lines (Dang et
al., 2003; Ohnishi et al., 2003; Nandan et al., 2008). Hence,Klf4 and
Klf5 are considered to be tumor suppressive and pro-oncogenic
genes, respectively. In normal neural development, NPC prolifera-
tion is tightly coupled with NSC lineage differentiation (Ishino et
al., 2014). The demonstration of slowly dividing NSCs, which are
selected from the NPC populations during early developmental
stages (Fuentealba et al., 2015; Furutachi et al., 2015), raises a ques-
tion about how those slowly dividing and vigorously dividing states
in NPCs are regulated and how proliferation of neural progenitor
cells is adjusted so that they produce appropriate numbers of neu-
rons and glia in the postnatal brain. Results of our study support a
molecular mechanism in which Klf5 expression levels determine
the fate of NPCs in the developing brain, such that the majority
lose self-renewal capability and become intermediate progenitors
that are consumed after an appropriate number of divisions as
they generate neurons and glia (Fig. 10).

We and other groups reported that activation of FGF signal-
ing by microinjection of FGF-2 into the lateral ventricles of the
brain or by constitutively active mutations of FGF receptor 3
results in proliferation of NPCs and subsequent ventriculome-
galy without any evidence of ventricular system stenosis
(Inglis-Broadgate et al., 2005; Naruse et al., 2006; Rash et al.,
2013). In addition, modifications of signaling pathways that are
involved in the expansion of the NPC population also cause ven-
triculomegaly (Chenn and Walsh, 2003; Chizhikov et al., 2019;
Roy et al., 2019). Interestingly, gyrification in lissencephalic
mouse brains was occasionally observed in these mice. These

findings suggest that extensive proliferation of NPCs, especially
intermediate progenitor cells, during development is a key factor
underlying the evolution from lissencephalic to gyrencephalic
brains. In human and macaque monkey brains, expansion of
the outer SVZ, comprising outer radial glia and intermediate pro-
genitors, forms the cellular basis for production of massive num-
bers of neurons as well as cortex gyrification (Molnár et al., 2019).
However, the roles of KLF5 in the production and expansion of
the intermediate progenitor population in primate neurogenesis
and in the evolution of species having a gyrified cortex remain an
open question.
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