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ABSTRACT

Neural differentiation of embryonic stem cells (ESCs)
requires precisely orchestrated gene regulation, a
process governed in part by changes in 3D chromatin
structure. How these changes regulate gene expres-
sion in this context remains unclear. In this study,
we observed enrichment of the transcription factor
KLF4 at some poised or closed enhancers at TSS-
linked regions of genes associated with neural differ-
entiation. Combination analysis of ChIP, HiChIP and
RNA-seq data indicated that KLF4 loss in ESCs in-
duced changes in 3D chromatin structure, including
increased chromatin interaction loops between neu-
ral differentiation-associated genes and active en-
hancers, leading to upregulated expression of neural
differentiation-associated genes and therefore early
neural differentiation. This study suggests KLF4 in-
hibits early neural differentiation by regulation of 3D
chromatin structure, which is a new mechanism of
early neural differentiation.

INTRODUCTION

Kriippel-like factor 4 (KLF4) is an evolutionarily conserved
zinc finger-containing transcription factor that regulates
cell growth, proliferation, and differentiation in several con-
texts (1,2). One well-known KLF4 function is to regulate so-
matic cell reprogramming. A combination of KLF4, OCT4,
SOX2 and MYC can reprogram differentiated cells into
pluripotent stem cells with differentiation capacity (3-5).
Ectopic expression of KLF4, OCT4 and SOX2 in mouse
retinal ganglion cells induces reprogramming and restores
youthful DNA methylation patterns and transcriptomes
(6). Previous studies report that KLLF4 functions as a tran-
scriptional repressor and plays important roles in axonal

growth. KLF4 downregulation is essential for normal neu-
ral development (7), and neural progenitors with constitu-
tive expression of KLF4 fail to develop into mature neu-
rons (8). In addition, dysregulation of KLF4 induced hy-
drocephalus in mouse (7). These findings suggest important
roles of KLF4 in neural development. Nonetheless, mecha-
nisms underlying these activities remain not very clear.

Neurodevelopment requires proper orchestration of dy-
namic gene regulation networks (9). Perturbing this pro-
cess, either by mutation or aberrant epigenetic activity, can
promote diseases of the nervous system such as autism,
schizophrenia or epilepsy (10-14). Epigenetic changes
governing neurodevelopment include alterations in DNA
methylation or histone modification (15,16) at regulatory el-
ements like enhancers and silencers. Several studies of 3D
chromatin structure report complex gene regulation net-
works via long-range chromatin interactions (17-20). Such
activities can also regulate differentiation or proliferation
(21-23). Moreover, a recent study showed that a gene reg-
ulation network induced by 3D chromatin structure played
an important role in differentiation of mouse ESCs to neu-
ral precursor cells (24).

KLF4 reportedly functions as a chromatin organizer
during somatic cell reprogramming (17,25), but it is not
known whether and how KLF4 functions in long-range
gene regulation networks during early neural differentia-
tion of ESCs. To investigate that possibility, we performed
HiChIP of RNA polymerasey II (RNA pol II) in wild-type
(WT) and KLF4 knock-out (KO) mouse ESCs (mESCs)
and analyzed changes in long-range gene regulation net-
works during neural differentiation. This analysis combined
with RNA-seq and ChIP-seq revealed KLF4 enrichment
at transcription start site (TSS)-linked regions of multi-
ple neural differentiation-associated genes, which also ex-
hibited poised enhancer marks. KLF4 KO induced global
changes in 3D chromatin structure in mESCs, including al-
teration of chromatin interactions in topological-associated
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domains (TADs) and changes in enhancer/promoter loops.
KLF4 loss induced changes in chromatin interactions re-
lated to neural differentiation-associated genes and upreg-
ulated those genes to promote early neural differentiation.
This analysis defines a new mechanism by which KLF4 reg-
ulates early neural differentiation through 3D chromatin
structure.

MATERIALS AND METHODS
Cell culture

Mouse ESCs El4 were grown in cell culture dishes
coated with 0.1% gelatin (Sigma, 9000-70-8) in DMEM
medium (Gibco) supplemented with 15% FBS (AusGeneX)
1000 U/ml of LIF (Millipore), non-essential amino acids
(Gibco), 1 mM of glutamax (ThermoFisher,), 100 U/ml of
penicillin and streptomycin (ThermoFirsher) and 0.1 mM
of B-mercaptoethanol (Sigma). Medium was changed every
2 days and cells were passaged every 2 days using trypsin—
EDTA (0.25%) (Gibco).

Generation of KIf4 knockout lines

For Kif4 KO, sgRNAs were designed using an online tool
(CRISPick, broadinstitute.org) (Supplementary table 2).
Oligos were synthesized and constructed with the pPSUPER -
puro system (RNAi System), following the manufacturer’s
instruction. Mouse ESCs were transfected with plasmids
containing sgRNAs and plated as single cells in six-well
plates. Puromycin was added 24 h after transfection at a fi-
nal concentration of 5 pg/ml to select stable lines. Medium
containing puromycin was changed every 2-3 days. KIf4
KO was verified by agarose gel electrophoresis, and KO ef-
ficiency verified by RT-qPCR and western blotting.

Neural differentiation of mouse ESCs

Neural differentiation of ESCs was performed following a
reported protocol (26) with minor changes. In brief, 5 x 10*
E14 cells were treated with ESC growth medium for 12 h,
and then medium was changed to Defined Default Medium
(DDM) (DMEM/F12 + GlutaMAX supplemented with
N2 supplement, 0.1 mM of non-essential amino acids, 1
mM of sodium pyruvate, 500 mg/ml of BSA, 0.1 mM of
B-mercaptoethanol, 5000 U/ml of penicillin and strepto-
mycin). After 48 h, 1 pM cyclopamine was added to DDM
to induce neural progenitor cells, and the medium was
changed every 2 days for 12 days of differentiation induc-
tion.

Quantitative real-time PCR (RT-qPCR)

Total RNA was extracted from cells using TRIzol Reagent
(Life Technologies). cDNA synthesis was performed us-
ing a PrimerScript™ RT reagent Kit with gDNA Eraser
(TaKaRa). Real-time PCR reactions were performed using
Hieff™ qPCR SYBR Green Master Mix (YEASEN) and a
BioRad CFX Connect Real-Time system. PCR cycling con-
ditions were: 95°C for 5 min, 40 cycles of 95°C for 15s,

60°C for 15 s and 72 °C for 30s. A melting curve of ampli-
fied DNA was subsequently acquired. Relative expression
of target genes was determined using the comparative CT
method and normalized to GAPDH. Primer information is
listed in Supplementary Table S2.

Western blot

Proteins were collected from mESCs and KLF4-KO cells
using RIPA buffer supplemented with a protease inhibitor
cocktail. Sample loading was based on the results of BCA
assay (Bicinchoninic acid). Proteins were separated by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) and then transferred to polyvinylidene di-
fluoride (PVDF) membranes (Millipore), which were then
blocked and incubated with KLF4 antibody (R&D Sys-
tems, AF3158, lot: WRR061703) overnight at 4°C, followed
by secondary antibodies (Abcam) for 1 h at room tempera-
ture. Bands were detected by Image Quant LAS 4000 with
an Enhanced Chemiluminescence Kit (Thermo Pierce).

RNA-Seq

Total RNA was extracted from cells using TRIzol Reagent
(Life Technologies) and DNA was removed with DNase I
(Thermo Scientific). Total RNA (5 pg) was used for RNA-
seq library preparation. Each library was prepared and se-
quenced to obtain ~6 Gb data by Novogene, China. Hisat2
(27) was used to map reads to the mouse mm10 genome
assembly and genes were annotated according to the En-
sembl database. The number of reads mapped to genes was
determined with htseq-count (28). Genes with mean count
number <2.5 were filtered out. DESeq (29) was used to an-
alyze differentially-expressed genes. Genes with expression
fold-change >2 or <-2 and P <0.05 were considered to
show significant expression change (Supplementary Table
3). DAVID (https://david.ncifcrf.gov/) was used for gene on-
tology (GO) analysis.

ChIP-seq data processing

ChIP-seq was performed as described with minor changes.
In brief, 1 x 107 cells were crosslinked with 1% formalde-
hyde (methanol free) in DMEM at a volume of 1 ml of
formaldehyde for every one million cells. Cells were cross-
linked 10 min at room temperature with rotation. Glycine
was added into a final concentration of 125 mM to quench
the formaldehyde. Samples were incubated 15 min on ice
and then spun down at 2500 g for 5 min. The supernatant
was discarded, and pelleted nuclei were washed once with
500 pl pre-chilled cell Lysis Buffer (10mM Tris-HCI pH
8.0, 10mM NaCl, 0.2% NP-40, 1 x protease inhibitors)
and then rotated at 4°C for 30 min. Samples were then
spun down at 2500 g for 5 min and the supernatant dis-
carded, while pelleted nuclei were washed twice with 500
wl of ice-cold ChIP Lysis Buffer. The volume of pelleted
material was brought up to 1 ml in Nuclear Lysis Buffer
(50mM Tris—=HCl pH 7.5, 10 mM EDTA, 1% SDS, 1 x pro-
tease inhibitors) and incubated 5 min at room tempera-
ture. Samples were then divided equally into three parts,


https://david.ncifcrf.gov/

sheared for 30 cycles (30 s ‘ON’ and 30 s of ‘OFF’), and
then spun down at 16 100 g for 15 min. Supernatant were
collected into new low-adsorption 1.5 ml EP tubes. Then,
60 wl of Protein A beads for every 107 cells were washed
in ChIP Dilution Buffer and resuspended in 50 wl Dilu-
tion Buffer per tube (100 pl per ChIP). Protein A beads
were added to samples, which were rotated 1 h at 4°C for
precleaning. Sample supernatants were then separated us-
ing a magnet and transferred into new tubes, and then
7.5 wg antibodies per 107 cells (H3K27ac, abcam, cat:
ab4729, lot: GR3442884-1; H3K4mel, abcam, cat: ab8895,
lot: GR3442591-1 and H3K27me3, abcam, cat: ab6002,
lot: GR3393630-3.), the samples were incubated at 4°C
overnight with rotation. The next day, 60 wl Protein A beads
were washed and added to samples and then rotated 2 h
at 4°C. Beads were washed three times each with Low Salt
Wash Buffer, High Salt Wash Buffer, and LiCl Wash Buffer.
Chip-DNA was de-crosslinking with Proteinase K and pu-
rification using AmpureXP beads. DNA libraries were gen-
erated using a FS DNA Library Prep Kit (QIAGEN).
The sequencing platform used was HiSeq XTen (Illu-
mina). Mapping of ChIP-seq data to mm10 was performed
using bowtie2. Peaks were called using MACS2 (30,31)
with default parameters and annotated with annotatePeaks
in Homer (32): callpeak -t treated.bam -c input.bam -n
sample -g mm -B -q 0.05 (Supplementary table 4). Co-
localization of histone modifications was detected with
ChromHMM (33).

HiChIP

HiChIP was performed as described (20) with modifica-
tions. Briefly, 1.5 x 107 cells were crosslinked with 1%
formaldehyde and lysed and then chromatin was digested
using 400 U Mbol (NEB). Then 37.5 pl biotin14-d-ATP
was added and restriction-cut ends were ligated using
4000 U T4 ligase (NEB). Pelleted nuclei were dissolved
in nuclear lysis buffer (50 mM Tris—-HCI, pH 7.5, 10 mM
EDTA, 1% SDS, and protease inhibitors), sonicated and di-
luted in ChIP dilution buffer (0.01% SDS, 1.1% Triton X-
100, 1.2 mM EDTA, 16.7 mM Tris—HCI, pH 7.5, and 167
mM NaCl). Immunoprecipitation was performed overnight
at 4°C by incubating RNA pol II antibodies (Biolegend,
cat: 664906, lot: B300182) precoated on protein A-coated
magnetic beads (Thermo Fisher Scientific). Immunocom-
plexes were washed three times each with low-salt buffer
(0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM Tris—
HCI, pH 7.5 and 150 mM NacCl), high-salt buffer (0.1%
SDS, 1% Triton X-100, 2 mM EDTA, 20 mM Tris-HCI,
pH 7.5 and 500 mM NacCl), and LiCl buffer (10 mM Tris—
HCI, pH 7.5, 250 mM LiCl, 1% NP-40, 1% Na-Doc and 1
mM EDTA), and beads were resuspended in DNA elution
buffer (50 mM NaHCOj; and 1% SDS). After elution, ChIP
samples were incubated with 10 mg/ml proteinase K 4 h at
55°C, and then DNA was purified using AMPure XP Beads
(Beckman). Streptavidin C1 beads were used to capture bi-
otinylated DNA. QIAseq FX DNA Library Kits were used
to generate the sequencing library. HiChIP libraries were
size-selected to 300700 bp using AMPure XP beads (Beck-
man) and subjected to 2 x 150-bp paired-end sequencing
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on HiSeq XTen (Illumina). Two biological replicates were
analyzed for each experimental condition.

HiChIP data processing

HiChIP paired-end reads were aligned to the mm10 genome
using the HiC-Pro pipeline (34). Default settings were used
to remove duplicate reads, assign reads to Mbol restriction
fragments, filter for valid interactions, and generate binned
interaction matrices. Valid read pairs (generated from HiC-
Pro) of individual samples were merged for each cell line. In-
teraction loop calling was performed using hichipper (35).
Loops significant at a FDR of 0.1 and supported by at
least 2 paired-end tags (PETS) were used for further analy-
sis (Figure S1, Supplementary Table 5).

Interaction matrices and virtual 4C visualization

HiChIP interaction maps were generated with HiC-Pro and
visualized using HiCPlotter (36) at 500, 25 and 5 kb reso-
lution, as indicated in each analysis. Virtual 4C plots were
generated from dumped matrices generated with Juicebox
(37). The chromosome of interest was extracted from the
.hic file and normalized with the size factor of valid reads.
The interaction profile of a specific 5-kb fragment contain-
ing the anchor was then plotted with R package ggplot2
(38). High-confidence loop (P < 0.05) calls were loaded into
the WashU Epigenome Browser (39,40), along with RNA
pol I ChIP data. Browser shots from WashU track sessions
were then included in virtual 4C and interaction maps.

Immunofluorescence and quantification

The DDM medium was removed and cells were rinsed
three times with PBS and then fixed for 25 min in 4%
paraformaldehyde (PFA) in PBS. PFA was then removed
and cells were rinsed with PB followed by permeabilization
with 0.5% Triton X-100 for 10 min. After blocking, cells
were incubated with primary antibodies (PAX6, Abcam)
overnight at 4°C. Then cells were rinsed three times with
PBS followed by incubation with secondary antibodies for
1 h at room temperature, and then rinse again with PBS.
Nuclei were stained with DAPI. For quantification of the
proportion of cells expressing a specific marker, at least 300
cells from three independent experiments (at least 100 cells
from each experiment) were counted.

Statistical analysis

Data represent means + S.E.M.; statistical analysis was
performed using Student’s z-test. *P < 0.05, **P < 0.01,
P < 0.001, ***P < 0.0001.

RESULTS

KLF4 binds to neural differentiation-associated gene loci that
carry poised enhancer marks.

To determine whether KLF4 regulates interactions between
gene regulatory elements and target genes, we first ana-
lyzed RNA-seq data in mESCs and mouse neural progen-
itor cells (NPCs)(41). Genes that were significantly up or
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down-regulated in NPCs in relative to ESCs may be as-
sociated with early neural differentiation. In combination
with KLF4-ChIP seq data, we observed KLF4 binding en-
richment at transcription start sites (TSSs) of more than
50% of genes that were significantly changed in NPCs com-
pared with ESCs (fold-change > 2 or <-2, P < 0.05) (Fig-
ure 1A), as well as at about 80% of gene bodies (Fig-
ure 1A), suggesting a possible KLF4 regulatory function
in these genes’ transcriptions. Analysis of ChIP-seq data
in mESCs showed that 19 426 of 89 450 KLF4-binding
sites were TSS-linked (TSS £ 2 kb) and 70 024 were at
non-TSS-linked regions (Figure 1B). Combination analysis
in mESCs of H3K27ac, H3K4mel and H3K27me3 ChIP-
seq data revealed that >60% KLF4 binding sites were en-
riched with histone modifications (Figure 1C, D). Such hi-
stone modifications reportedly mark DNA regulatory ele-
ments: H3K4mel is enriched in enhancer regions, H3K27ac
and H3K4mel mark active enhancers, and H3K27me3 and
H3K4mel mark poised or closed enhancers (42). We ob-
served that 21.4% KLF4 binding sites were enriched in both
H3K27me3 and H3K4mel at TSS-linked regions (Figure
1D), and some of these positions were at TSS-linked regions
of genes associated with neural differentiation, like Pax6,
Sox4, Foxp4 and Satb2 (Figure 1E) (43-49).

KLF4 KO induces transcriptional changes in neural
differentiation-associated genes.

We then used CRISPR/Cas9 to knock-out (KO) Klf4 in
mESCs and monitored both early neural differentiation and
potential changes in gene expression. Two guide RNA was
used to target the Klf4 gene (Figure 2A). The deletion was
confirmed by sequencing (Figure 2B). Western blot and RT-
gPCR analysis futher confirmed loss of KLF4 expression
in KO1 and KO2 (Figure 2C, D). RNA-seq data indicated
global transcriptome changes in KLF4-KO relative to wild-
type (WT) mESCs (Figure 2E, F). Moreover, several neural
differentiation-associated genes were upregulated in KLF4-
KO cells. Among them were Sox4, Sox!1, Gap43 and Pax6
(Figure 2E). Gene ontology (GO) analysis of significantly
upregulated genes (fold-change > 2, P < 0.05) by DAVID
(https://david.ncifcrf.gov/) revealed that genes of nervous
system development and cell differentiation were signifi-
cantly enriched in KLF4-KO cells (Figure 2G). GO analy-
sis of significantly downregulated genes (fold-change < -2,
P < 0.05) showed significant enrichment in metabolic pro-
cesses in KLF4-KO cells (Figure 2H). These analyses sug-
gested that KLF4 may be required to downregulate neural
differentiation genes in ESCs.

KLF4 KO alters 3D chromatin structure and upregulates
some neural differentiation-associated genes.

Given that KLF4 reportedly organizes 3D chromatin struc-
ture and RNA polymerase II binding is associated with
gene transcription, thus we performed RNA pol I HiChIP
to monitor potential changes in 3D chromatin structure in
KLF4-KO cells and investigated how 3D chromatin struc-
ture changes induced alterations of genes expression in
KLF4-KO cells (Supplementary Figure S1). KLF4 KO in-
creased chromatin interactions in some chromatin regions,

such as at chromosomes 6 and 14 (Figure 3A), which con-
tain neural differentiation-associated genes like Hoxal0
and Otx2 (50-53). In addition, RNA-seq data showed sig-
nificant upregulation of Hoxal0 and Otx2 in KLF4-KO rel-
ative to WT cells (Hoxal0 fold-change = 3.68, P = 0.024;
Otx2 fold-change = 2.66, P = 0.0003). Analysis of ChIP-
seq data of H3K27ac and KLF4 in combination with RNA
pol II HiChIP indicated that KLF4 loss induced changes
in enhancer and promoter regulation networks at loci of
some neural differentiation-associated genes (Figure 3B-
E). For example, the enhancer regulation network around
Cbx5 was altered in KLF4-KO cells (Figure 3B). Signifi-
cant interaction loops were only detected between the Chx5
promoter (P1) and enhancer-1(el) in WT mESCs; How-
ever, in KLF4-KO cells, significant interaction loops were
also detected between Cbx5 P1 and enhancers 2, 3 and 4
besides el (el, 2, 3 and 4) (Figure 3B). In addition, en-
hancer switching was detected in the study. For example, the
Foxp4 promoter (P1) interacted with enhancers-2, 3, and
5(e2, 3 and 5) in WT ESCs. However, in KLF4-KO cells,
the Foxp4 promoter interacted with a proximal enhancer-
4 (e4) (Figure 3C). HiChiP data also showed that promot-
ers of some genes like Hoxal formed a greater number
of interaction loops with distal enhancers (el, €2 and e3)
in KLF4-KO compared with WT cells (Figure 3D). We
also observed increases in promoter-promoter interactions
at some loci, like IIf3, in KLF4-KO compared with WT
cells (Figure 3E). Cbx5, Foxp4, Hoxal and IIf3 reportedly
function in neural differentiation, suggesting KLLF4 alters
the 3D chromatin structure in different ways. Genome-wide
analysis of HIChIP data confirmed that KLF4 loss induced
changes in chromatin interactions at some gene loci, in-
cluding enhancer-enhancer interactions (EEI), promoter-
enhancer interactions (PEI) and promoter-promoter inter-
actions (PPI) (Figure 4A, B). Among all enhancer and pro-
moter interaction networks, 12.59% were EEI, 39.33% were
PEI and 52.52% were PPI in WT mESCs, while in KLF4-
KO cells, EEI and PEI increased to 35.41% and 43.67%, re-
spectively, and PPI decreased to 20.92% (Figure 4B). More-
over, the median length of chromatin interaction loops was
longer in KLF4-KO compared to WT cells, and more long-
range chromatin interactions were detected in KLF4-KO
cells (Figure 4C), suggesting global alterations in 3D chro-
matin structure in these cells.

To investigate genome-wide changes in chromatin inter-
actions of neural differentiation-associated genes, we first
analyzed change of chromatin interaction loops at 80 sig-
nificantly upregulated genes loci (gene body + 10 kb) in
KLF4-KO cells compared to WT cells. These genes were
enriched in neural differentiation-associated processes such
as nervous system development, forebrain development and
neuronal differentiation (Supplementary Table S1). Com-
pared with WT ESCs, 65% of these gene loci exhibited
more chromatin interaction loops in KLF4-KO compared
to WT mESCs, while 12.5% showed a loss of chromatin in-
teraction loops in KLF4-KO cells (Figure 4D), suggesting
that KLF4 repressed loop formation at these loci. In par-
ticular, for genes enriched in the most prominent biologi-
cal process based on GO analysis, namely, nervous system
development, 96.3% of those genes’ TSS-linked (TSS + 2
kb) regions were enriched with KLF4 (Figure 4E). We also
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found that chromatin interaction loops in most of these
loci increased in KLF4-KO compared to WT cells (Fig-
ure 4F). Correspondingly, most of these genes were upreg-
ulated in KLF4-KO cells (Figure 4F). These data suggest
that KLF4 loss increases chromatin interactions at neural
differentiation-associated gene loci leading to upregulation
of transcription of these genes.

The transcription factor PAX6 is essential for neural dif-
ferentiation. Pax6 is expressed in early neuroectoderm cells
differentiated from ESCs where it activates expression of
downstream neural genes. Relative to WT cells, KLF4-KO
cells showed increased chromatin interaction loops between
Pax6 and enhancers (Figure 5A). Virtual 4C analysis based
on HiChIP data showed more robust interaction signals be-
tween the Pax6 locus and other chromatin regions, includ-
ing some enhancers (Figure 5A). gPCR data indicated sig-
nificant Pax6 upregulation in KLF4-KO cells (Figure 5B).
A previous study reported that Pax6 overexpression triggers
ESC differentiation. Similarly, Sox4 reportedly plays an im-
portant role in neural differentiation (44), and we observed
new interaction loops formed between Sox4 and enhancers
in KLF4-KO cells (Figure 5C). At the same time, RT-qPCR
data indicated significant Sox4 upregulation in KLF4-KO
compared with WT cells (Figure 5SD).

KLF4 KO promotes early neural differentiation and changes
3D chromatin structure during early neural differentiation.

Transcriptome and HiChIP analysis suggest that KLF4
loss leads to upregulation of several neural differentiation-
associated genes. To further investigate how KLF4 KO
caused neural differentiation, we cultured mESCs and
KLF4-KO cells in a serum-free and morphogen-free chemi-
cally defined default medium (DDM) allowing cell survival
by insulin (54). In these conditions, ESCs followed an ef-
ficient process leading to early neural differentiation (Fig-
ure 6A). Neurogenesis started on day 6 after cyclopamine
treatment in this system, and day 0-12 represent the early
period of neural differentiation (26) (Figure 6A). No sig-
nificant morphological changes were detected in KLF4-KO
cells (Supplementary Figure S2), however, percentages of
PAX6 positive cells were significantly increased in KLF4-
KO cells compared with WT (Figure 6B and 6C). In ad-
dition, RT-qPCR data showed significant Pax6 upregula-
tion during the early period, at days 2, and 6 compared
with WT cells (Figure 6D). Furthermore, markers of differ-
ent cortical layers and neuronal cells like OTX1 (forebrain
and midbrain progenitors) (Figure 6E), CTIP2 (deep lay-
ers, layer V and VI neurons) (Figure 6F), REELIN (Cajal-
Retzius cells) (Figure 6G), TBR1 (deep layers, layer V and
VI neurons) (Figure 6H) and SATB2 (upper layers) (Fig-
ure 6I) were significantly upregulated in KLF4-KO cells
after day 6 to a greater extent than in WT cells (Figure
6E-I). In addition, RNA-seq data indicated global tran-
scriptome changes in KLF4-KO cells at day 12 of neural
differentiation, in which most cells were neural progeni-
tor cells (NPCs), compared to wild-type (WT) cells (Sup-
plementary Figure S3A). And gene ontology (GO) anal-
ysis of significantly upregulated genes (fold-change > 2,
P < 0.05) by DAVID (https://david.ncifcrf.gov/) revealed
that nervous system development and axon guidance were
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significantly enriched in KLF4-KO NPCs (Supplementary
Figure S3B). GO analysis of significantly downregulated
genes (fold-change < -2, P < 0.05) showed regulation of
transcription from RNA polymerase II promoter in KLF4-
KO NPCs (Supplementary Figure S3C). GSEA of brain de-
velopment also showed significant differences (Supplemen-
tary Figure S3D). These analyses suggested that KLF4 may
be required to downregulate neural differentiation genes in
ESCs.

To investigate genome-wide changes in chromatin inter-
actions of neural differentiation-associated genes, HiChIP
was performed in WT and KLF4-KO cells at day12 of neu-
ral induction (Supplementary Figure S4). Among all en-
hancer and promoter interaction networks, 43.69% were
EEI, 42.12% were PEI and 14.19% were PPI in WT NPCs,
while in KLF4-KO NPCs, EEI increased to 49.58% and
PEI and PPI decreased to 37.15% and 13.26%, respec-
tively (Figure 6J). Similar with the undifferentiated WT
and KLF4-KO ESCs, the median length of chromatin in-
teraction loops was longer in KLF4-KO compared to WT
NPCs, and more long-range chromatin interactions were
detected in KLF4-KO NPCs (Figure 6K). Then we ana-
lyzed change of chromatin interaction loops at the 80 neu-
ral differentiation-associated genes (Supplementary Table
S1) loci (gene body £ 10 kb) in KLF4-KO NPCs com-
pared to WT NPCs. Chromatin interaction loops in most
of these loci increased in KLF4-KO compared to WT
NPCs (Figure 6L). Compared with WT NPCs, 76.25% of
these gene loci exhibited more chromatin interaction loops
in KLF4-KO NPCs, while 6.25% showed a loss of chro-
matin interaction loops in KLF4-KO NPCs (Figure 6L).
For genes enriched in nervous system development (Sup-
plementary Table S1), most of these genes were upregu-
lated in KLF4-KO NPCs (Figure 6M). These data sug-
gest that KLLF4 loss increases chromatin interactions at
neural differentiation-associated gene loci leading to up-
regulation of transcription of these genes upon neural dif-
ferentiation. We conclude that KLLF4 inhibits early neu-
ral differentiation by coordinating 3D chromatin struc-
ture and regulating the neural differentiation-associated
genes.

KLF4 KO increases chromatin interactions between active en-
hancers and some genes related to neural disease.

Neural development disorders induced by change of 3D
chromatin structure may be linked to neural disease (55,56).
We identified several genes associated with neuralogical dis-
eases regulated by KLF4. For example, ROBO3 is a trans-
membrane receptor belonging to the Roundabout (Robo)
family and is reportedly associated with the rare neuro-
logical disorder name horizontal gaze palsy with progres-
sive scoliosis (HGPPS) syndrome(57). KLF4 loss increased
chromatin interaction loops between Robo3 and active en-
hancers (Figure 7A), and based on virtual 4C analysis,
more robust HiChIP signals were seen in KLF4-KO com-
pared to WT cells around the Robo3 locus (Figure 7A).
Correspondingly, Robo3 was significantly upregulated in
KLF4-KO compared with WT ESCs (Figure 7B). Chd8 is
also reportedly associated with autism spectrum disorder
(ASD) (10,11,58,59). KLF4-KO cells showed more signif-
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icant chromatin interactions between Chd8 and active en-
hancers enriched with H3K27ac and H3K4mel than did
WT cells (Figure 7C). RT-qPCR data showed significantly
upregulated Chd8 in KLF4-KO cells (Figure 7D). KLF4
loss induced transcriptional changes in genes related to ner-
vous system disease, and regulation of these genes by KLF4
was associated with the changes of chromatin interactions.

DISCUSSION

Previous studies report that KLF4 functions in somatic
cell reprogramming and neurodevelopment (5,8). Devel-
opment of chromatin conformation capture technologies
now supports the idea that KLF4 functions as a chro-
matin organizer to regulate chromatin interactions and
gene expression (17,25). KLF4 reportedly organizes long-
range chromosomal interactions between enhancers and the
Oct4 locus and functions in reprogramming and pluripo-
tency. KLF4 recruits cohesin to the Oct4 distal enhancer
and facilitates chromatin interactions with that enhancer
(17). Moreover, depletion of KLF4 binding sites within
pluripotent-stem-cell-specific enhancers disrupts enhancer-
promoter interactions and downregulates expression of as-
sociated genes (25). Here, we found that in addition to bind-
ing active enhancers, KLF4 binding sites coincided with
poised or closed enhancer markers, many found at neural
differentiation-associated genes like Pax6 and Sox4. Con-
sistent with that downregulation of KLF4 is important for
neurodevelopment (8,60), KI/f4 depletion induced forma-
tion of interaction loops in some chromatin regions and
activated expression of neural differentiation-associated
genes (Figure 7E) . In addition, H3K27me3, H3K27ac and
H3K4mel ChIP-seq data show no significant alteration
of these epigenetic markers in KLF4-KO cells compared
with WT mESCs (Supplementary Figure S5). These find-
ings suggest that besides facilitating chromatin interaction,
KLF4 represses chromatin interactions in the context of
some genes during early neural differentiation of ESCs. Pre-
viously, we reported that KLF4 interacts with the RNA-
binding protein Staufenl and RNA helicase Ddx5/17 to
maintain NPC self-renewal (60), suggesting that KLF4 reg-
ulates neural differentiation by different mechanisms at
different neural development stages. It remains unknown
whether these disparate KLF4 mechanisms operate simul-
taneously or separately at different neural differentiation
stages.

In addition to KLF4, other factors reportedly regulate of
3D chromatin structures. CCCTC-binding factor (CTCF)
is critical to maintain chromatin structure in different cell
types (61-63) and functions with the cohesin complex to
establish topological chromatin domains (24,64). A recent
study showed that CTCF loss blocks ESC differentiation
to NPCs, and that CTCF binds to promoters to drive long-
distance enhancer-dependent transcription of specific genes
(24). Those researchers also report that CTCF-dependent
genes are generally dependent on distal elements and that
active enhancers acting at nearby gene loci may compen-
sate for CTCF loss (24). We found that KLF4 deletion in-
creased formation of several long-range interaction loops
between distal active enhancers and genes promoters (Fig-
ure 4C, 5A, C, 7A, C), an activity comparable to CTCFE.
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However, unlike CTCF, KLF4 functions as a repressor of
long-range interaction loops for some genes, including neu-
ral differentiation-associated genes. The transcription fac-
tor SOX2 also reportedly functions to organize chromatin
interactions (65). SOX2 is essential for NSC maintenance,
and SOX2 deletion in NSCs induced loss of long-range
interactions and downregulation of genes functioning in
neural development (65). Thus, during neural differentia-
tion, several chromatin organizers regulate genes expression
through modulating 3D chromatin structure and may play
different roles and regulate different gene clusters. SOX2
loss also deregulates genes that function in cell prolifera-
tion (65). While we focused here on KLF4-regulated neu-
ral differentiation-associated genes, though other gene may
also be regulated by KLF4 such as genes that function in
metabolic process and cell adhesion (Figure 2G, H).

Defining mechanisms underlying neural differentiation
could suggest treatment methodologies for diseases of the
nervous system. Several prior studies have reported meth-
ods to modify 3D chromatin structures like using the dCas9
system and zinc finger proteins (66—68). Specific long-range
chromatin interactions could be treatment targets of some
nervous system disease. Two candidates may be Robo3 and
Chd$, both regulated by KLF4. KLLF4 loss increased chro-
matin interaction loops between Robo3 or Chd8 and ac-
tive enhancers and upregulated Robo3 and Chd§ expression.
ROBO3 regulates axonal guidance to control development
of commissural circuits (57). Mutation of Robo3 is report-
edly associated with HGPPS syndrome. Reduced commis-
sural projections seen in the hindbrain and caused by Robo3
mutation are associated with the absence of conjugate hori-
zontal eye movements in humans (57,69). CHDS, a member
of the chromodomain-helicase-DNA binding protein fam-
ily, is reportedly associated with autism spectrum disorder
(ASD), a heterogeneous disease comprising a range of neu-
rodevelopmental disorders (58). CHDS8 disruption alters ex-
pression of genes in neurodevelopmental pathways and as-
sociated with ASD (59). Regulation by KLF4 of Robo3 and
Chd$ revealed here may underlie occurrence and progres-
sion of related neurological disorders and interaction loops
between Robo3 or Chd$ and enhancers mediated by KLF4
could be potential targets of treatment of HGPPS syndrome
and ASD. However, we observed that KLF4 loss induced
more than one interaction loop between these genes and
enhancers. Thus, further studies are needed to determine
whether all of these interactions are necessary or whether
there is one critical interaction loop that maintains expres-
sion of the specific genes before novel treatments can be de-
vised. In addition, we totally investigated 41 reported neu-
ral disease genes that are associated with global develop-
mental delay/intellectual disability (GDD/ID), ASD and
attention deficit hyperactivity disorder (ADHD) (70-73)
(Supplementary Figure S6). Among these disease genes, 28
genes’ RNA levels were not significantly changed in KLF4
KO cells relative to WT ESCs, these genes may not be regu-
lated by KLF4 (Fig. S6). Ten genes’ RNA levels were signif-
icantly upregulated in KLF4 KO cells and increased chro-
matin interaction frequency at these gene loci were detected
(Fig. S6, genes marked in red), suggesting negative regula-
tion of these 10 genes by KLF4, but further investigations
are needed to verify this.
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