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Abstract

Anterior-posterior (A-P) specification of the neural tube involves initial acquisition of anterior fate 

followed by the induction of posterior characteristics in the primitive anterior neuroectoderm. 

Several morphogens have been implicated in the regulation of A-P neural patterning; however, our 

understanding of the upstream regulators of these morphogens remains incomplete. Here, we show 

that the Krüppel-like zinc finger transcription factor GLI-Similar 3 (GLIS3) can direct 

differentiation of human embryonic stem cells (hESCs) into posterior neural progenitor cells 

(NPCs) in lieu of the default anterior pathway. Transcriptomic analyses reveal that this switch in 

cell fate is due to rapid activation of WNT signaling pathway. Mechanistically, through genome-

wide RNA-Seq, ChIP-Seq and functional analyses, we show that GLIS3 binds to and directly 

regulates the transcription of several WNT genes, including the strong posteriorizing factor 

WNT3A, and that inhibition of WNT signaling is sufficient to abrogate GLIS3-induced posterior 

specification. Our findings suggest a potential role for GLIS3 in the regulation of A-P 

specification through direct transcriptional activation of WNT genes.
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Expression of the Krüppel-like zinc finger transcription factor GLIS3 in human embryonic stem 

cells induces differentiation along the posterior neural progenitor lineage instead of the default 

anterior lineage through the transcriptional activation of the strong posteriorizing factor WNT3A.
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INTRODUCTION

WNT ligands are secreted glycoproteins, which play critical roles in the regulation of many 

stages of embryonic development [1–4]. Binding of WNTs to seven-transmembrane-domain 

Frizzled receptors causes activation of Dishevelled (DSH), a family of proteins involved in 

the activation of canonical and noncanonical WNT signaling pathways. Activation of the 

canonical WNT pathway results in the accumulation and nuclear translocation of β-catenin, 

which upon interaction with lymphoid enhancer-binding factor (LEF1 or TCF1α) activates 

transcription. WNT ligands are expressed early in the developing nervous system and have 

been implicated in many aspects of neural development, including the regulation of cell 

proliferation, neural cell fate determination, synapse formation, and axon growth [4–10]. 

Abnormalities in WNT signaling result in aberrant neural development and have been 

implicated in several human pathologies [5, 8].

Early during development, the neural tube is subdivided into several regions along the 

anterior-posterior (A-P) axis that will form the forebrain, midbrain, hindbrain and spinal 

cord. The importance of WNT signaling in the regulation of a A-P neural patterning has 

been well-established. In WNT3A-deficient embryos, midbrain, hindbrain and spinal cord 

are poorly developed and is associated with expression of forebrain marker genes, including 

OTX2 and PAX6, whereas expression of the homeobox gene, GBX2, which is required for 

hindbrain development, is repressed [3, 9–16]. Subsequent studies on the differentiation of 

human embryonic stem cells (hESCs) into neural progenitor cells (NPCs) demonstrated that 

hESCs by default differentiate along the anterior NPC lineage and can posteriorize under the 

influence of various caudalizing signals [17–22]. Morphogens, like retinoic acid and 

fibroblast growth factors (FGFs), promote specification of posterior NPC differentiation. 

Although WNT proteins, particularly WNT3A, act as strong posteriorizing factors and 

function as critical regulators of the regional identity along the A-P axis during early neural 

development [4, 8–10, 16, 21, 23, 24], our understanding of the regulation of WNT gene 

expression remains incomplete.

GLI Similar 3 (GLIS3), a Krüppel-like zinc finger transcription factor, plays a critical role in 

the regulation of many biological processes, including pancreatic beta cell generation, 

spermatogenesis, and thyroid hormone biosynthesis [25–31]. Recently, GLIS3 was shown to 

effectively promote reprogramming of somatic cells into embryonic stem cells [32, 33]. 

GLIS3 is expressed in a spatiotemporal manner during early embryonic neural development 

suggesting a potential regulatory function [25]. A role for GLIS3 in the nervous system is 

further supported by studies showing that GLIS3-deficiency leads to the development of 
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mild mental retardation and facial dysmorphism, and the association of single nucleotide 

polymorphisms (SNPs) in GLIS3 with an increased risk of Parkinson’s and Alzheimer’s 

disease [34–38]. A recent study found a correlation between Glis3 variants and a significant 

reduction in dendritic complexity and spine density, important characteristics in several 

neurodegenerative diseases [39]. Overexpression of GLIS3 was reported to be associated 

with ependymomas, tumors arising from the ependyma of the central nervous system [40]. 

Collectively, these studies suggest that GLIS3 has multiple regulatory functions in the neural 

system.

Here, we show that GLIS3 expression promotes posterior specification of hESC-derived 

NPCs, in lieu of the default anterior NPC fate, through its activation of WNT signaling. 

Mechanistically, we show that GLIS3 binds to and transcriptionally activates several WNT 

genes, including WNT3A encoding a strong posteriorizing factor. Inhibition of WNT 

signaling is sufficient to abrogate GLIS3-induced posterior specification. Altogether, our 

study identifies GLIS3 as an upstream transcriptional activator of WNT gene expression and 

through this activation induces posterior specification of NPCs.

MATERIALS AND METHODS

Human ES cell culture

H9 and H1 human embryonic stem cells (hESC; NIH code: WA09 and WA01, respectively) 

were initially grown on mitotically inactivated primary mouse embryonic fibroblasts (MEF) 

in KnockOut DMEM/F12 supplemented with 20% KnockOut serum replacement (KSR), 0.1 

mM β-mercaptoethanol, and non-essential amino acids (Gibco). Adaptation to single-cell 

based non-colony type monolayer culture of hESC was carried out as previously described 

[41–43]. Briefly, the cell pellets of hESC were dissociated with 1× Accutase (Innovative 

Cell Technologies) for 15 min and subsequently resuspended in mTeSR1 defined medium 

(Stemcell Technologies), and centrifuged at 2000 rpm for 5 min. Dissociated single cells 

were then plated at a density of 2 × 106 cells in 6-well dishes coated with 2.5% hESC-

qualified Matrigel (Corning) in mTeSR1 containing 10 μM ROCK inhibitor (Tocris 

Bioscience). After 24 h, the ROCK inhibitor was withdrawn and hESC were allowed to 

grow as a monolayer. hESC were passaged every 4–5 days, replated at a dilution of 1:6 and 

maintained in mTeSR1 in Matrigel-coated culture dishes.

Generation of doxycycline (DOX)-inducible Flag-GLIS3-HA hESCs

pIND20(Flag-GLIS3-HA) was generated by recombination of Flag-GLIS3-HA into the 

DOX-inducible lentiviral vector pIND20 [44]. Lentivirus was generated by transient 

transfection of pIND20(Flag-GLIS3-HA) in HEK293T cells. H9 hESCs grown in mTeSR1 

were infected overnight with pIND20(Flag-GLIS3-HA) lentivirus and then selected in 

medium supplemented with 50 μg/ml G418 (Invitrogen). The DOX-inducible Flag-GLIS3-

HA H9 hESCs are referred to as G3-hESCs. Flag-GLIS3-HA expression was induced by the 

addition of 100 μg/ml DOX (Sigma-Aldrich). Stably expressing pIND20-Flag-GLIS3-HA 

cell lines were also established from H1 hESCs and HEK293T cells and are referred to as 

G3-H1-hESCs and G3-HEK293T, respectively.
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Induction of neural progenitor cells

hESC cultured in mTeSR1 were dissociated with Accutase for 5 min, resuspended, and 

plated in Matrigel-coated dishes at a density of 2 × 105 cells in presence of ROCK inhibitor. 

The next day, the culture medium was switched to neural induction medium (DMEM 

without vitamin A plus 1% B27 (Gibco)) supplemented with 1 μM dorsomorphin and 5 μM 

SB431542 (Tocris Bioscience), inhibitors of the activin/TGFβ/BMP pathways. The medium 

was subsequently changed every other day. At day 7, NPCs were dissociated with Accutase, 

replated, and maintained in STEMdiff neural progenitor cell (NPC) medium (Stemcell 

Technologies) in Matrigel-coated dishes.

Quantitative PCR (qRT-PCR)

Total RNA was isolated using the PureLink RNA Mini Kit (Invitrogen) according to the 

manufacturer’s protocol and cDNA generated using a High Capacity cDNA Reverse 

Transcription kit (Applied Biosystems). qRT-PCR was carried out using SYBER Green 

Supermix (Bio-Rad). Primer sequences are listed in Supporting Information Table S1. The 

deltadeltaCT method [45] was used to determine the relative fold change in the expression 

of each specific gene using the housekeeping gene GAPDH as the normalizer. All data were 

derived from biological triplicates.

Immunocytochemical staining

Cells were fixed in 4% paraformaldehyde at room temperature (RT) for 15 min, washed 

twice with Dulbecco’s phosphate-buffered saline (DPBS), and then permeabilized with 0.2% 

Triton X-100 for 20 min at RT. Cells were then washed twice with DPBS and blocked in 

DPBS containing 5% normal goat or donkey serum for 1 h. Cells were incubated overnight 

at 4°C in blocking buffer with the primary antibody indicated, washed twice with DPBS, and 

subsequently incubated for 1 h at RT with secondary antibodies and washed twice with 

DPBS. Antibodies are listed in Supporting Information Table S2. Nuclei were identified by 

4’, 6’-diamidino-2-phenylindole (DAPI). Fluorescence was observed with a Zeiss LSM-710 

confocal microscope.

Flow cytometry

For flow cytometry (FACS) analysis, single cell suspensions were obtained by dissociating 

cells using Accutase for 10 min at 37°C. Cells were then washed twice with FACS buffer 

(PBS, 1% BSA) and fixed with 4% paraformaldehyde (PFA), permeabilized with 0.2% 

Triton X-100, and resuspended at 106 cells/100 μl. Cells were stained for 1 h on ice with the 

antibodies indicated, washed, and resuspended in FACS buffer. FACS analysis was 

performed using a FACScan flow cytometer and Cell Quest software.

Reporter assays

The luciferase reporter construct pGL4.10-WNT3A-Luc was generated by cloning the 

−1690 to +317 upstream regulatory region of WNT3A into the EcoRV/HindIII sites of 

pGL4.10. HEK293 cells were transfected with the pGL4-WNT3A-Luc and pCMV-β-Gal 

reporter plasmids and pGL4-empty or the expression vector p3×Flag-CMV-GLIS3 encoding 

full-length GLIS3 in Opti-MEM using lipofectamine 2000 (Invitrogen). Similarly, hESC-
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pIND20(Flag-GLIS3-HA) were seeded in Matrigel-coated 12-well dishes at a density of 106 

cells/well in mTeSR1 with 10 μM ROCK inhibitor. After 24 h, cells were transfected with 

pGL4-WNT3A-Luc and pCMV-β-Gal in Opti-MEM using Lipofectamine 2000 and 24 h 

later treated with DOX to induce Flag-GLIS3-HA. Cells were harvested after 24 h by 

scraping them directly into 125 μl reporter lysis buffer. Luciferase activity and β-

galactosidase levels were measured using a luciferase assay kit (Promega) and a 

luminometric β-galactosidase detection kit (Clontech) following the manufacturer’s 

protocol. Experiments were carried out in triplicate.

Western blot analysis

For Western blotting, cells were washed three times in cold PBS and then scraped into lysis 

buffer. After a 30 min incubation on ice, lysates were centrifuged and protein in the 

supernatants quantified using the Pierce BCA protein assay kit (ThermoFisher) and 

examined by Western blot analysis. After SDS-PAGE, proteins were transferred to PVDF 

membranes (Invitrogen). Membranes were blocked in 5% nonfat dry milk in TBST (50 mM 

Tris, 0.2% Tween 20, and 150 mM NaCl) for 1h at RT and then incubated overnight at 4°C 

with primary antibody in blocking buffer. Bands were detected by enhanced 

chemiluminescence following the manufacturer’s protocol (GE Healthcare).

Electrochemiluminescent immunoassay

Cells were cultured on Matrigel in neural induction medium with or without DOX. After 24 

h, supernatant was collected and cells were scraped in lysis buffer. WNT3A protein levels 

were assayed using a Mesoscale Discovery system (MSD) WNT3A kit following the 

manufacturer’s protocol. Plates were analyzed on a SECTOR Imager 6000 instrument with 

MSD Workbench™ v.3 software. Human WNT3A recombinant protein (R&D Systems) was 

used as standard.

RNA-Seq data analysis

Total RNA, isolated as described above, was amplified using a Truseq RNA Library 

preparation kit (Illumina). Sequencing reads were obtained using a NextSeq Sequencing 

System (Illumina). High quality reads were aligned to the human genome (hg19 assembly) 

using ran-STAR aligner and reads mapping to each gene were calculated using the HTSeq 

toolkit. Differential gene expression analysis was carried out through edgeR package 

(Bioconductor). Genes with a minimum of two-fold expression difference and FDR < 0.01 

were considered as differentially expressed.

Chromatin Immunoprecipitation (ChIP)

ChIPs were carried out as previously described [46]. Briefly, at 12 h hESC (1 × 106) with or 

without GLIS3 induction were cross-linked with 1% formaldehyde in PBS for 8 min at RT, 

and the reaction was quenched by the addition of glycine at a final concentration of 0.125 M 

for 8 min at RT. Cells were washed twice with PBS, resuspended in 1ml of cold lysis buffer 

A (50 mM Hepes, pH7.5; 140 mM NaCl; 1 mM EDTA; 10% glycerol; 0.5% NP-40; 0.25% 

Triton X-100; 1× complete protease inhibitor cocktail (Roche)), and incubated for 10 min on 

ice. Cells were then pelleted and resuspended in 1 ml lysis buffer B (10 mM Tris-HCl, pH 
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8.0; 200 mM NaCl; 1 mM EDTA; 0.5 mM EGTA; 1× protease inhibitor cocktail). After 10 

min on ice, cells were sonicated for 10 min in lysis buffer C (10 mM Tris-HCl, pH 8.0; 100 

mM NaCl; 1 mM EDTA; 0.5 mM EGTA; 0.5% N-lauroylsarcosine; 1× protease inhibitor 

cocktail) using a Covaris sonicator to obtain 200–500 bp fragments. After removal of cell 

debris by centrifugation at 14,000 rpm, chromatin was incubated overnight at 4°C with HA 

antibody (Cell Signaling), and subsequently incubated for 4 hours with protein A/G-

conjugated magnetic beads (Pierce Biotech). The chromatin bound beads were then washed 

and reverse cross-linked as previously described [47]. ChIP enrichment was evaluated using 

quantitative PCR as percentage of input and normalized to a negative primer set. ChIP 

primers are listed in Supporting Information Table S3.

ChIP-Seq data analysis

Single-end 51 bp reads generated from HA-GLIS3 ChIP-seq were aligned to the human 

reference genome (hg19 assembly) using Bowtie version 0.12.8 [48], and only those reads 

that mapped to unique genomic locations with at most two mismatches were retained for 

further analysis. For visualization on the UCSC Genome Brower, and generation of 

screenshots and read density plots, the data was normalized to reads per million (RPM) and 

plotted as histograms. For binding site definition (peak call), aligned reads were processed 

using SISSRs [49, 50] using default settings. Genome-wide distribution of binding sites was 

determined with reference to RefSeq gene annotations. The proximal GLIS3 regulatory 

region was defined as GLIS3 binding within 5 kb (upstream or downstream) of TSSs.

Functional and pathway enrichment analysis

Pathway analyses were performed using ConsensusPathDB (http://cpdb.molgen.mpg.de/

MCPDB) and REACTOME pathway annotations. Analysis of the GO biological process 

was performed with David Bioinformatics Resources [51]. A threshold of FDR <1% or p 

value < 0.01 was used to select for statistically significant categories.

Motif analysis

Relevant sequences spanning 200 nucleotides around the centers of GLIS3 binding sites 

were retrieved from the reference genome and de novo motif search was performed using 

MEME [52] using zoops (zero or one motif occurrence per sequence) option.

Statistical analysis

Data were expressed as mean and standard error of mean (SEM). Statistical significance was 

determined by unpaired two-tailed Student’s t-test or analysis of variance (ANOVA) with 

Sidak’s multiple comparisons test to examine whether there are significant differences 

among the levels using R version 3.4.0. All results were derived from three or more 

independent experiments.
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RESULTS

Induction of NPC differentiation in hESCs containing a DOX-inducible GLIS3

To investigate GLIS3 function during neural development, we generated stable H9 hESC 

lines expressing a DOX-inducible GLIS3, referred to as G3-hESCs, that allow induction of 

GLIS3 by addition of DOX in the culture medium (Fig. 1A). These stable G3-hESC lines 

maintained the characteristic morphological features of undifferentiated hESCs and 

expressed the hESC markers, OCT4, TRA 1–81, SOX2, and NANOG, at levels comparable 

to that of wild-type hESCs (Supporting Information Fig. S1A and B). FACS analysis 

confirmed that 98% and 96.8% of G3-hESCs stained positive for OCT4 and TRA 1–81, 

respectively (Supporting Information Fig. S1C).

To induce differentiation of hESCs into neural progenitor cells (NPCs), we employed a 

previously validated system that directs differentiation of hESCs into NPCs over seven days 

[41–43] (Fig. 1B). To induce NPC differentiation, G3-hESCs were plated in Matrigel-coated 

dishes and grown for 24 h in mTeSR1 medium before medium was switched to DMEM/B27 

medium supplemented with activin/TGFβ/BMP pathway inhibitors. NPC differentiation was 

examined in G3-hESCs treated with or without DOX (referred to as G3-hESC(+) and G3-

hESC(−), respectively). GLIS3 mRNA was rapidly induced upon the addition of DOX (Fig. 

1C). Immunocytochemical staining with an anti-Flag antibody showed that ~82% of the 

cells stained positive for Flag-GLIS3 at 12 h after the addition of DOX (Fig. 1D and 

Supporting Information Fig. S2A). Both G3-hESCs(−) and G3-hESCs(+) efficiently 

differentiated into NPCs, referred to as G3-NPCs(−) and G3-NPCs(+), respectively, as 

evident from the loss of the typical hESC morphology and appearance of the NPC 

morphology (Supporting Information Fig. S2B). NPC differentiation in G3-NPCs(−) and 

G3-NPCs(+) was supported by the increased expression of the signature neural markers, 

SOX1, NCAM, and NESTIN (Fig. 1E). NPC differentiation was confirmed by 

immunocytochemical staining and FACS analysis, which showed that more than 90% of the 

cells stained positive for SOX1, NESTIN, and NCAM protein (Fig. 1F and G, Supporting 

Information Fig. S2C). Consistent with NPC differentiation, endoderm lineage marker 

genes, including SOX17 and FOXA2, and mesoderm markers, such as HAND1 and MIXL1, 

were not induced during either G3-NPC(−) or G3-NPC(+) differentiation (Supporting 

Information Table S4).

GLIS3 regulates anterior-posterior specification in hESC-derived NPCs

hESCs cells undergoing neural differentiation acquire, by default, an anterior NPC fate that 

is associated with increased expression of anterior-specific genes, such as the transcription 

factors PAX6, OTX1 and ZIC1 [15, 53–55]. Interestingly, unlike the induction of PAX6 
mRNA in G3-NPCs(−), the induction of neural differentiation in G3-NPCs(+) was not 

accompanied by increased PAX6 expression (Fig. 2A). FACS analysis showed that, in 

contrast to G3-NPCs(−), which are ~75% positive for PAX6, <2% of the G3-NPCs(+) were 

PAX6 positive at day 7 of NPC differentiation (Fig. 2B). The lack of PAX6 induction in G3-

NPCs(+) suggested a potential regulatory role for GLIS3 in A-P lineage specification.
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Consistent with this hypothesis, examination of expression of additional A-P patterning-

associated genes during differentiation of G3-hESCs into NPCs revealed that, in addition to 

PAX6, several other anterior phenotype-associated genes, including OTX1 and ZIC1, as well 

as OTX2, which are expressed at the forebrain/midbrain boundary, were not induced in cells 

expressing GLIS3 (Fig. 2C). Instead, G3-NPC(+) cells expressed high levels of several 

posterior NPC marker genes, including GBX2, KROX20, HOXA, NKX6–2, and MNX1 
(Fig. 2D). These diametrically opposite expression patterns of A-P marker genes in G3-

NPCs(−) and G3-NPCs(+) were validated by immunocytochemical staining, wherein most 

G3-NPCs(−) cells, 5 days post-NPC induction, stained positive for the anterior markers 

OTX2 and PAX6, but not for the posterior markers GBX2 and MNX1 (Fig. 2E). In contrast, 

most G3-NPCs(+) stained positive for GBX2 and MNX1, but not for OTX2 and PAX6 (Fig. 

2E). Quantitation by FACS analysis showed that at day 5 post-NPC induction 85.2% and 

67.7% of the G3-NPCs(−) were positive for OTX2 (Fig. 2F) and PAX6 (Fig. 2G), 

respectively, whereas <1% of the cells were GBX2-positive (Fig. 2F). The opposite was 

observed for G3-NPCs(+), where <0.1% and <1.2% of the cells were positive for OTX2 and 

PAX6 respectively, whereas 93.2% of the cells were positive for GBX2 (Fig. 2F,G).

To ensure that our findings are not specific to the cell line used (H9 hESCs), we repeated our 

experiments using a different hESC line (H1 hESCs) stably expressing DOX-inducible 

GLIS3 (referred to as G3-H1-hESCs). G3-H1-hESCs express hESC markers, OCT4, SOX2, 

and NANOG, at levels comparable to that of wild-type H1 hESCs (Supporting Information 

Fig. S3A). Similar to our findings using H9 hESCs, expression of GLIS3 in H1 hESCs 

induced posterior NPC differentiation, as indicated by the suppression of the anterior 

markers (Supporting Information Fig. S3B) and induction of posterior NPC markers 

(Supporting Information Fig. S3C). Altogether, these data are consistent with a regulatory 

role for GLIS3 in promoting the posterior lineage in hESC-derived NPCs in lieu of the 

default anterior NPC fate (Fig. 2H).

GLIS3-mediated posterior specification involves extracellular signaling

Several morphogens, including retinoic acid (RA), bone morphogenetic proteins (BMPs), 

fibroblast growth factors (FGFs), and WNT proteins, have been implicated in the paracrine 

or autocrine regulation of A-P neural patterning [16–24]. To determine whether the GLIS3-

mediated shift from anterior to posterior NPC fate involved synthesis and secretion of 

posteriorizing factors, we investigated whether conditioned media derived from GLIS3-

expressing G3-hESC(+) cultures, had an effect on A-P axis specification of wild-type 

hESCs. Indeed, culturing wild-type hESCs in the presence of conditioned media derived 

from G3-hESC(+) cultures, induced differentiation of hESCs into NPCs with a posterior 

fate, as evidenced by the induction of the posterior markers, GBX2, MNX1, and HOXA2, 

and repression of the anterior markers, OTX2, PAX6, and ZIC1 (Fig. 3A, 3B). These 

observations suggested that GLIS3-induced posteriorization of the neural fate in hESCs 

involves an autocrine or paracrine signaling pathway.

GLIS3 activates WNT genes and WNT signaling-associated targets

To gain insights into the mechanism by which GLIS3 regulates A-P regional identity and to 

elucidate signaling pathways and gene expression programs regulated by GLIS3, we 
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employed RNA-Seq to profile global gene expression changes at various time points during 

G3-hESC to NPC differentiation (0 h, 12 h, 1, 2, 3, and 7 days), in the presence or absence 

of DOX. RNA-Seq data further confirmed the induction of several posterior fate-associated 

genes, such as GBX2, CDX1, CDX2, MSX1, MNX1, PAX2, and NRGN, in differentiating 

G3-hESCs(+) (Fig. 4A, Supporting Information Fig. S4 and Table S4); in contrast, the 

expression of anterior fate-associated genes, such as OTX1, ZIC1, LHX5, LHX6, PAX6, 

DXL4, HHEX, and SIX2, and several midbrain-associated genes, including OTX2, EN1, 

SIX3, and LHX1 were largely suppressed.

To separate the cause from the effect, we focused on gene expression changes at 12 h into 

NPC differentiation and found that nearly 1,000 genes were significantly up/down-regulated 

in differentiating G3-hESCs(+) compared to differentiating G3-hESCs(−). Pathway analysis 

revealed an enrichment for WNT signaling genes among those upregulated in G3-NPCs(+) 

(Fig. 4B and Supporting Information Table S5), which is consistent with established roles 

for WNT signaling in the initial A-P NPC differentiation of hESCs and in the patterning of 

the neural tube [8, 9, 16, 18, 21, 23, 24]. Examination of the gene expression profiles of 

WNT pathway-associated components confirmed the induction of several WNT genes, 

including WNT2B, WNT3, WNT3A, WNT7A, and WNT8A, and their receptors FZD10 
and FZD9, during NPC differentiation of G3-hESCs(+) (Fig. 4C). In contrast to the 

induction of many posterior marker genes (Fig. 2D and 4A), WNT genes are induced as 

early as 12h of G3-NPC(+) differentiation (Fig. 4C). To determine whether elevated levels of 

WNT pathway-associated genes in differentiating G3-hESCs(+) were accompanied by 

activation of the WNT signaling pathway, we examined the expression of several 

downstream targets. As shown in (Fig. 4C), a number of WNT target genes, including TCF7, 

LEF1, SP5, and AXIN2, were (transiently) upregulated in differentiating G3-hESCs(+). 

Collectively, these data suggest that increased GLIS3 expression leads to activation of the 

WNT signaling pathway through the direct or indirect induction of WNT gene expression.

WNT genes are direct transcriptional targets of GLIS3

GLIS3 is known to activate transcription of its target genes by binding to cis-regulatory 

elements (GLIS3 binding sites) [27, 28, 56]. To determine whether GLIS3 regulates the 

transcription of any of the WNT pathway-associated genes directly, we performed ChIP-Seq 

analysis to map genome-wide occupancy of exogenous, HA-tagged GLIS3 in G3-hESCs(+) 

after 12 h of NPC induction when GLIS3 is well expressed (Fig. 1C, 1D), using an antibody 

against HA. As a control, we performed ChIP-Seq analysis in G3-hESCs(−), which do not 

express HA-GLIS3 (Fig. 1D). Our analysis of the ChIP-Seq data, using SISSRs peak calling 

algorithm [49, 50], identified a total of 18,785 GLIS3 binding sites in G3-hESCs(+) and just 

79 peaks in G3-hESCs(−) (Fig. 5A, 5B). Consistent with our previous finding in mouse 

thyroid glands [28], about two-thirds of all GLIS3 binding sites are located within intragenic 

regions or immediately upstream (5 Kb) of transcription start sites, consistent with a role for 

GLIS3 in transcriptional regulation (Fig. 5C). De novo sequence motif analysis of GLIS3 

binding sites identified a G-rich consensus sequence, similar to the consensus obtained from 

ChIP-Seq studies in mouse thyroid gland [28] and the GLIS3 binding motif we previously 

identified using an in vitro binding assay [57](Fig. 5D). Gene Ontology (GO) analysis of 

GLIS3-target genes revealed an enrichment for genes associated with transcriptional 
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regulation, WNT signaling, and neural development/differentiation (Fig. 5E and Supporting 

Information Table S6).

Comparison of genes targeted by GLIS3 with those induced or suppressed in G3-hESCs(+) 

at 12 h of NPC induction, revealed that about one-third of the upregulated genes are GLIS3 

targets (P-value = 1.53E-13; hypergeometric test), whereas only ~9% of the downregulated 

genes bind GLIS3 (P-value = 0.99), consistent with GLIS3’s proposed role as a 

transcriptional activator [25, 27, 28, 56, 57]. Gene Ontology (GO) analysis of genes that 

were both targeted by GLIS3 and upregulated during NPC differentiation, revealed 

enrichment for genes associated with WNT signaling, embryonic development, and A-P axis 

specification (Fig. 5E and Supporting Information Table S6). Notably, several genes 

associated with the WNT signaling pathway and A-P axis neural specification, including 

WNT3A, WNT3, WNT7A, WNT10A, WNT11 and the WNT receptor FZD10 (Fig. 5F, 

Supporting Information Fig. S5 and Table S7), which were significantly upregulated during 

NPC induction, are GLIS3 targets. Together, these data suggest a critical role for GLIS3 in 

the transcriptional activation of key WNT signaling-associated genes, previously implicated 

in the regulation of A-P patterning [8, 9, 16, 18, 21, 23, 24, 58].

GLIS3 regulates WNT3A transcription

To directly test GLIS3’s ability to transcriptionally activate WNT genes, we investigated the 

transactivation dynamics of WNT3A, which is induced in differentiating G3-hESCs(+), as 

early as 6 h into NPC induction (Fig. 5G and Supporting Information Fig. S4), soon after 

GLIS3 expression (Fig. 1C, 1D), but well before the induction of many posterior markers 

(Fig. 2D). We confirmed this observation using G3-H1-hESCs(+) (Supporting Information 

Fig. S6A). WNT3A has been reported to play a critical role in the regulation of A-P 

patterning and the posteriorization of the neural tube [8, 9, 18, 21, 58, 59]. After validating 

GLIS3 binding at the WNT3A promoter by ChIP-qPCR (Supporting Information Fig. S6B), 

we examined whether GLIS3 was able to activate the WNT3A promoter in a reporter assay, 

wherein the luciferase expression is under the control of the WNT3A promoter, which 

contains several GLIS3 binding sites (Supporting Information Fig. S6C). DOX-inducible 

GLIS3 was able to enhance luciferase reporter activity in G3-hESCs as well as in G3-

HEK293 cells in DOX-dependent manner (Fig. 5H). Furthermore, the increase in luciferase 

activity positively correlated with GLIS3 protein levels (R2 = 0.97) (Fig. 5I). Together, these 

data are consistent with the conclusion that GLIS3 can activate WNT3A transcription.

GLIS3-mediated posterior specification is WNT-dependent

To determine whether GLIS3-mediated posterior specification of NPCs was dependent on 

the activation of the WNT signaling pathways and the increase in WNT3A expression in 

particular, we first confirmed that the induction of WNT3A mRNA expression in G3-

hESCs(+) (Fig. 5G) was accompanied by an increase in WNT3A protein levels (Fig. 5J). 

ELISA analysis confirmed the dramatic increase in the levels of both cellular and secreted 

WNT3A in G3-hESCs(+) and conditioned medium, respectively (Fig. 5K). To determine 

whether GLIS3-mediated posteriorization was WNT-dependent, we examined the effect of 

two WNT inhibitors, WNT-C59 and IWP2, on the differentiation of G3-hESCs(+) into 

posterior NPCs. These two inhibitors inhibit the activity of the membrane-bound, 
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acyltransferase Porcupine (PORCN), which is required for WNT palmitoylation, secretion, 

and activity [60, 61]. Remarkably, both WNT-C59 and IWP2 significantly inhibited the 

induction of posterior markers and abrogated the suppression of anterior markers in GLIS3-

expressing NPCs (Fig. 6A). Immunocytochemical staining further confirmed the suppression 

of posterior specification in GLIS3-expressing cells by WNT inhibitors (Fig. 6B). The 

number of GBX2 and MNX1 positive cells, marking posterior fate, is greatly reduced in 

cells treated with WNT-C59 or IWP2, with a concomitant increase in the number of OTX2 

and PAX6 positive cells, which mark the anterior fate. These data suggested that GLIS3-

mediated posterior specification is WNT-dependent. Addition of recombinant WNT3A 

during differentiation of G3-hESCs(−) into NPCs induced posterior markers and suppressed 

anterior markers to a similar extent to that observed in NPCs derived from G3-hESCs(+) 

(Fig. 6C and Supporting Information Fig. S7). Collectively, these observations support the 

conclusion that GLIS3-mediated posterior specification is at least in part through synthesis 

and secretion of WNT proteins and WNT3A in particular.

DISCUSSION

Regional specification along the antero-posterior (A-P) axis during which the neural tube 

becomes subdivided into several subregions that will develop into the forebrain, midbrain, 

hindbrain, and spinal cord, is one of the most important events during early brain 

development in vertebrates. Although recent studies have shed significant insights into 

signaling pathways that regulate A-P patterning, much of the molecular mechanisms that 

underlie these controls remain still poorly understood. According to the double-gradient 

model for the regulation of neural tube patterning [62], ectodermal cells, upon acquisition of 

neural identity, acquire anterior fates, which then posteriorize under the influence of various 

paracrine and autocrine signaling pathways, including the BMP, retinoic acid, FGF, and 

WNT pathways [4, 8–10, 16, 18, 19, 21–24, 55, 63, 65]. Consistent with this model, directed 

neural differentiation of hESCs, by default, drives the cells along the anterior NPC lineage. 

In this study, we show that increased expression of GLIS3 induces differentiation of hESCs 

along the posterior NPC lineage, in lieu of the default anterior NPC fate, as indicated by the 

suppression of anterior marker gene expression and the induction of posterior markers (Fig. 

7). The posterior NPCs derived from G3-hESCs(+) are multipotential and able to 

differentiate further in astrocytes and different neuronal lineages (data not shown) as one 

would predict.

Previous studies have shown that A-P neural patterning is regulated by a morphogen 

gradient of WNT/β-catenin signaling [3, 4, 10–13, 16, 18, 21, 58] and identified WNT3A as 

a major posteriorizing factor that by itself is able to steer posterior NPC lineage 

differentiation in hESCs [18, 21]. In the canonical WNT pathway, interaction of WNT3A 

with Frizzled receptors leads to stabilization and nuclear translocation of β-catenin, which 

then forms a complex with LEF/TCF transcription factors that subsequently activate the 

transcription of target genes, such as SP5 and AXIN2, and several posterior markers, 

including certain HOX genes [2, 4, 21, 64]. In this study, we identify a potential role for 

GLIS3 in the regulation of A-P lineage specification (Fig. 7). Our data suggest that the 

induction of posterior NPC differentiation is mediated by a GLIS3-induced activation of 

WNT signaling pathway. This conclusion is supported by data showing that GLIS3 induces 
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the expression of a number of WNT signaling genes, including WNT3A, WNT3, WNT8A, 

WNT11, and their receptors, FZD1 and FZD10 (Fig. 4C and Fig. 5G), and markedly 

increases the synthesis and secretion of the strong posteriorizing factor WNT3A (Fig. 5J and 

5K) [8, 9, 18, 21, 58, 59]. These data suggest that GLIS3-mediated posterior neural identity 

in hESCs is at least in part mediated by WNT3A (Fig. 7). In contrast to WNT3A, the 

expression of several WNT antagonists (WIF1, FRZB, and DKK3; Fig. 4C) was decreased 

in GLIS3-induced NPCs. These observations suggest that, in addition to GLIS3-mediated 

activation of WNT genes, suppression of WNT antagonists may also be contribute to 

GLIS3-mediated induction of posterior neural identity. This interpretation is consistent with 

previous studies showing that increased expression of WNT antagonists promote anterior 

neural lineage differentiation, while inhibiting the posterior lineage [21].

Although WNT3A is a strong posteriorizing factor in hESCs, the neural tube is still being 

formed in the absence of WNT3A expression [8, 66–68]. Likewise, GLIS3-deficiency does 

not have an obvious effect on neural tube formation (unpublished observations). This might 

be due to redundancy between the different morphogen pathways controlling A-P patterning 

in vivo and the different transcription factors regulating them. This is supported by studies 

showing that in addition to WNT signaling, several other paracrine and autocrine 

mechanisms have been implicated in the regulation of A-P neural patterning, including the 

FGF and retinoid pathways [11, 18, 19, 22–24, 63, 65]. FGF2 in particular, and FGF4 and 

FGF8 to a lesser extent, have been reported to promote posterior differentiation, whereas the 

effect of other FGFs is unknown. Although expression of FGF8, FGF10, and FGF17 is 

elevated in differentiating G3-hESCs(+), their induction occurs late (at day 3 or 7) compared 

to that of WNT genes (Fig. 4A, 4B) suggesting that it is less likely that FGFs play an active 

role in the initial phase of GLIS3-mediated posteriorization in hESCs.

Although WNT signaling is known to play a critical role in A-P patterning, our 

understanding of the mechanisms that regulate WNT gene expression is still incomplete. We 

reported previously that GLIS3 regulates transcription by binding to GLIS binding sites 

(GLISBS) in the promoter region of target genes [27, 28, 31]. Our ChIP-Seq and functional 

studies show that GLIS3 binds to and transcriptionally activates several WNT genes, 

including WNT3A (Fig. 5), indicating that GLIS3 functions as an upstream regulator of 

WNT3A transcription. Our ChIP-Seq data (Supporting Information Table S6) further 

revealed that, in addition to WNT genes, GLIS3 binds to several genes encoding 

transcription factors that are important in regulating neural identity, including GBX2, CDX1, 

and MNX1. Since GBX2 has been reported to regulate mid- and hindbrain specification by 

directly repressing the transcription of the homeobox transcription factor OTX2, which is 

expressed in the fore/midbrain region [14], the suppression of OTX2 expression during 

GLIS3-induced posterior NPC differentiation may be in part due to the induction of GBX2.

In summary, our study shows that the transcription factor GLIS3 can direct posterior NPC 

specification of human ESC-derived NPCs in lieu of the default anterior fate and 

demonstrates that this is mediated through GLIS3-mediated transcriptional activation of an 

autocrine WNT3A pathway (Fig. 7). Induction of GLIS3 in ESCs provides a source of 

posterior NPCs that will be valuable in the further study of the differentiation and function 

of these cells and the role of GLIS3 in neural development, as well as provide greater 
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insights into the various neurodegenerative disorders, such as mild mental retardation and 

increased risk of Parkinson’s and Alzheimer’s disease, in which GLIS3 has been implicated.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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SIGNIFICANCE STATEMENT

Neural progenitor cells (NPC) are derived from embryonic stem cells (ESC) during early 

development of the nervous system and provide a source for a variety of specialized 

neurons, astrocytes, and oligodendrocytes that form the functioning brain. WNT 

signaling and WNT proteins are critical in regulating various neural lineages, including 

the differentiation of ESCs along the posterior NPC lineage. Here, we show that the 

transcription factor GLI-Similar 3 (GLIS3) can directs posterior NPC specification of 

human ESC-derived NPCs in lieu of the default anterior fate. This lineage determination 

is facilitated through GLIS3-mediated transcriptional activation of WNT3A pathway. 

Induction of GLIS3 in ESCs provides a source of posterior NPCs that will be valuable in 

the further study of the differentiation and function of these cells, as well as that of 

various neurodegenerative disorders.
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Figure 1. Differentiation of G3-hESC into neural progenitor cells.
(A) Schematic of the pINDUCER20 system encoding Flag-GLIS3-HA under control of a 

doxycycline (DOX)-inducible promoter used to generate G3-hESCs.

(B) Differentiation protocol using the activin/TGFβ/BMP pathways inhibitors, 

dorsomorphin and SB431542, to induce differentiation of hESCs into NPCs.

(C) Time course of GLIS3 mRNA induction in G3-hESCs treated with or without DOX as 

determined by qRT-PCR analysis. Data are normalized to GAPDH. Error bars represent 

SEM of three biological replicates. *p<0.01 (Student’s t-test, two-sided).

(D) Representative immunofluorescent images showing induction of Flag-Glis3 protein in 

G3-hESCs(+) treated for 12 h with or without DOX using anti-Flag M2 antibody. Nuclei are 

stained by DAPI. The percent Flag-GLIS3+ cells, as determined by FACS analysis, is 

indicated. Scale bar, 100 μm.

(E) Expression of pan-NPC marker genes, SOX1, NESTIN, and NCAM, during NPC 

differentiation in G3-hESCs(−) and G3-hESCs(+), as determined using qRT-PCR. Data are 

normalized to GAPDH. Error bars represent SEM of three biological replicates. *p<0.01 

(Student’s t-test, two-sided).
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(F) FACS analysis using antibodies against the pan-neural marker proteins, SOX1, NESTIN, 

SOX2, and NCAM in G3-NPCs(−) and G3-NPCs(+) at day 7 of NPC differentiation. Error 

bars represent SEM of three biological replicates. *p<0.01 (Student’s t-test, two-sided).

(G) Representative immunofluorescent images showing the expression of pan-neural marker 

proteins SOX1, NESTIN, and NCAM in G3-NPCs(−) and G3-NPCs(+) at day 7 of NPC 

differentiation. Scale bar, 50 μm.
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Figure 2. GLIS3 induces a shift in NPC differentiation from the default anterior (A) to the 
posterior (P) lineage.
(A) Representative immunofluorescent images of NPCs, derived from G3-hESCs treated for 

7 days with or without DOX, showing expression of the anterior neural marker PAX6 using 

a PAX6 antibody. Nuclei were stained with DAPI. Scale bar, 50 μm.

(B) FACS analysis of PAX6+ cells at day 7 of NPC differentiation in G3-hESCs treated with 

or without DOX. Error bars represent SEM of three biological replicates.

(C) Expression of the anterior marker genes, OTX1, OTX2, PAX6, and ZIC1 during NPC 

differentiation of G3-hESCs(−) and G3-hESCs(+), as determined using qRT-PCR. Data are 

normalized to GAPDH. Error bars represent SEM of three biological replicates. *p<0.05 

(Student’s t-test, two-sided).

(D) Expression of the posterior marker genes, GBX2, KROX20, HOXA2, NKX6–2, and 

MNX1 during NPC differentiation of G3-hESCs(−) and G3-hESCs(+), as determined using 

qRT-PCR. Data are normalized to GAPDH. Error bars represent SEM of three biological 

replicates. *p<0.05 (Student’s t-test, two-sided).

(E) Representative immunofluorescent images of G3-hESCs treated for 5 days with or 

without DOX showing expression of the anterior marker proteins, OTX2 and PAX6, and 

posterior markers, GBX2 and MNX1. Nuclei were stained with DAPI. Scale bar, 50 μm.

(F) FACS analysis of G3-hESCs treated for 5 days with or without DOX stained with APC-

conjugated anti-OTX2 and FITC-conjugated anti-GBX2 antibodies.

(G) FACS analysis of G3-hESCs treated for 5 days with or without DOX stained with an 

FITC-conjugated anti-PAX6 antibody.

(F) Schematic view of the expression of key genes involved in A-P patterning of the 

developing neural tube.
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Figure 3. GLIS3-mediated posteriorization in G3-hESC(+) involves paracrine signaling.
(A) Representative immunofluorescent images showing the expression of the anterior 

marker proteins, OTX2 and PAX6, and posterior markers, GBX2 and MNX1 in parental H9 

hESCs, cultured for 5 days in conditioned medium (CM) obtained from G3-NPCs(+) after 

24h of DOX treatment, and G3-NPCs at day 5 post-NPC induction without DOX. Nuclei 

were stained with DAPI. Scale bar, 50 μm.

(B) qRT-PCR analysis of the expression of select A-P marker genes in parental H9 hESCs 

treated with CM for 5 days compared to that in G3-NPCs at 5 d post-NPC induction with or 

without DOX. Data are normalized to GAPDH. Error bars represent SEM of three biological 

replicates. *p<0.01 (One-way ANOVA with Sidak’s multiple comparisons test).
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Figure 4. Induction of posterior lineage by GLIS3 is associated with upregulation of several 
WNT signaling genes.
(A) Heatmap of fold-changes in the expression of A-P patterning genes in G3-hESCs(+) in 

comparison to G3-hESCs(−) at different times of NPC differentiation. Genes are clustered 

based on hierarchical clustering of expression changes over time. mRNA expression was 

analyzed by RNA-Seq.

(B) REACTOME pathway enrichment analyses of genes up-regulated in G3-hESCs(+) at 12 

h of NPC differentiation, identifying WNT signaling as a top pathway regulated by GLIS3.

(C) Heatmap of fold-changes in the expression of various WNT signaling-associated genes 

in G3-hESCs(+) in comparison to G3-hESCs(−) at different times of NPC differentiation.
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Figure 5. GLIS3 is associated with WNT genes and transcriptionally activates WNT3A.
(A, B) Heatmap (A) and ChIP-Seq read density plot (B) showing GLIS3 occupancy in 

differentiating G3-hESCs(+) at 12 h of NPC induction.

(C) Genome-wide distribution of the GLIS3 binding sites. Promoter region is defined as the 

5 kb region upstream of the transcription start site (TSS).

(D) Consensus sequence motif enriched within in vivo GLIS3 binding sites, as determined 

using de novo motif analysis. Also shown is GLIS3 binding sequence previously identified 

using an in vitro binding assay [57].

(E) Gene ontology (GO) enrichment analysis of up-regulated genes targeted by GLIS3 at 12 

h of NPC differentiation. Top ten GO categories, with the smallest P values, are shown.

(F) Genome browser shots of genes WNT3A and FZD10 showing temporal profiles of gene 

expression dynamics (RNA-Seq) and GLIS3 occupancy (ChIP-Seq) in G3-hESCs treated 
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with or without DOX (red and blue tracks, respectively). TSSs and direction of transcription 

are indicated by arrows.

(G) Temporal profile of WNT3A mRNA levels during NPC differentiation of G3-hESCs 

treated with or without DOX, as determined by qRT-PCR analysis. Data are normalized to 

GAPDH. Error bars represent SEM of three biological replicates. *p<0.01 (Student’s t-test, 

two-sided).

(H) To examine activation of the WNT3A promoter (−1690 to +317 bp relative to TSS) by 

GLIS3, G3-hESCs and G3-HEK293T cells were transfected with pGL4.10-WNT3A or 

pGL4.10-empty. Top: Relative luciferase activity, in the presence or absence of DOX (24 h). 

Error bars represent SEM of three biological replicates. Bottom: Western blot analysis of 

Flag-GLIS3 in cells treated with or without DOX. Actin is used as loading control. *p<0.01 

(Student’s t-test, two-sided).

(I) HEK293T cells were transiently transfected with the pGL4.10-empty or pGL4.10-

WNT3A reporter plasmid, pCMV-ß-Gal (transfection control), and different amounts of 

pCMV-3×Flag-GLIS3 and pCMV-3×Flag as indicated. Top: Relative luciferase activity 

measured 24 h post-transfection. Error bars represent SEM of three biological replicates. 

Bottom: Western blot analysis of Flag-GLIS3. Actin is used as loading control. *p<0.01 

(One-way ANOVA with Sidak’s multiple comparisons test).

(J) Representative immunofluorescent images showing the expression of WNT3A and Flag-

GLIS3 in differentiating G3-hESCs(−) and G3-hESCs(+) at 24 h of post-NPC induction, 

using anti-WNT3A and anti-Flag M2 antibodies, respectively. Nuclei were stained by DAPI. 

Scale bar, 50 mm.

(K) Relative levels of cellular or secreted (conditioned medium) WNT3A protein in G3-

hESCs(−) and G3-hESCs(+) at 24 h of NPC induction. Error bars represent SEM of three 

biological replicates. *p<0.01 (Student’s t-test, two-sided).
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Figure 6. GLIS3-mediated posterior patterning is WNT-dependent.
(A) Inhibition of GLIS3-induced posterior NPC differentiation in G3-hESCs(+) cells by 

WNT inhibitors, WNT-C59 (top) or IWP2 (bottom). G3-hESCs were treated with and 

without DOX and in the presence or absence of 100 nM WNT-C59 (top) or 2 μM IWP2 for 3 

or 5 days as indicated. Cells were then analyzed by qRT-PCR for their expression of several 

A-P-related genes. Data are normalized to GAPDH. Error bars represent SEM of three 

biological replicates. *p<0.05, **p<0.01 (Two-way ANOVA with Sidak’s multiple 

comparisons test).

(B) Representative immunofluorescent images showing the expression of anterior protein 

markers, OTX2 and PAX6, and posterior markers, GBX2 and MNX1, at day 3 post-NPC 

induction in the presence of DOX with or WNT inhibitors C59/IWP2. Nuclei were 

counterstained by DAPI. Scale bar, 50 μm.
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(C) Representative immunofluorescent images showing the expression of anterior protein 

markers, OTX2 and PAX6, and posterior markers, GBX2 and MNX1, in G3-hESCs(−) 

treated with recombinant WNT3A (200 ng/ml) for 3 days. Nuclei were counterstained by 

DAPI. Scale bar, 50 μm.
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Figure 7. Proposed model for GLIS3-mediated shift in neural progenitor cell lineage 
specification.
GLIS3 directly activates the transcription of WNT3A and other WNT-related genes causing 

increased synthesis and secretion of the strong posteriorizing factor, WNT3A, and other 

WNT proteins inducing a shift from the default anterior to the posterior neural lineage. The 

strong inhibition of GLIS3-induced posteriorization by WNT inhibitors and the efficient 

induction of posteriorization by G3-hESCs(+) conditioned medium supports the conclusion 

that activation of WNT signaling is a major mediator of GLIS3-induced posterior 

specification.
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