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1 | INTRODUCTION

The Sonic Hedgehog (SHH) signal transduction pathway is mediated
by GLI1, GLI2, and GLI3 transcription factors and plays several roles
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Abstract

GLI1 is one of three GLI family transcription factors that mediate Sonic Hedgehog sig-
naling, which plays a role in development and cell differentiation. GLI1 forms a positive
feedback loop with GLI2 and likely with itself. To determine the impact of GLI1 and its
intronic regulatory locus on this transcriptional loop and human stem cell differentia-
tion, we deleted the region containing six GLI binding sites in the human GLI1 intron
using CRISPR/Cas9 editing to produce H1 human embryonic stem cell (hESC)
GLI1-edited clones. Editing out this intronic region, without removing the entire GLI1
gene, allowed us to study the effects of this highly complex region, which binds tran-
scription factors in a variety of cells. The roles of GLI1 in human ESC differentiation
were investigated by comparing RNA sequencing, quantitative-real time PCR (g-rtPCR),
and functional assays. Editing this region resulted in GLI1 transcriptional knockdown,
delayed neural commitment, and inhibition of endodermal and mesodermal differentia-
tion during spontaneous and directed differentiation experiments. We found a delay in
the onset of early osteogenic markers, a reduction in the hematopoietic potential to
form granulocyte units, and a decrease in cancer-related gene expression. Furthermore,
inhibition of GLI1 via antagonist GANT-61 had similar in vitro effects. These results
indicate that the GLI1 intronic region is critical for the feedback loop and that GLI1 has
lineage-specific effects on hESC differentiation. Our work is the first study to docu-
ment the extent of GLI1 abrogation on early stages of human development and to

show that GLI1 transcription can be altered in a therapeutically useful way.

KEYWORDS
CRISPR/Cas?, embryonic stem cells, GANT-61, GLI1 first intron, GLI1 oncogene, Sonic
Hedgehog pathway

in normal development.* Following inhibition of the patched (PTCH)
receptor by the SHH ligand, the transmembrane protein smoothened
(SMO) releases its inhibition of GLI family transcription factors. GLI1

functions downstream of GLI2 and GLI3 during development,
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regulating cell proliferation and morphogenesis in many organ sys-
tems. In humans, GLI1 inactivation is associated with a phenotypic
spectrum extending from isolated postaxial polydactyly to an Ellis-van
Creveld syndrome (EvC)-like condition.”> Additionally, a significant
cancer burden arises with dysregulation of the SHH signal transduc-
tion pathway.>®” Hedgehog signaling is believed to be active in up to

8-12

one-third of all human cancers, and GLI1 gene targets sustain pro-

14,15

liferation, inhibit apoptosis,®® promote angiogenesis, and increase

tumor cell migration.!® Furthermore, GLI1 expression is associated
with chemotherapeutic drug resistance.'”:*8

GLI1 is transcriptionally activated by GLI2.2%22 More specifically, GLI1
is in a positive feedback loop with GLI2*2 and likely with itself because it
activates GLI1 reporters.2® These feedback loops are considered to be an
important element that connects GLI1 expression with cancer phenotypes.
If constitutively active, they will continue to drive GLI1 expression,
enabling GLI1 to assume an oncogenic role. On the other hand, negative
regulation of this transcriptional feedback comes from GLI3, translational
repression of GLI1, or the long non-coding RNA (IncRNA) GLI1as.

Our sequencing and public reference sequence data provide further
insight into the GLI1-GLI2 positive feedback loop by highlighting six GLI
binding sites (GBS) in the first intron of the human GLI1 gene. GLI1 and
GLI2 bind the six GBS in this region and activate reporter expression.
Elimination of some GB sites attenuates transcriptional activation of the
transfected reporter construct, and removing the region containing all
sites eliminates reporter gene activation. Additionally, this region has an
open chromatin configuration and activating histone marks. In aggregate,
these findings indicate that the six GBS are active cis elements within a
complex enhancer region and could regulate GLI1 expression?: in vivo.

GLI1 is highly expressed in mesenchymal stem cells (MSCs),2*
ral stem cells (NSCs),2> and embryonic stem cells (ESCs).2¢ In MSCs,
upregulation of GLI proteins promotes osteogenic differentiation by
inhibiting PPARy and C/EBPa.2* Overexpression of SHH and/or GLI1 in

human ESCs enhances production of neural progenitor and dopaminer-

neu-

gic neurons. For example, by binding to Nanog regulatory sequences,
GLI1 upregulates Nanog expression, which enhances NSC self-

renewal.?”

As an added consideration, Po et al show that, even though
p53 downregulation activates SHH, p53 is actually not required for
SHH control of Nanog. We have also previously shown that p53 effects
are mediated in part by competition with GLI1 for the transcriptional
coactivator TAF9.28 Following its expression, Nanog then binds GLI pro-
teins in ESCs and represses GLI1-mediated transcriptional activation.
Overall, despite the GLI1 gene's widespread developmental
impact, the expression profiles of GLI1 during differentiation and its
function in stem cells are not yet clear. Given this context and the
important role of GLI1 in cancer, we established a stem cell model to
study the underlying connection between the region containing six
GBS in the GLI1 first intron, GLI1 expression, and GLI1 function dur-
ing early stages of ESC development. In the null GLI1 mouse model,
GLI2 apparently can compensate, explaining why GLI1 KO animals do
not seem to develop an obvious phenotype.??3 Editing out the GLI1
intronic region, without removing the entire GLI1 gene, allowed us to
investigate the effects of this highly complex region, which binds

many transcription factors in a variety of cell types.
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Significance statement

Using the CRISPR/Cas9 strategy, a regulatory region of the
first intron of the GLI1 gene in a human embryonic stem cell
model edited out in this study. This region contains six
highly conserved GLI1 binding sites. The editing significantly
lowered GLI1 transcription in the heterozygous state and
reduced GLI1 expression to barely detectable levels in the
homozygous state. Such alteration in GLI1 expression signif-
icantly decreased ectodermal, mesodermal, and endodermal
marker expression. This resulted in significant differentiation
defects: a reduction in blast colonies and hematopoietic
potential, a delay in the onset of early osteogenic markers,
delayed neural differentiation, and a reduction in cancer-

related gene expression.

We hypothesized that the regulatory region containing the six
GBS regulates GLI1 expression, which in turn affects ESC differentia-
tion. To gain insight into the developmental roles of this regulatory
region, a combination of spontaneous differentiation in embryoid bod-
ies, directed differentiation, small molecule inhibitors, and RNA
sequencing (RNA-Seq) were used. We extend the observation that
GLI1 and GLI2 transcription factors bind the six GBS in the GLI1 first
intron, thereby activating GLI1 transcription. In vivo CRISPR/Cas9
editing enabled us to reduce GLI1 expression to barely detectable
levels, which significantly affected GLI1 target genes and resulted in
lineage-specific effects on differentiation. In light of this, abrogation
of GLI1 expression makes the region and the protein complexes that
occupy it attractive therapeutic targets, particularly in cancer.

2 | MATERIALS AND METHODS

21 | Cellline

H1 (WAO01), a well-characterized human embryonic stem cell (hESC)

2 was purchased from WiCell (Madison, Wisconsin; https://

line,®
www.wicell.org/home/stem-cells/catalog-of-stem-cell-lines/wa01.
cmsx). The cells were maintained on Matrigel-coated culture dishes in
mTeSR1 medium (STEMCELL Technologies) or StemMACS iPS-Brew

XF (Miltenyi Biotec).

2.2 | Generation of CRISPR plasmids

Single guide (sgRNA) upstream and downstream sequences of the six
GBS were designed using Optimized CRISPR Design (Dr. Feng Zhang's
Lab in Massachusetts Institute of Technology; http://crispr.mit.edu/)
and Cas-Designer (Dr. Jin-Soo Kim's Lab in Seoul National University;
http://www.rgenome.net/cas-designer/). The oligos were annealed
and cloned into px330 vector (Addgene, Plasmid #42230).


https://www.wicell.org/home/stem-cells/catalog-of-stem-cell-lines/wa01.cmsx
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https://www.wicell.org/home/stem-cells/catalog-of-stem-cell-lines/wa01.cmsx
http://crispr.mit.edu/
http://www.rgenome.net/cas-designer/
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The upstream and downstream homolog arms were amplified by PCR
with Q5 High-Fidelity DNA Polymerase (M0491S, New England
Biolab [NEB], Massachusetts) and cloned into HR700PA-1 Gene
Knock-out Targeting Vector (System Biosciences [SBI], California)
with NEBuilder HiFi DNA Assembly Master Mix (E2621S, NEB). The
sequences were verified by Sanger sequencing (GENEWIZ, New Jer-
sey). To generate Targeting Vector carrying Blasticidin, the Puromycin

resistance gene was replaced with Blasticidin gBlocks Gene Fragment.

2.3 | Generation of edited H1 ESCs

A total amount of 2 pg DNA was used for the transfection. Plasmids
were cotransfected into H1 hESCs with the Human Stem Cell
Nucleofector Kit 1 (VAPH-5012, Lonza) in a Nucleofector 2b device.
H1 hESCs were cultured and the potentially positive clones were col-
lected. After 72 hours, 500 ng/mL Puromycin dihydrochloride
(NA0310, Sigma) was added to the culture media. Genomic DNA of
transfected H1 hESCs was isolated with PureLink Genomic DNA Kits.
Genotyping of transfected H1 hESC clones was performed with
DreamTaq Green PCR Master Mix according to the manufacturer's
protocol. To generate homozygous-edited H1 hESCs, a targeting vec-
tor carrying Blasticidin was cotransfected with a px330 vector carry-
ing sgRNA by using the Nucleofector 2b device. After 72 hours, 5 pg/
mL Blasticidin S HCL (Thermo Fisher Scientific) and 500 ng/mL Puro-

mycin dihydrochloride were used to select the double-edited clones.

24 | GLI1 Western blot analysis

The following procedures were carried out at 4°C. Approximately
1 x 10° cells were resuspended and incubated in 0.15 mL of RIPA
buffer (Sigma) and protease inhibitor cocktail (Pierce) for 5 minutes with
rocking. The protein concentration was determined with BCA assay kit
(Pierce). All the following procedures were carried out at room tempera-
ture. The GLI1 protein was separated on SDS-PAGE gels, transferred
onto a nitrocellulose membrane, and incubated in PBST buffer with 5%
milk for 30 minutes. The membrane was washed with PBST buffer,
incubated with polyclonal rabbit GLI1 antibody (Cell Signaling Technol-
ogy; cat. no. 2354) (1:15 000 dilution) in PBST buffer with 5% milk for
overnight at 4°C. The membranes were washed with PBST buffer
(1X PBS, 0.3% Tween-20) and incubated with secondary antibody con-
jugated with HRP (Donkey anti Rabbit IgG-HRP, Santa Cruz Biotech;
cat. no. sc-2077) for 1 hour (1:15 000 dilution in PBST with 5% milk).
The membrane was then washed 3x with PBST buffer. The GLI1 pro-
tein was visualized using SuperSignal West Femto chemiluminescence
kit (Thermo Fisher Scientific). For GAPDH Western blot analysis, the
same membrane was stripped with stripping buffer (Thermo Fisher) for
30 minutes at room temperature and then incubated in PBST buffer
with 5% milk for 30 minutes. The membrane was washed with PBST
buffer and incubated with polyclonal rabbit GAPDH antibody (Cell Sig-
naling Technology; cat. no.14C10) (1:30 000 dilution) in PBST buffer
with 5% milk for 1 hour at room temperature. The membranes were

then washed with PBST buffer and incubated with secondary antibody
conjugated with HRP (Donkey anti Rabbit IgG-HRP, Santa Cruz Biotech;
cat. no. sc-2077) for 1 hour (1:30 000 dilution in PBST with 5% milk) at
room temperature. The membrane was then washed 3x with PBST
buffer. The GAPDH protein was visualized using SuperSignal West Pico
chemiluminescence kit (Thermo Fisher Scientific).

2.5 | Spontaneous differentiation
Single cells were plated onto nonattachment plates and maintained in
ESC media without FGF-f in the presence of fetal bovine serum (FBS).

2.6 | Spontaneous differentiation in the presence
of GANT-61

Wild-type (WT) H1 hESC single cells were plated onto nonattachment
plates and maintained in ESC media without FGF-§ in the presence of
FBS. The experimental group was cultured in the presence of GANT-
61 (Tocris Biosciences, cat. no. 3191) at a concentration of 5 uM. The
control group was cultured in the presence of 5 uM DMSO. Media
containing GANT-61 was replaced every other day. Embryoid bodies
were collected at days 10 and 20. Markers for the three embryologic
lineages were analyzed by real-time PCR.

2.7 | Endodermal differentiation

Endodermal differentiation was achieved essentially as described in
Reference 33. An amount of 1 x 10° pluripotent stem cells were
plated on 60 mm Matrigel coated plates in advanced DMEM/12
medium supplemented with 3 uM CHIR99021 (STEMCELL Technolo-
gies). Differentiation medium was changed every day. The cells were

collected at days 3 and 5 of differentiation.

2.8 | Endothelial differentiation

Endothelial differentiation was established by a monolayer induction
protocol. Briefly, as described in Reference 34, single cells were plated
on 60 mm culture dishes coated with matrigel and cultured overnight in
StemMACS iPS-Brew XF (Miltenyi Biotec). Differentiation was induced
with media containing advanced DMEM/12 (Life Technologies), glu-
tamax (2.5 mM), ascorbic acid (60 pg/mL), and CHIR990921 (6 uM)
added on day 0. On day 2 of induction, CHIR990921 was removed from
the media. The cells were collected on day 5 of differentiation.

29 | Hematopoietic colony forming assay

The hematopoietic colony forming assay was performed in MethoCult
H4435 medium (STEMCELL Technologies) supplemented with Flt-3L
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(50 ng/mL), IL-7 (20 ng/mL), IL-3 (5 ng/mL), SCF (50 ng/mL), and TPO
(40 ng/mL) (Peprotech). After initial coculture with OP9 mouse stromal
cells as described in Reference 35, hematopoietic progenitors were iso-
lated on day 8 of differentiation and plated at a density of 1 x10° cells
per 35 mm dish. The colonies were evaluated after 16 days in culture.

210 | Blast colony forming assay

The blast colony assay was performed in MethoCult H4100 media
mixed with SFEM (STEMCELL Technologies) and supplemented with
Heparin, LiCl, Glutamax MTG, Ascorbic Acid (all from Sigma-Aldrich),
ExCyte (Millipore), FGF2, VEGF (Peprotech), and BIT 9500 Serum
Substitute (STEMCELL Technologies).

211 | Neural differentiation

Neural differentiation was performed using the PSC Neural Induction
Medium (Thermo Fisher Scientific) according to manufacturer's
instructions. Neural progenitor cells NPC(s) were collected at day 7

(early neural) and at day 21 (late neural) for differentiation analysis.

212 | Osteogenic differentiation
Osteogenic differentiation was initiated using the MSCgo Osteogenic
Differentiation Medium (Biological Industries) according to the manu-

facturer's instructions.

213 | Mineralization assay

Matrix mineralization was quantified using alizarin red staining essen-
tially as in Reference 36. After 3 minutes, cells were thoroughly
washed and then destained with cetylpyridinium chloride. Absorbance
of the destain solution was quantified using a CIARIOstar plate reader
at Aszgnm (BMG Labtech).

214 | MTS assay

MTS cell viability assay was performed using the CellTiter 96AQueous
MTS (Promega, Madison, Wisconsin). Live cells were incubated in
DMEM containing 10% FBS, without phenol red, in the presence of
MTS reagent for 1 hour. Absorbance was quantified using a CIARI-
Ostar plate reader at MTS490nm (BMG Labtech).

215 | Flow cytometry analysis

Cells were harvested with StemPro Accutase (Thermo Fisher Scien-
tific), washed with ice-cold FACS buffer (PBS + 1% FBS +2 mM

EDTA), and incubated with conjugated antibodies CD31 PE, CD34
FITC, VE-Cadherin APC (Miltenyi Biotech) for 30 minutes at 4°C. Fol-
lowing this, cells were washed with a 0.5% BSA/PBS solution. Data
collection was performed via the FACSCalibur (BD Biosciences) and

analyzed with FlowJo software (version 10.5.3).

216 | Immunohistochemistry

The following procedures were performed at room temperature. Neu-
ral cells were fixed with 3.2% paraformaldehyde for 30 minutes and
permeabilized for 5 minutes with 0.1% Triton-x-100 in PBS. Cells
were then treated with Dako Protein Block for 25 minutes to prevent
nonspecific antibody binding. Following this, neural cells were incu-
bated with MAP2 (Santa Cruz, cat. no. SC-74421) and GFAP (Sigma,
cat. no. G3893) mouse anti-human, primary antibodies. After washing
the cells 3x with Dako Washing Buffer (WB), appropriate Alexa Fluor-
conjugated secondary antibodies (Invitrogen) were added to cell cul-
ture wells; incubation time was 45 minutes. All antibody dilutions
were performed according to manufacturers' instructions. Samples
were then washed once more with WB and incubated with DAPI
(Sigma Aldrich) for 3 minutes. The immunofluorescent cells were visu-
alized with Leica DM IRB inverted microscope system (Leica, Ger-
many) equipped with the Retiga 4000R camera (QImaging, Canada),
which was controlled with Openlab software version 5.0.2 (Perkin-
Elmer).

2.17 | RNAisolation
Total RNA was extracted with the RNeasy Mini Kit (Qiagen) via the
instructions provided in the manufacturer's protocol. RNA quality and

concentration were assessed with a Nanodrop instrument.

2.18 | RNA sequencing analysis

Aliquots of RNA were submitted to Northwestern University's NUSeq
Core. The mRNA library was prepared and the samples were analyzed
using HiSeq 4000 Sequencing 50 bp, Single Reads. The list of differ-
entially expressed genes was further analyzed using MetaCore and R
Studio software (gplots and EnhancedVolcano packages).

219 | Quantitative real-time PCR

High-Capacity RNA-to-cDNA kit (Applied Biosystems) was used to
reverse transcribe the isolated RNA. Each reaction tube included up
to 2 pg of RNA. The reverse transcription reaction was performed
according to manufacturer's instructions via the MBS Satellite (0.2G)
Thermal Cycler (Thermo Fisher Scientific). The g-rtPCR reaction mix
was prepared by adding 12 ng of cDNA from each sample to the
PowerUp SYBR Green Master Mix (2X) (Applied Biosystems). gPCR
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was performed (Standard Cycling Mode, primer T, < 60°C) via the
7500 Fast Real-Time PCR system (Applied Biosystems). The 7500
v2.3 software was used for data collection and gene expression com-

parisons (2-22€T method). Primer sequences provided in Table S2.

2.20 | Smallinterfering RNA (siRNA) treatment
and hematopoietic colony forming assay

Three days prior to CHIR?9021 induction, H1 hESCs were plated
onto a six-well plate and transfected with two siRNA constructs (4 pg
each; obtained from Dr Beletsky) using Lipofectamine 3000
(Invitrogen, Thermo Fisher Scientific, Waltham, Massachusetts)
according to the manufacturer's instructions. Briefly, prior to treat-
ment, Lipofectamine 3000 siRNA complexes were prepared in
reduced serum medium, OptiMEM (Invitrogen, Thermo Fisher Scien-
tific) at the recommended ratio. Cells were then treated overnight in
iPS-Brew Medium (Multeyi Biotech, California). To maintain the
desired effect of GLI1 downregulation during differentiation, the cells
were transfected a second time 1 day prior to CHIR99021 treatment.
The differentiation was then performed as in Section 2.8, followed by
Section 2.9. Scrambled siRNA construct (obtained from Dr Beletsky)

was used as a control.

3 | RESULTS

3.1 | Clone selection and characterization

Previously, we have shown that the first intron of the GLI1 gene has
characteristics of an enhancer and contains six conserved GB sites
that bind GLI1 and GLI2.2% Furthermore, in addition to GLI1, GLI1-AT
(GLI1 with a deletion removing the N-terminal repressor domain) and
tGLI1 (an isoform of GLI1 present in tumors) also activate gene
expression (Figures S1 and S2). Moreover, there are no interactive
effects of GLI1 or GLI2 on activation of gene expression (Figures S2
and S3).

To determine the impact of this region on GLI1 expression in
stem cells and stem cell differentiation, we deleted the region includ-
ing the six GBS in the first intron of the GLI1 gene using the CRISPR/
Cas9 system (Figure 1A). To increase selection specificity and to
delete both alleles, two rounds of editing were performed using two
different resistance markers. The final clones were picked manually
based on their GFP expression (Figure 1B).

To validate successful CRISPR/Cas?9 DNA modification, the iso-
lated clones were genotyped (Figure 1C) and sequenced (Table S1).
Reduction of GLI1 expression was confirmed by Western blot analysis
(Figure 1D). Compared to wild type clones, quantitative real-time PCR
demonstrated that there was up to 50% reduction in GLI1 RNA in the
heterozygous clone (#6) and barely detectable levels of GLI1 RNA in
the homozygous clone (#65). Furthermore, our results showed a sig-
nificant decrease in the expression of the GLI1 target PTCH1 in both
heterozygous and homozygous clones (Figure 1E). On the other hand,

the deletion of this region had minimal effects on the expression of
pluripotent markers OCT4, SOX2, and NANOG (Figure 1F). These
results indicate that GBS deletion in the first intron of the GLI1 gene
dramatically reduces GLI1 expression in stem cells, without affecting

their pluripotency.

3.2 | Spontaneous differentiation

To examine the cellular effects of the GLI1 GBS region deletion, we
conducted spontaneous differentiation of heterozygous and homozy-
gous clones (exhibiting most significant downregulation of GLI1) and
wild-type pluripotent cells using the embryoid body method. Single
cells were plated onto nonattachment plates and maintained in ESC
media without FGF-p in the presence of FBS. On day 10 of differenti-
ation, embryoid bodies were collected and early markers of the three
embryonic lineages were assessed by real-time PCR. Our results
showed that, during spontaneous differentiation, the homozygous-
edited clone (#65) retained pluripotency markers at a higher level than
the heterozygous clone (#6) or the WT H1 hESC control (Figure 1G),
indicating that the edited cells were held in a pluripotent state. The
clones also exhibited decreased expression of GLI1 (Figure 1H) and its
targets (Figure 11). Additionally, compared to the WT H1 hESC differ-
entiated control, ectodermal PAX6 and OTX2 (Figure 1J), mesodermal
BRACHYURY and PDGFRa (Figure 1K), and endodermal GATA4 and
GATAG (Figure 1L) were significantly downregulated for both hetero-
zygous and homozygous GLI1-edited clones. These data suggest that
the deletion of the region containing the GBS significantly affects
stem cell differentiation toward all three embryonic lineages, and this
effect is most pronounced in the homozygous state. Furthermore,
GLI2 expression remained consistent both during spontaneous differ-
entiation (Figure 1H) and directed differentiation (Figure S4). In this
case, unlike that of the null GLI1 mouse model, GLI2 does not com-
pensate for GLI1 after the six GBS are deleted.

3.3 | Directed differentiation

To more precisely define the effect of GBS deletion on each lineage,
we conducted directed differentiation experiments. The aim was to
determine whether early differentiation marker downregulation,
observed during spontaneous differentiation, was due to delayed/
inhibited differentiation potential or because the edited cells were dif-
ferentiating faster than control WT H1 hESCs. Furthermore, we also
wanted to verify that the significant gene downregulation was due to
GLI1 editing rather than nonspecific 3D interactions within the
embryoid body differentiation system. The differentiated cells were
assessed using functional assays and analyzed using RNA-Seq, real-
time PCR, fluorescence-activated cell sorting analysis, and immunoflu-
orescence (IF). For directed differentiation experiments, we chose the
homozygous GLI1-edited clone with the most downregulated GLI1
expression (#65). Experiments performed with clone #65 showed that

GLI1 downregulation had the most significant effect on mesodermal
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differentiation, specifically hematopoietic lineages. To confirm these
results, we repeated the experiments using homozygous clone #58
and performed siRNA treatments. Furthermore, to ensure that our
data is specific to homozygous GLI1 downregulation, we performed
directed differentiation toward hematopoietic lineages using hetero-
zygous clone #6.
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3.3.1 | Early mesodermal potential of the GLI1
edited clone

To detect early phenotypic differences in mesodermal differentiation
between heterozygous clone #6, homozygous GLI1-edited clone #65,
and WT H1 hESCs, we induced differentiation by coculturing
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pluripotent cells with OP9 mouse stromal cells. On day 3 of coculture,
the colonies were separated into single cells and placed in semisolid
media. After 16 days in culture, the resulting mesenchymal (MS) and
Blast (BL) colonies—precursors of primitive blood and endothelial
cells—were counted by two individuals and the mean number of colo-
nies was determined (Figure 2A).

We found that an approximately equal number of MS and BL col-
onies developed in the WT H1 hESCs. There was no significant differ-
ence between the number of colonies generated by WT H1 hESC and
the heterozygous GLl1-edited clone #6. On the other hand, the
homozygous GLI1-edited cells generated significantly more MS colo-
nies than the heterozygous GLI1-edited clone #6 and the WT H1
hESCs (Figure 2B). These data indicate that homozygous deletion of
the six GBS of GLI1 skews early stage mesodermal commitment
toward the mesenchymal component and results in a smaller number
of BL colonies, indicating less prevalence for primitive blood and

endothelial cells.

3.3.2 | Endothelial differentiation of GLI1 edited
clones (mesodermal lineage)

To further evaluate the effects of GLI1 downregulation on endothelial
cell formation, we performed endothelial differentiation, as previously
described.>” We used heterozygous GLI1-edited clone #6 and two
homozygous GLI1-edited clones #65 and #58 for this experiment. We
found that on day 5 of differentiation, the number of CD31+CD34+
endothelial progenitor cells were slightly reduced in the heterozygous
GLI1-edited clone #6 compared to WT H1 hESCs. In contrast, the
number of CD31+CD34+ endothelial progenitor cells in the homozy-
gous GLI1-edited clones #65 and #58 was significantly reduced and
were on average four times smaller compared to WT H1 hESCs
(Figure 2C,D). This showed that GLI1 downregulation significantly
inhibits endothelial development. Moreover, assessment of cell viabil-
ity using 7-AAD dye showed that the percentage of live cells in WT
and GLI1-edited differentiating cultures was very high, on average
92% to 97% (Figure 2E). There was no significant difference between
the numbers of 7-AAD positive cells (Figure 2F), suggesting that the

low efficiency of endothelial differentiation was due to differentiation
inhibition, rather than poor cell survival.

Analysis of RNA-Seq data, collected on day 5 of endothelial dif-
ferentiation, confirmed these results. Using the volcano plot gener-
ated by R-Studio software (Figure 2G), we selected differentially
expressed vascular and endothelial-related genes with the lowest
P value and highest fold change (FC). Our selected gene set incorpo-
rated genes involved in promoting vascular homeostasis by regulating
cell proliferation, migration, adhesion, actin cytoskeletal reorganiza-
tion, and anti-inflammatory mechanisms in vascular tissue. In compari-
son to control WT H1 hESCs, this gene set was significantly
downregulated in the GLI1-edited cells: CD34 (P value =
322x 10727, FC = -2.32), THBD (7.90x 107°, —-0.97), VWF
(1.73 x 1077°, -2.32), TIE1 (5.15 x 107>, —2.72), TEK (2.37 x 107'%,
-1.92), ETS1 (5.62 x 107'*3, —1.19), FLT4 (1.62 x 10~*, —0.91), KDR
(229 x 1070, -1.23), NOTCH1 (8.85x107% -0.63), TAL1
(2.78 x 107%%, —1.53), and COL22A1 (4.83 x 10782, —1.05). Further-
more, the data showed significant downregulation in the RUNX1 gene
(2.68 x 107°8, —3.08), indicating decreased hemogenic potential of
derived endothelium in GLI1-edited cells (Figure 2H). To comple-
ment these results, pathway analysis revealed significant inhibition
of differentiation toward lymphatic, venous, and arterial endothelium
as indicated by significant downregulation in SOX18 (3.12 x 1071,
-1.39), PROX1 (1.73x1077°, -2.32), VEGFR-3 (9.16 x 1074,
—0.91), HEY1 (3.12 x 107, —0.66), and HEY2 (1.00 x 107, —1.85)
(Figure S5).

Additionally, we observed that several genes implicated in various
forms of cancer were significantly downregulated in the GLI1-edited
cells during vascular formation. For example, the LAPTM4B
(P value = 1.13 x 1077°, —0.99) gene is related to metabolic stress tol-
erance in cancer cells®® ETS1 (5.62x 10713, —1.19) and FLI1
(5.37 x 1077°, —1.86) are transcription factors associated with GLI1
upregulation in Ewing sarcoma through the EWSR1/FLI1 transloca-
tion fusion protein.3? FLI1 upregulation is also associated with suscep-
tibility to follicular non-Hodgkin lymphoma. Another gene,
ADAMTSL1 (417 x107°, -3.32), has been associated with
chondrosarcoma. ADAMTSL1 may play an important role in cell sur-

vival and its downregulation has been linked to significant antitumor

FIGURE 1 Generation and characterization of GLI1-edited H1 hESCs. A, Schematic depiction of the strategy to target the region including
the six GBS. Yellow triangles represent LoxP sites. B, (i-ix) Both the heterozygous (#5) and homozygous (#58) clones express green fluorescent
protein (GFP) and have similar morphology as wild-type hESCs. C, Genotyping of heterozygous (#5, #6) and homozygous (#56, #58, #64, #65) H1
hESC clones by PCR-RFLP. Black arrows, PCR primers; B, BamHI; BSD, Blasticidin; Puro, Puromyocin; S, Scal. D, Western blot analysis showed
decreased expression of GLI1 in heterozygous clone #6 (Het) and a dramatic reduction of GLI1 expression in homozygous clone #65 (Homo).
Rh30 cells (human rhabdomyosarcoma cells) were used as a positive control for GLI1 protein. E, Real-time PCR analysis showing that the deletion
of this region of the GLI1 gene in hESCs dramatically reduced the expression of GLI1 and its target PTCH1. F, Deletion of this region has minimal
effects on the expression of pluripotency markers OCT4, SOX2, and NANOG. G, Real-time PCR analysis showing that the GLI1-edited
homozygous cells maintain higher pluripotency marker expression, determined in embryoid bodies after 10 days of spontaneous

differentiation. H, Real-time PCR analysis showing that the deletion of this region of GLI1 in hESCs maintains reduction in GLI1 expression, but
not GLI2, determined under same conditions as in (G). I, Real-time PCR analysis showing that the deletion of this region of the GLI1 gene in
hESCs maintains reduction in expression of GLI1 targets, determined under same conditions as in (G). J-L, Real-time PCR analysis showing that
the deletion of this region of the GLI1 gene in hESCs significantly reduces the expression of markers associated with ectodermal (J), mesodermal
(K), and endodermal (L) lineages (*P < .05, **P < .01). The real-time PCR charts include data presented as mean + SEM from at least three
independent experiments. GBS, GLI binding sites; hESCs, human embryonic stem cells
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or bone marrow from healthy individuals or patients with other malig-

effects.*® TM4SF1 (2.30 x 10™%%, —2.53) is highly expressed in various
carcinomas. JAG2 (4.15 x 10771, —=2.08) was found to be overexpressed nancies*? (Figure 2l). Overall, these findings suggest that the possible

in multiple myeloma, but not in nonmalignant plasma cells from tonsils role of such genes in these cancers is related to tumor angiogenesis.
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3.3.3 | Hematopoietic potential

GLI1 downregulation has been shown to affect differentiation and pro-
liferation of myeloid progenitors in mice.*? To assess the hematopoietic
potential of heterozygous GLI1-edited clone #6 and the homozygous
GLI1-edited clone #65, we briefly cocultured the cells isolated on day 5
of endothelial differentiation with OP9 mouse stroma. Hematopoietic
progenitors were then placed into semisolid media containing hemato-
poietic cytokines. After 18 days, the colonies were counted and the
numbers were compared to WT H1 hESCs (Figure 3A). We observed
no significant difference in the number of granulocyte forming units
(CFU-G) between WT H1 hESCs and heterozygous GLI1-edited clone
#6. In contrast, the difference in the number of CFU-G between WT
H1 hESCs and homozygous GLI1-edited clone #65 was significant. The
WT H1 CFU-G count was on average 9x greater than the edited GLI1
clone CFU-G count (Figure 3B).

To confirm that the observed result was due to GLI1 down-
regulation, we treated WT H1 hESCs with a combination of two
siRNAs. GLI1 downregulation was confirmed using Western blot
(Figure S5). We found that scrambled RNA-treated progenitors, on
average, formed 12.5x greater CFU-G (Figure 3C) and those colonies

were also marginally smaller in size (Figure 3D).

3.34 | Osteogenic differentiation
GLI1 has been implicated in SHH-mediated specification of the osteo-
blast lineage.*® Previous work established that GLI1-expressing mes-
enchymal progenitor cells are responsible for bone formation and
fracture repair in mice.** We evaluated the differentiation potential of
our MSCs differentiated from WT H1 hESCs and homozygous
GLI1-edited cells. Mesenchymal differentiation was established by
isolation of a multipotential progenitor at the mesenchymoangioblast
stage, as described previously.*®

Our time point, real-time PCR analysis of osteogenic differentia-
tion showed that ALPL, an early marker of osteogenic differentiation,
increased significantly in WT H1 hESCs by day 3. Whereas in the
homozygous GLI1 edited cells, the significant increase occurred

between day 3 and 6. By day 6, there was no significant difference in

ALPL gene expression between homozygous cells and WT control.
Our real-time PCR results also showed no significant difference
between the expression of other osteogenic markers, including
RUNX2 and BGLAP (Figure 4A). These results suggest that the loss of
GLI1 may delay the initiation of bone development.

Evaluation of osteogenic differentiation efficiency using Alizarin
Red staining complements our real-time PCR data. On day 8, the
results demonstrated that WT H1 hESCs had a significantly greater
amount of calcium deposition. By day 10 of differentiation, both WT
H1 hESCs and homozygous GLI1-edited cells were highly mineralized
(Figure 4B,C). There was no significant difference between absor-
bance values at 538 nm.

As an added layer of confirmation, the MTS viability assay revealed
that the initiation of osteogenic differentiation greatly affected the via-
bility of the GLI1-edited homozygous clones. On day 8 of differentia-
tion, the homozygous clone had five times fewer proliferating cells than
WT H1 hESCs. The difference became insignificant as differentiation
progressed and the number of viable cells decreased in WT control
(Figure 4D). This proliferative profile is reflected in SHH pathway sig-
naling, which promotes osteogenic induction. In comparison to WT H1
hESCs, the GLI1-edited cells had upregulated expression levels of the
transcription factor PPAR-gamma (PPARG, P value = 2.20 x 107%,
FC = 1.94), which inhibits the transcription factor RUNX2
(8.73 x 10711, —0.55). Downregulated RUNX2 expression cannot effec-
tively upregulate key osteogenesis-promoting genes such as ALPL
(3.78 x 10715, —2.99) and COL1A1 (1.77 x 107>, —0.18) (Figure S6).

Furthermore, additional pathway analysis and the volcano plot
(Figure 4E) showed an even larger array of genes that were differen-
tially expressed with high significance. In addition to PPARG, RUNX2,
ALPL, and COL1A1, we expanded our osteogenic gene list to include:
BAP1 (P value = .01, FC = -0.19), IGFBP3 (0, —5.86), and SPARC
(1.30 x 10~%7, —0.64). These genes were significantly downregulated
in the GLI1-edited homozygous cells (Figure 4F ).

3.3.5 | Endodermal potential (endodermal lineage)

Endodermal differentiation was achieved using a monolayer differen-

tiation system, as previously described with addition of CHIR99021

FIGURE 2 Assessment of the effect of GLI1 editing on endothelial (mesodermal) differentiation potential of hESCs. A, (Left panel)
Representative phase contrast images showing mesangioblast and mesenchymal colonies growing in semisolid media generated from WT H1
hESCs (blue circle) and GLI1-edited clones (#6, #65) (red circles). (Right panel) Higher magnification of mesengioblast (BL) and mesenchymal
(MS) colonies. B, A graph showing a significant increase in the number of MS colonies in the GLI1-edited clone #65 (homozygous), but no
significant increase in the number of MS colonies in GLI1-edited clone #6 (heterozygous) compared to the WT H1 hESCs during the early

mesodermal specification; Bars represent mean + SEM from three independent experiments (**P < .001). C,D, A graph and representative flow
cytometry analysis showing that the endothelial differentiation efficiency of homozygous GLI1-edited clones is significantly lower than the WT
H1 hESCs. Bars represent mean + SEM from three independent experiments. E,F, Representative flow cytometry analysis and a graph
demonstrating high cell survival during endothelial differentiation. There was no significant difference in survival between the WT H1 hESCs and
GLI1-edited clones. G, Volcano plot showing the RNA-Seq data distribution for endothelial differentiation of WT H1 hESCs vs GLI1-edited cells.
In relation to WT H1 hESCs, the downregulated genes are on the left and upregulated genes are on the right. H, Heatmap showing vascular-
related gene expression comparison between WT H1 hESCs and GLI1-edited clone (#65). The expression, P value, and fold change data for all
gene tables were obtained from RNA-Seq analysis. |, Heatmap showing cancer-related gene expression comparison between WT H1 hESC and
GLI1-edited cells (#65). hESCs, human embryonic stem cells; RNA-Seq, RNA sequencing; WT, wild-type
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FIGURE 3 Assessment of the effect of GLI1 editing on hematopoietic (mesodermal) differentiation potential of hESCs. A, Representative
phase contrast images showing myeloid colonies growing in semisolid media. B, A graph demonstrating the number of myeloid colonies generated
from WT H1 hESCs and GLI1-edited cells (GLI1 6 and GLI1 65). Bars represent mean + SEM from three independent experiments. G, granulocyte
colony forming unit; GM, granulocyte macrophage colony forming unit (*P < .05). C, Representative phase contrast images showing granulocyte
colonies growing in semisolid media after the siRNA treatment. D, A graph demonstrating the number of myeloid colonies generated from WT H1
hESCs treated with scrambled siRNA and WT H1 hESCs treated with siRNA combination (1 + 2). Bars represent mean + SEM from three
independent experiments. G, granulocyte colony forming unit; GM, granulocyte macrophage colony forming unit (*P < .05). hESCs, human

embryonic stem cells; siRNA, small interfering RNA; WT, wild-type

(3 uM).33 To assess the differentiation dynamic, we evaluated the
samples at day 3 by real-time PCR and at day 5 by RNA-Seq. As with
our spontaneous differentiation result, real-time PCR and RNA-Seq
data demonstrated a significant downregulation of GATA-6 in
GLI1-edited cells compared to WT H1 hESCs (Figure 5A). From the
volcano plot and pathway analysis (Figures 5B and S7), we observed
that SOX17 (P value = 212x107*2, FC -1.57), SOX7
(1.94x 10733, —2.27), and GATA-2 (6.32x 10722, —1.15) were
expressed at a significantly lower level in homozygous GLI1-edited
cells compared to WT H1 hESCs (Figure 5C).

3.3.6 | Neural differentiation of GLI1 clones
(ectodermal lineage)

The effects of GLI1 downregulation on ectodermal differentiation were
assessed using PSC neural induction medium. On day 7 of differentia-
tion, neural progenitor cells (NPCs) were collected and assessed using

real-time PCR. Half of the cells were transferred to NPC culture media

and propagated for four passages. To assess the morphological proper-
ties of NPCs, we cultured them as neurospheres. The results showed
that the homozygous GLI1-edited cells have a reduced ability to form
neurospheres, as indicated by their smaller size and number (Figure 5D).

Our real-time PCR analysis revealed that during the initial stages
of differentiation, at day 7, there was a significant difference in PAX6
and SOX1 expression. Both genes were downregulated in GLI1-edited
cells (Figure 5E), while NCAM1 was significantly upregulated
(Figure S8). At day 28 of NPC culture, the volcano plot (Figure 5F) and
pathway analysis (Figure S8) showed a significant downregulation of
NES (1.13 x 1074, FC = —0.88), VIM (2.48 x 107>, =0.47), and NEFM
(1.19 x 10~%, —1.02) (Figure 5G). This suggested that GLI1 editing
inhibited the expression of early neural genes.

To verify whether these early phenotypic differences had an
adverse effect on the maturation potential of NPCs derived from
homozygous GLI1-edited cells, we conducted spontaneous terminal
neural differentiation. immunofluorescent (IF) staining showed that
homozygous NPCs differentiated to neurons and glial cells, as indi-
cated by positive MAP2 and GFAP expression (Figure 5H).
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FIGURE 4 Assessment of the effect of GLI1 editing on osteogenic (mesodermal) differentiation potential of hESCs. A, Time course of gene
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difference. D, A graph of the MTS assay showing a significant difference in cell viability between WT H1 hESCs and GLI1-edited cells during
osteogenic differentiation (**P < .0001). E, Volcano plot showing the statistical significance of RNA-Seq data of osteogenic differentiation. F,
Heatmap showing osteogenic gene expression comparison between WT H1 hESCs and GLI1-edited cells. The expression, P value, and fold
change data for all gene tables were obtained from RNA-Seq analysis. hESCs, human embryonic stem cells; RNA-Seq, RNA sequencing; siRNA,
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3.4 | Spontaneous differentiation in the presence
of GANT-61

GANT-61 was found to interfere with GLI1 and GLI2 activity by
inhibiting the binding of GLI1 and GLI2 transcription factors to
DNA.*® GANT-61 does not bind DNA, but rather, it binds to GLI1
(a 5-zinc finger protein) between zinc fingers 2 and 3 at sites E119
and E167.% In light of this, we evaluated the effects of GANT-61 on
differentiation using our stem cell model.

First, to validate the effect of GANT-61 inhibition on GLI1 tar-
get genes, we performed rt-PCR on GANT-61 treated Rh18 and
Rh41 cells. These cell lines express GLI1. We observed significant
downregulation of Bcl-2 promoter expression, which is activated
in response to GLI1 signaling, in both Rh18 and Rh41 cells
(Figure S9).

Next, we evaluated the effect of GANT-61 on GLI1 and SHH
pathway members PTCH1 and SMO as well as pluripotency marker
expression in hESCs. There were no significant differences in
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expression of these markers following 6 or 12 days of GANT-61 treat- gene expression significantly increased, while ectodermal gene
expression decreased. After 20 days of exposure, GANT-61 signifi-

ment (Figure 6A).
Following this, we evaluated the effect of GANT-61 exposure cantly decreased endodermal and mesodermal marker expression

during spontaneous differentiation. After 10 days of differentiation in (Figure 6B). These effects were similar to those we achieved with the
the presence of GANT-61 treatment, mesodermal and endodermal GLI1-edited clones. Additionally, GLI1 and its target PTCH1 were
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significantly downregulated during the differentiation process
(Figure 6B).

4 | DISCUSSION

GLI1 expression is associated with about a third of human cancers. Its
positive feedback loop with GLI2, normally quenched by PTCH1, can
drive cancer growth and decrease cancer cell apoptosis.”2° In our pre-
vious work, we have shown that developing a greater understanding
of the regulatory region in the first intron of the GLI1 gene may pro-
vide critical insight into the mechanisms governing this feedback loop.
The first intron not only contains highly conserved binding domains,
but also acts as a transcriptional enhancer when stimulated by GLI
transcription factors and is important in controlling cell proliferation,
apoptosis, and differentiation.?

Based on these findings, we developed a human stem cell model
to study the effects of GLI1 expression during the earliest stages of
human development. This was achieved by precise editing of a com-
plex enhancer in the first intron of the human GLI1 gene.?® The result
was a deletion of six highly conserved GBS and downregulation of
GLI1 expression. Our data show that significant reduction in GLI1
expression occurs in the heterozygous-edited state, and that GLI1
expression is essentially eliminated when both alleles of the region are
mutated (homozygous state). This strongly supports the notion that
this region is responsible for the positive feedback on GLI1 expression
by GLI1 and GLI2.2% Furthermore, elimination of this intronic region
also significantly affects stem cell differentiation toward all three
embryonic lineages. Our data demonstrated that GLI1 editing did not
affect pluripotency marker expression, but it did inhibit mesodermal
and endodermal commitment as well as caused a significant gene dys-
regulation during neural (ectodermal) differentiation.

With regard to mesodermal commitment, a recent differential
gene analysis of GLI1/GLI2 binding regions identified blood vessel
development as one of the most upregulated biological processes.*®
To build upon this, our results provide further insight into how exten-
sively GLI1 editing impacts vasculogenesis. During early stages of
hemato-endothelial (mesodermal) differentiation, the GLI1-edited cells

were skewed toward mesenchymal rather than endothelial and

primitive blood progenitors. At later stages, formation of endothelium
was significantly inhibited. Furthermore, expression of RUNX1, an
endothelial marker with elevated expression levels in emergent hema-
topoietic progenitor cells*® and during definitive hematopoiesis*®->°
was significantly downregulated in GLI-edited clones.

To complement these results, the number of CFU-G was also sig-
nificantly decreased in edited clones, and a similar result was noted
after treating WT H1 hESCs with a combination of siRNAs aimed at
GLI1 downregulation. We observed this phenomenon in human cells,
but interestingly, it also occurred in a GLI1™" mouse model, which
exhibited decreased response to granulocyte colony stimulating factor
(G-CSF) invivo and decreased myeloid development potential
in vitro.*?

GANT-61 treatments lend further support to this data. GANT-61,
which interferes with GLI1 binding, inhibited mesodermal commit-
ment of WT H1 hESCs, in embryoid bodies. This aligns with the signif-
icantly reduced mesodermal commitment that GLI1-edited cells
exhibit. Thus, it is reasonable to suggest that GANT-61 is potentially
inhibiting tumor growth via apoptotic induction coupled with anti-
angiogenic effects.

Angiogenesis is critical to tissue growth and plays important roles
in the pathogenesis of diseases such as cancer. Hypoxia is a key stim-
ulus of angiogenesis and is mediated by HIF-1a and the oxytocin
receptor. GANT-58 (GLI1 inhibitor closely related to GANT-61) has
been shown to abrogate oxytocin-induced HIF-1a expression leading
to reduction in angiogenic capacity of human umbilical vein endothe-
lial cells (HUVEC) cells.’ SHH signaling is known to promote

vasculogenesis and angiogenesis,>?

so downregulating this pathway
via GLI1 inhibition is expected to suppress angiogenesis. GANT-61, in
addition to its apoptotic and antiangiogenic effects, also reduces stem
cell markers in cancer cells.>® Furthermore, SHH/GLI inhibitors other
than GANT-61 also suppress tumor angiogenesis and tumor growth in
xenograft models.>*

With regard to osteogenesis, studies in mice demonstrated that
GLI1 can induce early osteoblast differentiation during bone forma-
tion.** Furthermore, GLI1 regulates mature bone metabolism by pro-
moting osteoblast differentiation and repressing osteoblast
maturation toward osteocytes.>®> Our data and pathway analysis

showed a significant delay in osteoblast differentiation with GLI1

FIGURE 5 Assessment of the effect of GLI1 editing on endodermal and ectodermal differentiation potential of hESCs. A, Real-time PCR
analysis of the GLI1 homozygous-edited cells (GLI1 65) showed dramatically reduced expression of GATA-6 during endodermal differentiation as
compared to WT H1 hESCs on day 3 (D3) of differentiation (**P < .0001). B, Volcano plot showing the statistical significance of RNA-Seq data at
day 5 of endodermal differentiation. The expression, P value, and fold change data for all gene tables were obtained from RNA-Seq analysis. C,
Heatmap showing endodermal gene expression comparison between WT H1 hESCs and GLI1-edited cells. D, Representative images of
neurospheres formed by the WT H1 NPCs (i, iii) and representative images of neurospheres formed by the NPCs from GLI1-edited cells (ii, iv).
Representative image showing neurosphere outlines for quantitation, prior to area calculations, performed via the ImageJ program (v). Graphical
depiction of average area (reported in pixels) covered by H1 and GLI1-edited neurospheres (vi). The results were from eight experimental trials
and reported as +SEM (*P = .030). E, Real-time PCR analysis showing that editing the first intron of the GLI1 gene in hESCs dramatically reduced
the expression of neural markers during day 7 of neural differentiation (**P < .0001). F, Volcano plot showing the statistical significance of RNA-
Seq data of neural differentiation. G, Heatmap showing neural gene expression comparison between WT H1 hESCs and GLI1 homozygous-edited
cells during day 28 of neural differentiation. H, Representative phase contrast and immunofluorescent images showing positive expression of
early neural marker Nestin and late neural markers GFAP (green) and MAP2 (red) in GLI1 homozygous-edited cells. hESCs, human embryonic
stem cells; NPCs, neural progenitor cells; RNA-Seq, RNA sequencing; WT, wild-type
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FIGURE 6 Assessment of the effect of (A)
GANT-61 differentiation of hESCs. A,

Expression of pluripotency markers, GLI1, 15
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differentiation was also inhibited. On the
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editing. Notably, while there was no significant difference in mesen-
chymal and endothelial cell survival during differentiation, the viability
of MSCs differentiating toward osteocytes was significantly reduced.
Additionally, we observed a significant downregulation in genes
of endodermal linage during spontaneous and directed differentiation
of GLI1-edited cells compared to WT control. Interestingly, the GLI
inhibitor GANT-61 has been found to be successful in treating cancers

originating in cells of endodermal lineage. For example, researchers
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observed extensive cell death in a panel of seven human colon carci-
noma cell lines using GANT-61.7 GANT-61 was also found to be an
effective inhibitor in the cancer initiating phenotype observed in lung
adenocarcinoma cell lines, although issues of bioavailability and toxic-
ity have yet to be addressed.>®

From an ectodermal perspective, in mice, it was shown that even
though elevated GLI1 expression leads to cell cycle arrest and apopto-

sis in neonatal NSCs, normal expression of GLI1 is necessary for their
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self-renewal.’” Studies on hESCs revealed that GLI1 was found to
be a determinant of ventral floor plate specification and mesence-
phalic dopamine neuron generation during development.”® Our
hESC model showed that, during the initiation of spontaneous and
directed differentiation, neural differentiation markers PAXé and
SOX1 were expressed at lower levels with homozygous editing
than in WT H1 hESCs. Later stages of neural differentiation dem-
onstrated reduction in NES, VIM, and NEFM expression. Further-
more, the edited cells had a reduced ability to form neurospheres.
Overall, these data indicate that GLI1-editing delays early neural
differentiation.

Our results also revealed statistically significant alteration in GLI1
target gene expression, which impacts cell proliferation (HHIP,
IGFBP6, MYCN, CCND2) and cell differentiation (SSP1). The HHIP
gene is upstream of the SHH pathway. Its downstream targets
IGBFP6, MYCN, and CCND2 are transcriptionally upregulated,
thereby increasing cellular proliferative potential. Regarding the SPP1
gene, it is downstream of both SHH and BMP pathways. SPP1 is tran-
scriptionally activated by GLI1 to induce osteogenic differentiation. In
our GLI1-edited cells, the expression levels of these target genes were
significantly downregulated (Figure S10).

In totality, this work centers around the foundational concept that
transcriptional regulation occurs in a landscape of protein complexes
that modulate the expression of genes. Key regulatory events occur in
discrete areas that can coordinate the expression of dozens of genes
and together, with spatial control of enhancers, orchestrate normal
development. Alterations of regulatory regions are associated with
disease burdens. In the case of GLI1, the first intron represents such a
region. Public data reveal dozens of transcription factors that bind to
this region, and we have demonstrated that such binding along with
BRD4, H2A.z, and histone marks can account for much of the activity
of the GLI1 positive feedback loop.?®

5 | SUMMARY

Our stem cell model, based on the editing of a regulatory region in the
first intron of GLI1, highlights the importance of the six GBS in this
region during stem cell differentiation and tissue development. RNA-
Seq data and pathway analyses clearly show that GLI1 is highly
involved in regulating stem cell differentiation toward all three embry-
onic lineages and plays a crucial role in vasculogenesis and hematopoi-
esis. These data suggest that manipulating this region can modulate
GLI1 expression, which highlights the possibility for new therapeutic
strategies that are focused on targeting the positive GLI feedback

loop in order to treat human malignancies.
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