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ABSTRACT

Heterozygous PAX6 gene mutations leading to haploinsufficiency are the main cause of congeni-
tal aniridia, a rare and progressive panocular disease characterized by reduced visual acuity. Up
to 90% of patients suffer from aniridia-related keratopathy (ARK), caused by a combination of
factors including limbal epithelial stem cell (LSC) deficiency, impaired healing response and
abnormal differentiation of the corneal epithelium. It usually begins in the first decade of life,
resulting in recurrent corneal erosions, sub-epithelial fibrosis, and corneal opacification. Unfortu-
nately, there are currently no efficient treatments available for these patients and no in vitro
model for this pathology. We used CRISPR/Cas9 technology to introduce into the PAX6 gene of
LSCs a heterozygous nonsense mutation found in ARK patients. Nine clones carrying a p.E109X
mutation on one allele were obtained with no off-target mutations. Compared with the parental
LSCs, heterozygous mutant LSCs displayed reduced expression of PAX6 and marked slow-down
of cell proliferation, migration and detachment. Moreover, addition to the culture medium of
recombinant PAX6 protein fused to a cell penetrating peptide was able to activate the endoge-
nous PAX6 gene and to rescue phenotypic defects of mutant LSCs, suggesting that administration
of such recombinant PAX6 protein could be a promising therapeutic approach for aniridia-
related keratopathy. More generally, our results demonstrate that introduction of disease muta-
tions into LSCs by CRISPR/Cas9 genome editing allows the creation of relevant cellular models of
ocular disease that should greatly facilitate screening of novel therapeutic approaches.
STEM CELLS 2018;36:1421–1429

SIGNIFICANCE STATEMENT

Mutations on the PAX6 gene are responsible for aniridia syndrome that results in a limbal stem

cell deficiency-like disorder of the cornea, called aniridia-related keratopathy (ARK). There is no

treatment available for these patients and no cellular models for therapeutic drug screening. By

genome editing on limbal epithelial cells, a unique cellular model that recapitulates ARK pheno-

type and is rescued by soluble recombinant PAX6 protein has been produced. It suggests that

administration of such recombinant PAX6 protein could be a promising therapeutic approach of

congenital aniridia. Moreover, the cellular model will be of great value for drug screening.

INTRODUCTION

The cornea, which is the outermost tissue of

the eye, serves as a barrier against external

insults and plays an optic role as a major light

focusing structure. The corneal epithelium rests

on a fibroblast stromal layer and is renewed by

limbal epithelial stem cells (LSCs) that are

located at the corneal/conjunctival transition

zone, known as the limbus [1]. Loss of corneal

transparency is frequently caused by aniridia, a

bilateral panocular rare disease with an inci-

dence of 1:64,000–1:96,000 [2]. This mainly

inherited disease (2:3 of cases, 1:3 sporadic

cases) is caused in 90% of aniridic patients by

mutations related to PAX6 gene, the master

gene of eye development [3]. The majority of

these mutations are nonsense mutations, which

generate premature termination codons that

result in haploinsufficiency and thus abolish the

production of PAX6 protein due to nonsense-

mediated mRNA decay [2]. The reduced level of
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PAX6 protein leads to several ocular deficits including iris hypo-

plasia, cataracts, fovea and optic nerve dysplasia, glaucoma and

most prominently, the severe corneal phenotype of aniridia-

related keratopathy (ARK) characterized by conjunctival cell

ingrowth, corneal neo-vascularization and opacity with eventual

visual loss [4].

Complete ablation of the Pax6 gene in different organisms

leads to a failure in eye formation while Pax6 heterozygous

mice display a small eye phenotype and thus does not fully

recapitulate human disease [5–8]. Despite the documentation

of corneal phenotypes in Pax6 mutants, the gene network reg-

ulated by PAX6 in healthy cornea remains poorly known

[9,10]. It has been speculated that the limbal niche is dysfunc-

tional in eyes of Pax6 heterozygous mice [5].

So far no specific drugs or efficient treatments are avail-

able for aniridic patients. Among them, cultured autologous

oral mucosal epithelial transplantation (COMET) is a promising

technique with variable outcomes [11]. Moreover, it has been

shown that ataluren can rescue some aniridia defects but, as

mice do not present opacification like humans, there is no pos-

sibility to study ataluren efficacy for ARK [12]. Therefore, the

medical need justifies the development of novel cellular

models and therapeutic strategies.

Here we report the creation, characterization and rescue of

the first cellular model of PAX6 haploinsufficiency in immortal-

ized LSCs. We introduced by genome editing with CRISPR/Cas9 a

point mutation encoding a nonsense mutation p.E109X (c.687

G > T) carried by patients with ARK phenotype [2]. The mutated

cells display altered PAX6 expression as well as reduced cell pro-

liferation, migration, and detachment. We further demonstrate

that soluble recombinant PAX6 protein added into the culture

medium is able to activate its endogenous expression and to res-

cue the mutated cells phenotype. It suggests that recombinant

PAX6 protein could become a therapeutic tool for aniridia

patients but overall validates this ARK model, as a tool to identify

crucially needed therapeutic tools through drug screening.

MATERIALS AND METHODS

Cells and Culture Conditions

Human telomerase-immortalized limbal epithelial stem cells

(T-LSCs), obtained from J. Rheinwald (Boston), were cultured,

as described earlier [13], in Keratinocyte serum-free medium

(K-sfm) (Gibco, Life Technologies, Carlstad, CA, USA), supple-

mented with 25 μg/ml Bovine Pituitary Extract (BPE; Gibco,

Life Technologies), 0.2 ng/ml Epidermal Growth Factor (EGF,

Peprotech, Neuilly-sur-Seine, France), 0.4 mM CaCl2, 2 mM

Glutamine (Gibco, Life Technologies), and 100 U/ml Penicillin/

Streptomicin (Gibco, Life Technologies). PAX6+/– T-LSCs were

cultured in the same conditions. Routine subcultures were

obtained by detaching cells with StemPro Accutase Cell Disso-

ciation Reagent (Gibco, Life Technologies) and replating at

2,000 cells/cm2 (T-LSCs) or 3,000 cells/cm2 (PAX6+/– T-LSCs).

Primary LSCs and corneal fibroblasts (COFs) were cultivated as

described elsewhere [14,15]. All cells were negative for myco-

plasma contamination (monthly tested).

Genome Editing of T-LSCs with CRISPR/Cas9 System

The homology arms were synthesized as G-blocks (Integrated

DNA technologies, Leuven, Belgium) based on the PAX6

genome sequence available from hg38; 50 homology was

chr11:31,800,976-31,802,275 with a single point mutation

G > T at position chr11:31,801,593–31,801,593 and 30 homol-

ogy arm was chr11:31,800,676–31,801,476. The selection cas-

sette was flanked by FRT sites to allow removal of the

puromycin resistance cassette. We have chosen to introduce

the point mutation responsible for a premature STOP codon

p.E109X, carried by two patients monitored clinically as ARK

[2]. A guide RNA sequence targeting the intron downstream

of the corresponding coding exon was cloned into pMLM3636

expression plasmid (targeted sequence, with guide RNA

spacer sequence in uppercase and PAM in lowercase 50-GACA-

CAGACTAAGAGACAGGtgg-30). Guide RNA activity was checked

by the T7 assay after cotransfection of guide RNA and Cas9

expression plasmids before using it to drive KI of the p.E109X

point mutation. A donor plasmid was constructed with a pur-

omycine resistance cassette flanked by approximately

1,000 bp homology arms to sequence flanking the DNA cleav-

age site directed by guide. The 5’ homology arm sequence

contained the p.E109X point mutation and was expected to

be introduced during homology-dependent repair (HDR)-

mediated repair of guide/Cas9-mediated DNA cleavage copy-

ing from the plasmid donor template. Guide RNA and Cas9

expression plasmids were cotransfected together with the

donor plasmid into LSCs using the Human Keratinocyte

Nucleofector Kit and optimized program T-007 (Amaxa, Lonza,

Bâle, Switzerland). Then the cells were seeded at low dilution

in 150 mm culture dishes. As inserting a PAX6 nonsense

mutation could modulate cell survival/proliferation/fate, we

screened for KI clones with 10 μg/ml puromycin and let all

resistant clones (even the slower growing ones) appear and

be amplified. Genomic DNA was extracted from the 120 iso-

lated clones following manufacturers’ instructions (E.Z.N.A.

Tissue DNA kit, Omega Bio-tek). All the clones were then

tested using specific PCR amplification of the mutated allele.

Primers sequences used are presented in Supporting Informa-

tion Table SI. Several potential off-target sites for the guide

RNA were identified with CRISPOR software [16], amplified by

PCR using specific primers (Supporting Information Table SI)

and sequenced. High throughput methods would be required

to more thoroughly whether off-target mutations are present

in the clones or could be detected at low frequency in the

cells transfected with guide RNA and Cas9 expression

plasmids.

Rescue Experiments

PAX6+/– T-LSCs were treated as specified below with 2 μg/ml

recombinant PAX6 protein coupled with an 11R-tag (recPAX6,

LD Biopharma Inc, San Diego, CA, USA) directly added into the

culture medium. This dose was determined following manufac-

turers’ instructions and preliminary Reverse Transcription

quantitative Polymerase Chain Reaction (RT-qPCR) data

obtained on T-LSCs showing that the highest PAX6 transcrip-

tional induction was obtained with 2 μg/ml recPAX6 (range

from 0.5 μg/ml to 4 μg/ml, data not shown). In parallel, T-LSCs

and PAX6+/– T-LSCs were treated with the buffer (confidential

composition) used to dilute recPAX6 as control condition. The

sequence of recPAX6 encodes for the full PAX6 canonical iso-

form (isoform a) coupled with a C-term 29aa-tag including the

11R tag (LEESGGGGSPGRRRRRRRRRRR).

© 2018 The Authors STEM CELLS published by Wiley Periodicals, Inc. on behalf of AlphaMed Press STEM CELLS
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qRT-PCR Analysis

Cells were treated for 10 hours with either 2 μg/ml recPAX6 or

its buffer (control) for rescue experiments, and harvested as a

dry pellet. RNA was then extracted using RNEasy Mini kit

(QIAGEN, Hilden, Germany) and cDNA were synthetized from

1 μg RNA using iScript cDNA synthesis kit (Bio-Rad, Hercules,

CA, USA). Quantitative PCR were performed in triplicate using

2X SYBR Green PCR Master Mix (Absource Biotools, Munich,

Germany). Expression of each gene was calculated using the

2–ΔΔCt method. Results are presented as fold change normal-

ized to B2M house-keeping gene and relative to control (trea-

ted with protein buffer or untreated) T-LSCs. Specific primers

sequences used are listed in Supporting Information Table SI.

Immunofluorescence Staining

Cells were seeded on 0.1% gelatin-coated coverslips in 24-well

at 5,400 cells (primary LSCs and T-LSCs) or 7,500 cells (PAX6+/–

T-LSCs) per well. They were fixed three days after with 4% para-

formaldehyde for 20 minutes at room temperature, incubated

for 10 minutes in glycine 1 mM to quench PFA and permeabi-

lized, for nuclear antibodies, with 0,5% Triton X-100 in DPBS+/+

(Gibco, Life Technologies) for 7 minutes, with 3 × 5 minutes of

washing in DPBS+/+ between each step. After blocking in 5%

BSA for 30 minutes, cells were incubated with primary anti-

bodies overnight at 4!C in humidified atmosphere. Primary anti-

bodies used were against PAX6 (ab2237, 1/800, Millipore,

Burlington, MA, USA), KRT14 (905301, 1/500, BioLegend, San

Diego, CA, USA), p63 (ab735, 1/50, Abcam), KRT3 (CBL218,

1/100, Millipore), KRT12 (sc17101, 1/20, Santa Cruz Biotechnol-

ogy Inc., Dallas, TX, USA), Connexin43 (CX43, BD610061, 1/400,

BD Biosciences, Franklin Lakes, NJ, USA), and E-cadherin (CDH1,

MAB1838, 1/100, R&D Systems, Minneapolis, MN, USA). Cells

were washed in DPBS+/+ and incubated with corresponding sec-

ondary antibodies: goat anti-rabbit AlexaFluor 488, goat anti-

mouse and donkey anti-goat AlexaFluor 594 (Life Technologies)

diluted at 1/3,000 or goat anti-rabbit AlexaFluor 594 (Life Tech-

nologies) diluted at 1/2,000 in blocking buffer for 1 hour at

room temperature protected from light. Coverslips were finally

washed, mounted on microscope slides (DAPI fluoromount-G,

Electron Microscopy Sciences, Hatfield, PA, USA) and visualized

under a Nikon Eclipse Ti epifluorescence microscope equipped

with an OrcaFlash 4.0 LT camera (Hamamatsu). Picture analyses

were conducted using NIS-Elements software.

Western Blot Analysis

Cells were harvested as a dry pellet, after 16 hours or 24 hours

of treatment with 2 μg/ml recPAX6 protein or its buffer for res-

cue experiments, lysed in RIPA buffer supplemented with Prote-

ase and Phosphatase Inhibitor Cocktail EDTA-Free (Roche, Bâle,

Switzerland) for 15 minutes on ice and centrifuged for

15 minutes at 4!C at 15,000 g. Protein concentration was mea-

sured using Pierce BCA Protein Assay kit (Thermo Fisher Scien-

tific, Waltham, MA, USA) following manufacturer instructions.

Thirty micrograms of total protein or 10 ng of recPAX6 protein

were loaded on a SDS-PAGE gel (10%), transferred to nitrocellu-

lose membranes using semi-dry method. Membranes were pre-

stripped using Re-Blot Plus Strong solution (EMD Millipore) for

15 minutes, blocked twice for 5 minutes in 5% milk solution

and incubated in primary antibody (PAX6, ab2237, Millipore,

1/1,000) overnight at 4!C. After three washing of 10 minutes in

Tris-buffered saline (TBS) with 0.2% Tween (TBS-T), membranes

were incubated for 1 hour with secondary antibody (Goat anti-

rabbit HRP, BD Biosciences) diluted in TBS-T 5% milk solution at

1/1,000. Proteins were visualized using chemiluminescence

detection (Clarity Western ECL Substrate, Bio-Rad) on a gel

imaging system (ImageQuant LAS 4000). Membranes were

stripped again, incubated 90 minutes at room temperature with

ACTIN (sc1615, 1/500, Santa Cruz) antibody diluted in TBS-T 5%

milk, washed 3 times 10 minutes in TBS-T and incubated for

1 hour in secondary antibody (Rabbit anti-goat HRP, 1/20,000,

Jackson ImmunoResearch) at room temperature before revela-

tion. Signal quantifications were made using ImageJ 1.49 soft-

ware (NIH). Results are presented after ACTIN normalization.

TRE-PAX6-Luc Reporter Assay

Wild-type (WT) and PAX6+/– T-LSCs were transfected in tripli-

cates with Fugene HD Transfection Reagent (Promega, Madison,

WI, USA) and TRE-PAX6-Luciferase construct (TRE-PAX6-luc) or

control plasmids (Cignal PAX6 Reporter Assay kit, Qiagen) to a

ratio of 3 to 1, and seeded at 5,000 (T-LSCs) and 6,500 (PAX6+/–

T-LSCs) cells per well into 96-well plates. Culture medium was

changed 24 hours after and on day 2, cells were incubated with

2 μg/ml recPAX6 protein or its buffer (untreated control) during

3 hours and 30 minutes before cell lysis. Firefly (TRE signal) and

Renilla (internal control) luciferase activities were then mea-

sured sequentially following manufacturers’ instructions (Dual-

Luciferase Reporter Assay system, Promega) and using a lumin-

ometer microplate reader FLUOstar Omega (BMG Labtech).

Results are presented after normalization with Renilla activity.

Cell Proliferation

WT and mutant T-LSCs were seeded into 96-well plates at

500 cells per well in six replicates. Three days later, a tetrazo-

lium compound was added directly into the cells culture

medium (CellTiter 96, Promega) and incubated for 3 hours.

Absorbance was then recorded at 490 nm indicating the quan-

tity of formazan product and thus the proliferation rate.

RNA-Seq Analysis

WT and PAX6+/– T-LSCs #2 cells were harvested as a dry pellet

and RNA was extracted using RNEasy Mini kit with gDNA elimi-

nators columns (QIAGEN). RNA-Seq experiment was performed

as described previously [17] with the starting material of

500 ng total RNA (n = 2 for each cell type), to obtain double-

strand cDNA (ds-cDNA). After purification with the MinElute

Reaction Cleanup Kit (28206, QIAGEN), 3 ng ds-cDNA was pro-

cessed for library construction using KAPA Hyper Prep Kit

(KK8504, KAPA Biosystems, Roche) according to the standard

protocol except that a 15 minutes USER enzyme (M5505L, NEB,

Ipswich, MA, USA) incubation step was added before library

amplification. The prepared libraries were quantified with the

KAPA Library Quantification Kit (KK4844, KAPA Biosystems,

Roche), and then sequenced in a paired-ended manner using

the NextSeq 500 (Illumina) according to standard Illumina pro-

tocols. Approximately 15–25 × 106 reads were sequenced for

each sample. Sequencing reads were aligned to human genome

assembly hg19 (NCBI version 37) using STAR 2.5.0 with default

options. For data visualization, wigToBigWig from the UCSC

genome browser tools was used to generate bigwig files and

uploaded to UCSC genome browser. Genes with the mean of

DESeq2-normalized counts (“baseMean”) > 10 are considered
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to be expressed [18]. Differential gene expression (non-adjusted

p-value < .001) was further analyzed. Functional gene ontology

annotation of genes was performed with DAVID [19].

In Vitro Migration Test

WT and PAX6+/– T-LSCs were seeded into culture-inserts 2 well

at 25,000 cells per well in 6-well plates (ibidi, Martinsried,

Germany). After adhesion, cells were treated with either 2 μg/ml

recPAX6 or its buffer (control) for rescue experiments. Sixteen

hours after plating, the inserts were removed creating a gap of

500 μm between cells. Patches were overlaid with culture

medium and closure of the gap was monitored for 10 hours,

taking pictures at regular time intervals. Gap width was mea-

sured using ImageJ 1.49 software (NIH). Results are presented

as percent of gap width normalized at 100% at t = 0 hour.

Detachment Assay

Cells were seeded in 6-well plates and treated for 10 hours

with recPAX6 at 2 μg/ml or its buffer in rescue experiments.

Then, cells were incubated in StemPro Accutase Cell Dissocia-

tion Reagent and detached cells were removed after 8 minutes.

Fresh accutase was added for 8 more minutes and detached

cells were collected. Finally, cells were incubated 6 minutes in

fresh accutase to harvest all the remaining cells. The three col-

lected cells fractions (detached after 8, 16, or 22 minutes)

were counted and results were normalized to the total num-

ber of detached cells (100%).

Statistical Analysis

Data are expressed as means +/- SEM, except for Gene Ontol-

ogy charts as indicated, and analyzed by Prism v7.04 (GraphPad

software, Inc). Normality was first evaluated using Shapiro-Wilk

test. Then, unpaired t test (T-LSCs vs. PAX6+/– T-LSCs experi-

ments), one-way ANOVA (analysis of variance) followed by mul-

tiple comparison Dunnett’s test (rescue experiments,

proliferation and WB figures) or two-way ANOVA followed by

Bonferroni’s test (migration assays) were performed, as indi-

cated in legends, to calculate p-values. Differences are consid-

ered to be statistically significant from a p-value below .05.

RESULTS AND DISCUSSION

Gene Editing of ARK Mutation by CRISPR/Cas9 in
Limbal Cells

Performing cornea biopsies on patients with aniridia would

increase the risk of aggravating the disease and it is therefore

barely possible to extract and amplify disease-related limbal or

corneal cells [20]. On the other hand, primary healthy LSCs reach

replicative senescence around passage 5–7 and thus cannot be

used for CRISPR/Cas9. We thus decided to use human

telomerase-immortalized LSCs (T-LSCs) for genome editing. A

comparative analysis showed that the T-LSCs behave similarly to

primary LSC in terms of cell morphology, and expression of PAX6,

limbal specific and negative corneal markers (Supporting Informa-

tion Fig. S1A–S1C).

To recapitulate in vitro limbal PAX6 haploinsufficiency, we

have chosen to introduce a nonsense mutation p.E109X (c.687

G > T) located in the exon 6 of PAX6 gene and carried by two

patients monitored clinically as ARK [2]. For this purpose, a

guide RNA targeting DNA cleavage by Cas9 to intron 7 was

cotransfected in T-LSCs with Cas9 expression plasmid and a

donor plasmid carrying a PuroR cassette flanked by 500 and 30

homology arms to the cleavage site. The 50 homology arm dif-

fered from the WT PAX6 gene sequence by the presence of

the 687 G > T mutation and the latter was therefore expected

to be introduced into the locus during homology-dependent

repair (HDR) (Fig. 1A). Among 120 PuroR clones, 9 clones carry-

ing the point mutation in one allele have been identified with

specific primers (Supporting Information Table SI). Selective

PCR amplification of the mutated region (Fig. 1A, 1B) and

sequencing of the amplicon (Fig. 1C) confirmed that, for these

9 clones, the knock-in occurred only in one allele of PAX6. The

relatively low efficiency of HDR in these cells (9 out of 120 ×

2 = 240 PAX6 gene copies corresponding to 3.7%) likely pre-

vented the production of homozygous p.E109X mutant PAX6

clones, although we cannot rule out that the latter could be

lethal in T-LSCs. Potential off-targets were identified by bioin-

formatic analysis with CRISPOR software [16] and sequenced

in these clones (Supporting Information Fig. S1D). No pre-

dicted mutation was observed in these sites.

Western blot analysis confirmed that the heterozygous

mutant PAX6 clones, named here PAX6+/– T-LSCs, produce

reduced amounts of PAX6 protein, although with slight differ-

ences of intensity from one clone to another (range between

25%–50% reduction compared with the T-LSCs control)

(Fig. 1D). It fits the variable expression and penetrance

observed in patients (and mice) carrying identical PAX6 muta-

tion [7–10]. The phenotypic variability seen between mice is

also observed within a single SEY strain [21]. This can even be

detected between the two eyes of the same mouse, suggest-

ing a stringent requirement for PAX6 activity to be expressed

at specific levels at precise times during development [22–24].

Similarly to control T-LSCs, PAX6+/– T-LSCs form packed colo-

nies of small cuboid cells positive for keratin 14 (KRT14) and E-

cadherin (CDH1) (Supporting Information Fig. S1E). Cell prolif-

eration rate of PAX6+/– T-LSCs clones was reduced compared

with controls (Fig. 1E). It fits the observation that cells isolated

from corneas of PAX6+/– heterozygous mice displayed similar

morphology but reduced cell proliferation rate compared with

cells extracted from WT mice [25].

Molecular and Functional Characterization of PAX6+/–

T-LSCs

The genes directly regulated by PAX6 in epithelial limbal stem

cells and the resulting biological functions are still largely

unknown. To clarify the molecular consequence of PAX6 haploin-

sufficiency in LSCs, a comparative RNA-Seq analysis has been per-

formed on a PAX6+/– T-LSC clone (#2) that displayed 50%

reduction of PAX6 and compared with T-LSCs. A total number of

258 differentially expressed genes were detected using DESeq2

[18] (nonadjusted p-value < .001) (Supporting Information

Table SIIA). Among them, 171 were down-regulated and 87 were

up-regulated in mutant PAX6+/– T-LSC #2, compared with T-LSCs.

Based on Gene Ontology (GO) analysis using DAVID Bioinformat-

ics Resources [19], down-regulated genes are involved in diverse

biological functions, including lipid metabolism (e.g., ABCA1),

gene expression and epigenetic regulation (e.g., PAX6 and

DNMT3B), exocytosis (e.g., RAB9A) and response to retinoic acid

(e.g., PPARG) (Fig. 2A) (Supporting Information Table SIIB). How-

ever, up-regulated genes including NRCAM, PXDN, FBN2, TGFBi,

and ITGA5 seemed to be specifically enriched for extracellular

© 2018 The Authors STEM CELLS published by Wiley Periodicals, Inc. on behalf of AlphaMed Press STEM CELLS
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matrix (ECM) organization and cell adhesion (Fig. 2B) (Supporting

Information Table SIIC). Accordingly, detachment of PAX6+/– T-

LSCs with accutase took longer time than for control T-LSCs, sug-

gesting a stronger adhesion of the mutant cells (Fig. 2C). Cell

migration and cornea wound healing are altered in aniridic

patients [4]. Pax6+/− mice present also corneal epithelial cell

migration defects [24,25]. Epithelial monolayers cultured from

Pax6+/− corneal explants in vitro displayed an initial wound heal-

ing delay compared with WT cells [8]. Furthermore, in a whole

eye culture model, Pax6+/− corneas maintained in basal medium

Figure 1. Genome editing with CRISPR/Cas9 system in T-LSCs. (A): Schematic representation of the PAX6 exon 6 region targeted by the spe-
cific guide before HDR with the donor plasmid (left) and after HDR with the primers used for genotyping (right). As the PAM motif (tgg) of the
guide RNA used for PAX6 gene editing is on the noncoding strand of the gene, the cca is indicated (left). The mutation (c.687G > T) is noted in
red on the Mut Ex6 and the HDR event is represented by dotted lines (left). (B): Illustration of amplicons of WT and mutated allele obtained
for one normal (T-LSCs) and one heterozygous mutated (PAX6+/– T-LSC) clone and electrophoresed on 1.2% agarose gel. (C): Sequencing results
of PCR amplicons obtained for the WT and the mutated alleles of PAX6+/– T-LSCs. (D): Quantification of PAX6 protein expression normalized to
ACTIN signal for 3 PAX6+/– T-LSCs clones and control cells (n = 7) and representative Western blot below. (E): Proliferation rate quantification
measured for T-LSCs and 3 PAX6+/– T-LSC clones after 72 hours. (n = 4 or 5 as indicated). One-way ANOVA followed by Dunnett’s test: *,
p > .05; **, p > .01; ***, p < .001. Abbreviations: cca, complementary motif; HDR, homology-dependent repair; Mut Ex6, mutated exon 6; T-
LSCs, telomerase-immortalized limbal epithelial stem cells. [Color figure can be viewed at wileyonlinelibrary.com]
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without any serum or growth factor support show a reduction in

wound healing re-epithelialization compared with wild-type [26].

When challenged on ibidi wound chambers, which recapitulate

mainly cell migration, gap closure rate was lower with PAX6+/– T-

LSCs compared with WT cells (Fig. 2D). Reduced migration corre-

lates well with slower proliferation coupled to enhanced adhe-

sion. Therefore, PAX6+/– T-LSCs recapitulate in vitro the human

ARK phenotype.

Functional Rescue by Recombinant PAX6 Protein

Autoregulation of PAX6 has been largely described [27–29]

and disruption of this self-activation causes aniridia [27]. Pro-

teins that exhibit the unique properties of efficient

translocation across cell membrane carry protein transduction

domains called cell penetrating peptide (CPP) [30]. We thus

tested whether soluble recombinant PAX6 protein carrying

11 arginine (11R) residues as a CPP (recPAX6) could be upta-

ken by the cells and translocated properly into the nucleus.

Addition of recPAX6 (2 μg/ml) into the PAX6+/– T-LSCs medium

activated the transfected TRE-PAX6-luc construct after 3 hours

and 30 minutes, confirming its ability to bind PAX6 activation

sites (Fig. 3A). This result strongly suggests that recPAX6 could

be biologically active and thus used to rescue PAX6+/– T-LSCs.

Moreover, recPAX6 protein restored the transcriptional level

of endogenous PAX6 in PAX6+/– T-LSCs treated 10 hours with sol-

uble PAX6 protein compared with buffer treated cells (Fig. 3B).

Figure 2. RNA-Seq and functional analysis of PAX6+/– T-LSCs. Significant enriched GO biological process terms for (A) down-regulated
genes and (B) up-regulated genes in PAX6+/–– T-LSCs #2 relative to T-LSCs (n = 2). Significant p-values (p < .05) were transformed by -log
10. (C): Quantification of cells detached in 8 minutes, 16 minutes, and 22 minutes relative to total number of detached cells (100%) for
normal and mutated cells (n = 3). One-way ANOVA followed by Dunnett’s test: ***, p < .001, ns p > .05. (D): Quantification of gap width
normalized at 100% at t = 0 hour monitored in IBIDI migration assay on T-LSCs and PAX6+/– T-LSCs (n = 4). Two-way ANOVA followed by
Bonferroni’s test: *, p < .05; ***, p < .001; and ns p > .05. Abbreviation: T-LSCs, telomerase-immortalized limbal epithelial stem cells.
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Western blot analysis confirmed the partial restoration of normal

PAX6 amount in recPAX6 treated PAX6+/– T-LSCs (Fig. 3C). As the

recPAX6 contains an 11R-tag, it could be distinguished from the

endogenous protein, excluding that the enhanced band contains

the exogenous recPAX6 (Fig. 3C). Interestingly, a strong post-

transcriptional regulation seems to occur as the mean PAX6 fold

change after rescue is around 50 relative to control (Fig. 3B)

while protein level appears more physiological (Fig. 3C). This

result highlights again the importance of PAX6 dosage.

Furthermore, recPAX6 restored also functional defects of

PAX6+/– T-LSCs, validating that PAX6 haploinsufficiency is the

main cause of mutated cell phenotype. Indeed, both cell

Figure 3. Phenotypic rescue of PAX6+/– T-LSCs by recPAX6 protein. (A): Quantification of TRE-binding activity in recPAX6 treated PAX6+/–

T-LSCs monitored by Firefly:Renilla luciferase activities ratio compared with buffer treated WT and mutated T-LSCs (n = 5). (B): Quantifica-
tion of PAX6 transcriptional expression after recPAX6 treatment on PAX6+/– T-LSCs relative to buffer treated WT and mutated cells
(n = 5). (C): Rescue of PAX6 endogenous protein expression (normalized to ACTIN signal) by addition of 2 μg/ml recPAX6 protein on
PAX6+/– T-LSCs compared with buffer treated cells, revealed by Western blot after 16 hours (n = 6, left) or 24 hours (n = 4, right) of treat-
ment. Representative Western blots below confirm that enhanced PAX6 expression is not due to exogenous tagged recPAX6 (higher
band). RecPAX6 rescues also PAX6+/– T-LSCs (D) migration (E) cell detachment and (F) up-regulated PAX6 target genes involved in adhe-
sion or ECM organization (n ≥ 3) compared with buffer treated normal or mutated T-LSCs. One-way ANOVA followed by Dunnett’s test
was performed for all these experiments but migration assay (two-way ANOVA corrected with Bonferroni’s test): *, p < .05; **, p < .01;
***, p < .001, ns p > .05. Abbreviation: T-LSCs, telomerase-immortalized limbal epithelial stem cells.
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migration (Fig. 3D and Supporting Information Fig. S1F) and cell

detachment (Fig. 3E) of mutant cells returned to normal after

treatment with 2 μg/ml recPAX6. From the RNA-Seq analysis,

we selected genes involved in adhesion (NRCAM), ECM organi-

zation (PXDN, FBN2) or both (TGFBi, ITGA5) according to GO

terms and whose expression was upregulated by PAX6 haploin-

sufficiency in the PAX6+/– T-LSCs. Comparative RT-qPCR ana-

lyses between cells treated with either recPAX6 or the buffer

alone on these genes demonstrate that recPAX6 treatment

restored their expression (Fig. 3F). Finally, functional rescue of

the cellular phenotype by recPAX6 strongly argues against a

role of off target mutations in the phenotype.

The present data strongly confirm that our cellular model

recapitulates well the ARK phenotype and the requirement for

balanced amount of PAX6. Furthermore, it suggests that

recPAX6 could have a potential role in treating ARK or postnatal

problems. Major efforts are currently made to use recombinant

proteins for clinical use but most proteins do not penetrate the

lipid bilayer exterior of mammalian cells, even coupled to CPP-

like tag [31]. This severe limitation dramatically limits the num-

ber of disease-relevant receptors that proteins can target and

modulate. In addition, the risk of protein covalently coupled

with CPP, as for recPAX6, is an alteration of the biological activ-

ity of the conjugate. It is thus remarkable how recPAX6 could

efficiently regulates its own gene expression and rescue the

in vitro phenotype of PAX6+/– T-LSCs. As PAX6 is also produced

in other eye tissues (lens, retina) and also in the pancreas,

recPAX6, but also any drug identified with the present model,

could be relevant for treating diseases related to these tissues.

CONCLUSION

In most of the cases, pluripotent stem cells have been used for

CRISPR/Cas9 genome editing because of higher efficiency of

HDR [32]. The model presented here is, to our knowledge, the

first designed by genome editing on LSCs for ocular disease in

general and of ARK in particular. The present model will be of

great value for a better understanding of ARK physiopathology

and to screen for therapeutic drugs.
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