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EYE DISEASE
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In autosomal dominant conditions with haploinsufficiency, a single functional allele cannot maintain sufficient
dosage for normal function. We hypothesized that pharmacologic induction of the wild-type allele could lead to
gene dosage compensation and mitigation of the disease manifestations. The paired box 6 (PAX6) gene is crucial
in tissue development and maintenance particularly in eye, brain, and pancreas. Aniridia is a panocular condition
with impaired eye development and limited vision due to PAX6 haploinsufficiency. To test our hypothesis, we
performed a chemical screen and found mitogen-activated protein kinase kinase (MEK) inhibitors to induce PAX6
expression in normal and mutant corneal cells. Treatment of newborn Pax6-deficient mice (Pax6°®V¢¥/*) with
topical or systemic MEK inhibitor PD0325901 led to increased corneal PAX6 expression, improved corneal
morphology, reduced corneal opacity, and enhanced ocular function. These results suggest that induction of the
wild-type allele by drug repurposing is a potential therapeutic strategy for haploinsufficiencies, which is not

limited to specific mutations.

INTRODUCTION

The paired box 6 (PAX6) gene is a crucial transcription factor in
early development and maintenance of several tissues, including the
eye, brain, and pancreas (1). Whereas total deletion of PAX6 results
in arrested development of the eye, olfactory bulb, and brain cortex
and is incompatible with life, haploinsufficiency of PAX6 caused by
mutations or deletions in one allele leads to congenital aniridia
(2, 3). Aniridia is a panocular condition with substantial visual
impairment that can also be associated with brain, olfactory, and
pancreatic abnormalities (4). Although iris hypoplasia is the most
obvious clinical feature of aniridia, the main underlying reasons for
the visual defects are foveal hypoplasia, progressive corneal opacifi-
cation, cataract, and glaucoma (5). Whereas many of these abnor-
malities begin in utero and are present at birth, some develop and/or
continue to progress in severity later in life (6). In addition to these
ocular manifestations, reduced expression of PAX6 has been associ-
ated with systemic abnormalities, including B cell failure and o cell
dysfunction in diabetes, as well as several neuronal developmental
conditions, such as autism (7, 8).

The PAX6 gene is a master regulator of eye and brain develop-
ment in utero; however, it also plays an important role postembry-
onically both during early postnatal development and in adult tissue
maintenance. In the eye, PAX6 continues to be expressed in the
adult retina, lens, and cornea and is essential for their function (9).
For instance, in the corneal epithelium, it has been shown to pro-
mote differentiation, modulate cell-to-cell adhesion, and limit pro-
liferation (10-12). Similarly, PAX6 also plays a major role in the
postnatal maintenance and function of pancreatic tissue, olfactory
system, and nervous system (13, 14).
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More than 660 human diseases are known to result from gene
haploinsufficiencies, including PAX6-related aniridia (15). In an-
iridic patients with a mutant PAX6 allele, insufficient amount of
PAXG6 protein is responsible for the aforementioned ocular and sys-
temic abnormalities, and the severity of the phenotype is directly
correlated with PAX6 gene dosage (16). Thus, increasing the ex-
pression of PAX6 can potentially limit the development and/or pro-
gression of the congenital defects (5, 17). Recently, several approaches
have been reported to address haploinsufficiency, including gene
replacement using a viral vector as well as genetic sequence correction
and promoter activation using CRISPR (15, 18). Pharmacologic en-
hancement of the function of the normal copy of the gene provides
another approach to restore gene dosage, leading to rescue or miti-
gation of abnormal phenotypes (19). We hypothesized that using a
drug repurposing strategy, it may be possible to stimulate the nor-
mal copy of PAX6 and thus compensate for the deficiency and pre-
vent or reduce further progression of aniridia manifestations. We
tested this hypothesis in vitro on normal and mutant corneal cells
and in a representative mouse model of PAX6-deficient aniridia
(Pax6Sey—Neu/+) (20)

RESULTS

MEK inhibition increases PAX6 expression in corneal cells

On the basis of published reports, we identified pathways that could
potentially regulate PAX6 expression and performed a targeted
chemical screen of compounds that modulate these pathways.
Previous studies have shown that mitogen-activated protein kinase
kinase (MEK) inhibitors can indirectly increase PAX6 expression
by affecting the associated inhibitory pathways (21, 22). In line with
these, we found that MEK inhibitors induce PAX6 expression in
both normal and PAX6-deficient corneal cells (Fig. 1). On the basis
of these results, PD0325901, a small molecule (molecular weight,
482.2) and a potent MEK inhibitor (K4 for MEK1, 0.4 nM in the
presence and 31 nM in the absence of adenosine 5’-triphosphate),
was chosen (23). Treatment of human corneal epithelial cells with 1 pM
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Fig. 1. The effect of MEK inhibition on PAX6/PAX6 expression. (A) PAX6 mRNA measurement and (B) PAX6 protein measurement in human corneal epithelial cells
treated with PD0325901 (n=3). (C) PAX6 mRNA measurement in murine PAX6 heterozygote corneal MSCs treated with PD0325901 (n = 3). GAPDH, glyceraldehyde-3-
phosphate dehydrogenase. (D) ERK1/ERK2 inhibition measurement in human corneal epithelial cells treated with PD0325901 (n = 3). (E) PAX6 protein measurement in human
corneal epithelial cells treated with two other MEK inhibitors, cobimetinib and refametinib (n = 3). Significance determined by t test. *P < 0.05. Ctrl, control; RX, treatment.

PD0325901 led to a significant increase in PAX6 mRNA expression
(up to 2.7 £ 0.2-fold, P < 0.05, n = 3), with a peak effect around 12 to
18 hours (Fig. 1A). Continuous treatment of human corneal epithe-
lial cells up to 5 days likewise demonstrated a significant increase in
PAX6 protein expression (up to 3.0 + 0.3-fold, P < 0.05, n = 3)
(Fig. 1B). To assess the effect of MEK inhibition on PAX6-deficient
cells, corneal mesenchymal stromal cells isolated from Pax6*?Ne¥/*
mice were used. Treatment with PD0325901 significantly increased
PAX6 mRNA expression in the PAX6-deficient corneal cells (up to
2.5+ 0.7-fold, P < 0.05, n = 3) (Fig. 1C).

Western blot analysis of human corneal epithelial cells con-
firmed that this MEK inhibitor effectively and specifically suppress-
es extracellular signal-regulated kinase 1 (ERK1) and ERK2, while
having minimal effect on p38 as the control (Fig. 1D). To confirm
that the increase in PAX6 expression is related to MEK inhibition,
two other well-known MEK inhibitors—cobimetinib 1 uM and re-
fametinib 1 uM (24)—were tested on human corneal epithelial cells,
both of which led to increased PAX6 protein expression (cobime-
tinib, 1.9 + 0.1-fold; refametinib, 1.7 + 0.1-fold) (Fig. 1E).

Early postnatal MEK inhibition promotes a normal corneal
phenotype in PAX6"'~ mice

To assess the effects of MEK inhibition in vivo, we tested oral and
topical ophthalmic application separately in a mouse model of
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PAXG6-deficient aniridia (Pax6°? /%), On the basis of pilot studies
(fig. S1), the treatment was started on postnatal day 5 (P5) (before
eye opening) and continued until P30. Although the palpebral
fissure is still closed with a thin membrane at P5, in the presence of
dimethylsulfoxide (DMSO) in the vehicle, the drug is expected to
penetrate and reach the ocular tissues (25).

At P30, the eyes underwent slit lamp photography and anterior
segment optical coherence tomography (OCT) in vivo, followed by
histologic examination (Fig. 2, A to D). It is known that in PAX6-
deficient aniridia, corneal epithelial thickness is abnormally low,
whereas corneal stromal thickness is abnormally high (26). Corneal
epithelial thickness at P30 was significantly greater than vehicle
control after both oral (26.8 £ 3.0 um versus 16.0 £ 2.5 um, P < 0.001,
n > 6) and topical (26.9 + 3.9 pm versus 14.1 + 1.4 um, P < 0.0001,
n > 6) administration, indicating a phenotype closer to normal
(wild type, 50.5 + 1.1 um, n = 6) (Fig. 2E), although still reduced.
Furthermore, corneal stromal thickness at P30 was significantly less
than vehicle control in both oral (97.7 + 12.8 um versus 151.8 +
12.5 um, P < 0.001, n > 6) and topical (94.4 + 14.5 um versus 147.8 +
26.2 um, P < 0.001, n = 6) treatment groups, consistent with a more
normal phenotype (wild type, 75.8 £+ 3.6 um, n > 6) (Fig. 2F).
Histological examination of the eyes confirmed the OCT quan-
tifications (Fig. 2, C and D). To assess any possible adverse effects
of MEK inhibition, wild-type mice were also treated postnatally
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Fig. 2. P30 evaluation of Pax6°®'®/* mice treated with MEK inhibitor. (A) Color photo, (B) optical coherence
tomography (OCT), (C and D) hematoxylin and eosin (H&E) staining, (E) epithelial thickness, (F) stromal thickness, and
(G) scarring ratio of mice eyes treated with systemic or topical PD0325901 (n = 6). The thickness measurements were
done in the central cornea immediately outside the scar area (the lines in the color photos do not necessary indicate
with the area of measurement). Scale bars, 50 um. Significance determined by t test. *P < 0.05. Ctrl, vehicle control; RX,
treatment. Arrow, central cornea. Asterisk, lens. Arrowhead, iris. e, epithelium; s, stroma.

(P5 to P30) with oral or topical formulations, neither of which
showed any abnormalities on slit lamp exam, OCT imaging, and
histologic examination (epithelial and stromal thickness in untreated
wild type, 50.2 £ 0.4 and 79.3 + 0.8; wild type with topical treatment,
50.3 + 0.5 and 79.7 + 0.5; wild type with oral treatment, 49.8 + 1.2
and 78.3 + 1.5; P > 0.5 for both measures, n = 6; fig. S2).

In the Pax6*?N** mouse model of aniridia, the disease is typi-
cally more severe than in humans, and the eyes frequently have
lens-cornea adhesions (similar to a condition known as Peter’s
anomaly), which are also occasionally present in the human disease
(20). Corneal opacity (representing adhesions) was significantly less
than vehicle control in both oral (scar area ratio, 2.1 + 0.4% versus
11.2 £4.0%, P < 0.001, n > 6) and topical treatment (scar area ratio,
2.3 £0.6% versus 10.6 £ 2.5%, P < 0.001, n > 6) groups (Fig. 2G). To
assess the stability of the treatment effects, the mice were examined
at P60 (30 days after finishing the treatment) for corneal epithelial
and stromal thickness. Corneal epithelial thickness at P60 was sig-
nificantly greater than vehicle control after both oral and topical
administration, indicating a phenotype closer to normal (¢ test,
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Topical veh

Scar area ratio (%)

Topical RX P <0.01 for both comparisons; fig. S3, A
and B). The difference in the corneal
stromal thickness at P60 was only sig-
nificant in the topical group (fig. S3, A
and C; ¢ test, P < 0.01). These results
suggest that the effect of treatment (oral
or topical) is more persistent on the ep-
ithelial phenotype and less so in terms
of the stromal thickness.

It is known that in PAX6-deficient
aniridia, corneal epithelial PAX6 pro-
tein expression is lower due to muta-
tion/deletion in one PAXG6 allele (5, 17).
PAX6 immunostaining at P30 demon-
strated increased PAX6 protein expression
in the cornea with topical formulation
compared to vehicle control (wild-type
PAX6 intensity, 100%; topical treatment,
92 + 12% versus topical vehicle, 32 + 1%;
P <0.01, n = 5) (Fig. 3, A and C). This
confirms that treatment with MEK in-
hibitor promoted the expression of
PAX6 in the cornea and suggests that
the observed in vivo effects could be at-
tributed to increased PAX6.

One of the most important corneal
complications of PAX6-deficient aniridia
is progressive loss of the corneal (lim-
bal) epithelial stem cells with secondary
growth of conjunctival epithelium over
the cornea, leading to corneal neovas-
cularization and scarring (27, 28). To
assess the effect of treatments on corneal
epithelial differentiation, and the per-
sistence of the treatment effects, immu-
nostaining with the corneal specific
cytokeratin 12 (CK12) was performed
at P30 and P90. P30 CK12 immunos-
taining showed a more normal staining
pattern in the topical treatment group
compared to vehicle control, indicating improved corneal epithelial
differentiation (wild-type CK12 intensity, 100%; topical treatment,
68 + 5% versus topical vehicle, not detectable, n = 5) (Fig. 3, B and D).

Consistent with the P30 results, P90 CK12 immunostaining of
corneal whole mounts showed a more normal pattern of staining in
the topical treatment group compared to vehicle control (wild-type
CK12 intensity, 100%; topical treatment, 69 + 3% versus topical
vehicle, 34 £ 1%, P < 0.05, n = 5) (Fig. 3, E and F). Overall, the favor-
able differentiation and preservation of the effects 60 days after
stopping the treatment indicate that MEK inhibition may limit the
progressive loss of limbal stem cells, while promoting their function
in maintaining a normally differentiated epithelium. Given that
topical treatment led to more persistent results, for the remainder of
the studies, only topical treatment was evaluated.

Another important finding in aniridia is an abnormally hyper-
proliferative corneal epithelium (21). To assess the effect of treat-
ment on corneal epithelial proliferation, Ki67 immunostaining was
performed at P30. As predicted, mutant mice had significantly
higher expression of Ki67 and that topical MEK inhibition resulted
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Fig. 3. Inmunostaining of Pax6°¢-Veu/*

Veh, vehicle control.

in significantly less proliferating cells in the corneal epithelium
(1.3 £ 1.0%) compared to vehicle control (30.9 + 4.7%, P < 0.001)
(Fig. 3, G and H). The pattern after MEK inhibition was more sim-
ilar to wild type (0.4 + 0.6%). These results, along with the earlier
findings, are consistent with the notion that hyperproliferation may
be important to the corneal pathology (21), given that MEK inhibi-
tion, which limits proliferation, resulted in increased PAX6 and
CK12 expression with concomitant reduction in Ki67.

Topical MEK inhibition promotes ocular growth and function
in postnatal PAX6*~ mice

The mouse model of aniridia used in this study (Pax65rNew+y g
also known as a small eye mouse model. To assess the effect of treat-
ment on another manifestation of the disease in this model, we eval-
uated the ocular size of the treated mice versus vehicle control. At
P90, treated mice eyes had significantly longer axial length com-
pared to control (3.07 £ 0.03 versus 2.68 + 0.31 mm, respectively;
P < 0.05, n = 5), thus promoting a more normal ocular size (wild
type, 3.54 £ 0.01 mm), although still reduced compared to wild type
(P <0.5) (fig. S4).

It has been shown that in the mouse model of aniridia, there is a
substantial reduction in retinal function (5, 17). This could be due
to corneal defects, or functional abnormalities in the retinal photo-
receptors per se (5, 17). To assess the effect of treatment on retinal
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A

mice corneas to assess the effect of MEK inhibitor. (A and C) Comparing
PAX6 and (B and D) cytokeratin 12 (CK12) expression in mice corneal epithelium of the mice treated with topical MEK
inhibitor with topical vehicle control on P30. Wild-type cornea immunostaining used as a reference. (E and F) CK12
immunostaining of corneal whole mount at P90. Blue, DAPI. Red, CK12. (G and H) Ki67 (proliferation marker) immu-
nostaining of mice corneas on P30. Blue, DAPI. Green, Ki67. *P < 0.05 and ***P < 0.001. RX, MEK inhibitor treatment.

function, we conducted electroretinog-
raphy (ERG) on the mice eyes at P90
(60 days after stopping the treatment).
The amplitude of scotopic a and b waves as
well as photopic b waves was significantly
increased in the topical treatment group
compared to vehicle control (P < 0.05,
n = 6), demonstrating improvement of
the retinal function in both rods and
cones (Fig. 4, A to D). Furthermore, the
vehicle group showed significantly de-
layed scotopic a and b waves, as well as
photopic b wave compared to the treat-
ment group, which showed a pattern
more similar to the wild-type controls

DAPI CK12

§120- — (Fig. 4, A and E to G). The observed
g 1:2 beneficial effects on retinal function up
;ﬁ-: =l to 60 days after stopping the treatment
& w0 provide further evidence for the main-
S 2 tenance of the treatment effects.
s & & @ To examine the effect of treatment

M it on visual function, an optomotor re-
oo sponse test was performed at 90 days
3 o S after treatment. This test is based on the
g o optokinetic response, which is used to
g zz measure visual function clinically in in-
g N l fants and experimentally in animal models

& & @ (29, 30). A positive response is deter-
mined by the observer noting a consist-
ent head movement by the animal in
response to the moving gratings (the
stimulus). The MEK inhibitor-treated
group not only showed a higher re-
sponse rate compared to vehicle control
(82% versus 44%, P < 0.05, n = mini-
mum of 9 mice per group) but also had more robust responses
(35%) compared to the vehicle control group (0%, no robust re-
sponse at all) (Fig. 4H). It is notable that no difference was observed
in the retinal histology of wild type, treatment groups, and control
groups (fig. S5). These results demonstrate that treatment with top-
ical MEK inhibitor resulted in improved visual function in PAX6
mutant mice and that the beneficial effect was maintained at least
90 days after treatment cessation.

DISCUSSION

In this study, we developed an approach to compensate for the hap-
loinsufficiency of PAX6, to reduce the progression of correlated
abnormalities, with a focus on ocular manifestations. As noted earlier,
PAXG6 is one of the master regulators of eye development.

In the mouse eye, development of the cornea begins on embry-
onic day 8 (E8) and is deemed to be complete by P56 (31). The head
surface ectoderm interacts with the optic vesicle around E8, to form
alens placode followed by a lens pit around E10 (31). The presump-
tive corneal epithelium separates from the lens vesicle, both of
which are derived from head surface ectoderm, around E11 (31).
Neural crest—derived cells begin to migrate between these structures
to form the corneal stroma and endothelium around E12 (3I). By
E15, the basic cellular structures are in place, but attached together.
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Fig. 4. ERG in response to light stimulation. (A) Representative ERG of MEK inhibitor-treated, vehicle control, and
wild-type mice in both scotopic and photopic modalities. (B) Scotopic a wave amplitude, (C) scotopic b wave ampli-
tude, and (D) photopic b wave amplitude quantifications (n = 6). (E) Scotopic a wave, (F) scotopic b wave, and
(G) photopic b wave time-to-peak quantifications (n = 6). (H) Optomotor testing showing the response to visual stimulus
(n=minimum of 9 mice per control/treatment group). Significance determined by t test or Fisher'’s exact test.
*P <0.05. Ctrl, vehicle control. RX, MEK inhibitor treatment. (++) robust optokinetic response, (+) moderate optoki-

netic response, and (—) no optokinetic response.

They gradually separate to form the lens and lens epithelium, as
well as corneal endothelium, stroma, and epithelium by P12 (31).
The PAX6 gene plays a major role in nearly all of these developmen-
tal events (31).

Although the PAX6 gene has a critical role in the formation and
development of several tissues in utero, it continues to be expressed
in the adult ocular tissues and is crucial for their function (9). More-
over, several abnormalities in congenital aniridia develop and prog-
ress postnatally, in particular, the corneal disease, also known as
aniridia-related keratopathy (32). This provides a potential oppor-
tunity to intervene and rescue the ocular tissue from developing
further complications. It has been shown that postnatal manipula-
tion of the PAX6 gene via nonsense suppression can alleviate the
ocular manifestations of aniridia (5, 17). In line with these reports,
using a different approach to increase PAX6 protein by inducing the
wild-type allele (via MEK inhibition), we showed that early postna-
tal induction of PAX6 can alleviate and, in part, prevent the pro-
gression of the ocular manifestations of aniridia. We showed that
MEK inhibition led to an increase in PAX6 protein in the corneal
tissue, which, in turn, led to enhancement of the morphology. Spe-
cifically, the treatment led to increased corneal epithelial thickness
and differentiation, normalization of the corneal stromal thickness,

Rabiee et al., Sci. Transl. Med. 12, eaaz4894 (2020) 9 December 2020
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and less lens-to-cornea adhesions and
corneal scarring in mice. The treatment
appears to limit the progression of lim-
bal stem cell deficiency, which is the
main culprit for secondary conjuncti-
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first 4 weeks of life. After treatment, the
beneficial effects of MEK inhibition ap-
pear to be maintained at least up to P90
(60 days after stopping treatment), most
notably at the corneal epithelial level as
measured by thickness and differentia-
tion. The effects on the stroma appear
o to be less persistent, and by P60, both

— oral and topical groups show an in-
crease in thickness. It is worth noting
that stromal thickness measurement in
this model presents some challenges given
the variable thickness of the cornea. We
attempted to standardize the measure-
ment by defining a specific location in
the central cornea immediately adjacent
to the scar (adhesion) area; however,
the operator’s definition of this location
can still vary between investigators (all
measurements were done by one per-
son in this study to minimize this vari-
ability). Overall, this gradual increase in
stromal thickness suggests that a longer
duration of therapy may potentially
provide additional benefits. Further
studies are required to determine the optimal duration of treatment
in this particular model. Nonetheless, these results highlight the po-
tential for clinical translation of such interventions in humans
where development and progression of the disease are different
from murine models.

The treatment also resulted in ERG amelioration, improving the
wave patterns and amplitudes. Up to 50 to 70% of human aniridic
patients suffer from foveal hypoplasia (an underdeveloped fovea)
(17). Considering the fact that the fovea is not fully formed until
4 to 5 years of age (33, 34), early postnatal PAX6 induction could
potentially improve foveal development. In the mouse model of an-
iridia, however, there is no opportunity to assess the foveal hypopla-
sia since mice do not develop a fovea. Human studies have shown
considerable variability in foveal development in patients even with
the same PAX6 mutation, with functional variability within each
grade of foveal hypoplasia (35). There are also reports of ERG ab-
normalities in patients with mutations in the PAX6 gene, suggesting
that ERG could be a reasonable functional test to objectively assess
the response to potential treatments (36). On the other hand, it is
well known that opacifications such as marked cataractous lens
changes can reduce ERG a and b wave amplitudes (37). Considering
these, and given that there were no observed changes in the retinal
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histological morphology in our study, the improved function of the
retina could be interpreted as being mostly the result of less corneal
opacity leading to a better light passage and focus on the retina—
and perhaps enhanced retinal cellular function—ultimately im-
proving the ocular function as a whole. The beneficial effect of the
treatment on visual function was further confirmed with an opto-
motor response test. The MEK-treated eyes showed higher response
rate and more robust visual responses compared to vehicle-treated
controls. The above results collectively show that early postnatal
induction of the normal (wild type) copy of PAX6, through MEK
inhibition, could lead to gene dosage compensation with overall
improvement in several ocular structural and functional measures.

The stimulation of PAX6 expression via inducing the wild-type
allele hypothetically would have limited efficacy in cases where the
mutation in PAX6 leads to a dominant-negative effect. For instance,
some mutations in the proline/serine/threonine-rich region are
reported to cause run-on translation into the 3’ untranslated region,
resulting in a dominant-negative mutation and a severe aniridia
phenotype (38, 39). However, these include only a small portion of
the many mutations and deletions, which cause PAX6-haploinsufficient
aniridia (39).

The mechanism of MEK modulation of PAX6 has been studied
before. Studies have shown that PAX6 has an inverse relationship
with proliferation while promoting differentiation in the ocular tis-
sue, particularly corneal epithelium (40). The epidermal growth
factor receptor kinase-ERK (EGFRK-ERK) pathway has a negative
correlation with the expression of PAX6 (41). MEK is upstream
from ERK, which leads to phosphorylation and activation of ERK;
therefore, MEK inhibition leads to inhibition of ERK pathway,
which, in turn, increases PAX6 expression (22). The EGF-induced
transcription factor, CTCF, is a negative regulator of the PAX6 gene
in the cornea and retina (42). Studies have shown that MEK inhibi-
tion prevents up-regulation of CTCF by EGF, subsequently block-
ing EGF-induced down-regulation of PAX6, and allowing for greater
PAXG6 expression (21). On the other hand, MEK inhibition leads to
decreased cell proliferation, which favors PAX6 expression (22). It
is interesting to note that PAX6 can autoregulate its own expression
(43, 44). This was mainly evident at the mRNA level after MEK in-
hibition in nonmutant human corneal epithelial cells, and it was not
seen in PAX6 mutant human corneal stromal cells. This suggests
that the response to MEK inhibition can vary depending on the cell
type, as well as baseline PAX6 mRNA expression. We see PAX6
protein expression reach a steady state after MEK inhibition in the
nonmutant human corneal epithelial cells. This highlights the com-
plex nature of PAX6 autoregulation and the need for further studies
to determine the effect of MEK inhibition—and inducing the wild-
type PAX6 allele, in general—on these regulatory mechanisms.

Aside from the ocular manifestations, PAX6 mutations can also
lead to dysfunction in other organs including brain, olfactory sys-
tem, and pancreas (4). For instance, it has been shown that PAX6 is
responsible for maintaining pancreatic f cells and keeping their bal-
ance with other islet cell types, mainly via activating B cell genes and
maintaining mature B cell function and identity, while repressing
alternative islet cell genes such as ghrelin, glucagon, and somatosta-
tin (7). Thus, reduced expression of PAX6 may contribute to f§ cell
failure and a cell dysfunction in diabetes (7). Likewise, PAX6 has
crucial roles in brain development and function (8), via balancing
proliferation and differentiation of neural progenitor cells (45).
After birth, biological and functional development of the brain con-
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tinues until early adulthood (45). Reductions in PAX6 expression
has been shown to be associated with several neuronal developmental
conditions, such as autism (8). Oral treatment with MEK inhibitors
could be considered in these systems as a potential therapy for mod-
ulating islet cell function, as well as for promoting neural progeni-
tor cells’ favorable proliferation and differentiation.

Although there have been reports of ocular toxicity with system-
ic MEK inhibitors, most notably self-limited serous retinal detach-
ment and occasional retinal vein occlusion, these side effects were
shown to be dose dependent, happening typically above 20 to
30 mg/day (46, 47). The effective dosage in this study is much less
than the toxic dosage (equivalent dosage for human is 0.125 mg/kg
per day orally and 1 pg/day topically) (48). Furthermore, we did not
observe histological changes in the retina of the treated mice. On
the other hand, low-dose MEK inhibition has been shown to have
beneficial effects, such as anti-aging and improving late-life health
(49). Low-dose inhibition of MEK has also been shown to moderate
the developmental effects of BRAF“FC mutations, specifically
ameliorating the cardiofaciocutaneous phenotype (50). The MEK
inhibitor PD0325901 has also been tested during development in
pregnant mice and was shown to rescue the myopathic features of
neurofibromatosis type 1 in the pups (5I). These studies provide
evidence in support of the safety and potential efficacy of low-dose
MEK inhibition. Nonetheless, the primary aim of the present study
was to show the efficacy of pharmacologic gene dosage enhancement
in this condition, and MEK inhibitors were used as a representative
agent and there are likely other repurposed drug candidates that
could be used in this setting.

There are a number of limitations to the findings of this study.
First, because the study was conducted in mice, it may not represent
what takes place in patients where eye development and disease
follow a very different time course. Likewise, this study could not
completely assess all the possible toxic effects of topical MEK inhib-
itor, and for instance, the effects on intraocular pressure or cataract
formation with more long-term use were not assessed. Therefore,
more preclinical safety studies with a range of doses and durations
are clearly warranted before clinical translation.

In conclusion, early postnatal induction of the healthy copy of
PAX6 can alleviate several manifestations of PAX6-deficient aniridia.
This approach can be potentially useful for treating and/or prevent-
ing aniridia-related abnormalities, particularly the progressive cor-
neal disease, in children born with this devastating condition. The
topical treatment not only was more effective but also limits the
potential systemic side effects of the treatment. Considering that at
least 500 different mutations are known to cause PAX6-deficient
aniridia in humans (5, 52), the approach to stimulate the normal
copy has the advantage of not being limited by the type of mutation
(except as noted above). Furthermore, it suggests that using a drug
repurposing strategy of inducing the wild-type allele could be
implemented clinically for gene dosage compensation in other
haploinsufficiencies.

MATERIALS AND METHODS

Study design

In this study, we hypothesized that induction of the wild-type allele
in PAX6 haploinsufficiency could lead to gene dosage compensa-
tion and mitigation of the ocular abnormalities. Using a targeted
chemical screen based on the related pathways, we identified MEK
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inhibitors as inducers of PAX6 and tested our hypothesis in both
healthy and mutant corneal cells in vitro, and in a mouse model of
the disease (Pax6°?N*/*Y in vivo.

Sample size was determined using the “resource equation” method,
which is the recommended choice for studies involving complex
biological experiments that include several treatment groups, when
multiple end points are measured (53, 54). Briefly, according to this
method, a value “E” is measured, which is the degree of freedom of
analysis of variance (ANOVA). The experiment should be of an
appropriate size E (between 10 and 20). If E is more than 20, adding
more animals will not increase the chance of getting significant
results (53, 54)

E = total number of animals — total number of groups

On the basis of this equation, a minimum of five mice per group
was used to ensure detection of a significant difference between
groups. Animals were tagged, coded, and randomly put into groups.
All the treatment and statistical analysis were done in a blinded
fashion, and the results were decoded afterward.

In vitro treatments

HCLE cell line (telomerase-immortalized human corneal-limbal
epithelial cell) and freshly isolated primary human corneal epithelial
cells were cultured in keratinocyte serum-free medium (KSFM; In-
vitrogen) as previously described (55, 56). To isolate human corneal
epithelial cell, cadaver corneas (provided by Eversight) were treated
with dispase (2 mg/ml; Thermo Fisher Scientific) at 37°C for 2 hours
to separate the epithelial sheets, which were then separated and di-
gested in 0.25% trypsin-EDTA for 10 min, and filtered through a
70-um nylon strainer to obtain a single-cell suspension. Cells were
washed and resuspended in KSFM and plated in collagen-coated
tissue culture plates. Cells from passage zero were used for all of our
experiments.

Corneal mesenchymal stromal cells were isolated from PAX6-
deficient mice (Pax6>9Ne/*) as previously described (57). Briefly,
mice corneas were enucleated and washed five times with phosphate-
buffered saline (PBS) containing 2x antibiotic-antimycotic and 2x
penicillin-streptomycin (Thermo Fisher Scientific). The limbus was
cut into three segments that were placed in 2.4 IU of dispase (Thermo
Fisher Scientific) for 1 hour at 37°C. Intact epithelial sheets were
removed from stroma, and the stroma was used directly for explant
culture in 1% gelatin (Sigma-Aldrich)-coated wells of a six-well tis-
sue culture plate in alpha minimum essential medium supplemented
with 10% fetal bovine serum, 1x r-glutamine, and 1x Nonessential
Amino Acids (NEAA) (all from Corning). Culture media were changed
every other day, and cells were subcultured by brief digestion with re-
agent (TrypLE Express; Thermo Fisher Scientific) when 80% confluent.

Treatments were done in six-well plates. Upon 70% confluency,
the cells were treated with either 1 uM PD0325901 or 1:50,000 DMSO
(vehicle control), 1 uM cobimetinib or 1:47,000 DMSO (vehicle con-
trol), and 1 uM refametinib or 1:35,000 ethanol (vehicle control).

Western blot

Protein expression was compared using Western blots as previously
described (56). Briefly, cells were lysed (CelLytic, Sigma-Aldrich), and
after measuring protein concentration [Bicinchoninic acid assay (BCA);
Thermo Fisher Scientific], equal amounts of each sample were mixed
with Laemmli sample buffer (Bio-Rad), denatured by heating at 70°C
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for 10 min, and subjected to electrophoresis on NuPAGE 4 to 12%
bis-tris gel (Invitrogen). After gel electrophoresis, the proteins were
transferred to polyvinylidine fluoride membranes using iBlot gel
transfer (Invitrogen). The membranes were then incubated in 5%
bovine serum albumin in tris-buffered saline with 0.01% Tween 20
(TBST) for 1 hour, followed by incubation with primary antibody
while shaking in 4°C overnight. After washes with TBST and incu-
bation with respective horseradish peroxidase-conjugated secondary
antibodies for 1 hour in room temperature, protein bands were
visualized using the SuperSignal West Femto maximum sensitivity
substrate (Thermo Fisher Scientific) with an ImageQuant LAS 4000
biomolecular imager (GE Healthcare Life Sciences).

The following antibodies were used: PAX6, ab5790 from Abcam;
mitogen-activated protein kinase (MAPK) family including p44/42
and p38, #9926 from Cell Signaling Technology; phospho-MAPK
family including Pp44/42 and Pp38, #9910 from Cell Signaling
Technology; and glyceraldehyde-3-phosphate dehydrogenase,
sc-66163 from Santa Cruz Biotechnology.

Polymerase chain reaction

RNA expression was compared using polymerase chain reaction
(PCR) as previously described (55). Briefly, total RN A was extracted
from treated cells (TRIzol; Life Technologies) according to the
manufacturer’s protocol. After spectrophotometric assessment for
quality and concentration (Nanodrop ND-1000; Thermo Fisher
Scientific), complementary DNAs (cDNAs) were generated via the
High Capacity cDNA Reverse Transcription Kit (Applied Biosystems)
using the manufacturer’s protocol. For each reaction, 2 ug of total
RNA was used. The quantitative PCR reactions were carried out in
triplicate with FastStart Universal SYBER GREEN Master (Roche)
in a total volume of 20 pl, using thermal cycling conditions of 10 min
at 90°C and 10 at 95°C, followed by 40 cycles of 95°C for 15s and
60°C for 1 min. Three different PAX6 primer pairs were used:
5'-CCG-TGT-GCC-TCA-ACC-GTA-3" and 5-CAC-GGT-TTA-
CTG-GGT-CTG-G-3', 5'-ATG-GTT-TTC-TAA-TCG-AAG-GG-3’
and 5'-CGG-TGT-GGT-GGG-TTG-TGG-AAT-3', and 5'-TCT-
TTG-CTT-GGG-AAA-TCC-G-3" and 5'-CTG-CCC-GTT-CAA-
CAT-CCT-TAG-3". The results are presented as means of these three.

In vivo treatments

All the procedures were conducted in compliance with the recom-
mendations of the Association for Research in Vision and Ophthal-
mology. The protocol was approved by the Committee on the Ethics
of Animal Experiments of the University of Illinois at Chicago.

A mouse model of PAX6-deficient aniridia (Pax6°%N**) on
BalB/c background, provided by J. D. Lauderdale, was used in this
study. The mice were genotyped to assure that they have the muta-
tion for the treatment and vehicle control groups, and the wild-type
littermates were used as normal reference. Murine oral treatment
dosage was 1.5 mg/kg per day, which was based on the literature to
reach the optimal therapeutic dosage in the bloodstream (47, 58).
The optimized formulation was 5 mM PD0325901 and 10% DMSO
in PBS. To optimize the topical preparation, several dosages and
formulations were tested, and the highest effective dose that had the
optimum viscosity (to maximize the drug interaction time with the
cornea, using hydroxypropyl methylcellulose) and did not cause
irritation was chosen (1 mM PD0325901, 2% DMSO, and 2% hy-
droxypropyl methylcellulose, in PBS, once a day for 5 days, then a
2-day break, and repeat, for a total of 4 weeks). The treatment method
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of 5 days on and 2 days off was based on previous clinical studies on
PD0325901, aimed at preventing saturation of the pathway and
minimizing the potential side effects (47). Oral or topical treatment
or vehicle control was administered to the mice starting from P5,
until P30. The oral treatment was done once a day, with 10 ul of
solution orally, and the topical treatment was applied once a day as
25 ul of solution per eye, without anesthesia. A minimum of six
mice were used per each group.

OCT and slit lamp measurement of corneal opacity

The mice were anesthetized by intraperitoneal injection of ketamine
(100 mg/kg) and xylazine (5 mg/kg) mixture and underwent OCT
imaging (Phoenix MICRON IV) and slit lamp imaging (Nikon).
Corneal epithelial and stromal thicknesses were measured at the
central cornea and outside the scar area via OCT imaging. The
area of scarring was measured manually based on the corneal opaci-
fication in the scar area on the slit lamp images using Image]
[National Institutes of Health (NIH)]. The ratio of the scar area to
total corneal area was reported as a percentage.

Immunostaining

Immunostaining of mouse eye cryo-sections at P30 and corneal
whole mount at P90 were performed as previously described (59, 60).
Briefly, dissected corneas were fixed with 4% paraformaldehyde at
4°C overnight. After washing with PBS, they were incubated with
proteinase-K (20 pg/ml; Sigma-Aldrich) for 5 min at room tem-
perature followed by 100% methanol for another 30 min. The cryo-
sections were fixed for 10 min in chilled paraformaldehyde and
blocked at room temperature with 10% donkey serum for 1 hour.

The samples were incubated overnight at 4°C with primary anti-
body. For negative controls, the sections were incubated without
the primary antibody. After washing three times with TBST, the
secondary antibody was applied for 1 hour at room temperature
followed by counterstaining with 4’,6-diamidino-2-phenylindole
(DAPI).

Antibodies included primary antibodies against PAX6 (ab195045,
Abcam), CK12 (sc-25722, Santa Cruz Biotechnology), Ki67 (#4203-1,
Epitomics), and fluorescein-conjugated secondary antibodies (Jackson
ImmunoResearch). Imaging was performed with the same light intensity
and exposure for all the samples, using a confocal microscope (LSM
710, Carl Zeiss). The results were analyzed with Image] (NIH) and
were standardized on the basis of the wild-type intensity.

Electroretinography

ERG to record the responses of the retina to light flashes was
performed as previously described (61). Dark-adapted responses
were recorded at P90 after 2-hour dark adaptation by averaging
four responses at a stimulus intensity of 3 cd-s/m”. Light-adapted
cone responses were carried out in 5 cd/m” background light to sat-
urate rods.

Optomotor test

Mouse optomotor response was tested using the PhenoSys qOMR
system (PhenoSys GmbH). In brief, each mouse was placed on an
elevated central platform surrounded by four monitors to evoke an
optokinetic response (62-65). After 5 to 10 min of adaptation with
a gray screen, vertical stripes moving horizontally at spatial fre-
quencies of 0.09 and 0.11 cycles per degree were presented to the
mouse for 2 min (66, 67). The spatial frequencies of 0.09 and 0.11 cycles
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per degree were used here because the BalB/c wild-type mice exhib-
ited consistent and identifiable responses to the visual stimulus
(62). The gratings were alternating clockwise and counterclockwise
for 10 s in each direction during the 2 min (a total of 12 gratings).
The mouse’s responses were recorded as follows: (i) ++, robust and
consistent reflective head movement observed in response to the
gratings, >4 times; (ii) +, moderate but less robust reflective head
movement in response to the gratings, 1 to 3 times; and (iii) —, no
head movement in response to alternating gratings during the
2-min test. Animals’ responses were videotaped with infrared cam-
era and re-examined by a second observer for confirmation when
needed. Experimenters were blinded to the mouse genotypes and
experimental groups. Results were analyzed and plotted by a third
experimenter.

Statistical analysis

All the experiments were replicated three times. The in vivo experi-
ments were done in groups of at least five mice, and one eye per
mouse was used for analysis to minimize bias. We randomly selected
the right eye for all subjects to minimize variations. All the analyses
were performed blinded, using GraphPad Prism 7.0, and an unpaired
two-tailed Student’s ¢ test or one-way ANOVA followed by Tukey’s
multiple comparison test were used when appropriate. P < 0.05 was
considered significant. Results are reported as mean + SD.

SUPPLEMENTARY MATERIALS
stm.sciencemag.org/cgi/content/full/12/573/eaaz4894/DC1

Fig. S1. Comparing the results of P0325901 treatment on P30, from different start points

with OCT.

Fig. S2. Wild-type mice were treated postnatally (P5 to P30) with oral or topical formulations of
PD0325901 to assess any possible adverse effect of MEK inhibition.

Fig. S3. Maintenance of MEK inhibitor treatment effects on P60 (30 days after stopping the
treatment) in Pax6°% Neu/+
Fig. S4. The eyes were enucleated on P90, and axial lengths were measured.
Fig. S5. Retinal histology of P30 mice.

Data file S1. Raw data (provided as separate Excel file).

mice.

View/request a protocol for this paper from Bio-protocol.
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Eye-opening treatment for haploinsufficiency

Aniridia is a genetic disorder predominantly affecting the eye, caused by PAX6 haploinsufficiency due to
mutations in one allele. Patients present vision loss and, in some cases, other systemic abnormalities. Increasing
the expression of PAX6 early in life could block the progression of the disease. Now, Rabiee et al. used a
pharmacological approach in vitro and in a rodent model of Pax6 haploinsufficiency (Pax6 /7). Through chemical
s?reening, the authors showed that MEK inhibitors could increase PAX6 expression in corneal cells. Treating Pax6
*1~ mice early in life with the inhibitor reduced eye abnormalities, suggesting that MEK inhibitors might be effective
for treating postnatal abnormalities in patients with PAX6 haploinsufficiency.

ARTICLE TOOLS http://stm.sciencemag.org/content/12/573/eaaz4894

EALAF%E'—REX'LESNTARY http://stm.sciencemag.org/content/suppl/2020/12/07/12.573.eaaz4894.DC1
RELATED . i i

CONTENT http://stm.sciencemag.org/content/scitransmed/8/335/335ra57.full

http://stm.sciencemag.org/content/scitransmed/7/296/296ra110.full
http://stm.sciencemag.org/content/scitransmed/3/97/97ra80.full
http://stm.sciencemag.org/content/scitransmed/4/120/120ral5.full

REFERENCES This article cites 66 articles, 16 of which you can access for free
http://stm.sciencemag.org/content/12/573/eaaz4894+#BIBL

PERMISSIONS http://www.sciencemag.org/help/reprints-and-permissions

Use of this article is subject to the Terms of Service

Science Translational Medicine (ISSN 1946-6242) is published by the American Association for the Advancement of
Science, 1200 New York Avenue NW, Washington, DC 20005. The title Science Translational Medicine is a
registered trademark of AAAS.

Copyright © 2020 The Authors, some rights reserved; exclusive licensee American Association for the Advancement
of Science. No claim to original U.S. Government Works

0202 ‘0T 1aqwiadaq uo ofeoiyd 1e sioul|| 1o Ausiaaiun 1e /Bio Bewsousios wis//:dny woiy papeojumoq


http://stm.sciencemag.org/content/12/573/eaaz4894
http://stm.sciencemag.org/content/suppl/2020/12/07/12.573.eaaz4894.DC1
http://stm.sciencemag.org/content/scitransmed/8/335/335ra57.full
http://stm.sciencemag.org/content/scitransmed/7/296/296ra110.full
http://stm.sciencemag.org/content/scitransmed/3/97/97ra80.full
http://stm.sciencemag.org/content/scitransmed/4/120/120ra15.full
http://stm.sciencemag.org/content/12/573/eaaz4894#BIBL
http://www.sciencemag.org/help/reprints-and-permissions
http://www.sciencemag.org/about/terms-service
http://stm.sciencemag.org/



