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Abstract

Purpose: We aimed to assess whether the transcription factor PAX6 affects transcription of FMNL2. PAX6
is a transcription factor with significant roles in development of the eye and eye-related functions. FMNL2
encodes a member of the formin family of proteins and has roles in polymerization of actin and features of
the cytoskeleton. The state of the cytoskeleton affects the flow of aqueous humor, disruption of which is a
cornerstone of glaucoma pathology.

Methods: Initially, bioinformatics were used extensively to identify FMNL2 as an appropriate candidate
gene for possible targeting by PAX6. Subsequently, direct targeting of the promoter of FMNL2 by PAX6
was tested using the dual luciferase assay. The experiment was performed by cloning a promoter region of
FMNL2 that contains PAX6 binding sitesupstream of a firefly luciferase gene and comparison of expression
of luciferase in the presence and absence of PAX6 expression vectors in the HEK293T cell line. The effect of
PAX6 on endogenous expression of FMNL2 in primary trabecular meshwork (TM) cells was assessed by
real-time polymerase chain reaction.

Results: Dual luciferase assays in HEK293T cells clearly demonstrated that PAX6 directly affects the FMINL2
promoter to increase expression of downstream sequences. However, overexpression of PAX6 in TM cells
caused mild but statistically significant downregulation of endogenous FMNL? as assessed by real-time
polymerase chain reaction.

Conclusion: Itis concluded that PAX6 can indeed directly affect transcription of FMINL2. However, regulation
of FMNL2 expression in TM cells is complicated and not limited to the direct effects of PAX6.
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INTRODUCTION

Glaucoma comprises a group of neurodegenerative
diseases accompanied by progressive loss of retinal
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ganglion cells, degeneration of the optic nerve, and
characteristic visual field defects."” Glaucoma is the
leading cause of irreversible blindness worldwide, and
is expected to affect nearly 80 million people by 2020.!
It is a complex disorder, the etiology of which is poorly
understood. Elevated intraocular pressure is a major
risk factor for glaucoma and is caused by impaired
drainage of aqueous humor through the trabecular
meshwork (TM) into Schlemm’s canal and the venous
system in the anterior chamber of the eye."* Primary open
angle glaucoma (POAG) is the most prevalent type of
glaucoma in Western populations. Five genes that cause
POAG (MYOC, OPTN, WDR36, NTF4, and TBK1) have
beenidentified, but mutations in these genes cause disease
in less than 10% of cases with POAG.®* The combined
effect of several genes and gene-environment interactions
is expected to be important in the etiology of POAG in
patients without mutations in the above-mentioned
genes.”! Genome-wide association studies and genetic
studies of traits relevant to glaucoma, such as central
cornea thickness, are useful for identifying genes that
contribute to glaucoma in a non-Mendelian fashion. %
High throughput gene expression analysis by deep
RNA sequencing or microarray protocols may also be
used for identification of genes within gene networks
with relevance to glaucoma. The contribution of each
gene and even each network may be nominal, but their
cumulative effects may culminate in glaucomatous
disease. We have performed gene expression analysis
with the aim of improving our understanding of the
molecular components in the etiology of glaucoma.
FOXC1 (forkhead box cl) is a transcription factor
that has a crucial role in differentiation of neural
crest-derived ocular tissues."'! Additionally, mutations in
FOXC1 can cause Axenfeld-Rieger syndrome, a disorder
characterized by anterior eye segment defects and
systemic anomalies.">"*! Approximately 50% of patients
with Axenfeld-Rieger syndrome develop glaucoma, and
patients with FOXCI mutations are even more likely to
develop glaucoma. Because of the relevance of FOXC1
to eye development and glaucoma, we attempted to
identify genes with transcript levels that are affected by
FOXC1 by performing whole genome microarray gene
expression analysis in primary human trabecular cell
lines that had undergone FOXCI knockdown.™! We
identified 849 genes with mRNA levels that were affected
by FOXC1 knockdown.!"™]t is expected that some of these
genes have FOXC1 binding elements in their promoter
regions and are direct targets of FOXC1, while others
are indirectly affected by expression of FOXC1. MEIS2
is a homeobox transcription factor (homeobox protein
Meis2) that is known to have multiple functions in the
development and ocular processes of the vertebrate
eye.l'® The gene that encodes this protein is among
the genes shown to be directly affected by FOXC1
knockdown.!" It is well known that MEIS2 controls the

expression of PAX6 (paired box 6), another transcription
factor that is considered to be a master regulator of
eye development.'”l Heterozygous and homozygous
mutations in the PAX6 gene in mice cause, respectively,
the small eye (sey) phenotype and total absence of
eye development.”*?!! In humans, mutations in PAX6
cause Peters anomaly and aniridia, both of which are
anterior segment dysgenesis disorders.”! It was thus
considered that expression of some of the genes in the
microarray analysis that were indirectly affected by
FOXC1 was changed because of the effect of FOXC1
on MEIS2 and the subsequent effect of MEIS2 on PAX6
expression. In the present study, we attempted to expand
the genetic network relevant to functions of the TM
that include FOXC1 by identification of a potentially
glaucoma-relevant gene that is indirectly affected by
FOXC1 and directly affected by PAX6. The target gene
studied was FMNL2, which encodesformin-like protein
2. Direct targeting of FMINL2 by PAX6 was demonstrated.
The significance of the results is discussed.

This research was performed in accordance with the
tenets of the Declaration of Helsinki. Eye globes used for
isolation of TM for use in preparation of TM cell cultures
were obtained from the Central Eye Bank of Iran.

DECODE (http://www.sabiosciences.com/
chipgpcrsearch.php?app=TFBS) was used to identify
genes with PAX6 binding sites in their promoter
regions. DECODE combines text mining applications
and data from the UCSC Genome Browser to compile
lists of human genes with predicted binding sites for
over 200 human transcription factors, including PAXe6.
Genes with PAX6 binding sites that were also included
among 849 genes affected by FOXC1 levels in TM cells
were selected. The genes affected by FOXC1 had been
identified earlier by knockdown studies and microarray
experiments in our laboratory.!”” Subsequently, genes
with functions specifically relevant to the TM or to
glaucoma were identified among the FOXC1-affected
genes with putative PAX6 binding sites by use of
three in silico bioinformatics tools, KEGG (Kyoto
Encyclopedia of Genes and Genomes; www.genome.
jp/kegg/), GeneCards (www.genecards.org/), and
DisGeNET (www.disgenet.org/). KEGG and GeneCards
provide information on the physical and functional
properties of biological entities and interactions
between these entities. DisGeNET integrates available
data on gene-disease associations from several public
data sources and the literature.”” We then confirmed
the presence of PAX6 binding sites in the significantly
reduced number of genes by use of TRANSFAC (http://
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www.gene-regulation.com/pub/databases.html) and
POSSUM (http://zlab.bu.edu/~mfrith/possum/)
software, which is available in the public domain.
TRANSFAC reported a matrix that reflected PAX6
binding sites based on experimental data. This matrix
along with promoter sequences (obtained from NCBI;
http:/ /www.ncbi.nml.gov/) spanning -3000 with
respect to A nucleotide of AUG translational initiation
codon were submitted to POSSUM. Based on the inputs,
POSSUM identified PAX6 binding sites in the promoter
region. Having confirmed the presence of binding sites,
the literature was reviewed and a single gene was
selected for the purpose of performing empirical studies.

Direct targeting of the promoter of FMNL2 by PAX6
was tested by the dual luciferase assay. The experiment
was performed by cloning a promoter region of FMNL2
upstream of a firefly luciferase gene and comparison of
expression of the luciferase in the presence and absence
of PAX6 expression vectors in the HEK293T cell line.
Initially, a 1912 base pair promoter fragment of FMNL2 that
contained the predicted PAX6 binding site was amplified
by polymerase chain reaction (PCR; Figure 1). The primer
pairs used for its amplification created Xhol and ECORV
restriction enzyme recognition sites at the 5" and 3" ends,
respectively [Table 1]. The fragment was cloned upstream
of the firefly luciferase reporter gene in the pGL4.14
vector (Promega Corporation, Madison, WI, USA) to
create FMINL2prom-pGL4.14. The cloned fragment was
sequenced for verification of accuracy. Cultured cells were
co-transfected with FMINL2prom-pGL4.14 recombinant
plasmid, pRL-TK (Promega Corporation), and empty
pCMV-SPORT6 vector (Invitrogen, Carlsbad, CA,
USA) or pCMV-SPORT6-PAX6 (Dharmacon, Lafayette,
CO, USA). PRL-TK contains the renilla luciferase
gene adjacent to the thymidine kinase promoter, and
pCMV-SPORT6-PAX6 expresses PAX6 under the
constitutively expressed cytomegalovirus promoter.

Primers used for amplification of FMNL2 promoter
fragment*

Forward:
5-TCGACTCGAGGAGTGTGTGTGTATCTAAACC-3’
Reverse:
5-ACAAGATATCTCGGAAATCAGAACAGCTCC-3’
Real time PCR primers
PAX6- Forward: 5'- ACCAGGAAGAAATTCAGACG -3’
Reverse: 5- CATCTTGCGTAGGTTGCC -3’

FMNL2- Forward:
5- ACCAGGAAGAAATTCAGACG -3’

Reverse: 5- TCAAAAGTTACCGCGTACTG -3’

* Restriction enzyme recognition sites are shown in bold

Transfections were performed in 24-well plates.
Additional control transfections included recombinant
FMNL2prom-pGL4.14 + pRL-TK, non-recombinant
pGL4.14 + pRL-TK + pCMV-SPORT6-PAX6, and mock
transfections without vector. All transfections were
done in triplicate in HEK293T cells (National Institute
of Genetic Engineering, Tehran, Iran). Transfection
reactions were performed using 500 ng of plasmid DNAs,
Lipofectamine LTX reagent (Invitrogen) and 2 x 10° cells.
Forty-eight hours after transfection, firefly and renilla
luciferase activity levels were measured using dual
luciferase assays (Promega Corporation) according to
the manufacturer’s instructions.

Endogenous regulation of FMNL2 expression by
PAX6 was tested in two human primary TM cell lines.
The TM cell lines were developed from donors without
a history of eye disease and aged 50 years (female;
TM1) and 12 years (male; TM2) at the time of death as
described previously.? The cells were transfected with
pCMV-SPORTG6 control vector or pPCMV-SPORT6-PAX6
that overexpressed PAX6. Transfections were performed
as described for HEK293T cells. Total RNA was
isolated 48 h after the transfections, and cDNAs were
synthesized by standard procedures. Real-time PCR
for PAX6 and FMNL2 was performed on a Corbett
65HO instrument (Corbett Research, Sidney, Australia)
using the QuantiFast SYBR Green PCR Kit (Qiagen,
Germantown, MD, USA). GAPDH was used as the
control gene. The experiments were performed in
triplicate. The primers used in the real-time PCR
experiments are presented in [Table 1]. The statistical
analysis was performed using the Relative Expression
Software Tool (REST).!

DECODE identified 6013 genes with PAX6 binding
sites, and 225 of these were among the genes that had
been observed to be affected by FOXCI knockdown in
the microarray experiments.'™ These were candidate
genes for which transcription may be directly affected
by binding of PAX6 protein to their promoters.
Based on information derived from KEGG and
GeneCards, we identified that at least 11 genes were
associated with TM-specific and/or glaucoma-associated
functions [Table 2]. Based on the PAX6 binding sequences
predicted by TRANSFAC, POSSUM confirmed that the
promoter regions of all 11 genes described above that
were affected by FOXC1 knockdown and that also had
TM/glaucoma-relevant functions contained at least
one PAX6 binding site. For reasons described in the
Discussion section, FMNL2 was selected for the purpose
of performing empirical studies. There was one PAX6
binding site (5'-CATTTGTCTGCTCCAGGTGCT-3")
in the promoter region of this gene. The 1912 base pair
promoter fragment of FMNL2 that was cloned into the
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pGL4.14 vector for performance of dual luciferase assays
contained this binding site [Figure 1].

transcript levels were observed in two independent
TM cell cultures, adding support to the validity of the

The results of the dual luciferase assay demonstrated observation.

that the presence of pCMV-SPORT6-PAX6 caused
increased expression of firefly luciferase when the
enzyme’s encoding sequence was placed under the
regulation of promoter fragments of FMNL2 in HEK293T
cells [P < 0.01; Figure 2]. PAX6 also affected the levels of

Table 2. Genes with PAX6 binding sites in promoter
Regions, affected by FOXC1 knock down, and with TM/
Glaucoma related functions*

FMNL? endogenous transcripts in TM cells as assessed CLOCK LDLRAD OLFM3 SMC2
by real-time experiments, but the effect was to decrease FMNL2 MAF PLP2 wweC2
MEIS2 SIX3

the level of the transcripts [Figure 3]. The effect was small FN1

*Ascertained using bioinformatics tools and microarray analysis
y y

but statistically significant (P < 0.05). Decreased FMNL?2

-1962 | -50
- — - T
-435 -20

-3000

Figure 1. PAX6 binding site within FMNL2 promoter fragment. The fragment of FMNL2 amplified and cloned upstream of the
luciferase gene in the pGL4.14 vector to create FMNL2prom-pGL4.14 is indicated by the bold line. Nucleotide positions are with
respect to A of AUG translation initiation site. The bar indicates the position of the PAX6 binding site in this fragment.
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Figure 2. Dual luciferase assays in HEK293T cells in the presence of various combinations of vectors. Experiments were performed
under 5 conditions (conditions 1-5) that are described in the panel. Standard deviations based on three replicate transfection
experiments are shown. **P < 0.01 for comparisons of firefly /renilla ratios of conditions 1 and 2.
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Figure 3. Effect of PAX6 overexpression on endogenous expression of FMNL2 in two human primary trabecular meshwork
cell cultures as assessed by real-time polymerase chain reaction. (a) Fold increase of PAX6 expression in each of the trabecular
meshwork cells in the presence of pPCMV-SPORT6-PAX6 as compared with the empty vector is shown. (b) Decreased expression
of FMNL2 in each of the trabecular meshwork cells in the presence of pCMV-SPORT6-PAX6 as compared with the empty vector
is shown. Standard deviations based on three replicate transfection experiments are shown. *P < 0.05; ***P < 0.001.
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The most important finding of this study was that
PAX6 affects FMNL2 gene expression in TM cells.
The effect of PAX6 on endogenous FMNL2 expression
and the overall regulation of FMNL2 transcription in
TM cells are clearly complicated. The results of our
earlier FOXC1 knockdown microarray analysis and
information provided by the literature were consistent
with a regulatory pathway in which expression of
FOXCI1 causes increased expression of MEIS2 that in
turn causes increased expression of PAX6 and eventually
causes increased expression of FMNL2. The results of the
luciferase assays are consistent with this because they
show that PAX6 can act directly on the FMNL2 promoter
sequence to increase expression of downstream coding
sequences. The fact that overexpression of PAX6 in TM
cells did not result in increased levels of FMNL2 mRNAs
suggests that PAX6 additionally affects other regulatory
molecules that directly or indirectly affect mRNA levels of
FMNL2.1tis possible that analysis of FMINL2 expression
at time intervals shorter than 48 hours after transfection
would have been informative in this regard. It can also
be considered that the effect of FOXC1 on mRNA levels
of FMNL2 evidenced by the microarray experiments
may reflect the effects of multiple pathways, only one of
which would be the proposed MEIS2/PAX6 pathway.
The contribution of PAX6 to expression of FMNL2 in
TM cells may be better clarified by experiments in which
PAX6 is knocked down.

The protein encoded by FMNL?2 is a member of the
evolutionarily conserved formin family of proteins. These
proteins are regulators of the cytoskeleton.*! FMNL2
has actin binding domains that affect polymerization
of actin and formation of actin filaments.””’ Among the
11 genes described above that were identified to have
TM/glaucoma-related functions, FMNL2 was selected
for empirical studies because of its role in formation of
actin filaments and organization of the cytoskeleton.
Actin filaments in the cytoskeleton are responsible for
the contractile properties of the TM and for modulation
of resistance to aqueous humor outflow in this tissue, so
are very relevant in the pathogenesis of glaucoma. 2%

Furthermore, FMNL?2 is a downstream effector of
Rho GTPases such as Cdc42 and Rac1.5'#? Members of
the Rho family of proteins are involved in modulation
of TM contraction and outflow of aqueous humor.3%!
It has been shown that FMNL?2 is present at cell-cell
junctions and has roles in cell-cell adhesion and
epithelial integrity; this role is likely related to its effects
on actin dynamics.?**>%! Cell junction functions may be
affected as part of the pathology of glaucoma because of
differences in levels of proteins involved in maintenance
of intracellular adhesions in the aqueous humor of
glaucomatous eyes and that in normal eyes."***" In short,
functions attributed to FMNL2 partially overlap with

TM/glaucoma-relevant functions. The evidence for
existence of a PAX6-FMNL2 component in a regulatory
pathway that includes FOXC1, MEIS2, PAX6, and
FMNL2 has been strengthened in this study. Future
research will expand this pathway, and query the
possible involvement of its various components in the
etiology of glaucoma.
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