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Abstract 

 

LIM-homeodomain transcription factor Lhx2 is an essential regulator of mammalian eye 

development. To further elucidate the role of Lhx2 in mammalian eye development, we studied 

the effects of deleting Lhx2 at different embryonic time points. Fibroblast growth factor (FGF) 

signaling is an essential regulator of lens epithelial cell proliferation and survival, as well as lens 

fiber cell differentiation.  However, the identities of these FGF factors, their source tissue, and 

the genes that regulate their synthesis are unknown.  We have found that Chx10-Cre;Lhx2lox/lox 

mice, which selectively lack Lhx2 expression in neuroretina from E10.5, showed an early arrest 

in lens fiber development along with severe microphthalmia.  These mutant animals showed 

reduced expression of multiple neuroretina-expressed FGFs and canonical FGF-regulated genes 

in neuroretina.  When FGF expression was genetically restored in Lhx2-deficient neuroretina of 

Chx10-Cre;Lhx2lox/lox mice, we observed a dramatic rescue of the defects in lens cell 

proliferation, survival and fiber differentiation.  These data demonstrate that neuroretinal 

expression of Lhx2 and neuroretina-derived FGF factors are crucial for lens fiber development in 

vivo. To investigate the role of Lhx2 at later stages of lens development and maintenance, we 

deleted Lhx2 in late retinal progenitors and Muller glial precursors using three different Cre lines. 

The development of cataract was observed in all three of them, suggesting the role of Lhx2 in 

maintaining lens transparency. The ciliary epithelium is a bilayered secretory structure at the 

anterior segment of the eye. It is derived from neuroectoderm, which also gives rise to the neural 

retina and retinal pigment epithelium (RPE). Previous studies have shown that BMP, FGF, Notch 

and Wnt signaling all regulated the development of the ciliary body. As we have previously 

found that Lhx2 regulated Notch and FGF signaling, we investigated the role of Lhx2 in ciliary 
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epithelial development. We found that Lhx2 also regulated BMP signaling and that conditional 

deletion of Lhx2 led to disruption of ciliary epithelial development. Thus, Lhx2 may regulate 

ciliary epithelial development by orchestrating the BMP, FGF and Notch signaling network.  
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Chapter 1: Introduction 

 

1.1 Vertebrate Eye Development 

 

 The vertebrate eye comprises tissues from three general embryonic origins – 

neuroectoderm, surface ectoderm and periocular mesenchyme, derived from head mesoderm and 

neural crest cells (Gage et al., 2005; Harada et al., 2007). Eye development process begins at the 

onset of gastrulation with the specification of the eye field at the anterior neuroectoderm, 

surrounded rostrally and laterally by telencephalic precursors while caudally and medially by 

cells that will form the hypothalamus (Esteve and Bovolenta, 2006; Inoue et al., 2000; Wilson 

and Houart, 2004). During neurulation, two optic sulci arise from the eye field as symmetrical 

bilateral evagination of the lateral wall of the diencephalon. The optic sulci continue to evaginate 

and enlarge towards the overlying surface ectoderm, forming optic vesicles. The most proximal 

part of the optic vesicle that is connected to the diencephalon constricts to form the optic stalk, 

which later becomes the optic nerve. The distal part of the optic vesicle invaginates into the 

proximal part, giving rise to a double-layered optic cup. The inner layer of the optic cup 

differentiates to form the neural retina while the outer layer becomes the retinal pigment 

epithelium (RPE). The distal tips of the optic cup where the inner and outer optic cup layers meet 

give rise to ciliary and iris epithelium (Chow and Lang, 2001; Graw, 2010).  

The surface ectoderm that comes into close contact with optic vesicles thickens to form 

lens placode. In parallel to the optic vesicle invagination, the lens placode invaginates to form 

the lens pit. The lens pit soon closes and the resulting lens vesicle separates from the surface 

ectoderm. Cells in the anterior lens vesicle remain as a monolayer of lens epithelial cells while 
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cells in the posterior half of the lens vesicle elongate and differentiate into primary lens fiber 

cells, which fill the lens vesicle. Subsequent lens epithelial cell proliferation and secondary fiber 

cell differentiation are restricted to the equatorial region of the lens to maintain polarity within 

the lens (Lovicu and Robinson, 2004; McAvoy et al., 1999). Soon after lens vesicle formation, 

the overlying surface ectoderm fuses together and becomes the presumptive corneal epithelium, 

which gives rise to a stratified corneal epithelium composed of six to seven layers of cells 

(Eghrari et al., 2015; Lwigale, 2015).  

Shortly after the lens vesicle has detached from the surface ectoderm, the periocular 

mesenchyme migrate into the space between the lens vesicle and primitive corneal epithelium. 

These cells differentiate to form corneal endothelium and stroma (Eghrari et al., 2015; Lwigale, 

2015). During this differentiation, the lens detaches from the future cornea, generating a fluid-

filled cavity between the two structures. The presumptive ciliary and iris epithelium extends 

anteriorly and centrally into this cavity along the anterior lens surface, separating the cavity into 

the anterior and posterior chamber. The periocular mesenchyme then migrates onto these 

epithelial layers of the ciliary body and iris, developing into the stroma of the ciliary body and 

iris. The periocular mesenchyme also migrates into the iridocorneal/chamber angle and 

subsequently differentiates to form ocular drainage structures, the trabecular meshwork and 

Schlemm’s canal (Cvekl and Tamm, 2004; Gould et al., 2004). In the posterior eye, the 

periocular mesenchyme surrounding the external surface of the optic cup condenses and 

develops into an inner vascular layer, the choroid, and an outer fibrous layer, the sclera (Berson, 

1965; Inoue et al., 2000; Sellheyer and Spitznas, 1988).    

 In summary, the major ocular structures derive from three major sources. The 

neuroectoderm gives rise to the retina, RPE, optic nerve and the epithelial layers of the iris and 
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ciliary body; the surface ectoderm differentiates into the lens and corneal epithelium; and the 

periocular mesenchyme gives rise to the corneal stroma and endothelium, the stroma of the 

ciliary body and iris, the trabecular meshwork, Schlemm’s canal, the choroid and the sclera.  

 

1.2 The Roles of Lhx2 in Ocular Development 

 

Lhx2 is a LIM homeodomain transcription factor, which contains two amino terminal 

LIM domains (named for the first three discovered LIM domain-containing proteins Lin11, Isl1 

and Mec3) and a carboxyl terminal homeodomain (Hunter and Rhodes, 2005). It is highly 

conserved across many species and orthologs have been identified from invertebrates (C. elegans 

(Altun-Gultekin et al., 2001) and Drosophila (Cohen et al., 1992)) to vertebrates (zebrafish (Seth 

et al., 2006), frog (Viczian et al., 2006), mouse (Xu et al., 1993) and human (Wu et al., 1996)). 

Mammalian Lhx2 was first characterized during a screen for genes selectively expressed in pre-

B-cell lines (Xu et al., 1993). Subsequent studies have shown that Lhx2 is expressed in and 

essential for the development of many different tissues, including the eyes (Porter et al., 1997; 

Xu et al., 1993). This review article will summarize and discuss our current understanding of the 

role of Lhx2 in ocular development.  

 

1.2.1 The Roles of Lhx2 in Optic Vesicle and Optic Cup Development 

Lhx2 is one of the eye field transcription factors (EFTFs), which include Rax (Rx), Pax6, 

Lhx2, Six3, Six6 (Optx2), ET (Tbx3), and Tll (Nr2e1) (Chow and Lang, 2001; Zuber et al., 

2003). In mice, Lhx2 is expressed across the anterior neural plate prior to the formation of optic 

sulcus. Subsequently, the expression in ocular tissues is observed across the entire optic vesicle 
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and optic vesicle-derived structures—neuroretina, RPE and optic stalk. As development 

progresses, the expression becomes restricted to retinal progenitor cells, within the neuroblast 

layer, particularly at the retinal ciliary margin, and to the RPE (Gordon et al., 2013a; Hägglund et 

al., 2011a; Tétreault et al., 2009). After retinogenesis is complete, Lhx2 expression is only 

observed in Müller glia and a subset of amacrine cells (de Melo et al., 2016a).  

Lhx2 is an essential regulator optic vesicle development. Lhx2 null animals (Lhx2-/-) are 

anophthalmic (Porter et al., 1997). Eye field specification and optic vesicle formation are 

initiated in the Lhx2-/- animals, with Rax and Pax6 mRNA expressions detected in the eye field 

as well as in the optic vesicle intially. However, Lhx2-/- eyes fail to progress past the optic vesicle 

stage. The Lhx2-/- optic vesicles are smaller with reduced proportion of cells positive for mitosis 

marker, phosphorylated histone H3 (pHH3) (Yun et al., 2009a). The Lhx2-/- optic vesicle also 

appears to be mispositioned at the diencephalic-telencephalic boundary and does not extend 

towards the surface ectoderm (Roy et al., 2013a). Regionalization, patterning and cell fate 

specification are disrupted in the Lhx2-/- optic vesicles. Prior to the transition of the optic vesicle 

into the optic cup, regionalization of the optic neuroepithelium occurs with Vsx2 marking the 

presumptive neural retina while Mitf and Pax2 marking the prospective RPE and optic stalk 

respectively (Chow and Lang, 2001; Martínez-Morales et al., 2004; Rowan and Cepko, 2004). In 

the Lhx2-/- optic vesicles, Vsx2 and Mitf expression fails to initiate while Pax2 expression, 

though initiated, is subsequently downregulated (Yun et al., 2009a). Pax6, Otx1 and Otx2 are 

normally expressed in the optic vesicle in a dorsoventral gradient, while Pax2 and Vax2 are 

expressed in the ventral optic vesicle (Barbieri et al., 1999; Chow and Lang, 2001). This 

dorsoventral patterning is disrupted in the Lhx2-/- optic vesicles. In the absence of Lhx2, Pax2 

and Vax2 expression is initiated but subsequently downregulated while the expression of Pax6, 



5 
 

Otx1 and Otx2 is expanded ventrally (Yun et al., 2009a). In addition, Lhx2-/- optic vesicles show 

reduced expression of optic markers (Rax, Pax6, Six3, Six6 and Sox2), and ectopic expression of 

markers corresponding to thalamic eminence (Lhx1, Lhx5, Lhx9 and Tbr1) and anterodorsal 

hypothalamic regions (Sim1 and Otp), suggesting Lhx2’s roles in specifying optic identity as 

well as suppressing alternate diencephalic fates in the optic vesicle (Roy et al., 2013a; Tétreault 

et al., 2009; Yun et al., 2009a).  

Conditional inactivation of Lhx2 in the optic vesicle shows continued requirement of 

Lhx2 during optic vesicle and optic cup development. In mice, optic sulci form at ~E8.5, optic 

vesicles develop at ~E9 and optic cups form at ~E10. Conditional deletion of Lhx2 starting at 

~E8.25 results in optic vesicles with comparable phenotype as Lhx2-/- optic vesicles. When Lhx2 

is deleted starting at ~E9, the optic vesicle extends towards the surface ectoderm. Some 

regionalization of the optic vesicle is also observed with Mitf and Pax2 expression detected in 

the presumptive RPE and optic stalk. However, these vesicles fail to progress to form optic cup 

and subsequently degenerate. When Lhx2 is deleted starting at ~E9.25, the optic vesicles develop 

further with the formation of partial optic cups and RPE. When Lhx2 is deleted ~E10, optic cup 

formation occurs. However, these mutant eyes are very small compared to controls and the 

retinae are severely disorganized and dysplastic. Like Lhx2-/- optic vesicles, optic vesicles with 

conditional Lhx2 deletion at all time points examined also show reduced expression of many 

optic markers as well as ectopic expression of thalamic and hypothalamic markers. Thus, during 

early eye development, Lhx2 is continually and successively required for progenitor cell 

proliferation, regionalization and patterning of the optic vesicle, the transition of the optic vesicle 

to the optic cup, and specification of optic identity as well as suppression of alternate cell fates 

(Hägglund et al., 2011a; Roy et al., 2013a).  
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1.2.2 The Roles of Lhx2 in Retinal Progenitor Cell Maintenance and Differentiation 

After optic cup formation, the inner layer of the optic cup forms the neural retina. In mice, 

retinal progenitor cells (RPCs) proliferate and differentiate to form six types of neurons and one 

type of glia in a successive yet overlapping sequence from ~E10.5 to ~2 weeks after birth. 

Retinal ganglion cells (RGCs) are the first born neurons followed by other early born cell 

types—cone photoreceptors, horizontal cells and amacrine cells. Rod photoreceptors, bipolar cell 

and Müller glial cells  (MG) are formed at later stages (Graw, 2010).    

Following optic cup formation, Lhx2 is expressed in the RPCs and regulates RPC 

maintenance and differentiation. Conditional inactivation of Lhx2 from E10.5, when RGC 

precursors are produced, leads to reduced RPC proliferation, depletion of the RPC pool and 

precocious differentiation of RPCs into RGCs. Hes1 is a transcription factor that acts upstream 

of Atoh7 to inhibit the differentiation of RPCs into RGCs. Loss Hes1 and precocious Atoh7 

expression are observed in Lhx2-deficient retinas, suggesting a role for Lhx2 in regulating RPCs 

via Hes1. Lhx2-deleted retina shows an increase in RGC precursors and a concurrent decrease in 

the precursors of other cell types, including horizontal cells, amacrine cells and photoreceptors. 

Interestingly, conditional deletion of Lhx2 from E12.5, when production of RGC, horizontal, 

cone and amacrine cell precursors are all underway, also leads to overproduction of RGC 

precursors at the expense of horizontal, photoreceptor and amacrine cell precursors. These 

findings suggest Lhx2’s roles in not only maintaining the RPC population, but also limiting RGC 

precursor production to promote the generation of other early born precursors.  

In addition, RGC precursors are generated past the normal window in Lhx2-inactivated 

retinas, supporting Lhx2’s role in facilitating the progression of the RPCs from the early to late 

competence state. When Lhx2 is deleted at E15.5, after the peak of RGC production when rod 
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and amacrine cell precursors are predominantly produced, rod photoreceptor precursors are 

overproduced at the expense of bipolar precursors, while the number of RGC precursors remains 

the same. This finding further supports Lhx2’s role in regulating cell fate choices of RPCs 

(Gordon et al., 2013b).  

Interestingly, downregulation of Lhx2 seems to be important for cone photoreceptor cell 

survival. Targeted disruption of retinal non-coding RNA 3 (Rncr3), the dominant source of 

microRNA-124a (miR-124a) leads to a substantial reduction in retinal miR-124a expression and 

cone cell number, elevated Lhx2 expression in cone cells, and increased cone cell death. 

ShRNA-mediated knockdown of Lhx2 in Rncr3-/- retinas rescues the above phenotype, 

supporting the essential role of Lhx2 suppression in cone photoreceptor cell survival (Sanuki et 

al., 2011). 

 

1.2.3 The Roles of Lhx2 in Müller Glial Development and Function 

Lhx2 is expressed in Müller Glia (MG) and is essential for its development and functions. 

Selective deletion of Lhx2 in late stage RPCs and MGs leads to a loss of MG as well as retinal 

dysplasia. Mosaic deletion of Lhx2 in neonatal retina leads to a selective loss of MGs in Lhx2-

deficient areas only, suggesting a cell-autonomous role of Lhx2 in regulating MG development. 

When Lhx2 is deleted in MG-committed precursors from P1 using Rax-CreERT2, terminal 

differentiation of MG is disrupted. Lhx2-deficient MGs show decreased expression of the MG 

markers Rlbp1 and Glul. The apical processes of these MGs, though they extend into the 

photoreceptor outer segment layer, fail to correctly terminate at the outer limiting membrane 

(OLM) and form normal apical OLM adherens junctions. In addition, the Lhx2-deficient retina 

shows a dramatic upregulation of the intermediate filament protein glial fibrillary acid protein 
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(GFAP), indicative of reactive gliosis, as well as significant dysplasia of the retinal outer nuclear 

layer.  

MG specification has been shown to be regulated by Notch signaling, the Notch effector 

Hes5, and its downstream target genes Sox8 and Sox9. RNA-seq, qPCR and in situ hybridization 

analysis show a significant reduction in expression of Notch pathway genes, including Notch1, 

the Notch ligands Dll1 and Dll3, and the gliogenic Notch effector genes Hes1, Hes5, Id1 and 

Sox8 in Lhx2-deleted retina. ChIP qPCR analysis show that Lhx2 directly binds to cis-regulatory 

regions associated with Hes5. These findings suggest that Lhx2 regulate MG development via its 

regulation of Notch signaling. Overexpression of Hes5, which normally promote an increase in 

MG production, is not sufficient to rescue the loss of MG in Lhx2-deleted retinas. Thus, Lhx2 

may regulate MG development by either directly cooperating of Hes5 or regulating additional 

target(s) in addition to Hes5 (de Melo et al., 2016a).   

Lhx2-inactivation in differentiated MGs from P4 using Glast-CreERT2 results in MGs 

with grossly normal morphology and marker expressions. However, reactive glial marker GFAP 

is robustly upregulated in these MGs. Selective deletion of Lhx2 in mature MGs starting at P21 

also leads to reactive MGs with upregulated GFAP and vimentin expression. The expression of 

the inwardly rectifying potassium channel Kir4.1, which is down-regulated in proliferative but 

not hypertrophic gliosis, and Ki67 remain unaffected; however, aquaporin4 (Aqp4) is 

upregulated in Lhx2-eliminated MGs, suggesting that loss of Lhx2 induces hypertrophic non-

proliferative gliosis in the absence of injury or stress. As the animals age, the hypertrophic 

Müller gliosis persists and leads to breaks in the integrity of the OLM in Lhx2-deficient retinas. 

Interestingly, retinal morphology and photoreceptor numbers and marker expressions are 

otherwise grossly normal in Lhx2-deleted eyes even ~1 year after Lhx2 deletion and the onset of 
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reactive gliosis. However, when Lhx2-deficient retinas are challenged with exposure to high-

intensity white light, they fail to induce secreted neuroprotective factors, resulting in increased 

apoptosis and decreased retinal thickness. These findings demonstrate Lhx2’s roles in regulating 

MG’s function by regulating suppression of reactive gliosis as well as induction of 

neuroprotective factors in reactive MGs (de Melo et al., 2012b).      

 

1.2.4 The Roles of Lhx2 in Corneal Development 

In both adult mouse and human tissues, diffuse expression of Lhx2 has been reported in 

central cornea while more focal and higher level of Lhx2 expression has been detected in the 

limbus, the barrier between the transparent cornea and the opaque sclera covered by ocular 

conjunctiva. The limbus contains corneal epithelial stem cells that are important for the 

maintenance of the integrity of the corneal epithelium. Corneal limbal stem cell deficiency due to 

trauma, disease or genetic alteration in the limbus can result in clinical manifestations such as 

significant corneal decompensation with signs of neovascularization, conjunctivalization, 

opacification, and in extreme cases ulceration, cornea perforation, or blindness (Prabhasawat et 

al., 2012; Sun et al., 2010). Selective deletion of Lhx2 in epidermis, including the cornea 

epithelium, results in increased corneal conjunctivalization, neovascularization, perforation and 

opacification, and impaired wound healing. In vitro analysis of corneal epithelial cell culture 

shows that Lhx2-deficient corneal epithelial cells have reduced colony forming efficiency and 

delayed wound healing capacity. Thus, Lhx2 plays an important role in maintaining the corneal 

epithelial cell integrity and limbal barrier (Sartaj et al., 2016).    
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1.2.5 The Roles of Lhx2 in Lens Development 

Lhx2 expression is not detected in the lens-forming region of the surface ectoderm or in 

the lens. Conditional deletion of Lhx2 in the surface ectoderm and surface ectoderm-derived 

tissues, such as the lens, cornea, conjunctiva and skin of the eyelids, using Le-Cre has no obvious 

effect on eye development. However, lens development arrests at, or just prior to, lens placode 

formation in Lhx2 germline mutant animals. FGF15, BMP4, BMP7 and phosphorylated SMAD1, 

5 and 8 (pSMAD1/5/8), a read-out of BMP signaling, are all downregulated in the Lhx2-/- optic 

neuroepithelium and lens-forming region of the surface ectoderm. Restoration of BMP4 and 

BMP7 leads to upregulation of FGF15 in the optic neuroepithelium and induction of the lens 

placode marker Sox2 in the surface ectoderm of Lhx2-/- animals. But BMP treatment does not 

rescue the morphology of Lhx2-/- mutant optic vesicle or surface ectoderm. These findings 

suggest that BMP signaling partially mediates Lhx2-dependent regulation of optic vesicle and 

lens vesicle induction. 
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Chapter 2: Control of lens development by Lhx2-regulated neuroretinal FGFs 

 

2.1 Introduction 

 

Vertebrate lens development has long been a model system for studying the role of 

inductive signaling in tissue patterning and cell specification (Gunhaga, 2011).  During 

embryogenesis, the surface ectoderm adjacent to the optic vesicle thickens and invaginates to 

give rise to the lens vesicle.  Subsequently, cells in the anterior lens vesicle become a monolayer 

of lens epithelial cells, while cells in the posterior half of the vesicle elongate and differentiate to 

form primary lens fibers, which fill the lens vesicle.  After this distinctive architecture has been 

established, lens growth continues in a spatially restricted manner maintaining lens polarity.  

Lens epithelial cells proliferate in the germinative zone, the region just above the lens equator.  

The progeny then migrate or are displaced below the equator into the transitional zone where 

they exit the cell cycle, elongate and differentiate into secondary fiber cells (Lovicu and 

Robinson, 2004; McAvoy et al., 1999).   

Previous work has shown that the differentiation of lens epithelial cells into fiber cells is 

dependent on diffusible signals from the neuroretina (Coulombre and Coulombre, 1963; 

McAvoy and Fernon, 1984; Yamamoto, 1976).  However, the identity of these retinal-derived 

factors remains unclear.  Multiple growth factors have been implicated in control of lens fiber 

differentiation (Lovicu et al., 2011; Lovicu and McAvoy, 2005; Wang et al., 2010).  FGFs have 

long been a top candidate among these, following landmark studies demonstrating that treatment 

of cultured lens epithelial cells with FGF1 and 2 was sufficient to induce differentiation into lens 

fiber cells (Chamberlain and McAvoy, 1987, 1989).  Subsequent studies have provided 
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compelling evidence that FGFs promote lens epithelial cell proliferation and fiber cell 

differentiation in a dose-dependent manner (Lovicu and McAvoy, 2005; J. W. McAvoy and 

Chamberlain, 1989; Schulz et al., 1993).  While this stimulated speculation that FGFs might be 

the long-sought neuroretina-derived signal, targeted mutation studies carried out over the last 

several decades have yet to identify any specific FGFs that are necessary, either individually or 

in combination, for lens cell proliferation or differentiation (Robinson, 2006).  More recently, 

targeted deletion of three FGF receptors (Fgfr1-3) in lens pit/vesicle have been shown to disrupt 

lens cell survival and fiber cell differentiation.  However, individual or pairwise deletion of FGF 

receptor genes still resulted in grossly normal lens formation (Zhao et al., 2008a).  This 

functional redundancy of FGF receptors suggests that multiple FGFs act in concert to promote 

lens fiber differentiation.  The identities and source of these factors, however, remain obscure. 

A previous study has shown that lens development arrests at, or just prior to, lens placode 

formation in Lhx2 germline mutant animals. FGF15, BMP4, BMP7 and phosphorylated SMAD1, 

5 and 8 (pSMAD1/5/8), a read-out of BMP signaling, are all downregulated in the Lhx2-/- optic 

neuroepithelium and lens-forming region of the surface ectoderm. Restoration of BMP4 and 

BMP7 led to upregulation of FGF15 in the optic neuroepithelium and induction of the lens 

placode marker Sox2 in the surface ectoderm of Lhx2-/- animals. But BMP treatment does not 

rescue the morphology of Lhx2-/- mutant optic vesicle or surface ectoderm. These findings 

suggest that BMP signaling partially mediates Lhx2-dependent regulation of optic vesicle and 

lens vesicle induction (Yun et al., 2009). However, if Lhx2 is required for lens development past 

lens placode formation is not known. 
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We recently observed that selective deletion of Lhx2 in early neuroretina led to severe 

microphthalmia and a near-total loss of the expression of many retinal progenitor-specific genes 

(Roy et al., 2013b).  Interestingly, we also noticed severe disruptions of lens development in 

these animals.  This suggested that Lhx2 may regulate the expression of neuroretina-derived 

diffusible factors that are necessary for lens development past lens placode stage.  To address 

this possibility, we set out to identify candidate factors whose expression was disrupted in Lhx2-

deficient neuroretina, and to determine whether restoring the activity of these factors was 

sufficient to rescue lens cell proliferation and fiber differentiation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



14 
 

2.2 Results 

 

Selective deletion of Lhx2 in embryonic neuroretina disrupts lens development    

We observed that selective deletion of Lhx2 in neuroretina using Chx10-Cre resulted in 

severe microphthalmia in adult mice (Fig. 1 A and B).  Close examination of Chx10-

Cre;Lhx2lox/lox eye sections revealed severe defects in lens development at embryonic day (E)13.5 

as well as postnatal day (P)0.5 (Fig. 1 C – F).  The lens was either missing altogether, or 

detectable only as a vestigial lumen rudiment (Fig. 1 D and F).  Lens size was reduced to a 

substantially greater extent (740-fold smaller) than retinal size (7.3-fold smaller) at P0.5 (Fig. 1 

G).  Analysis of Chx10-Cre;Ai9(Rosa26LSL-tdTomato) mice confirmed previous reports (Rowan and 

Cepko, 2004) that this Cre line is selectively active in neuroretina, and not active in other ocular 

tissues, including lens (Fig. 8 A – D).  Immunostaining for Lhx2 showed selective deletion of 

Lhx2 in neuroretina starting at E10.5 with the expression almost entirely lost in neuroretina by 

E11.5 (Fig. 8 E – L).  Even though some Lhx2 staining was observed in both control and mutant 

lenses, signals were never detected in the nuclei of lens cells.  Lhx2 mRNA was also never 

detected in either control or Chx10-Cre;Lhx2lox/lox lenses (insets in Fig. 2).  Since previous work 

has shown that Lhx2 expression is absent in the lens at all stages of ocular development 

(Hägglund et al., 2011b), we conclude that the Lhx2 signal observed in the lens here represents 

non-specific background staining.  Furthermore, as the Cre is active only in the neuroretina of 

our animals, we conclude that the disruption of lens development observed in our Chx10-

Cre;Lhx2lox/lox animals must have resulted from disrupted signaling by secreted retinal-derived 

factors. 
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FGF signaling is downregulated in Lhx2-deficient eyes 

 To identify candidate retinal-derived factors whose expression was altered in Lhx2-

deficient neuroretina, we analyzed previously reported microarray data obtained from retinas of 

control and Chx10-Cre;Lhx2lox/lox mice at E13.5 (Roy et al., 2013b).  These data indicated that 

multiple different FGFs and FGF-regulated genes showed altered expression in Chx10-

Cre;Lhx2lox/lox retina (Fig. 2A).  Fgf3, Fgf9, and Fgf15 – all of which have previously been 

reported to be expressed in embryonic neuroretinal progenitors (Colvin et al., 1999; Kurose et al., 

2004; Wilkinson et al., 1989) – were dramatically downregulated.  FGF-regulated genes, Etv5 

and Spry2, were also downregulated, while FGF receptor gene, Fgfr3, was upregulated.  Loss of 

Fgf3, Fgf9 and Fgf15 expression in Chx10-Cre;Lhx2lox/lox retinas at E13.5 was confirmed using 

qRT-PCR and in situ hybridization analysis (Fig. 2 B – H).  In situ hybridization analysis at 

E13.5 showed a reduction in the expression of the FGF-regulated genes Etv5, Etv1 and Spry2 in 

the lenses of Chx10-Cre;Lhx2lox/lox mice (Fig. 3 I, K, M, O, Q and S).  Taken together, these data 

suggested that loss of expression of multiple different FGF genes in Chx10-Cre;Lhx2lox/lox retinas 

resulted in a global loss of FGF signaling in the lenses.   

 

Forced expression of FGF10 in neuroretina induces FGF-regulated genes in the lens 

Since FGFs typically signal through multiple different FGF receptors (Ornitz and Itoh, 

2015), and previous work had shown considerable redundancy in FGF receptor action in control 

of lens fiber development (Lovicu and Overbeek, 1998; Zhao et al., 2008a), we hypothesized that 

selectively activating the expression of any individual FGF in Lhx2-deficient retina might rescue 

lens development.  We accomplished this by using pMes-Fgf10 transgenic mice, a previously 

described line in which Cre-dependent excision of a transcriptional stop cassette leads to 
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expression of full-length mouse Fgf10 under the control of the chick β-actin promoter (Song et 

al., 2013).  Using this line, we aimed to selectively induce Fgf10 expression in neuroretina of 

both control and Chx10-Cre;Lhx2lox/lox mice (Fig. 3 B and D).  We confirmed that Fgf10 

expression could be robustly and selectively induced in neuroretina of E13.5 Chx10-

Cre;Lhx2lox/+;pMes-Fgf10 as well as Chx10-Cre;Lhx2lox/lox;pMes-Fgf10 mice (Fig. 9A and 3 F 

and H).  Furthermore, we observed that FGF target genes, Etv5, Etv1 and Spry2, were 

substantially upregulated in lenses of Chx10-Cre;Lhx2lox/+;pMes-Fgf10 mice relative to Chx10-

Cre;Lhx2lox/+ controls (Fig. 3).  Strikingly, we also observed robust induction of these same FGF 

target genes in the lenses of Chx10-Cre;Lhx2lox/lox;pMes-Fgf10 mice relative to Chx10-

Cre;Lhx2lox/lox mutants (Fig. 3).  By E17.5, Fgf10 expression in Chx10-Cre;Lhx2lox/+;pMes-Fgf10 

mice was absent from central retinal, and became restricted to a small subset of cells at the 

neuroretinal periphery (Fig. 10C).  In contrast, Fgf10 expression was still seen in Chx10-

Cre;Lhx2lox/lox;pMes-Fgf10 mice at both E17.5 and P0.5 (Fig. 10 E and J).   

 

Retinal overexpression of Fgf10 leads to the persistence of lens stalk 

Overexpression of Fgf10 on a control background did not lead to any gross defects in 

lens development.  The morphology and marker expression of Chx10-Cre;Lhx2lox/+;pMes-Fgf10 

lenses were comparable to those of Chx10-Cre;Lhx2lox/+ controls (Fig. 4, 5 and 12).  However, 

Chx10-Cre;Lhx2lox/+;pMes-Fgf10 lenses were slightly but significantly larger than control lenses 

at all time points examined (Fig. 9B).  In addition, the anterior pole of the lens remained tethered 

to the surface ectoderm (Fig. 11 B, D, F and H) and this persistent lens stalk led to the 

development of corneal opacification in some adult mice (Fig. 11J). 
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Forced expression of FGF10 in Lhx2-deficient neuroretina rescues lens fiber differentiation 

To investigate whether restoration of retinal FGF expression was able to rescue lens 

development in Lhx2 knockout animals, we conducted a detailed characterization of the 

expression of lens markers at multiple time points.  At E11.5, prior to the formation of distinct 

lens fiber cells, no clear difference in lens size or the expression of Prox1 or β-crystallin was 

observed among Chx10-Cre;Lhx2lox/+, Chx10-Cre;Lhx2lox/lox and Chx10-Cre;Lhx2lox/lox;pMes-

Fgf10 mice (Fig. 9B and 4 A – D).  However by E12.5, after the onset of lens fiber differentiation, 

a dramatic reduction in lens size was seen in both Chx10-Cre;Lhx2lox/lox and Chx10-

Cre;Lhx2lox/lox;pMes-Fgf10 relative to Chx10-Cre;Lhx2lox/+ mice (Fig. 9B).  However, lens size 

in Chx10-Cre;Lhx2lox/lox;pMes-Fgf10 mice was significantly larger than that of Chx10-

Cre;Lhx2lox/lox mice, with Prox1-positive differentiating lens fiber cells observed only in Chx10-

Cre;Lhx2lox/lox;pMes-Fgf10 lenses (Fig. 4 G and H).  This difference in lens size and lens fiber 

differentiation became more prominent as development proceeded.  By E15.5, Chx10-

Cre;Lhx2lox/lox;pMes-Fgf10 mice showed well-defined lenses filled with β-crystallin positive lens 

fiber cells (Fig. 4P).  By P0.5, more than half of all Chx10-Cre;Lhx2lox/lox mice no longer had a 

visible lens rudiment.  When a lens rudiment was detectable, it was extremely small (Fig. 4W 

and 9B).  However, all Chx10-Cre;Lhx2lox/lox;pMes-Fgf10 mice examined at P0.5 showed well-

defined, though often small, lenses that expressed Prox1 and β-crystallin.  Comparisons of eyes 

for the presence or absence of lenses in Chx10-Cre;Lhx2lox/lox and Chx10-Cre;Lhx2lox/lox;pMes-

Fgf10 mice at P0.5 indicated that the maintenance of lenses from FGF10 overexpression in 

Chx10-Cre;Lhx2lox/lox;pMes-Fgf10 mice was statistically significant (Fig. 9C).  Interestingly, at 

no point did overexpression of Fgf10 rescue defects in neuroretinal size (Fig. 9D).   
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To further characterize the rescue of lens development observed following neuroretinal-

specific overexpression of Fgf10 in Lhx2-deficient mice, we analyzed the expression of 

additional lens markers, a selective marker for lens epithelial cells, E-cadherin, and two markers 

for lens fiber cells, N-cadherin and Aquaporin0 (originally known as main intrinsic polypeptide, 

MIP) (Xu et al., 2002; Yancey et al., 1988).  We observed that Chx10-Cre;Lhx2lox/lox animals 

initially formed E-cadherin-positive lens vesicle but failed to differentiate to form lens fiber cells 

that are positive for N-cadherin or Aquaporin 0 at E12.5 (Fig. 12G and 5G).  As development 

progressed, these E-cadherin-positive lens vesicles got smaller and were no longer detectable in 

most animals by E18.5 (Fig. 12S).  In contrast, Chx10-Cre;Lhx2lox/lox;pMes-Fgf10 mice 

continued to robustly express E-cadherin at E13.5, and begin to show a progressive increase in 

N-cadherin expression from this point through P0.5 (Fig. 12 L, P, T and X).  We also observed 

that by E15.5 Chx10-Cre;Lhx2lox/lox;pMes-Fgf10 mice showed robust expression of Aquaporin0, 

a mature lens fiber cell marker, although the onset of Aquaporin0 expression was delayed 

relative to controls (Fig. 5).  However, the Chx10-Cre;Lhx2lox/lox;pMes-Fgf10 rescue lens failed 

to develop normal lens polarity.  E-cadherin and Prox1-positive cells persisted in the posterior 

pole of the lens at all time points examined (Fig. 4, 5 and 12). 

 

FGF10 overexpression in Lhx2-deficient neuroretina promotes lens cell proliferation and 

survival 

Exogenous FGFs have been reported to both promote the proliferation and survival of 

lens epithelial cells, in addition to driving lens fiber cell differentiation.  To determine whether 

lens epithelial cell proliferation and survival were altered by overexpression of Fgf10, we 

examined the expression of Ki67 and activated caspase-3 (c-caspase 3), respectively, at E12.5 
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(Fig. 6).  We observed a significant increase in lens epithelial cell proliferation in Chx10-

Cre;Lhx2lox/lox;pMes-Fgf10 relative to Chx10-Cre;Lhx2lox/lox mutant lens (Fig. 6E).  Cell death 

was increased in both Chx10-Cre;Lhx2lox/lox mutants and Chx10-Cre;Lhx2lox/lox;pMes-Fgf10 

rescue mice relative to the Chx10-Cre;Lhx2lox/+ and Chx10-Cre;Lhx2lox/+;pMes-Fgf10 controls, 

but was decreased in rescue mice relative to mutants (Fig. 6F).  We thus conclude that 

overexpression of Fgf10 in Lhx2-deficient neuroretina promotes lens cell proliferation, survival 

and differentiation. 

 

Loss of Lhx2 expression in neuroretina also disrupts BMP signaling in the lens  

A previous study has shown that Lhx2 regulates lens placode formation through BMP 

signaling (Yun et al., 2009), while other studies have shown an essential role of BMP signaling 

in lens induction as well as fiber differentiation (Boswell et al., 2008; Furuta and Hogan, 1998; 

Jarrin et al., 2012; Murali et al., 2005; Wawersik et al., 1999).  To investigate whether BMP 

signaling was altered in either Lhx2-deficient or Fgf10-overexpressing eyes, we performed in 

situ hybridization for Bmp4 and Bmp7, and immunostaining for phosphorylated SMAD1, 5 and 9 

(pSmad1/5/9) at E13.5 (Fig. 7).  In both Chx10-Cre;Lhx2lox/+ and Chx10-Cre;Lhx2lox/+;pMes-

Fgf10 controls, broad Bmp4 expression was observed in neuroretina, RPE, and lens epithelial 

and differentiating fiber cells while more restricted Bmp7 expression was detected in a subset of 

neuroretinal cells, RPE and lens epithelial cells (Fig. 7 A, B, E and F). Loss of neuroretinal Lhx2 

expression led to a dramatic reduction of Bmp4 expression in Chx10-Cre;Lhx2lox/lox mutant 

neuroretina and lens, while forced Fgf10 expression partially rescued Bmp4 expression in 

Chx10-Cre;Lhx2lox/lox;pMes-Fgf10 neuroretina and lens (Figure 7 C and D).  Bmp7 expression 

was not altered in both Chx10-Cre;Lhx2lox/lox mutants and Chx10-Cre;Lhx2lox/lox;pMes-Fgf10 
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rescue mice in agreement with a previous study by Hägglund et al. (2011b) (Figure 7 G and 

H). Robust pSmad1/5/9 expression was observed in the neuroretina of both Chx10-Cre;Lhx2lox/+ 

and Chx10-Cre;Lhx2lox/+;pMes-Fgf10 controls in the dorsoventral gradient. The expression was 

also observed in the nuclei of differentiating lens fiber cells (Fig. 7 M and N). In contrast, even 

though some pSmad1/5/9 staining was observed the neuroretina of both Chx10-Cre;Lhx2lox/lox 

and Chx10-Cre;Lhx2lox/lox;pMes-Fgf10 animals, pSmad1/5/9 expression was not detected in the 

lens of both lines (Figure 7 O, P).  We conclude that loss of neuroretinal Lhx2 disrupts Bmp4 

expression and severely reduces BMP signaling in the lens.  
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Figure 1: Loss of function of Lhx2 in neuroretina led to microphthalmia and lens 

development defects.  (A – B) Lateral view of Control (A) and Chx10-Cre;Lhx2lox/lox animals (B) 

indicating microphthalmia in Chx10-Cre;Lhx2lox/lox animals.  (C – F) H+E staining of eye 

sections from E13.5 (C, D) and P0.5 (E, F) of Control (C, E) and Chx10-Cre;Lhx2lox/lox (D, F) 

mice.  Dotted green and black outlines mark the retinas and lenses, respectively (C – F) and 

insets (D, F) are digital zooms of the outlined regions.  (G) Graph indicating average neuroretinal 

area and lens area in sections of control and Chx10-Cre;Lhx2lox/lox mice at P0.5.  (Unpaired two-

tailed t-test; n = 7 for Chx10-Cre;Lhx2lox/+; n = 11 for Chx10-Cre;Lhx2lox/lox; ****P<0.0001) 

(Scale Bars: 5 mm (A, B), 100 µm (C – F)) 
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Figure 2: Fgf3, Fgf9 and Fgf15 were downregulated in Chx10-Cre;Lhx2lox/lox retinas.  (A) 

Table indicating Fgfs and FGF-regulated genes expression from microarray analysis of E13.5 

control and Chx10-Cre;Lhx2lox/lox retinas.  (B) Real-time quantitative PCR analysis of Fgf3, Fgf9 

and Fgf15 mRNA expression levels in Chx10-Cre;Lhx2lox/lox retinas compared to Chx10-

Cre;Lhx2lox/+ controls at E13.5.  Data represent mean normalized to Gapdh values ± SEM.  

(Unpaired two-tailed t-test; n=3; *P<0.05; ***P<0.001; ****P<0.0001) (C – H) In situ 

hybridization of Fgf3, Fgf9 and Fgf15 mRNA expression levels in Chx10-Cre;Lhx2lox/+ (C, E 

and G) and Chx10-Cre;Lhx2lox/lox (D, F and H) eyes at E13.5.  Lhx2 expression in adjacent 

sections is shown in insets.  Lhx2 expression in RPE is maintained and outlines the neural retina 

in unpigmented animals (insets in D and F).  (Scale Bars: 100 µm) 
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Figure 3: Cre-mediated induction of Fgf10 expression in Chx10-Cre;Lhx2lox/lox;pMes-Fgf10 

retinas restored expression of FGF-regulated genes in lens.  (A – D) Schematic diagrams 

depicting the mouse genetics and anticipated retinal derived FGF expression for (A) Chx10-

Cre;Lhx2lox/+, (B) Chx10-Cre;Lhx2lox/+; pMes-Fgf10, (C) Chx10-Cre;Lhx2lox/lox and (D) Chx10-

Cre;Lhx2lox/lox;pMes-Fgf10 eyes.  (E – T) In situ hybridization demonstrates Fgf10 induction in 

neuroretina (E – H), and induction of expression of FGF-regulated genes, including Etv5 (I – L), 

Etv1 (M – P), and Spry2 (Q – T).  Insets indicate Lhx2 expression in adjacent sections.  Lhx2 

expression in RPE is maintained and outlines the neural retina in unpigmented animals (insets in 

G, K, O, S, H and T).  Dotted red circles mark the lenses (H, L, P and T).  (Scale Bars: 100 µm) 
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Figure 4: Overexpression of Fgf10 in Chx10-Cre;Lhx2lox/lox;pMes-Fgf10 animals rescued 

lens fiber development.  Developmental time-course of immunohistochemical staining for 

Prox1 (green) and β-Crystallin (red) in lenses at E11.5 (A – D), E12.5 (E – H), E13.5 (I – L), 

E15.5 (M – P), E18.5 (Q – T) and P0.5 (U – X) of Chx10-Cre;Lhx2lox/+ (A, E, I, M, Q, U), 

Chx10-Cre;Lhx2lox/+;pMes-Fgf10 (B, F, J, N, R, V), Chx10-Cre;Lhx2lox/lox (C, G, K, O, S, W) 

and Chx10-Cre;Lhx2lox/lox;pMes-Fgf10 animals (D, H, L, P, T, X).  Nuclei are counter-stained 

with DAPI (blue).  (Scale Bars: 100 µm) 
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Figure 5: Chx10-Cre;Lhx2lox/lox;pMes-Fgf10 animals expressed the mature lens fiber 

marker Aquaporin-0.  Developmental time-course of immunohistochemistry for Prox1 (green) 

and Aquaporin-0 (red) expression in lenses at E11.5 (A – D), E12.5 (E – H), E13.5 (I – L), E15.5 

(M – P), E18.5 (Q – T) and P0.5 (U – X) of Chx10-Cre;Lhx2lox/+ (A, E, I, M, Q, U), Chx10-

Cre;Lhx2lox/+;pMes-Fgf10 (B, F, J, N, R, V), Chx10-Cre;Lhx2lox/lox (C, G, K, O, S, W) and 

Chx10-Cre;Lhx2lox/lox;pMes-Fgf10 animals (D, H, L, P, T, X).  Nuclei are counter-stained with 

DAPI (blue).  (Scale Bars: 100 µm) 

 

 

 

 



26 
 

 

 

Figure 6: Fgf10 overexpression rescued defects in lens cell proliferation and cell death.  (A 

– D) Immunostaining of E12.5 eye sections for Ki67 (green) and activated Caspase 3 (c-

Caspase3, red).  White dotted circles mark the lenses.  (Scale Bars: 100 µm) (E) Graph indicating 

the percentage of Ki67-positive cells over DAPI-positive cells in the lenses.  (F) Graph 

indicating the percentage of c-Caspase3-positive cells over DAPI-positive cells in the lenses.  

(One-way ANOVA followed by Sidak’s test; n = 6 for Chx10-Cre;Lhx2lox/+ and Chx10-

Cre;Lhx2lox/+;pMes-Fgf10; n = 18 for Chx10-Cre;Lhx2lox/lox and Chx10-Cre;Lhx2lox/lox;pMes-

Fgf10, *P<0.05; ****P<0.0001; Error bars indicate SEM) (G) A graphical summary of the 

findings of this study.   
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Figure 7: Selective deletion of Lhx2 in neuroretina led to downregulation of BMP signaling in the 

neuroretina and lens.  (A – L) In situ hybridization of Bmp4 (A – D), Bmp7 (E – H) and Lhx2 (I – L) 

mRNA expression levels in Chx10-Cre;Lhx2lox/+ (A, E and I), Chx10-Cre;Lhx2lox/+; pMes-Fgf10 (B, F 

and J), Chx10-Cre;Lhx2lox/lox (C, G and K) and Chx10-Cre;Lhx2lox/lox;pMes-Fgf10 (D, H and L) eyes at 

E13.5. Dotted red circles mark the lenses (C, D G, H and L).  (M – P) Immunohistochemical staining for 

Pax6 (green) and pSmad1/5/9 (red) in lenses of Chx10-Cre;Lhx2lox/+ (M), Chx10-Cre;Lhx2lox/+;pMes-

Fgf10 (N), Chx10-Cre;Lhx2lox/lox (O) and Chx10-Cre;Lhx2lox/lox;pMes-Fgf10 animals (P) at E13.5.  Nuclei 

are counter-stained with DAPI (blue). The images of pSmad1/5/9 staining in single channel and higher 

magnification are included at the bottom.  Dotted white circles mark the lenses (O and P).  (Scale Bars: 

100 µm) 
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Figure 8: Chx10-Cre is selectively active in the retina and eliminate Lhx2 expression in 

Chx10-Cre;Lhx2lox/lox retinas.  (A – D) Immunostaining for dsRed (red) to detect tdTomato 

expression in E10.5 – E13.5 Chx10-Cre;Ai9 eye sections.  (E – L) Immunostaining of Chx10-

Cre;Lhx2lox/+ (E – H) and Chx10-Cre;Lhx2lox/lox eye sections (I – L) for Lhx2 (red) and Pax6 

(green).  Nuclei are counter-stained with DAPI (blue).  (Scale Bars: 100 µm) 
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Figure 9: Overexpression of Fgf10 led to significant increase in lens, but not retinal, size.  

(A) Real-time quantitative PCR analysis shows induction of Fgf10 mRNA expressions in pMes-

Fgf10 retinas.  Data represent mean normalized to Gapdh values ± SEM.  (Unpaired two-tailed t-

test; *P<0.05; **P<0.01) (B) Graph indicating average lens size of Chx10-Cre;Lhx2lox/+, Chx10-

Cre;Lhx2lox/+;pMes-Fgf10, Chx10-Cre;Lhx2lox/lox and Chx10-Cre;Lhx2lox/lox;pMes-Fgf10 animals 

at E11.5, E12.5, E13.5 and P0.5.  (C) Contingency table depicting the number of eyes with or 

without detectable lenses at P0.5 for Chx10-Cre;Lhx2lox/lox and Chx10-Cre;Lhx2lox/lox;pMes-

Fgf10 animals.  Eye sections immunostained for Prox1 and β-Crystallin were used for this 

analysis.  (D) Graph indicating average retinal area of Chx10-Cre;Lhx2lox/+, Chx10-

Cre;Lhx2lox/+;pMes-Fgf10, Chx10-Cre;Lhx2lox/lox and Chx10-Cre;Lhx2lox/lox;pMes-Fgf10 animals 

at E11.5, E12.5, E13.5 and P0.5.  (One-way ANOVA followed by post hoc Tukey's test; *P<0.05; 

**P<0.01; ****P<0.0001; Error bars indicate SEM) 
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Figure 10: Cre-mediated induction of Fgf10 expression in Chx10-Cre;Lhx2lox/lox;pMes-

Fgf10 retinas at later developmental stages. In situ hybridization analysis of Fgf10 mRNA 

expression levels at E17 (A – E) and P0 (F – J). Sections from non-pigmented eyes were 

included in C and H to show the expression of Fgf10 in peripheral neuroretina in Chx10-

Cre;Lhx2lox/+; pMes-Fgf10 eyes (red arrows). Dotted red circles mark the lenses (D, E and J). 

(Scale Bars: 100 µm) 
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Figure 11: Fgf10 overexpression in control background led to tethering of lens to the 

cornea.  (A – H) Eye sections of Chx10-Cre;Lhx2lox/+ and Chx10-Cre;Lhx2lox/+;pMes-Fgf10 

animals immunostained with E-cadherin (red) and N-cadherin (green).  Nuclei are counter-

stained with DAPI (blue).  White asterisks indicate persistent lens stalks seen in Chx10-

Cre;Lhx2lox/+; pMes-Fgf10 eyes (B, D, F and H).  (I and J) External eye photos showing cornea 

opacification observed in some Chx10-Cre;Lhx2lox/+;pMes-Fgf10 animals (J).  The anchor point 

of the lens stalk in the Chx10-Cre;Lhx2lox/+;pMes-Fgf10 animal could be detected in the image 

(H; black notched arrowhead). 
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Figure 12: Chx10-Cre;Lhx2lox/lox;pMes-Fgf10 animals expressed lens epithelial cell marker 

E-cadherin and the lens fiber cell marker N-cadherin.  Developmental time-course of 

immunohistochemistry for N-cadherin (green) and E-cadherin (red) expression in lenses at E11.5 

(A – D), E12.5 (E – H), E13.5 (I – L), E15.5 (M – P), E18.5 (Q – T) and P0.5 (U – X) of Chx10-

Cre;Lhx2lox/+ (A, E, I, M, Q, U), Chx10-Cre;Lhx2lox/+;pMes-Fgf10 (B, F, J, N, R, V), Chx10-

Cre;Lhx2lox/lox (C, G, K, O, S, W) and Chx10-Cre;Lhx2lox/lox;pMes-Fgf10 animals (D, H, L, P, T, 

X).  Nuclei are counter-stained with DAPI (blue).  (Scale Bars: 100 µm) 
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2.3 Materials and Methods 

 

Animals: Lhx2lox/lox (Mangale et al., 2008) mice were obtained from Dr.  Edwin Monuki 

(University of California, Irvine).  Chx10-Cre (Rowan and Cepko, 2004) mice were a gift from 

Dr.  Connie Cepko (Harvard).  pMes-Fgf10 (Song et al., 2013) mice were generously provided 

by Dr.  Yang Chai (University of Southern California).  Ai9 (R26-CAG-lox-stop-lox-tdTomato) 

(Madisen et al., 2010) mice were a gift from Dr.  Xinzhong Dong (Johns Hopkins).  Chx10-

Cre;Lhx2lox/+, Chx10-Cre;Lhx2lox/+;pMes-Fgf10, Chx10-Cre;Lhx2lox/lox, Chx10-

Cre;Lhx2lox/lox;pMes-Fgf10 and Chx10-Cre;Ai9 mice were generated by breeding with 

subsequent backcrossing.  Immunohistochemistry or in situ hybridization was performed to 

confirm Cre-mediated inactivation of Lhx2. Only animals with successful inactivation of Lhx2 

expression were included in the analysis. All experimental animal procedures were preapproved 

by the Johns Hopkins University Institutional Animal Care and Use Committee. 

 

Quantitative RT-PCR: The cDNAs of E13.5 dissected retinas were synthesized from total 

RNAs using SuperScript III First-Strand Synthesis System (Invitrogen).  Quantitative RT-PCR 

was performed using Brilliant III Ultra-Fast SYBR Green QPCR Master Mix (Agilent) on a 7300 

Real-Time PCR System (Applied Biosystems) following the manufacturers’ recommended 

protocols.  Primer sets for genes examined were as follows: fibroblast growth factor 3 (Fgf3) 

forward – TGCGCTACCAAGTACCACC, Fgf3 reverse – CACCGCAGTAATCTCCAGGAT; 

Fgf9 forward – ATGGCTCCCTTAGGTGAAGTT, Fgf9 reverse – 

TCCGCCTGAGAATCCCCTTT; Fgf10 forward – GCAGGCAAATGTATGTGGCAT, Fgf10 

reverse – ATGTTTGGATCGTCATGGGGA; Fgf15 forward – 
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GGTCCCTATGTCTCCAACTGC, Fgf15 reverse – CTTGATGGCAATCGTCTTCAGA; 

Gapdh forward – AGGTCGGTGTGAACGGATTTG, Gapdh reverse – 

TGTAGACCATGTAGTTGAGGTCA.   

 

In situ Hybridization : Chromogenic in situ hybridization experiments were performed as 

described previously with minor changes (Blackshaw et al., 2004).  Briefly, fresh frozen sections 

were fixed by 4% paraformaldehyde and hybridized with digoxigenin-labeled probes at 70°C 

overnight.  Excess probes were washed out, followed by rinsing in RNase buffer (0.5M NaCl, 

10mM Tris pH 7.5, 5mM EDTA) at 37°C and treatment with RNaseA diluted in RNase buffer to 

2ug/ml for 30 minutes at 37°C.  Slides were then washed in RNase buffer, and .2X SSC prior to 

being blocked with sheep serum and overnight incubation in anti-digoxigenin antibodies 

conjugated to alkaline phosphatase (1:5000) at 4°C.  Color was developed with combinations of 

the chromogens nitroblue tetrazolium (NBT) and 5-bromo, 4-chloro, 3-indolylphosphate (BCIP).  

Fgf3, Fgf9 and Fgf10 constructs were obtained from Marysia Placzek (University of Sheffield).  

Bmp4 and Bmp7 probes were obtained from Dr. Carol Mason (Columbia University) and Dr. 

Jeanette C. Perron (St. John's University).  RNA probes were generated using the following EST 

sequences as templates: Etv5 (GenBank accession #BE996421), Etv1 (GenBank accession 

#AI852622), Spry2 (GenBank accession #BC095983) and Fgf15 (GenBank accession 

#BE952015).  Lhx2 probe template was amplified from retinal cDNA.  The sequences of the 

primers used for amplification were forward – ACCATGCCGTCCATCAGC and reverse – 

GGCGTTGTAAGCTGCCAG. 
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Histology and Immunohistochemistry: Haematoxylin and eosin (H+E) staining and 

fluorescence immunohistochemistry were performed as previously described (de Melo et al., 

2012a; Roy et al., 2013b).  The following primary antibodies were used: rabbit anti-Lhx2 

(1:1,000; generated for our lab by Covance (de Melo et al., 2012a)), mouse anti-Pax6 (1:200; 

DSHB), rabbit anti-β-crystallin (1:500; generous gift from Dr.  Jeremy Nathans), mouse anti-

Prox1 (1:200; MAB5654, Millipore), rabbit anti-E-Cadherin (1:200; 3195, Cell Signaling), 

mouse anti-N-Cadherin (1:200; 333900, Novex), rabbit anti-Aquaporin 0 (1:200; AB3071, 

Millipore), rabbit anti-Cleaved Caspase-3 (1:200; 9664, Cell Signaling), mouse anti-Ki67 (1:200; 

550609 (Clone B56), BD Pharmingen), rat anti-RFP (1:1000; ABIN334653, Chromotek) and 

rabbit anti-pSmad1/5/9 (1:300; 13820, Cell Signaling).  Secondary antibodies used were as 

follows: FITC-conjugated donkey anti-mouse IgG (1:500; 715-095-150, Jackson 

ImmunoResearch), Alexa Fluor 488-conjugated goat anti-mouse IgG, Fcγ subclass 1 specific 

(1:500; 115-545-205, Jackson ImmunoResearch), FITC-conjugated goat anti-mouse IgG 

(subclasses 1+2a+2b+3), Fcγ fragment (1:500; 115-095-164, Jackson ImmunoResearch), Alexa 

Fluor 594-conjugated donkey anti-rabbit IgG (1:500; 711-585-152, Jackson ImmunoResearch), 

and Alexa Fluor 555-conjugated goat anti-rat IgG (1:500; A-21434, Invitrogen).  H+E sections 

were imaged using a Zeiss Axioskop 2 Mot Plus Microscope.  Immunohistochemical sections 

were imaged on a Zeiss Meta 510 LSM confocal microscope. 

 

Cell quantification: The total number of DAPI-, Ki67- and c-Caspase-3-positive cells on each 

lens section was quantified and the percentage of Ki67- and c-Caspase-3-positive cells was 

calculated (n = 6 for Chx10-Cre;Lhx2lox/+ and Chx10-Cre;Lhx2lox/+;pMes-Fgf10; n = 18 for 

Chx10-Cre;Lhx2lox/lox and Chx10-Cre;Lhx2lox/lox;pMes-Fgf10).  Lens and retinal sizes were 
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measured using ImageJ (n ≥ 4 for E11.5; n ≥ 9 for E12.5; n ≥ 6 for E13.5; n ≥ 7 for P0.5.)  

Quantification and measurement were repeated by a blinded student researcher. 

 

Statistical Analysis: Data were presented as mean ± SEM.  Statistical analysis was performed 

using GraphPad Prism Software.  Comparisons of means between two groups were evaluated by 

Student’s t-test.  Comparison of means among multiple groups was performed by one-way 

ANOVA followed by Tukey’s and Sidak’s multiple comparison tests.  Categorical data was 

analyzed using Fisher’s exact test.  P < 0.05 was considered to be statistically significant.   
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Chapter 3: The Role of Lhx2 in Cataract Development 

 

3.1 Introduction 

 

The vertebrate lens arises from the surface ectoderm of the embryo overlying the optic 

vesicles. The thickening of the ectoderm forms a transient structure called the lens placode, 

which invaginates to form the lens vesicle. The lens vesicle then differentiates, giving rise to the 

lens which is comprised of two types of cells: epithelial cells, which form a monolayer at the 

anterior surface of the lens, and elongated transparent lens fibers that fill the bulk of the lens. 

Epithelial cells continue to proliferate and differentiate into fiber cells at the germinative and 

transitional zone at the lens equatorial region throughout life (Lovicu and Robinson, 2004; 

McAvoy et al., 1999). Mature lens fiber cells are devoid of organelles and contain high 

concentrations of orderly packed soluble and stable crystallin proteins to maintain its 

transparency (Bassnett, 2002; Bloemendal et al., 2004). Disturbance of the delicate balance 

required for lens transparency results in protein aggregation and cataract formation (Moreau and 

King, 2012). 

A cataract is an occlusion of the lens that obstructs the passage of light to the retina. It is 

one of the leading causes of blindness worldwide and currently the leading cause of blindness in 

many developing countries (Khanna et al., 2011). Although surgical interventions for managing 

cataracts have improved dramatically over the years, they remain costly and inaccessible to 

patients in those developing nations where the societal burden of cataract is the highest.  

Conversely, the molecular cause of cataract remains poorly understood. Although crystallin 

mutations have been identified in some congenital cataract cases (Devi et al., 2008; Hansen et al., 
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2007), they do not underlie all cases. Identification of the molecular mechanisms underlying 

cataract formation will be particularly helpful for designing disease prevention strategies and 

developing pharmacological interventions that may prove more accessible and cost effective for 

patients in both developed and developing countries. 

Previous studies have reported that FGF signaling is important for lens epithelial cell 

proliferation and lens fiber differentiation in a concentration dependent manner. Low levels of 

FGF from the aqueous humor promote lens epithelial cell proliferation in the anterior lens at the 

germinative zone, while high levels of FGF in vitreous humor results in differentiation of 

epithelial cells into fiber cells at the transitional zone (McAvoy et al., 1991; J W McAvoy and 

Chamberlain, 1989; Zhao et al., 2008b). FGF regulation of lens development is known to be 

mediated by multiple FGF receptors (Fgfr1-3) in a redundant manner (Zhao et al., 2008b). We 

have found that Lhx2 regulates FGF signaling in neuroretina and lens development. To 

understand if Lhx2 is also involved in the maintenance of lens transparency, we investigated the 

effects of conditional deletion of Lhx2 at different time points on lens transparency. 
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3.2 Results 

 

First, we used the platelet derived growth factor receptor α (Pdgfrα)-Cre mouse line to 

delete Lhx2 in late stage retinal progenitor and Müller glial cells (de Melo et al., 2016a). 

Microphthalmia and cataract formation were observed in these animals (Fig. 1). Hematoxylin 

and eosin (H+E) staining was performed to characterize the morphological defects of these 

mutant eyes. Pdgfrα-Cre;Lhx2lox/lox eyes were smaller than controls and the difference in size 

became more pronounced as the animals aged. Interestingly, Pdgfrα-Cre;Lhx2lox/lox lenses 

appeared relatively normal initially at P0 and P7 except the absence of well-defined equatorial 

area with germinative and transitional zones. However, by P14, mutant lens fiber cells were 

disorganized and the lens was cataractous. Pdgfrα-Cre;Lhx2lox/lox lenses degenerated and 

appeared very small when examined when the animals were 3 months old (Fig. 2). 

Immunohistochemical analysis showed that starting from P14, Pdgfrα-Cre;Lhx2lox/lox lenses were 

disorganized and trapped antibodies probably by protein aggregates (Fig. 3). These findings 

suggest that Lhx2 may play an important role in maintaining lens transparency. However, since 

Lhx2 is important for lens development and Pdgfrα-Cre deletes Lhx2 while the lens is still 

developing, the phenotype observed here could be due to the defect in lens development leading 

to lens opacification.  

 To characterize if Lhx2 is required for the maintenance of lens transparency after a 

normal lens has formed, we employed Rax-CreERT2 and Glast-CreERT2 to conditionally delete 

Lhx2 from Müller glial precursors and differentiated Müller glia (de Melo et al., 2016a). We 

treated animals with 4-hydroxytamoxifen (4-OHTx) from P2-P5 to activate Cre in Müller glia-

committed precursors and differentiated Müller glia in Rax-CreER;Lhx2lox/lox and Glast-

CreER;Lhx2lox/lox animals. Rax-CreER;Lhx2lox/lox animals developed cataract starting at around 3 
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months. These lenses either failed to grow or were degenerating. They were smaller than the lens 

capsules and were detached from the capsules (Fig. 4). One out of three Glast-CreER;Lhx2lox/lox 

animals also developed monocular cataract, which subsequently developed into binocular 

cataract, starting at around 9 months (Fig. 5). Previously, we have found that Lhx2 regulated lens 

development via its regulation of FGF signaling. To study if Lhx2 regulated lens transparency 

via FGF signaling, we crossed Rax-CreER;Lhx2lox/lox animals with pMes-Fgf10 transgenic mice. 

These animals also developed cataract (Fig. 4).  
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Figure 1: Conditional deletion of Lhx2 using Pdgfrα-Cre lead to cataract formation.  Lateral 

and close-up view of Pdgfrα-Cre;Lhx2lox/lox eyes at P21. Lens opacification can clearly be 

observed.  
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Figure 2: Pdgfrα-Cre;Lhx2lox/lox lens became cataractous starting at P14 and subsequently 

degenerated. H+E staining of eye sections from P0, P7, P14 and adult Control and Pdgfrα-

Cre;Lhx2lox/lox animals. Lhx2-deleted lens appeared cataractous at P14 and became degenerative 

and very small at 3 months. 
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Figure 3: Pdgfrα-Cre;Lhx2lox/lox lens became cataractous starting at P14 and subsequently 

degenerated. Immunohistochemical staining for Prox1 (red) and β-Crystallin (green) in eye 

sections from P0, P7, P14, P21, 3 months, 4 months and 6 months Control and Pdgfrα-

Cre;Lhx2lox/lox animals. Lhx2-deleted lenses appeared disorganized and trapped non-specific 

antibodies. Nuclei are counter-stained with DAPI (blue).   
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Figure 4: Cataract formation and lens detachment from lens capsule were observed in Rax-

CreER;Lhx2lox/lox and Rax-CreER;Lhx2lox/lox;pMes-Fgf10 animals.  Lateral view and 

immunohistochemical staining of Control, Rax-CreER;Lhx2lox/lox and Rax-

CreER;Lhx2lox/lox;pMes-Fgf10 eyes at 3 months. Lens opacification can clearly be observed in 

Rax-CreER;Lhx2lox/lox and Rax-CreER;Lhx2lox/lox;pMes-Fgf10 eyes. Rax-CreER;Lhx2lox/lox and 

Rax-CreER;Lhx2lox/lox;pMes-Fgf10 lenses are smaller and detached from the lens capsules. 

Nuclei are counter-stained with DAPI (blue).   
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Figure 5: Conditional deletion of Lhx2 using GLAST-CreER lead to cataract formation 

later in life.  Front and lateral view of GLAST-CreER;Lhx2lox/lox eyes at 9 months. The right eye 

was cataractous.   
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3.3  Materials and Methods 

 

Animals: Lhx2lox/lox (Mangale et al., 2008) mice were obtained from Dr.  Edwin Monuki 

(University of California, Irvine).  Pdgfrα-Cre (stock #013148) mice were purchased from the 

The Jackson Laboratory. Rax-CreER mice were generated in the laboratory (Pak et al., 2014). 

GLAST-CreER mice were provided by Dr. Jeremy Nathans (The Johns Hopkins University 

School of Medicine). pMes-Fgf10 (Song et al., 2013) mice were generously provided by Dr.  

Yang Chai (University of Southern California). Pdgfrα-Cre;Lhx2lox/+, Pdgfrα-Cre;Lhx2lox/lox, 

Rax-CreER;Lhx2lox/lox, Rax-CreER;Lhx2lox/lox;pMes-Fgf10 and GLAST-CreER;Lhx2lox/lox mice 

were generated by breeding with subsequent backcrossing. All experimental animal procedures 

were preapproved by the Johns Hopkins University Institutional Animal Care and Use 

Committee. 

 

Tamoxifen Treatment: Tamoxifen (Sigma) was dissolved into corn oil (Sigma) to a 

concentration of 10 mg/mL. Rax-CreER;Lhx2lox/lox, Rax-CreER;Lhx2lox/lox;pMes-Fgf10 and 

GLAST-CreER;Lhx2lox/lox mice were given ~0.1mg of tamoxifen per gram of body weight by i.p. 

injections from P2 to P5.   

 

In situ Hybridization : Chromogenic in situ hybridization experiments were performed as 

described previously with minor changes (Blackshaw et al., 2004).  Briefly, fresh frozen sections 

were fixed by 4% paraformaldehyde and hybridized with digoxigenin-labeled probes at 70°C 

overnight.  Excess probes were washed out prior to being blocked with sheep serum and 

overnight incubation in anti-digoxigenin antibodies conjugated to alkaline phosphatase (1:5000) 
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at 4°C.  Color was developed with combinations of the chromogens nitroblue tetrazolium (NBT) 

and 5-bromo, 4-chloro, 3-indolylphosphate (BCIP). Sections were imaged using a Zeiss 

Axioskop 2 Mot Plus Microscope.   

 

Immunohistochemistry: Haematoxylin and eosin (H+E) staining  and fluorescence 

immunohistochemistry was performed as previously described (de Melo et al., 2012a; Roy et al., 

2013b).  The following primary antibodies were used: rabbit anti-β-crystallin (1:500; generous 

gift from Dr.  Jeremy Nathans), mouse anti-Prox1 (1:200; MAB5654, Millipore), rabbit anti-E-

Cadherin (1:200; 3195, Cell Signaling), mouse anti-Pax6 (1:200; DSHB) and mouse anti-

rhodopsin (1:200; a generous gift of Robert Molday).  Secondary antibodies used were as 

follows: Alexa Fluor 594-conjugated donkey anti-rabbit IgG (1:500; 711-585-152, Jackson 

ImmunoResearch) and FITC-conjugated donkey anti-mouse IgG (1:500; 715-095-150, Jackson 

ImmunoResearch).  H+E and immunohistochemical sections were imaged using a Zeiss 

Axioskop 2 Mot Plus Microscope.  Immunohistochemical sections were imaged on a Zeiss Meta 

510 LSM confocal microscope. 
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Chapter 4: Regulation of Ciliary Epithelial Development by Lhx2 

 

4.1 Introduction 

 

The ciliary body is a muscular and secretory tissue that is part of the anterior segment of 

the eye. It extends from the iris root anteriorly to the ora serrata posteriorly. It consists of ciliary 

epithelium, stroma and muscles. The ciliary epithelium is a double-layered secretory structure, 

which secretes aqueous humor, glycoproteins of the vitreous body, and fibrillins, the main 

component of zonular fibers, which connect the lens capsule to the ciliary body. The ciliary 

epithelium also serves as the blood-aqueous barrier (Bishop et al., 2002; Coca-Prados et al., 1999; 

Delamere, 2005; Hanssen et al., 2001). The ciliary stroma contains fenestrated capillaries, which 

nourish the ciliary body and provide the substrate for aqueous humor production (Delamere, 

2005). The ciliary muscles mediates lens accommodation and regulates aqueous humor outflow 

through the trabecular meshwork and uveoscleral outflow pathways (Napier and Kidson, 2007). 

Despite its many important biological functions, the molecular mechanisms regulating the 

development of the ciliary body is not well understood. 

The ciliary epithelium derives from neuroectoderm, the same tissue that gives rise to the 

neuroretina and retinal pigment epithelium (RPE). During vertebrate eye morphogenesis, the 

distal part of the optic vesicle invaginates into the proximal part, giving rise to a double-layered 

optic cup. The inner layer of the optic cup differentiates to form the neural retina while the outer 

layer becomes the retinal pigment epithelium (RPE). The distal tips of the optic cup where the 

inner and outer optic cup layers meet give rise to ciliary and iris epithelium (Chow and Lang, 

2001; Graw, 2010). The ciliary epithelium is first segregated from the retina and then from the 
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iris. It is a bilayered structure with the outer pigmented layer continuous with the RPE while the 

inner non-pigmented layer continuous with the neural retina. In mice, the ciliary epithelium folds 

to form ciliary processes postnatally, with the wave-like appearance of adult ciliary processes 

clearly established by P7 (Napier and Kidson, 2005).  

Earlier studies suggests that the lens plays an important role in the development of the 

ciliary body (Beebe, 1986; Thut et al., 2001) and that IOP is required for the formation of the 

ciliary folds (Coulombre and Coulombre, 1957). Genes preferentially expressed in the ciliary 

epithelium have also been identified (Kubota et al., 2004; Thut et al., 2001; Trimarchi et al., 

2009). Previous studies show that transcription factors orthodenticle homeobox 1 (Otx1) and 

paired box 6 (Pax6) are critical for CB morphogenesis (Acampora et al., 1996; Davis et al., 

2009). BMP, FGF, Notch and Wnt signaling have also been shown to be required for the 

development of the ciliary body. Blocking BMP signaling by lens-specific expression of Noggin 

resulted in failure in formation of the ciliary process and the phenotype was rescued by co-

expression of transgenic BMP7 (Zhao et al., 2002). Forced expression of FGF4 in the RPE of the 

embryonic chick eye lead to the induction of ectopic ciliary body tissue at the edges of patches of 

induced neural retina (da Silva et al., 2007). Notch2 is expressed in pigmented ciliary epithelium 

whereas Jagged1 is expressed in non-pigmented ciliary epithelium. Notch2 signaling controls 

BMP signaling. Conditional deletion and Notch2 or Jagged1 both lead to disruption of ciliary 

body morphogenesis (Zhou et al., 2013). Ectopic expression of Wnt2b in central retina lead to 

induction of markers of the ciliary body, including BMP7 (Cho and Cepko, 2006). How these 

different molecular pathways are regulated and integrated to control the development of the 

ciliary body remain to be characterized. 
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Lhx2 is a LIM homeodomain transcription factor essential for eye formation. Lhx2 null 

animals (Lhx2-/-) are anophthalmic (Porter et al., 1997). Lhx2 has been shown to regulate 

different eye development processes. It is required for optic vesicle to optic cup transition, retinal 

progenitor cell maintenance, optic identity maintenance, Muller glial development and function, 

and corneal and lens development (de Melo et al., 2016a, 2012b; Gordon et al., 2013b; Roy et al., 

2013a; Sartaj et al., 2016; Yun et al., 2009a). Lhx2 has been shown to regulate BMP, FGF and 

Notch signaling (de Melo et al., 2016a; Yun et al., 2009a). Since Lhx2 is intensely expressed in 

ciliary margin and BMP, FGF and Notch signaling are important for ciliary body development, 

we set out to investigate if Lhx2 regulates the development the ciliary epithelium.    
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4.2 Results 

 

To study the role of Lhx2 in the development of ciliary epithelium, we used the platelet 

derived growth factor receptor α (Pdgfrα)-Cre mouse line to delete Lhx2 in late stage retinal 

progenitors, including those in the ciliary epithelium (de Melo et al., 2016a). Analysis of Pdgfrα-

Cre;Ai9(Rosa26LSL-tdTomato) eyes showed that this Cre line is active in peripheral retina, including 

the non-pigmented ciliary epithelium (Fig. 1).  Immunostaining for Lhx2 at P0 showed a 

preferential deletion of Lhx2 at peripheral retina and non-pigmented ciliary epithelium. However, 

Lhx2 expression could still be readily detected at the RPE and pigmented epithelium (Fig. 2). 

Lhx2 deletion in Pdgfrα-Cre;Lhx2lox/lox eyes disrupted proper formation of the anterior eye 

segment. The peripheral retina of Pdgfrα-Cre;Lhx2lox/lox eyes appeared thicker than control while 

the ciliary body failed to develop properly. Probably due to the disruption of ciliary body 

development, the area normally occupied by the aqueous and vitreous humor was severely 

reduced. Although the lens appears relatively normal initially, it became cataractous and 

subsequently degenerated (Fig. 3). 

A previous study from our lab has shown that Notch1, Notch ligands—Dll1 and Dll3, 

Notch effector gene, Hes5, and Fgf15 are all downregulated in Pdgfrα-Cre;Lhx2lox/lox retinas, 

particularly at the peripheral retina and ciliary epithelial region (de Melo et al., 2016a). In situ 

hybridization analysis shows that Fgf15 and its downstream effector Etv5 are downregulated in 

the peripheral retina of Lhx2 deleted eyes (Fig. 4). To identify other candidate genes whose 

expression was altered in Lhx2-deficient ciliary epithelium, we analyzed microarray data 

obtained from retinas of control and Pdgfrα-Cre;Lhx2lox/lox mice at P0.  These data indicated that 

multiple genes previously identified to be preferentially expressed in the ciliary epithelium were 

downregulated in Pdgfrα-Cre;Lhx2lox/lox retinas. Interestingly, Bmp4 and Bmp7 are also 
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downregulated, while Bmpr1b and Bmpr2 are upregulated, in Pdgfrα-Cre;Lhx2lox/lox retinas 

(Table 1).   

Several ciliary body markers show dramatically downregulated in Pdgfrα-Cre;Lhx2lox/lox 

mice.  Wfdc1 is a small secreted protein containing a WAP-type four disulfide core domain 

whose expression has been observed in peripheral retina during eye development (Cho and 

Cepko, 2006). In situ hybridization analysis confirmed that Wfdc1 is expressed in the ciliary 

epithelium and its expression is reduced in Pdgfrα-Cre;Lhx2lox/lox eyes (Fig. 5). In addition, the 

expression of insulin-like growth factor 2 (Igf2) has also been found to be enriched in developing 

ciliary body (Trimarchi et al., 2009). Our in situ hybridization analysis showed that Igf2 

expression is lost in the ciliary epithelial area, while ectopic Igf2 expression was observed in 

ventral retina (Fig. 6).  Moreover, the muscle segment homeobox gene Msx1 (formerly Hox7-1) 

is expressed in ciliary epithelial domain and has been implicated in eye development (Foerst-

Potts and Sadler, 1997; Monaghan et al., 1991). Msx1 expression can be activated by BMP 

signaling and it has been suggested to mediate BMP downstream signaling events (Napier and 

Kidson, 2007; Suzuki et al., 1997). Lhx2 deletion lead to the loss of Msx1 expression in the 

region of the presumptive ciliary epithelium in our Pdgfrα-Cre;Lhx2lox/lox animals, suggesting 

disruption of BMP signaling in Lhx2-deficient eyes (Fig. 7). 
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Figure 1: Pdgfrα-Cre is active at the peripheral retina and presumptive ciliary epithelium.  . 

Immunohistochemical staining for dsRed (red) in eye sections of Pdgfrα-Cre;Ai9 eyes at E12, 

E14 and E15. DsRed staining can be observed at the peripheral retina and presumptive ciliary 

epithelium. Nuclei are counter-stained with DAPI (blue).   
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Figure 2: Lhx2 expression is lost at the peripheral retina and presumptive non-pigmented 

ciliary epithelium of Pdgfrα-Cre;Lhx2lox/lox eyes. Immunohistochemical staining for Lhx2 (red) 

in eye sections of Control and Pdgfrα-Cre;Lhx2lox/lox animals at P0. Lhx2 expression is not 

detected in the peripheral retina and presumptive non-pigmented ciliary epithelial area. Lhx2 

expression can still be detected in the RPE and pigmented ciliary epithelium. Nuclei are counter-

stained with DAPI (blue).  
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Figure 3: Conditional deletion of Lhx2 in Pdgfrα-Cre;Lhx2lox/lox eyes lead to disruptive 

ciliary epithelial development. H+E staining of eye sections from P0, P7, P14 and adult Control 

and Pdgfrα-Cre;Lhx2lox/lox animals. Pdgfrα-Cre;Lhx2lox/lox eyes have thicker peripheral retinas 

compared to controls and fail to form ciliary epithelium properly.  
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Figure 4: Conditional deletion of Lhx2 in Pdgfrα-Cre;Lhx2lox/lox eyes lead to downregulation 

of Fgf15 and Etv5 in the peripheral retina. In situ hybridization of Fgf15 and Etv5 mRNA 

expression levels in Control and Pdgfrα-Cre;Lhx2lox/lox eyes at P0. Intense Fgf15 expression is 

observed at the peripheral retina of the control eye. Fgf15 and Etv5 are both downregulated at the 

peripheral retina of Pdgfrα-Cre;Lhx2lox/lox eyes. 
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Figure 5: Ciliary epithelial marker Wfdc1 is downregulated in Pdgfrα-Cre;Lhx2lox/lox eyes. 

In situ hybridization of Wfdc1 mRNA expression levels in Pdgfrα-Cre;Lhx2lox/+ and Pdgfrα-

Cre;Lhx2lox/lox eyes at P0. Wfdc1 is selectively expressed at the ciliary margin of Pdgfrα-

Cre;Lhx2lox/+ eyes and the expression is downregulated in Pdgfrα-Cre;Lhx2lox/lox eyes. 
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Figure 6: Igf2 expression is downregulated in the presumptive ciliary epithelial region of 

Pdgfrα-Cre;Lhx2lox/lox eyes. In situ hybridization of Igf2 mRNA expression levels in Pdgfrα-

Cre;Lhx2lox/+ and Pdgfrα-Cre;Lhx2lox/lox eyes at P0. Igf2 is selectively expressed at the ciliary 

margin of Pdgfrα-Cre;Lhx2lox/+ eyes and the expression is downregulated in Pdgfrα-

Cre;Lhx2lox/lox eyes. Ectopic Igf2 expression is observed at the ventral retina of Pdgfrα-

Cre;Lhx2lox/lox eyes. 
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Figure 7: Ciliary epithelial marker Msx1 is downregulated in Pdgfrα-Cre;Lhx2lox/lox eyes. In 

situ hybridization of Msx1 mRNA expression levels in Pdgfrα-Cre;Lhx2lox/+ and Pdgfrα-

Cre;Lhx2lox/lox eyes at P0. Msx1, which has been suggested to mediate BMP signaling, is 

selectively expressed at the ciliary margin of Pdgfrα-Cre;Lhx2lox/+ eyes and the expression is lost 

in Pdgfrα-Cre;Lhx2lox/lox eyes. 
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Table 1: A selected list of differentially expressed genes between control and Pdgfrα-

Cre;Lhx2lox/lox retinas at P0. Fold-change values in mRNA levels for the indicated genes as 

measured by Affymetrix microarray analysis are shown (n=3). 

wikigene_name Control Pdgfrα-Cre; Lhx2F/F log2 Fold Change 

Msx1 152.88 20.32 -2.91 

Col9a1 12534.37 4294.39 -1.55 

Col9a3 10387.53 3330.56 -1.64 

Cd63 5187.31 2210.36 -1.23 

Wfdc1 1100.34 483.24 -1.19 

Otx1 230.40 120.15 -0.94 

Slc16a1 2525.82 1431.17 -0.82 

Ltbp1 811.80 467.34 -0.80 

Bmp4 120.58 7.07 -4.09 

Bmp7 919.46 620.17 -0.57 

Bmpr1b 191.64 582.19 1.60 

Bmpr2 27.99 525.65 4.23 
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4.3 Materials and Methods 

 

Animals: Lhx2lox/lox (Mangale et al., 2008) mice were obtained from Dr.  Edwin Monuki 

(University of California, Irvine).  Pdgfrα-Cre (stock #013148) mice were purchased from the 

The Jackson Laboratory. Ai9 (R26-CAG-lox-stop-lox-tdTomato) (Madisen et al., 2010) mice 

were a gift from Dr.  Xinzhong Dong (Johns Hopkins).  Pdgfrα-Cre;Lhx2lox/+, Pdgfrα-

Cre;Lhx2lox/lox, and Pdgfrα-Cre;Ai9 mice were generated by breeding with subsequent 

backcrossing.  Immunohistochemistry was performed to confirm Cre-mediated inactivation of 

Lhx2. All experimental animal procedures were preapproved by the Johns Hopkins University 

Institutional Animal Care and Use Committee. 

 

In situ Hybridization : Chromogenic in situ hybridization experiments were performed as 

described previously with minor changes (Blackshaw et al., 2004).  Briefly, fresh frozen sections 

were fixed by 4% paraformaldehyde and hybridized with digoxigenin-labeled probes at 70°C 

overnight.  Excess probes were washed out, followed by rinsing in RNase buffer (0.5M NaCl, 

10mM Tris pH 7.5, 5mM EDTA) at 37°C and treatment with RNaseA diluted in RNase buffer to 

2ug/ml for 30 minutes at 37°C.  Slides were then washed in RNase buffer, and .2X SSC prior to 

being blocked with sheep serum and overnight incubation in anti-digoxigenin antibodies 

conjugated to alkaline phosphatase (1:5000) at 4°C.  Color was developed with combinations of 

the chromogens nitroblue tetrazolium (NBT) and 5-bromo, 4-chloro, 3-indolylphosphate (BCIP). 

Sections were imaged using a Zeiss Axioskop 2 Mot Plus Microscope.   
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Immunohistochemistry: Fluorescence immunohistochemistry was performed as previously 

described (de Melo et al., 2012a; Roy et al., 2013b).  The following primary antibodies were 

used: rabbit anti-Lhx2 (1:1,000; generated for our lab by Covance (de Melo et al., 2012a)) and 

rat anti-RFP (1:1000; ABIN334653, Chromotek).  Secondary antibodies used were as follows: 

Alexa Fluor 594-conjugated donkey anti-rabbit IgG (1:500; 711-585-152, Jackson 

ImmunoResearch) and Alexa Fluor 555-conjugated goat anti-rat IgG (1:500; A-21434, 

Invitrogen).  H+E sections were imaged using a Zeiss Axioskop 2 Mot Plus Microscope.  

Immunohistochemical sections were imaged on a Zeiss Meta 510 LSM confocal microscope. 
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Chapter 5: Discussion and Future Directions 

 

In chapter 2, we showed that Lhx2 regulated the expression of multiple FGF genes – Fgf3, 

Fgf9 and Fgf15 – in neuroretina during early stages of retinal neurogenesis.  The downregulation 

of these retinal-derived FGFs in Lhx2 knockout animals contributed to severe defects in lens cell 

proliferation, survival and differentiation.  Restoring FGF expression in neuroretina, however, 

led to a rescue of lens development defects, despite continued retinal development defects.  

These findings demonstrate the central role of Lhx2 in regulating lens development, and strongly 

suggest that FGFs do indeed comprise the long-sought retinal-derived signal that controls lens 

maturation.   

Previous work has shown that Lhx2 expression in the optic neuroepithelium is essential 

for lens placode specification (Yun et al., 2009).  Our findings demonstrate the continued 

requirement of Lhx2 in the neuroretina past lens vesicle formation in regulating lens cell 

proliferation, survival and differentiation.  The present study examined later stages of lens 

development than this earlier work, and identified a number of key differences in the relative 

contribution of BMP and FGF signaling.   The previous study showed that loss of Lhx2 from 

optic vesicle severely disrupted Bmp4/7 expression, but only modestly reduced FGF signaling, as 

evidenced by continued expression of Fgf8, Erm (Etv5) and phosphorylated ERK1/2 (pERK) in 

the optic vesicle and surface ectoderm.  This same study showed that adding BMP7 or the 

combination of BMP4 and BMP7 to Lhx2-/- head culture was sufficient to induce Sox2 

expression in surface ectoderm (Yun et al., 2009). Other studies have also demonstrated an 

essential role for BMP4/7 signaling in early stages of lens development (Furuta and Hogan, 1998; 

Murali et al., 2005; Pandit et al., 2015; Wawersik et al., 1999).  In contrast, our study indicated 
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FGF signaling as the major mediator in Lhx2 regulation of lens maturation.   Loss of neuroretinal 

Lhx2 led to reduced retinal Bmp4 expression, and severely disrupted BMP signaling in the lens, 

and these changes were not rescued by overexpression of Fgf10  (Figure 7).  Nonetheless, lens 

fiber development was substantially, though not completely, rescued, suggesting that this process 

is at least partially independent of BMP signaling.   

This difference in the relative contribution of FGF and BMP signaling may reflect 

differences in the roles of neuroretina-derived BMP and FGF signaling during earlier and later 

stages of lens development.  Our finding that Lhx2 regulates neuroretinal FGFs is supported by a 

previous study from our lab that showed direct binding of Lhx2 to cis-regulatory regions of 

Fgf15 in neonatal mouse retina (de Melo et al., 2016).  Although neuroretina-specific loss of 

function of other retinal progenitor-expressed transcription factors disrupts retinal progenitor cell 

proliferation and differentiation, and leads to microphthalmia (Burmeister et al., 1996; Marquardt 

et al., 2001; Taranova et al., 2006), only loss of Lhx2 significantly disrupts lens development.  It 

is likely that these other mutant lines maintain neuroretinal expression of one or more FGFs, 

leading to normal lens development even in the face of a hypoplastic neuroretina. 

Previous cell culture-based studies demonstrate that FGF signaling regulates multiple 

aspects of lens cell development and maturation (J. W. McAvoy and Chamberlain, 1989; Schulz 

et al., 1993).  This study provides in vivo evidence for the importance of FGF signaling in lens 

cell proliferation, survival and differentiation.  Our findings identify FGF3, 9 and 15 as the three 

neuroretinal-derived FGFs that regulate lens development.  Previous studies show that FGF3 can 

activate FGFR2b and 1b; FGF9 can activate FGFR3c, 2c, 1c, 3b and 4; and FGF15 can activate 

FGFR1c, 2c, 3c and 4 (Ornitz et al., 1996; Zhang et al., 2006).  Neuroretinal expression of these 

three different FGFs, each of which can activate different subsets of FGF receptors, likely 
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accounts for the observation that only Fgfr1/2/3 triple mutants produced severe defects in lens 

development (Zhao et al., 2008a).  This also likely accounts for the failure thus far to observe 

defects in lens fiber development in individual or pairwise combinations of targeted Fgf 

mutations (Robinson, 2006).  Our ability to rescue lens fiber development by overexpression of 

Fgf10, which is expressed only at low levels in developing retina, agrees with previous findings 

of redundant roles of FGF3 and FGF10 in regulating cardiovascular and inner ear development 

(Alvarez et al., 2003; Urness et al., 2011). 

Retinal overexpression of Fgf10 in animals that are not deficient for Lhx2 leads to the 

persistent close apposition of lens and surface ectoderm at the anterior lens pole (Fig. S3).  This 

phenotype was also observed in a number of other mutant mouse lines, including a transgenic 

mouse line that expressed a dominant negative FGF receptor in the presumptive lens ectoderm 

(Faber et al., 2001; Wolf et al., 2009; Zhao et al., 2012).  It is possible that a tightly controlled 

level of FGF signaling activities is required for the lens vesicle to detach completely from the 

surface ectoderm.  Alternatively, the spatial expression pattern of FGFs in neuroretina might 

influence lens vesicle detachment.  At E13.5 when lens vesicle detachment from the surface 

ectoderm is complete, Fgf3, 9 and 15 are all predominantly expressed in central but not 

peripheral retina (Fig. 2).  In contrast, Fgf10 is expressed across the whole retina in Chx10-

Cre;Lhx2lox/+;pMes-Fgf10 animals (Fig. 3), and Fgf10 secretion from peripheral retina may 

interfere with the complete detachment of the lens vesicle.   

The rescue of lens development that we observe following Fgf10 overexpression is 

incomplete, with lenses being quite small and lacking normal anterior-posterior polarity (Fig. 4, 

S3 and S4).  Several factors may account for this observation.  First, the retina remains very 

small and severely disorganized.  These persistent defects may physically limit lens growth.  
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Furthermore, in normal eyes, different regions of the lens are exposed to different ocular 

environments, with the anterior part of the lens bathed in aqueous humor while the posterior part 

in vitreous humor.  As suggested by previous studies (Chamberlain and McAvoy, 1997), this 

distinct ocular architecture allows different parts of the lens to be exposed to different levels of 

FGFs, promoting the establishment of lens polarity.  However, all regions of our rescued lenses 

were likely exposed to similar concentrations of Fgf10.  Since FGFs show dose-dependent 

effects on proliferation of lens epithelial cells and their differentiation into lens fiber cells 

(McAvoy and Chamberlain, 1989; Schulz et al., 1993), the disruption of the normal gradient of 

FGF signaling in our rescue animals likely accounts for the persistence of lens epithelial cells at 

the posterior pole.  In addition, as mentioned above, overexpression of Fgf10 in neuroretina did 

not rescue BMP signaling in the lens in Lhx2-deficient eyes. The lack of complete rescue may 

thus result from the well-documented synergistic role of BMP and FGF signaling in promoting 

lens fiber differentiation (Boswell et al., 2008; Boswell and Musil, 2015; Jarrin et al., 2012). A 

schematic figure summarizing our results is shown in Figure 6G. 

Cataracts are the common cause of vision loss and cataract cases are rising as our elderly 

population increases. Even though surgical interventions are available for cataract treatments, 

they are costly and inaccessible to many patients in developing countries. Understanding of 

molecular mechanisms underlying cataract formation will help develop strategies for the 

prevention and treatment of cataract. In chapter 3, we show that both embryonic and postnatal 

deletion of the LIM-homeodomain transcription factor Lhx2 can lead to the development of 

cataract.   

 Lhx2 is not expressed in the lens, and Rax-CreER and Glast-CreER are selectively active 

in the retina. Lhx2 may be regulating diffusible factors in retinas required for the maintenance of 
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lens transparency. Even though Lhx2 regulation of lens development is mediated by FGF 

signaling, we found that restoration of FGF signaling in Lhx2-deficient eyes still lead to cataract 

formation. So, it is possible that FGF signaling may not mediate Lhx2-dependent regulation of 

lens transparency or tight regulation of the level and spatial distribution of FGFs might be 

important for lens transparency. More experiments characterizing the roles of other retina-

derived factors disrupted in Lhx2-deficient retinas in lens transparency will be needed to 

understand how Lhx2 may be involved in the development of cataract.  

BMP, FGF and Notch signaling pathways have been shown to regulate ciliary body 

development. A previous study from our lab has shown that Lhx2 regulates FGF15 and members 

of Notch signaling pathways in the retina (de Melo et al., 2016a). In chapter 4, we found that 

Lhx2-deficient retinas displayed reduced expression of multiple genes preferentially expressed in 

the developing peripheral margin of the optic cup and ciliary epithelium. Bmp4 and Bmp7 are 

also downregulated while Bmpr1b and Bmpr2 are upregulated in Lhx2-deficient retinas. In situ 

hybridization analysis showed that ciliary epithelium marker Wfdc1 and Msx1, which has been 

suggested to mediate BMP signaling, are downregulated in Lhx2-deficient ciliary epithelial zone. 

Taken together, our findings suggest that Lhx2 acts as a central regulator that controls the 

formation of the ciliary epithelium by controlling the ability of these cells to respond to multiple 

different signaling pathways.  

In this study, we used Pdgfrα-Cre to delete the expression Lhx2 in neural retina and non-

pigmented ciliary epithelium while sparing Lhx2 expression in the RPE and pigmented ciliary 

epithelium. Even though Lhx2 is still expressed in pigmented ciliary epithelium, the 

development of non-pigmented ciliary epithelium is disrupted, suggesting cell-autonomous 

requirements of Lhx2 in non-pigmented ciliary epithelium. Pigmented ciliary epithelial and iris 
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epithelial development also seems to be affected in our Lhx2-deficient animals. Analysis of 

markers specific to the two structures will be required to confirm this observation.  

Our study showed that Lhx2 deletion led to downregulation of BMP signaling. This is in 

agreement with a previous study by (Yun et al., 2009a) that showed that BMP signaling 

mediated Lhx2-dependent regulation of optic and lens vesicle development. Our in situ 

hybridization analysis showed intense expression of Fgf15 at the peripheral edge of the retina 

adjacent to the ciliary epithelium with no expression at the ciliary epithelium itself. Previous 

studies showed that forced FGF4 expression lead to induction of ciliary body tissue at a distance 

from the FGF signal (da Silva et al., 2007). Given its spatial expression pattern, Fgf15 is very 

likely to act as one of the endogenous FGF factors involved in ciliary body development.  

Multiple signaling pathways, including BMP, FGF and Notch, have been shown to 

regulate ciliary body development. Our finding provides Lhx2 as an upstream factor that 

regulates these signaling pathways. However, if Lhx2 regulates these signaling pathways directly 

or indirectly remains to be characterized. Our previous ChIP-qPCR analysis showed that Lhx2 

can regulate Fgf15 and Hes5 directly (de Melo et al., 2016a). Other previous studies have 

suggested the regulation of FGF signaling by BMP signaling and the regulation of BMP 

signaling by Notch and Wnt signaling during eye development (Cho and Cepko, 2006; Yun et al., 

2009a; Zhou et al., 2013). These different signaling pathways probably form a signaling network 

to coordinate the ciliary body development, with Lhx2 acting as the center of the signaling 

network, controlling the ability of target cells to respond to these extrinsic signals. Investigation 

of whether forced expression of individual or a subset of factors from these signaling pathways 

in Lhx2-deficient eyes would rescue ciliary epithelium formation will elucidate how Lhx2 

regulates this signaling network during ciliary body development. Future studies need to be 
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performed to characterize the downstream factors that integrate the information from this 

signaling network to direct the formation of the ciliary body.  
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