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Abstract

The C-terminal Eps15 homology domain-containing (EHD) proteins play a key role in endocytic 

recycling, a fundamental cellular process that ensures the return of endocytosed membrane 

components and receptors back to the cell surface. To define the in vivo biological functions of 

EHD1, we have generated Ehd1 knockout mice and previously reported a requirement of EHD1 

for spermatogenesis. Here, we show that approximately 56% of the Ehd1-null mice displayed 

gross ocular abnormalities, including anophthalmia, aphakia, microphthalmia and congenital 

cataracts. Histological characterization of ocular abnormalities showed pleiotropic defects that 

include a smaller or absent lens, persistence of lens stalk and hyaloid vasculature, and deformed 

optic cups. To test whether these profound ocular defects resulted from the loss of EHD1 in the 

lens or in non-lenticular tissues, we deleted the Ehd1 gene selectively in the presumptive lens 

ectoderm using Le-Cre. Conditional Ehd1 deletion in the lens resulted in developmental defects 

that included thin epithelial layers, small lenses and absence of corneal endothelium. Ehd1 
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deletion in the lens also resulted in reduced lens epithelial proliferation, survival and expression of 

junctional proteins E-cadherin and ZO-1. Finally, Le-Cre-mediated deletion of Ehd1 in the lens 

led to defects in corneal endothelial differentiation. Taken together, these data reveal a unique role 

for EHD1 in early lens development and suggest a previously unknown link between the 

endocytic recycling pathway and regulation of key developmental processes including 

proliferation, differentiation and morphogenesis.
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Introduction

Endocytic traffic represents a fundamental cellular process conserved in most eukaryotes 

(Maxfield and McGraw, 2004). Cell biological studies have demonstrated that cell surface 

receptors as well as membrane lipids are constantly internalized at rates determined by 

cellular activities such as uptake of nutrients, stimulation by extracellular ligands as well as 

uptake of particulate materials (B. D. Grant and Donaldson, 2009). Internalized receptors 

may be targeted for degradation in the lysosomes, often depending on the stimulating 

ligands, or recycled back to the cell surface together with membrane lipid components. The 

process of endocytic recycling is also used adaptively to orchestrate trans-cellular transport 

processes and selective localization of surface lipids and receptors to specific membrane 

domains in polarized cells (Scita and Di Fiore, 2010). The recycling pathway also appears to 

play an important role in a variety of other cell biological processes such as membrane 

repair, cytokinesis (Montagnac et al., 2008), cell migration (Jones et al., 2006) and 

developmental patterning (Bokel and Brand, 2014).

C-terminal Eps15 homology domain-containing (EHD) proteins are a recently described 

family of endocytic recycling regulatory proteins (B. D. Grant and Caplan, 2008). The role 

of EHD proteins in endocytic traffic was first revealed through identification of rme-1 

(receptor-mediated endocytosis 1) mutant in C. elegans, which impaired the yolk protein 

transport across the intestinal epithelium into coelom (Lin et al., 2001). Cell biological 

studies demonstrated that RME-1 as well as a human ortholog EHD1 localized to an 

endocytic recycling compartment and EHD function was required for transferrin recycling 

and retrograde transport of a reporter protein to the trans-Golgi network (George et al., 

2007; B. Grant et al., 2001; Lin et al., 2001). Mammals express four highly homologous 

EHD proteins (EHD1–4). EHD1 has been most extensively studied in cellular models and 

shown to be required for endocytic recycling of a number of other cell surface receptors, 

including transferrin receptor (Lin et al., 2001), MHC-I (Caplan et al., 2002), MHC-II 

molecules (Walseng et al., 2008), β1-integrin (Scheiblin et al., 2014) and GLUT4 glucose 

transporter (Guilherme et al., 2004).

All four EHD proteins contain an N-terminal ATPase/GTPase domain that controls 

membrane binding and oligomerization, a central coiled-coiled domain that mediates homo-

and hetero-oligomerization, and a characteristic C-terminal EH domain that mediates 
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interactions with proteins containing Asn-Pro-Phe (NPF) or related tri-peptide motifs (de 

Beer et al., 2000; B. D. Grant and Caplan, 2008; Kieken et al., 2007; Kieken et al., 2010). 

Biochemically, EHD proteins are thought to facilitate membrane tubulation and scission to 

facilitate vesicle budding and transport in the recycling pathway (Daumke et al., 2007). 

Crystal structure of EHD2 revealed it to be a dimer and it is presumed that other family 

members adopt a similar conformation (Daumke et al., 2007). EHD proteins form homo- or 

hetero-dimers, thought to facilitate EHD function (Daumke et al., 2007; Lee et al., 2005; 

Naslavsky and Caplan, 2011). Consistent with their structural relatedness, reconstitution of 

rme-1 mutant worms with each of the four human EHD proteins led to restoration of 

function (George et al., 2007).

In vitro studies have suggested that EHD3 and EHD4 mediate early steps of membrane-

associated receptor recycling whereas EHD1 and EHD2 regulate later steps (George et al., 

2007; Sharma et al., 2008). Several lines of evidence point to unique functional roles of 

individual EHD proteins, despite their structural similarities. EHD protein expression in 

mammalian tissues shows discrete patterns and distinct family members predominate within 

different cell types within complex tissues. Loss of one family member can trigger 

compensatory increase of another, but this too appears to differ with cell/tissue 

compartments (George et al., 2011; Rainey et al., 2010). Biochemical studies also indicate 

that individual EHD proteins may preferentially dimerize with distinct family members (Lee 

et al., 2005). Thus, it is likely that individual EHD proteins serve distinct physiological roles 

despite their shared biochemical mechanisms.

In order to define the biological roles of mammalian EHD family proteins, we and others 

have generated mouse gene deletion models. These models reveal unique as well as 

redundant roles of EHD proteins in vivo. EHD1 deletion exhibits a strain-dependent 

phenotype. Ehd1 mutant mice on 129Sv/Ev or Swiss Webster background appeared normal 

(Rapaport et al., 2006). In contrast, Ehd1-null mice on a mixed 129/B6 background exhibit 

pre-natal lethality, reduced size and male infertility (Rainey et al., 2010). Further studies 

indicated that Ehd1-null mice exhibit smaller muscle fibers, consistent with a role of EHD1 

in myocytes proliferation and fusion (Posey et al., 2014).

Deletion of Ehd3 or Ehd4 has no apparent impact on prenatal mouse development but 

Ehd4–null male mice exhibited smaller testes and reduced fertility (George et al., 2010; 

George et al., 2011). Further studies of Ehd3-null mice have revealed cardiac abnormalities 

including arrhythmias and blunted response to adrenergic stimulation together, with reduced 

expression of Na/Ca exchanger (NCX1), L-type Ca-channel type 1.2 (Cav1.2) and 

associated functions (Curran et al., 2014; Gudmundsson et al., 2010). Notably, mice with 

combined Ehd3 and Ehd4 resulted in high pre- and peri-natal mortality, with surviving 

animals exhibiting severe renal thrombotic microangiopathy and death due to renal failure 

(George et al., 2011). These initial studies support the approach of using knockout models to 

define specific as well as redundant biological roles of the EHD family of endocytic 

regulators.

Previously, we noted that Ehd1-null mice on 129/B6 background exhibited ocular 

abnormalities, but these were not characterized in any detail (Rainey et al., 2010). Here, we 
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provide evidence that EHD1 is required for the development of ocular lens and cornea. Our 

studies show that Ehd1-null mice display pleiotropic ocular phenotypes, including 

anophthalmia, aphakia, microphthalmia and congenital cataracts. Importantly, conditional 

deletion of Ehd1 in the presumptive lens ectodermal cells recapitulated the lenticular 

phenotypes observed in Ehd1-null mice, and also resulted in corneal endothelial 

differentiation defects. The ocular phenotypes caused by the loss of a single regulator of 

endocytic recycling, Ehd1, provides a novel model system to elucidate mechanistic links 

between surface receptor recycling and control of cellular processes that ensure orderly 

development of the compartments of mammalian eye.

Materials and Methods

Mouse models and genotyping

Ehd1flox/flox mice, harboring a conditionally-targeted Ehd1 allele in which exon 1 is flanked 

by loxP sites, and whole-body knockout mice (Ehd1-null) derived from Ehd1flox/flox mice 

have been described previously (Rainey et al., 2010). Ehd1-null mice were maintained on 

mixed 129;B6 background. Single nucleotide polymorphism (SNP) analysis (DartMouse, 

Lebanon, NH) revealed these to have ∼70% contribution from the C57Bl/6 genome 

(supplementary Fig. S1). Ehd1-WT (wild type), Ehd1-het (heterozygous), and Ehd1-null 

(homozygous null) mice were generated by mating Ehd1-het mice. Breeders were 

maintained on high-fat chow (# 2019, Harlan Laboratories Inc., Madison, WI). Genomic 

DNA was extracted from embryonic yolk sacs or adult tail tips with proteinase K digestion, 

isopropanol precipitation and used for genotyping as described previously (Rainey et al., 

2010). To conditionally delete Ehd1 in the lens, Ehd1flox/flox mice (backcrossed more than 6 

generations into C57BL/6J, and 98% C57Bl/6 by DartMouse SNP typing) were crossed with 

Le-Cre transgenic mice (maintained in a hemizygous manner on an FVB/N background), 

which expresses Cre recombinase from a Pax6 promoter active in the lens-forming ectoderm 

by day E9.0 (Ashery-Padan et al., 2000a). This cross resulted in Ehd1flox/+;Le-Cre mice. 

Subsequent back-cross to Ehd1flox/flox mice generated the Ehd1flox/flox;Le-Cre genotype 

referred to as conditional knockout (CKO) mice. Ehd1flox/flox mice without the Le-Cre 

served as controls. To confirm Le-Cre-mediated deletion in the lens, genomic DNA samples 

were isolated from P0/P1 micro-dissected lenses from control and test pups and subjected to 

PCR analysis (data not shown) using Ehd1-specific primer pairs as described previously 

(Rainey et al., 2010). Embryos/mice were genotyped for the presence of Le-Cre transgene 

using the primer set 5’-GCATTACCGGTCGATGCAACGAGTGATGAG-3’ and 5’-

GAGTGAACGAACCTGGTCGAAATCAGTGCG-3’. All animal studies were approved by 

the Institutional Animal Care and Use Committee (# 07–061-FC12). Animals were treated 

humanely in accordance with the University of Nebraska Medical Center and the National 

Institute of Health (NIH) guidelines for the Care and the Use of Laboratory Animals.

Histology and Immunohistochemistry

For timed-pregnancy experiments, matings were set up in the evenings, and vaginal plugs 

were detected the following morning. The noon of the day of vaginal plug detection was 

considered E0.5. Pregnant dams were euthanized by CO2 asphyxiation at the indicated time 

points and embryos were removed by hysterectomy. Embryonic yolk sacs were collected 
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and used for genotyping, as described above. Embryos were fixed at 4°C in 10% neutral-

buffered formalin (NBF) for 3 to 12 hours, transferred to 70% ethanol prior to paraffin 

embedding and sectioned at 4–6 µm. Sections were stained with hematoxylin and eosin 

(H&E), and micrographs were captured using a Leica microscope or with an iScan Coreo 

Slide Scanner of the iScan Image Viewer (Roche) (at a resolution of 0.2325 micron per 

pixel) at the UNMC Tissue Sciences Facility. The total lens epithelial cell count was 

determined by counting hematoxylin-stained nuclei from serial sections of WT or Ehd1 

CKO embryonic lenses using ImageJ software. Briefly, a line was drawn on 40x sagittal 

sections to demarcate the equatorial region where epithelial cells began to elongate and 

epithelial cells within this region were counted.

The following mouse monoclonal antibodies were used in immunofluorescence (IF) 

staining: anti-γ-Tubulin Clone GTU-88 (T5326; Sigma-Aldrich Corp, St. Louis, MO), anti-

ZO-1 (1A12) (339100; Invitrogen, Camarillo, CA), anti-Bromodeoxyuridine (BrdU) Clone 

Bu20a (M0744; Dako, Carpinteria, CA), anti-a-Catenin (610193), anti-N-Cadherin 

(610920), anti-β-Catenin (610153) and anti-E-cadherin (610181) (all from BD-Transduction 

laboratories, Franklin Lakes, NJ). Rabbit polyclonal/monoclonal antibodies used were: anti-

GFP (2555, Cell Signaling Technology, Beverly, MA), anti-Pax6 (PRB-278P; Covance, 

Princeton, NJ), anti-Pax-2 (71–6000; Invitrogen, Camarillo, CA), anti-keratin 12 (KAL-

KR074, TransGenic Inc; Japan); anti- Prox1 (AB5475) and anti-Sox2 (AB5603) (from 

Millipore Corp., Massachusetts, MA); anti-γ-crystallin (a gift from Dr. Samuel Zigler, The 

Johns Hopkins University, School of Medicine, Baltimore, MD)(Russell et al., 1984); anti-

alpha A Crystallin (ab5595) (Abcam Inc., Cambridge, MA); anti-β-crystallin (FL-252) 

(sc-22745; Santa Cruz Biotechnology, Dallas, Texas). Affinity-purified rabbit polyclonal 

anti-EHD1, rabbit anti-EHD2, anti-EHD3 and anti-EHD4 antisera were generated as 

described previously (George et al., 2007; George et al., 2010; George et al., 2011; 

Gudmundsson et al., 2010; Mate et al., 2012; Rainey et al., 2010; Sengupta et al., 2009).

For antibody staining, rehydrated tissue sections were boiled in antigen unmasking solution 

(H-3300, Vector Laboratories, Burlingame, CA) in a microwave for 20 min, slides were 

cooled, washed once in PBS, and blocked in heat-inactivated 10% Fetal Bovine Serum 

(SH30910.03, HyClone Laboratories, Logan, UT) for one hour at room temperature (RT). 

Primary antibodies diluted in blocking buffer were added overnight at 4°C (except EHD 

antibody staining, which was done at RT for an hour), slides were washed 3 times with PBS 

followed by incubation with Alexa Fluor 488 or 594-conjugated donkey anti-rabbit or anti-

mouse secondary antibodies (1:200; Invitrogen, Carlsbad, CA) for one hour at RT in the 

dark. For negative controls, sections were incubated in the blocking buffer without the 

primary antibody. Nuclei were visualized with DAPI in antifade mounting medium 

(ProLong® Gold Antifade mountant, Invitrogen, Carlsbad, CA). Fluorescent images were 

captured on a Zeiss LSM-710 confocal microscope. Tiled images under 20x and 40x 

objectives were captured for embryonic eyes with 10% overlap and processed using the 

Zeiss Zen 2010 stitching software to merge into a single image. Z-stack images were 

captured under 63x objective at an optical slice of 0.56 µm. Images were processed using 

Adobe Photoshop CC software. For presentation, signal intensities were adjusted equally for 

brightness and contrast between control and test images.
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BrdU and TUNEL labeling

Pregnant dams were injected intraperitoneally with 150 mg/kg of body weight of 10 mg/ml 

BrdU (5-bromo-2’-deoxyuridine) (Sigma-Aldrich, St. Louis, MO) and 1 mg/ml 5FU (5- 

fluoro-5’-deoxyuridine) (Sigma-Aldrich, St. Louis, MO) and sacrificed an hour later. 

Staining was performed on paraffin-embedded serial sections of embryo eyes using mouse 

anti-BrdU antibody. Images were captured with MagnaFire imaging software using Nikon 

Eclipse E600 Fluorescent microscope fitted with an Optronics camera. Cell proliferation 

was quantified by calculating the percentage of nuclei that were BrdU positive in a given 

section.

Terminal deoxynucleotidyl transferase (TdT)-mediated deoxyuridine triphosphate nick end 

labeling (TUNEL) assay, was performed on deparaffinized sections according to the 

manufacturer’s instructions (Roche, Indianapolis, IN). Label solution without TdT was used 

as a negative control. Sections treated with DNase I (3 U/ml), to induce DNA strand breaks, 

served as positive controls. Slides were mounted with ProLong® mounting medium. 

TUNEL-positive cells were detected and quantified as with BrdU staining.

Statistical analysis

Serial sections from a minimum of four different embryos from at least three litters per time 

point were analyzed (N, number of embryos). Unpaired Student’s t-test was used to analyze 

the significance of differences between experimental groups. Data are presented as mean ± 

standard error of the mean with P ≤ 0.05 deemed significant.

Results

Ehd1-null mice exhibit ocular abnormalities

As described previously (Rainey et al., 2010), Ehd1-null mice on a mixed 129/B6 

background are born at sub-Mendelian ratios and males were infertile due to defects in 

spermatogenesis. Close examination of adult Ehd1-null mice revealed a range of ocular 

defects, including microphthalmia, congenital cataracts, and anophthalmia (Fig. 1A, panels 

b–d) that were not seen in wildtype control mice (Fig. 1A, panel a). Approximately 56% of 

individual eyes in adult (6 weeks or older) Ehd1-nullmice displayed these defects, with 

cataracts being the most common defect (Table 1). To assess whether ocular defects were 

present in Ehd1-null mice during embryonic ocular development, WT and EHD1-null 

embryos were collected between embryonic (E) days E10.5-E18.5 and eye and lens 

morphologies were analyzed. Visual examination of whole embryos at E14.5 revealed 

pleiotropic ocular defects in Ehd1-null embryos (Fig. 1A, panels f–h, arrowheads), similar to 

those seen in adult mice, but not in wildtype controls (Fig 1A, panel e, arrow). Hematoxylin 

and eosin (H&E) staining of sections of embryonic ocular tissues revealed defects in Ehd1-

null embryos as early as E10.5. At this age, the lens pit appeared smaller and misshapen 

(Fig. 1B, panels b & c, arrowheads) compared to wildtype controls (Fig. 1B, panel a, 

arrows). Histological analysis of E12.5, E14.5, and E16.5 embryos also revealed smaller 

lenses, and frequent persistence of the lens stalk (Fig. 1B, panels e, e’, h, h’, k arrowheads) 

and hyaloid vasculature (Fig. 1B, panels h, k open arrowheads) (42.8% of embryos 

analyzed) (n=21). In the remaining Ehd1-null embryos (57.1%), the lens was absent 
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(aphakia) and the retina misfolded (Fig. 1B, panels f, f’, i, i’, l, see asterisk) in contrast to 

controls (Fig. 1B, panels d, d’, g, g’, j) (n=26). Persistent lens stalk and hyaloid vasculature 

was also seen in some of the Ehd1-het embryos (supplementary Fig. S2). At postnatal day 

10 (P10), control eyes consisted of a well-formed lens with an overlying cornea and a 

laminated retina (Fig. 1B, panels m, m’). In contrast, Ehd1-null mice of the same age 

exhibited eyes phenotypes ranging from a near normal lens, cornea and retina (Fig. 1B, 

panels n, n’) to absent lens and misfolded retina (Fig. 1B, panel o, o’, see asterisk). 

Together, these results indicated that EHD1 is necessary for proper differentiation of ocular 

tissues including the lens, cornea and retina. In this report, we have focused on the impact of 

Ehd1 deletion on lens and corneal development. The effects of Ehd1 loss on retinal 

development will be described separately.

EHD1 is expressed in the developing eye

All EHD mRNAs are known to be expressed in developing lens epithelial cells as 

demonstrated by a transcriptomic study of laser capture micro-dissected surface ectoderm of 

the E9.5 lens placode (Huang et al., 2011). We performed immunofluorescence studies to 

assess endogenous expression of EHD1 protein in ocular tissues. EHD1 expression was 

localized in the apical junctions of epithelial cells lining the lens pit, and in the underlying 

optic cup at E10.5 (Fig. 2A); EHD1 staining partly colocalized with the adherens junctional 

marker, E-cadherin (Fig. 2B), as seen in merged images (Fig. 2C, arrows). At E12.5, EHD1 

was localized to the sub-membranous region of epithelial cells in the lens vesicle, especially 

under the apical surface (Fig. 2G, I). At E14.5, EHD1 expression was seen in the lens 

epithelial and fiber cells, the periocular mesenchymal cells that would form the future 

corneal stroma and endothelial layers (Fig. 2M, O). Expression of EHD1 was detectable in 

the lens, corneal epithelial, corneal endothelial cells at E16.5 (Fig. 2U, W). In late postnatal 

eyes, EHD1 was also expressed in the ganglion cell layer and the outer and inner nuclear 

layers of the neural retina (data not shown), consistent with a previous report (Rapaport et 

al., 2006). Loss of EHD1 expression in Ehd1-null embryos was confirmed by 

immunofluorescence (Fig. 2D, F, J, L, P, R, X, Z, arrowheads). These results correlated the 

ocular phenotypes seen in Ehd1-null embryos with loss of EHD1 expression in these tissues.

Our previous studies have demonstrated that deletion of individual EHD family members 

often results in the up-regulation of other family members in various organ systems 

compensating for the loss of function of the deleted gene (George et al., 2010; George et al., 

2011; Gudmundsson et al., 2010; Rainey et al., 2010). To assess if the loss of EHD1 

expression in ocular tissues led to up-regulation of expression of other EHD proteins, we 

examined the expression levels of EHD2, EHD3 and EHD4 in ocular tissues of Ehd1-null 

and WT mice. At E12.5, the highest EHD2 expression within the eye was seen in the surface 

ectoderm (Fig. 3A, arrows), blood vessels in the vitreous, the optic cup (Fig. 3A), and in 

RPE cells surrounding the neural retina in WT (Fig. 3A, arrows) as well as in Ehd1-null 

embryos (Fig. 3B arrowheads). At E16.5, EHD2 expression was observed in the corneal and 

eyelid epithelium (Fig. 3C, arrows) in WT and Ehd1-null eyes (Fig. 3D, arrowheads). 

Ubiquitous expression of EHD3 and EHD4 was seen in all ocular tissues at E12.5 and at 

E16.5 (Fig. 3E, G, G’ and I, K, K’ arrows). EHD2 and EHD3 expression in Ehd1-null ocular 

tissues remained unaltered (Fig. 3F, H, H’ and J, L, L’ arrowheads). EHD4 expression, 
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though unaltered in the Ehd1-null embryos at E12.5 (Fig. 3J), was reduced in the lens 

epithelial cells (Fig. 3L, L’, arrowheads). These results suggested that, a) EHD proteins 

show overlapping expression patterns during early ocular development and b) the lack of 

compensatory upregulation of EHD2–4 expression in Ehd1-null eyes suggest unique 

functions of EHD1 in regulating eye development. It should be noted that Ehd3-null or 

Ehd4-null embryos do not show any ocular abnormalities.

As lens development was altered in Ehd1-null embryos, we performed immunofluorescence 

(IF) studies to assess the expression of two genes critical for early lens differentiation in 

these mutants. The paired domain and homeodomain-containing transcription factor Pax6 

and the high mobility group (HMG) domain transcription factor Sox2 are required for 

specification of lens ectodermal precursors (Ashery-Padan and Gruss, 2001; Ogino et al., 

2012). Heterozygous mutations in Pax6 gene are associated with ocular abnormalities 

including Aniridia and Peter’s anomaly in humans (Glaser et al., 1994), and Small eye 

phenotype in mice and rats (Hill et al., 1991; Hogan et al., 1986). In addition, Pax6 

overexpression or loss-of-function mutations results in microphthalmia or anophthalmia 

(Schedl et al., 1996). Sox2 mutations in humans result in severe anophthalmia and 

microphthalmia (Fantes et al., 2003; Hagstrom et al., 2005). Conditional deletion of Sox2 

results in a failure of lens vesicle formation, with reduced expression of β-crystallin and 

Prox1 expression. In Ehd1-null eyes, Pax6 and Sox2 expression and localization were 

comparable to WT controls (supplementary Fig. S3). These results indicated that the lens 

developmental defects seen in the Ehd1-null lenses were not due to altered Pax6 or Sox2 

expression.

Conditional deletion of EHD1 in the lens leads to microphthalmia and cataracts

Embryonic eye development in mice begins during late gastrulation at E9.5, when 

neuroepithelium derived from the diencephalon evaginates bilaterally to form the optic 

vesicle (OV). The OV makes contact with a layer of surface epithelium termed presumptive 

lens ectoderm (PLE): this ectoderm thickens to form the lens placode. As the OV and 

surface epithelium associate closely through the formation of cytoplasmic extensions, 

inductive signaling between them shapes each other’s subsequent development (Robinson, 

2006). In the Ehd1-null mice, EHD1 expression is lost not only in the lens but also in 

surrounding ocular tissues such as optic vesicle (and later retina) that are necessary for early 

lens differentiation. Therefore, in order to determine whether alterations in lenticular 

development in Ehd1-null mice is due to loss of EHD1 in the lens, we generated conditional 

knockout mice with Ehd1 deleted in the lens. The Le-Cre transgenic line expresses Cre 

downstream of a 6.5 Kb genomic fragment derived from the mouse Pax6 promoter that 

activates Pax6 expression in the surface ectodermal cells that differentiate into corneal and 

conjunctival epithelial cells, and the pancreas (Ashery-Padan et al., 2000b). Thus, Le-Cre 

mediated deletion is observed in the surface ectoderm-derived tissues including the lens, 

cornea, conjunctival epithelium and eyelids, as expected. Mating the Ehd1flox/flox mice 

(Rainey et al., 2010) to the Le-Cre transgenic mice allowed us to conditionally delete Ehd1 

(CKO) in the lens and ocular surface epithelial cells (cornea, conjunctiva, eyelids) (Ashery-

Padan et al., 2000a) (Fig. 4A).

Arya et al. Page 8

Dev Biol. Author manuscript; available in PMC 2016 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



The GFP reporter within the Le-Cre transgene, which served as a surrogate for Cre 

expression, was expressed at E11.5 in the lens vesicle in Ehd1 CKO (Fig. 4C). PCR analysis 

of tail DNA also confirmed the genotypes of the Ehd1 CKO and control mice (data not 

shown). Ehd1 CKO mice were born at the expected Mendelian ratios. Immunofluorescence 

studies showed the loss of EHD1 expression in the lens, cornea and conjunctival epithelial 

cells but not in the optic cup or retina of EHD1 CKO embryos (Fig. 4E, G, I, arrowheads) 

compared to control embryos (Fig. 4D, F, H, arrows) directly correlating Cre expression 

with loss of EHD1 expression.

Similar to Ehd1-null mice, adult Ehd1 CKO (6 weeks or older) mice also displayed 

microphthalmia and cataracts (supplementary Fig. S4). Nearly 80% of Ehd1 CKO animals 

exhibited ocular phenotypes with microphthalmia (41.6%) and cataracts (23.2%) and 

microphthalmia together with cataracts (15.5%) (Table 2). Our experimental crosses were 

set to compare control mice with Le-Cre; Ehd1flox/flox or Ehd1flox/+ strains. We observe 

ocular phenotypes (including microphthalmia and cataracts) in Ehd1flox/+.Le-Cre mice but 

this is seen in a smaller proportion of mice (Table 3) compared to defects in Ehd1flox/flox.Le-

Cre mice (Table 2). Out of 62 eyes analyzed for the Ehd1flox/+.Le-Cre genotype, 35 were 

affected by either microphthalmia or cataracts (56.45 %)(Table 3). We also observed lens 

defects in Ehd1+/− whole body mice, again at a lower frequency (numbers not recorded) 

compared to Ehd1−/− mice (Table 1). Although we have not carried out detailed studies 

comparing Le-Cre allele on a mixed B6.FvB background to our experimental mice, given 

the reported effects of Le-Cre allele itself on lens development (Dora et al., 2014), it is 

possible that a modifier gene on C57Bl/6 background amplifies the Le-Cre effect. However, 

our results using a total body Ehd1 deletion support the conclusion that defects upon Le-

Cre-mediated heterozygous or homozygous Ehd1 deletion are largely a result of loss of 

Ehd1.

Interestingly, though the proportion of mice with ocular abnormalities was higher in the 

Ehd1 CKO compared to whole body Ehd1-null mice, the CKO mice exhibited a less severe 

phenotype and anophthalmia was not observed in Ehd1 CKO mice. These results support a 

lens-intrinsic role for Ehd1, but also suggest that loss of Ehd1 in non-lens tissues enhances 

the severity of lens defects seen in whole body Ehd1-null mice. Overall, these results 

confirm the requirement of Ehd1 for early lens development. Since Ehd1 CKO mice 

recapitulated the major lens phenotypes observed in Ehd1-null mice further cellular and 

molecular characterization were carried out using these mice.

Histological characterization of defective lens development in EHD1 CKO mice

Histological examination of H&E sections revealed alterations in the development of Ehd1 

CKO lenses (Fig. 5A, panels a – i’). At E10.5, the lens ectoderm in control embryos had 

invaginated to form the lens pit (Fig. 5A, panel a, arrow), which had deepened to form a lens 

vesicle by day E11.5. The lens pit and vesicle, though smaller, were still seen at similar ages 

in the Ehd1 CKO embryo (Fig. 5A, panel b, arrowhead), suggesting that Ehd1 deletion does 

not affect lens induction, invagination or vesicle formation. At E12.5 and E14.5, Ehd1 CKO 

lenses retained their normal polarity and architecture (Fig. 5A, panels d, f), but were smaller 

than in control animals (Fig. 5A, panels c, e). The lens phenotypes in Ehd1 CKO eyes were 
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accentuated by E16.5 (Fig. 5A, panels h, h’, i, i’,); the overall lens size was reduced, the 

epithelial layer of lenses was invariably thinner with sparse cells (Fig. 5A, panels i, i’, open 

arrowheads) (supplementary Fig. S5A) and the corneal endothelium was absent (Fig. 5A, 

panels i, i’, arrowheads). In Z-stacks analysis of DAPI stained nuclei; the Ehd1 CKO 

epithelial nuclei appear smaller and less elongated (supplementary Fig S5 panels B, C). A 

small proportion (21.4%, n=14 at E16.5) of Ehd1 CKO embryos also exhibited the 

persistence of lens stalks (data not shown). Six months old adult Ehd1 CKO mice exhibited 

highly vacuolated lenses (Fig. 5A, panels k, l, arrows) in contrast to control (Fig. 5A, panel 

j, arrows). Thus, impaired lens development seen in Ehd1 CKO mice reflects a requirement 

of EHD1 during early lens development. As expected, retinal development appeared 

unaltered in Ehd1 CKO eyes at all stages examined.

During normal eye development, the lens grows by a coordinated balance between lens 

epithelial cell proliferation and fiber cell differentiation. In response to an inductive signal 

from the retina, lens epithelial cells near the equator withdraw from the cell cycle, elongate 

and differentiate as secondary lens fiber cells. This anterior-posterior polarity of the lens is 

maintained throughout life (Robinson, 2006). In order to determine whether Ehd1 CKO 

lenses remained smaller as a consequence of reduced lens epithelial number, we compared 

the lens epithelial cell counts between Ehd1 CKO and control (Ehd1flox/flox) lenses. In 

control eyes, the epithelial cell numbers steadily increased from E12.5 to E16.5; and were 

69.6 ± 4.7, 135.6 ± 6.1 and 186.7 ± 9.4 cells at E12.5, E14.5 and E16.5, respectively (n ≤ 4). 

In contrast, the epithelial cell numbers at these stages were 61.3 ± 3.7, 87.1 ± 18.7 and 79.7 

± 2.7 indicating that the lens growth was significantly reduced in Ehd1 CKO lenses (n ≤ 5)

(Fig. 5B). In order to assess whether reduced lens epithelial cell number in Ehd1 CKO eyes 

is due to reduced cell proliferation, we performed BrdU incorporation studies. These studies 

revealed a reduction in BrdU incorporation in Ehd1 CKO mice compared to controls at 

E12.5 (p < 0.01) but not at E14.5 or E16.5 (Fig. 5C). These results suggested that the 

reduced lens size in Ehd1 CKO embryos could be, at least in part, due to reduced lens 

epithelial cell proliferation.

In order to determine if reduced lens epithelial cell number in Ehd1 CKO embryos may be 

due to defects in lens epithelial viability, we performed a TUNEL assay (Fig. 6). An 

increase in the number of TUNEL-positive nuclei was seen in Ehd1 CKO lenses when 

compared to controls at E10.5, E12.5, E14.5 and E16.5 (Fig. 6 A–J). In addition, increased 

apoptotic nuclei were observed in adult Ehd1 CKO lenses (Supplementary Fig. S6). Since 

the proliferation rate remained approximately similar between Ehd1 CKO and control 

embryos at E14.5 and E16.5, while more apoptotic cells were seen in the former, the 

reduced lens epithelial cell numbers in Ehd1 CKO at these developmental stages likely arise 

from increased cell death. The apoptotic cells were more abundant in the periphery, an area 

reported previously to show the highest expression of FGF receptors (Garcia et al., 2005). 

However, we have not observed any changes in the activation of FGFR signaling effectors 

such as phosphorylated ERK or FGF-target genes such as Erm and Er81 (ETS transcription 

factors) (data not shown), although a detailed characterization of FGF receptors themselves 

has not been performed. These results suggest that EHD1 is also required for cell survival 

during early lens development. Together, our results suggest that the smaller lenses seen in 
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Ehd1 CKO embryos likely arise from a combination of reduced proliferation and increased 

death of lens epithelial cells.

Aberrant lens epithelial cell polarity but normal fiber cell differentiation in Ehd1 CKO 
embryonic lenses

To assess if the Ehd1 CKO lens epithelial cells retained lens epithelial cell characteristics, 

expression of key epithelial cell polarity markers was examined. In the mature lens, the 

adherens junctional protein E-cadherin is expressed on the basolateral surfaces of lens 

epithelial cells but not in lens fiber cells. N-cadherin expression, on the other hand, is 

present both in the lens epithelium and fiber cells (Pontoriero et al., 2009). At E16.5, 

immunofluorescence analyses for E-cadherin protein expression revealed that its membrane 

localization within the cells remained unaffected; however the expression appeared 

discontinuous (or gaps were observed) in between the lens epithelial cells of Ehd1 CKO 

embryos (Fig. 7B, D, arrowheads). This discontinuous expression is likely due to the 

reduced lens epithelial cell count. N-cadherin expression pattern and localization remained 

unchanged in Ehd1 CKO vs. control embryonic lenses (Supplementary Fig. S7). The tight 

junction marker ZO-1 is expressed in tight junctions near the apical surface of lens epithelial 

cells and elongating fiber cells. ZO-1 staining and gamma-tubulin puncta define the 

normally formed interface between lens epithelial and fiber cells (Sugiyama et al., 2009). 

This interface was much shorter and irregular in the Ehd1 CKO embryonic lenses (Fig. 7F, 

H, arrowheads), suggesting a defect in the lens epithelial fiber interface.

Lens fiber cell differentiation is accomplished by proliferating lens epithelial cells giving 

rise to secondary fiber cells, a process characterized by temporally and spatially regulated 

expression of crystallins (Cvekl and Duncan, 2007). To determine if the secondary fiber cell 

differentiation was aberrant, we assessed the expression of lens specific crystallins by 

immunofluorescence. No discernible differences between control and Ehd1 CKO embryonic 

lenses were observed in the expression pattern of α, β and γ- crystallin proteins at day E16.5 

(Supplementary Fig. S8). These results indicate that EHD1, though required for lens 

epithelial proliferation and survival, appears to be dispensable for crystallin expression.

EHD1 deletion in the lens results in aberrant corneal endothelial differentiation

During mouse embryonic development, corneal endothelium is derived from migrating 

periocular mesenchymal cells of neural crest and mesodermal origins (Kao et al., 2008). 

Absence of corneal endothelium was a consistent phenotype seen in Ehd1 CKO eyes. To 

further investigate the alterations in corneal development, we performed a series of 

immunofluorescence analyses (Fig. 8A–H). We examined the corneal epithelium since Le-

Cre mediated deletion is also observed in this cell layer, as expected. The expression of 

Keratin 12 (K12), a marker of early corneal epithelial differentiation, was unaltered in Ehd1 

CKO (Supplementary Fig. S9), suggesting that EHD1 is not necessary for early corneal 

epithelial differentiation. The periocular mesenchymal cells that migrate to the anterior 

segment differentiate as corneal endothelial cells and convert from a mesenchymal to an 

epithelial state. Though the expression of tight junction protein ZO-1 is not restricted to 

corneal endothelial cells, its expression in these cells does indicate successful mesenchymal 

to epithelial transition. We have therefore used ZO-1, a critical component of tight 
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junctional complexes, here as a marker to assess the corneal endothelial differentiation. 

Expression of ZO-1 was discontinuous and reduced in the anterior chamber of Ehd1 CKO 

(Fig. 8B, D, arrowheads) compared to control embryos (Fig. 8A, C, arrowheads) at E16.5. 

We have also used another corneal endothelial differentiation marker, N-cadherin (Beebe 

and Coats, 2000). Though a proper corneal endothelium had not formed in Ehd1 CKO eyes, 

the disorganized group of mesenchymal cells seen anterior to the lens expressed N-cadherin 

(Fig. 8F, H, arrowheads). The immunofluorescence data support the results of our 

histological analyses that corneal endothelial differentiation is indeed compromised. These 

results suggest that extra-ocular mesenchymal cells that form the corneal endothelial layer 

failed to develop tight junctions with their neighboring cells, which in turn suggested a 

failure of the transition from mesenchymal to epithelial state in Ehd1 CKO lenses.

Discussion

Endocytic traffic is a key biological process in all eukaryotes. Yet little is known about the 

physiological roles of endocytic pathways, in particular the recycling arm of endocytic 

traffic, in regulating tissue morphogenesis in mammals. Endocytic recycling plays an 

essential role in efficient retrieval, polarization and maintenance of membrane receptors 

following endocytic internalization (Doherty and McMahon, 2009). The physiological roles 

of the recently identified EHD family of endocytic regulators are just beginning to be 

elucidated. Here, by deleting the EHD family member Ehd1 in the murine germline and in 

the lens, we demonstrate that EHD1 is a required regulator of lens development in mice. We 

show that a significant proportion of germline Ehd1-null mice display marked ocular 

abnormalities. These phenotypes included anophthalmia, aphakia, microphthalmia and 

congenital cataracts. These defects were evident by weaning age and persisted throughout 

life. To our knowledge, this is the first report implicating endocytic trafficking protein 

EHD1 in ocular development. Interestingly, loss-of-function mutations of TBC1D20, a 

GTPase-activating protein (GAP) for RAB1 and RAB2 has been linked to blind sterile (bs) 

phenotype in mice (Liegel et al., 2013; Park et al., 2014). The bs mice exhibit nuclear 

cataracts and male infertility (Varnum, 1983). Phenotypic characterization of bs lens at 

E17.5 revealed lens abnormalities including reduced lens size and degenerated nuclear fibers 

that were TUNEL (+)(Liegel et al., 2013).The striking difference between Ehd1 mutant mice 

vs bs mice is that the lens epithelium is primarily affected in Ehd1 mutants whereas bs 

mutants exhibit lens degeneration due to defects in fiber cell maturation. Nonetheless, the 

phenotypic similarities observed between the two mutants suggest a functional relationship 

between the two genes. It will be of interest to examine if Tbc1d20 or Rab1/Rab2 function 

together with EHDs in the same pathway or are part of a parallel pathway of endocytic 

recycling regulation. Warburg micro syndrome (WARBM) is an autosomal recessive 

disorder characterized by eye, brain, and endocrine abnormalities with loss-of-function 

mutations in RABGAP1, RABGAP2, Rab18 and TBC1D20. EHD1 was previously linked to 

Bardet-Biedl Syndrome (BBS, an autosomal recessive condition with clinical features 

including retinitis pigmentosa, polydactyly, obesity and mental retardation) loci; however no 

disease-causing mutations were identified (Haider et al., 1999).

EHD1 expression was seen in the lens, retina and ocular surface epithelia including the 

cornea and conjunctiva. The other family proteins, EHD2–4 showed overlapping expression 
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with EHD1 in ocular tissues. EHD proteins are highly similar in structure and exhibit shared 

as well as unique functions (George et al., 2007) and loss of one EHD family member is 

usually compensated by upregulation of another (George et al., 2010; George et al., 2011; 

Mate et al., 2012; Sengupta et al., 2009). Since only about half of Ehd1-null animals showed 

eye phenotypes, we first examined if other EHD family members compensated for loss of 

EHD1. However, our results did not reveal any increases in EHD2, EHD3, or EHD4 

expression even in severely affected Ehd1-null eyes. Consistent with a lack of compensation 

by family members, germline deletion of Ehd3 or Ehd4 did not produce any apparent ocular 

abnormalities (George et al., 2011)(the impact of Ehd2 deletion has not been determined to 

date). In contrast, Ehd1 deletion produces dramatic eye phenotypes that appear very early 

during embryogenesis and persist throughout life. Altogether, these results suggest that 

EHD1 plays a dominant role in ocular development, and EHD2–4 expression is insufficient 

to compensate for the loss of EHD1. It remains possible however that EHD family members, 

or alternate endocytic pathway regulators, do provide redundancy accounting for apparently 

normal ocular development in a subset of Ehd1-null and Ehd1 CKO mice and the strain-

dependence of Ehd1-null phenotype.

A lens intrinsic role for EHD1

As germline deletion of Ehd1 exhibited multiple defects including high pre-natal mortality 

(Rainey et al., 2010), we considered the possibility that ocular abnormalities observed in 

these mutants could be a secondary consequence of loss of Ehd1 in other tissues that help 

regulate eye development. Additionally, even within ocular tissues, development is 

intimately linked to reciprocal signaling between various compartments, such as those 

between the developing lens, ocular mesenchyme and optic vesicle (Cvekl and Ashery-

Padan, 2014; Donner et al., 2006; Lang, 2004). To test this possibility, we deleted Ehd1 in 

cells derived from the ocular surface ectoderm such as lens, corneal and conjuctival 

epithelial cells. As expected, other alterations seen in the germline deletion of Ehd1 such as 

male sterility and embryonic lethality were absent in Ehd1 CKO mice. The Ehd1 CKO mice 

recapitulated the lenticular abnormalities such as microphthalmia and cataracts 

(anophthalmia was distinctly absent) seen in the Ehd1-null mice. These results point to a 

lens-intrinsic role of Ehd1. Histological analysis revealed microphthalmic lenses and thinner 

lens epithelial cells with profound defects in epithelial nuclei. It is interesting to note that 

EHD1, together with its interaction partner Molecule Interacting with CasL like-1 (MICAL-

L1), were recently shown to regulate the process of mitosis. The knockdown of EHD1 and 

MICAL-L1 in HeLa cells resulted in cytokinesis failure and generation of bi-nucleated and 

multi-nucleated cells (Reinecke et al., 2015). It will be of interest to assess the role of EHD1 

together with its interaction partner MICAL-L1 in cell cycle regulation of lens epithelial 

cells. Ocular phenotypes in Ehd1 CKO were evident at birth and became more pronounced 

by the weaning age. Although milder compared to those in Ehd1-null mice, the ocular 

phenotypes in Ehd1 CKO mice were observed at a higher frequency (135 out of 168 eyes 

analyzed in Ehd1 CKO vs. 119 out of 212 eyes analyzed in Ehd1-null). One reason for the 

increased severity of ocular phenotypes in Ehd1-null mice could be the loss of EHD1 in the 

retina and in periocular mesenchymal cells. Another reason could be differences in genetic 

background between Ehd1 CKO (129.B6.FVB) and Ehd1-null (129.B6) mice. Consistent 

with this possibility is the result that knockout mice enriched for 129Sv/Ev and Swiss 
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Webster background were apparently normal (Rapaport et al., 2006) whereas Ehd1-null 

mice on 129.B6 background exhibit marked developmental defects, including reduced pre-

natal viability, small size, male infertility and ocular defects (Rainey et al., 2010). It should 

be noted that the two possibilities i.e. lens-intrinsic role for Ehd1 and influence of genetic 

background are not mutually exclusive.

EHD1 and lens growth

Though smaller lens pits and vesicles were seen in the Ehd1 mutants, the fact that lenses do 

form suggest that Ehd1 is dispensable for initial stages of lens development including lens 

induction, placode formation and initiation of lens invagination. However, invagination, 

though initiated, is not completed in Ehd1 mutants as the lens vesicle fails to separate from 

the overlying ectoderm. Though observed in a number of mutants (Chen et al., 2008; 

Kuracha et al., 2011; Pontoriero et al., 2008) lens vesicle detachment is a poorly understood 

phenomenon. Interestingly, in spite of the persistence of the lens stalks, the lens epithelial 

cells in these mutants retain the ability to initiate fiber differentiation and primary and 

secondary fiber cells form appropriately suggesting that Ehd1 is dispensable for fiber 

differentiation.

Ehd1 CKO also showed a reduction in E-cadherin expression and aberrant ZO-1 distribution 

in the lens epithelial compartment. The defective ZO-1 localization and reduced E-cadherin 

expression indicates altered apico-basal polarity of lens epithelial cells in Ehd1 CKO mice, 

suggesting a role for EHD1 in maintaining lens epithelial cell polarity. These alterations 

could be a consequence of increased lens epithelial apoptosis. However, we cannot rule out 

a direct role for Ehd1 in regulation of E-cadherin and ZO-1. At the lens epithelial- fiber 

interface, endocytic structures have been noted by electron microscopy (EM) in the avian 

lens (Bassnett et al., 1994). While nothing is known about endocytic traffic of ZO-1 or other 

tight junction proteins in the lens, recent studies in other cell line models reveal an important 

role of endocytic recycling of other tight junction proteins claudin-1 and claudin-2 in 

maintaining apico-basal polarity (Dukes et al., 2011; Fletcher et al., 2014; Heller et al., 

2010). Thus, EHD1 may regulate endocytic recycling of tight junction proteins. Future 

studies will explore if EHD1, either directly or through its interacting partners, regulates the 

endocytic recycling of E-cadherin or ZO-1, or their associated proteins, in the lens 

epithelium.

Our results suggest that the main function of Ehd1 in lens development is regulation of lens 

epithelial survival and viability. Ehd1 mutant lens epithelial cells show a significantly higher 

rate of apoptosis. How EHD1 might regulate cell survival and proliferation is not known, 

but a number of key cell surface receptors that regulate cell proliferation and survival in the 

lens epithelium are either known e.g. IGF1-R and β1-integrin (Jovic et al., 2007; Rotem-

Yehudar et al., 2001) or are potential targets of EHD1 including FGF and BMP receptors. 

For instance, fibroblast growth factor (FGF) receptor signaling is required for lens epithelial 

and fiber cell survival (Zhao et al., 2008). Loss of BMPR1a leads to increased apoptosis of 

lens placodal cells (Rajagopal et al., 2009). IGF1R is widely expressed in the germinative 

and transitional zones in the lens, and in the developing retina, iris, ciliary body and cornea 

(Xie et al., 2007). Transgenic mice with overexpressed insulin or IGF-1 show altered lens 
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growth, and fiber cell differentiation defects (Xie et al., 2007). β1-integrin CKO in the lens 

show disorganized lens epithelium and increased epithelial cell death (Simirskii et al., 2007). 

Future studies will assess if EHD1 regulates these receptors or others that control cell 

proliferation, survival and epithelial remodeling during lens development.

EHD1 and corneal development

In addition to lens defects in EHD1 CKO mice, we observed profound alterations in corneal 

endothelial differentiation. Normal corneal endothelial layer exhibits regularly-spaced tight 

junctions and adherens junctions that are recognized by staining for ZO-1 and N, or E-

cadherin, respectively.

In contrast to control embryos, the cells lining the inner surface of corneal stroma in Ehd1 

CKO embryos failed to form proper junctional complexes, which is evident by the absence 

of ZO-1 staining of these cells. N-cadherin expression was seen in multiple cell layers in the 

Ehd1 CKO compared to a single layer in control mice. These alterations reflect the failure of 

the mesenchymal corneal endothelial precursors to convert to an epithelial identity with 

apico-basal polarity. Though we cannot rule out the possibility of a direct role for Ehd1 in 

regulating corneal endothelial differentiation, it is likely that altered corneal endothelial 

differentiation is due to loss of Ehd1 in adjacent ocular tissues such as the lens and /or in the 

corneal epithelial cells. Corneal endothelium phenotype is a non-cell autonomous phenotype 

as Le-Cre deletion does not occur in the mesenchymal and neural crest derived cells. EHD1 

expression in the corneal endothelial precursors was unaltered in the Ehd1 CKO as the Cre 

recombinase is not expressed in these cells. Signals from the lens are known to regulate N-

cadherin expression in avian eyes (Beebe and Coats, 2000). In addition, ablation of lens in 

mice inhibits corneal endothelial formation (Zhang et al., 2007). The lens thus serves as a 

critical signaling center that orchestrates overall development of the corneal endothelium 

and the stroma (Gage and Zacharias, 2009). A more direct impact of EHD1 in corneal 

endothelium will be of considerable interest given the ion and water transport functions of 

this cell layer. The corneal endothelial cells help maintain hydration and in turn, corneal 

transparency by the expression of Na+/K+-ATPase and bicarbonate-dependent Mg2+-

ATPase pumps (Bonanno, 2012; Srinivas, 2010). Notably, EHD proteins associate with 

ankyrin proteins to regulate membrane targeting and stability of membrane ion channels in 

cardiomyocytes, and lack of EHD3 expression impairs the expression and function of Na/Ca 

exchanger (NCX) in these cells (Curran et al., 2014; Gudmundsson et al., 2010).

In conclusion, our studies using germline and conditional knockouts of Ehd1 provide 

evidence for a novel role of the endocytic recycling pathway in regulating key ocular 

developmental decisions during mouse lens development. Further studies using this model 

should help delineate how the basic process of endocytic recycling is intertwined with cell-

cell interaction and signaling pathways to regulate developmental decisions in the 

mammalian eye.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Ehd1-mutants display pleiotropic ocular phenotypes.

• Ocular phenotypes in Ehd1-mutants appear during embryonic development.

• Conditional Ehd1 deletion reveals EHD1 requirement for lens and corneal 

development.

• Ehd1 deletion in the lens promotes increased cell death and decreased 

proliferation.
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Fig. 1. Defective ocular development in Ehd1-null mice
1A: Gross anatomical features of eye structures of Ehd1-null adult mice (b, c, d) and E14.5 

embryos (f, g, h) were compared to control adult mice (a) and embryos (e). Shown are 

examples of microphthalmia (b), cataract (c) and anophthalmia (d) in Ehd1-null mice. At 

embryonic day E14.5, smaller eyes and irregular retinal-pigmented epithelium (RPE) are 

visible in Ehd1-null embryos (f, g, h) compared to littermate wild type control (e). 1B: 
Histological analyses of formalin-fixed, paraffin-embedded sections depicting examples of: 

smaller lens pits in Ehd1-null (b, c) compared to WT (a) at E10.5; and lens stalk persistence 
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(e, e’ h, h’, k, arrowheads), hyaloid vasculature persistence (e, e’, h, h’, k, open arrowheads), 

aphakia (f, f’, i, i’, l, asterisk) in Ehd1-null compared to WT controls (d, d’ g, g’ j, arrows) at 

E12.5, E14.5, E16.5; normal architecture of the lens and the retina with a smaller lens (n, n’) 

and a severely malformed residual eye in Ehd1-null mice (o, o’, asterisk) at P10 vs. a well-

formed lens, cornea and distinct lamination of neural retina in WT eyes (m, m’). 

Abbreviations: c, cornea; le, lens epithelium; lf, lens fiber; lp, lens pit; oc, optic cup; cells; r, 

retina. Scale bars are 50 µm in panels (a, b, c, d’, e’, f’, g’, h’, i’), 100 µm in panels (d, e, f, j, 

k, l, m’, n’, o’) and 200 µm in panels (g, h, i, m, n, o).
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Fig. 2. EHD1 expression during mouse eye development
Formalin-fixed, paraffin-embedded 4 µm thick eye tissue sections, at the indicated 

embryonic time points, were stained with anti-EHD1 (red) and anti-E-cadherin (green) 

antibodies and visualized by confocal fluorescence microscopy. In control embryos, EHD1 

expression is observed in the lens pit and the underlying optic cup at E10.5 (A, C); in the 

surface ectoderm, the epithelial cells and the underlying optic cup (G, I) at E12.5; in the 

overlying ectoderm and the lens epithelial cells (M, O) at E14.5 and in the eyelids, the 

corneal epithelium, corneal stroma and the lens epithelium (U, W) at E16.5. Colocalization 

(yellow) is observed along the cells of the lens pit (C, arrows) and the lens epithelium (I, O, 

W, arrows) in control embryos. EHD1 staining is not observed in Ehd1-null at E10.5 (D, F), 

at E12.5 (J, L), E14.5 (P, R) and E16.5 (X, Z). E-cadherin colocalization with EHD1 is not 

observed in Ehd1-null embryos (F, L, Z, arrowheads). The dotted line demarcates the lens 

pit, the surface ectoderm and the lens epithelium. Abbreviations: ce, corneal epithelium; cen, 

corneal endothelium; con, conjunctival epithelium; le, lens epithelium; lf, lens fiber cells; lv, 

lens vesicle; lp, lens pit; oc, optic cup. Scale bar is 20 µm.

Arya et al. Page 23

Dev Biol. Author manuscript; available in PMC 2016 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 3. Expression of EHD family members is not altered in developing eyes of Ehd1-null mice
Formalin-fixed, paraffin-embedded tissue sections, at the indicated embryonic time points, 

were stained with anti-EHD2, anti-EHD3, anti-EHD4 antibodies and visualized by confocal 

fluorescence microscopy. In control embryos, EHD2 expression is observed in the surface 

ectoderm (A, arrows), blood vessels of the vitreous, the optic cup (A), the retinal pigmented 

epithelium (A, arrows) at E12.5 and in the eyelids (C, arrows), the corneal epithelium (C, 

arrows) at E16.5. EHD2 expression pattern in Ehd1-null embryos (B, D, arrowheads) is 

comparable to that in controls. EHD3 expression is observed in: the overlying surface 
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ectoderm, the lens vesicle, the optic cup of WT (E) and Ehd1-null embryos (F) at E12.5, and 

in the eyelids, the corneal epithelium, the lens epithelium and surrounding mesenchymal 

tissues of WT (G, G’ arrows) and Ehd1-null eyes (H, H’ arrowheads). Similarly, EHD4 

expression is seen in: the surface ectoderm and lens vesicle of WT (I, arrow) and Ehd1-null 

embryos (J, arrowhead) and in the eyelids, corneal epithelium and in the lens epithelium at 

E16.5 in WT (K, K’ arrow) and Ehd1-null (L, L’ arrowheads). Abbreviations: ce, corneal 

epithelium; cen, corneal endothelium; con, conjunctival epithelium; ey, eyelids; le, lens 

epithelium; lp, lens pit; lv, lens vesicle; oc, optic cup; rpe, retinal pigmented epithelium; se, 

surface ectoderm. Scale bar is 50 µm in panels C, D and 20 µm in the remaining panels.
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Fig. 4. Conditional deletion of Ehd1 in the mouse lens
A: Schematic of the floxed Ehd1 allele with a Neo cassette surrounded by FRT 

recombination sites (grey triangles) and loxP recombination sites surrounding exon 1 (red 

triangles) (top), floxed allele after genetic transgenic FLP recombinase-mediated removal of 

the Neo cassette (middle) and the mutant allele lacking exon 1 sequences (called Ehd1 

CKO) expected to be generated upon Le-Cre driven Cre recombinase expression (bottom). 

B, C: Formalin-fixed paraffin-embedded sections of E11.5 embryonic eyes of control (B; 

floxed mice lacking Le-Cre) or Ehd1 CKO mice (C) were subjected to staining with anti-

GFP antibody (green) followed by confocal imaging. Lens-specific expression of GFP in 

Ehd1 CKO mice confirms the specificity of Le-Cre transgene in our stocks. D-I: Control 

sections (D, F, H) or Ehd1 CKO (E, G, I) embryonic eyes at the indicated ages were stained 

with an anti-EHD1 antibody and analyzed by confocal microscopy. Loss of EHD1 staining 

is seen specifically in the developing lens in Ehd1 CKO embryos (E, G, I, arrowheads) while 

staining in retina is intact and comparable to that in control embryos (D, F, H). EHD1 

expression is also retained in the neural crest derived corneal endothelial cells as seen in 

E16.5 Ehd1 CKO (I, open arrowheads) vs. control (H, open arrows) embryos. A dotted line 

demarcates the lens boundary in panels D, E, F, G, H, I. Abbreviations: ce, corneal 

epithelium; cen, corneal endothelium; con, conjunctival epithelium; le, lens epithelium; lv, 
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lens vesicle; oc, optic cup; r, retina. Scale bar is 50 µm in panels B-G and 100 µm in panels 

H, I.
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Fig. 5. Lens development defects in Ehd1 CKO mice
A: H & E sections of embryonic (a–i) or 6-month old (j–l) eyes from control (a, c, e, g, g’, j) 

or Ehd1 CKO mice (b, d, f, h, i, h’, i’, k, l) at E10.5 (a, b), E12.5 (c, d), E14.5 (e, f), E16.5 

(g–i) and 6-months of age (j–l). Smaller lens pit in E10.5 Ehd1 CKO (b, arrowhead) 

compared to control (a, arrow) embryo is indicated. Smaller lenses are seen in Ehd1 CKO 

embryos at E12.5 (d), E14.5 (f) and E16.5 (h, i, h’, i’). At E16.5, Ehd1 CKO embryonic 

lenses show lens epithelial thinning, aberrant epithelial cell shape (open arrowheads), and 

absence of corneal endothelium (downward arrowheads). Open arrows in (panels k, l) 

represent vacuolated lenses in adult Ehd1 CKO mice. The dotted lines on two sides of lens 
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in panels g-i represents the equator region. g’, h’, i’ panels are higher magnification images 

of segments from g, h and i panels, respectively. Abbreviations: ce, corneal epithelium; cs, 

corneal stroma; cen, corneal endothelium; ey, eyelids; le, lens epithelium; lf, lens fiber cells; 

lp, lens pit; oc, optic cup; r, retina. Scale bar is 100 µm. B: Lens epithelial cell numbers in 

control (black bars) and Ehd1 CKO eyes (grey bars) at E12.5, E14.5, E16.5 were quantified 

and performed as described in Methods. Error bars indicate SEM. *p < 0.001 C: BrdU 

positive lens epithelial cell nuclei were counted in control and Ehd1 CKO embryos at E12.5, 

E14.5 and E16.5. *p < 0.01. NS, not significant.
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Fig. 6. EHD1 is required for Cell Survival
A-H: Immunofluorescence staining revealed by TUNEL (terminal deoxynucleotidyl 

transferase-mediated deoxyuridinetriphosphate nick end-labeling) assay in embryonic 

sections from control (A, C, E, G) and Ehd1 CKO (B, D, F, H) at E10.5 (A, B), E12.5 (C, 

D), E14.5 (E, F), and E16.5 (G, H). Nuclei are stained blue with DAPI. Increased apoptotic 

cells (green) are detected in Ehd1 CKO mouse lens epithelium. Dotted white lines demarcate 

the lens region used for the analysis I-J: Quantification data from counting of TUNEL-

positive nuclei in control and EHD1 CKO lenses.*p < 0.01; n= number of embryos 

analyzed. Abbreviations: le, lens epithelium; lf, lens fiber cells; lp, lens pit; oc, optic cup. 

Scale bar is 50 µm.
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Fig. 7. Altered expression of junctional proteins in Ehd1 CKO mice
Formalin fixed paraffin embedded tissue sections from E16.5 are stained for anti-E-cadherin 

(green) (A–D) and ZO-1 (red) (E–H) antibodies and subjected to confocal fluorescence 

microscopy. Nuclei are stained blue with DAPI. A-D: Normal pattern of expression is 

evident in control lens (A, C, arrows) whereas in the lens epithelial cells of Ehd1 CKO, E-

cadherin expression appears disrupted with increased gaps (B, D, arrowheads). E-H: ZO-1 

expression is irregular and disrupted at the apical lens epithelial junctions in Ehd1 CKO 

mice (F, H, arrowheads) in contrast to the littermate controls (E, G, arrows). At the captured 

magnification the whole lens structure was not visible within a single frame. Therefore, we 

included the right side (A, B, E, F) and the left side (C, D, G, H) images to provide a 

complete representation. Abbreviations: eq, lens equator; le, lens epithelium. Scale bar is 50 

µm.
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Fig. 8. Corneal endothelium differentiation defects in Ehd1 CKO mice
A-D: ZO-1 expression is almost completely lost from the anterior segment and corneal 

endothelium (B, D arrowheads) of Ehd1 CKO eyes, in contrast to the control (A, C 

arrowheads). E-H: In the control eyes, N-cadherin expression is localized to the corneal 

endothelial layer in the anterior chamber (E, G arrowheads). In the Ehd1 CKO eyes, N-

cadherin expression was seen in a cluster of cells that accumulate anterior to the lens (F, H 
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arrowheads). Abbreviations: ce, corneal epithelium; cs, corneal stroma; cen, corneal 

endothelium; le, lens epithelium. Scale bar is 50 µm.
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Table 2

Summary of prevalence of ocular phenotypes in Ehd1 CKO mice. New-born pups were examined at weaning 

age to determine the range of ocular defects and tabulated under microphthalmia (small eye) and cataracts 

(cloudiness of eye). Individual eyes were accounted for tabulation.

Microphthalmia Cataracts Microphthalmia
+ Cataracts

Normal

No. of eyes
analyzed
(%)

70 (41.7) 39 (23.2) 26 (15.5) 33 (19.6)
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Table 3

Summary of prevalence of ocular phenotypes in Ehd1flox/+. Le-Cre mice. New-born pups were examined at 

weaning age to determine the range of ocular defects and tabulated under microphthalmia (small eye) and 

cataracts (cloudiness of eye). Individual eyes were accounted for tabulation.

Microphthalmia Cataracts Microphthalmia
+ Cataracts

Normal

No. of eyes
analyzed
(%)

70 (41.7) 39 (23.2) 26 (15.5) 33 (19.6)
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