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Abstract

Integrins are heterodimeric cell surface molecules that mediate cell-extracellular matrix (ECM) 

adhesion, ECM assembly, and regulation of both ECM and growth factor induced signaling. 

However, the developmental context of these diverse functions is not clear. Loss of β1-integrin 

from the lens vesicle (mouse E10.5) results in abnormal exit of anterior lens epithelial cells 

(LECs) from the cell cycle and their aberrant elongation toward the presumptive cornea by E12.5. 

These cells lose expression of LEC markers and initiate expression of the Maf (also known as c-

Maf) and Prox1 transcription factors as well as other lens fiber cell markers, β1-integrin null LECs 

also upregulate the ERK, AKT and Smad1/5/8 phosphorylation indicative of BMP and FGF 

signaling. By E14.5, β1-integrin null lenses have undergone a complete conversion of all lens 

epithelial cells into fiber cells. These data suggest that shortly after lens vesicle closure, β1-

integrin blocks inappropriate differentiation of the lens epithelium into fibers, potentially by 

inhibiting BMP and/or FGF receptor activation. Thus, β1-integrin has an important role in fine-

tuning the response of the early lens to the gradient of growth factors that regulate lens fiber cell 

differentiation.
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Introduction

The cell fate decisions critical for tissue development are often controlled by transcription 

factors that regulate tissue specific gene expression. While the expression and function of 

these transcription factors are in turn regulated by cell surface receptors that detect a 

complex set of extracellular cues, the mechanisms by which a complex cellular environment 

is interpreted by a cell, resulting in a particular cell fate, is less understood (Zhou and 

Huang, 2011). Integrins are heterodimeric cell adhesion molecules critically important for 

development, a function usually attributed to their ability to detect changes in ECM 

composition (van der Flier and Sonnenberg, 2001). However, integrins can differentially 

influence cell migration (Jacques et al., 1998; Zou et al., 2012), survival (Samuelsson et al., 

2007; Simirskii et al., 2007) and cell fate specification (Tate et al., 2004; Velleman and 

McFarland, 2004) in different cellular contexts, even when the ECM environment is 

unchanged. While this was initially attributed to the ability of integrins to change their 

affinity for matrix via inside out signaling, in recent years, the known role of integrins has 

expanded to include the regulation of growth factor receptor signaling (Ivaska and Heino, 

2011). Despite these insights, the significance of integrin modulation of growth factor 

receptor pathways during normal development is less clear.

The ocular lens is an ideal model to study the molecular mechanisms by which integrins 

influence development. The lens is derived from the surface ectoderm and has a relatively 

simple morphology consisting of only two major cell types- the cuboidal lens epithelium and 

highly elongated lens fibers. In addition, epithelial to fiber cell differentiation in the lens is 

geographically restricted; in early development starting in the posterior compartment of the 

lens vesicle to form primary fibers, and in later stages, at the equatorial zone, where 

epithelial cells exit the cell cycle to form secondary fibers. Several growth and transcription 

factors that regulate the epithelial to fiber cell fate decision have been identified (Cvekl et 

al., 2015; de Iongh and Duncan, 2014) although their cross talk is an active field of 

investigation (Audette et al., 2016; Xie et al., 2016).

The lens expresses numerous integrins, the vast majority of which share the common β1-

integrin subunit (Menko and Philip, 1995; Walker and Menko, 2009). Prior studies suggest 

that the functions of β1-integrins in the lens are complex, with distinct roles in lens cell/lens 

capsule adhesion, lens cell survival (Samuelsson et al., 2007; Simirskii et al., 2007), lens 

fiber cell differentiation and fiber morphology (Hayes et al., 2012; Scheiblin et al., 2014), as 

well as maintenance of the lens epithelial cell phenotype (Simirskii et al., 2007) and its 

pathological transition to a myofibroblast fate (Barbour et al., 2004; Hay and Zuk, 1995). 

However, the function of β1-integrins during the early stages of lens development, when the 

invaginating lens placode forms a lens vesicle, has not been previously reported. Here, we 

delete β1-integrin from the lens vesicle and identified an unexpected function for integrins in 

preventing early anterior lens epithelial cells from prematurely initiating the lens fiber cell 

differentiation pathway – likely by antagonizing BMP and/or FGF signaling.
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Materials and methods

Animals

All experiments conform to the ARVO Statement for the Use of Animals in Ophthalmic and 

Vision Research and were approved by the University of Delaware Institutional Animal Care 

and Use Committee under protocol 1039. B2:129-Itgb1tm1Efu/J mice in which exon 3 of 

the β1-integrin gene is flanked by LoxP sites (β1 F/F) were obtained from The Jackson 

Laboratory (Bar Harbor, Maine) (Raghavan et al., 2000). FVB/N mice hemizygous for the 

Le-Cre transgene (LE mice) were obtained from Dr. Richard Lang’s laboratory at Cincinnati 

Children’s Hospital with permission from Ruth Ashery-Padan, Tel Aviv University (Ashery-

Padan et al., 2000). β1 F/F mice were bred with Le-Cre mice to obtain mice β1 F/F and 

hemizygous for Le-Cre (β1LE) or β1 F/F and carrying no Cre (Control) (Figure 1A). Mice 

carrying β1 F/F and homozygous for MLR10-Cre (β1MLR10) have been previously 

generated in the lab (Simirskii et al., 2007). Embryos were staged designating the day that 

the vaginal plug was observed as embryonic day (E) 0.5. All mice were maintained at the 

University of Delaware animal facility in specific pathogen free conditions under a 14/10 

hour light/dark cycle.

DNA was isolated from tail biopsies or embryos using the PureGene Tissue and Mouse Tail 

kit (Qiagen Sciences, Germantown, Maryland). Mice were genotyped for the presence of the 

floxed β1-integrin allele by using primers F 5′-CGGCTCAAAGCAGAGTGTCAGTC-3′ 
and R 5′-CCACAACTTTCCCAGTTAGCTCTC-3′ (Figure 1A). Mice were genotyped for 

the presence of the Le-Cre transgene by using primers 5’-

ATGCCCAAGAAGAAGAGCGT-3’ and 5’-GAAATCAGTGCGTTCGAACGCTAGA-3’.

Histological analysis and immunohistochemistry

Tissue was fixed in Pen-Fix (Richard Allan Scientific, Kalamazoo, Michigan) for four hours, 

and stored in 70% ethanol prior to paraffin embedding. Six-micrometer thick sections were 

stained by hematoxylin and eosin using standard methods. The crystallin expression in the 

lens was determined by incubating deparafinized sections with rabbit anti-bovine β-

crystallin and rabbit anti-bovine γ-crystallin (gifts of Dr. Samuel Zigler, The Wilmer Eye 

Institute, The Johns Hopkins School of Medicine) followed by detection with an anti-rabbit 

Dako Envision horseradish peroxidase kit (Dako Laboratories, Carpinteria, CA) using 

diaminobenzidine as a substrate. pERK and pAKT levels in the lens was detected using the 

Catalyzed Signal Amplification (CSA) System. (Dako Laboratories, Carpinteria, CA, 

K150011-2) with Biotinylated Link Antibody (Tris diluent); CSA II Rabbit Link 

(K150180-2). Briefly, antigen retrieval was performed by double boiling deparafinized 

sections in 10mM sodium citrate, pH 6 in a slide chamber placed within a rice cooker for 30 

minutes. Sections were then cooled to room temperature, briefly rinsed in 1X TBST (Tris 

buffered saline with Triton X 100), followed by blocking endogenous peroxidase activity. 

Sections were washed with 1X TBST, blocked, and incubated for two hours at room 

temperature in a 1:50 dilution of primary antibody (see Table 1). Signal was detected by 

treating sections with anti-rabbit immunoglobulin-HRP amplification reagent and anti 

fluorescein-HRP followed by incubation with 3,3′-Diaminobenzidine (DAB) substrate. All 
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experiments were performed on a minimum of three biological replicates (ie samples 

derived from three independent animals) .

Immunofluorescence

Tissue was excised, sixteen micrometer thick frozen sections prepared, and mounted on 

ColorFrost plus slides (Fisher Scientific, Hampton, New Hampshire). Slides were immersion 

fixed in 1:1 acetone–methanol at −20°C for 20 minutes or 4% paraformaldehyde at room 

temperature for 20 minutes depending on the antibody (Table 1). Sections fixed with 

acetone-methanol were air-dried, while paraformaldehyde fixed sections were washed twice 

in 1X PBS for ten minutes each, then blocked for one hour at room temperature. This was 

followed by incubation with primary antibody diluted in appropriate blocking buffer (see 

Table 1). Following washes either in 1X PBS (phosphate buffered saline) or 1X TBS (Tris 

buffered saline), primary antibodies were detected with the appropriate AlexaFluor 568 or 

488 labeled secondary antibody (Invitrogen, Grand Island, NY) diluted 1:200 in blocking 

buffer containing a 1:2000 dilution of the nucleic acid stain Draq-5 (Biostatus Limited, 

Leicestershire, United Kingdom). Sections were washed again in 1X PBS or 1X TBS and 

then mounted (Reed et al., 2001). All experiments were performed on a minimum of three 

biological replicates.

TUNEL labeling

Tissue was excised, fixed for two hours at room temperature in 4% paraformaldehyde, and 

transferred to 70% ethanol prior to paraffin embedding. Six micron thick sections were 

prepared, and nuclear DNA fragmentation was detected by TUNEL staining using the In 

Situ Cell Death Detection Kit, Fluorescein (Roche Diagnostics, Indianapolis, IN, catalog # 

11684795910) following the manufacturer’s directions. Slides were counterstained with 

1:2000 Draq-5 in 1X PBS to visualize cell nuclei. Following two, five minutes 1X PBS 

washes, slides were mounted in mounting media.

Proliferation assays

The number of lens epithelial cells that are in S phase was determined using 5-ethynyl-2’-

deoxyuridine (EdU) Click-it proliferation assays (Invitrogen, Grand Island, NY, USA). 

Pregnant mice were injected intraperitoneally with 8 µg/mouse of EdU dissolved in 100 µl of 

normal saline. Two hours later, the dam was sacrificed and embryos were removed. Fetal 

heads were embedded in OCT; and 16 µm frozen sections were mounted on charged glass 

slides. Slides were stored at −80°C or immediately fixed by 1:1 ice-cold acetone-methanol at 

−20°C. Sections were allowed to air dry, and the EdU Click-it reaction was carried out 

following the manufacturer’s instructions. Sections were counterstained and mounted as 

described above. All experiments were performed on a minimum of three biological 

replicates.

Confocal image collection and analysis

Slides were stored at −20°C until they were visualized with a Zeiss LSM 780 confocal 

microscope configured with 405 nm, 458 nm, 488 nm, 514 nm, 561 nm and 633 nm 

excitation lines (Carl Zeiss Inc, Göttingen, Germany). All comparisons of staining intensity 

Pathania et al. Page 4

Differentiation. Author manuscript; available in PMC 2017 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



between specimens were done on sections stained simultaneously and the imaging for each 

antibody was performed using identical laser power and software settings on a minimum of 

three biological replicates to ensure validity of intensity comparisons. In some cases, 

brightness and/or contrast of images were adjusted in Adobe Photoshop for optimum 

viewing on diverse computer screens. However, in all cases, adjustments were applied 

equally to both experimental and control images to retain the validity of comparison.

Results

Prior work on integrin function in the lens demonstrated that β1-integrins are required for 

both lens epithelial cell (LEC) phenotype/survival (Simirskii et al., 2007) as well as lens 

fiber cell structure at later stages of lens development (Scheiblin et al., 2014). However, the 

previous studies did not address the role of β1-integrins during early lens development. 

Therefore we employed the mouse transgenic line, Le-Cre (Ashery-Padan et al., 2000; 

Yoshimoto et al., 2005), which first expresses Cre recombinase in the lens placode, to 

achieve deletion of β1-integrin during lens morphogenesis (β1LE).

Loss of β1-integrin from the lens vesicle reveals temporal complexity in β1-integrin 
function during lens development

β1LE mice are severely microphthalmic/anophthalmic as adults while neither mice 

homozygous for the β1-integrin floxed allele (control) (Figure 1B) nor heterozygous for 

both the floxed β1-integrin allele and LE-Cre (data not shown) had apparent lens 

abnormalities, even into adulthood. At E11.5, both controls (Figure 1C) and β1LE (Figure 

1D) mice show normal lens vesicle morphology. At E12.5, control lenses show a normal 

lens epithelium anteriorly and newly differentiated lens fibers posteriorly (Figure 1E). In 

contrast, E12.5 β1LE lenses lack a morphologically distinct lens epithelium. Instead these 

cells appear to have transitioned to elongated eosinophilic cells extending beyond the normal 

anterior anatomical boundary of the lens and encroaching upon the developing cornea 

(Figure IF, arrowhead). By E14.5, while control lenses show a hematoxylin stained anterior 

epithelium, a well-established transition zone, and eosinophilic fiber cells posteriorly (Figure 

1G), a hematoxylin stained anterior epithelium is completely absent in β1LE lenses and is 

replaced by eosinophilic elongated cells extending into the developing corneal stroma which 

obliterates the anterior chamber (Figure 1H).

While Le-Cre activity is first detected in the lens placode (Ashery-Padan et al., 2000), β1 

integrin protein is known to have a long half-life in the lens and other tissues (Li et al., 2005; 

Raghavan et al., 2000; Scheiblin et al., 2014; Simirskii et al., 2007). Thus, the timing of β1-

integrin protein loss in β1LE mice was determined by immunofluorescence (Figure 2A–F). 

At E9.5, β1-integrin protein (red) is detectable throughout the lens placode in controls 

(Figure 2A) while β1-integrin protein levels were lower, but still detectable in the lens 

placode of β1LE mice (Figure 2B). At E10.5, β1-integrin protein is detectable in all cells of 

the developing lens vesicle in controls (Figure 2C) while β1-integrin protein was not 

detected in the lens vesicle of β1LE mice at this age (Figure 2D). Consistent with this, E16.5 

control lenses express β1-integrin protein in all lens cells (Figure 2E), while β1LE lenses 

lack detectable β1 integrin protein (Figure 2F).

Pathania et al. Page 5

Differentiation. Author manuscript; available in PMC 2017 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



β1-integrin loss from the E10.5 lens vesicle resulted in LEC elongation initiating between 

E12.5-E13.5 (see Figure 1) while loss of β1-integrin from all lens cells at E11.5-E12.5 

(β1MLR10) did not (Simirskii et al., 2007). Thus, we investigated whether the underlying 

molecular phenotype was distinct as well by investigating alpha smooth muscle actin 

(αSMA) expression in β1LE lenses. Consistent with their histological appearance, 

immunolocalization studies of β1LE lenses between E11.5–16.5 showed no up-regulation of 

αSMA (see Figure 2F, H for E16.5 data, other ages are not shown) as compared to the 

controls (see Figure 2E, G for E16.5 data, other ages are not shown), suggesting a temporal 

complexity in the function of β1-integrins during lens development.

β1LE lenses lose their anterior lens capsule

The presence of lens cells outside of the normal anterior anatomical boundary of the lens 

suggested that the lens capsule, which completely surrounds the lens and sequesters it from 

other ocular tissues (Danysh and Duncan, 2009), might be disrupted in β1LE mice. Confocal 

immunofluorescence using antibodies against the known lens capsule components- laminin 

(Figure 3A, B), collagen IV (data not shown), and perlecan (data not shown), show the 

expected intact lens capsule in E12.5 control lenses (Figure 3A), while defects in the anterior 

lens capsule are seen in E12.5 β1LE lenses (Figure 3B, arrowheads). At higher 

magnification, all of the laminin associated with the E12.5 lens is confined to the lens 

capsule in controls (Figure 3C), while E12.5 β1LE lenses (Figure 3D) exhibit intracellular 

laminin immuno-reactivity (arrowheads) suggestive of intracellular retention of newly 

synthesized laminin. Similar results were also obtained for collagen IV (not shown).

Cell adhesion to extracellular matrices via β1-integrins has long been proposed to protect 

cells from apoptosis/anoikis by signaling to cell survival pathways (Raghavan et al., 2000). 

Therefore, the loss of lens capsule in β1LE lenses suggested that anoikis might be 

responsible for the loss of lens epithelium observed in these lenses. At E11.5, only sporadic 

TUNEL positive cells were observed in both control and β1LE lens vesicles (not shown), 

consistent with the role of apoptosis in the separation of lens vesicle from the head ectoderm 

(Vecino and Acera, 2015). Later, few to no TUNEL positive cells were observed in E12.5 

(Figure 3E) or E13.5 control lenses (Figure 3G) while only sporadic TUNEL signals were 

detected in β1LE lenses at E12.5 (Figure 3F, arrowheads)). TUNEL positive cells were 

generally not detected at E13.5 (Figure 3H). These data suggest that the absence of an 

anterior lens epithelium in β1LE lenses after E13.5 is unlikely to be primarily attributable to 

LEC apoptosis.

β1LE lens epithelial cells show reduced proliferation

We then investigated if proliferation defects contribute to the loss of anterior epithelium in 

β1LE lenses. At E12.5, the anterior LECs of control lenses are actively synthesizing DNA 

(Figure 4A – arrowheads) as measured by EdU incorporation, while only a few EdU positive 

cells are seen in the anterior epithelium of E12.5 β1LE lenses (Figure 4B – arrowhead). At 

E13.5, control lenses (Figure 4C) continue to exhibit proliferating cells that are actively 

synthesizing DNA in the anterior epithelium, whereas we detected no cells actively 

synthesizing DNA in E13.5 β1LE lenses (Figure 4D). In the normal lens, LECs up-regulate 

the cyclin-dependent kinase inhibitors p27Kip1 (Figure 4E) and p57Kip2 (Figure 4G) 
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(Antosova et al., 2013; Jia et al., 2007; Rowan et al., 2008; Saravanamuthu et al., 2009; 

Saravanamuthu et al., 2012), during cell cycle exit and initiation of fiber cell differentiation 

in the posterior region of the lens vesicle in early development. In contrast, abnormal up-

regulation of both p27Kip1 (Figure 4 F – arrowheads) and p57Kip2 (Figure 4 H – arrowheads) 

was seen in the LECs of E12.5 β1LE mice although the levels of both proteins may be lower 

in β1LE fibers compared to control.

β1LE lenses lose E-cadherin expression and show fiber specific marker expression in the 
entire tissue

The loss of proliferation and up regulation of cell cycle exit markers in the anterior LECs of 

the β1LE mice, along with expanded domain of eosinophilic staining (diagnostic of cells 

expressing high concentrations of protein), suggested that the lens epithelium was 

differentiating inappropriately into lens fibers. To characterize this finding further, the 

expression pattern of the epithelium specific marker E-cadherin was analyzed. In E13.5 

control lenses (Figure 5A, C), E-cadherin staining is observed throughout the anterior LECs, 

while it disappears coincident with fiber differentiation, as visualized by γ-crystallin 

immunoreactivity at the transition zone (Figure 5A). In contrast, we observed a reduced 

number of cells expressing E-cadherin starting at E12.5 in β1LE lenses (not shown) and by 

E13.5, much of the anterior lens has lost E-cadherin, and instead is immunoreactive for γ-

crystallin (Figure 5B, arrowhead). This was much more evident at E14.5, where control 

lenses express E-cadherin in the lens epithelium and γ-crystallin in fibers as expected, while 

β1LE mice lose E-cadherin positive cells from the lens, while γ-crystallin immunoreactivity 

is detected at the boundary between the lens and cornea (arrowheads; Figure 5D).

In order to support this evidence, we investigated whether other established fiber cells 

markers, β-crystallin (Lampi et al., 2014), Aquaporin 0 (Chepelinsky, 2003), and Jagged1 

(Saravanamuthu et al., 2009; Saravanamuthu et al., 2012) were expressed inappropriately in 

β1LE lenses. Similar to γ-crystallin (Figure 5A–D), β-crystallin staining was confined to the 

lens fiber cells in controls at E12.5 and E13.5, while the anterior cells of β1LE lenses show 

β-crystallin (data not shown) staining, mirroring the domain of eosinophilic staining seen in 

Figure 1H. Aquaporin 0 staining is confined only to the lens fiber cells both at E14.5 (data 

not shown) and E16.5 (Figure 5E) in controls (Figure 5E), while in the β1LE lenses, the 

anterior-most lens cells express Aquaporin 0 (E14.5 not shown; E16.5, Figure 5F). Similarly, 

Jagged1, a membrane protein important for Notch signaling in lens, is confined to the fiber 

cells at E12.5 in control lenses (Figure 5G), whereas this expression domain shifts anteriorly 

in β1LE lenses (Figure 5H - arrowheads). By E13.5, Jagged1 expression is restricted to the 

newly formed fiber cells in the transition zone of control lenses (Figure 5I), while E13.5 

β1LE lenses exhibit Jagged1 expression in all lens cells (Figure 5J - arrowheads).

β1LE LECs down regulate the expression of transcription factors important for LEC 
phenotype

In order to confirm that β1LE LECs were losing their lens epithelial identity, we examined 

the expression of the transcription factors Foxe3 (Blixt et al., 2000), Pax6 (Ashery-Padan et 

al., 2000; Duncan et al., 2004), and Hes1 (Lee et al., 2005) that regulate lens epithelial cell 

identity. Consistent with their function in LECs, Foxe3 (Figure 6A), Pax6 (Figure 6C) and 
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Hes1 (Figure 6E) staining were largely restricted to anterior LECs of E13.5 control lenses, 

while only a few cells in the anterior region of E13.5 β1LE lenses expressed these proteins 

(Figure 6B–Foxe3, arrowheads; Figure 6D- Pax6, arrowheads; Figure 6F Hes1, arrowheads).

β1LE LECs upregulate the expression of transcription factors important for lens fiber cell 
differentiation

In the normal lens, as LEC-expressed negative regulators of fiber differentiation down-

regulate at the transition zone, positive regulators of lens fiber differentiation such as Prox1 

(Audette et al., 2016; Wigle et al., 1999b) and Maf (Kawauchi et al., 1999) up regulate. 

Expectedly, E13.5 control lenses exhibit strong Maf (Figure 6G) and Prox1 (Figure 6I) 

immunoreactivity in the lens fiber cells. In contrast, both Maf (Figure 6H – arrowheads) and 

Prox1 (Figure 6J – arrowheads) signals are robust in the cell nuclei found at the anterior 

aspect of E13.5 β1LE lenses, consistent with the proposition that these cells are undergoing 

inappropriate fiber cell differentiation.

β1LE lenses up-regulate downstream effectors of pathways influencing lens fiber 
differentiation

Activation of FGF induced MAPK/ERK1/2 and PI3K–AKT signaling is required for 

differentiation of lens epithelial cells to lens fibers (Robinson, 2006; Wang et al., 2009; 

Weber and Menko, 2006), while lower levels of pERK activity are essential for LEC 

proliferation (Chandrasekher and Sailaja, 2003; Iyengar et al., 2006). Thus, we tested 

whether β1-integrin deletion in the early lens influences the distribution and level of ERK1/2 

and AKT phosphorylation at E12.5 (Figure 7), using immunohistochemistry. In the normal 

E12.5 lens, pERK1/2 is detectable by immunohistochemistry only in cells undergoing fiber 

differentiation at the transition zone (Figure 7A – arrowheads) (Madakashira et al., 2012), 

whereas high levels of pERK1/2 was detected in a large number of E12.5 β1LE anterior 

LECs (Figure 7B – arrowheads). During normal lens development, pAKT is detectable by 

immunohistochemistry (Figure 7C) in E12.5 anterior LECs as well as in newly 

differentiating cells at the transition zone, whereas no staining is detectable in the 

differentiated lens fibers (Li et al., 2014). In contrast, all lens cells of E12.5 β1LE lenses 

(Figure 7D – arrowheads) strongly stain for pAKT, including the cells of the posterior lens 

exhibiting the morphological characteristics of lens fibers. We next tested whether these 

elevations in pERK and pAKT could be mediated by FGF receptor (FGFR) signaling by 

staining lenses for pFRS2α, a downstream effector of FGF signaling (Li et al., 2014; 

Madakashira et al., 2012; Teo et al., 2014). At E13.5, control lenses exhibited pFRS2α 
staining throughout the lens epithelium into the transition zone (Figure 7E), while β1LE 

lenses exhibited intense pFRS2α staining in the cells of the anterior lens at this stage (Figure 

7F, arrowheads).

While FGF receptor (FGFR) signaling is essential for lens fiber cell differentiation, it is not 

sufficient (Lovicu et al., 2011). For instance, while bone morphogenetic protein (BMP) 

signaling is essential for lens induction, it is also required for both primary and secondary 

fiber differentiation (Belecky-Adams et al., 2002; Boswell et al., 2008a; Boswell et al., 

2008b; Pandit et al., 2011). Further BMP and FGF crosstalk is essential for regulating 

proliferation and differentiation in the developing lens (Boswell et al., 2008a; Boswell and 
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Musil, 2015a; Jarrin et al., 2012). Thus, the changes in FGF signaling upon β1 integrin 

deletion prompted us to investigate if BMP signaling was also affected. In control lenses, the 

BMP mediator pSmad1/5/8 (Beebe et al., 2004), is detected in the nuclei of lens fibers at 

E12.5 while it is absent from the lens epithelium (Figure 7G – arrowhead). In contrast, 

robust pSmad1/5/8 staining extends into the anterior LECs in E12.5 β1LE lenses (Figure 7H 

– arrowheads).

Discussion

β1-integrins play diverse functions in the lens including mediation of LEC-capsule 

interactions, fiber cell structure, and lens development (Bassnett et al., 1999; Scheiblin et al., 

2013 ; Simirskii et al., 2007; Walker and Menko, 2009). Further, β1-integrin expression up-

regulates during epithelial-mesenchymal transition (EMT) of lens cells to myofibroblasts 

following lens injury (de Iongh et al., 2005; Mamuya et al., 2014; Zuk and Hay, 1994), and 

blockade of β1-integrin function can prevent myofibroblast migration (Zuk and Hay, 1994). 

Despite this, the in vivo function of the β1-integrins expressed by LECs, particularly their 

role in early lens development, was not clear.

Previously, we characterized mice lacking β1-integrins from the lens beginning at E11.5 

(β1MLR10) (Simirskii et al., 2007). In these mice, early lens growth proceeds normally up 

to E15.5, however, later in development, the lens epithelial cells (LECs) become spindle 

shaped, and begin expressing the mesenchymal marker, αSMA, as well as some lens fiber 

cell markers showing that β1MLR10 LECs lose their epithelial identity. By birth, β1MLR10 

LECs undergo apoptosis, leading to microphthalmia in adulthood (Simirskii et al., 2007). In 

contrast, in the present study, lenses that lose β1-integrin at E10.5 (β1LE), just one-two days 

earlier than β1MLR10 mice, show a distinctly different phenotype with the exit of LECs 

from the cell cycle, and their elongation into highly eosinophilic cells which do not express 

αSMA. Deletion of β1-integrin from lens fibers alone (β1MLR39) results in destabilization 

of the F-actin cytoskeleton of lens fibers which results in a progressive destabilization of 

lens fiber structure during postnatal life (Scheiblin et al., 2014). These data indicate that β1-

integrins have multiple distinct functions in the lens which change as development proceeds.

β1-integrins are necessary for lens capsule assembly

Although β1MLR10 lenses lose most if not all LECs by birth, their lens capsule is still 

largely intact (Simirskii et al., 2007). In contrast, β1LE lenses exhibit discontinuities in the 

anterior lens capsule by E13.5, along with the presence of laminin and collagen IV 

immunopositive intracellular aggregates. Laminin is the first ECM component laid down 

during development, and β1-integrin dependent assembly of the laminin heterotrimer is 

required for its secretion to form the primary basement membrane (Aumailley et al., 2000; 

Lohikangas et al., 2001). Collagen IV is also ubiquitous in BMs including the lens capsule 

(Danysh and Duncan, 2009; Kelley et al., 2002), integrating with the initial laminin scaffold 

to provide stability and strength to the basement membrane (Halfter et al., 2015). Notably, 

laminin a1 mutant zebrafish which do not efficiently form laminin 111, also do not form an 

organized collagen IV network in the lens capsule; instead, collagen IV was detected in 

aggregates throughout the lens (Pathania et al., 2014). This suggests that the lens, like the 
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early embryo (Aumailley et al., 2000; Lohikangas et al., 2001), requires β1-integrins for the 

secretion and assembly of the lens capsule basement membrane. However, once the early 

lens capsule is formed, β1-integrins are less crucial for this process, as deletion of β1-

integrins later in lens development does not result in obvious lens capsule defects (Simirskii 

et al., 2007). This could reflect a requirement for integrins in the assembly of the early lens 

capsule during its rapid thickening during lens morphogenesis (Danysh and Duncan, 2009), 

while integrins are less necessary once the capsule is established.

β1-integrin regulates cell fate decisions early in lens development

The transition of LECs into elongated eosinophilic cells is consistent with the hypothesis 

that these cells are inappropriately differentiating into post-mitotic lens fibers. This was 

supported by the observation that the expression of the LEC marker, E-cadherin, is 

downregulated in these cells while the expression of numerous lens fiber cell markers 

initiates in the aberrantly elongating anterior LECs of β1LE lenses. Further, these elongating 

LECs are leaving the cell cycle, as measured by a decrease in the number of S phase cells, 

coupled with an up-regulation of the cyclin dependent kinase inhibitors, p27kip1 and 

p57kip2. This result is similar to that observed in skin keratinocytes (Raghavan et al., 2000), 

hair follicles (Brakebusch et al., 2000) or luminal mammary epithelial cells (Li et al., 2005; 

Naylor et al., 2005), as none of these cell types undergo apoptosis upon deletion of the β1-

integrin gene even following cell detachment from the underlying basement membrane. In 

all of these cases, these epithelial cells instead exhibit reduced proliferation, similar to β1LE 

lenses.

These observations are also consistent with the assertion that anterior LECs undergo 

inappropriate fiber differentiation upon loss of β1 integrin from the lens vesicle as p27kip1 

and p57kip2 are critical regulators of the cell cycle exit of LECs and their differentiation into 

lens fibers (Zhang et al., 1998). The modest reduction of p27kip and p57kip staining in lens 

fibers compared to control at E12.5 may suggest that fiber cell differentiation in the posterior 

lens vesicle is also accelerated as the expression of both proteins usually downregulates later 

in lens fiber cell differentiation (Zhang et al., 1998). Alternatively, the downregulation of 

p27kip1 and p57kip2 levels could be secondary to the upregulation of AKT observed in 

β1LE lens fibers (Figure 7D), as activation of the AKT pathway in cancer cells is known to 

result in both p27kip1 (Alkarain and Slingerland, 2004) and p57kip2 (Zhao et al., 2013) 

relocalization from the nucleus to the cytoplasm, and their subsequent degradation.

The transcription factors Maf and Prox1 are first expressed in the lens vesicle but upregulate 

in differentiating fiber cells (Duncan et al., 2002; Duncan et al., 2004). This upregulated 

expression is critical since both Maf and Prox1 null mutants fail to form primary fiber cells 

(Audette et al., 2016; Kawauchi et al., 1999; Kim et al., 1999; Wigle et al., 1999a). In 

contrast, Pax6 and Foxe3 are predominately expressed in LECs and their over expression in 

the posterior lens vesicle disrupts fiber differentiation (Duncan et al., 2004; Landgren et al., 

2008). Thus, the up-regulation of Prox1 and Maf coupled with down regulation of Pax6 and 

Foxe3 in β1LE LECs indicated that β1-integrins plays a crucial role in lens cell fate 

determination by impinging upon lens fiber cell differentiation pathways. Notably, 

overexpression of Pax6 protein in lens fibers leads to cellular abnormalities and cataracts 
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associated with elevated expression of β1-integrin (Chauhan et al., 2002; Duncan et al., 

2000), while the present data show that Pax6 expression in lost from the β1LE lens, 

suggesting that Pax6 and β1-integrin participate in a feed forward loop playing an important 

role in maintaining the lens epithelium.

Currently, we believe that the structural abnormalities observed in the β1LE lens fiber cells 

are an indirect effect of the loss of the lens epithelium. It has been shown that signaling 

initiated by the lens epithelium is a major regulator of lens fiber architecture during normal 

lens development (McAvoy et al., 2016; Sugiyama et al., 2011), while loss of β1-integrin 

from lens fibers (at least in adulthood) did not result in obvious lens epithelial defects 

(Scheiblin et al., 2014).

β1-integrins may negatively regulate growth factor signaling required for early stage lens 
fiber cell differentiation

Growth factor induced cell signaling is critical for lens determination, LEC proliferation and 

the differentiation of LECs into lens fiber cells (Gunhaga, 2011; Lovicu et al., 2011). Low 

levels of FGF induced ERK phosphorylation induces LEC proliferation (Iyengar et al., 

2009) while increased FGF induced ERK phosphorylation drives fiber cell differentiation 

(Lovicu and McAvoy, 2001), at least in part via upregulation of Maf and Prox1 expression 

(Audette et al., 2016; Xie et al., 2016; Zhao et al., 2008). In the eye, the selective 

differentiation of lens fiber cells at the lens equator has been attributed to a gradient of FGF 

that is produced in the posterior compartment of the eye (Wu et al., 2014). However, the 

entire anterior lens epithelium of the early lens exhibits FGF signaling as measured by 

phosphorylation of the FGF receptor effector, FRS2α, (Madakashira et al., 2012; Teo et al., 

2014) (see Figure 7). Overall, the mechanisms that fine-tune the differential response of the 

anterior and posterior lens vesicle to FGF in vivo are less well understood

Notably though, while FGF signaling is necessary for lens fiber cell differentiation, it is not 

sufficient, as BMP signaling is required for the exit of LECs from the cell cycle in response 

to FGF (Boswell et al., 2008a; Boswell et al., 2008b; Jarrin et al., 2012). Further, BMP 

signaling maintains the posterior lens vesicle in an optimal FGF responsive state, at least in 

part, by selectively increasing FGFR expression (Boswell and Musil, 2015b; Hayashi et al., 

2003). Since β1LE LECs upregulate both FGF signaling as measured by pERK/pAKT/

pFRS2α levels and BMP signaling, as measured by nuclear pSMAD 1/5/8 levels, in the 

early anterior lens coincident with the upregulation of p27Kip1, p57Kip2, Maf, and Prox1 

expression; we propose that β1 integrins are important negative regulators of the cooperative 

FGF/BMP signaling necessary for primary lens fiber cell differentiation (see figure 8 for 

model). Loss of this negative regulation results in conversion of anterior lens cells of the 

early lens to a lens fiber fate. Notably, we also consistently see that this fate conversion is 

apparently asymmetric with one side of the lens epithelium entering the fiber cell 

differentiation pathway prior to the other (See figure 1F, 5B, 6B, 6D, 7B, 7D). This may 

further support a role for β1-integrins in the negative regulation of BMP signaling as it has 

been previously proposed that the effect of BMP signaling on primary lens fiber 

differentiation is asymmetric (Faber et al., 2002). However, as our data do not definitively 

prove that the elevated pERK/pAKT levels observed in β1LE lenses comes from elevated 
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FGFR signaling, it is still possible that β1-integrin is negatively regulating ERK/AKT 

signaling in the early lens via other, unknown, mechanisms.

In the lens, the effect of β1-integrin on the BMP pathway is likely to be integrin-signaling 

independent since the loss of integrin signaling in the lens epithelium due to mutation of 

Crim1 neither affects BMP pathway activation nor results in inappropriate LEC 

differentiation to lens fibers (Zhang et al., 2016). Interestingly, it has been reported that β1-

integrins can suppress BMP signaling by sequestering BMP receptors away from the lipid 

raft environment, while deletion of β1-integrins from ependymal cells of the spinal cord 

leads to inappropriate activation of BMP signaling (North et al., 2015), similar to the 

situation we report here in in β1LE lenses, suggesting a possible molecular mechanism for 

our observations.

In contrast, deletion of β1-integrins after the lens vesicle stage (i.e. in β1MLR10 mice) does 

not result in complete conversion of LECs to lens fibers although lens fiber cell marker 

expression is upregulated in these cells (Simirskii et al., 2007). This is consistent with 

previous investigations which suggest that the requirement for BMP signaling in lens fiber 

cell differentiation is less prominent later in lens development (Faber et al., 2002; Pandit et 

al., 2011). It can be speculated that once the transition zone is established concomitant with 

the development of a distinct anterior chamber, the FGF gradient is sufficient to regulate the 

timing of lens fiber cell differentiation. The lower requirement for BMP signaling in fiber 

cell differentiation later in lens development is attributed to cell fate commitment driven by 

the upregulation of transcription factors driving lens fiber differentiation (Pandit et al., 

2011). The hypothesis that the anterior lens cells of the lens vesicle and early lens are 

molecularly different from the more mature lens epithelium is supported by our prior report 

that the transcription factor Sip1 is required to turn off the expression of genes indicative of 

the head ectoderm in the early lens (Manthey et al., 2014).

It is also possible that different α-integrins complex with β1-integrin at these stages of lens 

development, changing integrin function. While there is no direct evidence for this, it is 

known that the relative expression level of integrin subunits changes as lens epithelial cells 

transition to fibers (Hoang et al., 2014; Walker and Menko, 2009). Alternatively, the 

differences between the β1MLR10 and β1LE phenotypes could be, at least in part, 

influenced by a reduction in Pax6 levels in mice harboring LE-Cre due to competition of the 

Pax6 P0 promoter for factors regulating endogenous Pax6 expression (Dora et al., 2014). In 

this scenario, the partial differentiation of LECs to lens fibers observed in β1MLR10 lenses 

(Simirskii et al., 2007) is pushed towards complete fiber cell differentiation due to a 

reduction in Pax6, which at high levels, negatively regulates lens fiber cell differentiation 

(Duncan et al., 2004). Alternatively, LE-Cre may drive high enough levels of Cre in the lens 

epithelium to cause some genotoxic damage to the early lens which could sensitize LECs to 

enter the fiber cell differentiation pathway, although mice heterozygous for the LE-Cre 

transgene but carrying one wildtype β1-integrin allele did not exhibit any obvious lens 

phenotype, even in adulthood (data not shown). Finally, it is also possible that the loss of β 
1-integrin from the head ectoderm in β1LE mice (see Figure 2F) changes the milieu of 

factors secreted from the presumptive corneal epithelium resulting in the loss of LEC 

identity. However, the surface ectoderm is largely maintaining its phenotype as it still 
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expresses E-cadherin (Figure 5B,D), and Pax6. (Figure 6 D). It also appears to appropriately 

secrete the signals required for stromal formation (Lwigale, 2015), as the corneal stroma 

does form based on morphological criteria (Figure 1 F , H).”

Overall, this investigation shows that β1-integrins may limit BMP-FGF crosstalk in the early 

lens, in order to maintain a balance between BMP and FGF induced LEC proliferation and 

differentiation. This extra level of control prevents inappropriate LEC differentiation and 

allows for the precise positioning of the transition zone as the primary patterning of the lens 

is established.
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Summary Statement

β1-integrins are negative regulators of fiber cell differentiation in the early lens, likely via 

modulation of BMP signaling.
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Figure 1. Mice homozygous for a floxed allele of β1-integrin and carrying one LE-Cre allele 
(β1LE) are microphthalmic as adults
(A) Diagram of a portion of the β1-integrin locus showing the location of the loxP sites 

(arrowheads) found in the floxed allele, the structure of the deleted allele, and the location of 

the PCR primers (F and R) used to genotype the mice. (B) Exterior appearance of adult 

β1LE and control (homozygous for the β1-integrin flox allele, not carrying Cre) littermates. 

(C, E, G) Hematoxylin and eosin stained paraffin sections of the eye of control animals (C- 

E11.5; E- E12.5; G- E14.5), (D, F, H) Hematoxylin and eosin stained paraffin sections from 

the eyes of β1LE animals (D- E11.5; F- E12.5; H- E14.5). At E11.5, lens vesicles of β1LE 
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mice (D) look similar to controls (C). At E12.5, lenses from β1LE mice (F) show some loss 

of the anterior epithelium and the eosinophilic staining indicative of lens fiber cells 

(arrowhead) extends to the cornea as compared to controls (E). This loss of anterior 

epithelium is very pronounced at E14.5 with complete anterior epithelium loss (H) in β1LE 

mice as compared to controls (G). All staining was performed on a minimum of three 

biological replicates.

Abbreviations: lv - lens vesicle, le - lens epithelium; f – lens fiber cells; c – cornea; tz – 

transition zone. Scale bar panels C-H- 150 µm.
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Figure 2. β1LE mice lose β1-integrin protein from the developing lens vesicle by E10.5
Immunofluorescent confocal microscopy showing β1-integrin protein (red) expression in 

control (A, C, E) and β1LE (B, D, F) lenses at E9.5 (A, B), E10.5 (C, D) and E16.5 (E, F). 

At E9.5, β1-integrin protein expression is reduced in the β1LE lens placode (B), compared 

to control (A). By E10.5, β1-integrin protein is detected in all cells of the lens vesicle of 

control mice (C) whereas β1-integrin protein levels fall beyond the level of detection in 

β1LE lenses (D). At E16.5, β1-integrin is still detectable in all cells of control lenses (E) 

while, consistent with the result at E1 0.5, no β1-integrin was detected in β1LE lenses at this 
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age (F). Co-staining of the E16.5 sections shown in panels E and F for αSMA did not reveal 

any αSMA signal (green) within the boundary of the lens in either in control (E, see panel G 

for αSMA channel only) or β1LE lenses (F, see panel H for αSMA channel only). All 

staining was performed on a minimum of three biological replicates.

Red - β1-integrin, Green - αSMA, Blue - DNA. Abbreviations: lp - lens placode, lv - lens 

vesicle, le - lens epithelium, c - cornea, f - lens fiber cells, ov - optic vesicle, r - retina, i - 

iris, ey -eyelids. Scale bars- Panels A, B, C, D-71µm; Panels E, F, G, H- 142 µm
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Figure 3. β1LE lenses show defects in anterior lens capsule starting at E12.5 without massive lens 
cell apoptosis
Confocal immunofluorescence showing the staining pattern of laminin in the lenses of 

control (A, C) and β1LE (B, D) mice at E12.5. Control lenses (A) exhibit continuous 

laminin staining around the lens at E12.5, while this pattern is interrupted, particularly on 

the anterior lens surface (arrowheads), in β1LE lenses (B). At higher magnification, E12.5 

control lenses (C) only exhibit laminin staining associated with the lens capsule, while β1LE 

lenses (D) show intracellular laminin immuno-reactivity at this age (D- arrowheads). 

TUNEL assay for apoptosis (green), in controls (E- E12.5, G- E13.5) and β1LE lenses (F- 
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E12.5, H- E13.5). Control lenses do not show anterior lens epithelium apoptosis as measured 

by TUNEL during normal lens development both at E12.5 (E) and E13.5 (G), β1LE lenses 

only show occasional TUNEL positive cells (F, arrowheads) but this is not consistently 

detected in every section (H, data not shown). . All staining was performed on a minimum of 

three biological replicates.

Red (panels A, B, C, D)- Laminin; Green (panels E, F, G, H) - TUNEL; Blue - DNA. 

Abbreviations: f - lens fiber cells, lc - lens capsule, le - lens epithelium. Scale bars Panels A, 

B, E, F, G, H - 71µm, Panels C, D - 35µm
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Figure 4. β1LE lenses exhibit decreased LEC proliferation coincident with the up regulation of 
cell cycle exit markers
EdU cell proliferation assays (A–D) comparing control (A- E12.5; C-E13.5) with β1LE 

lenses (B- E12.5; D- E13.5). A decrease in the number of LECs actively synthesizing DNA 

is seen starting at E12.5 in β1LE lenses (B) as compared to controls (A). By E13.5, β1LE 

lenses (D) show complete loss of cells actively synthesizing DNA as compared to controls 

(C) which maintain cell proliferation in the lens epithelium. Confocal immunofluorescence 

showing the expression pattern of cell cycle exit markers in controls (E- p27Kip1 ; G- 

p57Kip2 ) versus β1LE lenses (F- p27Kip1 and H- p57Kip2). Control lenses show little to no 
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p27Kip1 (E) as well as p57Kip2 (G) in LECs at E12.5, while β1LE lenses show large numbers 

of cells exiting the cell cycle as compared to controls, shown by both p27Kip1 (F- 

arrowheads) staining and p57Kip2 staining (H-arrowheads). . All staining was performed on a 

minimum of three biological replicates.

Red (panels A, B, C, D)- Sites of active DNA synthesis, (panels E, F)- p27Kip1, (panels G, 

H)-p57Kip2 ; Blue- DNA. Abbreviations: f - lens fiber cells, le, lens epithelium, tz - 

transition zone. Scale bar - 71µm.
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Figure 5. β1LE LECs down-regulate E-cadherin while exhibiting aberrant fiber cell marker 
staining
Panels (A to D) show co-immunolocalization of E-cadherin (red) and γ-crystallin (green) at 

E13.5 (A,B) and E14.5 (C,D). Control E13.5 (A) lenses show staining for E-cadherin (red) 

only in anterior LECs, with γ-crystallin (green) restricted only to fiber cells. In contrast, 

β1LE lenses at E13.5 (B) show γ-crystallin staining extending up-to the cornea (arrow) in 

cells that exhibit cell nuclei on the anterior aspect of the lens. Only a few lens epithelial cells 

expressing E-cadherin (arrowheads) are still observed in this lens region. E14.5 control 

lenses (C) show uniform E-cadherin staining in the anterior LECs while γ-crystallin 
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expression is confined to the lens fiber cells. In contrast, a complete loss of E-cadherin 

expression is seen in E14.5 β1LE lenses, with all lens cells positive for γ-crystallin (D - 

arrowheads). At E16.5, Aquaporin0 staining is restricted to lens fiber cells in control lenses 

(E), while β1LE lenses exhibit Aquaporin0 (F) staining in almost all lens cells (arrowheads). 

At E12.5 (G), Jagged1 levels up-regulate at the transition zone of control lenses, while β1LE 

lenses show an anterior shift in Jagged1 expression (H - arrowheads). At E13.5, Jagged1 is 

predominately located in the newly differentiated lens fibers of control lenses (I), whereas in 

β1LE lenses, all lens cells are positive for Jagged1 (J-arrowheads). All staining was 

performed on a minimum of three biological replicates.

Red (panels A–D) – E-Cadherin, (panels E–F)– Aquaporin0, (panels G-J)- Jagged1; Green 

(panels A–D)- γ-crystallin, Blue - DNA. Abbreviations: le – lens epithelium, c- cornea, f - 

lens fiber cells, tz – transition zone. Scale bar Panels A, B, C, D, G, H, I, J = 71 µm; Panels 

E, F =142µm.
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Figure 6. β1LE lenses down regulate the expression of LEC preferred transcription factors and 
show ectopic fiber preferred transcription factor expression at E13.5
Immunolocalization of Foxe3 (A, B), Pax6 (C, D) and Hes1 (E, F) in E13.5 lenses reveals 

that these three proteins are found in all LECs of control lenses (A, C, E), while all of these 

factors are restricted to just a few cells at the anterior surface of E13.5 β1LE lenses (B, D, F; 

arrowheads). (G, H) Immunolocalization of Maf and (I, J) Prox1. Control lenses express 

Maf (G) in the fiber cell compartment, while the anterior lens cells of E13.5 β1LE lenses (H- 

arrowheads) ectopically express c-Maf. In controls, Prox1 (I) is normally expressed in all 

lens cells, but its levels upregulate at the transition zone coincident with fiber cell 
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differentiation. In contrast, almost all lens cells of E13.5 β1LE lenses (J-arrowheads) express 

high levels of Prox1 protein. All staining was performed on a minimum of three biological 

replicates.

Red –(panels A,B)- Foxe3; (panels C, D)- Pax6; (panels E, F)- Hes1; (panels G-H)- Maf; 

(panels I-J)- Prox1. Abbreviations: le - lens epithelium; tz - transition zone, f - lens fiber 

cells. Scale bar −71µm.

Pathania et al. Page 30

Differentiation. Author manuscript; available in PMC 2017 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 7. Abnormal distribution of pERK1/2, pAKT, pFRS2α, and pSmad 1/5/8 in β1LE lenses 
at E12.5
Immunolocalization of pERK1/2 at E12.5 in control (A) and β1LE (B) lenses. E12.5 control 

lenses (A) exhibit pERK1/2 in the actively differentiating lens fibers found at the transition 

zone (arrowheads), while little to no signal is detectable by this method in the lens 

epithelium. In contrast, β1LE lenses exhibit intense pERK1/2 staining in the anterior lens 

cells (B-arrowheads). Immunohistochemical localization of pAKT at E1 2.5 in control (C) 

and β1LE lenses (D). At E12.5, pAKT is detected in both the lens epithelium and newly 

differentiated lens fiber cells at the transition zone in controls (C– arrowheads), whereas it is 
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up-regulated in almost all cells of β1LE lenses, (D). At E13.5, pFRS2α is localized 

throughout the lens epithelium and transition zone of control lenses (E) while intense 

pFRS2α staining was observed in the anterior cells of E13.5 β1LE lenses (arrowheads) in 

the process of differentiating into lens fibers. pSmad 1/5/8 localization in E12.5 controls 

(Figure 7G) reveals nuclear pSmad 1/5/8 staining in cells at the transition zone and new lens 

fibers, while little signal is detected elsewhere in the lens. However, E12.5 β1LE lenses 

exhibit staining for pSmad 1/5/8 extending into the anterior LECs (H – arrowheads). All 

staining was performed on a minimum of three biological replicates.

Brown- (Panels A, B), pERK1/2; (Panels C, D), pAKT; Red– (panels E, F)- pFRS2α, 

(panels G-H)-pSmad 1/5/8; Blue – (panels E-H)- DNA Abbreviations; le - lens epithelium; f 

– lens fiber cells; tz - transition zone. Scale bar Panels A,B,C,D - 300µm, Panels E-H - 71µm
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Figure 8. Model describing the potential crosstalk between β1-integrin and FGF/BMP signaling 
in the early lens
A) In control lenses, β1-integrins (red) are found at the cell membrane on all lens cells, with 

lower expression (pink) in the posterior lens. ERK signaling (light blue) is weakly active in 

the anterior lens, but upregulates in the posterior lens (blue) in response to the FGF gradient 

(orange triangle). BMP signaling (yellow nuclei) (Faber et al., 2002) and fiber cell 

differentiation is confined to the posterior lens . B) In β1LE lenses which lack β1-integrins 

(black), BMP (yellow nuclei) and ERK signaling (blue) are activated in all lens cells, leading 

to inappropriate differentiation of anterior LECs into lens fibers. C, cornea; LV, lens vesicle; 

R, retina
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