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Abstract

Lens epithelial cells express many receptor tyrosine kinases (RTKs) that stimulate PI3K-AKT and 

RAS-RAF-MEK-ERK intracellular signaling pathways. These pathways ultimately activate the 

phosphorylation of key cellular transcription factors and other proteins that control proliferation, 

survival, metabolism, and differentiation in virtually all cells. Among RTKs in the lens, only 

stimulation of fibroblast growth factor receptors (FGFRs) elicits a lens epithelial cell to fiber cell 

differentiation response in mammals. Moreover, although the lens expresses three different Fgfr 

genes, the isolated removal of Fgfr2 at the lens placode stage inhibits both lens cell survival and 

fiber cell differentiation. Phosphatase and tensin homolog (PTEN), commonly known as a tumor 

suppressor, inhibits ERK and AKT activation and initiates both apoptotic pathways, and cell cycle 

arrest. Here, we show that the combined deletion of Fgfr2 and Pten rescues the cell death 

phenotype associated with Fgfr2 loss alone. Additionally, Pten removal increased AKT and ERK 

activation, above the levels of controls, in the presence or absence of Fgfr2. However, isolated 

deletion of Pten failed to stimulate ectopic fiber cell differentiation, and the combined deletion of 

Pten and Fgfr2 failed to restore differentiation-specific Aquaporin0 and DnaseIIβ expression in 

the lens fiber cells.
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INTRODUCTION

The relative developmental simplicity of the ocular lens makes it an important model to 

study developmental mechanisms controlling cellular growth, survival, differentiation, and 

proliferation (Wormstone and Wride, 2011). Invaginations of surface ectoderm overlying 

the optic vesicles create bilateral lens vesicles during early mammalian development 

(reviewed in Robinson, 2014). Cells in the posterior hemisphere of the lens vesicle withdraw 

from the cell cycle, elongate, and turn on fiber cell specific genes as they differentiate into 

the primary fiber cells (reviewed in Bassnett and Beebe, 2004). The lens vesicle cells in the 

anterior hemisphere differentiate into the lens epithelium. Only lens epithelial cells 

proliferate, and as the lens matures, cell proliferation becomes increasingly restricted to the 

germinative zone, a narrow band of epithelial cells slightly anterior to the lens equator 

(Harding et al., 1971; McAvoy, 1978). Proliferation within the germinative zone displaces 

epithelial cells toward the equator where they differentiate into secondary fiber cells. 

Proliferation in the germinative zone and secondary fiber cell differentiation provide a 

constant source of new lens fibers throughout the mammalian lifespan.

Among the numerous receptor tyrosine kinases (RTKs) expressed in the developing lens, 

fibroblast growth factor receptors (FGFRs) play a unique and indispensable role in lens 

development (Garcia et al., 2011; Garcia et al., 2005; Madakashira et al., 2012; Robinson, 

2006; Zhao et al., 2008). As with most RTKs, ligand (FGF) binding by FGFRs leads to 

downstream activation of intracellular phosphorylation cascades culminating in the 

activation, by phosphorylation, of ERK1/2 and AKT kinases. Activation of these kinases 

leads to many of the cellular responses associated with growth factor stimulation (Lemmon 

and Schlessinger, 2010). In lens explants, or cultured lens epithelial cells, AKT and/or 

ERK1/2 phosphorylation results in enhanced cell survival, growth, proliferation, and 

differentiation (Chandrasekher and Sailaja, 2004a, b; Iyengar et al., 2006; Le and Musil, 

2001a, b; Lovicu and McAvoy, 2001; Wang et al., 2009; Weber and Menko, 2006). 

However, eliminating or inhibiting FGFR signaling in vivo leads to decreased lens cell 

survival and differentiation without significantly altering cell proliferation (Chow et al., 

1995 et al., 1995; Garcia et al., 2011; Garcia et al., 2005; Madakashira et al., 2012; 

Robinson et al., 1995; Stolen and Griep, 2000; Zhao et al., 2008).

The mouse lens specifically expresses three FGFR genes, Fgfr1, Fgfr2 and Fgfr3 (Hoang et 

al., 2014). Lenses lacking Fgfr2 prior to the lens vesicle stage undergo degeneration marked 

by both apoptosis and differentiation defects, while simultaneously removing Fgfr1 

exacerbates this phenotype (Garcia et al., 2005; Garcia et al., 2011). Conditional deletion of 

Fgfr1, Fgfr2 and Fgfr3 receptors in the lens, subsequent to the lens vesicle stage, causes 

massive apoptosis and arrest of fiber cell differentiation (Zhao et al., 2008). Conversely, 

lenses that overexpress FGFs in vivo undergo ectopic fiber cell differentiation in the lens 

epithelium (Lovicu and Overbeek, 1998; Robinson et al., 1998; Robinson et al., 1995). 

FGFR activation requires heparan sulfate in a ternary complex with FGF. The loss of 

heparan sulfate synthesizing enzymes Ndst1 and Ndst2 causes lens cell apoptosis, reduced 

proliferation, and defective fiber cell differentiation (Qu et al., 2011). However, expression 

of a constitutively active Ras allele in these lenses increased ERK1/2 phosphorylation and 

reversed the Ndst1/Ndst2 deficient phenotypes.
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Since lens cells rely on FGFR signaling for survival, decoupling the apoptotic phenotype 

from the differentiation phenotype in lenses with compromised FGFR signaling remains a 

challenge. During normal development, FGFR signaling in the lens may primarily promote 

cell survival with defective differentiation in FGFR-deficient lenses resulting as a secondary 

response to apoptosis. AKT enhances cell survival by a variety of mechanisms, including 

inhibiting FOXO transcription factors and destabilizing the pro-apoptotic BAD/Bcl-XL 

complex (reviewed in Zhang et al., 2011). FGFR stimulation activates phosphoinositide 3-

kinase (PI3K) which converts the cell membrane lipid PtdIns (4,5)P2, hereafter referred to 

as PIP2, into PtdIns(3,4,5)P3, hereafter referred to as PIP3. PIP3 then recruits AKT to the 

cell membrane where phosphorylation by mTORC2 and PDK1 activates AKT (Sarbassov et 

al., 2005). The tumor suppressor protein, Phosphatase and tensin homolog (PTEN), 

counteracts PI3K by dephosphorylating PIP3 back to PIP2, leading to reduced AKT 

activation. In addition to inhibiting AKT activation, PTEN acts as a tumor suppressor by 

inhibiting cell proliferation and promoting apoptotic pathways (Chung and Eng, 2005; 

Franke et al., 2003; Weng et al., 2001a).

Given the antagonism between PI3K and PTEN, we hypothesized that PTEN acts as an 

important negative regulator of FGFR activity during lens development. In particular, PTEN 

activity may drive lens cells toward apoptosis by exacerbating the presumably decreased 

PIP3 levels in FGFR-deficient lens cells, which indirectly prevents the activation of AKT. 

Studies in both osteoprogenitor cells and keratinocytes reveal the importance of balancing 

FGFR and PTEN signaling. Deletion of Fgfr2 rescues over-proliferation in osteoprogenitors 

caused by the loss of Pten (Guntur et al., 2011). Likewise, skin tumorgenesis resulting from 

Pten deletion requires Fgfr2 (Hertzler-Schaefer et al., 2014). To specifically determine 

whether PTEN-signaling counter balances FGFR-signaling with respect to survival and/or 

differentiation in the lens, we used Cre-mediated recombination to facilitate the lens-specific 

removal of both Pten and Fgfr2 during early lens development. We reasoned that the 

restoration of survival in FGFR-deficient lens cells would reveal survival-independent 

aspects of FGFR-mediated fiber cell differentiation.

Given the central importance of FGFR signaling in the development of many different 

tissues and organs (reviewed in Carter et al., 2015; Teven et al., 2014), it comes as no 

surprise that aberrant FGFR signaling causes numerous developmental disorders and drives 

the pathogenesis of many human cancers (reviewed in Ahmad et al., 2012; Katoh and 

Nakagama, 2014; Wesche et al., 2011). Often, the same mutations that give rise to 

developmental disorders in the germline lead to specific cancers in somatic tissues. 

Likewise, PTEN mutations drive the genesis and malignancy of several human tumors 

(reviewed in Mester and Eng, 2013). Revealing how FGFR and PTEN signaling interact in 

the context of lens development may facilitate the discovery of new targets for therapeutic 

intervention to treat diseases or conditions caused by FGFR and/or PTEN dysfunction.

MATERIALS AND METHODS

Mice

Mice were used in accordance to the ARVO statement for the Use of Animals in Ophthalmic 

and Visual Research with approval from the Miami University Institutional Animal Care 
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and Use Committee. Dr. Ruth Ashery-Padan at Tel Aviv University kindly provided the Le-

Cre mice (Ashery-Padan et al., 2000). Mice engineered with loxP sites flanking exons 4 and 

5 of Pten were previously described (Trimboli et al., 2009). Floxed Fgfr2 mice (Yu et al., 

2003) were obtained from Dr. David M. Ornitz from the Department of Molecular Biology 

and Pharmacology, Washington University Medical School.

Histology and Immunohistochemistry

The gestational age of experimental embryos was determined by vaginal plug detection, set 

at embryonic day 0.5 (E0.5). One hour prior to embryo collection, pregnant dams were 

injected intraperitoneally with (0.1 mg/g body weight) 5-bromo-2-deoxyuridine (BrdU) 

dissolved in phosphate-buffered saline (PBS). For paraffin wax-embedded sections, embryos 

were collected and fixed in 10% neutral buffered formalin (NBF). Standard protocols were 

used to process and embed tissues in paraffin wax before sectioning at 5 μm. 

Immunohistochemistry staining identified protein localization on the paraffin lens sections. 

Briefly, the sections were subjected standard xylene washes to remove excess paraffin 

followed by tissue dehydration. The sections were antigen retrieved as described in (Zhao et 

al. 2008). Tissue sections were blocked using 10% normal horse or normal goat serum, 

dependent upon the antibody used. Primary antibodies for, BrdU and Aquaporin0 (ab6326, 

ab15077 respectively) were obtained from Abcam, Cambridge, MA, USA. The primary 

antibody for p27KIP1 (BD610241) was obtained from BD Biosciences, San Jose, CA, USA. 

The primary antibodies for β and γ-crystallin were kind gifts from Samuel Zigler at Johns 

Hopkins University School of Medicine. All primary and secondary antibodies were used at 

a 1:100 dilution, with the exception of β and γ-crystallin, which were used at a 1:250 

dilution. Primary antibodies were detected using secondary antibodies attached to 

fluorescent probes (Alexa Fluor 488 goat anti-rabbit IgG, Alexa Fluor 546 goat anti-rat IgG, 

FITC for donkey antirabbit IgG, 711-095-152 and Cy3 for donkey anti-mouse IgG). 

Sections were counterstained with DAPI (H-1200, Vector Labs, Burlingame, CA, USA). 

Cells undergoing DNA degradation/apoptosis was detected using the In Situ Cell Death 

Detection Kit (TMR Red, Roche AppliedScience, 2156792). Photomicrographs were 

captured on a Zeiss 710 Laser Scanning Confocal System at the Center for Advanced 

Microscopy and Imaging at Miami University. Standard Hematoxylin and Eosin-stained 

sections were used to analyze the structure of the lens, and images were captured using a 

Nikon TI-80 microscope. The proliferation and apoptotic index represents a ratio of all the 

BrdU positive or TUNEL positive nuclei (respectively) over the total nuclei in the entire 

lens at E12.5. At E15.5 the proliferation and apoptotic index represents a ratio of BrdU or 

TUNEL positive nuclei in the lens epithelium over the total number of lens epithelial cells. 

The proliferation index and apoptotic index was calculated with respect to the whole lens at 

E12.5 due to the difficulty distinguishing fiber and epithelial cells in FGFR2-deficient lenses 

at this stage, and because TUNEL positive cells and BrdU positive cells were detected in 

both fibers and epithelial cells. Relative levels of β- and γ-crystallin were estimated from 

fluorescent intensity analysis as described (Madakashira et al., 2012)

SDS-PAGE and Western Blotting

Lenses were dissected from embryos and homogenized in RIPA buffer (50mM Tris HCl pH 

8, 150nM NaCl, 1% NP40, 0.5% sodium deoxycholate) with protease inhibitor (Sigma-
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Aldrich, St. Louis, MO, USA). Proteins were analyzed on 12% Tris-glycine gels and 

transferred to PVDF membrane. Membranes were incubated with PBST with 3% BSA, 

probed with primary antibodies (Akt 1:2000; phospho-Akt 1:1000; ERK1/2 1:2000; 

phospho-ERK1/2 1:1000; phospho-p53 1:1000; phosphoSer63/73-c-Jun 1:1000, Aquaporin0 

1:2000, phospho-MDM2 1:1000) overnight at 4°C and then incubated with secondary 

antibody for 2hr at room temperature. The primary antibodies for phosphorylated AKT (Ser 

473, 9101), phosphorylated ERK1/2 (Thr 202/Tyr 204, 9271) and phosphorylated MDM2 

(Ser 166) were purchased from Cell Signaling Technology, Danvers, MA, USA. The 

primary antibodies for phosphorylated p53 (Ser 15, sc-101762) and phosphorylated c-JUN 

(Ser 63/Ser 73, sc-16312) and GAPDH (sc-25778) were obtained from Santa Cruz 

Biotechnology (Santa Cruz, CA, USA) and used as a dilution of 1:1000. The expression of 

GAPDH was used as the loading control. Binding of primary antibodies was detected using 

an anti-rabbit HRP-conjugated secondary antibody (A0545, Sigma-Aldrich) diluted at 

1:5000, followed by using the Clarity Western ECL Substrate (Bio Rad Laboratories, 

Hercules, CA, USA) according to manufacturer instructions. Western blot images were 

acquired via radiographic film and the intensity of immunoreactivity was quantified by 

ImageJ software.

Quantitative RT-qPCR

The expression levels of selected genes were analyzed by RT-qPCR. Total RNA was 

extracted from the lenses using the Total RNA mini kit (IBI, Scientific, Peosta, IA, USA). 

cDNA was synthesized by reverse transcription using random primers and the superscript II 

reverse transcriptase (Invitrogen), according to the manufacturer’s instructions. qPCR assays 

were performed on the cDNA using Gotaq Green Master Mix (Promega, Madison, WI, 

USA) following the manufacturer’s instruction and read using CFX connect (Bio Rad 

Laboratories). Intron-spanning primers were designed to specifically quantify targeted 

mRNA transcripts (Supplementary table 1). Each biological sample was analyzed in 

triplicate by qPCR. The expression of GAPDH was used as an endogenous control. The 

cycling conditions consisted of 1 cycle at 95° C for 100s for denaturation, followed by 40 

three-step cycles for amplification (each cycle consisted of 95° C incubation for 20s, an 

appropriate annealing temperature for 10s, and product elongation at 70° C incubation for 

20s). The melting curve cycle was generated after PCR amplification. The reaction 

specificity was monitored by determination of the product melting temperature, and by 

checking for the presence of a single DNA band on agarose gels from the RT-qPCR 

products. Gene expression was calculated and normalized to Gapdh level using delta-delta 

Ct method (Applied Biosystems).

RESULTS

Balancing PTEN and FGFR2 in lens cell survival and proliferation

Loss of Pten restores lens size in FGFR2-deficient lenses—To generate the 

required mice, the Le-Cre transgene was used to delete loxP-flanked (floxed) alleles of 

Fgfr2 (Fgfr2Δ/Δ), Pten (PtenΔ/Δ), or both Fgfr2 and Pten ((Pten/R2)Δ/Δ) in mouse lens 

precursor cells at approximately embryonic day 9.5 (E9.5) of development. Control mice 

consisted of animals lacking the Le-Cre transgene, while homozygous for floxed alleles of 
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Pten, Fgfr2, or both Pten and Fgfr2. Since the Le-Cre transgene independently affects eye 

development on some genetic backgrounds (Dora et al., 2014), our experiments controlled 

for phenotypes resulting solely from the Le-Cre transgene with hemizygous Le-Cre mice 

containing wild-type alleles of Fgfr2 and Pten. Quantitative reverse transcription PCR (RT-

qPCR) confirmed the deletion of the floxed alleles (Fig 1 A, B). Both Fgfr2Δ/Δ and 

(Pten/R2)Δ/Δ lenses contained very few Fgfr2 transcripts at E15.5, and Pten deletion alone 

failed to alter the abundance of Fgfr2 transcripts compared to that in the control lenses (Fig. 

1 A). Likewise, (Pten/R2)Δ/Δ and PtenΔ/Δ lenses exhibited efficient deletion of the Pten 

transcript, but lenses lacking Fgfr2 alone displayed an increased number of Pten transcripts 

compared to Cre negative lenses (Fig. 1 B).

The gross morphology of PtenΔ/Δ lenses was virtually indistinguishable from that of Le-Cre 

negative control lenses at E12.5 (compare Fig. 2 B to A), E15.5 (compare Fig. 2 F to E), and 

E18.5 (compare Fig. 2 J to I). Moreover, PtenΔ/Δ lenses failed to display a significant 

difference in lens section planar area at any stage examined (Fig. 2 M). In contrast, lenses 

depleted of FGFR2, displayed a drastic size reduction at E12.5 (compare Fig. 2 C to A). In 

addition to decreased size, the presumptive fiber cells in the posterior of E12.5 Fgfr2Δ/Δ 

lenses exhibited dramatically reduced elongation toward the anterior epithelium (compare 

Fig. 2 C’ to A’ white arrows). Interestingly, Fgfr2-deficient lenses possessed a consistent tilt 

towards the nasal side of the head (Fig. 2 C’ black arrow). By E15.5, the Fgfr2Δ/Δ lenses 

remained significantly smaller than control lenses and contained vacuolated central fiber 

cells (compare Fig. 2 G to E, G’ to E’, M). By E18.5, Fgfr2Δ/Δ lenses remained abnormally 

small compared to control, PtenΔ/Δ or (Pten/R2)Δ/Δ lenses (compare Fig. 2 K to I, J and L, 

M). Thus, lenses lacking Fgfr2 failed to achieve normal size or morphology and lenses 

lacking Pten developed normally.

Although isolated Pten deletion failed to alter lens morphology or size, deletion of both Pten 

and Fgfr2 significantly rescued the reduced size of Fgfr2Δ/Δ lenses (compare Fig. 2 D, H, L 

to C, G, K; M). By E12.5, primary fiber cell elongation in (Pten/R2)Δ/Δ lenses advanced well 

beyond Fgfr2Δ/Δ lenses (compare Fig. 2 D’ to C’). At E15.5, (Pten/R2)Δ/Δ lenses were 

virtually indistinguishable from control lenses, in both size and morphology (compare Fig. 2 

H and H’ to E and E’). Like control lenses, E15.5 (Pten/R2)Δ/Δ lenses contained a single 

layer of epithelial cells lining the anterior surface with differentiating fiber cells at the 

equator, or bow region, of the lens (compare Fig. 2 H’ to E’). At E18.5, lenses lacking both 

PTEN and FGFR2 were almost the same size as control lenses (compare Fig. 2 L to I, M). 

Although deletion of Pten permitted FGFR2-deficient lenses to reach nearly normal size, 

normal eyelid closure failed to occur in either Fgfr2Δ/Δ or (Pten/R2)Δ/Δ mice (compare Fig. 

2 dashed box of L and K to I).

Pten deletion restores cell survival in FGFR2-deficient lenses—The loss of Fgfr2 

leads to smaller lenses, primarily because of decreased lens cell survival (Garcia et al. 2005). 

TUNEL analysis made it possible to determine if Pten deletion rescues cell survival in lens 

cells lacking Fgfr2. As expected, lenses lacking FGFR2 exhibited a significant increase in 

TUNEL positive nuclei at E12.5, compared to control lenses (compare Fig. 3 C to A, I). At 

this stage, Fgfr2Δ/Δ lenses contained apoptotic cells in both the anterior and posterior sides 
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of the lens (Fig. 3 C). At E15.5, Fgfr2Δ/Δ lenses contained fewer TUNEL positive cells than 

E12.5 Fgfr2Δ/Δ lenses (compare Fig. 3 G to C), but significantly more than E15.5 control 

lenses (compare Fig. 3 G to E). At this stage, the Fgfr2Δ/Δ apoptotic nuclei were mainly 

restricted to the lens epithelium (Fig. 3G-white arrows), with the fiber cells remaining 

TUNEL negative. Although deleting Pten in isolation actually resulted in a slight increase in 

apoptosis as compared to control lenses at E12.5 (compare Fig. 3 B to A, I), the 

simultaneous deletion of both Pten and Fgfr2 significantly increased cell survival relative to 

Fgfr2Δ/Δ lenses both at E12.5 (compare Fig. 3 D to C, I) and at E15.5 (compare Fig. 3 H to 

G, J). TUNEL positive nuclei nearly disappeared in both control and PtenΔ/Δ lenses by 

E15.5 (Fig. 3 F, J).

The effect of Pten deletion on lens cell proliferation—To determine if an increase 

in cellular proliferation contributed to the restoration of lens size in (Pten/R2)Δ/Δ lenses, we 

labeled embryos with BrdU. Neither PtenΔ/Δ nor (Pten/R2)Δ/Δ lenses displayed a significant 

difference in BrdU incorporation, relative to the control lenses, at E12.5 (compare Fig. 4 B 

to A, D to A; I) or E15.5 (compare Fig. 4 F to E, H to E; J). Despite the unchanged 

proliferation index, several nuclei in the posterior (fiber cell compartment) of PtenΔ/Δ and 

(Pten/R2)Δ/Δ lenses ectopically incorporated BrdU (Fig. 4 B’ and D’-white arrows). At 

E12.5, the Fgfr2Δ/Δ lenses exhibited increased BrdU incorporation (compare Fig. 4 C to A, 

I), with an overall morphology reminiscent of a lens vesicle stage (E11) where primary fiber 

cells have not yet withdrawn from the cell cycle (Fig. 4C’-white arrows). The impaired 

elongation of primary fiber cells, in FGFR2-deficient lenses, made it difficult to discern 

epithelial cells from fiber cells. For this reason, we calculated the proliferation index for the 

whole lens, rather than for just lens epithelial cells, at E12.5 (Fig. 4C’, I). By E15.5, BrdU 

positive cells only appeared in the epithelium of Fgfr2Δ/Δ lenses. Therefore, at this stage, 

calculation of the proliferation index only accounted for epithelial cells (Fig. 4 G). By 

E15.5, Fgfr2Δ/Δ lenses displayed no changes in epithelial cell proliferation compared to the 

Cre negative controls (compare Fig. 4 G to E, J). Neither Pten nor Fgfr2 loss affected lens 

epithelial cell proliferation at E15.5 (Fig. 4 J) or E18.5 (Supp. Fig. 1 U). Taken together, the 

evidence suggests that Pten deletion restores FGFR2-deficient lens size primarily through 

increased cell survival rather than increased proliferation.

The impact of FGFR2 and PTEN on lens epithelial cell-to-fiber cell differentiation

Four hallmarks of fiber cell differentiation include: 1) cell cycle withdraw, 2) fiber cell 

elongation, 3) the onset of fiber cell structural protein expression, and 4) organelle loss. At 

E12.5, Fgfr2Δ/Δ lenses exhibited defects in both fiber cell elongation (Fig. 2 C’) and cell 

cycle withdrawal (Fig. 4 C, C’- white arrows). Although Pten deletion largely restored fiber 

cell elongation in the FGFR2-deficient lenses at E12.5 (compare Fig. 2 C’ to D’), several 

posterior fiber cells failed to exit the cell cycle at this stage (Fig. 4D’-white arrows). Given 

the partial restoration of fiber cell differentiation in the FGFR2-deficient lenses by 

simultaneous deletion of Pten, we sought to determine more broadly which FGFR2-deficient 

lens phenotypes depended on the presence of PTEN.

The deletion of Pten partially restores reduced γ-crystallin expression in 
Fgfr2Δ/Δ lenses—The production of fiber cell-specific structural proteins represents 
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another hallmark of lens epithelial-to-fiber cell differentiation. Crystallin proteins make up 

the most abundant structural component of the mammalian lens fiber cells mass and permit 

lens transparency (reviewed in Harding and Dilley, 1976). Most β- and γ-crystallin proteins 

appear exclusively in lens fiber cells, with β-crystallin expression preceding the onset of γ-

crystallin expression (reviewed in McAvoy et al., 1999). Both β- and γ-crystallin expression 

depend on FGFR signaling (Madakashira et al., 2012; Zhao et al., 2008). Moreover, ectopic 

activation of Frs2α in lens epithelial cells induces high levels of pAKT and pERK1/2 

accompanied by the onset of βcrystallin expression (Madakashira et al., 2012).

FGFR2-deficient lenses displayed dramatically reduced γ-crystallin (compare Fig. 5C to A), 

and modestly reduced of β-crystallin (compare Fig. 5K to I) expression at E12.5. As lens 

development progresses to E15.5 and E18.5, β- and γ-crystallin expression increased in 

Fgfr2Δ/Δ lenses (Fig. 5O, G; Supp. Fig. 1 G, K). Additionally, the expression of c-Maf, a 

transcription factor known to regulate crystallin expression in the lens (Kim et al., 1999; 

Yang et al., 2006 et al. 2006), remained unaltered in Fgfr2 deleted lenses at E15.5 (Fig. 5Q). 

Although Pten deletion alone failed to reduce β- or γ-crystallin expression, (compare Fig. 5J, 

N, B, F, to I, M, A, E) Pten deletion increased γ-crystallin expression in FGFR2-deficient 

lenses at E12.5 (compare Fig. 5D to C). As in E15.5 Fgfr2Δ/Δ lenses, E15.5 (Pten/R2)Δ/Δ 

lenses did not display a significant difference in c-Maf transcripts (Fig. 5Q).

Pten deletion fails to rescue reduced Aquaporin0 levels in FGFR2-deficient 
lenses—Aquaporin0, the most abundant lens fiber cell membrane protein, promotes fiber 

cell adhesion which minimizes extracellular space (Engel et al., 2008; Kumari et al., 2013). 

Deletion of Frs2α in the lens placode resulted in reduced Aquaporin0 expression 

(Madakashira et al., 2012). Likewise, Fgfr2Δ/Δ lenses experienced significant reduction in 

Aquaporin0 protein, demonstrated by both immunofluorescence and western blot analysis 

(compare Fig. 6C to A, J, K). Aquaporin0 localizes to the fiber cell membranes and 

immunofluorescent analysis revealed that FGFR2-deficient fiber cells appear structurally 

different than Cre negative control lenses. Control and PtenΔ/Δ lenses contain Aquaporin0 

expression in columns extending the length of the lens fiber cell mass representing 

individual lens fiber cells (Fig. 6A and B). In contrast, Fgfr2Δ/Δ lenses exhibited circular 

Aquaporin0 stained structures in the center of the lens. (compare Fig. 6 arrows in C to A). 

Like Fgfr2Δ/Δ lens fiber cells, (Pten/R2)Δ/Δ fiber cells displayed intense expression of 

Aquaporin0 in a circular pattern (Fig 6. D), and Aquaporin0 expression levels remained low 

(Fig. 6J, K). Therefore, deleting Pten failed to restore either the normal amount of 

Aquaporin0 protein or the normal structure of the central fiber cells in FGFR2 deficient 

lenses.

Fgfr2Δ/Δ lens fiber cells experience nuclear retention and reduced DnaseIIβ 
expression in the presence or absence of Pten—Between E16 and E18, central lens 

fiber cells initiate the removal of cell nuclei, a process that requires the nuclease DnaseIIβ 

(Bassnett, 1997, 2009; Chaffee et al., 2014; Nakahara et al., 2007). Both Fgfr2Δ/Δ and 

(Pten/R2)Δ/Δ lenses retained nuclei in central lens fiber cells (Fig. 6G, and H). Thus, the 

absence of fiber cell denucleation represents another differentiation defect in FGFR2-

deficient lenses that the simultaneous deletion of Pten failed to rescue. TUNEL analysis 
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reveals DNA breakdown that takes place normally as a consequence of fiber cell 

denucleation. At E18.5, both control and PtenΔ/Δ lenses contained numerous TUNEL 

positive foci in the central fiber cell mass, the site of active denucleation (Fig. 6F and E-

white arrows). In contrast, neither Fgfr2Δ/Δ nor (Pten/R2)Δ/Δ lenses exhibited abundant 

TUNEL positive staining in this region (Fig. 6G, H), although a few (Pten/R2)Δ/Δ central 

fiber cells contained TUNEL positive foci (Fig. 6H-white arrow). Given the impairment of 

nuclear degradation in Fgfr2Δ/Δ and (Pten/R2)Δ/Δ lenses we examined the expression of 

DnaseIIβ by qRT-PCR. Both Fgfr2Δ/Δ and (Pten/R2)Δ/Δ lenses exhibited a significant 

reduction in DnaseIIβ transcripts (Fig. 6I). PtenΔ/Δ lenses contained normal amounts of 

DnaseIIβ transcripts (Fig. 6I).

The deletion of Pten normalizes several downstream signaling pathways affected by Fgfr2 
loss in the lens

Pten deletion restores AKT and ERK1/2 activation in Fgfr2-deficient lenses—
FGFR signaling and PTEN work antagonistically in terms of their impact on both PI3-

K/AKT and MAPK/ERK1/2 (Di Cristofano and Pandolfi, 2000; Weng et al., 2001a; Weng 

et al., 2001b). The activation of AKT, by phosphorylation, promotes cell survival. In 

contrast, PTEN initiates apoptotic pathways, in part, by inhibiting AKT activation. The 

ERK1/2 sensitive cellular responses include the promotion of cellular proliferation, 

migration, and differentiation.

At E15.5, PtenΔ/Δ lenses displayed over a 7-fold increase in p-AKT (Fig. 7A, B) relative to 

control lenses. Surprisingly, Pten deletion reduced the total level of AKT protein (Fig. 7A, 

C). PtenΔ/Δ lenses also experienced a significant, albeit more modest (1.3-fold), increase in 

p-ERK1/2 relative to the increase in pAKT (Fig. 7A, compare differences between PtenΔ/Δ 

lenses to control lenses in B and D). Pten deletion did not alter the total amount of ERK1/2 

protein (Fig. 7E).

At E15.5, Fgfr2Δ/Δ lenses exhibited a 28.8% reduction in p-AKT and a 26% reduction in p-

ERK1/2 signal in comparison to control lenses (Fig. 7A, B, D). The (Pten/R2)Δ/Δ lenses 

experienced nearly a 6-fold increase in p-AKT expression when compared to control lenses. 

However, (Pten/R2)Δ/Δ lenses experienced the same quantitative increase in p-ERK1/2 as 

seen in the PtenΔ/Δ lenses (Fig. 7D). The total level of ERK1/2 protein remained unchanged 

in (Pten/R2)Δ/Δ lenses, but like single deletion of Pten, (Pten/R2)Δ/Δ lenses had reduced 

levels of total AKT protein (Fig. 7A, C, E).

PTEN loss suppresses the increase in p53 and cJun phosphorylation in 
FGFR2-deficient lenses—Mechanistically, p53 lies at the heart of most apoptotic 

pathways. Although normally cells maintain low levels of p53, phosphorylation of p53 on 

Ser15 stabilizes the protein and promotes apoptosis. Fgfr2 deletion increased the 

phosphorylation of Ser15 on p53 in the lens (Fig. 8A, B). Increased p-p53 levels in Fgfr2-

deficient lenses accompany a dramatic decline in the level of phosphorylated MDM2, a 

negative regulator of p53 (Fig. 8A, D). However, while the loss of Pten alone had no 

significant effect on p53 Ser15 phosphorylation, Pten deletion in FGFR2-deficient lenses 
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reduced p53 phosphorylation to control levels (Fig. 8A, B) and largely restored the level of 

p-MDM2 (Fig 8A, D).

Phosphorylation of the c-Jun transcription factor can either activate or suppress apoptotic 

pathways depending on the cellular context. Phosphorylated (activated) c-Jun inhibits 

apoptosis by increasing the transcription of the AKT activator, Pdk1, while simultaneously 

inhibiting the transcription of both p53 and Pten (reviewed in Dhanasekaran and Reddy, 

2008; Kolomeichuk et al., 2008). Conversely, the apoptotic pathways activated by PTEN 

and p53 require phosphorylated c-Jun, as a component of AP-1, to promote the transcription 

of pro-apoptotic genes such as, Bak1, Tnf and Fas (reviewed in Dhanasekaran and Reddy, 

2008). In addition to regulating apoptosis, c-Jun activation can initiate both cell proliferation 

and differentiation, and can act downstream of FGFR signaling (reviewed in Dhanasekaran 

and Reddy, 2008). FGFR2-deficient lenses up- regulate the phosphorylation of c-JUN (Fig. 

8A, C). The deletion of Pten alone did not affect the phosphorylation of c-JUN, but Pten 

deletion restored c-JUN phosphorylation to normal levels in FGFR2-deficient lenses (Fig 

8A, C).

DISCUSSION

A proper balance between PTEN and FGFR signaling is crucial in both the development and 

homeostatic maintenance of organs and tissues. Developmentally, the outcome of FGFR 

signaling is diverse, but includes enhanced proliferation, survival, and, in the case of the 

lens, promotes cell cycle withdraw and differentiation. Aberrant FGFR signaling can 

encourage tumorigenesis by driving proliferation, enhancing survival, and promoting 

angiogenesis (Turner and Grose, 2010). Conversely, PTEN antagonizes two of the major 

pathways stimulated by FGFR signaling (MAPK/ERK1/2 and PI3K/AKT) and plays an 

important role in inhibiting proliferation and stimulating apoptosis. In addition to its role as 

a tumor suppressor, PTEN participates in early developmental processes and 

morphogenesis. Embryonic survival requires PTEN; and tissue specific deletions in Pten 

demonstrate a loss of appropriate apoptosis during embryonic development (Di Cristofano et 

al., 1998; Li et al., 2002; Tiozzo et al., 2009).

As previously reported, the loss of FGFR2 in the lens placode resulted in both apoptosis and 

fiber cell differentiation defects (Garcia et al., 2005). However, in contrast to the deletion of 

both Fgfr1 and Fgfr2 in the lens placode (Garcia et al., 2011), or the deletion of Fgfr1, Fgfr2 

and Fgfr3 in the lens vesicle (Zhao et al., 2008), many aspects of differentiation normalized 

subsequent to E12.5 (see Fig. 4, 5). In fact, the reduced β- and γ-crystallin expression (Fig. 

5) and delay in fiber cell cycle withdrawal (Fig. 4) observed in Fgfr2Δ/Δ lenses appears to 

represent a delay in development rather than a block in differentiation. The persistence of 

Pax6 expression in the posterior cells of the Fgfr2Δ/Δ lens at E12.5 also disappears by E15.5, 

further supporting a lens developmental delay in this genotype (Supp. Fig. 2). An initial lens 

developmental delay in the absence of Fgfr2 may be a consequence of the expression pattern 

of each Fgfr gene. The lens placode expresses both Fgfr1 and Fgfr2, but Fgfr3 expression 

only initiates as fiber cell differentiation commences between E11 and E12. By birth, Fgfr3 

is the most abundantly expressed Fgfr gene (Hoang et al., 2014). Therefore, the increasing 
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expression of Fgfr3 may compensate for early developmental defects resulting from FGFR2 

deficiency.

Despite the amelioration of many of the early differentiation deficits in FGFR2-deficient 

lenses, some differentiation defects persisted. These included reduced expression and 

abnormal patterning of Aquaporin0, reduced DnaseIIβ and a block in fiber cell denucleation. 

The persistence of these abnormalities in the Fgfr2Δ/Δ lenses suggests that fiber cell 

denucleation, and the expression of Aquaporin0 and DnaseIIβ depend specifically on 

FGFR2, or that these features of differentiation exhibit particular sensitivity to the level of 

overall FGFR signaling. Alternatively, perhaps the early reduction of FGFR signaling 

creates a pattern of abnormalities that subsequent increases in Fgfr3 expression fail to 

rescue.

To further understand the mechanistic role of FGFR2 in lens development, we examined the 

epistatic relationship of Fgfr2 and Pten during lens development. Given the known 

suppression of AKT activation by PTEN, we anticipated that Pten deletion would restore 

lens cell survival to FGFR2-deficient lens cells. However, the ability of Pten deletion to 

rescue lens differentiation defects, resulting from Fgfr2 deletion, remained difficult to 

predict. Ectopic over activation of FRS2α in the lens promotes enhanced AKT and ERK1/2 

activation followed by differentiation in central lens epithelial cells (Madakashira et al., 

2012). The isolated deletion of Pten in the lens elevated pAKT and resulted in abnormal 

Na+/ATPase activity and cataracts without major disruptions in prenatal lens structure 

(Sellitto et al., 2013). Therefore, despite increased AKT activation, central lens epithelial 

cells fail to undergo ectopic fiber cell differentiation in the absence of PTEN. To date, no 

previous publications explored ERK activation in PTEN-deficient lenses.

The simultaneous deletion of Pten and Fgfr2 at the lens placode stage, successfully 

decoupled the apoptotic phenotype from the differentiation phenotype associated with 

FGFR2-deficient lenses. The Pten deletion prevented the activation of apoptotic pathways 

that normally kill FGFR2-deficient lens cells. The deletion of Pten, in the presence or 

absence of Fgfr2 increased AKT phosphorylation over 5-fold and AKT activation stimulates 

several survival pathways in cells. In addition to promoting cell survival, AKT inhibits 

apoptotic pathways. Activated AKT phosphorylates MDM2 on Ser166, Ser186 and Ser188. 

Phosphorylation at these three sites stabilizes MDM2 and increases the ability of MDM2 to 

destabilize p53, thereby inhibiting apoptosis (Levav-Cohen et al., 2014). Additionally, since 

p53 promotes the transcription of Pten, AKT phosphorylation of MDM2 increases AKT 

activation in a positive feedback loop in normal cells (Mayo et al., 2002; Mayo and Donner, 

2002).

In Fgfr2Δ/Δ lenses, phosphorylated AKT levels decline (Fig 7A, B), while the levels of p53 

containing phosphorylation on Ser18 (the murine equivalent of Ser15) remain elevated (Fig. 

8A, B). Dramatically decreased MDM2 phosphorylation in the Fgfr2-deficient lenses also 

provides an explanation for increased p-p53 levels (Fig 7A, D). Phosphorylation of Ser15/18 

promotes the association of p53 with histone acetyltransferases required for p53-mediated 

transcriptional activation (Loughery et al., 2014), and these acetyltranferases also stabilize 

p53 by inhibiting p53 ubiquitinization (Ito et al., 2002; Sakaguchi et al., 1998). Elevated 

Chaffee et al. Page 11

Dev Biol. Author manuscript; available in PMC 2017 February 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



phosphorylation of Ser18 on p53 (p-p53) in the Fgfr2Δ/Δ lenses explains the increased levels 

of Pten transcript in these lenses (Fig. 1B). However, deletion of Pten, or the simultaneous 

deletion of Pten and Fgfr2, in the lens, leads to AKT activation increased beyond the level 

of control lenses with a corresponding decline in p-p53 (Fig. 8A, B). Taken together, these 

data suggest that FGFR2 normally promotes cell survival in the lens by activating AKT, 

which reduces p-p53 levels and Pten transcription. Pten deletion also induced a small, but 

significant, increase in ERK phosphorylation in lenses, both in the presence and absence of 

Fgfr2 (Fig. 7A, D). However, it remains a possibility that the dramatic rise in activated 

AKT, resulting from Pten deletion, rescues apoptosis in the Fgfr2-deficient lenses through a 

mechanism unrelated to Fgfr2 loss. In addition, since Fgfr2-deletion results in increased 

Pten transcripts (Fig. 1B), decreased lens cell survival and differentiation defects might 

directly result from Pten overexpression rather than from loss of Fgfr2-signaling per se. The 

distinction of these possibilities will require further experimentation.

The JNK subfamily of MAP kinases also play a fundamental, yet complex role in cellular 

survival. The activation (phosphorylation) of c-JUN by JNKs can either enhance or inhibit 

cell survival dependent on the tissue type and apoptotic stimuli (Hettinger et al., 2007; 

Morishima et al., 2001; Resnick and Fennell, 2004). For example, in neuronal cells, serine to 

alanine mutations at the phosphorylation sites of c-Jun at positions 63 and 73, resulted in 

resistance to kainate-induced apoptosis, and the same mutations conferred resistance to UV 

light-induced apoptosis in fibroblasts (Behrens et al., 1999). In contrast, nutrient depravation 

in fibroblasts lacking c-Jun induces robust apoptosis (Hettinger et al., 2007). In fact, in 

fibroblasts, and many cancer cell lines, c-JUN directly suppresses Pten transcription and 

enhances Pdk1 transcription, both of which result in enhanced AKT activation and survival 

(Hettinger et al., 2007; Lopez-Bergami et al., 2010).

Lenses lacking Fgfr2 experienced marked elevation in phosphorylated c-JUN, but the level 

of activated c-JUN returns nearly to baseline upon the additional deletion of Pten (Fig. 8A, 

C). Therefore, in contrast to fibroblasts, increased c-JUN phosphorylation in lenses lacking 

Fgfr2 correlates with increased apoptosis (Fig. 3C, G, I, J) and increased Pten transcript 

levels (Fig 1B). In the absence of Fgfr2, PTEN signaling pushes lens cells toward apoptosis. 

Pten deletion restores homeostatic balance and survival in the FGFR2-deficient lenses.

Although Pten deletion rescues the apoptosis resulting from the loss of Fgfr2 in the lens, 

normal, endogenous apoptosis during lens development proceeds without PTEN. Despite 

greater than 7-fold increase in p-AKT in Pten-deficient lenses, not all lens apoptosis 

depends on PTEN (Fig. 3I; Supp. Fig. 3 B, F). In fact, Pten deletion led to a roughly two-

fold increase in lens apoptosis at E12.5, but this level of apoptosis may be an effect of the 

Le-Cre transgene (see discussion below). During normal lens morphogenesis, apoptosis 

occurs in the lens stalk, a transient structure connecting the lens vesicle to the overlying 

presumptive corneal epithelium. The lens stalk derives from the anterior edges of the lens pit 

and this area contains numerous apoptotic cells in both control (Supp. Fig. 2 A, E-white 

arrows) and PtenΔ/Δ lenses (Fig. 3I; Supp. Fig. 3 B, F white arrows). The maintenance of 

endogenous apoptosis in the absence of Pten contrasts with that in involuting mammary 

glands and developing lung epithelial cells where PTEN-deficiency enhances cell survival 

and leads to tissue enlargement (Li et al., 2002; Tiozzo et al., 2009). Lens cells also 
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underwent normal DNA degradation related to nuclear removal during fiber cell 

differentiation in the absence of Pten (Fig. 6F).

Although elevated AKT, ERK1/2, and c-Jun activation commonly lead to increased 

proliferation, with the exception of elevated BrdU incorporation in Fgfr2Δ/Δ lenses at E12.5, 

none of the lenses examined experienced alterations in epithelial cell proliferation. The 

increased proliferation seen in Fgfr2Δ/Δ lenses at E12.5 may reflect a delay in cell cycle 

withdrawal rather than a primary proliferation increase. In any case, PTEN deficiency 

rescues the increase in proliferation seen in FGFR2-deficeint lens cells at E12.5. Therefore, 

despite the increased p-AKT and p-ERK1/2 in PtenΔ/Δ and (Pten/R2)Δ/Δ lenses (Fig. 7A, B 

D) and increased c-JUN activation in Fgfr2Δ/Δ lenses, cell proliferation remains largely 

unaffected.

The robust restoration of AKT activation and modest increase in ERK1/2 activation (beyond 

levels of control lenses) in PTEN-deficient lenses proved insufficient to completely restore 

fiber cell differentiation in the absence of FGFR2. Moreover, unlike the over-activation of 

FGFR signaling which promotes fiber cell differentiation in central lens epithelial cells 

(Lovicu and Overbeek, 1998; Madakashira et al., 2012; Robinson et al., 1998; Robinson et 

al., 1995), high levels of pAKT and pERK1/2 in the PtenΔ/Δ lens epithelium failed to 

stimulate ectopic fiber cell differentiation in the central lens epithelium. Taken together, 

these results suggest that FGFR2 activation provides an essential signal for some aspects of 

differentiation that elevations of both pAKT and pERK1/2, in the Pten-deleted lenses, can’t 

replace. These include the normal expression level and pattern of Aquaporin0, the 

expression of DnaseIIβ, and fiber cell denucleation. Although fiber cell denucleation 

requires DNASEIIβ, the reduction of DnaseIIβ expression in Fgfr2Δ/Δ lenses is 

approximately the same as that seen in mice heterozygous for DnaseIIβ null mutations 

where fiber cell denucleation occurs normally. Therefore, additional aspects of fiber cell 

denuclation must be compromised in Fgfr2Δ/Δ lenses.

During the course of these studies, a manuscript describing lens phenotypes in hemizygous 

Le-Cre mice without LoxP flanked alleles on some genetic backgrounds raised concerns 

about any studies utilizing this particular Cre transgene (Dora et al., 2014). We performed 

several additional analyses comparing Le-Cre hemizyogous mice to wildtype controls to 

account for any phenotypes relating to Cre transgene expression in these animals. We did 

observe a consistent increase in apoptosis relative to wildtype controls in the Le-Cre 

hemizygotes. We believe that this increased apoptosis explains the elevation in apoptosis 

seen upon the deletion of Pten (Fig. 3I). For additional information on this point see the 

supplemental discussion and supplemental figures 4 and 5.

In conclusion, lens cell survival depends on a critical balance of FGFR and PTEN signaling. 

Increased apoptosis and decreased lens size in FGFR2-deficient lenses reversed in the 

absence of Pten. However, defects in Aquaporin0 and DnaseIIβ expression, as well as 

defective fiber cell denucleation in the FGFR2-deficient lenses persisted following Pten 

deletion. Pten deletion also failed to rescue normal eyelid closure in the Fgfr2-deleted ocular 

surface ectoderm, and this phenotype probably contributes to the rapid degeneration of the 

anterior segment in both Fgfr2Δ/Δ and (Pten/R2)Δ/Δ postnatal eyes (data not shown). The 
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deletion of Pten increased the activation of both AKT and ERK above the level of the wild 

type lens in the presence or absence of FGFR2. The lens joins a growing list of tissues in 

which FGFR and PTEN signaling clearly interact. Human genetic diseases including 

achondroplasia, craniosynostosis, thanatophoric dysplasia, and cancer result from abnormal 

FGFR signaling. Likewise, mutations in Pten can cause Cowden’s Syndrome, Autism, and 

many types of cancer. Determining the precise nature of how these signaling pathways 

interact with each other may well result in novel treatments to restore intracellular balance 

when one or the other pathway goes awry.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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• Apoptosis caused by Fgfr2-deletion in the lens is rescued by Pten-deletion

• Deletion of Pten increases both AKT and ERK activation in the lens

• Lens differentiation defects caused by Fgfr2 loss persist in the absence of Pten.
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Figure 1. Le-Cre efficiently deletes LoxP-flanked Pten and Fgfr2
RT-qPCR was used to detect Fgfr2 (A) and Pten (B) expression in E15.5 Le-Cre negative 

(Control), PtenΔ/Δ Fgfr2Δ/Δ, and (Pten/R2)Δ/Δ lenses to determine the efficiency of the 

deletion of LoxP-flanked alleles. Lenses with LoxP-flanked Pten and the Le-Cre transgene 

(PtenΔ/Δ) displayed similar expression levels of Fgfr2 transcript as control lenses, but 

expressed very little Pten transcript. LoxP-Flanked Fgfr2 lenses containing the Le-Cre 

transgene (Fgfr2Δ/Δ) displayed a significant reduction in Fgfr2 transcripts and a significant 

increase in Pten transcripts. Lenses containing both LoxP -flanked Pten and Fgfr2 and the 

Le-Cre transgene (Pten/R2)Δ/Δ contained almost no Fgfr2 or Pten transcripts. Error bars 

represent standard error of the mean (s.e.m.) with significance level indicated above the 

relevant bars.
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Figure 2. Pten deletion rescues the lens size and elongation defects in Fgfr2Δ/Δ lenses
Hematoxylin and Eosin staining was implemented to analyze the morphology and size of the 

four different genotypes being compared, Cre-negative controls (A, A’, E, E’, I); PtenΔ/Δ (B, 

B’, F, F’ J); Fgfr2Δ/Δ (C, C’, G, G’ K); and (Pten/R2)Δ/Δ (D, D’, H, H’ L) at E12.5 (A–D, 

A’–D’), E15.5 (E–H, E’–H’), and E18.5 (I–L). A’–D’ and E’–H’ are higher magnifications 

of the boxed in regions of A–D and E-H respectively. Lens planar area measurements in 

mm2 were taken using a Nikon TI-80 microscope in conjunction with their advanced 

research software at E15.5 and E18.5 (M). At E12.5 the posterior cells of Fgfr2Δ/Δ lenses 

did not elongate (compare C to A, C’ to A’-white arrows). Deleting Pten restored the fiber 

cell elongation phenotype displayed in FGFR2-deficient lenses (compare D to C, D’ to C’-

white arrows). At E15.5 and E18.5 Fgfr2Δ/Δ lenses were significantly smaller than control 

lenses (compare G to E, K to I, M). Pten deletion rescued lens size in FGFR2-deficient 

lenses at E15.5 and E18.5 (compare H to G, L to K), but did not restore the eyelid closure 

phenotype present in FGFR2-deficient lenses (compare boxed regions in L and K to I). Pten 

deletion, by itself, did not visibly alter the size or morphology of the lens at any of the 3 

stages compared (compare B, B’, F, F’ J to A, A’ E, E’, I, M). Errors bars on the graphs 

represent s.e.m, with each bar representing a minimum of 9 measurements (3 sections from 

the lens center of 3 different embryos). Scale bars: 100μm in AD; 20 μm in A’–D’ and E’–

H’; 50 μm in E’H; 200 μm in (I–L).
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Figure 3. Pten deletion restores lens cell survival in FGFR2-deficient lenses
TUNEL analysis was implemented on E12.5 (A–D) and E15.5 (E–H) lenses comparing Cre-

negative controls (A, E), PtenΔ/Δ (B, F) Fgfr2Δ/Δ (C, G), and (Pten/R2)Δ/Δ (D, H). I and J 

represent the apoptotic index at E12.5 and E15.5, respectively. At E12.5, the apoptotic index 

was calculated for the entire lens due to the apoptosis detected in both posterior and anterior 

lens cells, whereas the apoptotic index was only calculated for the epithelial cell layer at 

E15.5 as apoptosis was only detected in the epithelium. At E12.5 and E15.5 Fgfr2Δ/Δ lenses 

displayed a significant increase in TUNEL positive cells as compared to control lenses 

(compare C to A, G to E, I), although the apoptotic index was higher at E12.5 than E15.5 

(compare C to G). At both E12.5 and E15.5 deleting Pten rescued the cell survival 

phenotype associated with FGFR2 loss (compare D to C, H to G, I, J). Despite the rescue of 

apoptosis when Fgfr2Δ/Δ lenses are compared to (Pten/R2)Δ/Δ lenses, (Pten/R2)Δ/Δ lenses 

continued to exhibit higher levels of apoptosis at E12.5 and E15.5 (compare D to A, H to E, 

I, J). Moreover, the apoptotic index in PtenΔ/Δ lenses was increased at E12.5 in comparison 

to control lenses (compare B to A-white arrows; I). Errors bars on the graphs represent 

s.e.m, with each bar representing a minimum of 9 measurements (3 sections from the lens 

center of 3 different embryos). Scale bars: 100μm in AH. White arrows point to TUNEL 

positive foci.
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Figure 4. Cell cycle analysis in PtenΔ/Δ, Fgfr2Δ/Δ, and (Pten/R2)Δ/Δ lenses
BrdU incorporation assay was used on Cre-negative controls (A, A’, E), PtenΔ/Δ (B, B’, F) 

Fgfr2Δ/Δ (C, C’, G), and (Pten/R2)Δ/Δ (D, D’, H) to assess the impact of deleting Pten, 

Fgfr2, and the combination of the two on lens epithelial cell proliferation and cell cycle 

withdrawal. By E12.5, control lenses failed to exhibit any BrdU incorporation in the 

differentiating fiber cells (A, A’). E12.5 PtenΔ/Δ (B, B’) ,Fgfr2Δ/ Δ (C, C’), and (Pten/R2)Δ/Δ 

(D, D’) lenses displayed BrdU incorporation of nuclei in the fiber cell mass, although 

Fgfr2Δ/Δ lenses contained the most proliferation in posterior lens cells (compare C’ to B’ 

and D’). Furthermore, overall proliferation was increased in E12.5 Fgfr2Δ/Δ lenses, yet was 

not significantly increased in PtenΔ/Δ or (Pten/R2)Δ/Δ lenses at this stage (I). By E15.5 (E–H, 

J) lens epithelial proliferation was not altered in PtenΔ/Δ (F, J) Fgfr2Δ/Δ (G, J), or (Pten/

R2)Δ/Δ (H, J). A’–D’ represent boxed regions of A–D selected for higher magnification. 

Dashed white lines outline the edges of the lens and white arrows point towards posterior 

lens cells remaining prolific (A’–D’). Errors bars on the graphs represent s.e.m, with each 

bar representing a minimum of 9 measurements (3 sections from the lens center of 3 

different embryos). Scale bars: 100 μm in A–D; 50 μm in A’–D’; 200 μm in E–H.
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Figure 5. Pten deletion restores decreased β- and γ-crystallin expression to the FGFR2- deficient 
lenses at E12.5
Cre-negative control (A, E, I, M), PtenΔ/Δ (B, F, J, N) , Fgfr2Δ/Δ (C, G, K, O) , and 

(Pten/R2)Δ/Δ (D, H, L, P) lenses were analyzed by immunohistochemistry at E12.5 (A–D, I–

L), and E15.5 (E–H, M–P), to determine the expression of γ-crystallin (A–H) and β-

crystallin (I–P). At E12.5 γ-crystallin was present in very few posterior cells of Fgfr2Δ/Δ 

lenses (compare C to A). E12.5 (Pten/R2)Δ/Δ lenses displayed an increase in γ-crystallin 

expression relative to Fgfr2Δ/Δ lenses (compare D to C), but remained reduced in 

comparison to control lenses (compare D to A). By E15.5, Fgfr2Δ/Δ lenses expressed γ-

crystallin protein in all fiber cells (compare G to C). c-Maf transcript levels were not 

reduced in either Fgfr2Δ/Δ or (Pten/R2)Δ/Δ lenses (Q). Isolated Pten deletion did not alter γ-

crystallin protein at E12.5 (compare B to A), or E15.5 (compare F to E). The quantification 

of c-Maf (Q) was standardized to Gapdh mRNA. Errors bars on the graphs represent s.e.m, 

with each bar representing a minimum of 9 measurements (3 sections from the lens center of 

3 different embryos). Scale bars: 100 μm in A–D, I–L; 200 μm in E–H, M–P.
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Figure 6. Fgfr2Δ/Δ lenses exhibit reduced Aquaporin0 expression and a nuclear retention 
phenotype that Pten deletion fails to rescue
Cre-negative control (A, E), PtenΔ/Δ (B, F) , Fgfr2Δ/Δ (C, G) , and (Pten/R2)Δ/Δ (D, H) 

lenses were analyzed for Aquaporin0 protein expression at E15.5 (A–D) , and for 

denucleation by TUNEL at E18.5 (E–H) . Both Fgfr2Δ/Δ (compare C to A; J, K) and 

(Pten/R2)Δ/Δ (Compare D to A; J, K) lenses experienced a reduced Aquaporin0 expression 

level. Additionally, Fgfr2Δ/Δ (C) and (Pten/R2)Δ/Δ (D) contained several heightened areas of 

Aquaporin0 expression in a circular pattern (C and D white arrows). Aquaporin0 expression 

in PtenΔ/Δ lenses did not differ from controls (compare B to A; J, K). Western blot analysis 

was performed at E15.5 to confirm the reduced Aquaporin0 protein observed with FGFR2 

deficiency (K). The western blot quantification was standardized to GAPDH protein. 

TUNEL analysis detected normal fiber cell DNA degradation in both control (E) and Pten 

deleted lenses (F). However DNA degradation in the central fiber cells was markedly 

reduced in both Fgfr2Δ/Δ (G) and (Pten/R2)Δ/Δ (H) lenses. Quantitative RT-PCR revealed a 

reduction in trancripts for DnaseIIβ at E16.5 (I). The quantification of DnaseIIβ was 

standardized to GADPH mRNA. Reduced transcript levels of DnaseIIβ were observed in 

Fgfr2Δ/Δ and (Pten/R2)Δ/Δ lenses (I). PtenΔ/Δ lenses did not display defects in Aquaporin0 

protein expression (J)/localization (B), nuclear removal (F), or DnaseIIβ expression (I). 

White arrows point towards heightened and abnormal expression of Aquaporin0 in C and D, 

and TUNEL foci in E, F, and H. Errors bars on the graphs represent s.e.m, with each bar 

representing a minimum of 9 measurements (3 sections from the lens center of 3 different 

embryos). Scale bars: 200 μm in A–D; 100 μm in E–H.
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Figure 7. Deleting Pten restores pAKT and pERK1/2 in FGFR2-deficient lenses
E15.5 Cre-negative control, PtenΔ/Δ , Fgfr2Δ/Δ , and (Pten/R2)Δ/Δ lenses were analyzed by 

western blot analysis to determine the impact of deleting Pten, Fgfr2, or both Pten and Fgfr2 

on activation of ERK1/2 and AKT. Levels of pAKT were significantly reduced in Fgfr2Δ/Δ 

lenses (A, B). Additionally deleting Pten with the Fgfr2 deletion raised the level of pAKT 

well beyond the levels of control lenses (A, B). As expected, PtenΔ/Δ lenses experienced 

very high levels of pAKT (A, B). Interestingly, the total amount of AKT was reduced in 

both PtenΔ/Δ lenses and (Pten/R2)Δ/Δ lenses (A, C). Fgfr2Δ/Δ lenses experienced a 

significant reduction in p-ERK (A, D), and additionally deleting Pten raised the level of 

pERK1/2 above that of control lenses (A, D). PtenΔ/Δ lenses experienced modestly elevated 

levels of pERK1/2 (A, D). Total ERK levels remained unaltered in all of the examined 

genotypes (A, E). Total ERK1/2 and AKT were standardized to GAPDH while pERK1/2 

and pAKT were normalized to total ERK1/2 and total AKT, respectively. Errors bars on the 

graphs represent s.e.m, with significance levels indicated above the relevant genotypes.
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Figure 8. FGFR2 deficiency leads to increased activation of C-JUN and p53 and loss of MDM2 
phosphorylation
E15.5 whole lenses of Cre-negative control, PtenΔ/Δ , Fgfr2Δ/Δ , and (Pten/R2)Δ/Δ were 

analyzed by western blot analysis using antibodies to p-p53 (Ser 15), p-cJUN (Thr 63/Thr 

73) and p-MDM2 (Ser 166). GAPDH was used as a loading control. Fgfr2Δ/Δ lenses 

increased both phospho-p53 (A-top panel, B) and p-cJUN (A-3rd panel, C) while decreasing 

the amount of p-MDM2 (A-5th panel, D). The deletion of Pten lowered p-p53 in FGFR2-

deficient lenses. Likewise deleting Pten returned cJUN activation and p-MDM2 to control 

levels (A-3rd panel, C and A-5th panel, D, respectively). Error bars on the graphs represent 

+/− s.e.m. p-p53, p-cJUN and p-MDM2 were standardized to GAPDH for quantification.
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