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Presenilin gene function and Notch signaling feedback 
regulation in the developing mouse lens

Mina Azimi1, Tien T. Le2, and Nadean L. Brown1,2,*

1Department of Cell Biology & Human Anatomy; University of California, Davis One Shields 
Avenue, Davis, CA 95616

2Division of Developmental Biology, Cincinnati Childrens Hospital Research Foundation 3333 
Burnet Avenue, Cincinnati, OH 45229

Abstract

Presenilins (Psen1 and Psen2 in mice) are polytopic transmembrane proteins that act in the γ-

secretase complex to make intra-membrane cleavages of their substrates, including the well-

studied Notch receptors. Such processing releases the Notch intracellular domain, allowing it to 

physically relocate from the cell membrane to the nucleus where it acts in a transcriptional 

activating complex to regulate downstream genes in the signal-receiving cell. Previous studies of 

Notch pathway mutants for Jagged1, Notch2, and Rbpj demonstrated that canonical signaling is a 

necessary component of normal mouse lens development. However, the central role of Psens 
within the γ-secretase complex has never been explored in any developing eye tissue or cell type. 

By directly comparing Psen single and double mutant phenotypes during mouse lens development, 

we found a stronger requirement for Psen1, although both genes are needed for progenitor cell 

growth and to prevent apoptosis. We also uncovered a novel genetic interaction between Psen1 and 

Jagged1. By quantifying protein and mRNA levels of key Notch pathway genes in Psen1/2 or 

Jagged1 mutant lenses, we identified multiple points in the overall signaling cascade where 

feedback regulation can occur. Our data are consistent with the loss of particular genes indirectly 

influencing the transcription level of another. However, we conclude that regulating Notch2 

protein levels is particularly important during normal signaling, supporting the importance of post-

translational regulatory mechanisms in this tissue.
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Introduction

Cellular changes in growth, morphogenesis, and differentiation all contribute to tissue 

composition and shape, but ultimately, influence functionality. The vertebrate ocular lens is a 

prime example of this complex process. This spheroidal, transparent tissue must achieve 

precise size and curvature during development to focus images onto the retina for proper 

vision. Lens development initiates at the surface ectoderm in a region overlaying the optic 

vesicle, known as the presumptive lens ectoderm (PLE) (McAvoy et al., 1999). Fundamental 

experiments in frog embryos demonstrated that lens induction requires signals from the 

developing optic vesicle (Spemann, 1938). PLE cells respond by thickening into the lens 

placode, which folds into a pit shape that eventually pinches off from the surface ectoderm 

to give rise to the lens vesicle, a uniform, hollow structure comprised of proliferating 

progenitor cells. This is followed by two temporal waves of fibergenesis that both begin 

prenatally. Primary fibergenesis initiates when posterior lens vesicle cells elongate across the 

lumen and differentiate. At this time, anterior vesicle cells remain proliferative and coalesce 

anteriorly to create the anterior epithelial layer (AEL). During secondary fibergenesis, AEL 

cells move peripherally through the germinative zone where they become postmitotic and 

progress into the transition zone for terminal differentiation (Lovicu and Robinson, 2004).

A variety of intrinsic and extrinsic factors are essential for proper lens growth and fiber cell 

differentiation. Some key transcription factors include: Pax6, Sox2, FoxE3, Prox1, and c-
Maf (Blixt et al., 2000; Chow et al., 1999; Hill et al., 1991; Kamachi et al., 1995; Kim et al., 

1999; Wigle et al., 1999). These factors regulate lens growth, fiber cell differentiation, 

elongation, cell-cycle exit and organelle-clearing. Moreover, lens formation also relies on 

many signaling factors. Classic lens inversion experiments performed in chicks embryos 

offered the first clue that signals in the aqueous humor or vitreous regulate lens fiber 

elongation and polarity (Coulombre and Coulombre, 1963). Much later some of the signals 

were identified, including Fgfs, Wnts, Bmp, and Notch (Cain et al., 2008; Chamberlain and 

McAvoy, 1987; Faber et al., 2002; Garcia et al., 2011; Jia et al., 2007; Le et al., 2009; Rowan 

et al., 2008; Stump et al., 2003). One pathway with an essential role in secondary 

fibergenesis is Notch signaling (Jia et al., 2007; Rowan et al., 2008). Canonical cell-cell 

signaling enables ligands on the surface of one cell to engage with a Notch receptor 

expressed on the neighboring cell (Kopan and Ilagan, 2009; Kovall et al., 2017). There are 

two families of Notch ligands: Deltalike (Dll) and Jagged (Jag). Upon ligand binding, the 

Notch receptor protein undergoes a conformational change which exposes its negative 

regulatory region for cleavage by proteases. This fundamental activation step ultimately 

releases the Notch intracellular domain (NICD) (Schroeter et al., 1998). Receptor cleavage is 

sequentially mediated by two different protein complexes. First, ADAM secretase removes 

the large extracellular domain (Brou et al., 2000; Mumm et al., 2000) and then γ-secretase 

cuts within the transmembrane region to release NICD from the plasma membrane (De 

Strooper et al., 1999). The γ-secretase complex is comprised of four protein subunits: 

Nicastrin, PEN2, APH1, and the catalytic subunit Presenilin (Psen). The two mouse Psen 
genes, Psen1 and Psen2, encode proteins that catalyze substrate proteolysis, however each γ-

secretase complex contains only one Psen paralog (Donoviel et al., 1999; Struhl and 

Greenwald, 1999). After cleavage and release, the NICD first binds the DNA-binding 
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protein Rbpj and subsequently to a cofactor, Mastermind. This complex transcriptionally 

activates downstream genes, such as the Hes and Hey genes (Iso et al., 2003; Kovall, 2007; 

Kuroda et al., 1999; Tamura et al., 1995). Previously, we demonstrated that the activities of 

Notch pathway genes Jag1, Notch2, and Rbpj are required for lens development (Le et al., 

2009; Rowan et al., 2008; Saravanamuthu et al., 2012). Given the pivotal role of the γ-

secretase complex in canonical Notch signaling, we wished to explore the role(s) of Psen 
genes within the context of mouse lens development.

Psen1 mutations cause embryonic lethality, whereas Psen2 mutants are adult viable, 

illustrating the vastly different requirements for γ-secretase complexes containing either 

Psen protein (Herreman et al., 1999; Shen et al., 1997). There is also evidence of distinct 

subcellular distribution of Psen1- versus Psen2-containing γ-secretase complexes, which 

correlates with differential substrate specificity (Sannerud et al., 2016). For the Notch 

receptors, NICD generation is more heavily dependent on Psen1 than Psen2 (Zhang et al., 

2000). However, for the lens, the extent to which Psen1- versus Psen2-containing γ-

secretase complexes regulate Notch receptor activation is unknown. Moreover, given that γ-

secretase can cleave up to 90 different proteins (Haapasalo and Kovacs, 2011), it is possible 

that Psen loss may have greater consequences during lens development, than do other Notch 

pathway mutants. To address these questions, we utilized the Le-Cre driver and 

Psen1CKO/CKO;Psen2−/− mouse stocks to generate an allelic series during lens formation that 

includes Psen1/2 double mutants, which block all Notch receptor activation. Here we report 

the lens phenotypes of this Psen1/2 allelic series. We found that although the Psen1/2 double 

mutant lenses complete primary fibergenesis, and initiate secondary fibergenesis, at E14.5 

proliferation was dramatically reduced, along with FoxE3 downregulation, and there was 

significantly more apoptosis. Postnatally, Psen1/2 double mutants progressively lose lens 

tissue, exhibiting aphakia by P21. We also uncovered a genetic interaction between Psen1 
and Jag1, wherein Le-Cre;Psen1CKO/+;Jag1CKO/+ adult mice display synergistic lens 

phenotypes. To understand the basis for this interaction, we measured the mRNA and protein 

levels of relevant Notch pathway genes in each other's mutant lens tissue. We found that at 

the onset of secondary fibergenesis, Notch2 protein levels are particularly sensitive to both 

Jag1 and Psen1/2 activity. Together, these data demonstrate Presenilins play a critical role in 

lens growth and homeostasis. We conclude that while Notch signaling is controlled at both 

the level of transcription and post-translation, in the lens it is the latter mechanism that is 

utilized for feedback regulation.

Materials and Methods

Animals

Psen1tm1Shn/tm1Shn;Psen2tm1Bdes/tm1Bdes (Psen1CKO/CKO;Psen2−/−) mice, 

Jagged1tm1JLew/tm1Lew mice (Jag1CKO/CKO), Notch1tm2Rko/tm2Rko (Notch1CKO/CKO) mice, 

Notch2tm3Grid/tm3Grid (Notch2CKO/CKO) mice and Notch1CKO/CKO; Notch2CKO/CKO mice 

were each maintained on a mixed 129-C57BL/6 background and genotyped as described 

(Beglopoulos et al., 2004; Brooker et al., 2006; McCright et al., 2006; Yang et al., 2004). 

Hes1tm1Hojo mice (Hes1CKO/CKO) were maintained on a CD-1 background and genotyped as 

described (Kita et al., 2007). Le-Cre Tg/+ mice were maintained on a FVB/N background 
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and PCR genotyped as described (Ashery-Padan et al., 2000). MLR10-Cre Tg/+ mice were 

maintained on a FVB/N background and PCR genotyped as described (Zhao et al., 2004). 

Our Le-Cre Tg/+ line does not exhibit DNA damage pathway activation (Loonstra et al., 

2001), shown by anti-H2A.X western blotting (Supplemental Fig. 2F). We also monitored 

Pax6 mRNA levels among all genotypes produced in different litters, and found no changes 

correlating with inheritance of the Le-Cre transgene alone.

Breeding schemes for all analyses mated one Cre Tg/+ mouse (Le- or MLR10-Cre) to one 

homozygous for a conditional allele (e.g. Psen1CKO/CKO or Psen1CKO/CKO;Psen2−/−) to 

create F1 Cre;gene of interestCKO/+ heterozygous mice. All embryonic or postnatal analyses 

used F2 generation animals generated by timed matings between Cre;gene of interestCKO/+ 

X gene of interestCKO/CKO mice. The resulting lens phenotypes occurred at expected 

Mendelian recessive ratios, completely correlating with the loss of gene of interest. Le-

Cre;Jag1CKO/+;Psen1CKO/+ double heterozygote phenotypic analyses also used F2 mice, 

generated in timed matings between Le-Cre;Psen1CKO/+ X Jag1CKO/CKO mice, or Le-

Cre;Jag1CKO/+ X Psen1CKO/CKO mice. Finally, we also analyzed F2 litters containing Le-

Cre;Jag1CKO/+;Psen1CKO/+;Psen2+/− triple heterozygotes by timed matings of either Le-

Cre;Psen1CKO/+;Psen2+/− F1 males and Jag1CKO/CKO females, or Le-Cre;Jag1CKO/+ F1 

males to Psen1CKO/CKO;Psen2−/− females.

The embryonic age was based on vaginal plug detection at day E0.5. The heads of 

anesthetized adult mice were imaged with a Leica MZ8 dissecting microscope, DFC290 HD 

camera and Leica LAS V4.2 software. Standard H&E paraffin histology of P21 eyes was 

also performed and those data gathered using a Nikon eclipse E800 scope, Olympus DP74-

CU camera and cellSens Dimension software (v1.17). All mice were housed and cared for in 

accordance with the guidelines provided by the National Institutes of Health, Bethesda, 

Maryland, and the Association for Research in Vision and Ophthalmology, and conducted 

with approval and oversight from the Cincinnati Childrens and UC Davis Institutional 

Animal Care and Use Committees.

Immunohistochemistry and Cell Counting

Embryonic tissue was fixed in 4% paraformaldehyde/PBS for 1hr on ice, processed by 

stepwise sucrose/PBS incubation and embedded in OCT, then 10 µm frozen sections were 

generated for marker analyses as described in (Brown et al., 1998). Anti-BrdU labeling was 

performed as in Le et al. (2006). The primary antibodies used were mouse anti-BrdU (1:100, 

Becton Dickinson Cat#:347580), rat anti-Ccnd2 (1:200, Santa Cruz Cat#:sc-452), rat anti- 

Cdh1 (1:500, Invitrogen Cat#:13-1900), rabbit anti-cleaved PARP (1:500, Cell Signaling 

Cat#:9544), rabbit anti-Cryba1 (1:5000, gift from Richard Lang), goat anti-FoxE3 (1:200, 

Santa Cruz Cat#:sc-48162-discontined), goat anti-Jag1 (1:200, Santa Cruz Cat#:sc-6011-

discontinued), rabbit anti-Prox1 (1:5000, Millipore Cat#:AB5475), rabbit anti-Psen1 (1:100, 

Santa Cruz Cat#:sc-7860-discontinued). Sections were subsequently incubated with directly 

conjugated Alexafluor secondary antibodies (1:400, Jackson ImmunoResearch or Molecular 

Probes) or biotinylated secondary antibodies (1:500, Jackson ImmunoResearch or 

ThermoScientific) followed by Alexafluor conjugated streptavidin (1:500, Jackson 

Azimi et al. Page 4

Differentiation. Author manuscript; available in PMC 2019 July 25.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



ImmunoResearch). Nuclear staining was performed with DAPI (1:1000 dilution of a 1mg/ml 

solution, Sigma-Aldrich Cat#:28718-90-3).

Antibody labeled cryosections were imaged using either a Zeiss fluorescent microscope, 

Zeiss camera and Apotome deconvolution device or a Leica DM5500 microscope, equipped 

with a SPEII solid state confocal and processed using Axiovision (v5.0) or Leica LASAF 

and Adobe Photoshop (CS4) software programs, respectively. All images were equivalently 

adjusted among genotypes for brightness, contrast, and pseudo-coloring. For quantification 

of marker+ cells, 3 individuals per genotype were analyzed using at least 2 sections per 

individual. Cell counts were performed using the count tool in Adobe Photoshop CS4. 

Statistical significance was determined using one-way ANOVA analysis.

In Situ Hybridization

Dissected embryos were immediately embedded unfixed, then cryosectioned. Sections were 

fixed in 4% PFA/PBS for 10 minutes and hybridized with digoxygenin-labeled RNA probes 

as previously described (Brown et al., 1998). Full length Presenilin1 or Presenilin2 cDNA 

were obtained from Origene Technologies (Cat#:MC203369, Cat#:MC206272) and 

subcloned into pBluescript II KS+/−. Dig-labeled sense and antisense cRNA probes were 

used side-by-side in experiments and detected by anti-digoxigenin antibody coupled to 

alkaline phosphatase (Roche Cat#:11093274910). Images were captured on a Nikon eclipse 

E800 scope equipped with an Olympus DP74-CU camera and cellSens Dimension software 

(v1.17).

Western blotting

Individual pairs of mouse lenses were hand dissected away from other ocular tissues and 

harvested in cold PBS and snap frozen. Those of identical genotypes were pooled and lysed 

in RIPA buffer (150mM NaCl, 50mM Tris pH8, 1% NP40, 0.5% DOC, 0.1% SDS) plus 

cOmplete mini protease inhibitor tablet (Sigma-Aldrich Cat#:11836153001) for 2 hours 

using micro stir bars and vigorous stirring. The cell extracts were centrifuged at 15,800 rcf, 

the lysates collected, total protein quantified by Bradford assay (BioRad Protein Assay Cat#:

500-0006), and loaded onto NuPage 4–12% Bis-Tris gel (Invitrogen Cat#:NP0322BOX). 

25ug of total protein, equivalent to approximately five E14.5 lenses, was electrophoresed in 

MES running buffer (Invitrogen Cat#:NP0002-02) and transferred onto 0.2um nitrocellulose 

membranes (Invitrogen Cat#:LC2000). Blots were blocked in 5% milk/0.1M Tris (pH 7.4)/

0.15M NaCl/0.1% Tween20. Protein detection was performed with subsequent primary 

antibodies: mouse anti-β-actin (1:3000, Sigma-Aldrich Cat#:A1978), goat anti-Jag1 (1:2000, 

Santa Cruz Cat#:sc-6011-discontinued), rabbit anti-Jag1 (1:1000, Santa Cruz Cat#:sc-8303-

discontinued), rabbit anti-Hes1 (1:1000, Cell Signaling Cat#:11988), mouse anti-Notch1 

(1:100, Sigma-Aldrich Cat#:N6786), rat anti-Notch2 (1:100, DSHB Cat#:C651.6DbHN), 

rabbit anti- Presenilin1 (1:2000, Santa Cruz Cat#:sc-7860-discontinued), rabbit anti-

Phospho-Histone H2A.X (Ser139) (1:500, Cell Signaling Cat#:2577). Blots were incubated 

with HRP-conjugated secondary antibodies from Jackson ImmunoResearch. ECL kit 

(ThermoFisher Cat#:34078) was used for visualization as described by manufacturer. 

Signals were detected using the Konica Minolta SRX-101A medical film processor. Jag1-

CTF protein levels were quantified from x-ray films by densitometry of serial exposures 
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(ImageJ, NIH, Bethesda, MD), normalizing to control lenses and the β-actin loading control, 

and averaging signal intensity among n = 3 independent experiments. Statistical significance 

was determined using one-way ANOVA analysis.

RNA purification and Quantitative PCR Analysis

Total RNA from one pair of E14.5 lenses (single individual) was isolated using the Zymo 

Research Quick RNA miniprep kit (Cat#:R1055). RNA concentrations were measured with 

a Qubit 3.0 Fluorometer and Molecular Probes Qubit RNA HS Assay kit (Cat#:Q32852). 

50ng of total lens RNA was reverse transcribed into cDNA via the Bio-Rad iScript cDNA 

Synthesis kit (Cat#:170-8891) and used for qPCR analysis using Applied BioSystems Fast 

Sybr Green Master Mix (Cat#:4385614) on an Applied Biosystems StepOnePlus machine. 

Relative Quantification (RQ) values were calculated using comparative CT method (Livak 

and Schmittgen, 2001) with β-actin as a normalization control. Statistical significance was 

determined by one-way ANOVA or a two-tailed Student’s t-Test using Microsoft Excel 2016 

Analysis ToolPak, with p-values <0.05 considered significant.

Results

Presenilins expression in developing lens progenitor cells

Although Presenilin expression has been reported in the adult primate and mouse lens 

(Frederikse and Zigler, 1998), we wished to visualize Psen1 and Psen2 localization during 

mouse primary (E10.5) and secondary (E14.5) fiber cell differentiation. Using full length 

Psen1 and Psen2 cDNA clones, we synthesized cRNA antisense and sense control probes 

and performed mRNA in situ hybridization (Fig. 1). Psen1 and Psen2 exhibit overlapping 

and essentially uniform expression patterns in the developing eye. We also used an antibody 

specific for Psen1 (Supplemental Fig. 1), to demonstrate protein localization throughout the 

early embryo at E9.5 (Fig 1G). At E10.5, Psen mRNAs and Psen1 protein are ubiquitously 

expressed in the lens pit, optic cup, forming pigment epithelium, surrounding mesenchyme, 

and ventral hypothalamus (Figs. 1A, B, H). By E14.5, Psen1 and Psen2 mRNA lens 

expression is restricted to AEL, transition zone cells, and fiber cell nuclei, with the rest of 

the fiber cell compartment devoid of signal. Psen1 and Psen2 expression is also detected in 

the corneal epithelium layer (Figs. 1E, F). By contrast, Psen1 protein localizes to the plasma 

membrane of all lens cells, including differentiated fiber cells (Figs. 1I, J). We conclude that 

both Psen genes are expressed at the right time and place to catalyze the proteolysis of 

multiple Notch receptors (Notch1, Notch2, and Notch3) co-expressed in AEL progenitors, 

plus overlap with two Notch ligands Deltalike1 and Jagged1 (Bao and Cepko, 1997; Le et 

al., 2009; Saravanamuthu et al., 2009; Weinmaster et al., 1991).

Lens-specific loss of Presenilins causes microphthalmia and postnatal aphakia

To assess the consequences of removing Presenilins in the mammalian lens, we generated 

Psen single and double mutant mice. Although Psen2−/− germline mice are viable, analogous 

Psen1−/− mutants die during early embryogenesis (Donoviel et al., 1999; Shen et al., 1997). 

To circumvent this issue, we used a Psen1 conditional allele (Yu et al., 2001) and the Le-Cre 

driver (Ashery-Padan et al., 2000), to delete Psen1 exons 2 and 3 containing 5’ UTR, the 

ATG start codon, and a portion of an N-terminal cytoplasmic domain, just prior to the first 
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transmembrane domain. We verified that this strategy produces a protein null mutation, 

using a specific antibody (Fig. 6A and Supplemental Fig. 1). We employed the Le-Cre driver 

for these studies so that the resulting phenotypes would be directly comparable to those 

previously described for multiple Notch pathway genes (Jia et al., 2007; Le et al., 2009; 

Rowan et al., 2008; Saravanamuthu et al., 2012), and because the developmental timing of 

conditional deletion of this pathway is critical. To support this idea, we also obtained another 

lens Cre driver, MLR10-Cre (Zhao et al., 2004), and assessed the P21 lens phenotypes of 

MLR10-Cre; Psen1CKO/CKO;Psen2−/− double mutants (Supplemental Fig. 2B), MLR10-

Cre;Jagged1CKO/CKO single mutants (data not shown) and MLR10-Cre;Hes1CKO/CKO single 

mutants (Supplemental Fig. 2C). However, none displayed gross or histologic lens 

phenotypes (n = 3/ genotype). The MLR10-Cre driver removed nuclear Hes1 protein 

specifically from the E14.5 lens (Supplemental Figs. 2D, E).

By contrast, P21 Le-Cre;Psen1CKO/CKO mice exhibited ocular microphthalmia, with reduced 

eye size that correlates with Psen1 gene dosage. For example, P21 Le-Cre;Psen1CKO/+ 

heterozygotes, have smaller-sized eyes than controls (Figs. 2A–C). Conversely, no eye 

phenotypes were found in Psen2−/− eyes (Fig. 2D). Histologic sections of P21 eyes highlight 

the obviously smaller lenses of Le-Cre;Psen1CKO/CKO eyes versus Psen2−/− (Figs. 2G, H). 

These phenotypes were fully penetrant for each genotype. We concluded that like other 

tissues, developing lens cells have a stronger requirement for Psen1. However, there is some 

level of redundancy between Psen1 and Psen2, since Le-Cre;Psen1CKO/CKO;Psen2−/− double 

mutants show more phenotypic severity (Figs. 2C, F n=3/3 double mutants). P21 Le-

Cre;Psen1CKO/CKO;Psen2−/− eyes contained a near total loss of lens tissue, and lacked 

pupillary openings (Fig. 2I). This is in contrast to Le-Cre;Notch1CKO/CKO;Notch2CKO/CKO 

and Le-Cre;RbpjCKO/CKO P21 eyes, whose less severe lens phenotypes phenocopy one 

another (Rowan et al., 2008; Saravanamuthu et al., 2012) (Figs. 2I–K). Interestingly, the 

more severe defects in Le-Cre;Psen1CKO/CKO;Psen2−/− eyes strongly resemble those in Jag1 
lens mutants (Le et al., 2009) (Figs. 2I, L), suggesting the possibility that during lens 

formation Psen1/2 and Jag1 also have activities independent from their roles in canonical 

Notch signaling.

Progressive AEL and transition zone thinning in prenatal Le-Cre;Psen1CKO/CKO;Psen2−/− 

lenses

To explore the chronology and molecular nature of the adult lens defects found in the 

Psen1/2 allelic series, we next turned our attention to embryonic lens formation. We selected 

several lens developmental markers to label E14.5 ocular cryosections of various genotypes, 

including Le-Cre;Psen1CKO/CKO;Psen2−/− double mutants. For fiber cell differentiation, we 

analyzed β-Crystallin (Cryba1) expression. Crystallins are abundant, water-soluble proteins 

found in lens fiber cells and aberrant Crystallins cause lens opacification seen in cataracts 

(Chambers and Russell, 1991). Although the fiber cell compartment was smaller in E14.5 

Le-Cre;Psen1CKO/+;Psen2+/− and Le-Cre;Psen1CKO/CKO;Psen2−/− mice, we noted that 

Cryba1 was present in fiber cells indicating their differentiated status (Figs. 3A–C). Then, 

we examined FoxE3 expression within the AEL progenitor cells. FoxE3 encodes a winged-

helix forkhead transcription factor that is expressed by lens progenitor cells, beginning in the 

lens placode stage and continuing into adulthood (Brownell et al., 2000). We noted E14.5 
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Le-Cre;Psen1CKO/+;Psen2+/− double heterozygotes had a normal FoxE3 pattern, despite the 

smaller size lens, but in Le-Cre;Psen1CKO/CKO;Psen2−/− double mutants there was 

essentially no FoxE3 expression (Figs. 3D–F). FoxE3 is necessary for lens vesicle separation 

from the surface ectoderm and AEL cell proliferation (Blixt et al., 2000; Medina-Martinez et 

al., 2005). The loss of FoxE3 by E14.5 in Le-Cre;Psen1CKO/CKO;Psen2−/− lenses is 

suggestive of reduced AEL proliferation. Previously we reported that Jag1 lens conditional 

mutants had significantly fewer FoxE3+ AEL cells at E14.5, but that Notch2 and Rbpj lens 

mutants only displayed a slight reduction (Le et al., 2009; Rowan et al., 2008; 

Saravanamuthu et al., 2012).

CyclinD2 (Ccnd2) is normally expressed by lens equatorial (transition zone) cells as they 

initiate fibergenesis (Reneker and Overbeek, 1996). In addition to fewer Ccnd2+ cells in 

E14.5 Le-Cre;Psen1CKO/CKO;Psen2−/− lens sections, we noted that their arrangement was 

sparser including abnormal localization to the AEL, compared to controls (Figs. 3D–F). This 

phenotype strongly resembles that of E14.5 Le-Cre;RbpjCKO/CKO lenses (Rowan et al., 

2008), and is indicative of cell cycle exit defects. Another protein expressed by lens 

transition zone cells is the Notch ligand, Jag1. Although Jag1 is ubiquitous during lens pit 

and vesicle stages, at E14.5 it is specifically localized to the cell membrane of transition 

zone cells (Bao and Cepko, 1997; Le et al., 2009). We noticed that Le-

Cre;Psen1CKO/CKO;Psen2−/− lenses also had abnormal Jag1 localization at the anterior pole 

of fiber cells (Figs. 3G–I), and that this mispatterning persisted to at least P0 (Fig. 3J–L), 

when the progressive nature of the lens double mutants became more pronounced. We also 

examined Cdh1 (E-Cadherin) and Cdh2 (N-Cadherin) expression, which further highlighted 

the abnormal morphology, size, and cell composition of P0 double mutant lenses (Figs. 3M–

O). Similar to the Le-Cre;Rbpj conditional mutants (Rowan et al., 2008), we also noted 

mispatterning of Cdh2 expression at the anterior pole of P0 Psen1/2 double mutant lenses. 

Finally, the essentially continuous loss of lens tissue in Psen1/2 mutants was more 

pronounced at P9 (Figs. 3P–R). Overall, we conclude that the AEL and transition zone 

compartments are not maintained, as early as E14.5, and this likely contributes to the 

eventual aphakia found in adult Le-Cre;Psen1CKO/CKO;Psen2−/− mice.

Psen1/2 double mutants have both reduced proliferation and increased apoptosis

Both the smaller lens size and loss of FoxE3+ AEL cells at E14.5 implied potential defects 

in cell proliferation, premature fiber cell differentiation, increased apoptosis, or a 

combination thereof. For proliferation, we quantified the percentage of E14.5 S-phase 

(BrdU-pulse labeled in red) AEL cells co-stained with Cdh1 expression in green (Figs. 4A–

E). By among all five genotypes analyzed (ANOVA), we noted a significant decrease in the 

percentage of BrdU+ AEL cells (p = 0.013), but individual 2-sample comparisons (T-test), 

between control and each mutant revealed that there was only significantly reduced 

percentages of S-phase cells in the AEL of Le-Cre;Psen1CKO/CKO;Psen2+/− (p = 0.032) and 

Le-Cre;Psen1CKO/CKO;Psen2−/− (p = 0.0002) eyes (Fig. 4P). From this, we conclude that 

removal of Psen1 had the greatest impact on proliferation, since the lenses of mice retaining 

just one wild type copy of Psen1 were comparable to controls. Next, to assess fiber cell 

differentiation, we looked at Prox1 expression, which encodes a transcription factor present 

in differentiated fiber cell nuclei. Prox1 promotes elongation and polarization of lens fiber 
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cells (Wigle et al., 1999) and regulates a variety of lens genes (Audette et al., 2016). 

Although Prox1 is also expressed in the cytoplasm and nucleus of AEL and transition zone 

cells, it is confined to the nucleus upon fiber cell differentiation (Duncan et al., 2002). 

However, we did not detect any differences in the equatorial position or proportions of E14.5 

Prox1+ fiber cells, across the Psen1/2 allelic series (Figs. 4F–J). To test for precocious 

fibergenesis, we also performed a Cryba1 labeling on younger E10–E12 ocular sections, but 

all genotypes showed normal onset of expression in the forming lens (data not shown). 

Finally, to test for apoptosis, we quantified the number of cleaved PARP-1 (cPARP-1) cells 

in E14.5 lens sections among the various genotypes (Figs. 4K–O). We found a significant 

increase in cPARP-1+ cells for Le-Cre;Psen1CKO/+;Psen2+/−, Le-

Cre;Psen1CKO/CKO;Psen2+/−, Le-Cre;Psen1CKO/+;Psen2−/−, and Le-

Cre;Psen1CKO/CKO;Psen2−/− mice compared to wildtype. The double mutants had the largest 

increase (Fig. 4Q). Overall, we conclude that a combination of reduced AEL proliferation 

and increased apoptosis across all lens compartments, can explain the smaller lens size of 

Le-Cre;Psen1CKO/CKO;Psen2−/− double mutants.

Psen1 and Jag1 genetically interact

Since Le-Cre;Jag1CKO/CKO and Le-Cre;Psen1CKO/CKO;Psen2−/− P21 lens defects are more 

severe than those of other signaling pathway genes and appear to phenocopy one another 

(Figs. 2I, L), and owing to the precedent that Jag1 and Psen1 can physically interact in vitro 
(LaVoie and Selkoe, 2003), we formally tested whether Jag1 genetically interacts with Psen1 
and/or Psen2 in vivo. P21 double and triple heterozygote mice were generated and their lens 

anatomy histologically compared to each other, and to relevant heterozygotes, with each 

phenotype fully penetrant. Among single heterozygotes, the Le-Cre;Psen1CKO/+ and Le-

Cre;Jag1CKO/+ lenses were slightly smaller than Psen2+/−, but no other abnormalities were 

noted (Figs. 5A–C). As for the double heterozygotes, we saw a dramatic enhancement of 

lens defects in Le-Cre;Jag1CKO/+;Psen1CKO/+ but not in Le-Cre;Jag1CKO/+;Psen2+/− eyes 

(Figs. 5D, E). Importantly, the lens phenotypes of double Le-Cre;Jag1CKO/+;Psen1CKO/+ 

versus triple Le-Cre;Jag1CKO/+;Psen1CKO/+;Psen2+/− heterozygotes were essentially 

indistinguishable (Figs. 5D, F). Thus, we conclude that Jag1 and Psen1 genetically interact 

during mouse lens formation. While this synergy might be expected when reducing the 

levels of two components in the same signaling pathway, it is also consistent with the ability 

of these proteins to physically interact (LaVoie and Selkoe, 2003).

Loss of Presenilins feedbacks onto the Notch Pathway at both the protein and transcript 
levels

Because Jag1 expression becomes mispatterned in Psen1/2 double mutants, we were 

interested to quantify Jag1 protein levels in Psen mutant lenses, via western blotting of 

E14.5 single and double mutant lenses (Fig. 6A). First, we validated the loss of Psen1 in Le-

Cre;Psen1CKO/CKO and Le-Cre;Psen1CKO/CKO;Psen2−/− mutant lenses, and also noted that 

Psen2−/− mutant lenses contain normal levels of Psen1. Next, we analyzed Jag1 expression, 

using an antibody raised against the C-terminus of Jag1 that recognizes most isoforms 

(LaVoie and Selkoe, 2003). Full-length Jag1 (FL-Jag1) was present at normal levels in 

Psen1/2 double mutants (Fig. 6A), despite the abnormal patterning found in vivo (Fig. 3K). 

However, Jag1-CTF levels were significantly reduced in E14.5 lenses of Le-

Azimi et al. Page 9

Differentiation. Author manuscript; available in PMC 2019 July 25.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Cre;Psen1CKO/CKO (0.61 ± 0.1) and Le-Cre;Psen1CKO/CKO;Psen2−/− (0.62 ± 0.04) mice 

(Supplemental Fig. 3). The Jag1-CTF is an isoform created by ADAM protease cleavage, 

which precedes a subsequent cleavage by γ-secretase in vitro (LaVoie and Selkoe, 2003). 

Therefore, we predicted that without γ-secretase activity in Le-Cre;Psen1CKO/CKO;Psen2−/− 

lenses, the Jag1-CTF may accumulate abnormally. However, this was not the case and 

suggests that Jag1 proteolytic processing in the developing mouse lens differs from what 

was reported in vitro. To verify that Psen1/2 double mutants block γ-secretase cleavage of 

the Notch1 and Notch2 receptor proteins, we also examined each receptor intracellular 

domain (ICD) in the Psen1/2 allelic series. Here we noted that while the 110KDa Notch1 

intracellular domain (N1-ICD), was only reduced in Le-Cre;Psen1CKO/CKO;Psen2−/− lenses, 

by contrast two Notch2 protein isoforms (full length and N2-ICD) were completely missing 

(Fig. 6A). The greater reliance of Notch2 (over Notch1) on γ-secretase activity is highly 

correlative with the stronger genetic requirement for Notch2 in the lens (Saravanamuthu et 

al., 2012). Finally, we saw a nearly complete loss of Hes1 protein in Psen1/2 double mutant 

lenses, indicating that canonical intracellular signaling has been abolished. We conclude that 

losing γ-secretase activity not only blocks canonical signaling (loss of N-ICD and Hes1) but 

also produces signaling feedback at the level of Notch2 protein stability in E14.5 lenses.

Although Jag1 protein expression was unaffected by loss of Psen1 and Psen2, we wished to 

likewise compare Notch pathway component protein expression among E14.5 control, Le-

Cre;Jag1CKO/+, and Le-Cre;Jag1CKO/CKO lenses. First, we noted that Psen1 protein levels 

were unaffected by the loss of Jag1, which was validated by a direct reprobing with an anti-

Jag1 antibody (Fig. 6B). Somewhat surprisingly, we observed that although N1-ICD levels 

were reduced once again both Notch2 protein isoforms were missing in Le-

Cre;Jag1CKO/CKO lenses (Fig. 6B). The downregulation of Notch2 protein was sensitive to 

Jag1 gene dosage, since Le-Cre;Jag1CKO/+ lenses expressed less Notch2 full length and N2-

ICD than wild type controls, relative to actin loading controls. Finally, like Psen single and 

double mutants, we noted a complete absence of Hes1 expression in Le-Cre;Jag1CKO/CKO 

lenses. This further confirms Jag1 as the major Notch ligand for the developing mouse lens. 

We conclude that blocking canonical signaling, either by removing the major ligand or γ-

secretase activity, not only causes the loss of a major target, Hes1, but also multiple Notch2 

protein isoforms.

Although Notch receptor ICD levels should be affected by reduced ligand and γ-secretase 

activity via Psen1/2 gene dosage changes, the loss of full-length Notch2 protein in Jag1 and 

Psen1/2 lens mutants was unexpected. To further verify that Notch2 expression is 

specifically targeted, and whether such cross-regulation acts at the level of mRNA and/or 

protein expression, we collected E14.5 lenses and compared mRNA expression levels for 

multiple pathway genes, among different conditional mutants, namely Jag1, Notch1, Notch2 
and the Psen1/2 allelic series. We also assayed two lens development genes, FoxE3, whose 

expression domain is dramatically reduced in both Jag1 and Psen1/2 mutant lenses (Fig. 3F) 

and Pax6, which was unaffected in Jag1 and Notch2 lens mutants (Le et al., 2009; 

Saravanamuthu et al., 2012). We also verified that each conditional mutation displayed gene 

dosage-sensitive loss of its endogenous mRNA (for example, in Fig. 7A there is a 50% loss 

in Le-Cre;Jag1CKO/+ and near complete loss in Le-Cre;Jag1CKO/CKO).
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First, we compared the mRNA levels of three Notch receptors (Notch1, Notch2, and Notch3) 

in the E14.5 lens. Notch1 mRNA was significantly lower only in Jag1 heterozygotes, 

returning to essentially wild type levels in Jag1 lens mutants (Fig. 7A). At the same time 

Notch2 mRNA levels were unaffected by loss of Jag1, yet, Notch3 was the most sensitive to 

changes in Jag1, displaying a 0.77-fold downregulation in Le-Cre;Jag1CKO/CKO lenses (Fig. 

7A). By comparison, with the Psen1/2 allelic series, only Notch1 was significantly lower in 

Psen1/2 double mutant lenses (−0.49-fold change) (Fig. 7D). This is consistent with Notch1 

protein downregulation in the same genotype (Fig. 6A), and with previous reports of Notch1 
mRNA loss in the presomitic mesoderm of Psen1−/− embryos (Wong et al., 1997). As for 

Notch2, although mRNA levels exhibited a downward trend across the Psen1/2 allelic series, 

we only found a significant loss of this receptor in Notch1 mutant lenses (−0.39-fold) (Fig. 

7B). We conclude that Psen1/2 double and Jag1 single mutants do not affect Notch2 
transcription, suggesting that the dramatic loss of Notch2 protein (Figs. 6A, B) occurs via a 

post-transcriptional mechanism.

We were particularly interested in comparing receptor mRNA levels in Le-

Cre;Notch1CKO/CKO or Le-Cre;Notch2CKO/CKO mutant lenses since Notch protein activities 

can compensate for one another in particular contexts (Fitzgerald et al., 1993; Liu et al., 

2015; Liu et al., 2013). However, there are fewer examples of transcriptional cross-

regulation. For instance, a couple studies have shown that deletion of Notch1 resulted in an 

increase in Notch2 expression (Graziani et al., 2008; Sweetwyne et al., 2015). In our study, 

we found that Notch1 levels are unaffected in Notch2 mutant lenses, and there was some 

measurable loss of Notch2 mRNA in Notch1 mutants (Figs. 7B, C), but Notch3 levels were 

unaffected in either Notch1 and Notch2 lens mutants. These data argue against Notch 

receptor compensation occurring in the context of the developing lens, at least at the 

transcriptional level.

As for Psen1 mRNA, we can still detect some transcripts in Le-Cre;Psen1CKO/CKO and Le-

Cre;Psen1CKO/CKO;Psen2−/− lenses. This suggested the possibility that the Psen1 conditional 

deletion may not fully block transcription, at least in lens cells. However, such transcripts are 

presumably unstable since embryonic lenses with Psen1 deletion lack measurable protein 

levels by both western and IHC analysis (Fig. 6A, Supplemental Fig. 1). By comparison, the 

Psen mRNA levels were unaffected in other pathway mutants. However, we did detect a 

significant increase in Psen1 mRNA expression in Le-Cre;Notch1CKO/CKO lenses (Fig. 7B) 

and significantly higher levels of Psen2 mRNA in Le-Cre;Notch2CKO/+ heterozygotes (Fig. 

7C).

To demonstrate the loss of canonical signaling in the different E14.5 lens mutants, we also 

compared Hes1 and Hes5 mRNA expression (Figs. 7A–D). Hes1 transcript levels were 

unaffected in Le-Cre;Jag1CKO/CKO lenses, which clearly lost all Hes1 protein expression 

(Fig. 6B), but also there was no significant changes in Hes1 mRNA in either receptor mutant 

(Figs. 7B,C). But, similar to its profound loss at the protein level in Psen1/2 double mutants, 

we observe around a 0.61-fold decrease in Hes1 at the mRNA level (Fig. 7D). However, the 

different conditional lens knockouts had a greater effect on the other Notch effector gene, 

Hes5. We detected around a 0.65-fold drop in Hes5 in both Le-Cre;Jag1CKO/+ and Le-

Cre;Jag1CKO/CKO lenses (Fig. 7A), and a 0.47-fold drop in Le-Cre;Notch2CKO/CKO lenses 
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(Fig. 7C). Hes5 expression went down 0.83-fold with an RQ value of 0.17 in Le-

Cre;Psen1CKO/CKO;Psen2−/− lenses (Fig. 7D). Also, comparison of Psen single mutants 

revealed Psen1 contributes more to Hes5 mRNA expression than does Psen2. Since Hes 

proteins can co-repress one another (Hatakeyama et al., 2004; Riesenberg et al., 2018), it 

stands to reason that downregulation of Hes5 allows Hes1 levels to persist in these 

compromised Notch signaling backgrounds. These data also suggest that Hes5 may be the 

direct target of Notch pathway transcriptional regulation, whereas Hes1 seems to be more 

effectively regulated post-transcriptionally (Fig. 6).

Finally, the lens-specific factor FoxE3 is downregulated at the mRNA level in E14.5 Jag1, 
Notch1, Notch2 and Psen1/2, mutant lenses (Figs. 7A–D). We observed a 0.73-fold drop in 

Jag1 mutants, a 0.41-fold drop in Notch1 as well as in Notch2 mutants, and a 0.63-fold drop 

in Psen1/2 double mutant lenses. Particularly relevant here is that the dramatic loss of FoxE3 
mRNA is in good agreement with the reduced ratio of FoxE3+ AEL cells in E14.5 Le-

Cre;Psen1CKO/CKO;Psen2−/− eyes (Fig. 3F) and a previously reported loss of Foxe3+ cells in 

E14.5 Le-Cre;Jag1CKO/CKO lenses (Le et al., 2009). By comparison, Pax6 mRNA levels 

were comparable to wildtype in Jag1, Notch1, Notch2 and Psen mutant lenses (Figs. 7A–D), 

but specifically upregulated only in Psen2−/− germline mutant lenses as well as significantly 

downregulated (0.26-fold) in Le-Cre;Psen1CKO/CKO;Psen2−/− lenses.

In summary, our data demonstrate that loss of Jag1 or Psen1/2 results in dramatic loss of 

Notch2 protein isoforms in the E14.5 lens, and that this feeds back on receptor levels post-

transcriptionally. We conclude that during mammalian lens formation, Notch receptor 

turnover is sensitive to levels of active Notch signaling. In addition, we found that Hes5 
mRNA expression is dependent on Jag1-Notch2-Psen1 activity. At E14.5, Notch2 and Hes5 

are normally expressed by AEL cells, and their downregulation in Psen1/2 double mutants 

completely correlates with a loss of AEL-specific markers like Foxe3, and progenitor cell 

proliferation (summarized in Fig. 8). Similar to removal of other Notch pathway genes, these 

changes at the onset of secondary fibergenesis contribute to an overall increase in apoptosis 

and the progressive loss of lens tissue and an eventual lens aphakia at P21.

Discussion

In this study we found that removal of both Psen1 and Psen2 from the developing lens is 

overall consistent with the previously reported phenotypes of Jag1, Notch2 or Rbpj (Jia et 

al., 2007; Le et al., 2009; Rowan et al., 2008; Saravanamuthu et al., 2012). Although lens 

induction and primary fibergenesis were unaffected, at E14.5, as secondary fiber 

differentiation commences, Psen1/2 double mutants displayed an obvious reduction in lens 

size, molecular marker expression, proliferation, as well as increased apoptosis. Moreover, 

we anticipated the loss of the Notch ICD isoform and downstream effector Hes1 in Psen1/2 
double mutant lenses, but our finding of substantial loss in full length Notch2 protein was 

surprising. It appears that perturbing the Notch pathway prior to receptor cleavage leads to 

loss of overall receptor protein expression. We also noted that the adult phenotypes of 

Psen1/2 double and Jag1 single mutant lenses strongly resemble one another and are each 

much more severe than the removal of Rbpj or Notch1/Notch2. Despite uncovering a 

synergistic genetic interaction between Psen1 and Jag1, we did not find evidence supporting 
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their cross-regulation of each other, or that Jag1 protein is a substrate of γ-secretase activity 

in this context. Instead, we conclude that Notch2 in AEL cells specifically depends on Jag1 
in the transition zone and nascent fiber cells to sustain pathway signaling and that the loss of 

Jag1 affects Notch protein expression similarly to its loss when all γ-secretase activity is 

missing. It is plausible that Psen1/2 and Jag1 influence the stability or turnover of the 

Notch2 receptor protein (and to a smaller extent Notch1). For example, multiple E3 

ubiquitin ligases (Itch and Cbl in mammals) have been identified that target non-activated 

Notch receptors for degradation (Chastagner et al., 2008; Jehn et al., 2002), so characterizing 

their expression patterns and levels, as well as assessing Notch2 ubiquitylation states in 

Psen1/2 double mutant lenses would be interesting. Future studies involving mass 

spectrometry analysis of Psen1/2 double and Jag1 mutant lenses could also shed more light 

on the mechanism for Notch receptor turnover by identifying more factors involved in 

downregulating the Notch2 protein level.

One interesting finding is that Hes5 is more susceptible to Notch pathway hindrance than 

Hes1 in the lens. Our lab has recently shown that these two Notch effectors are both 

expressed by early lens progenitor cells, prior to lens vesicle separation from the surface 

ectoderm, and that Hes5 is potentially more dynamic in its expression than Hes1 

(Riesenberg et al., 2018). Hes5 is subsequently present in both AEL and transition zone 

cells, while Hes1 expression is more restricted to AEL cells. These different spatial 

expression domains, along with our finding that Hes5 mRNA is more sensitive to overall 

changes in Notch pathway signaling, suggest different modes of regulating Hes1 versus 

Hes5 in the lens.

Although Psen1 has a stronger role than Psen2 in the context of the lens, there were no 

major differences at the transcriptional or translational level when comparing mRNA and 

proteins levels of the various Notch pathway components in Le-Cre;Psen1CKO/CKO and 

Psen2−/− single mutant lenses. Again, this suggests that Psen1 may have a separate, Notch-

independent role in the lens. Presenilins are known to have a variety of substrates, most 

notably the Amyloid Precursor Protein (APP), so it is not surprising that γ-secretase would 

have additional substrates in this tissue (Haapasalo and Kovacs, 2011). Moreover, given the 

genetic interaction we found between Psen1 and Jag1, and the observation that Jag1 mutants 

exhibit a greater loss in lens tissue than seen in Rbpj mutants, both components would 

appear to be involved in some process independent of the canonical pathway. This would be 

consistent with multiple examples of Notch-independent roles for these genes. Presenilins 

and Jag1 have been implicated in remodeling adherens junctions and/or regulating Cdh1 

levels, suggesting their Notch-independent function in the lens may involve this cell 

adhesion protein. Previous reports show that Psen1 physically interacts with adherens 

junction components and promotes cell-to-cell adhesion when over-expressed in human 

kidney cells (Georgakopoulos et al., 1999). Moreover, Psen1 was shown to cleave Cdh1, and 

thus, facilitate disassembly of adhesion complexes containing Cdh1 (Marambaud et al., 

2002). In Drosophila, the Notch pathway was shown to be involved in remodeling adherens 

junctions necessary for stretched cell flattening (Grammont, 2007). The study showed that 

the Delta and Serrate mutant clones (Notch ligand homologues) had abnormally persistent 

junctions. Furthermore, Jag1-mediated Notch signaling in human breast epithelial cells also 

represses Cdh1 and promotes epithelial-to-mesenchymal transition (Leong et al., 2007). And 
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interestingly, a study examining Jag1 and its processed isoforms thought to be generated by 

ADAM and γ-secretase activities, showed that FL-Jag1 and the ectodomain form of Jag1 

can repress Cdh1 at the protein and mRNA level (Delury et al., 2013).

Moreover, Cdh1 has been shown to be necessary for proper lens development (Pontoriero et 

al., 2009). Le-Cre;Cdh1CKO/CKO mice have microphthalmic eyes and small, vacuolated 

lenses. Their lens defects are less severe than our Le-Cre;Psen1CKO/CKO;Psen2−/−, as well as 

LeCre;Jag1CKO/CKO, mice. Interestingly, our lab showed dramatic loss of Cdh1 expression 

by E14.5 in the AEL of Le-Cre;Psen1CKO/CKO;Psen2−/− mice, similar to what we saw in Le-

Cre;Jag1CKO/CKO, both of which were greater than the loss seen in Le-Cre;RbpjCKO/CKO (Le 

et al., 2009; Rowan et al., 2008). It may be that Psen1 and Jag1 loss impairs both the Notch 

pathway and Cdh1 processing, leading to a more enhanced lens phenotype, especially in the 

AEL. This greater defect in AEL can also be seen by FoxE3 staining, which again, is 

markedly reduced in our Le-Cre;Psen1CKO/CKO;Psen2−/− and Le-Cre;Jag1CKO/CKO mice, 

but not in Le-Cre;RbpjCKO/CKO. It would be interesting for future studies to assess Cdh1 
levels in the lenses of Le- Cre;Psen1CKO/CKO;Psen2−/− and Le-Cre;Jag1CKO/CKO mice, as 

well as Le-Cre;Jag1CKO/+;Psen1CKO/+ mice, to better understand the loss of epithelial cells 

in these tissues.

Although one explanation for Psen lens phenotypes in this study could be that the Le-Cre 

transgene, containing the Pax6 enhancer, may diminish overall Pax6 levels (Dora et al., 

2014). We do not favor this explanation because Pax6 mRNA levels were normal in eleven 

of thirteen different genotypes analyzed here (Fig. 7). This is consistent with another recent 

study showing Pax6 acts upstream of the Notch pathway in the prenatal mouse lens 

(Thakurela et al., 2016). However, we did find a decrease in Pax6 mRNA levels in E14.5 

Psen1/2 double mutants (−0.29-fold) (Fig. 7D). This is highly correlated with the dramatic 

loss of Foxe3 mRNA and protein expression and a reduced proliferation of AEL cells, with 

the latter activity dependent on Pax6 activity (Shaham et al., 2009). Moreover, to alleviate 

concerns that the Le-Cre transgene may be toxic to developing lens cells (Loonstra et al., 

2001), we monitored levels of the DNA damage marker Phospho-Histone H2A.X (Ser139), 

which we find equivalently expressed between wildtype and Le-Cre transgenic P0 lenses 

(Supplemental Fig. 2F). We selected the Le-Cre transgene because it is the only Cre driver 

with appropriate early expression in the mouse lens. We also evaluated MLR10-Cre (Zhao et 

al., 2004) as a tool for this study, by using it to first delete Psen1/2, but then also Jag1 and 

Hes1. However, in all three cases, no adult lens defects were found (Supplemental Figs. 2B, 

2C, and data not shown), although relevant protein expression was abolished by E14.5 

(Supplemental Figs. 2D, 2E). Indeed, when these same two drivers were used to delete the 

Smoothened gene, only Le-Cre induced phenotypes, although Smoothened is also clearly 

expressed by lens progenitor cells from E9.5 onwards (Choi et al., 2014). These outcomes 

suggest that the staggered onset of these two Cre drivers (Le-Cre at E9 and MLR10-Cre 

E11) (Ashery-Padan et al., 2000; Zhao et al., 2004) imply that the critical window for Notch 

and Shh signaling occurs between these two ages. Certainly, all of the genes to which this 

test has been applied: Jag1, Hes1, Psen1 and Smoothened are expressed and active prior to 

the onset of MLR10 Cre expression and activity. Alternatively, Le-Cre expression is not 

lens-specific. At these embryonic ages, is also expressed in the surface ectoderm and other 

tissues that derive from it (Ashery-Padan et al., 2000). Thus, it is possible that disruption of 
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these signaling pathways simultaneously in multiple tissues is more catastrophic than a lens-

vesicle specific removal.

A long-standing question in the Notch field is to what extent different receptors carry out 

distinct functions. Many studies have shown Notch1- versus Notch2-mediated signaling 

induce different, even opposite, biologic outcomes (Chu et al., 2011; Fan et al., 2004; 

Graziani et al., 2008). Indeed, this was most clearly demonstrated by swapping particular 

protein domains in elegant chimeric receptor gene replacement studies (Aster et al., 2011; 

Fitzgerald et al., 1993; Liu et al., 2015). For the lens we found only a few differences 

between Le-Cre;Notch1CKO/CKO and Le-Cre;Notch2CKO/CKO eyes, namely that Psen1 
mRNA was increased in Notch1 mutants, yet Psen2 mRNA was only slightly elevated in 

Notch2 heterozygotes. This may reflect a compensatory response to an overall diminishment 

of Notch signaling (increasing expression of an upstream component in the pathway to boost 

signal output). Although Notch1 and Notch2 mutants exhibit different phenotypes during 

lens formation, we find no support for cross regulation between these receptors, at least at 

the transcriptional level.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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CKO conditional knock-out

ICD intracellular domain

NEXT Notch extracellular truncation

PLE presumptive lens ectoderm
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AEL anterior epithelial layer

E0.5 embryonic day 0.5

H&E hematoxylin and eosin

OCT optimal cutting temperature

RQ relative quantification

IHC Immunohistochemistry
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Highlights

• Psen1 mutants are microphthalmic and Psen1/2 mutants are aphakic by 

adulthood

• Psen1/2 lens mutants are more severe than canonical Notch pathway mutants

• Psen1 and Jag1 genetically interact in the mouse lens

• Feedback on overall Notch receptor protein level occurs in Psen1/2 mutants
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Figure 1. Presenilin expression during mouse lens development
(A–D) In situ hybridization using Psen1 or Psen2 cRNA probes shows uniform expression 

throughout the developing eye at E10.5. Sense probes for both Psens illustrate background 

expression. (E, F) At E14.5, both genes are expressed by the anterior epithelial layer and 

lens fiber nuclei (arrows). Both genes are also expressed in the developing retina, 

particularly in the inner retinal ganglion layer (arrowheads). (G–J) Anti-Psen1 labeling of 

cryosections at three ages highlights ubiquitous expression in the lens placode, lens vesicle, 

and E14.5 anterior epithelial and fiber cells. n ≥ 3 at E9 and E10.5; n = 4 at E14.5. Anterior 
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is right in all panels, L= lens, LP= lens pit, LV= lens vesicle, OV= optic vesicle, OC= optic 

cup, P= placode, R= retina. Bar in A, B, C= 500um, I= 100um and G, H, J= 50um.
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Figure 2. Adult eye phenotypes of Presenilin single and double mutants
Psen1 conditional deletion used the Le-Cre driver whereas Psen2 mutants are germline nulls. 

(A, D) P21 Psen1CKO/CKO (no Cre) and Psen2−/− eyes are normal. The severity of 

microphthalmia correlates with Psen1 gene dosage as Le-Cre;Psen1CKO/+ (B) and Psen1/2 
double heterozygotes (E) have slightly smaller eyes, while Le-Cre;Psen1CKO/CKO mice (C) 

are obviously microphthalmic. (F) Le-Cre;Psen1CKO/CKO;Psen2−/− mice appear 

anophthalmic at this gross level. (G–L) P21 H&E stained sections at the level of the optic 

nerve, imaged at identical magnification. Le-Cre;Psen1CKO/CKO mutants (H) phenocopy Le-

Cre;Notch1CKO/CKO;Notch2CKO/CKO (J) and Le-Cre;RbpjCKO/CKO (K) mutants. However, 
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Le-Cre;Psen1CKO/CKO;Psen2−/− eyes (I) show lens aphakia, strongly resembling Le-

Cre;Jag1CKO/CKO phenotype in (L). n ≥ 3/ genotype with all phenotypes showing complete 

penetrance. Anterior is up in panels G–L, C= cornea, L= lens, R= retina. Bar in A= 2mm 

and G= 500um.
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Figure 3. Progressive loss of the lens in Psen1/2 double mutants
(A–C) At E14.5, Cryba1 expression in LeCre;Psen1CKO/CKO;Psen2−/− mice indicates 

establishment of secondary fibergenesis despite smaller lens size. (D–F) FoxE3/ CcnD2 

double labeling of double mutants reveals thinner AEL (FoxE3+ cells) and malformed 

transition zone (CcnD2+ cells). (G–I) Jag1 protein domain, normally localized to the lens 

transition zone, is reduced and abnormally expressed at the anterior poles of fiber cells in 

double mutants (arrows in I). Note that double heterozygotes display milder defects (B, E, 
H). (J–L) At P0, Psen1/2 double mutants display obvious lens microphthalmia, and 

abnormal Jag1 expression in the anterior lens region (arrows in L), beyond its normal 
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domain at the lens equator and in nascent fiber cells. (M–O) Also by P0, Cdh1/E-Cad is 

dramatically reduced from lens AEL cells, whereas Cdh2/N-Cad is abnormally localized 

similar to Jag1. (P–R) H&E stained sections of P9 eyes at the level of the optic nerve 

highlight the additional loss of lens tissue in both Le-Cre;Psen1CKO/+;Psen2+/− (Q) and Le-

Cre;Psen1CKO/CKO;Psen2−/− (R) mutants. n ≥ 3/ genotype at E14.5 and P9, and n = 2/ 

genotype at P0. Anterior is up in all panels, L= lens. Bar in A= 50um, in J= 100um, and in 

P= 500um.
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Figure 4. E14.5 Psen1/2 allelic series highlights defects in proliferation and apoptosis
(A–E, P) BrdU+ cells are significantly reduced in Le-Cre;Psen1CKO/CKO;Psen2+/− and Le-

Cre;Psen1CKO/CKO;Psen2−/− lenses at E14.5. (E) Cdh1 expression in the AEL in Le-

Cre;Psen1CKO/CKO;Psen2−/− eyes is also obviously abnormal. (F–J) By comparison, the 

arrangement and proportion of Prox1+ fiber cells were relatively normal among the different 

Presenilin mutants. (K–O, Q) Double heterozygotes, and all embryos lacking three or four 

alleles, exhibit a significantly increased number of cPARP-1+ apoptotic cells (arrowheads) 

with greatest increase seen in double mutants. Inserts in (M–O) are zoomed views of the 

boxed regions to show the cPARP-1+ cells. n ≥ 3/ genotype. Anterior is up in all panels, C= 

cornea, L= lens. Bar in A= 50um. Error bars in P and Q represent the standard error of the 

mean (SEM); *p≤0.05, **p≤0.01, and ***p≤0.001.
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Figure 5. Psen1 and Jag1 genetically interact
(A–F) H&E stained P21 sections. (A–C) Le-Cre;Psen1CKO/+ and Le-Cre;Jag1CKO/+ eyes 

have smaller lenses but with essentially normal lens structure, whereas Psen2+/− lenses were 

normal in both respects. Le-Cre;Jag1CKO/+;Psen1CKO/+ and Le-

Cre;Jag1CKO/+;Psen1CKO/+;Psen2+/− eyes had obviously microphthalmic lenses and lack 

pupillary openings (D, F). By comparison, Le-Cre;Jag1CKO/+;Psen2+/− double heterozygous 

lenses phenocopied Le-Cre;Jag1CKO/+ single heterozygous eyes. n ≥ 3/ genotype, which 

each mutant showing completed penetrance. Anterior is up in all panels, C= cornea, L= lens, 

R= retina. Bars in A and D= 500um.
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Figure 6. Notch2 protein levels are more sensitive to Psen1/2 redundancy and Jag1 activity in the 
E14.5 lens
(A) Western analysis of protein lysates from Psen single or double mutant embryonic lenses. 

Near complete loss of Psen1 and partial loss of Jag1-CTF in Le-Cre;Psen1CKO/CKO and Le-

Cre;Psen1CKO/CKO;Psen2−/− mutants, with no change in full length Jag1 protein levels. 

Psen1/2 double mutants have a dramatic loss of full length Notch2, as well as expected 

downregulation of N1-ICD and N2-ICD isoforms. Nearly complete loss of downstream 

Notch target, Hes1, confirms defects in canonical pathway signaling. (B) Western blot 

comparison with a Le-Cre;Jag1 allelic series. Psen1 expression was unaffected by loss of 

Jag1 and anti-Jag1 validates the conditional mutation. Although loss of Hes1 expression was 
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expected (Le et al., 2009), there was essentially no Notch2 (full length, N2-NEXT, N2-ICD 

isoforms) in Jag1 mutants, with a less severe reduction in the N1-ICD isoform. In both A 

and B, anti-β-actin blot reprobing served as a loading control. Each blot is representative of 

three independent experiments, except anti-Notch1-ICD (n = 2).
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Figure 7. Notch pathway mRNA expression levels in various E14.5 conditionally mutant lenses
Each graph portrays the relative mRNA levels of various Notch pathway genes, plus Foxe3 
and Pax6, in (A) Jag1, (B) Notch1, (C) Notch2, and (D) single and double Psen mutants 

conditional lens mutants. The relative level of each gene was determined by qPCR, 

normalized to β-actin, and the respective wildtype control. RQ values were measured in 

three independent experiments, each performed in triplicate and graphed as the mean ± 

SEM. n = 3/ genotype. *p≤0.05, **p≤0.01, and ***p≤0.001.
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Figure 8. Summary diagram of Psen1/2 function in embryonic lens development
(A) Normal protein expression for Psen1/2 (green) and Jag1 (blue) at E14.5. Presenilins and 

Jag1 (Le et al., 2009) are required for normal AEL marker expression (brown box). (B) Loss 

of both Presenilins causes a smaller lens, starting at E14.5, along with an inappropriate 

anterior expansion of Jag1, a reduction in AEL cell proliferation and marker expression. 

There is also a loss of Notch2 protein, Hes1 protein, and Hes5 mRNA expression that 

suggests Psen1/2 are components of a pathway signaling feedback, which normally 

maintains Notch protein expression levels. Anterior is up in both panels.
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