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Abstract
FGFR signaling is critical to development and disease pathogenesis, initiating phosphorylation-driven signaling cascades, 
notably the RAS-RAF-MEK-ERK and PI3 K-AKT cascades. PTEN antagonizes FGFR signaling by reducing AKT and 
ERK activation. Mouse lenses lacking FGFR2 exhibit microphakia and reduced ERK and AKT phosphorylation, widespread 
apoptosis, and defective lens fiber cell differentiation. In contrast, simultaneous deletion of both Fgfr2 and Pten restores ERK 
and AKT activation levels as well as lens size, cell survival and aspects of fiber cell differentiation; however, the molecular 
basis of this “rescue” remains undefined. We performed transcriptomic analysis by RNA sequencing of mouse lenses with 
conditional deletion of Fgfr2, Pten or both Fgfr2 and Pten, which reveal new molecular mechanisms that uncover how FGFR2 
and PTEN signaling interact during development. The FGFR2-deficient lens transcriptome demonstrates overall loss of fiber 
cell identity with deregulated expression of 1448 genes. We find that ~ 60% of deregulated genes return to normal expression 
levels in lenses lacking both Fgfr2 and Pten. Further, application of customized filtering parameters to these RNA-seq data 
sets identified 68 high-priority candidate genes. Bioinformatics analyses showed that the cis-binding motif of a high-priority 
homeodomain transcription factor, NKX6-1, was present in the putative promoters of ~ 78% of these candidates. Finally, 
biochemical reporter assays demonstrate that NKX6-1 activated the expression of the high-priority candidate Rasgrp1, a 
RAS-activating protein. Together, these data define a novel regulatory module in which NKX6-1 directly activates Rasgrp1 
expression to restore the balance of ERK and AKT activation, thus providing new insights into alternate regulation of FGFR 
downstream events.

Introduction

Fibroblast growth factor receptor (FGFR) signaling plays a 
critical role in the development of nearly every mammalian 
tissue, and FGFR mutations cause numerous human condi-
tions including several craniosynostosis syndromes (Crou-
zon syndrome, Pfeiffer syndrome, Craniosynostosis, Apert 
syndrome, Jackson–Weiss syndrome, Beare–Stevenson cutis 
gyrata syndrome, and Saethre–Chotzen syndrome) as well 
as the most common forms of human dwarfism (achondro-
plasia, hypochondroplasia and thanatophoric dysplasia) 
(Reviewed in Marie et al. 2005; Sawh-Martinez and Stein-
bacher 2019). In addition, overexpression or aberrant signal-
ing of FGFRs contributes to many different human cancers 
including gastric, urothelial, endometrial, breast, prostate, 
lung, liver, brain, head and neck, ovarian and thyroid carci-
nomas (Reviewed in Babina and Turner 2017).
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FGFR signaling also performs essential functions in 
development, survival and differentiation of the ocular lens 
(McAvoy and Chamberlain 1989; Robinson et al. 1995; 
Lovicu and Overbeek 1998; Madakashira et al. 2012; Li 
et al. 2014, 2019; Zhao et al. 2008; Chow et al. 1995; Gar-
cia et al. 2005, 2011; Collins et al. 2018). Isolated dele-
tion of Fgfr2 (one of three Fgfrs expressed in the develop-
ing lens) at the lens placode stage results in microphakia 
(small lenses) due to defective fiber cell differentiation and 
widespread apoptosis in the lens without significant altera-
tions of cell proliferation (Garcia et al. 2005, 2011; Chaffee 
et al. 2016). Given the dependence of eye size on lens size, 
microphakia inevitably leads to microphthalmia. FGFR2-
deficient lenses also exhibit significantly lowered levels 
of activated intracellular kinases ERK and AKT (Chaffee 
et al. 2016), which are responsible for many of the down-
stream effects of FGFR signaling. Approximately 25% of 
patients with microphthalmia have been linked to causative 
gene mutations including the transcription factors PAX6, 
OTX2, SOX2, and VSX2 (Verma and Fitzpatrick 2007), but 
no direct link between FGFR signaling and microphthalmia 
has been established in humans. Interestingly, the majority 
of microphthalmia cases appear in conjunction with non-
ocular developmental deformities that include craniofacial 
abnormalities. Despite this, the relationship between aber-
rant FGFR signaling, craniosynostosis, and microphthalmia 
remains poorly understood in humans.

The ocular lens consists of only two co-existing cell types, 
epithelial cells and fiber cells, encased in a thick lens capsule 
to form an isolated system within the eye. These two cell 
types form a relatively simple pattern of epithelial cell pro-
liferation and terminal fiber cell differentiation throughout 
the vertebrate lifespan. This feature of continuous, spatially 
restricted proliferation and differentiation makes the lens 
an excellent model to investigate the regulation and role of 
FGFR signaling in cell survival, growth, and differentiation 
(Wormstone et al. 2011; Cvekl and Zhang 2017). Despite 
abundant evidence that FGFR signaling provides essential 
support for cell survival and differentiation in the lens and 
in other extra-ocular tissues, the molecular mechanism by 
which FGFR activation leads to altered gene expression dur-
ing vertebrate development remains incomplete.

The tumor-suppressor PTEN (phosphatase and tensin 
homolog) is a dual-specificity phosphatase that negatively 
regulates FGFR signaling, in part by inhibiting the activa-
tion of AKT (Myers et al. 1997) and in part by inhibiting 
the activation of RAS, a protein upstream of ERK1/2 acti-
vation. FGFR signaling activates PI3 kinase (PI3 K) which 
phosphorylates phosphatidylinositol (4,5)-bisphosphate 
(PIP2) to create phosphatidylinositol (3,4,5)-triphosphate 
(PIP3), an essential activator of AKT. In contrast, PTEN 
dephosphorylates PIP3 to PIP2, thereby preventing PIP3-
mediated AKT activation (Stambolic et al. 1998). PTEN 

also dephosphorylates the adapter protein SHC, therefore 
inhibiting another FGFR downstream signaling event, 
namely the recruitment of the GRB2/SOS complex and the 
activation of RAS along the RAS-RAF-MEK-ERK path-
way (Gu et al. 1998; Kanai et al. 1997; Klint et al. 1999; 
Mohammadi et al. 1996). In addition to its role in regulat-
ing FGFR signaling, PTEN abnormalities cause numerous 
human diseases including PTEN hamartoma tumor syn-
drome that includes multiple subtypes: Cowden syndrome, 
Bannayan–Riley–Ruvalcaba syndrome, and Proteus-like 
syndrome (Liaw et al. 1997; reviewed in Pilarski 2019), 
autism (Butler et al. 2005), and cancers of the breast, endo-
metrium, thyroid, brain, prostate, lung, skin, adrenal glands 
and hematopoietic system (Reviewed in Hollander et al. 
2011). Isolated deletion of Pten in the developing mouse lens 
results in progressive age-related cataracts due to increased 
intracellular hydrostatic pressure and sodium concentrations, 
but PTEN-deficient lenses exhibit relatively normal prenatal 
morphological development (Sellitto et al. 2013; Chaffee 
et al. 2016). Of note, PTEN stabilization by thalidomide 
contributes to microphthalmia observed in human and chick 
embryos exposed to this teratogen (Knobloch et al. 2008).

Several studies highlight the importance of PTEN for the 
regulation of FGFR signaling in various cell types such as 
osteoprogenitor cells, adipocytes, and keratinocytes (Gun-
tur et al. 2011; Scioli et al. 2014; Hertzler-Schaefer et al. 
2014). Likewise, in the developing lens, simultaneous Pten 
deletion rescues the apoptosis and some defects in fiber cell 
differentiation observed upon Fgfr2 deletion (Chaffee et al. 
2016). The deletion of Pten raised the level of both AKT and 
ERK1/2 phosphorylation in Fgfr2-deficient lenses. These 
Fgfr2/PtenΔ/Δ lenses also normalized the levels of phospho-
rylation of p53 (Ser15), c-JUN and MDM2, away from the 
proapoptotic state (high phosphorylation of c-JUN and p53 
and low phosphorylation of MDM2) seen in Fgfr2Δ/Δ lenses. 
Further, Pten deletion partially rescued fiber cell elongation 
and the expression of γ-crystallins. The restoration of some 
aspects of lens development in lenses lacking Fgfr2 by the 
simultaneous deletion of Pten provides a unique opportunity 
to mechanistically dissect how FGFR signaling directs tissue 
development.

To better understand how PTEN regulates FGFR2-sign-
aling during eye development, we undertook an RNA-seq 
analysis followed by functional validation. This global 
transcriptional analysis revealed that Fgfr2 deletion in 
the lens causes widespread deregulation of genes related 
to p53-mediated apoptosis, cell migration, and the lens 
structure. However, simultaneous deletion of Pten (Fgfr2/
Pten)Δ/Δ results in the “rescue” of ~ 60% of genes deregu-
lated in Fgfr2Δ/Δ lenses to control levels, thus offering 
insights into the molecular basis of the rescue of the phe-
notypic defects in these animals. Bioinformatic analysis of 
transcripts deregulated in the Fgfr2Δ/Δ lenses but restored 
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in the (Fgfr2/Pten)Δ/Δ lenses led to the identification of 
high-priority genes that may function in the rescue pheno-
type as novel regulators of FGFR signaling. From this, we 
identified the homeodomain transcription factor Nkx6-1, as 
a potential new regulator of FGFR downstream targets in 
the lens. We show that NKX6-1 activates the downstream 
target Rasgrp1, a guanine nucleotide exchange factor and 
PI3 K-AKT and MAPK activator, defining a new regulatory 
relationship between this transcription factor and signaling 
pathways. This pathway provides a molecular explanation 
for the mechanism contributing to PTEN-mediated rescue 
of FGFR signaling. Given the general biological importance 
of both FGFR signaling and PTEN in human development 
and disease, these novel revelations extend the molecular 
understanding of disorders characterized by aberrant FGFR 
signaling or mutations in Pten (Liaw et al. 1997; Butler et al. 
2005; McIntosh et al. 2000).

Materials and methods

Animals

Newborn FVB/N, Le-Cre, and Le-Cre mice with two loxP 
flanked (floxed) alleles of Fgfr2, Pten, or Fgfr2 and Pten 
were euthanized with CO2 inhalation before the lenses were 
removed. All mice were maintained on an FVB/N genetic 
background. All procedures were approved by the Miami 
University Institutional Animal Care and Use Committee 
and complied with the ARVO Statement for the Use of Ani-
mals in Research and consistent with those published by 
the Institute for Laboratory Animal Research (Guide for the 
Care and Use of Laboratory Animals).

RNA sequencing (RNA‑Seq) library preparation 
and sequencing

We collected RNA from the lenses of mice hemizygous 
for the Le-Cre transgene (control), or hemizygous for Le-
Cre and homozygous for loxP flanked (floxed) alleles of 
Fgfr2 (Fgfr2Δ/Δ), Pten (PtenΔ/Δ); or both ((Fgfr2/Pten)Δ/Δ). 
Hemizygous Le-Cre mice were used as controls given the 
moderate changes in gene expression between hemizygous 
Le-Cre and FVB/N lenses (Lam et al. 2019). Lenses were 
dissected from the eye and carefully isolated from surround-
ing tissues including the cornea, retina, and tunica vasculosa 
lentis. Lenses were pooled into three biological replicates 
for each genotype, with each replicate containing six lenses 
from three mice. Total RNA was isolated from each replicate 
using the mirVana isolation kit (Ambion, Life Technolo-
gies, Grand Island, NY). Total RNA samples with the RNA 
integrity number (RIN, Agilent 2100 Bioanalyzer) ≥ 8.0 
were used to prepare a library of template molecules suitable 

for subsequent sequencing on an Illumina (St. Louis, MO) 
HiSeq platform. Polyadenylated RNA was purified from 
the total RNA samples using Oligo dT conjugated magnetic 
beads and prepared for single-end sequencing according to 
the Illumina TruSeq RNA Sample Preparation Kit v3. All 
the libraries were sequenced using the TruSeq SBS kit on 
an Illumina HiSeq 2000 at the Genomics and Sequencing 
Core Laboratory at the University of Cincinnati. The raw 
and processes data files are deposited to NCBI GEO (acces-
sion number GSE132945).

RNA‑seq data pre‑processing and quality analysis

The obtained raw RNA-seq data sets were evaluated for 
sequence quality (per-base sequence quality, sequence length 
distribution, overrepresented adapter/primer sequences) 
using the FastQC tool available at http://www.bioin​forma​
tics.babra​ham.ac.uk/proje​cts/fastq​c/. Sequence trimming of 
leading and trailing low-quality reads (phred < 28), ambigu-
ous bases (N), sequencing adapters, primers was performed 
with Trimmomatic tool (Bolger et al. 2014). The trimmed 
reads were mapped to the Mus musculus reference genome 
(GRCm38/mm10) using Tophat v2.0.9 (Trapnell et  al. 
2009). The obtained BAM files from all the data sets were 
used to compute transcript-level expression through Cuf-
flinks (Trapnell et al. 2012). The expression data in counts 
per million (CPM) was imported in EdgeR package (Rob-
inson et al. 2010) available at https​://bioco​nduct​or.org and 
data normalization was performed using the Trimmed Mean 
of M-values (TMM) method. Differential gene expression 
between comparisons Fgfr2Δ/Δ vs. Le-Cre, PtenΔ/Δ vs. 
Le-Cre and Fgfr2/PtenΔ/Δ vs. Le-Cre was computed as 
log2 fold-change (FC) using the “quasi-likelihood” (QF-) 
test included in EdgeR package. Genes with cutoff values 
of ≥ 0.5 log2 FC at p < 0.05, and expression in counts per 
million (CPM) cutoff ≥ 1.0 in at least one sample were con-
sider for the downstream bioinformatics analysis as previ-
ously described (Cavalheiro et al. 2017). To evaluate global 
RNA-seq gene expression profiles, principle component 
analysis (PCA) was performed using R-function to obtain a 
3D visualization for Fgfr2Δ/Δ, PtenΔ/Δ, Fgfr2/PtenΔ/Δ, and 
Le-Cre individual replicates.

Integrated downstream bioinformatics analysis 
of differentially expressed genes

We performed gene ontology (GO) functional annotation 
analysis on the differentially expressed genes (DEGs) from 
the comparisons between different genotypes (e.g. Fgfr2Δ/Δ 
vs. Le-Cre; Fgfr2/PtenΔ/Δ vs. Le-Cre). The DEG criterion 
included those genes for which in the knockout genotypes 
(e.g. Fgfr2Δ/Δ; Fgfr2/PtenΔ/Δ), there was a ≥ 0.5 log2 FC at 
p < 0.05, and expression CPM cutoff of ≥ 1.0 compared to 

http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://bioconductor.org
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Le-Cre. DEGs were identified and GO functional annotation 
was performed using Database for Annotation, Visualization 
and Integrated Discovery (DAVID) bioinformatics resource 
(Huang et al. 2009). These data were then analyzed in the 
context of normal lens expression data sets using iSyTE. 
Normal embryonic and postnatal lens expression data for 
DEGs identified from comparisons Fgfr2Δ/Δ vs. Le-Cre, 
PtenΔ/Δ vs. Le-Cre and Fgfr2/PtenΔ/Δ vs. Le-Cre were 
obtained from iSyTE 2.0 lens gene database (Kakrana et al. 
2018). The significance for the iSyTE 2.0 lens enriched 
expression was estimated using Chi square (χ2) test for good-
ness of fit followed by a two-tailed t test. The data were 
presented in a quadrant plot using an in-house Python script. 
This was followed by derivation of an integrative network 
for candidate genes associated with Pten-mediated rescue 
of Fgfr2 deficient lens. We used the following two filters 
to identify DEGs that correlate with the “rescue” of the 
lens defects by simultaneous deletion of Pten in the Fgfr2/
PtenΔ/Δ. Filter 1: Genes that satisfy the following three cri-
teria: (a) are downregulated in lenses of Fgfr2Δ/Δ compared 
to Le-Cre, (b) are upregulated in PtenΔ/Δ compared to Le-
Cre, and (c) are upregulated or exhibit no-change in Fgfr2/
PtenΔ/Δ compared to PtenΔ/Δ. Filter 2: Genes that satisfy the 
following three criteria (a) are downregulated in lenses of 
Fgfr2Δ/Δ compared to Le-Cre, (b) are upregulated in PtenΔ/Δ 
compared to Le-Cre, and (c) are upregulated or exhibit no-
change in Fgfr2/PtenΔ/Δ compared to Fgfr2Δ/Δ. Filter 1 and 
2 identified 28 and 40 genes, respectively. An integrative 
approach was taken to derive a gene regulatory network 
for these 68 genes. Protein–protein interaction (PPI) data 
were extracted from the String database (http://strin​g-db.
org), and cis-regulatory DNA-binding motifs were obtained 
for the transcription factors GATA6, EVX2, and NKX6-1 
from motif database MotifDb (http://bioco​nduct​or.org). The 
motifs for GATA6, EVX2, and NKX6-1 were searched in 
the 2500 bp region upstream of the transcription start site 
(TSS) of the 68 genes. An in-house Python script was used 
to read data from PPI, cis-regulatory motif analysis and lens 
gene expression from iSyTE. The integrative network was 
visualized in Cytoscape (www.cytos​cape.org).

Validation of candidate genes identified 
from integrated bioinformatics approach

To validate the candidate genes identified from the RNA-
Seq data, the expression level of selected genes was ana-
lyzed with RT-qPCR. Genes were chosen based on inte-
grated bioinformatics approach using (1) high expression 
and/or enrichment in the lens based on iSyTE database, 
(2) or based on biological significance obtained from 
GO analysis. The RNA samples used for RNA-Seq were 
reverse-transcribed into cDNA, using random primers 
and Superscript IV reverse transcriptase (Invitrogen), 

according to the manufacturer’s instructions. The RT-
qPCR assays were performed in triplicate on the cDNA 
using GoTaq Green Master Mix (Promega, Madison, WI) 
following the manufacturer’s instructions and read using a 
CFX connect instrument (Bio-Rad, Hercules, CA). Intron-
spanning primers were designed to specifically quantify 
targeted mRNA transcripts (Online Resource 6). Glyceral-
dehyde 3-phosphate dehydrogenase (GAPDH) expression 
was used as an internal control. The cycling conditions 
consisted of 1 cycle at 95 °C for 100 s for denaturation, 
followed by 40 three-step cycles for amplification (each 
cycle consisted of 95 °C incubation for 20 s, an appropri-
ate annealing temperature for 10 s, and product elongation 
at 70 °C incubation for 20 s). The presence of the melting 
curve and a single DNA band on agarose gels following 
RT-qPCR amplification was monitored to determine reac-
tion specificity. The quantification cycle (Cq) was obtained 
from the RT-qPCR, and the ΔCq value was calculated as 
Cq (gene) − Cq (GAPDH). The data are expressed as mean ± the 
standard error of the mean.

Luciferase assay

To determine whether NKX6-1 drives the expression of 
Rasgp1 and Fgfr2 in lens epithelial cells, murine 21EM15 
cells (Reddan et al. 1989) were grown in DMEM supple-
mented with 10% fetal bovine serum, 1% non-essential 
amino acids, and 1% anti–anti until confluency at which 
point they were passaged twice. After reaching 80% conflu-
ence, the cells were transfected using Turbofect Transfec-
tion Reagent (ThermoFisher #R0531) with the appropriate 
vectors following the manufacturer’s protocol. The vec-
tors used for cloning and transfection were pGL4.10[luc2] 
(New England Biolabs #E6651) pRL-TK (Promega 
#E2231), and Tet-O-FUW-Nkx6-1 (Addgene #45846). 
The putative promoter regions of mouse Rasgrp1 and IL-
6 (2500 bp region upstream of the transcription start site 
for each gene), were cloned into the pGL4.10[luc2] vector 
separately using the Gibson Assembly Cloning Kit from 
New England Biolabs (NEB). A mouse lens epithelial cell 
line (21EM15) was transfected with pGL4.10[luc2] and, 
after transfection, cells were seeded on a 96-well plate 
for 36 h prior to collection and lysis. Luciferase assays 
were carried out using the Dual-Luciferase Reporter Assay 
System (Promega E1910) according to the manufacturer’s 
instructions, and analyzed on the Synergy H1 microplate 
reader (BioTek, VT).

http://string-db.org
http://string-db.org
http://bioconductor.org
http://www.cytoscape.org
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Results

FGFR2 signaling regulation by PTEN 
in both the periocular skin and in the lens

To provide a brief overview, we confirmed the gross 
external and histological phenotypes of Le-Cre-mediated 
deletion of Fgfr2 and/or Pten in mice (Fig. 1). In agree-
ment with earlier findings (Hertzler-Schaefer et al. 2014), 
the deletion of Pten alone in the ocular surface ectoderm 
leads to the formation of multiple, postnatal skin tumors 

corresponding to the pattern of CRE-mediated deletion in 
Le-Cre mice, and these tumors do not form in the absence 
of both Pten and Fgfr2 (Fig. 1a). Lenses lacking FGFR2 
appear small and exhibit several abnormalities at birth, 
including microphakia (Fig. 1b). In contrast, newborn 
lenses lacking both FGFR2 and PTEN demonstrate a 
nearly complete rescue of lens size despite still having 
aspects of abnormal development. Lenses hemizygous for 
the Le-Cre transgene or lacking only PTEN display normal 
size and morphology at birth. The simultaneous loss of 
both Pten and Fgfr2 fails to rescue the inability of Fgfr2-
deficient eyes to complete eyelid closure. The histological 

Fig. 1   a Within a month after birth, the skin surrounding the eye and 
extending to the nose develop rapidly growing tumors in the absence 
of Pten alone (Le-Cre; PtenΔ/Δ). However, these tumors fail to form 
in skin lacking both Pten and Fgfr2 (Le-Cre; Fgfr2/PtenΔ/Δ). Mice in 
which Le-Cre mediates the deletion of Fgfr2 alone (Le-Cre; Fgfr2Δ/Δ) 
do not look externally different than Le-Cre; Fgfr2/PtenΔ/Δ mice 

(not shown). Mice hemizygous for the Cre transgene alone (Le-Cre 
Hemizygous) exhibit normal external appearance. b Postnatal day 0 
(P0) lens sections for controls (FVB/N and Le-Cre Hemizygous), 
Pten-deficient (Le-Cre; PtenΔ/Δ), Fgfr2-deficient (Le-Cre; Fgfr2Δ/Δ), 
and lenses lacking both Fgfr2 and Pten (Le-Cre; Fgfr2/PtenΔ/Δ)



1396	 Human Genetics (2019) 138:1391–1407

1 3

phenotypes of lenses lacking Fgfr2, Pten or both Fgfr2 
and Pten were previously described in detail in Chaffee 
et al. (2016).

To understand the transcriptional programs directed by 
FGFR signaling during development and their relevance 
to the ocular defect microphakia, we conducted an RNA-
Seq analysis on newborn mouse lenses lacking individually 
Fgfr2 or Pten, or both Fgfr2 and Pten. By conducting this 
analysis, we sought to (1) define the transcriptional events 
directed by FGFR2 signaling that are perturbed in the 
Fgfr2Δ/Δ lenses, (2) determine the major genes and associ-
ated pathways that are involved in PtenΔ/Δ-mediated rescue 
of the defects in the FGFR2 deficient lens, and (3) identify 
novel regulators of development downstream of FGFR sign-
aling and PTEN activity. Specifically, we focused on genes 
and gene networks relevant to cell survival, fiber cell differ-
entiation, and AKT and ERK1/2 downstream modules, the 
processes most profoundly affected by Fgfr2 loss. Figure 2 
provides a schematic diagram of our approach.

Overview of Le‑Cre, Fgfr2Δ/Δ, PtenΔ/Δ, and Fgfr2/
PtenΔ/Δ lens transcriptomes

RNA-seq provided a non-biased mechanism to collect tran-
script profiles from newborn mouse lenses lacking Fgfr2 
(Fgfr2Δ/Δ), Pten (PtenΔ/Δ), both Fgfr2 and Pten (Fgfr2/
PtenΔ/Δ) and hemizygous Le-Cre (the transgenic allele 
that mediates conditional gene deletion) control lenses. 
Each biological sample contained six lenses from a total of 
three mice, with three replicates for a total of nine mice per 

genotype. Each biological replicate generated between 25.5 
and 34.5 million 50 bp sequence reads. On average, 93.4% 
of Fgfr2Δ/Δ reads, 91.6% of PtenΔ/Δ reads, 94.0% of Fgfr2/
PtenΔ/Δ reads, and 91.5% of Le-Cre reads mapped to the ref-
erence Mus musculus genome (GRCm38/mm10) (Table 1).

Principle component analysis of all gene expression data-
sets identified trends in the data set by reducing the dimen-
sionality of the data. The resulting plot revealed that biologi-
cal replicates from each sample group clustered reasonably 
close together, indicating a high overall similarity within 
replicates of the same genotype (Fig. 3a). The variable along 
principle components 1 and 2 separates the Fgfr2Δ/Δ repli-
cates dramatically from the other three genotypes. Likewise, 
principle component 3 distinguishes the Le-Cre replicates 
from the Fgfr2Δ/Δ, PtenΔ/Δ and Fgfr2/PtenΔ/Δ replicates. 
PtenΔ/Δ and Fgfr2/PtenΔ/Δ replicates group closely together 
along all three principle components.

Deletion of Fgfr2, Pten or both Pten and Fgfr2 caused 
massive deregulation of gene expression relative to Le-Cre 
lenses (Fig. 3b). Isolated deletion of Fgfr2 resulted in the 
downregulation of 661 genes and the upregulation of 787 
genes (Online Resource 1). Deletion of Pten alone caused 
a decrease in the expression of 485 genes and an increase 
in the expression of 489 genes in the lens (Online Resource 
2). Fgfr2/PtenΔ/Δ lenses exhibited 674 downregulated and 
446 upregulated genes, respectively (Online Resource 3). 
The list of top DEGs (excluding the pseudogenes) from all 
three comparisons Fgfr2Δ/Δ vs. Le-Cre, PtenΔ/Δ vs. Le-Cre 
and Fgfr2/PtenΔ/Δ vs. Le-Cre are presented in Tables 2, 3, 
and 4, respectively.

Fig. 2   Graphical abstract and 
workflow of the study
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In any comprehensive transcriptome analysis, distilling 
massive amounts of data into biologically relevant insights 
represents a major challenge. In our data set, the genes 

deregulated solely by Pten represent an interesting story. 
However, the regulation of FGFR signaling by PTEN dur-
ing lens development—specifically, the molecular pathways 

Table 1   Overview of read 
alignments for RNA-seq

For each genotype (sample name), three biological replicates (abbreviation) containing six lenses each 
were pooled, extracted of RNA, and sequenced. These reads were then mapped to the Mus musculus 
genome. The alignment percentage is percentage of total reads mapped to the reference genome

Sample name Abbreviation Total number of reads Reads mapped to 
the genome

Alignment 
percentage 
(%)

Le-Cre L1 34450874 31117864 90.30
L2 29745513 27775531 93.50
L3 27806619 25195812 90.60

Fgfr2Δ/Δ R1 27850644 26083275 93.70
R2 24810082 23061821 93.00
R3 28871246 27020465 93.60

PtenΔ/Δ P1 31200642 28032031 89.80
P2 28622748 26009802 90.90
P3 25530167 24029149 94.10

Fgfr2/PtenΔ/Δ PR1 26252406 24787739 94.40
PR2 26243385 24728575 94.20
PR3 29629966 29529966 93.50

Fig. 3   a Principle component analysis of genes deregulated in Le-
Cre (blue), PtenΔ/Δ (red), Fgfr2Δ/Δ (green), and Fgfr2/PtenΔ/Δ (black) 
lenses. b Total number of upregulated genes/transcripts (red) and 
downregulated genes/transcripts (green) in each genotype relative to 
Le-Cre 

Table 2   Top differentially expressed genes (DEGs) in Fgfr2-deleted 
lenses

The official gene symbol along with the log2 fold-change value for 
the 20 most downregulated and 20 most upregulated genes in Fgfr2-
deleted lenses compared to control (Le-Cre) lenses are listed

Downregulated Upregulated

Gene symbol Log2 FC Gene symbol Log2 FC

Spta1 − 5.8 Cryga 22.2
Clic5 − 4.0 Cryge 19.7
Aqp3 − 3.9 Dynlt1b 9.2
Tuba1c − 3.5 Rps3a3 8.7
Fmn2 − 3.2 Csmd1 8.1
Cd44 − 3.1 Col1a1 5.7
Evx2 − 3.1 Cwc22 4.9
Fbxo44 − 3.0 Rtn1 4.1
Rasgrp1 − 3.0 Papss2 4.0
Wdr43 − 2.8 Pkd1l1 3.8
Sv2c − 2.3 Aph1b 3.5
Actr2 − 2.3 Gstp2 3.5
Gata6 − 2.2 Abca13 3.4
Cntn4 − 2.2 Jakmip3 3.3
Tbc1d30 − 2.2 Far2os1 3.3
Gjb6 − 2.2 Cox6a2 3.2
Atg3 − 2.2 Fcnb 3.1
Cxcl12 − 2.1 Col3a1 3.0
Frzb − 2.0 Htr1d 3.0
Csmd2 − 1.9 Stk32c 2.5
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underlying the microphakia rescue—represents the focus 
of this manuscript. Significantly, of the 1448 genes up- or 
downregulated in Fgfr2Δ/Δ lenses, only 592 (40.9%) remain 
deregulated in the Fgfr2/PtenΔ/Δ lenses. This result demon-
strates that Pten counterbalances FGFR2 signaling, since 
Pten deletion restores the majority of the transcripts deregu-
lated by Fgfr2 loss.

Analysis of apoptosis‑related genes

Since apoptosis represents the major early phenotype of 
Fgfr2-deleted lenses (Chaffee et al. 2016) and contributes 
significantly to the microphakia phenotype, we investi-
gated how Fgfr2 loss affects transcripts related to cell sur-
vival by gene ontology analysis. This analysis revealed an 
enrichment of genes related to the regulation of apoptosis 
in downregulated transcripts from Fgfr2Δ/Δ lenses (Fig. 4a, 
Online Resource 4). Examples of these genes include 
Birc7, a caspase inhibitory protein (also known as Livin) 
(De Maria and Bassnett 2015), Clu (a chaperone protein 
that inhibits BAX-mediated apoptosis) (Trougakos et al. 
2009), Gadd45a (a downstream target of p53) (Jin et al. 
2003), Pycard (a caspase recruiting protein) (Masumoto 

et al. 2001), and Pgap2 (a GPI-anchor remodeling protein) 
(Tashima et al. 2006). Significantly, the transcript levels of 
the five aforementioned genes exhibit either partial or full 
rescue to control (Le-Cre) levels by the additional deletion 
of Pten. RT-qPCR analysis validated that the expression 
of many of the Fgfr2-regulated genes in Table 2 normal-
ized their expression in the Fgfr2/PtenΔ/Δ lenses (Fig. 4b).

Despite the ability of Pten deletion to rescue lens cell 
survival in Fgfr2-deleted mice, our analysis revealed a 
number of genes related to apoptosis remain deregulated 
in Fgfr2/PtenΔ/Δ lenses. GO analysis revealed an enrich-
ment in genes related to apoptotic processes, the cell cycle, 
and the p53 signaling pathway in both up- and downregu-
lated genes from Fgfr2/PtenΔ/Δ lenses (Fig. 4c, Online 
Resource 5). In particular, some interesting upregulated 
genes include the cyclin dependent kinase inhibitor Ccnd2, 
Cdkn1a (aka p21Cip1), Gadd45 g (a cellular stress response 
gene) (Vairapandi et al. 2002), Serpine1 (a serine protease 
inhibitor) (Horowitz et al. 2008), and Sesn2 (a p53 reg-
ulated stress protein) (Budanov et al. 2002). Given this 
observation, these genes may represent Fgfr2 regulated 
transcripts that lack co-regulation by PTEN.

Table 3   Top differentially expressed genes (DEGs) in Pten-deleted 
lenses

The official gene symbol along with the log2 fold-change value for 
the 20 most downregulated and 20 most upregulated genes in Pten-
deleted lenses compared to control (Le-Cre) lenses are listed

Downregulated Upregulated

Gene symbol Log2 FC Gene symbol Log2 FC

Actr2 − 8.4 Dynlt1b 9.2
Wdr43 − 5.2 Gm15772 8.7
Sgip1 − 3.1 Cwc22 4.8
Penk − 2.3 Chac1 4.3
Pbld2 − 2.1 Pkd1l1 3.8
Zfp626 − 1.9 Csmd1 3.7
Sv2c − 1.9 Gm24265 3.6
Egfem1 − 1.7 Jakmip3 3.3
Dock9 − 1.7 Slc1a1 3.2
Cd247 − 1.7 Stk32c 3.0
Tacr3 − 1.7 Acta2 3.0
Tagap1 − 1.6 Papss2 2.8
Cntn4 − 1.6 Eif2s3y 2.6
Il34 − 1.6 Avp 2.6
Stc1 − 1.6 Rsph3b 2.5
Cnksr2 − 1.6 Tnc 2.5
Trmt61b − 1.5 Dkk1 2.5
Ache − 1.5 Tmem181a 2.5
Abca13 − 1.5 Mylk4 2.3
Wif1 − 1.5 Ccdc117 2.1

Table 4   Top differentially expressed genes (DEGs) in Fgfr2/Pten-
deleted lenses

The official gene symbol along with the log2 fold-change value for 
the 20 most downregulated and 20 most upregulated genes in Fgfr2/
Pten-deleted lenses compared to control (Le-Cre) lenses are listed

Downregulated Upregulated

Gene symbol Log2 FC Gene symbol Log2 FC

Wdr43 − 3.8 Hlcs 7.2
Spta1 − 3.5 Chac1 4.7
Pianp − 2.9 Cwc22 4.2
Fgf15 − 2.9 Cox6a2 3.8
Lrrc4c − 2.6 Papss2 3.4
Wif1 − 2.5 Fcnb 3.2
Crhbp − 2.5 Lgsn 3.1
Tnfaip8l3 − 2.4 Stk32c 3.0
Notumos − 2.4 Jakmip3 2.9
Fmn2 − 2.4 Slc1a1 2.9
Pbld2 − 2.1 Rpgrip1 2.8
Qtrt1 − 2.0 Eif2s3y 2.5
Pld5 − 2.0 Sstr5 2.5
Wfdc1 − 2.0 Acta2 2.4
Eps8 − 2.0 Htr1d 2.3
Vcan − 2.0 Pkd1l1 2.3
Cntn4 − 2.0 Ociad2 2.2
Six6 − 2.0 Zfp809 2.1
Actr2 − 2.0 Rdm1 2.1
Vsx2 − 1.9 Ccdc117 2.1
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Analysis of lens fiber cell differentiation‑related 
genes

In addition to widespread apoptosis, mouse lens fiber cells 
lacking Fgfr2 in early development also fail to undergo nor-
mal fiber cell differentiation, which also contributes to the 

microphakia phenotype. In particular, Fgfr2Δ/Δ lens fiber 
cells fail to fully elongate or to properly exit the cell cycle 
(Chaffee et al. 2016). Therefore, we focused on how our 
dataset might explain defective fiber cell differentiation 
observed in these lenses. Genes related to cell–cell junc-
tion, cell proliferation, actin binding and the structural 

Fig. 4   a Top DAVID GO terms for downregulated DEGs in Fgfr2Δ/Δ 
lenses. b RT-qPCR validation of select downregulated DEGs in 
Fgfr2Δ/Δ lenses. L = Le-Cre; R = Fgfr2Δ/Δ; P = Pten Δ/Δ; PR = Fgfr2/

PtenΔ/Δ. Asterix (*) indicates p < 0.05. c Top DAVID GO terms for 
downregulated DEGs in Fgfr2/PtenΔ/Δ lenses
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constituent of the cytoskeleton all exhibited deregulation 
in Fgfr2Δ/Δ lenses (Fig. 4a). Of particular interest, a gene 
of the γ-crystallin family (Crygc) of fiber cell-specific pro-
teins is downregulated in Fgfr2Δ/Δ lenses and restored to 
control (Le-Cre) levels in Fgfr2/PtenΔ/Δ lenses. In addition, 
Fgfr2Δ/Δ lenses exhibit reduced expression of Dnase2b (a 
gene essential for lens fiber cell denucleation) and Pten loss 
partially restores Dnase2b expression in Fgfr2-deficient 
lenses (Fig. 4b).

To provide insight of how Fgfr2 deletion affects fiber 
cell differentiation, we used iSyTE (integrated Systems 
Tool for Eye gene discovery) (Kakrana et al. 2018) to 
compare the Fgfr2Δ/Δ DEGs (from RNA-seq data) with 
iSyTE developmental lens expression data from wild-type 
lenses at embryonic and newborn stages. Expression data 
from E16.5 lenses (Fig. 5a) captures the early stages of 
secondary lens fiber cell differentiation in mice (Cvekl 
and Ashery-Padan 2014). This analysis revealed that the 
majority of downregulated transcripts in newborn Fgfr2Δ/Δ 

lenses come from those genes specifically enriched in 
E16.5 lenses while the upregulated genes do not exhibit 
any such bias for lens enrichment at this stage. This analy-
sis supports a specific role for Fgfr2 in regulating genes 
required for lens fiber cell differentiation.

Since fiber cells differentiate from lens epithelial cells, 
the genes differentially regulated between these two cell 
types will reveal the genes important in distinguishing fiber 
cells from epithelial cells. To determine the relevance of 
FGFR2 signaling on fiber cell differentiation we compared 
our newborn Fgfr2Δ/Δ lens RNA-Seq data to isolated P0 
lens fiber and epithelium expression data from Hoang et al. 
(2014) (Fig. 5b). Fgfr2 deletion causes down-regulation 
of 319 genes from those highly enriched in wild-type lens 
fiber cells at P0, and upregulation of 455 genes that exhibit 
enriched expression in the lens epithelium. This transcrip-
tomic change corresponds to a shift away from the differenti-
ated lens fiber cell type towards the precursor lens epithelial 
cell type in the absence of Fgfr2.

Fig. 5   a Volcano plot of iSyTE 
lens epithelium or fiber cell 
enriched genes at embryonic 
day E16.5 that are either 
reduced (downregulated) or 
high (upregulated) DEGs in 
Fgfr2Δ/Δ lenses. Numbers cor-
respond to the number of genes 
in those parameters. (E, F) Vol-
cano plots of iSyTE lens epi-
thelium or fiber cell expressed 
genes at postnatal day 0 that are 
either reduced (downregulated) 
or high (upregulated) DEGs in 
Fgfr2Δ/Δ (b) or Fgfr2/PtenΔ/Δ 
(c) lenses. Numbers correspond 
to the number of genes in those 
parameters
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Given that the loss of Pten normalizes 59.1% of the DEGs 
in the Fgfr2Δ/Δ lenses, we asked if the rescued DEGs repre-
sented a restoration of fiber cell gene expression. The Fgfr2/
PtenΔ/Δ lenses exhibited downregulation of only 121 genes 
from the fiber-enriched category (compared to 319 in the 
Fgfr2Δ/Δ lenses) and upregulation of only 140 genes (com-
pared to 455 in the Fgfr2Δ/Δ lenses) from the lens epithelium 
enriched category (Fig. 5c). The notable trend of this data 
demonstrates that 40.5% of downregulated genes in Fgfr2Δ/Δ 
lenses are fiber cell enriched, while only 17.9% of downreg-
ulated genes in Fgfr2/PtenΔ/Δ lenses are fiber cell enriched. 
This indicates that the additional loss of Pten restores the 
lost fiber cell identity in Fgfr2Δ/Δ lenses. Additionally, epi-
thelial cell enriched genes make up 68.8% of upregulated 
genes in Fgfr2Δ/Δ lenses, while only 31% of upregulated 
genes in Fgfr2/PtenΔ/Δ lenses are epithelial cell enriched. 
While only 155 genes that are lens-epithelium enriched 
were downregulated in Fgfr2Δ/Δ lenses, in the Fgfr2/PtenΔ/Δ 
lenses, this number was increased to 390, indicating a loss of 
lens epithelium identity in the rescue animals. This suggests 
that Pten deletion restores fiber cell transcriptome in FGFR2 
deficient lenses.

Molecular basis of microphakia rescue in Fgfr2/
PtenΔ/Δ mice

Selecting the Fgfr2-regulated genes that play the most piv-
otal roles in the regulation of lens differentiation and sur-
vival represents a fundamental challenge. Since the rescue 
of microphakia occurs due to Pten deletion, the remainder 
of this manuscript focuses solely on genes directly regulated 
by a counterbalance of signals emanating from both FGFR2 
and PTEN. We considered two sets of parameters to place 
those genes regulated by FGFR2 and PTEN, and at least par-
tially rescued to control levels in Fgfr2/PtenΔ/Δ lenses into 
two categories. Category 1 comprises 28 genes which are 
downregulated in Fgfr2Δ/Δ relative to Le-Cre, upregulated in 
PtenΔ/Δ relative to Le-Cre, and upregulated or not changed in 
Fgfr2/PtenΔ/Δ relative to PtenΔ/Δ. Category 2 consists of 40 
genes downregulated genes in Fgfr2Δ/Δ relative to Le-Cre, 
upregulated in PtenΔ/Δ relative to Le-Cre, and upregulated 
or not changed in Fgfr2/PtenΔ/Δ relative to Fgfr2Δ/Δ (Fig. 6a, 
Table 5). RT-qPCR validated the differential expression of 
many of these total 68 genes in all four genotypes (Online 
Resource 7).

While the genes in categories 1 and 2 encode a number 
of different kinds of proteins, we focused on transcription 
factors given the importance of transcriptional regulation 
for differentiation and morphogenesis. Zinc-finger, and 
regulation of transcription were among the GO analysis 
terms enriched in the 68 genes from categories 1 and 2 
(Fig.  6b). In particular, transcription factors Nkx6-1, 
Evx2, and Gata6 from category 2 play important roles in 

morphogenesis, but have no recognized role in lens devel-
opment. Nkx6-1 antagonizes the activity of Pax6 in both 
ventral neural patterning and in endocrine pancreatic cell 
specification (McMahon 2000; Qiu et al. 1998; Sander 
et al. 2000; Schaffer et al. 2010, 2013; Henseleit et al. 
2005; Taylor et al. 2013). Evx2 has homology to Drosoph-
ila melanogaster even-skipped (D’Esposito et al. 1991), a 
pair-rule gene important in embryo segmentation. Gata6, 
a zinc-finger transcription factor, participates in the devel-
opment of many tissues, including the heart and pancreas 
(Morrisey et al. 1996). Given the central importance of 
transcription factors as master regulators of tissue identity 
and function, we hypothesized that Nkx6-1, Evx2, and/or 
Gata6 may function as key regulators of FGFR signaling 
in morphogenesis.

To explore the potential role of Nkx6-1, Evx2, and Gata6 
in the lens and prioritize them for further study, we first 
determined the relative expression level of these genes 
in the developing lens using iSyTE. According to iSyTE, 
Nkx6-1 expression and enrichment in the lens peaks at 
E16.5. In contrast, although Evx2 expression is enriched in 
lens, its expression level remains moderate and unchanged 
throughout lens development. Gata6 exhibits the lowest 
lens expression with no lens enrichment throughout devel-
opment (Fig. 7a). RT-qPCR revealed that Nkx6-1 and Gata6 
expression declined in Fgfr2Δ/Δ lenses, but the expression 
of both of these genes normalized to the Le-Cre level in 
the Fgfr2/PtenΔ/Δ lenses. Although the expression of Evx2 
declined in the Fgfr2Δ/Δ lenses, the transcript level of this 
gene remained insignificantly different among all genotypes 
(Fig. 7b). The high expression of Nkx6-1 during the onset 
of secondary fiber cell differentiation, its enrichment in the 
normal lens, and its regulation by both FGFR2 and PTEN, 
led us to focus our investigations on Nkx6-1 as providing an 
alternative shunt to mediate downstream targets of FGFR 
signaling in the absence of FGFR2.

Because sequence-specific DNA-binding is key to tran-
scription factor function, we sought to identify the DNA-
binding motifs for NKX6-1 and to determine if category 
1 and/or category 2 genes contain this binding motif in 
their regulatory regions. An examination of the DNA-bind-
ing motifs for NKX6-1 using MotifDB software (Fig. 8a) 
revealed the consensus sequence for NKX6-1. To search for 
NKX6-1 binding sites, we scanned the putative promoter 
region (defined as 2500 bp upstream of the transcription start 
site) of category 1 and category 2 genes for relevant binding 
motifs. In total, the putative promoter regions of 53 of the 
68 genes contained at least one binding motif for NKX6-1, 
placing Nkx6-1 at the center of a regulatory network of these 
genes (Online Resource 8). Based on this information, we 
hypothesized that Pten deletion-induced rescue of survival 
and fiber cell differentiation in Fgfr2-deleted lenses depends 
on NKX6-1 regulatory control of target genes.
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Given the major signal transduction cascades initiated by 
FGFR signaling in cells, we examined the category 1 and 2 
genes with NKX6-1 binding motifs as potential mediators 
of intracellular signaling. One gene Rasgrp1 (Ras guanyl-
releasing protein 1) stood out as it is a known activator of 

both the PI3 K-AKT (Ong et al. 2001) and the Ras/Raf/
MEK/ERK signaling cascade (Ebinu et  al. 1998). RT-
qPCR validated the differential expression of Rasgrp1 in all 
genotypes (Online Resource 7). The obvious connection of 
Rasgrp1 to ERK1/2 activation, a known mediator of FGFR 

Fig. 6   a Parameters (boxed) 
and number of genes fitting 
those parameters (circled) set 
to define categories 1 and 2 of 
candidate genes. b Top DAVID 
GO terms for 68 category 1 and 
2 genes

Table 5   List of candidate genes from category 1 and category 2

Category 1 Category 2

Ada1, Birc7, Cdr2, Chst7, Doc2b, Dock8, Fabp5, Gm13091, 
Gm14418, Gm 20631, Gm2895, Hmgn3, Ifit2, Nap1l2, Ogn, Olfml3, 
Podn, Ppm1e, Ppp1r3c, Saraf, Snapc1, Tmem68, Tmprss11e, 
Ttc39b, Wdr33, 1700019D03Rik, 1700086L19Rik, 4930502E18Rik

Acer2, Alox15, Avp, B930036N10Rik, Ccdc117, Ccser1, Ces5a, Chrm3, 
Colec11, Csmd2, Csrp1, Dbpht2, Dgat2, Evx2, Fgfr2, Frmd6, Gata6, 
Gm14170, Gm37142, Igfbp5, Insm1, Kifc3, Klhl32, Lctl, Lipg, Mt1, 
Nat6, Nkx6-1, Pcsk2, Ppp2r5e, Prokr1, Prox1os, Ptk6, Rasgrp1, 
Ripk4, Rnf180, Slc2a9, Tigd2, 2810468N07Rik, 9430020K01Rik
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signaling, identified this gene as an important potential node 
to explain how the deletion of Pten orchestrates the rescue 
of the FGFR2-deficient lens transcriptome.

To test the hypothesis that NKX6-1 regulates key proteins 
involved in the rescue of lens development in Fgfr2/PtenΔ/Δ 
lenses, we designed a luciferase assay in which we measured 
the ability of NKX6-1 to activate Rasgrp1 expression in the 
lens epithelial cell line, 21EM15 (Reddan et al. 1989). The 
Il-6 promoter, a known target of NKX6-1 (Li et al. 2016), 

provided a positive control for transcriptional activation by 
NKX6-1, while a promoter-less luciferase vector provided 
a negative control. Overexpression of Nkx6-1 significantly 
increased the amount of firefly luciferase driven by the Ras-
grp1 promoter, indicating that NKX6-1 can upregulate Ras-
grp1 expression in vivo (Fig. 8b). This establishes a new 
regulatory relationship between NKX6-1 and Rasgrp1 by 
uncovering a novel regulatory module between transcription 
and signaling.

Fig. 7   a iSyTE lens expression 
and enrichment data for Nkx6-
1, Evx2, and -Gata6 through 
embryonic and postnatal 
development. Red indicates 
high expression or enrich-
ment, white indicates moderate 
expression or enrichment, and 
green indicates low expression 
or enrichment. b RT-qPCR 
validation of Nkx6-1, Evx2, and 
Gata6 expression in lenses of 
all four genotypes. L = Le-Cre; 
R = Fgfr2Δ/Δ; P = Pten Δ/Δ; 
PR = Fgfr2/PtenΔ/Δ. Asterix (*) 
indicates p < 0.05

Fig. 8   a Transcription factor 
binding motif for NKX6-1. b 
Activation of Il-6 and Rasgrp1 
by NKX6-1. pGLuc is the lucif-
erase vector; The Il-6 promoter 
constitutes a 2500 bp region 
upstream of the Il-6 transcrip-
tional start site (TSS) cloned 
into pGLuc. The Rasgrp1 
promoter constitutes a 2500 bp 
region upstream of the Rasgrp1 
TSS cloned into pGLuc. The 
Nkx6-1 expression vector pro-
vided for NKX6-1 expression as 
indicated
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Discussion

Tissue morphogenesis relies on the coordination of tran-
scriptional networks downstream of many simultaneous 
signaling pathways. FGF/FGFR-signaling regulates the 
development of many tissues in both invertebrates and 
vertebrates, but how FGFR signaling is regulated dur-
ing morphogenesis, and how alterations in these events 
results in developmental defects, remains incomplete. 
Many extracellular signals, including FGFs, converge on 
key intracellular mediators, such as ERK and AKT to drive 
changes in cellular fate. The activation level of ERK1/2 
and AKT appear to function as cellular rheostats that con-
trol cell proliferation, survival and differentiation. Sign-
aling mechanisms such as these provide an example of 
switch-like behavior that result in developmental robust-
ness by providing alternative mechanisms to achieve simi-
lar downstream outcomes (Ferrell 1996). Several recent 
examples demonstrate the regulation of FGFR signaling 
in vertebrates by PTEN (Chaffee et al. 2016; Guntur et al. 
2011; Scioli et al. 2014; Hertzler-Schaefer et al. 2014). To 
explore this regulatory relationship further, we exploited 
the simplicity of the developing lens to identify alter-
native molecular mechanisms regulated by PTEN that 
can compensate for the loss of FGFR2 signaling during 
development.

We discovered that while Fgfr2 deletion in lenses 
causes dramatic deregulation of global gene expression 
compared to control (Le-Cre) lenses, simultaneous Pten 
deletion shifts the transcriptome back towards that of Le-
Cre. These RNA-seq based transcriptomic studies provide 
insights into the molecular basis of both the microphakia 
in Fgfr2Δ/Δ lenses and the rescue of lens size and devel-
opment provided by simultaneous Pten deletion. FGFR2 
loss in the lens most dramatically affects cell survival and 
differentiation, so we focused our analysis on these two 
aspects of lens development. Gene ontology analysis and 
iSyTE expression data revealed pathways that may explain 
the widespread apoptosis in Fgfr2Δ/Δ lenses, and the res-
cue of survival caused by Pten deletion. Genes related 
to the p53 signaling pathway, caspase activity, and BAX-
mediated apoptosis are deregulated in Fgfr2Δ/Δ lenses, 
but many of the genes associated with these pathways 
exhibit normalized expression in Fgfr2/PtenΔ/Δ lenses. 
The restoration of expression of these p53-related genes 
likely explains the low levels of apoptosis in Fgfr2/PtenΔ/Δ 
lenses relative to the Fgfr2Δ/Δ lenses.

Our transcriptomic data build a strong case for the 
instructive role of FGFR signaling in fiber cell differen-
tiation. The best visualization of this point comes from 
Fig. 5 where the transcriptomes of the Fgfr2Δ/Δ and Fgfr2/
PtenΔ/Δ lenses are compared to wild-type gene expression 

data compiled by iSyTE. This comparison shows that the 
Fgfr2Δ/Δ lens transcriptome shifts to a more lens epithelial 
character in comparison to the transcriptomes of wild-type 
lenses at both the onset of secondary fiber cell differentia-
tion (E16.5) and at P0. Specific examples include Crygc 
(encoding an important lens fiber cell structural protein) 
which exhibits reduced expression in Fgfr2Δ/Δ lenses, 
but normalized expression in Fgfr2/PtenΔ/Δ lenses, and 
Dnase2b (essential for fiber cell denucleation) with sig-
nificantly reduced expression in Fgfr2Δ/Δ lenses, and a 
partial restoration of expression in Fgfr2/PtenΔ/Δ lenses. 
Together, our data indicate that fiber cells lose their iden-
tity in Fgfr2Δ/Δ lenses, but regain many aspects of fiber 
cell identity with simultaneous Pten deletion. The restora-
tion of fiber cell elongation by Pten deletion likely plays 
a significant role in the rescue of microphakia in FGFR2-
deficient lenses.

The genes directly regulated by both FGFR2 and PTEN 
that have the greatest potential to impact the activation of 
ERK1/2 or AKT provide the best candidates to explain the 
restoration of developmental homeostasis in lenses lack-
ing both Fgfr2 and Pten. Among the genes identified in 
categories 1 and 2, we identified Rasgrp1 as a candidate 
gene having the potential to increase the activation of both 
ERK1/2 and AKT. RASGRP1 acts as a guanyl exchange fac-
tor to activate RAS. Activated RAS, in turn, activates RAF, 
upstream of ERK1/2 activation, and p110, the catalytic sub-
unit of PI3 K, upstream of AKT activation. Having identified 
Rasgrp1 as a high-priority candidate, we searched among 
the other candidates to provide a mechanism to increase the 
level of RASGRP1 in the Fgfr2/PtenΔ/Δ lenses.

Among the transcription factors identified in the catego-
ries of genes regulated by both FGFR2 and PTEN, NKX6-1 
provides a strong candidate to drive the upregulation of Ras-
grp1 expression. Rasgrp1 and most of the genes in catego-
ries 1 and 2 contain the binding motif for NKX6-1 within 
their putative promoter regions. Our luciferase assay sug-
gests that NKX6-1 upregulates the expression of Rasgrp1 
in vivo. These findings point to NKX6-1 as a transcription 
factor with a previously unappreciated role in regulating sur-
vival and fiber cell differentiation in Fgfr2/PtenΔ/Δ lenses 
as well as provide an important output of FGFR-regulated 
transcription in the development of other tissues.

Although NKX6-1 antagonizes PAX6 during patterning 
of the neural tube and pancreas (Taylor et al. 2013), and 
Pax6 mutations cause human microphthalmia (Verma and 
Fitzpatrick 2007), the role of NKX6-1 in lens development 
is undefined. According to iSyTE, Pax6 expression is high 
in the lens epithelium but falls as epithelial cells differentiate 
into lens fibers. In contrast, while Nkx6-1 is expressed in the 
lens as early as E10.5, its expression and enrichment peaks 
precisely when secondary fiber cell differentiation initi-
ates. Given the association of FGFR-signaling and fiber cell 
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differentiation, antagonism of PAX6 transcriptional activity 
by FGF-induced NKX6-1 expression presents an interest-
ing novel mechanism to regulate lens development. Alterna-
tively, it remains possible that NKX6-1 provides a specific 
mechanism to rescue transcription during both primary and 
secondary fiber cell differentiation in Fgfr2/PtenΔ/Δ lenses 
while only playing a minor role in normal lens development. 
Future mechanistic studies concerning the requirement for 
Nkx6-1 in lens development will distinguish between these 
possibilities.

Here, we have demonstrated that FGFR2-signaling can 
regulate the transcription of genes required for cell differ-
entiation and survival. However, in the absence of FGFR2, 
the deletion of Pten opens alternative pathways to restore the 
transcriptional regulation of many genes important for Fgfr2 
downstream effectors that control these processes. Specifi-
cally, simultaneous deletion of Pten results in increased 
AKT activation which in turn upregulates the expression 
of Nkx6-1 (Zhang et al. 2014). NKX6-1 upregulates Ras-
grp1 expression, to activate an alternate “shunt” pathway 
involving both AKT and ERK1/2 phosphorylation. Thus, 
in the absence of PTEN, signals downstream of FGFR2 
can still occur, rescuing microphakia despite the loss of 
Fgfr2. We present a model to define this new connection 
between FGFR signaling, the homeodomain transcription 
factor NKX6-1, and its downstream PI3 K and MAPK cas-
cade regulator RASGRP1 (Fig. 9). Furthermore, these data 
offer new areas of investigation to explore the generality of 
this regulatory module in numerous other developmental 

disorders involving FGFR2 and PTEN pathways, including 
craniosynostosis and cancer.
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