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A B S T R A C T

Myc proto-oncogenes regulate diverse cellular processes during development, but their roles during morpho-
genesis of specific tissues are not fully understood. We found that c-myc regulates cell proliferation in mouse
lens development and previous genome-wide studies suggested functional roles for N-myc in developing lens.
Here, we examined the role of N-myc in mouse lens development. Genetic inactivation of N-myc in the surface
ectoderm or lens vesicle impaired eye and lens growth, while "late" inactivation in lens fibers had no effect.
Unexpectedly, defective growth of N-myc-deficient lenses was not associated with alterations in lens progenitor
cell proliferation or survival. Notably, N-myc-deficient lens exhibited a delay in degradation of DNA in
terminally differentiating lens fiber cells. RNA-sequencing analysis of N-myc-deficient lenses identified a cohort
of down-regulated genes associated with fiber cell differentiation that included DNaseIIβ. Further, an integrated
analysis of differentially expressed genes in N-myc-deficient lens using normal lens expression patterns of
iSyTE, N-myc-binding motif analysis and molecular interaction data from the String database led to the
derivation of an N-myc-based gene regulatory network in the lens. Finally, analysis of N-myc and c-myc double-
deficient lens demonstrated that these Myc genes cooperate to drive lens growth prior to lens vesicle stage.
Together, these findings provide evidence for exclusive and cooperative functions ofMyc transcription factors in
mouse lens development and identify novel mechanisms by which N-myc regulates cell differentiation during
eye morphogenesis.

1. Introduction

Myc proto-oncogenes are transcriptional regulators of genes in-
volved in multiple cellular processes such as proliferation, metabolism,
differentiation and tumorigenesis (Eilers and Eisenman, 2008; Kress
et al., 2015). This family of helix-loop-helix (bHLH) transcription
factors has three members (c-myc, N-myc and L-myc) that regulate
gene expression through distinct mechanisms. Transcriptional activa-
tion by Myc proteins depend on heterodimerization with Max and
binding to E-box motifs widespread throughout genome followed by
recruitment of chromatin remodeling enzymes (Meyer and Penn,
2008). In contrast, transcriptional repression by Myc proteins normally

involves interaction of the Myc-Max heterodimer with different part-
ners (e.g. Miz-1) at different genomic binding sites (e.g. Initiator
element, Inr). Misexpression of Myc was described in various human
tumors, and N-myc levels correlate with tumor aggressiveness
(Beltran, 2014). Findings that Myc are weak transcriptional activators
and that c-myc binds to thousands of genomic loci suggested that
instead of regulating specific gene programs, c-myc would globally
modulate chromatin structure and act as an amplifier of transcription
(Knoepfler et al., 2006). Interestingly, recent next-generation sequen-
cing studies provided evidence that in the context of tumorigenesis,
elevated levels of Myc activate and repress context-specific gene
expression profiles (Sabo et al., 2014). However, it is currently unclear
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whether all Myc family members function as global regulators of
transcription or whether they also contribute to the establishment of
specific gene programs at physiological levels (e.g. during develop-
ment).

In addition to important roles in human cancers, Myc genes play a
multitude of roles during embryonic development. In humans, N-myc
haploinsufficiency leads to Feingold syndrome (OMIM 164280), which
is characterized by developmental disorders, including microcephaly
and short palpebral fissures (van Bokhoven et al., 2005). Genetic
studies in mice have shown that c-myc and N-myc are crucial for
development since targeted inactivation of either gene resulted in
embryonic lethality (Charron et al., 1992; Sawai et al., 1993; Stanton
et al., 1992). Furthermore, N-myc and c-myc display non-overlapping
embryonic expression patterns, suggesting functional divergence
(Harris et al., 1992; Yamada, 1990). Tissue-specific inactivation studies
revealed organ-specific functions of both c-myc and N-myc. Roles of N-
myc were demonstrated in brain (Knoepfler et al., 2002), lung (Okubo
et al., 2005), retina (Martins et al., 2008), hematopoietic stem cells
(Laurenti et al., 2008), ear (Dominguez-Frutos et al., 2011), heart
(Harmelink et al., 2013), and olfactory development (Wittmann et al.,
2014). Even though, these studies did not analyze how N-myc regulates
global gene expression during morphogenesis, few of these demon-
strated functional compensation or redundancy between Myc family
members. Currently, it remains poorly understood how these genes
act in coordination to regulate morphogenesis during development
(Wey et al., 2010; Zhou et al., 2011)

The developing lens is an advantageous model to study transcrip-
tional regulation of tissue morphogenesis and underlying gene regula-
tory networks (GRNs) (Cvekl and Ashery-Padan, 2014). In the mouse,
eye development begins at embryonic day 9 (E9), when the optic stalk
contacts the head surface ectoderm, inducing the formation of the lens
placode. Around E10.5, this placode invaginates and detaches from the
ectoderm to form the lens vesicle. FGF and BMP growth factors
secreted by the adjacent optic vesicle induce cell cycle exit and
differentiation of lens vesicle posterior cells into primary fiber cells.
In the lens anterior epithelium, progenitor cells proliferate and migrate
towards the equatorial region, where they exit cell cycle and differ-
entiate to form secondary fiber cells (Lovicu and McAvoy, 2005).
During the onset of terminal differentiation, fiber cells degrade their
nuclei and other organelles to form the organelle free zone (OFZ) to
prevent light scattering (Bassnett, 2009; Wride, 2011). Nuclei degrada-
tion is crucial for OFZ formation and requires DNaseIIβ (Nishimoto
et al., 2003). How genes controlling terminal differentiation and
organelle degradation are precisely regulated in lens fiber cells is not
fully understood. In addition, because the lens is a relatively less
complex tissue with only two cell types it serves as a good model to
investigate the distinct and/or overlapping contributions of specific
proteins of a gene family.

Previously, we characterized the physiological roles of c-myc in
mouse lens development (Cavalheiro et al., 2014). Inactivation of c-
myc in the surface ectoderm impaired lens growth and caused
microphthalmia due to decreased cell proliferation. Even though c-
myc is required for the expansion lens progenitor cells pool, cell
survival and differentiation were not affected by c-myc loss. N-myc is
also dynamically expressed in the developing lens of various species
(Harris et al., 1992; Yamada, 1990). The iSyTE database places N-myc
within a group of candidate cataract-causing genes (Lachke et al.,
2012). In situ hybridization data of the Eurexpress database shows
that, while c-myc is restricted to epithelial cells, N-mycmRNA is highly
expressed in post-mitotic fiber cells. Consistent with a physiological
role for N-myc in lens development, deletion of chromatin remodelers
CBP and p300 from the surface ectoderm decreased N-myc expression
and severely impaired lens development (Wolf et al., 2013b). In
addition, FGF2-induced differentiation of lens epithelial cells in vitro
upregulated N-myc, indicating that N-myc may play a role in fiber cells
(Wolf et al., 2013a).

To examine the roles of N-myc in mouse lens development and
clarify how c-myc and N-myc coordinately regulate morphogenesis, we
genetically inactivated N-myc, as well as c-myc and N-myc together,
using different Cre lines. To identify N-myc-dependent regulatory
events, we performed global gene expression analysis of a N-myc-
deficient lens by high-throughput RNA-sequencing. Here, we report
that N-myc is required for lens growth and terminal differentiation of
fiber cells during lens development and suggest that N-myc regulates
context-specific gene expression profiles in the developing eye.

2. Materials and methods

2.1. Mice

Experimental procedures were approved by the Committee of ethics
in animal use (CEUA/CCS/#092/15). Mice carrying N-mycloxP (MGI:
2388717) (Knoepfler et al., 2002), c-mycloxP (MGI: 2178233) (de
Alboran et al., 2001), α-Cre (Tg(Pax6-cre,GFP)2Pgr) (MGI: 3052661)
(Marquardt et al., 2001), Le-Cre (Tg(Pax6-cre,GFP)1Pgr) (MGI:
3045749) (Ashery-Padan et al., 2000), Mlr10-Cre (Tg(Cryaa-cre)
10Mlr) (MGI: 3038243) and Mlr39-Cre (Tg(Cryaa-cre)39Mlr) (MGI:
3811526) (Zhao et al., 2004) were kindly shared. Control group
consisted Cre -/- mice with Myc genes flanked by loxP sites: N-
mycloxP/loxP (N-mycCtrl) and N-mycloxP/loxP;c-mycloxP/loxP (N-myc; c-
mycCtrl). All Cre transgenes were kept in heterozygosity. N-mycMlr10-Cre

stands for Mlr10-Cre+/-; N-mycloxP/loxP. Similar notations were used for
other conditional knockouts (cKO) or double-deficient (DKO).
Genotyping was performed as previously (Cavalheiro et al., 2014).

2.2. Volume measurements

Eyes were enucleated, the length of axial (x), dorsal-ventral (y) and
medial-lateral (z) axis were measured and volume was calculated as
previously (Cavalheiro et al., 2014). Lenses dissected in phosphate-
buffered saline (PBS) were similarly measured. Pictures of dissected
eyes or lenses were taken using a Zeiss stereoscope and an
AxioCamERc 5 s camera.

2.3. Histological processing

Embryonic heads or post-natal eyes were dissected in PBS and fixed
overnight in 4% paraformaldehyde in PBS followed by cryopreservation
in 30% sucrose. Tissues were embedded in O.C.T. for cryoprotection.
10 µm cryosections were obtained in a Leica1850 cryostat. For
histology, sections were stained with DAPI or haematoxilin and eosin
staining.

2.4. RNA extraction, RNA-Seq and data analysis

Lenses from single animals were isolated in cold PBS, lysed in
TRIzol (ThermoFisher cat#15596026) and stored at −80 °C. After
genotyping, samples were mixed based on genotypes. Each realtime
RT-PCR sample consisted of a pool of at least 4 lenses. After pooling,
chloroform was added and samples were centrifuged at 15,000g at 4 °C
for 15 min. A mix of the aqueous phase with EtOH (1.5 vol) was
processed in RNeasy minicolumns (Qiagen cat#74104). Genomic DNA
contamination was verified by PCR. Contaminated samples were
treated with DNase I (Ambion cat#1906).

RNA samples with RIN number (Agilent 2100 Bioanalyzer) over 8.0
were used for library construction and 100 bp paired-end sequencing
on IlluminaHiSeq. 2500. Around 30 million reads for each sample were
obtained. After trimming adapter with Trim Galore (v.0.3.7), RNA-Seq
reads were aligned back to the mouse genome (v.mm10) with tophat
(v.2.0.13) (Trapnell et al., 2009). Count numbers were calculated with
HTseq (v.0.6.1) (Anders et al., 2015) using mm10 (Pruitt et al., 2012)
gene annotation file downloaded from UCSC genome browser
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(Meyer et al., 2013). The Cufflinks (v.2.2.1) (Trapnell et al., 2010) was
then used to calculate FPKM values of the genes. We further focused on
12,370 genes that have mean FPKM value > 1 from all samples. DESeq.
2 (Love et al., 2014) was used to determine differentially expressed
genes (GEO #: GSE94061).

The cutoffs for differentially expressed genes (DEGs) were set to
log2(fold change) ± > 0.5 with adjusted p value < 0.05 (by Benjamini-
Hochberg correction). The gene ontology (GO) functional annotation
was performed using the NIH web-based DAVID software (Huang da
et al., 2009). To score epithelial- and fiber-cell enrichment of the set of
DE genes in N-mycMlr10-Cre, we obtained fiber/epithelium enrichment
data from a previous study (Hoang et al., 2014).

2.5. iSyTE based lens expression analysis of DEGs

Expression of N-myc and c-myc in developing lens was analyzed in
iSyTE database (Lachke et al., 2012) and in isolated lens epithelium
(Epi) and fiber cell (FC) datasets at P0 stage (SRP040480) (Hoang
et al., 2014). Normal expression profiles of N-myc-deficient lens DEGs
(RNA-Seq) were also examined using the same datasets. Lens expres-
sion scores were computed at embryonic and postnatal stages (E10.5,
E11.5, E12.5, E16.5, E17.5, P0, P2, P56) by analyzing published
microarray data (GEO: GSE32334, GSE47694, GSE16533, GSE9711)
using the whole embryo body (WB)-based in silico subtraction
approach (Anand et al., 2015; Lachke et al., 2012) chi-squre (χ2) test
for goodness of fit followed by a two-tailed t-test was used to estimate
the significance of the differences in the up- or down-DEGs
comparisons to iSyTE lens-enrichment.

2.6. Derivation of N-myc-based gene regulatory network in the lens

An integrated analysis using multiple datasets was performed to
assemble an N-myc-based gene regulatory network in the lens. First,
the N-myc binding E-box motif (MA0104.3), obtained from the motif
database MotifDb (http://bioconductor.org), was searched 2500 bp
upstream of the transcription start site (TSS) of all the DEGs for which
the upstream region could be retrieved from the ENSEMBL database.
The analysis was carried out in “R” statistical environment (http://
www.r-project.org). To derive further molecular connections between
the DEGs, protein-protein interaction (PPI) data were extracted from
the String database (http://string-db.org) using an in-house Python
script. These DEGs were also analyzed for their enrichment in isolated
lens epithelium and fiber cell at P0. The combined interactions for
DEGs obtained from motif binding, PPI and expression in lens
epithelium and fiber cells were then integrated using in-house
Python script and visualized in Cytoscape (www.cytoscape.org).

2.7. Realtime RT-PCR

cDNA was synthesized using the High capacity Kit (ThermoFisher,
cat#4368814). Realtime RT-PCR was performed using TaqMan® or
Sybr Green® methods in an Applied Biosystems ABI7500. For primers
and methodology see Table S1. Data analysis and normalization were
performed as described (Cavalheiro et al., 2014). β-actin was used as
normalizer of gene expression across development since it varied less
than GAPDH in different developmental stages. GAPDH varied less
between control and N-myc-deficient lens and was used for normal-
ization between genotype groups.

2.8. Immunostaining and TUNEL assay

Immunostaining protocols for each antibody are listed on Table S2.
To detect apoptotic cells, the click-it TUNEL® kit (ThermoFisher
cat#C10245) was used. Fluorescent images were captured with a
Leica TCS-SP5 with an AOBS system and bright field pictures in a
Leica DM750.

2.9. Western blotting

Lens were isolated in cold PBS, lysed in RIPA buffer containing
protease and phosphatase inhibitors (Table S3) and stored at −80 °C.
Based on genotypes, samples were mixed (at least 6 lenses per sample)
and measured by Bradford assay. Protein (25 µg) were resolved in
acrylamide gels and transfered to nitrocellulose membrane. Table S3
shows blotting conditions. Luminata reagent (Millipore,
cat#WBLUF0100) was used for chemiluminescence detection in a
BioRad ChemiDoc MP.

2.10. Optomotor response test

Cerebral Mechanics Optometry® system was used following a
published protocol (Prusky et al., 2004). Visual accuracy threshold
was determined by systematic increments of the spatial frequency until
the animal no longer responded. The experimenter was blind in
relation to mice genotypes.

2.11. Luciferase reporter assays

Mouse lens epithelial αTN4 cells (Yang and Cvekl, 2005) were
cultured in DMEM-F12 medium supplemented with 10% FBS. 4 × 103

cells/well were plated (96-well plate) and cultured for 40 h. Using
Lipofectamine 3000, pUB, pUB-N-myc, pkw10 or pwk10-Pax6 plas-
mids were co-transfected with 100 ng DNaseIIβ-luc (He et al., 2016)
and 10 ng CMV-Renilla (Promega). Thirty hours after transfection
Firefly and Renilla luciferase activity were measured using Dual
luciferase reporter assay system (Promega). In each well DNaseIIβ-
luc reporter firefly luciferase activity was normalized to its CMV-
Renilla luciferase internal control activity. Three independent repeats
in triplicate were performed.

2.12. Statistical analysis

One- or two-way ANOVA or t-tests, as well as the corresponding
post-tests, were performed. P-values are based on two-sided tests.
Analyses were performed with GraphPad Prism.

3. Results

3.1. N-myc expression is enriched in developing lens and is required
for lens growth

To comparatively characterize the dynamics of Myc genes expres-
sion in mouse developing lens, we first analyzed the iSyTE database. N-
myc mRNA expression is higher as compared to c-myc, and N-myc is
lens-enriched from E11.5 through P0 (Fig. 1A). RT-PCR analysis
confirmed that N-myc is highly expressed during lens embryogenesis
and decreases throughout lens maturation (Fig. 1B). To identify the cell
populations expressing Myc, a RNA-Seq dataset of isolated P0 lens
fiber and epithelial cells was analyzed (Hoang et al., 2014). N-myc is
expressed at significantly higher levels in fiber cells, while c-myc is
higher in epithelial cells (Fig. 1C). Immunohistochemistry (IHC) in lens
cryosections confirmed that N-myc protein is higher in the nucleus of
differentiating lens fiber cells at E12.5 and E14.5 (Fig. 1D).

To inactivate N-myc in distinct stages and cell populations of the
developing lens, we used 3 distinct mouse Cre lines. In the Le-Cre line,
Cre-mediated recombination starts in the lens surface ectoderm at E9.5
(Ashery-Padan et al., 2000). In the Mlr10-Cre, recombinase activity is
first detected in the lens vesicle at E10.5 and in the Mlr39-Cre line, Cre
activity starts around E12.5, exclusively in lens fibers (Zhao et al.,
2004). These Cre lines were used to generate N-mycLe-Cre,
N-mycMlr10-Cre or N-mycMlr39-Cre mice. RT-PCR analysis confirmed
that N-myc mRNA was reduced in both N-mycLe-Cre and
N-mycMlr10-Cre lenses (Fig. 1E). Consistently, N-myc IHC signal was
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decreased in N-mycMlr10-Cre lenses (Fig. 1D) and western blot revealed
a reduction of N-myc protein content (Fig. 1F).

Le-Cre-mediated inactivation of N-myc (N-mycLe-Cre) reduced the
lens and eye volume of adult and postnatal mice (Fig. 2A-C). However,
in our hands, the Le-Cre transgene alone (Le-Cre+/-; N-myc+/+ mice)
induced apoptosis in E12.5 lenses. In contrast, in Mlr10-Cre+/-; N-
myc+/+ mice, no evidence of Cre effects was observed (data not shown).
To confirm the relevance of N-myc to eye growth, we measured lens
and eye volume of N-mycMlr10-Cre mice. Mlr10-Cre-mediated inactiva-
tion of N-myc also induced eye and lens volume reduction (Fig. 2A-C).
In N-mycMlr10-Cre mice, eye growth impairment was already detectable
at P0, indicating that N-myc contributes for lens growth during
embryogenesis (Fig. 2B). When N-myc was inactivated specifically in
lens fiber cells (N-mycMlr39-Cre) growth was not affected (Fig. S1A-B).
Next, we tested whether the observed defects affected visual acuity.
Behavioral optomotor response was not compromised in N-mycMlr10-

Cre adult mice (Fig. 2D). These data indicate that N-myc function in the
lens is required for lens and eye growth during development.

Previously, we showed that inactivation of N-myc in developing retina
and lens impaired eye, retina and lens growth (Martins et al., 2008) and
proposed that defective retinal growth affected lens formation. To further
investigate this model, we used α-Cre to inactivate N-myc only from the
retinal progenitor cells (RPC) (N-mycα-Cre). Consistent with a role of N-
myc in RPCs, the retinal volume was reduced in N-mycα-Cre mice (Fig.
S1C). However, in contrast to concomitant N-myc-inactivation in the
retina and lens (N-mycNes-Cre),N-myc loss only in RPCs did not affect lens
and eye volume (Fig. S1A-B).

3.2. N-myc is required for growth and terminal differentiation during
embryogenesis

To further elucidate how N-myc inactivation affected lens develop-
ment, we analyzed the histology of N-mycMlr10-Cre embryonic lenses. At
E12.5, no histological differences were apparent between N-myc-
deficient and control lenses (Fig. 2E). However, at E17.5, in addition
to a reduction in size (Fig. 2F), a central region devoid of nuclei was not
distinguishable in N-mycMlr10-Cre lens, (Fig. 2G and g′). Interestingly,
nuclei in lens central region persisted until P0 (Fig. 6), but were not
observed at P7 (Fig. 2H). At P60, N-mycMlr10-Cre lenses were trans-
parent (Fig. 2I).

Consistent with the earlier onset of Cre activity, in N-mycLe-Cre lens
size was reduced earlier than in N-mycMlr10-Cre mice. At E13.5, N-
mycLe-Cre lens were smaller than control littermates (Fig. S1D-G). N-
mycLe-Cre lenses also displayed nuclei in lens central region at E17.5
and P0 (Fig. 6B-E).

3.3. N-myc inactivation did not affect cell proliferation or survival in
the developing lens

We found that c-myc drives cell proliferation during lens embry-
ogenesis (Cavalheiro et al., 2014) and N-myc is a known regulator of
cell proliferation in various tissues (Dominguez-Frutos et al., 2011;
Knoepfler et al., 2002; Martins et al., 2008; Okubo et al., 2005). We
tested whether inactivation of N-myc would be associated with cell
proliferation defects by staining and scoring the proportion of

Fig. 1. N-myc expression is enriched in the developing mouse lens. (A) iSyTE based expression of N-myc and c-myc mRNA in mouse lens at indicated embryonic and
postnatal stages. (B) Realtime RT-PCR of N-myc mRNA in various stages of lens development (n = 3). Actb TaqMan probes were used to normalize. (C) N-myc and c-myc mRNA
content in isolated lens epithelia or fiber cells at P0 (RNA-Seq analysis). (D) Immunohistochemistry for N-myc protein (purple) in cryosections of E12.5 and E14.5 lenses. No
counterstaining was performed. (E) N-myc mRNA content (realtime RT-PCR) in P0 N-mycCtrl (n = 6), N-mycLe-Cre (n = 3) and N-mycMlr10-Cre (n = 3) lenses. GAPDH was used to
normalize. (F) Representative western blot analysis of N-myc in P0 N-mycCtrl and N-mycMlr10-Cre lenses (actin was used as loading control) (n = 3). One-way ANOVA with Tukey's
posttest performed in C. Error bars indicate S.E.M. in A and C and S.D. in B and E; *p < 0.05, **** p < 0. 0001. Scale bar: 50 µm. (WB: whole body reference; CPM: counts per million;
Epi: lens epithelial cells; FC: lens fiber cells).
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various markers of cell proliferation in different stages of lens
development.

First, we scored the proportion of phospho-histone H3 immunopo-
sitive epithelial cells (pH3+), a marker of cells in G2/M, inN-mycMlr10-Cre

and control lens at E12.5 and E14.5. No difference in the proportion of
pH3+ cells was observed (Fig. 3A-C). The proportion of BrdU+ and
PCNA+ cells was also not altered at E12.5, E14.5 (BrdU+, Fig. 3G) or P0
(PCNA+, Fig. 3H) in N-mycMlr10-Cre lens. Consistently, N-myc inactiva-
tion in the lens placode (N-mycLe-Cre) did not affect cell proliferation
levels at E13.5, E17.5 or P0 (PCNA+ or pH3+) (Fig. S1H-K). These data
suggest thatN-myc does not regulate cell proliferation in developing lens.

To test whether N-myc inactivation could increase cell death during
lens development, we performed TUNEL assays. We did not observe
any increase in the proportion of TUNEL+ cells in N-myc-deficient
lenses in the stages analyzed (Fig. 3D-F). Collectively, these findings
indicate that the cell cycle and cell survival regulation occur normally in
the absence of N-myc during embryonic stages of lens development.

3.4. N-myc and c-myc functionally cooperate during lens
development

Loss of either N-myc or c-myc impaired lens growth, but cell
proliferation defects were exclusively observed in c-myc-deficient lens
(Cavalheiro et al., 2014). Considering previous reports of cross-
regulation of Myc family members, we hypothesized that c-myc could
compensate for N-myc loss to maintain normal cell proliferation in N-
myc-deficient lenses. Other non-excluding possibility is that N-myc
and c-myc may play distinct roles to promote lens growth.

First, we measured the mRNA levels of other Myc family members
in N-myc-deficient lenses and observed an increase in c-myc mRNA

content in N-mycMlr10-Cre lenses at P0 (Fig. 4A). In N-mycLe-Cre lenses,
a similar increase in c-myc and an increase in L-myc mRNA levels was
also detected (Fig. S2A-B), indicating that the expression of other Myc
genes is upregulated upon N-myc loss in the lens.

To evaluate whether Myc proto-oncogenes act in concert to regulate
lens development, we inactivated N-myc and c-myc simultaneously in
the lens vesicle (N-myc; c-mycMlr10-Cre) or in the surface ectoderm (N-
myc; c-mycLe-Cre). No major histological differences between single or
double-deficient embryonic lenses were observed (Fig. 4B-D).
Consistently, lens and eyes of N-myc; c-mycMlr10-Cre and N-mycMlr10-

Cre mice had similar size at P0 and P60 (Fig. 4E-F). Besides growth
defects, eyes from N-myc; c-mycMlr10-Cre mice also exhibited anterior
segment defects (evident pigmented material) (Fig. 4G-H), a phenotype
previously observed following c-myc-inactivation in the surface ecto-
derm (Cavalheiro et al., 2014).

To better understand the cellular basis of the DKO lens/eye
growth impairment, we performed immunolabeling for cell prolif-
eration markers. Consistent with the defective cell proliferation of
c-myc-deficient lenses, we detected a decrease in the proportion of
pH3+ epithelial cells soon after N-myc and c-myc inactivation
(E12.5) (N-myc;c-mycCtrl = 3.06 ± 0.9% vs. N-myc; c-mycMlr10-Cre

= 1.36 ± 0.9%) (Fig. 4I-K). However, the proportion of both PCNA+
and BrdU+ epithelial cells was not altered in double-deficient
lenses throughout embryonic development (Fig. 4L-M). N-myc
and c-myc were shown to cooperatively regulate the survival of
hematopoietic progenitor cells (Laurenti et al., 2008). However, the
proportion of cleaved-caspase-3+ cells was not altered upon Mlr10-
Cre-mediated loss of both N-myc and c-myc (Fig. 4N), suggesting
that during lens embryogenesis Myc genes do not regulate cell
survival.

Fig. 2. N-myc inactivation in the lens impair eye and lens growth. (A-C) Measurements of lens volume (adult) and eye volume (P0 and adult) in N-mycCtrl (n = 9),
N-mycMlr10-Cre (n = 5), N-mycLe-Cre (n = 6) (control = 100%). (D) Visual acuity by optomotor response test in adult (P60) N-mycCtrl (n = 12) and N-mycMlr10-Cre (n = 13) mice. (E-F)
Representative pictures of haematoxilin & eosin stainings of E12.5 and E17.5 lenses. (G-H) Representative pictures of DAPI nuclear staining of E17.5 and P7 lenses. (g′) Insets from
(G) reveal the absence or presence of nuclei in the center of the E17.5 control and N-myc-deficient lenses. (I) Representative pictures of isolated lenses from P60 mice. One-way ANOVA
with Tukey's posttest performed in A-C and a t-test in D. Error bars indicate S.D.; **p < 0.01, *** p < 0.001, ****p < 0.0001. Scale bar: 100 µm.
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Interestingly, in comparison to single N-myc inactivation (N-mycLe-
Cre), double inactivation of N-myc and c-myc at the lens placode stage
(N-myc; c-mycLe-Cre) led to a severe growth impairment after birth
(Fig. S2C). Histology of E13.5 N-myc; c-mycLe-Cre lens showed that this
striking growth defect started early during embryogenesis (Fig. S2D-F).
The finding that c-myc inactivation in N-myc-deficient lens placode led
to an additive phenotype already at E13.5 suggests that before lens
vesicle formation N-myc and c-myc may either compensate each other
loss or act through different pathways to stimulate lens growth.

3.5. N-myc regulates the transcription of genes involved in lens
differentiation

Myc transcription factors regulate the expression of genes involved
in basal cellular processes such as transcription and translation as well
as genes with tissue-specific function (Kress et al., 2015). Most
investigations on global regulation of gene expression by N-myc
evaluated its gain of function (Berwanger et al., 2002; Dardenne
et al., 2016; Poschl et al., 2014), therefore it is not clear whether N-
myc regulate tissue-specific targets during embryonic development. To
understand the consequences of N-myc loss to the developing lens
transcriptome, we performed RNA-Seq comparing E14.5 N-mycMlr10-

Cre and N-mycCtrl lenses. Using a cutoff of log2(fold change) > 0.5 and
< −0.5, and an adjusted p-value of 0.05, we detected 483 down- and
659 upregulated genes in N-myc-deficient lenses (Fig. S3, Tables S4
and S5). A gene ontology (GO) analysis revealed that the represented
categories for upregulated genes in N-mycMlr10-Cre lenses included cell
adhesion and glycoproteins, while the represented classes of down-
regulated genes were related to control of translation and protein
folding (Fig. S3, Tables S4 and S5). These findings corroborate
previous studies showing that N-myc regulates basal cellular processes
and suggest that a global reduction in regulators of protein synthesis
may contribute to the lens growth phenotypes of N-myc-deficient
lenses.

To estimate whether some of the differentially expressed genes
(DEGs) may represent potential direct targets of N-myc, we performed

a search for E-box binding motifs in the 2500 bp upstream genomic
regions of the transcription start site (TSS) of all the DEGs containing
such regions in the ENSEMBL database. Approximately, 35% of the
upregulated and downregulated DEGs have at least one potential N-
myc binding motif (Fig. S4 and Table S6).

To specifically address the importance of N-myc for the expression
of genes crucial for lens development and provide additional insights
about the normal dynamics of the DEGs, a comparative analysis of
E10.5, E12.5 and E16.5 iSyTE lens enrichment scores and N-myc cKO
DEGs was performed (Fig. 5A). The number of lens-enriched genes
that were downregulated following N-myc loss progressively increased
from E12.5 to E16.5 (numbers in upper left quadrants). In contrast, the
majority of N-myc cKO up-regulated genes were not lens enriched
(numbers in bottom right quadrants) (Fig. 5A). These data indicate
that N-myc loss results in downregulation of genes that are normally
enriched in the lens as it progress from E12.5 to E16.5, suggesting that
N-myc may be important to induce the expression of genes enriched in
differentiating fiber cells and to repress genes that are not enriched in
the lens.

Consistent with the higher expression of N-myc in lens fiber cells
(Fig. 1C-D) and the transient impairment of fiber cell denucleation
following N-myc loss (Fig. 2F-G), several genes with described roles in
lens differentiation were misregulated in N-mycMlr10-Cre. DNaseIIβ
(second most downregulated gene), Birc7, Capn3, Gje1 and Hopx,
which are expressed in late stages of fiber cell differentiation, were
downregulated in N-myc-deficient lenses. Similarly, we detected down-
regulation of RNA-binding proteins (Caprin2 and Tdrd7) (Dash et al.,
2015; Lachke et al., 2011), regulators of autophagy (Gabarapl1 and
Park7) (Sun et al., 2015), and components of cytoskeleton systems
(Bfsp1 and Tmod1) (Perng et al., 2007; Gokhin et al., 2012) that are
highly expressed by fiber cells (Fig. 5B, Fig. S5 and Table S5).
Interestingly, many of these contained N-myc binding motifs in their
promoter regions (Fig. S4 and Table S6).

To compare the relevance of N-myc for the transcriptome of specific
compartments of the developing lens (progenitor vs. differentiating
cells), we retrieved genes whose expression is greater (or enriched) in

Fig. 3. N-myc-inactivation did not affect cell proliferation or cell survival in developing lens. (A-B) Representative pictures of pH3 immunostaining in N-mycCtrl and
N-mycMlr10-Cre lenses at E12.5. (C) Proportion of pH3+ epithelial cells at E12.5 (n = 3) and E14.5 (n = 3). (D-E) Representative pictures of TUNEL staining in N-mycCtrl and
N-mycMlr10-Cre lenses at E14.5 (F) Proportion of TUNEL+ cells in E14.5 (n = 4) and P0 (n = 3) lenses. (G-H) Quantification of BrdU+ (n = 4) and PCNA+ (n = 8) epithelial cells in the
indicated developmental stages. t-tests were performed to compare N-mycCtrl and N-mycMlr10-Cre in every graph. Error bars indicate S.D.; Scale bar: 100 µm.
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Fig. 4. Simultaneous N-myc and c-myc inactivation after lens vesicle stage. (A) Realtime RT-PCR analysis of c-mycmRNA content in N-mycCtrl and N-mycMlr10-Cre lenses at
P0 using c-myc and Gapdh TaqMan probes (n = 3). (B-D) Representative pictures of H &E stained N-myc;c-mycCtrl, N-mycMlr10-Cre and N-myc;c-mycMlr10-Cre lens at E17.5. (E-F)
Volume measurements of N-myc;c-mycCtrl, N-mycMlr10-Cre and N-myc;c-mycMlr10-Cre lens (P60, n = 4) and eyes (P0, n = 5 and adult, n = 4). (G-H) Representative pictures of N-myc;c-
mycCtrl and N-myc;c-mycMlr10-Cre P0 eyes. (I-J) Representative pictures of pH3 immunostaining of N-myc;c-mycCtrl and N-myc;c-mycMlr10-Cre E12.5 lenses (arrows indicate pH3+
cells). (K-N) Proportion of pH3+ (K), PCNA+ (L), BrdU+ (M), and cleaved-caspase-3+ (N) lens epithelial cells in N-myc;c-mycCtrl and N-myc;c-mycMlr10-Cre in different developmental
stages (n = 3). t-tests performed in A,K and N. One-way ANOVA with Tukey's posttest performed in E and F. Error bars indicate S.D.; *p < 0.05, *** p < 0.001, ****p < 0.0001. Scale bar:
100 µm.
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Fig. 5. Transcriptome of N-myc-deficient lens reveals changes in gene expression in epithelial and fiber cells. (A) The iSyTE lens-enrichment score (y-axis) for down-
and up-regulated N-myc-deficient lens DEGs (x-axis) was computed by comparing lens expression with the whole embryo body (WB) reference control at embryonic stages E10.5, E12.5
and E16.5. Circles represent down-regulated and triangles represent upregulated DEGs in N-myc-deficient. Lens-enrichment scores are indicated by colors: Red represents lens-
enriched genes and green represents genes expressed at higher levels in the WB reference. Lens expression levels in iSyTE are indicated by the size of circles and triangles. As the lens
progresses from E10.5 to E12.5, majority of down- and up-regulated DEGs fall into the lens-enriched (upper left and right quadrant). The difference between lens enriched DEGs
compared to lens non-enriched DEGs was significant for E12.5 and E16.5. A χ2 test for goodness of fit (p < 0.00001) and a two-tailed t-test were performed. (B) N-myc-deficient lens
DEGs (x-axis) were plotted against previously identified epithelial- or fiber-enriched genes in P0 mouse lens (y-axis; fiber enrichment is negative). (C) A N-myc-regulatory network was
assembled based in the integration of multiple data (presence of N-myc binding motifs in DEGs, known protein-protein interactions between DEGs, overlay of information on enriched
GO categories). N-myc-deficient lens DEGs (57 down-regulated circles and 33 up-regulated triangles) identifed with putative N-myc binding motifs in their 2500 bp upstream of TSS
(edge color = orange) were subjected to String database analysis to compute evidence from molecular interaction with edge score > 400 (edge color = grey). DEGs were also analyzed for
enrichment in isolated lens epithelium (Epi) and fiber cell (FC) at P0 (blue node border represents Epi-enriched and yellow node border represents FC-enriched). Asterisk indicates
enriched GO categories identified in the network.
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epithelial or fiber cells (Hoang et al., 2014) and crossed them with the
N-myc-deficient lens DEGs. Notably, using a cutoff of ≥ 0.5 (log2),
~78% (379/483) of the genes downregulated in N-mycMlr10-Cre lenses
were fiber-enriched, while only ~ 11% (51/483) showed epithelial
enriched expression (Fig. 5D). Of upregulated genes in N-mycMlr10-Cre

lenses, ~ 20% (132/659) were fiber-enriched genes, while ~ 61% (399/
659) presented epithelial enrichment (Fig. 5D), suggesting that N-myc
is important for the transcriptional activation of a relevant subset of
fiber-enriched genes and also for the repression of some epithelia-
enriched genes during lens differentiation. Thus, N-myc is required to
drive expression of various genes important for fiber cell differentia-
tion.

3.6. N-myc is required for correct timing of nuclear degradation
during lens terminal differentiation

Given the downregulation of fiber-cell genes following N-myc loss,
we asked if N-myc would be required for the early steps of fiber cell
formation, and therefore indirectly regulate denucleation. During early
fiber cell differentiation, Erk1/2 are activated by FGF signaling
(Audette et al., 2016; Zhao et al., 2008). Immunofluorescence analysis
at E13.5 revealed no alteration in Prox1, c-Maf or pERK1/2 (phos-
phorylated ERK1/2) (Fig. S7) in N-mycLe-Cre. Consistent with the
minor alterations in the cell cycle of N-myc-deficient lenses, no
alterations in Foxe3, p27Kip1 cyclin D1 or cyclin D2 expression patterns
were observed at E13.5 (Fig. S7). Together with the transcriptome data,
these results suggest that N-myc does not control the expression of
either cell cycle modulators or known transcriptional regulators of
early fiber cell differentiation.

Because N-mycMlr10-Cre and N-mycLe-Cre mice exhibited remnant
nuclei in their lenses, the process of DNA degradation was analyzed in
N-myc-deficient lenses by performing immunofluorescence for γH2AX,
a marker of DNA double-strand breaks. In control lens, γH2AX+ fiber
cells were detected in the center of the control lens at E17.5 (Fig. 6A)
and P0 (Fig. 6D). In N-myc-deficient lens (N-mycMlr10-Cre and N-

mycLe-Cre), no γH2AX+ cells were observed at E17.5 (Fig. 6B-C). Later,
in P0, few γH2AX+ cells with a disorganized spatial pattern were
identified in cKO lenses that did not present a nuclei-free region
(Fig. 6E-F). The overdue detection of γH2AX+ cells at P0 is consistent
with the delayed denucleation of N-myc-deficient lenses.

3.7. Molecular changes associated to defective denucleation in
N-myc-inactivated lenses

The downregulation of DNaseIIβ at E14.5 and the absence of
γH2AX in primary fiber cell nuclei of N-myc-deficient lens at E17.5,
prompted us to investigate whether the N-myc loss would affect
nuclear DNA accessibility and/or DNaseIIβ expression. p27Kip1 and
Cdk1 are important for the disassembly of nuclei envelope and lens
DNA degradation (Chaffee et al., 2014; Lyu et al., 2016; Rowan et al.,
2016). During fiber cells differentiation the levels of p27Kip1 protein
decreases and becomes undetectable prior to nuclear disassembly. In
control E17.5 lens, a sharp boundary in the center of the lens marks
disappearance of p27Kip1 signal, while in the N-mycMlr10-Cre lens the
remnant nuclei in the center of lenses continue to express low levels
p27Kip1 (Fig. 7A-D).

Downregulation of p27Kip1 is necessary for Cdk1 activity in late
fiber cells and inactivation of this kinase completely abrogates phos-
phorylation of its target NuMA (Chaffee et al., 2014). To provide
evidence of whether Cdk1 activity would be impaired in N-myc-
deficient lens, we performed immunofluorescence for phosphorylated
NuMA (pNuMA). At E17.5, in early fiber cells nuclei (bow), pNuMA is
found at multiple foci, which decrease in number following differentia-
tion, until one or a few foci are found in late fiber cell nuclei (center,
Fig. 7E-F). N-myc inactivation did not alter the pattern of pNuMA
phosphorylation (Fig. 7G-H), suggesting that N-myc loss did not
disrupt Cdk1 activity during fiber cell terminal differentiation.

DNAseIIβ is crucial for DNA cleavage during lens differentiation
(Nishimoto et al., 2003). DNAseIIβ protein is first detected in early
fiber cells and colocalizes with lysosomes. In late fiber cells, lysosomes

Fig. 6. Defective fiber cell denucleation in N-myc-deficient lenses. (A-F) Representative pictures of γH2AX immunostaining (red) in E17.5 and P0 N-mycCtrl (A,D), N-mycLe-Cre

(B,E) and N-mycMlr10-Cre (C,F) lenses. Sytox green used for nuclei counterstaining. Scale bar: 100 µm.
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Fig. 7. Mechanisms of fiber cell denucleation in N-myc-deficient lenses. (A-D) Representative pictures of p27Kip1 immunostaining (green) in the bow (A,C) vs. center (B,D)
region of the lens in N-mycCtrl and N-mycMlr10-Cre E17.5 mice. (E-H) Representative pictures of phospho-NuMA (pNuMA) immunostaining (green) in the bow (E,G) vs. center (F,H)
region of the lens in N-mycCtrl and N-mycMlr10-Cre E17.5 mice. DAPI used for nuclear counterstaining. (I-K) Realtime RT-PCR analysis of DNaseIIβ, Hsf4, and Brg1 mRNA content in
P0 N-mycCtrl vs. N-mycLe-Cre lenses (n = 5). (L) Relative fold change in the luciferase activity of DNAseIIβ-luc reporter in α-TN4 cells transfected with N-myc or Pax6 as compared to
empty-vector transfected cells (n = 3). t-test performed in I,J and K. One-way ANOVA with Dunnett's posttest performed in L. Error bars represent S.D. *p < 0.05, **p < 0.01, ***p <
0.001. Scale bar: 25 µm.
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fuse to the nuclei and release DNAseIIβ (Nakahara et al., 2007).
Consistent with the RNA-Seq and RT-PCR data of N-mycMlr10-Cre

lenses (Fig. 5 and Fig. S5), DNaseIIβ expression was reduced in N-
mycLe-Cre at P0 (Fig. 7I). Interestingly, previously characterized
regulators of DNaseIIβ expression, Hsf4 and Brg1, (He et al., 2010)
were not altered upon N-myc inactivation (Fig. 7J-K).

To provide evidence of whether N-myc could directly regulate
DNaseIIβ transcription in the lens, we co-transfected cultured α-TN4
lens cells with DNaseIIβ promoter (−580 to +180) fused with luciferase
reporter, and N-myc containing plasmid. Increasing concentrations of
N-myc containing plasmid led to a dose-dependent increase in
luciferase activity (Fig. 7L). As a positive control, co-transfection of a
Pax6 containing plasmid with the DNaseIIβ-luciferase construct also
increased luciferase activity (Fig. 7L). Altogether, these findings
indicate that the decreased expression of DNaseIIβ contributes to the
defective denucleation following N-myc-inactivation, possibly through
direct regulation of DNaseIIβ by N-myc.

4. Discussion

In this study, we show several evidences that the proto-oncogene N-
myc is required for proper development of the mammalian lens. We
found that inactivation of N-myc in distinct stages of lens development
in vivo differentially impaired lens growth and caused mild micro-
phthalmia in mice. Histological, transcriptome and biochemical assays
showed that the machinery required for cellular growth is misexpressed
in N-myc-deficient lens and that N-myc regulates the expression of
various genes required for appropriate differentiation of lens fiber cells.
More specifically, N-myc is required for well-timed denucleation and to
high levels of DNaseIIβ expression. We also found that N-myc may
directly regulate DNaseIIβ transcription. Based on these data, we
propose that Myc proto-oncogenes cooperatively regulate essential
functions for normal lens and eye development.

4.1. N-myc is required for lens and eye growth

A mild microphthalmia was observed when N-myc was inactivated
from the surface ectoderm (Le-Cre) and from the lens vesicle (Mlr10-
Cre), but not when inactivated in differentiating fiber cells (Mlr39-
Cre). N-myc has been shown to be involved in regulation of cell
proliferation, survival and growth of various embryonic tissues
(Dominguez-Frutos et al., 2011; Knoepfler et al., 2002; Martins
et al., 2008; Okubo et al., 2005; Wittmann et al., 2014). Unlike other
tissues that require N-myc to develop, in the lens, N-myc loss did not
cause severe defects in lens progenitor cells survival or proliferation
during embryonic and perinatal stages of lens development.

During embryonic development, the levels of N-myc protein are
relatively higher in the nucleus of fiber cells than in progenitor cells of
the lens epithelium (Fig. 1D). The relatively lower levels of N-myc in
proliferating cells is consistent with the lack of major defects in cell
proliferation upon N-myc loss. It may also be that N-myc contributes
for cell proliferation only during earlier stages of lens development
(placode and vesicle stages – from E9.5 to E11.5). Alternatively, N-myc
inactivation may cause subtle defects in cell proliferation that were
bellow our detection limit. Since the lens grows substantially during
embryogenesis, small variations in cell cycle dynamics during lens early
development can lead to substantial effects in adult lens volume.
However, in accordance with immunohistological data, global gene
expression analysis did not indicate changes in the expression of genes
known to regulate cell cycle and cell death in developing lens.

Importantly, most represented classes of downregulated genes after
N-myc-inactivation belong to global control of protein synthesis.
Therefore, it is possible that inefficient translation and imperfect cell
growth may contribute to the tissue growth impairment of the N-myc-
deficient lenses. Ribosomal fractionation methods were used to de-
monstrate that translational efficiency is affected by the loss of Myc

genes in mammary glands (Stoelzel et al., 2009). Such approaches may
be adapted to study this possible role of Myc in lens cells. In addition,
given that fiber cells make most of lens volume, we speculate that in N-
myc-deficient lenses, defects in fiber cell elongation and growth may
also contribute to the impairment of lens and eye growth.

Targeted deletion of N-myc in both retinal and lens progenitor cells
led to whole eye, retina and lens growth defects (Martins et al., 2008).
In contrast, inactivation of N-myc specifically in RPC of the retinal
periphery (α-Cre) indicated that N-myc function in the retinoblasts is
dispensable to drive lens and eye growth. Lens-specific inactivation of
N-myc affected whole eye growth, what is probably explained by (1) the
fact that the lens occupies a large fraction of eye volume and (2) the
lens is important to stimulate growth of other eye structures
(Coulombre and Coulombre, 1964; Coulombre and Herrmann, 1965).
Therefore, we confirm previous findings that N-myc regulates the
growth of developing ocular structures and show that N-myc function
in the lens is required for lens growth, possibly through the regulation
of multiple genes involved in cellular growth.

4.2. N-myc and c-myc play distinct roles during lens morphogenesis

Inactivation of c-myc in the surface ectoderm reduced cell prolif-
eration in the embryonic lens epithelium and led to microphthalmia
(Cavalheiro et al., 2014). Similarly, inactivation N-myc in the surface
ectoderm (Le-Cre) or in the lens vesicle (Mlr10-Cre) also led to
microphthalmia and microphakia. However, these phenotypes were
not caused by the same cellular and molecular alterations, since N-myc
inactivation did not affect cell proliferation levels in the lens.
Conversely, as discussed bellow, c-myc loss did not interfere with lens
fiber differentiation while N-myc loss shifted the expression of various
fiber-enriched genes and perturbed denucleation.

The lens epithelium plays an important role to instruct corneal
differentiation and anterior segment development (Beebe and Coats,
2000). c-myc inactivation in the lens resulted in defects in anterior
segment differentiation (Cavalheiro et al., 2014). Normal develop-
ment of the anterior segment in N-mycMlr10-Cre mice is consistent
with our proposal that only c-myc is required for lens epithelium
homeostasis. As expected, concomitant disruption of N-myc and
c-myc led to defects in anterior segment differentiation (Fig. 4),
corroborating that c-myc and N-myc perform independent functions
during lens development.

The increase in c-myc expression following N-myc loss in the lens
placode (Le-Cre) or lens vesicle (Mlr10-Cre) led to the hypothesis
that c-myc compensates N-myc loss to maintain normal cell pro-
liferation levels. According to this, we should be able to observe a
more severe growth impairment in DKO lenses in comparison to N-
myc cKO lenses. However, we did not observe differences in lens
growth between N-mycMlr10-Cre and N-myc;c-mycMlr10-Cre lenses
(Fig. 4), indicating that c-myc does not compensate N-myc loss after
lens vesicle formation. Importantly, concomitant inactivation of N-
myc and c-myc in the lens placode (N-myc;c-mycLe-Cre) increased
the severity of lens growth defects as compared to N-myc cKO (N-
mycLe-Cre). Given that c-myc loss in N-myc-deficient lens vesicle did
not impair lens growth in a relevant manner, it is likely that after the
lens vesicle stage, these genes play independent roles. Therefore,
even though no compensation occurs after lens vesicle stage, c-myc
could display compensatory activities between lens placode and lens
vesicle stages. However, one must interpret the Le-Cre results with
caution, due to possible phenotypic interactions with Cre-induced
phenotypes. In addition, an accumulation of cells in the vitreous
chamber of N-mycLe-Cre and N-myc;c-mycLe-Cre was observed at
E13.5. This may be the result of non-autonomous effects that may
also contribute to the more severe phenotype of Le-Cre lenses.
Further studies are necessary to better understand how Myc proto-
oncogenes cooperate to regulate complex cellular process during
ocular organogenesis.
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4.3. N-myc is required for the appropriate timing of lens fiber cells
terminal differentiation

In addition to promote cell cycle exit, in the lens, p27Kip1 is
important to inhibit Cdk1 activity during fiber cell generation (Rowan
et al., 2016). Later, during fiber cell differentiation, p27Kip1 degradation
allows Cdk1 activity in late fiber cells. Although recent evidence suggests
that Skp2 ubiquitin-ligase activity stimulates p27Kip1 degradation in the
lens (Shi et al., 2015), the mechanisms of p27Kip1 depletion are not fully
understood. Myc is a well-known repressor of p27Kip1 during develop-
ment, both through direct transcriptional repression and indirectly via
activation of Skp2 transcription (Bretones et al., 2011; Yang et al., 2001).
Defective fiber cell denucleation caused by N-myc loss was associated
with delayed elimination of p27Kip1 protein in late fiber cells (Fig. 7).
However, it remains to be determined whether N-myc-mediated regula-
tion of p27Kip1 in lens fiber cells is direct or indirect. Interestingly, the
observed reminiscence of p27Kip1 in the absence of N-myc was not
sufficient to prevent Cdk1 activity in late fiber nuclei. NuMA, a known
Cdk1 target that is not phosphorylated in Cdk1-deficient lenses (Chaffee
et al., 2014), was normally phosphorylated in late fiber cell nuclei of
N-myc-deficient lenses.

Our RNA-Seq analysis revealed that various genes with known
functions in the lens fiber cells are deregulated after N-myc inactiva-
tion. Indeed, our integrated analysis of the RNA-Seq data in the context
of normal lens expression patterns (iSyTE), presence of N-myc-binding
motif in DEGs and molecular interaction data from the String database
shows that N-myc controls a network of genes in lens development. It
identifies potential direct targets of N-myc and further informs on its
function as a positive and negative regulator of gene expression in the
lens. However, the finding that the defects in denucleation of fiber cells
are transient (in P7 the N-myc-deficient lenses presents an OFZ)
indicates that, although with some delay, the lens has mechanisms that
compensate N-myc loss and promote fiber cell terminal differentiation,
forming a transparent, functional lens (Fig. 2).

The molecular mechanisms of organelle degradation during lens
development are not fully understood. Important advances on the
comprehension of denucleation were achieved, however genetic inter-
actions and posttranslational regulation needs better characterization
(Chaffee et al., 2014; Rowan et al., 2016). Here, we described that N-
myc loss interfered with the normal onset of nuclear degradation
during fiber cell differentiation. N-myc-deficient lenses showed a
delayed DNA breakdown (Figs. 2 and 6) that was associated with
decreased expression of DNaseIIβ (Figs. 5 and 7). In addition,
luciferase assays revealed that the DNaseIIβ promoter is modulated
by N-myc in lens-derived cells. Interestingly, the expression of other
transcriptional regulators of DNaseIIβ expression in the lens (Pax6,
Hsf4, Brg1, Snf2h and Prox1) (Audette et al., 2016; He et al., 2016,
2010) was not altered in N-myc-deficient lenses (Figs. 5, 7 and S5).
Altogether, these findings indicate that N-myc contributes to transcrip-
tional activation of DNaseIIβ in the lens.

We propose that the main roles of N-myc during fiber cell
differentiation are: (1) to stimulate transcription of genes involved in
basal cellular processes and this might influence overall lens growth,
and (2) to activate the expression of specific fiber cell genes, such as
DNaseIIβ, what collaborates to trigger denucleation in an appropriate
timing. The results presented here contribute to understand Myc
functions during eye organogenesis and might help future research
efforts towards understanding how developing tissues coordinate
growth with cellular differentiation and its implications for lens
regenerative biology.

Summary statement

Lens-specific inactivation of Myc proto-oncogenes reveals that
N-myc regulates the proper timing of fiber cell differentiation and that
c-myc and N-myc coordinately regulate eye morphogenesis.
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