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Abstract

The retinas from Period 1 (Perl) and Period 2 (Per2) double-mutant mice (Perl /- Per26m1) display
abnormal blue-cone distribution associated with a reduction in cone opsin mRNA and protein levels, up to
1 year of age. To reveal the molecular mechanisms by which Perl1 and Per2 control retina development,
we analyzed genome-wide gene expression differences between wild-type (WT) and Per1 -/~ Per28dmI mice
across ocular developmental stages (E15, E18 and P3). All clock genes displayed changes in transcript levels
along with normal eye development. RNA-Seq data show major gene expression changes between WT and
mutant eyes, with the number of differentially expressed genes (DEG) increasing with developmental age.
Functional annotation of the genes showed that the most significant changes in expression levels in mutant
mice involve molecular pathways relating to circadian rhythm signaling at E15 and E18. At P3, the visual
cascade and the cell cycle were respectively higher and lower expressed compared to WT eyes. Overall,
our study provides new insights into signaling pathways -phototransduction and cell cycle- controlled by

the circadian clock in the eye during development.

Keywords: circadian clock, eye, photoreceptor, differentiation, transcriptomics

!Abbreviations
CPM, counts per million; DEG, differentially expressed genes; FDR, false discovery rate; IPA, Ingenuity

pathway analysis; LD, light-dark cycle; PCA, principal component analysis; qPCR, quantitative polymerase

chain reaction; SCN, suprachiasmatic nucleus; WT, wild-type; ZT, zeitgeber time.



1. Introduction

The coherent functioning of the circadian clock, driven by genetic and endogenous factors as well as
environmental cues, is pivotal in orchestrating the rhythmicity of biological functions. The circadian system
operates through a hierarchical system of oscillators. These oscillators occur in several peripheral tissues
and brain areas, with the suprachiasmatic nucleus (SCN) of the hypothalamus being the primary pacemaker
or the master clock [1]. The molecular clockwork machinery comprises transcription factors encoded by
““clock genes”, which interact in interlocked transcriptional/translational regulatory loops. The key positive
loop encompasses CLOCK and BMAL1 heterodimers. The negative feedback loop is formed by the Period
(PER) 1-3 and Cryptochrome (CRY) 1-2 proteins which inhibit the transcriptional activity of BMAL1/CLOCK
dimer. An important interconnecting secondary loop of the circadian oscillator involves both the nuclear
receptor families of REV-ERBs and RORs (respectively named after the anti-sense Rev-Erba in relation to
the c-ErbA-a/Thra gene; encoded by Nridi-2 and Retinoic acid-related Orphan Receptors, encoded by
Rora-c). In addition, the core clock network has many other putative regulatory genes, such as Dbp, HIf,

Tef, Ciart, Csnkle, Csnk16, FbxI3, FbxI21, Nfil3, Bhlhe40, Bhlhe41, and Arntl2 [2].

It is well known that the peripheral tissue oscillators are synchronized by outputs from the SCN, resulting
in coordinated rhythmic oscillations of peripheral organs. Without the driving force of the SCN, these
organs run out of phase [3, 4]. The capacity to synthetize melatonin in a rhythmic manner, in vitro,
suggested the idea of an endogenous clock in the eye, located in the retina [5, reviewed in 6]. Directly
sensitive to the light/dark cycle, the retina is responsible for the synchronization of circadian rhythms
generated within the SCN [7, 8]. Several functions in the mammalian eye are controlled by the retinal
circadian clock (reviewed in [9, 10]) extending from the expression of photopigments [11, 12] to visual
sensitivity [13-15]. Retina specific functions such as photoreceptor outer segment disk shedding and RPE
mediated phagocytosis as well as susceptibility to phototoxicity have been linked to the clock [16-18]. In
addition, the rate of mitosis measured in the cornea [19, 20] along with the daily production of aqueous
humor in the ciliary body contributing to intraocular pressure [21, 22], are also well-studied rhythmic

cellular processes.

The circadian system is known to time the early development of the mouse visual cortex [23]. It is during
these developmental stages that circadian rhythms optimize growth and neurobehavioral development [24-
26]. Protein products of clock genes regulate cellular processes within the wild-type eye during development,
at least until adulthood [15, 27-29]. Loss of Rev-Erba (Nr1d1) expression results not only in several defects

during retinal visual processing, but also of retinal sensitivity to ambient light [30, 31]. We previously
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reported a number of developmental anatomical/histological defects related to eye physiology up to 1 year
of age in the Perl -/~ Per28™™1 mutant mice [32, 33]. These defects include a reduced number of blue cone
opsin (Opnlsw) expressing cells, decreased steady-state levels of blue cone opsin gene expression and
delayed differentiation of rod inner and outer segments [34]. Sawant and coworkers [35] recently showed
that the circadian clock gene Bmall is implicated in spatial patterning of cone opsins in the retina. This
corroborates the hypothesis that circadian clock genes are essential for proper cone development. Finally,
in Cry1/Cry2 double-mutant animals, cone function is also compromised [36]. Nonetheless, the detailed

molecular mechanisms linking clock genes and cone development remain to be elucidated.

Understanding how the circadian clock controls retinal development is essential to apprehend how its
disturbance could lead to pathogenicity [37]. The recent development of whole genome-wide
transcriptomic approaches allowed systematic analysis of temporal gene expression and identification of
clock target genes in specific cell-types/organs [15, 38]. It was shown for example that rhythmic regulation
of gene expression programs relies on BMAL1/CLOCK binding to DNA that primes target genes for tissue
specific transcription activation [39, 40]. Furthermore, transcriptome characterization in 12 mouse organs
over time revealed 43% of protein-encoding genes possessing a rhythmic expression profile [41]. Recently,
the first transcriptome atlas of a diurnal non-human primate in more than 60 tissues/organs also unraveled
a wide array of rhythmic tissue-specific genes, extending the proportion of protein encoding genes
regulated by the clock in at least one tissue to about 80% [42]. To date, transcriptomic analysis in ocular
tissues has provided an extensive list of cyclic processes in various compartments of the eye [15, 42]. Yet,
the understanding of developmental signaling pathways potentially under the control of clock gene
expression is still sparse. Hence, the aim of the present study is to understand transcriptional difference in
the timing of developmental processes and the functional implications that arise due to clock

perturbations.

We currently present the developmental expression profiles of clock transcripts in mouse WT eyes
between embryonic day 13 (E13) and postnatal day 24 (P24). Furthermore, we have characterized genome-
wide differential gene expression in the whole eye of Per1 /- Per28¥mI mutant versus wild-type at E15, E18
and P3 and identified functional categories and pathways. We found that the Perl/Per2 ablation
significantly affects gene expression of the secondary regulatory loop members of the circadian clockwork,

of the phototransduction pathway as well as of cell cycle components during development.



2. Materials and methods

2.1 Animal Care

Mice were handled according to the European Parliament and The Council of the European Union Directive
(2010/63/EU). All experimental procedures conformed to the Association for Research in Vision and
Ophthalmology Statement on Use of Animals in Ophthalmic and Vision Research. The homozygote double
mutant mice Perl -/~ Per26m! carrying the loss-of-function mutation of Perl and Per2 genes [32, 33] were
obtained as a generous gift from Dr. U. Albrecht (University of Fribourg, Switzerland). Wild-type (WT) and
mutant animals (both on mixed C57BL/6J/129Sv background) were housed and bred in the Chronobiotron
animal facility (UMS 3415, CNRS-University of Strasbourg) on a light—dark (LD) cycle (12 h light/12 h dark,
300 lux during the light phase, dim red light <5 lux during the dark period), with an ambient temperature
of 22 + 1 °C. Animals were supplied with standard chow diet and water ad libitum. Control and mutant

mice were age-matched, and mostly male mice were used in the post-natal groups.

2.2 Genotyping

Genotyping was performed by PCR amplification on mouse-tail DNA separately for the WT and KO alleles.
The primer sequences were as follows: Perl KO fwd: 5'-ACAAACTCACAGAGCCCATCC-3’ and Perl KO rev:
5'-ACTTCCATTTGTCACGTCCTGCAC-3’; Per2 mutant fwd: 5-TTTGTTCTGTGAGCTC CTGAACGC-3’ and Per2
mutant rev: 5'-ACTTCCATTTGTCACGTCCTGCAC-3’; [32, 33]; Perl WT fwd: 5'-
GTCTTGGTCTCATTCTAGGACACC-3" and Perl WT rev: 5'-AACATGAGAGCTTCCAGTCCTCTC-3’; Per2 WT fwd:
5'-AGTAGGTCGTCTTCTTTATGCCCC-3" and Per2 WT rev: 5-CTCTGCTTTCAACTCCTGTGTCTG-3’. PCR
conditions comprised of 35 cycles of 30 sec at 94 °C, 30 sec at 56 °C for Per1 (WT and KO) or 58 °C for Per2

(WT and mutant), 1 min at 72 °C followed by a final step for 5 min at 72 °C.

2.3 Eye Sampling

Both wild-type and the mutant mice were subjected to timed breeding. After confirmation of the presence
of a vaginal plug at EO, female mice were immediately transferred to a separate cage until the appropriate
embryonic (E) and postnatal (P) developmental stages were reached. qRT-PCR analysis was performed for
E13, E15, E18, PO, P3, P13 and P24 only in WT samples. The comparative transcriptome study was
performed only on samples from E15, E18 and P3 from WT and mutant animals, based on the periods of
genesis of cones and rods in mice (respectively around E13-E16 and E18-P3 [43, 44]). The E15, E18 and P3

WT samples used for RNA sequencing were distinct from those used for qPCR. For very young mice,



decapitation was used. Cervical dislocation was performed only for older animals. Eye sampling was
performed at the Zeitgeber time (ZT4), 4 h after lights were switched on. A Zeitgeber is any external or
environmental cue that entrains/synchronizes an organism's biological rhythms (in our case it would be
only light). Whole eye globes were enucleated, snap-frozen on dry-ice and stored at -80°C until use.
Histological validation was performed on whole eyes sampled on PO and P3 animals from same breeders

and showed no obvious difference between genotypes (Supplementary Figure S1).

2.4 RNA extraction and quality control

Mouse whole eyes were individually homogenized in 500 ul TRl Reagent (Molecular Research Center,
Cincinnati, OH, USA) and incubated for 5 min at room temperature. 100 pl of chloroform were added to
each lysate and after 2 min incubation at room temperature the mixture was centrifuged using phase-lock
gel tubes (Heavy, 2ml; QuantaBio, Beverly, MA, USA) at 12000 x g for 15 min at 4 °C. Following the phase
separation, the RNA from the upper agueous phase was precipitated with equal volume of 70 % ethanol
and purified using the RNeasy micro kit (Qiagen GmbH, Hilden, Germany) according to manufacturer’s
protocol, including the DNase digestion step. The RNA was eluted with 14 pl of RNase-free water. RNA
concentration and purity were measured using NanoDrop ND-1000V 3.5 Spectrophotometer (NanoDrop

Technologies, Wilmington, DE, USA; Aygo/A2g0 and A260/A230 values were between 1.8 and 2). RNA

guality was evaluated with the Bioanalyzer 2100 with RNA 6000 Nano Kit (Agilent Technologies, Santa
Clara, CA, USA; RNA integrity numbers were 9.7-10).

2.5 Real-time quantitative RT-PCR (qRT-PCR)

Total RNA (1 pg) was used to synthetize cDNA using the High-Capacity RNA to cDNA Kit (Thermofisher,
Courtaboeuf, France). gPCR was performed to analyze gene expression along development at E13, E15,
E18, PO, P3, P13 and P24 using the 7300 Real Time PCR system (Thermofisher) and the hydrolysed probe-
based TagMan chemistry as previously described in [45]. Serial dilutions created from the pool of all cDNA
samples were used to calculate the amplification efficiency for each assay (values were between 1.8 and 2
for all assays). Each PCR reaction was done in duplicate. Nine circadian clock genes were examined: Arntl,
Clock, Per1, Per2, Per3, Cry1, Cry2, Nrid1, and Rorb (Supplementary Table S1). The PCR program was: 10
min at 95 °C, followed by 40 cycles of denaturation at 95 °C for 15 sec and annealing—elongation at 60 °C
for 1 min. The PCR conditions were 1 x TagMan Universal PCR Master Mix, No AMPErase UNG
(Thermofisher); 1 x Gene Expression Assays mix (containing forward and reverse primers and cognate

probe; Thermofisher); and 1 pl of cDNA in a total volume of 20 pl. At the end of the elongation step,



fluorescence data acquisition was performed using the 7300 System Sequence Detection Software V1.3.1
(Thermofisher) and qBase software (free v1.3.5; [46]) was used for data analysis. Transcript levels were
normalized to Gapdh and Sdha [47]. Data were submitted to Shapiro-Wilk normality test (data for Perl
and Nr1d1 did not pass). Differences among the age groups were analyzed using one-way ANOVA followed
by Holm-Sidak post-hoc test or (when data did not pass the normality test) a non-parametric Kruskall-
Wallis test followed by a Dunn’s post hoc test (Sigmaplot v12, Systat Software, Inc.). The post hoc analysis

is detailed in Supplementary Table S2.

2.6 Construction of RNA-seq Libraries and RNA sequencing

RNA-Seq libraries were constructed from 500 ng of total RNA (E15, E18 and P3) using the KAPA mRNA
HyperPrep Library Preparation Kit 005302-11-1 (Roche Sequencing Solutions, Pleasanton, CA USA) for
Illumina Platform HiSeq 4000 as per manufacturer’s instructions. RNA was treated with magnetic oligo-dT
beads (Lot No: 005328-9-1) to capture the poly (A) RNA and was chemically fragmented into a desired size
(around 200-300 bp) using heat in the presence of Mg?*. These RNA fragments were used for first and
second strand cDNA synthesis. (A) tailing was added to the blunt ends of the dscDNA to enable adapter
ligation with the (T) base overhangs. These adapter-ligated library DNA were purified and used for
enrichment by using adapter-specific PCR. The libraries were amplified using a mixture of KAPA HiFi
HotStart RdyMix (2X) and Lib. Amp. Primer Mix (10X) (Roche Sequencing Solutions, Pleasanton, CA USA) to
produce strand-specific PCR products. The library amplification process was verified using flash gel
visualization along with cleanup steps. By using Agilent Bioanalyzer, quality and size distribution of the
cDNA library was checked. Fragments size for the cDNA library were between 200 and 500 bp, with a peak
at ~300 bp. Qubit 2.0 Fluorometer (Life Technologies, Foster City, CA, USA) was used for the quantification
of libraries. The cDNA library was sequenced by single-end sequencing of 50 bases length on Illumina Hiseq

4000 sequencer (lllumina, San Diego, CA, USA).

2.7 RNA sequencing data analysis

Reads were subjected to quality control (FastQC v.0.11.5, dupRadar [48], Picard Tools) showing low
duplication- and appropriate gene detection rates, trimmed using Trimmomatic v0.32 [49] and aligned to
the reference mm10 mouse genome (Ensembl GRCm38 v87) using HISAT2 (v2.0.4) [50]. Counts were
obtained using HTSeq (v0.6.1) [51] with parameters "-m union -f bam -r name -s no -a 10 -t exon -i gene_id"

and the mouse GTF from Ensembl (version 87).



Statistical analyses were performed using the edgeR [52] and limma [53] R/Bioconductor packages using R
(v3.4.3) and Bioconductor (v3.6). 22,911 genes with more than 5 counts in at least 3 of the samples were
retained. Count data were transformed to log2-counts per million (logCPM), normalized by applying the
trimmed mean of M-values method [54] and precision weighted using voom [55]. Differential expression
was assessed using an empirical Bayes moderated t-test within limma’s linear model framework including
the precision weights estimated by voom. Resulting p-values were corrected for multiple testing using the
Benjamini-Hochberg false discovery rate. An adjusted p-value <0.05 was considered significant, and an
additional fold change cut-off (<-1.5 or >1.5) was applied to identify differentially expressed genes.
Additional gene annotation was retrieved from Ensembl (release 91) using the biomaRt R/Bioconductor
package. Principal component analysis (function plotPCA, package DESeq2) was performed on the logCPM

values of the top-500 most variable genes.

Supplementary Figure S2a shows that the relative clock gene mRNA quantities in WT eye globes between
E15, E18 and P3, as assessed by gRT-PCR (data from Figure 1), confirm the data obtained by RNA-Seq. In
addition, qPCR analysis performed on whole eye globes from WT and Per1 -/~ Per28¥m! mice confirmed the
gene expression changes between genotypes measured by RNA-Seq (Supplementary Fig S2b). These
analyses agree with other studies [56, 57]. The two series of quantifications (QRT-PCR/RNA-Seq) were

obtained with distinct sample series, thus also providing a biological validation of our results.

Results from RNA-sequencing in Perl -/- Per28r¥m! eye samples show the absence of reads in specific
genomic regions from the Per1 and Per2 loci corresponding to the deletion mutations initially introduced

in these genes [32, 33], thus validating the loss of expression of PER1 and PER2 (Supplementary Figure S3).

2.8 Canonical Pathway Analysis

Canonical pathway enrichment analysis was performed using IPA (Ingenuity) by using both up and down
regulated genes in mutant vs WT (adjusted p-value <0.05 and fold change <-1.5 or 21.5), at each age
(Ingenuity Systems, version 24718999, accessed in November 2018). The list of all identified transcripts in
our RNA-Seq dataset was used as a reference background. Significance of enrichment was calculated using
a right-tailed Fisher’s Exact Test and corrected for multiple testing using the Benjamini-Hochberg false

discovery rate (p<0.01).



3.Results

3.1 Clock gene expression in WT control mouse eyes during development

We first performed a temporal analysis of core clock gene expression by quantitative RT-PCR (qRT-PCR) in
developing whole eyes from WT mice. We chose seven age time points (E13, E15, E18, PO, P3, P13, P24)
spanning photoreceptor genesis and maturation. Our data revealed distinct temporal gene expression
dynamics for key core clock components (Bmall or Arntl, Clock, Perl, Per2, Per3, Cry1, Cry2, Nrid1 and

Rorb) during eye development (Figure 1 and Supplementary Table S2).

This initial analysis revealed that all clock genes examined are already expressed at E13. Using one-way
ANOVA, their abundance showed a significant age-related change (Figure 1). The relative expression level
of Bmall (Arntl) mRNA reached a peak just after birth at P3 while maintaining moderate expression at
other ages (Figure 1a). Similarly, Rorb mRNA had significantly highest expression around P3 (Figure 1i). In
contrast, a steady increase in gene expression was maintained by Clock gene from E13 until P3 (Figure 1b).
Among Period genes, Per1 and Per2 expression peaked at birth (PO) whereas Per3 expression culminated
only at the postnatal ages (P13 and P24; Figure 1c-e). Cry2 also reached the highest expression levels close
to eye opening at P13 (Figure 1f). Finally, Cryl mRNA had a peak in gene expression at birth (PO) (Figure
le). Nrid1 had the most striking profile, increasing expression levels between E13 and P24 with a fold-
change difference of 19, whereas differences between minimal and maximal expression did not reach 4-
fold for other clock genes (Figure 1h). This initial analysis helped us to select time points for further in-

depth whole-genome RNA-Seq analysis.

3.2 RNA-Seq analysis of differentially expressed genes in Per1 /- Per28"¥m! mutants compared to WT
controls

3.2.1 Whole transcriptome changes

We performed RNA sequencing to compare the whole eye gene expression profiles between
Per1 /- Per2Brm1and WT mice, as a function of time during embryonic (E15, E18) and postnatal (P3) ages.
Principal component analysis clearly showed age and genotype effects in the whole eye transcriptome
(Figure 2). Age-related effects were pronounced and segregated with the first principal component (PC).
This explains most of the variance in the data (PC1: 56%). Indeed, both in mutant and WT mice, many genes
(respectively 14046 and 15445) were significantly differentially expressed (adjusted p-value <0.05)
between different developmental stages. This possibly reflects the extensive gene expression changes

occurring in eye development between E15 and P3. Genotype-related effects segregated on the second

9



principal component, which explained only 7% of the variance in the data. Thus, gene expression profiles
cluster together for mutants and WT at E15, whereas clear differences can be observed between mutant

and WT expression profiles at E18 and P3.

3.2.2 Specific transcriptome changes between genotypes

Analysis of differentially expressed genes (DEG; adjusted p-value <0.05 and fold change <-1.5 or 21.5) of
the Per1 -/~ Per28rdm1yersus WT whole eyes showed an increasing number of DEG during development. At
time points E15, E18 and P3, we respectively found 36, 200 and 367 genes with significantly increased
expression. At the same time points, we observed 18, 90 and 273 genes with significantly decreased
expression in the mutant mice (Figure 3a). Only limited numbers of genes (35 up and 30 down) are

differentially expressed at more than one developmental stage.

Of the 23 genes most likely involved in the molecular clockwork [2], eight genes (Per3, Nrid2, Ciart,
Bhlhe41, Rorc, Tef, Npas2 and Dbp) displayed statistically significant changes between WT and mutants, in
at least one age group (Figure 3b). In contrast, expression of Per3 and Nr1d2 showed a large increase in
the mutant eyes at all ages. Ciart displayed specific increase at E18 in the mutant, whereas Bhlhe41, Rorc
and Tef mRNAs were specifically increased at P3. Npas2 expression was markedly reduced and Dbp

significantly upregulated in the E18 and P3 mutants.

All the differentially expressed genes at E15 within the cut-off range are presented in Figure 4a. Selected
DEGs are highlighted in the volcano plots for E18 and P3 age groups (Figure 4b and c). Most of them relate
to the eye and, more specifically, to the photoreceptor, to neuronal development and to the clock. The
complete lists of DEGs sorted by statistical significance are listed in Supplementary Table S3 (E15 mutant

versus WT), Table S4 (E18 mutant versus WT) and Table S5 (P3 mutant versus WT) respectively.

3.3 Functional differences between gene expression profiles in the Per1 /- Per287m1 agnd WT whole
eyes

To evaluate gene expression profiles on the level of canonical pathways, we performed enrichment
analyses on the genes differentially expressed in the different age groups (adjusted p-value <0.05 and fold
change <-1.5 or 21.5) using the Ingenuity Pathway Analysis (IPA) software. We focused our analysis on the
presence of canonical pathways, since these are the simplest molecular representations of the relevant

biological events.

10



Top canonical pathways associated with genes differentially expressed at E15 are related to ‘circadian
rhythm signaling’ and the ‘adipogenesis pathway’ (Figure 5a). Quite expectedly, ‘circadian rhythm
signaling’ is also the top-ranked canonical pathway at E18 followed by four other pathways suggesting

enrichment in these signaling molecules (Figure 5b).

Ten canonical pathways were significantly enriched with genes differentially expressed between
Perl /- Per2Brm! mutants and WT at the postnatal age P3 (Figure 5c). The topmost significant canonical
pathway was related to Phototransduction, which agrees with the aberrant phenotype (alteration of

photoreceptor development at early postnatal age) previously found in the mutant [34].

The components of phototransduction cascade, which were mainly upregulated in the mutant, are
highlighted in Figure 6a,b (see also Supplementary Figure S4 and S5a,c). We also found increased
expression of photoreceptor-specific genes, like Prph2 (peripherin 2), Impgl and Impg2
(interphotoreceptor matrix proteoglycan 1 and 2), Prcd (photoreceptor disc component), Rp1/1 (RP1 like
1), Nr2e3 (Nuclear Receptor Subfamily 2 Group E Member 3), Prom1 (prominin 1) and Mpp4 (membrane
palmitoylated protein 4) (details in Supplementary Table S5), indicating the differentiation of the

photoreceptor complex.

Interestingly, a substantial fraction of genes previously implicated in human congenital ocular pathologies
were found with increased expression levels in P3 mutants: for instance Rpe65 (retinitis pigmentosa of the
RPEG5 type), Rpl (retinitis pigmentosa 1), Ponl (serum paraoxonase/arylesterase 1), Bbs7 (Bardet-Bied|
syndrome 7), Nxnl1 and Nxn/2 (Rod-derived cone viability factors), Ptgds (prostaglandin D2 synthase), Rs1
(retinoschisis (X-linked, juvenile) 1), Samd7 (SAM domain-containing protein 7), Tacstd2 (tumor-associated
calcium signal transducer 2), Cdhr1 (cadherin related family member 1), Efemp1 (EGF containing fibulin
extracellular matrix protein 1), Crybb2 (crystallin, beta B2) and Mgp (Matrix Gla protein) (details in

Supplementary Table S5).

The Perl /- Per2BrdmI mutants at P3 also displayed a decrease in expression of cell-cycle-associated genes
(Figure 5c and 7a, b, c). There was a clear down-regulation of genes belonging to the "Cell Cycle Control of
Chromosomal Replication’ pathway (Figure 7a). DNA replication licensing factors like Mcm2, Mcm3, Mcm6
and Cdt1, cell division cycle proteins like Cdc6 and Cdc45 along with essential enzymes like Pole and Top2a
were the down-regulated components (Figure 7a). The "Cyclins and Cell Cycle Regulation’ pathway had
significantly reduced expression levels of some of the major E2F family genes like E2f2, E2f7 and E2f8 along
with the cyclins B1 (Ccnb1) and D1 (Ccnd1) (Figure 7b). Within these two enriched cell-cycle-related
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pathways, only cell cycle genes Cdk18 (cyclin-dependent kinase 18) and Ppp2r2b (protein phosphatase 2
regulatory subunit beta, a negative regulator of division) were found upregulated. It is known that there is
a decrease in cell division at this period of normal eye development [58]. This is confirmed in our data by
the major downregulation of genes belonging to the 'DNA replication’ and "Cell cycle’ GO terms in WT eyes
between E18 and P3 (Supplementary Figure S5d). However, downregulation of these genes appears even
more prominent in the mutant eyes, based on the p-values of these canonical pathways (Supplementary

Figure S5d).

4, Discussion

The circadian clock is a major regulator of physiology and behavior through the temporal control of gene
expression programs on a 24 h scale. The molecular role and mechanism of action of clock genes in
developmental processes have lately received increased interest [59-64]. Here we focus on the comparison
between the eye transcriptome of Perl -/~ Per28r@m! and WT mice at E15, E18 and P3. In our dataset, we
observed differential expression of clock genes, especially from the regulatory feedback loops. Most
prominently at P3, mutant eyes display the most extensive alterations: significant upregulation of
phototransduction-related genes, together with a reduction in cell cycle-related transcripts. Our work
provides further evidence that clock genes play a role in eye development, likely by taking part in the

signaling between differentiation programs and regulation of cell division.

Using immunohistochemistry, we previously described that retinas from Per1 /- Per25m! mutant mice
display altered photoreceptor differentiation with reduced blue cone numbers and opsin expression [34].
To reveal the underlying molecular mechanisms of this observation, we here used comparative
transcriptome analysis of the developing whole eye, including (premature) retinal photoreceptors, in
animals from the same mutant line and WT. Upon analyzing gene expression changes in WT eyes along
development, we found that "Visual perception’ and "Sensory perception of light stimulus’ are the major
GO terms enriched in the genes whose expression increases from E15 to P3 (Supplementary Figure S6, see
also Figure S5a, c). This indicates that cone and rod genes provide a substantial contribution to the
characterized transcriptome and thus that our analyses are relevant for identifying related changes in the

mutants.

Several groups previously reported a relationship between clock gene mutation(s) and abnormal
eye/retinal development [28-31, 34, 35, 65, 66] but most frequently the underlying mechanisms have not

been fully elucidated. Our data (Figure 1) suggests that regulatory mechanisms of retinal development and
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differentiation driven by the clock are already at play at E13. However, it is at P3 that the gene expression
changes induced by the absence of PER1 and PER2 are maximal in our transcriptome study (Figure 3, Figure
7c¢). It has been described that de-repression of cell type-specific differentiation programs is the major
epigenetic change occurring along with retinal development [67]. In this context of global genome de-
repression, and since clock genes are modulators of gene expression programes, it is not surprising that the
effects of clock perturbation are more pronounced at later (P3) than earlier (E15, E18) stages. In addition,
expression of Clock and Bmall peaks at P3 (Figure 1). Thus, absence of repression by PER1/PER2 on
BMAL1/CLOCK target genes, might have its maximal effects at P3 as well. For instance, the upregulation of
Per3 mRNA in mutant vs WT eyes is striking (FC > 2.5 at P3 but also FC > 1.9 at E15, and >1.8 at E18). This
observation could possibly also be due to a compensatory developmental effect induced

by Per1/Per2 mutation. Further studies are needed to shed light on these hypotheses.

Our results also raise a more general question whether the DEGs we identified are (in-)direct targets of the
BMAL1/CLOCK complex. Therefore, we compared our dataset with a list of 2458 binding sites/1905 target
genes for the BMAL1/CLOCK complex, previously identified in the liver by Trott and Menet [39]. A limitation
of this study is that we cannot exclude that eye-specific targets of BMAL1/CLOCK are not represented in
the list of liver targets. We found that 5.7 % of all our DEGs overlap with this list. However, we did not
observe an enrichment for BMAL1/CLOCK targets in our DEG set (one-sided Fisher’s exact test, p = 0.74).
This indicates that the genes found differentially expressed between WT and mutant eyes contain both

direct (for instance Dbp, Nr1d2) and (essentially) indirect targets of the clock.

Adaptation of vision to the light/dark cycle involves the rhythmic expression of phototransduction
components such as opsins [11, 12] and transducin [68], including their shuttling between the inner
segment and the outer segment [68] and the post-translational modulation of ion channel sensitivity [69].
Mechanisms underlying rhythmic transcription of genes from the phototransduction cascade are not yet
completely understood. In zebrafish, key developmental, retina-specific transcription factors driving
photoreceptor differentiation, such as NR2E3, are co-regulated by the circadian clock in the adult for the
control of daily photoreceptor physiology [70]. In our study, the upregulation of phototransduction related
genes (19.7% of the genes associated with this pathway) in Per1 -/~ Per28m! mice supports the idea that
an important part of the phototransduction components might also be the (direct or indirect) target of the

mammalian clock.
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It is presently unknown how the clock might control phototransduction gene expression in the mammalian
retina. Our (Ingenuity pathway) analysis indicates that, in accordance with the literature [71, 72], NRL and
CRX are the major regulators of the upregulated genes at P3. Nr2e3, which acts as a co-activator of rod-
genes with NRL, CRX and REV-ERBa (NR1D1) [73], has a FC > 1.6 at P3 in our Perl -/~ Per28mI mutant eyes.
Nr2e3 is a photoreceptor-specific nuclear receptor (PNR) that represses cone-specific genes and activates
several rod-specific genes during mammalian retinal development [74]. When overexpressed in developing
photoreceptors, Nr2e3 drives their differentiation towards a rod fate at the expense of cones [75], whereas
its absence may lead to “hyperfunction” of S-cones [76, 77]. Thus, Nr2e3 mutations cause enhanced S-
cone syndrome among humans [76]. In the mutant eyes at P3 we find an increase in expression of
rhodopsin (FC>1.6) and strong decrease (2 fold at E18, 2.4-fold at P3) for s-opsin, in agreement with the
previously observed phenotype [34]. In addition, expression of Nr2e3 was also shown to be rhythmic in
the 24h transcriptome of mouse eye globes [15] and in zebrafish adult retinas [70], suggesting it is
regulated by the clock. Combining our data with those of the literature, we speculate that NR2E3-mediated
regulation might be one of the causes of the morphological/functional changes in the phototransduction

machinery observed in the mutant at P3.

Another transcription factor gene displaying upregulation (FC>1.5) in the mutant eye at P3 is Rorc. The
Rorc gene codes for the ROR gamma clock factor and is itself a target of Nr2e3 during retinal development
[31, 78]. It was also previously determined that loss of Rora, one of its paralogs, leads to defective cone
differentiation and reduced expression of blue, green opsin as well as cone arrestin [79]. In the absence of
Rorb, complete loss of rods and over-production of blue cones occurs during retinal development [80]. It
will be interesting to understand if the retinal architecture is disrupted in the absence/mutation of Rorc as

well. Obviously, further studies are needed to determine the precise mechanisms involved.

Effects of clock alteration on blue cones was also described previously [35]. More specifically,
photoreceptor-specific loss of Bmall induces extended distribution of the s-opsin expressing cones along
the dorso-ventral axis. This was shown to involve differential thyroid hormone signaling through an effect
on Dio2 expression [35]. However, we did not detect any significant alteration of the expression of thyroid
hormone pathway modulators in the Per1 -/~ Per28@m1 mutants at any of the studied ages. It might be that
such alterations occur later in development. Indeed, Dio2 expression is detectable after P5, similar to that
of m-opsin [35]. In contrast, we found a decrease in the expression levels of s-opsin at E18 and P3, which
is retained in the adult [34]. This is similar to the phenotype induced by a photoreceptor-specific knock-

out of Per2 [35]. Our data thus indicate that the clock effects on cone generation is two-fold: an early effect
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leading to reduced s-opsin expression/s-cone differentiation and a later, thyroid hormone dependent,

effect on their dorso-ventral gradient.

In our study, the cell cycle appears perturbed in the eyes from Per1 /- Per28m1 animals at P3 (Figure 7 and
Supplementary Figure S5d), an age at which a substantial part of precursors for late-born retinal cell types
are still dividing (reviewed in [43, 58]). The link between circadian clock and cell cycle regulation has long
been established [81]. However, there are only few studies of clock regulation, cell division and cellular
differentiation together. The relationship between Bmall loss and cell cycle arrest, with an upregulation
of p21 and a block in the G1 phase, was previously studied in the hair follicles [82]. The gene expression
levels of Weel (cell cycle checkpoint kinase) and p21 (cyclin-dependent kinase inhibitor) are also regulated
by Bmall in the liver [83]. Cry2 promotes the circadian regulation of myogenic differentiation and
regeneration in the mouse [84] whereas Rev-Erba (Nrld1) acts as an inhibitor of the same processes [85].
Also, Clock gene silencing induced spontaneous differentiation of mouse embryonic stem cells indicating
an earlier exit from their pluripotent state [86]. In general, cell-cycle specific markers have been strongly
connected with retina development [87]. E2f family transcription factors [88, 89] and cyclin D1 [90-93] are
well known to regulate embryonic aspects of retinal development. In the Per1 -/~ Per28r@m! eyes it might be
that reduced expression of genes promoting cell division triggers faster cell cycle exit, which is likely to
disturb the ratio between late-born to early-born cells as shown previously regarding cyclin D1 [90, 91]:
here the overproduction of rod and cone markers at the expense of blue cones. Interestingly, conditional
knockout of Bmall in the retina was recently shown to result in delayed cell-cycle exit and subsequent
altered neurogenesis [28]. Therefore, we surmise to ensure proper generation of retinal cell types, the
timing needs to be optimum and the circadian clock might be responsible for appropriate temporal

expression patterns of cell cycle-related genes.

Finally, we still do not know exactly how the absence of Perl and Per2 shuts down the expression of cell
cycle-related genes discussed extensively above. Pathway analysis of transcriptome changes along
development in WT eyes indicates a downregulation of genes belonging to the Wnt and Hippo signaling
pathways between E15 and E18 (Supplementary Fig S5b). By contrast, these pathways are absent or
underrepresented in the genes turned down between E15 and E18 in mutant eyes. Also, the PI3K-Akt
signaling pathway, which includes many growth factors and associated receptors, is significant in mutants
but absent in the WT (Supplementary Fig S5b). We hypothesize that the specific combination of signals
turned off between E15 and E18 in the mutant eyes induces more massive depletion of cell cycle

components and hence an earlier decrease in progenitor proliferation. Future studies are needed to make
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sure that the downregulation of these cell-cycle-related pathways occurs in the retina exclusively and not

elsewhere in the eye.

5. Conclusions

This study provides new information about the role of the circadian clock in eye development. It more
specifically points to signaling pathways potentially linking the clock, photoreceptor generation and control
of the cell cycle in the developing retina. Moreover, our findings reveal potential mechanisms for the
putative ocular effects of clock malfunction reinforcing the ubiquitous relevance of circadian clock in eye
morphogenesis. More studies will be needed to determine the connection between the phenotype and

retinal abnormalities.
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Figure legends

Fig 1 Relative mRNA expression profiles of circadian clock genes in the WT whole eyes across eye
developmental time points (n=3-4/age). Bar graphs show mean +SEM mRNA expression levels of (a) Arnt/
(Bmal1) (b) Clock (c) Perl (d) Per2 (e) Per3 (f) Cry1 (g) Cry2 (h) Nrid1 and (i) Rorb in the whole eyes relative
to E13. Arntl (Bmall) and Rorb mRNA reached a peak just after birth around P3, Clock gene expression
increases steadily from E13 until P3, Perl1, Cryl and Per2 expression peaked at birth (P0), Per3 and Cry2
expression peaks only around P13 and P24. Nr1d1 has an increasing expression pattern between E13 and
P24. One-Way ANOVA was performed and statistical significance is indicated by p-values. Values from
individual samples are shown as dots. Results from post-hoc analysis are presented in the Supplementary

Table S2.

Fig 2 Principal component analysis of eye transcriptomes in WT and mutant eyes at E15, E18 and P3. The
percentage with which a principal component (PC) accounts for the variability in the data is indicated on
the corresponding axis. Each circle represents an individual RNA sample from WT or mutants under LD

conditions at ZT4 for three developmental time points (E15, E18 and P3) (n=4/age/genotype).

Fig 3 (a) Venn diagram of differentially expressed genes in mutant versus WT eyes. The total numbers of
differentially expressed genes (increased or decreased) in each age group and the overlaps are indicated.
Upregulated (higher in mutant) genes are marked in red and downregulated (higher in WT) genes are
marked in blue (adjusted p-value <0.05 and fold change <-1.5 or >1.5). (b) Heatmap of clock and clock-
related gene expression during embryonic (E15 and E18) and postnatal (P3) ages of Perl -/~ Per28rdm!
mutants versus WT. Genes were clustered using Euclidean distance and complete linkage. Color-coding
corresponds to z-score of logCPM values from blue (lowest expression) to red (highest expression). Per3,
Nrid2, Ciart, Bhlhe41, Rorc, Tef, Npas2 and Dbp displayed statistically significant changes between WT and

mutants in at least one age group “*”. logCPM, log, counts per million.

Fig 4 Volcano plots for the genes found enriched in Per1 -/~ Per2Brdm! yersus WT whole eyes at E15, E18
and P3. The plot shows the enrichment (x axis, log2-transformed fold change) of the genes in mutant versus
WT eyes against the significance (y axis, p-value, -log10 scale). Genes with adjusted p-value <0.05 and fold
change <-1.5 or 21.5 are highlighted in grey. Selected genes are highlighted in red (upregulated) and blue
(downregulated) for (a) E15 (complete list), (b) E18 and (c) P3 (eye and neuronal development related).

Each circle represents an individual gene.
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Fig 5 (a) (b) and (c) Top-ranked canonical pathways at E15, E18 and P3 for DEG in Perl /- Per28rdm1
mutants versus WT. Bars represent the -logio adjusted p-value (left y-axis). Orange line represents the
ratio of the number of differentially expressed genes present in the canonical pathway to the total number

of genes in the pathway (right y-axis). The green line indicates the threshold at an adjusted p<0.01.

Fig 6 Ingenuity pathway analysis identified Phototransduction Pathway to be associated with
differentially expressed genes at P3. The phototransduction pathways of rods and cones are shown
respectively in a and b. Shapes of the network elements refer to the functional category of the gene
product (indicated in the legend inset), pink indicates upregulation and green indicates downregulation

(IPA All rights reserved).

Fig 7 IPA analysis of DEG at P3 showed enrichment in the (a) Cell Cycle Control of Chromosomal
Replication genes and (b) Cyclins and Cell Cycle Regulation genes pathways. Significance for the
differential expression between mutant and WT eyes is shown as -logio (Adj p-value) (x-axis). There was an
overall decrease in the expression of genes of pathways (a) and (b) in the mutant eyes at P3, except Cdk18
and Ppp2r2b. Up- and down-regulated genes are shown in red and blue respectively. (c) Heatmap of the
differentially expressed genes of the cell-cycle related pathways during embryonic (E15 and E18) and
postnatal (P3) ages of Perl /- Per28¥m1 mutants versus WT. Genes were clustered using Euclidean
distance and complete linkage. Color-coding corresponds to z-score of logCPM values from blue (lowest
expression) to red (highest expression). E2f8, Ccnd1, Ccnb1, E2f2, Fanca, Kifl1, Bard1, Espl1, Mcm2, Pole,
Plk1, E2f7, Cdt1, Brip1, Cdc6, Mcm3, Cdc45, Mcm6, Top2a displayed pronounced downregulation in the
mutants at P3 while Ppp2r2b, Cdk18, Plk5 had higher gene expression levels. MlIh1 stands out with an

unusual, increased, expression pattern throughout development in the mutants.
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