Human Molecular Genetics, 2022, Vol. 31, 22, 3914-3933

https://doi.org/10.1093/hmg/ddac143
Advance access publication date 1 July 2022

Original Article

OXFORD

Developmental genome-wide occupancy analysis of
bZIP transcription factor NRL uncovers the role of c-Jun
in early differentiation of rod photoreceptors in the
mammalian retina

Xulong Liang', Matthew J. Brooks' and Anand Swaroop*

Neurobiology, Neurodegeneration and Repair Laboratory, National Eye Institute, National Institutes of Health, 6 Center Drive, MSC0610, Bethesda, MD 20892, USA
*To whom correspondence should be addressed at: Neurobiology, Neurodegeneration and Repair Laboratory, National Eye Institute, National Institutes of Health,
6 Center Drive, MSC0610, Bethesda, MD 20892, USA. Tel: +1 301-435 5754 and +1 301-905 7212; Fax: 301-480 9917; Email: swaroopa@nei.nih.gov

TThe authors wish it to be known that, in their opinion, the first two authors should be regarded as joint First Authors.

Abstract

The basic motif-leucine zipper (bZIP) transcription factor neural retina leucine zipper (NRL) determines rod photoreceptor cell fate
during retinal development, and its loss leads to cone-only retina in mice. NRL works synergistically with homeodomain protein
Cone-Rod Homeobox and other regulatory factors to control the transcription of most genes associated with rod morphogenesis
and functional maturation, which span over a period of several weeks in the mammalian retina. We predicted that NRL gradually
establishes rod cell identity and function by temporal and dynamic regulation of stage-specific transcriptional targets. Therefore, we
mapped the genomic occupancy of NRL at four stages of mouse photoreceptor differentiation by CUT&RUN analysis. Dynamics of
NRL binding revealed concordance with the corresponding changes in transcriptome of the developing rods. Notably, we identified
c-Jun proto-oncogene as one of the targets of NRL, which could bind to specific cis-elements in the c-Jun promoter and modulate its
activity in HEK293 cells. Coimmunoprecipitation studies showed the association of NRL with c-Jun, also a bZIP protein, in transfected
cells as well as in developing mouse retina. Additionally, shRNA-mediated knockdown of c-Jun in the mouse retina in vivo resulted
in altered expression of almost 1000 genes, with reduced expression of phototransduction genes and many direct targets of NRL
in rod photoreceptors. We propose that c-Jun-NRL heterodimers prime the NRL-directed transcriptional program in neonatal rod
photoreceptors before high NRL expression suppresses c-Jun at later stages. Our study highlights a broader cooperation among cell-
type restricted and widely expressed bZIP proteins, such as c-Jun, in specific spatiotemporal contexts during cellular differentiation.

Introduction

Transcriptional regulation is a critical aspect of cellular
control mechanisms that impact a wide spectrum of
biological processes, including specification of cell fate,
response to intra- and extra-cellular signals, tissue
homeostasis and regeneration (1,2). Gene transcrip-
tion is initiated by transcription factors (TFs) which
interact with diverse cis-regulatory elements including
enhancers, promoters and silencers in a sequence-
specific manner and recruit RNA polymerases to the
transcriptional start site (TSS) (3,4). Regulatory function
of TFs can be modulated by synergistic or antagonistic
activities of co-regulators, repressors, chromatin remod-
elers and non-coding RNAs (5-8). Combinatorial actions
of these multiple regulatory components endow intricate
spatiotemporal gene expression profiles that establish
cell- and tissue-specific phenotypes and function (9-11).
Disruptions in transcriptional control mechanisms
can lead to cell-type restricted or syndromic disease
phenotypes (12-16).

The mammalian retina has served as an excellent
in vivo system to investigate intricacies of development
and disease pathogenesis pertaining to the nervous sys-
tem because of easy accessibility for biological manip-
ulations and clinical phenotyping. Transcriptional reg-
ulation has been extensively investigated in the retinal
photoreceptors, especially during development (17-19).
The two types of photoreceptor cells in the retina (rods
and cones) are sensory neurons that detect photons
and initiate the visual cascade (20). Rods express the
visual pigment rhodopsin (Rho) and transduce visual sig-
nals primarily under dim light conditions, whereas cones
express distinct opsin pigments to mediate high acuity
and color vision under brighter light conditions. Lineage
specification and terminal differentiation of photore-
ceptors require combinatorial interactions of multiple
transcriptional regulatory proteins. Homeobox protein
OTX2 and PR domain zinc finger protein 1 (PRDM1) pro-
mote photoreceptor cell fate and repress sister cell fate
choice in developing retina (21-24). Within photoreceptor

Received: March 27, 2022. Revised: June 15, 2022. Accepted: June 21, 2022
Published by Oxford University Press 2022.

This work is written by US Government employees and is in the public domain in the US.


https://doi.org/10.1093/hmg/ddac143

lineage, the Cone-Rod Homeobox (CRX) protein is critical
for the regulation of most genes associated with morpho-
genesis and maturation (25-27). The basic motif leucine
zipper (bZIP) protein of the large-Maf subfamily, NRL, is
critical for rod fate specification with high expression
levels restricted to rods even in the mature retina (17).
The loss of Nrl in mice results in S-cone-like photore-
ceptors instead of rods whereas its ectopic expression
in developing cones leads to rod photoreceptors (28-30).
Notably, NRL and the thyroid hormone receptor TRA2
can together generate the three photoreceptor subtypes
(rods, S-cones and M-cones) in developing mouse retina
(31). The orphan nuclear receptor NR2E3 is a direct down-
stream target of NRL and contributes to stabilize rod fate
by suppressing the transcriptional program of S-cones
(32-35). Mutations in NRL and NR2E3 are associated with
human retinopathies and enhanced S-cone syndrome
(36-39).

The differentiation and maturation of photoreceptors
progresses through a long temporal window during
mammalian development. In mice, photoreceptor lin-
eage is established as early as embryonic day (E)12;
however, almost all cones are produced prenatally
whereas a vast majority of rods are generated after
birth between postnatal day (P)0 and P2 (40,41). For both
cones and rods, morphogenic differentiation (including
outer segment and synapse formation) and functional
maturation begins at or after P6 and is complete only
around P21 (42-44). NRL controls the expression of a
majority of rod-expressed genes as indicated by RNA-seq
analysis of Nrl~/~ retina (45) and functions synergistically
with other regulatory factors, with CRX being a key NRL
interactor (46) and modulator of photoreceptor-specific
genes (27,47-49). Temporal expression of rhodopsin
and other rod genes involved in cilia and presynapse
formation is concordant with the rod developmental
program; nevertheless, our understanding of how NRL
regulates dynamics of gene expression pattern in rods,
with a major transition in transcriptome landscape
between P6 and P10 (45) is less than clear. Integrated
analysis of NRL-ChIP-seq data from adult mouse retina
(50) with the transcriptome profiles of Nrl~/~ photorecep-
tors suggested a framework of NRL-directed regulatory
network that included four secondary hubs (BHLHE41,
ESRRB, FOS and NR2E3) (45).

We noted that the expression of NRL increases dra-
matically during rod maturation (at and after P10) and
predicted that targets of NRL in the early stages of rod
development might modulate its activity within spe-
cific temporal windows. To test this hypothesis, we per-
formed Cleavage Under Targets and Release Using Nucle-
ase (CUT&RUN) analysis (51,52) to map genomic occu-
pancy of NRL at four stages in mouse retinal develop-
ment and integrated NRL-binding sites with correspond-
ing gene expression profile in rods (45). Interestingly,
we identified c-Jun, a prototype bZIP transcription fac-
tor of AP-1 (activator protein 1) complex involved in
the control of cell proliferation and apoptosis (53,54),
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as a direct transcriptional target of NRL in post-mitotic
rods. Given that the purified c-Jun and NRL proteins can
heterodimerize in vitro (55), we wanted to evaluate its
possible role in regulating NRL-mediated transcriptional
network. Co-immunoprecipitation and shRNA-mediated
knockdown in mouse retina in vivo demonstrated that c-
Jun cooperates with NRL to prime the rod transcriptional
program during the early stages of differentiation. These
studies suggest a previously unrecognized role of broadly
expressed bZIP proteins, especially of the AP-1 complex,
in modulating transcriptional regulation in cooperation
with NRL during photoreceptor development.

Results
Genomic occupancy of NRL during rod
photoreceptor development
To expand on an early study of NRL occupancy in adult
mouse retinas by ChIP-seq (50), we used CUT&RUN,
which can overcome the issues related to low NRL
protein in developing mouse retina because of the
higher sensitivity of the method (51). CUT&RUN analysis
was performed with a custom antibody that specifi-
cally recognizes NRL protein with multiple isoforms
(Supplementary Material, Fig. S1A and B) using mouse
retinas at P2, P4, P10 and P28, the time points correspond-
ing to key events in rod development (Fig. 1A and B)
(n=4 for all time points, except P2 where replicate 2
was eliminated from analysis). Supplementary Mate-
rial, Figure S2A shows the workflow for determining
consensus NRL occupancy peaks. We first compared
the P28 CUT&RUN data with our previously reported
adult retina NRL ChIP-seq data performed with a
different antibody and analytical method (50). Irre-
producible Discovery Rate (IDR) analysis identified
3494 consensus NRL CUT&RUN peaks (false discovery
rate [FDR]<0.01) in comparison to 2786 NRL ChIP-
seq peaks, with 825 common peaks between the two
methods (Supplementary Material, Fig. S2B). The use
of replicates for analysis and employment of IDR for
robust determination of consensus peaks eliminated
many MACS-called peaks that were identified in only one
replicate (Fig. 1C). CUT&RUN analysis also displayed a
greater robustness over ChIP-seq in uncovering genome-
wide NRL occupancy (Supplementary Material, Fig. S2C).
We next analyzed the genomic occupancy of NRL dur-
ing development and noted that the number of NRL
peaks increased between P2 and P10 but then declined
at P28 (1235, 3188, 7542 and 3493 peaks at P2, P4, P10
and P28, respectively) (Fig. 1C). Mapping of the genomic
distribution of these peaks revealed that most peaks were
located within 1 kb of gene TSS, and the proportion of
NRL peaks within this region increased in the mature
rods (62%, 62%, 57.5% and 74.4% peaks near TSS at P2, P4,
P10 and P28, respectively) (Fig. 1D and E). A vast majority
(>80%) of NRL CUT&RUN peaks were detected within
a promoter or gene body, and over 50% of the peaks
mapped to the promoter region at all developmental
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Figure 1. Experimental design and NRL CUT&RUN quality control. (A) Timeline indicating major events in the development of the rod photoreceptor.
Insert highlights consensus binding sequences for NRL and CRX in the promoter of rhodopsin (Rho). (B) Experimental paradigm and overview of integrated
analysis of CUT&RUN data with RNA-seq data. (C) The number of MACS peaks passing a 1% FDR for each replicate per timepoint. Timepoint consensus
peak number determined by IDR analysis are indicated in black. Biological replicates used for determining consensus peaks in IDR analysis are indicated
in yellow, whereas replicates not used in IDR are indicated in gray. Further explanation of the IDR process is provided in the Methods section. (D)
Enrichment of NRL-bound peak loci within 1000 bp flanking of gene TSS. (E) Upper panel: Percentage of NRL bound IDR peak loci relative to distance from
TSS. Lower panel: Percentage of NRL bound IDR peak loci to gene feature distribution. (F) NRL bound loci signal enrichment per timepoint for all identified
IDR peaks. (G) Functional gene enrichment of NRL-bound loci at each timepoint for gene sets in GO Biological Process. Top 20 processes per timepoint
shown. (H) NRL bound reads in the near genomic region (+2 kb) at each timepoint for selected genes of the visual perception pathway enriched in (G).



time points with a notable increase after maturation
(Fig. 1E). Heatmap visualization presented the develop-
mental dynamics of NRL genomic occupancy, showing
the greatest robustness in differentiating rod photore-
ceptors at P10 (Fig. 1F). These results are consistent with
a major change observed in rod transcriptome between
P6 and P10 (45) and suggest potential rewiring of NRL-
directed gene regulatory network during the transition
from early state to the maturation of rod photoreceptors.

To explore whether the dynamics of NRL binding cor-
relates with rod differentiation, we annotated the genes
near NRL peaks and identified 1155, 2842, 5816 and 3207
genes at P2, P4, P10 and P28, respectively. The decrease in
the gene number at P28 was in line with that of the peak
number and potentially reflected a reduced size of NRL
targetome in mature rods. Functional gene enrichment
analysis using Gene Ontology (GO) uncovered a stepwise
enrichment of new Biological Process terms of NRL-
bound gene sets with the progression of rod development
(Fig. 1G, Supplementary Material, Table S1). Biological
processes enriched at P2 included negative regulation
of transcription and nucleosome assembly, which
contained genes encoding histone acetyltransferases
(e.g. Ep300), histone demethylases (e.g. Kdm5c) and
subunit of Polycomb Repressive Complex 2 (e.g. Suzl2)
(Supplementary Material, Fig. S2D). At P4, we identified
the enrichment of genes associated with proliferation,
survival and rod morphogenesis (e.g. Bbs2, Dctnl, Ttc8)
(Supplementary Material, Fig. S2E). Terms associated
with functional differentiation of rods, including visual
perception (e.g. Rho, Gnatl, Pde6b), showed enrichment at
P10 (Fig. 1H), whereas mature rods at P28 uncovered NRL-
binding to genes primarily involved in photoreceptor cell
maintenance (e.g. Clen3, Esrrb, Mdm1), regulation of mito-
chondrial function, as well as endoplasmic reticulum
overload response (Supplementary Material, Fig. S2F).
Thus, the developmental transition of the global binding
profile of NRL correlates with the milestone events
during rod photoreceptor differentiation.

We then examined whether the temporal change of
NRL occupancy associates with that of chromatin archi-
tecture. We focused on three rod-specific genes (Rho,
Gnat1, Pde6b) and examined NRL-binding dynamics with
the transition of epigenetic landscape observed in the
whole retina (56) (Supplementary Material, Fig. S3A-D).
The qualitative and quantitative gain of NRL peaks (P2-
P10) were associated with switching of chromatin archi-
tecture to a more active state, but the reduced NRL
binding (P28) was not always associated with an altered
chromatin state.

Enrichment of distinct TF binding motifs within
NRL CUT&RUN peaks

We predicted that the presence of NRL-binding sites
within the peaks and TF motif neighborhoods near NRL-
binding sites change during development and might
be distinctive between promoter-annotated (—1000 to
+500 bases from the TSS) and non-promoter (potential
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enhancer) peaks. We employed the spaced motif (SpaMo)
analysis algorithm in the MEME Suite of tools to predict
the enrichment of TF binding motifs neighboring NRL-
binding motifs (Fig. 2A). In addition to a generic motif
enrichment, the SpaMo algorithm takes the distance
between the primary and secondary motifs into account
when determining significance. By examining how often
SpaMo finds an NRL-binding motif in the peaks, we
observed that the percentage of the peaks containing
the motif did not change substantially with age, with
50.5% of promoter peaks and 78% of non-promoter
peaks containing the NRL motif (Fig. 2B). We would not
predict every peak to contain an NRL motif since DNA
folding can bring disparate genomic regions together
where NRL only needs to be a member of the complex.
We then investigated the motif enrichment from the
promoter peaks based on the TF family designation
to reduce motif redundancy and observed temporal
differential enrichment of distinct families (Fig.2C,
Supplementary Material, Table S2). Paired-related home-
odomain (HD) factors (OTX2, CRX) and TCF-7-related
(TCF7L1, TCF3) motifs were enriched only at P2. The
OTX2/CRX-binding motif was detected 61 base pairs
upstream (—strand) and 61 base pairs downstream
(+strand) from the NRL motif. The proximity of the
enrichment of the TCF7L1-binding motif was 10 base
pairs from the NRL motif (Fig. 2D). The TCF/LEF (TCF3
and TAF1) family proteins are active in retinal progenitor
cells leading to several cell types, including cone
photoreceptors, in a g-catenin/Wnt independent manner
(57). The MAF-related factors (such as MAFB, NRL)
showed enrichment from P4 through P28 with the MAFB
motif being directly adjacent, but on the opposite strand,
from the NRL motif, indicative of an NRL-homodimer or
NRL-MAFB heterodimer. The non-promoter NRL peaks
revealed a much different motif enrichment than the
promoter peaks. Several TF families were observed only
at P2, including NFAT-related (NFATC3), NF-kappa-B-
related, and Ets-related factors (Fig. 2E). NFAT-related
motifs showed the most significant enrichment at
P2. NFATs are known to cooperatively bind with AP-
1 (Fos/Jun) heterodimers in immune cells to form
composite NFAT/AP-1 sites in regulatory regions of
inducible genes important to immune cells (58,59). The
NFAT motif is present directly adjacent to NRL motifs
(Fig. 2F). Notably, of the five members of the NFAT family,
only two are expressed in rod photoreceptors, NFATC3
and NFATS; however, NFATS does not form complexes
with AP-1 proteins. Paired-related HD (OTX2/CRX) were
enriched during the P4/P10 transition in rod development
(Fig 2E). The motifs for the two important factors for
rod maturation, ESRRB and MEF2C, were enriched only
at the P10 timepoint. Interestingly, ESRRB and MEF2C
motifs are also enriched in rod-specific open chromatin
sites (60), indicating their potential role as members of
rod-specific regulatory hubs. The POU domain (POU2
subfamily) and Maf-related factors were enriched at
every timepoint, and POU2 motifs were evident in two
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base pairs downstream of the NRL motif (Fig. 2F). POU2F1
and POU2F2 have been shown to promote cone cell
genesis by repressing Nrl expression (61).

Association of temporal dynamics of NRL
occupancy with gene expression

Next, we investigated whether and how the binding of
NRL correlates with the transcription levels of the target
gene and performed quantification of the peaks within
promoters across all time points. Supervised hierarchical
clustering identified 10 patterns of temporal dynamics
(Fig. 3A, Supplementary Material, Table S3). For each
cluster, we correlated the peak intensity changes with
that of the expression of corresponding genes in rods (45).
These clusters contained a varying percentage of peaks
whose temporal dynamics of intensity either correlated
(Pearson correlation coefficient [PCC] >0.5) or anti-
correlated (PCC < —0.5) with the gene expression pattern
in developing rods (Fig. 3B). GO term enrichment of cor-
related genes in each cluster revealed distinct biological
processes (Fig. 3C, Supplementary Material, Table S4).
Specifically, we noted the enrichment of genes involved
in mitochondrion organization (e.g. Camkmt, Ndufb4,
Wdr35, Lyrm7) and positive regulation of hexokinase
activity (e.g. Ranbp2, Duspl2, Tigar) from Cluster 7
(Fig. 3C, D). The continuous upregulation of NRL bind-
ing and their expression across developmental time
points are consistent with an increased demand of
mitochondria-associated metabolic functions during
rod maturation. Cluster 8 included genes responsible
for establishment of vesical localization (e.g. Tmed9,
Torla, Dctn2, Syt1) (Fig. 3C, D). The turning point of the
dynamics at P4 could be interpreted by the vesicle
transport activities during rod mitosis and during
ciliogenesis (62,63), which are respectively terminated
and initiated after P4. Signature biological processes
associated with photoreceptors, such as visual percep-
tion, cilium assembly (e.g. Arl3, Cep120, Nme5, Ift140)
and autophagy (e.g. Mtm1, Rnf5, Hspa8, Gabarapl2), are
enriched in Clusters 9 and 10 (Fig. 3C, D). The patterns
of NRL peak and gene expression for these two clusters
suggested a reduced requirement of NRL in sustaining
their high-level expression in mature rods. We also
performed the GO term analysis for anti-correlated
genes for each cluster (Supplementary Material, Fig. S4A,
Supplementary Material, Table S5). Genes involved in
chromatin organization, encoding components of histone-
modifying complexes (e.g. Cxxcl, Cbx8, Ing5, Hcfcl, Trrap,
Brpf3), are enriched in Cluster 1 (Supplementary Material,
Fig. S4B, Supplementary Material, Table S5), whereas
mitotic processes are detected within Clusters 5 and 10.

Direct targets of NRL identified by integrating
NRL occupancy with gene expression

To identify developmental stage-specific transcriptional
targets of NRL, we integrated the CUT&RUN data
with the genes that are differentially expressed (DE)

between wild-type rods and Nrl~~ S-cone-like pho-
toreceptors at corresponding time points (45) (Fig. 4A,
Supplementary Material, Tables S6,S7). As predicted,
NRL occupancy contributed to both transcriptional
activation and repression (Fig. 4B). GO Biological Process
analysis of direct NRL-activated targets at P2 revealed
the enrichment of genes involved in the modification
of postsynaptic actin cytoskeleton (e.g. Myhl0 and
Tiam1) (Fig. 4C, Supplementary Material, Fig. SSA, and
Supplementary Material, Table S6), and those at P4
belonged to retinal development in camera-type eyes
(e.g. Gnbl, Nr2e3) (Fig.4C, Supplementary Material,
Table S6). At P10, we detected activation of NRL-target
genes responsible for phototransduction, translation
(e.g. Rpll0a, Rplpl, Rps2) as well as ATP synthesis
(e.g. Coq/, Cycs, Cox8a, Nduful) (Fig. 4C, Supplementary
Material, Fig. S5B, Supplementary Material, Table S6).
Genes linked to metabolic process (e.g. Calr, Maz,
Derl2, Rnf5) and clathrin coat assembly (e.g. Aplbl,
Epnl, Cltc, Hipl) are enriched in mature rods at P28
(Fig. 4C and Supplementary Material, Fig. S5C, Supple-
mentary Material, Table S6). In parallel, GO Cellular
Component analysis of direct activated targets of
NRL revealed AP-1 transcription factor complex at P2
(e.g. Jun, Fos). Photoreceptor outer segment genes are
included among NRL targets at P4 (e.g. Bbst, Roml,
Rpl), whereas P10 targets of NRL showing induction
of gene expression corresponded to dendrite (e.g.
Abhd12, Actnl), axon, pre-synapse and mitochondria.
At P28, we observed an enrichment of NRL-activated
target genes that are part of cellular metabolism and
transport (Fig. 4D, Supplementary Material, Fig. S5D,
Supplementary Material, Table S6). GO enrichment anal-
ysis of NRL-repressed genes could be linked to separate
biological processes in developing and mature rod pho-
toreceptors (Fig. 4E and Supplementary Material, Table
S7). Curiously, genes involved in circadian regulation of
translation (e.g. Hnmpd, Perl, Rbm4) are repressed by NRL
at p28.

C-Jun as a direct transcriptional target of NRL in
rods
To identify NRL targets that could modulate NRL func-
tion, especially in newborn and developing rods, we cen-
tered on genes encoding transcription regulatory factors
(Supplementary Material, Tables S6 and S7) and discov-
ered the binding of NRL to AP-1 complex genes c-Jun
and c-Fos (Fig. 4D). Given that c-Fos does not bind DNA
directly or homodimerize (54), we focused on the distinc-
tive characteristics of c-Jun. The expression of c-jun in
post-mitotic rods decreased by almost 10-fold (from P2
to P28) during differentiation, whereas NRL transcripts
increased to a similar extent in the corresponding period
(45). Nonetheless, NRL occupied the promoter of c-Jun at
all time points (Fig. 4D).

In silico examination of the NRL peak region (—320
to +201) within the c-Jun promoter revealed three
putative binding motifs (Fig. 5A), and we, therefore,
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Figure 2. Temporal transcription factor spaced-motif enrichment. (A) Spaced motif (SpaMo) TF enrichment analysis process overview. NRL motif was
used as the primary motif, and all other TRANSFAC vertebrate motifs were considered secondary motifs. (B) Presence of NRL-binding motif in consensus
peaks identified in SpaMo analysis. All peaks and peaks annotated as promoter or non-promoter were analyzed at each timepoint. The presence and
absence of NRL motif is presented as a percentage of peaks investigated. (C, E) Secondary TF motifs enriched within 150 bases flanking the NRL motif
in promoter and non-promoter peaks, respectively. Motif redundancy reduction was achieved by presenting results at the TF family classification level.
Individual genes listed on the right of the heatmap are examples of family members expressed in rod photoreceptors. The first gene in the list is the
highest-scoring motif in the family, whereas the other gene/s listed are potential candidates based on their ability to bind the same motif and their
expression level in the rod photoreceptors. (D, F) Examples of NRL and secondary motif enrichments in promoter and non-promoter peaks, respectively.
Enrichment sequence logos of the SpaMo results along with the Transfac motif sequence logos for the highest scoring secondary motifs. Black lines
indicate the motif-binding site of enrichment for the primary and secondary motifs. Transfac V$TCF711_01 and V$NFATC3_01 motifs are presented from
the P2 results (upper panels), whereas V$MAFB_01 and V$POU2F2_06 are shown from the P10 results (lower panels).
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Figure 3. Dynamic NRL peak quantitation analysis. (A) Promoter peak quantitation at each timepoint was hierarchically clustered and dendrogram tree
cut to yield 10 clusters. Per peak Z-scores were used in the clustering and are shown in heatmap (left panel) and parallel plot (right panel) showing all
peak Z-scores with the mean Z-score highlighted. The number of peaks per cluster is indicated in the parallel plot (n). (B) PCC was calculated between
promoter peak Z-scores and the corresponding gene-level RNA-seq expression Z-scores in rod photoreceptors (Kim et al. [45]). Percentages of correlated
(PCC > 0.5, pink), anti-correlated (PCC < —0.5, green) and no correlation (0.5 > PCC > —0.5, blue) scores are shown for each peak cluster from panel A. (C)
Left panel: Parallel plot of cluster-wise rod photoreceptor RNA-seq expression Z-scores from genes found correlated (PCC > 0.5) with peak quantitation
Z-scores from B. Highlighted Z-score is mean of cluster Z-scores. Right panel: Functional gene enrichment (GO: Biological Process gene set) of genes in
clusters from left panel. (D) Heatmaps of NRL peak Z-scores (top row) or rod RNA-seq expression Z-scores (bottom row) for genes in selected pathways

found in panel C.

examined the direct binding of NRL to these motifs
by electrophoretic mobility shift assay (EMSA). Positive
control using an oligonucleotide probe derived from
the mouse Rhodopsin promoter that encompasses a

validated NRL-binding site demonstrated the binding
of nuclear proteins from adult mouse retina (64,65), and
this binding could be abolished by pre-incubating the
nuclear extracts with another NRL antibody previously
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Figure 4. Association of NRL peaks with the expression of genes potentially activated or repressed by NRL. Genes activated or repressed by NRL were
defined as genes whose expression was significantly differentially expressed in Nrl~/~ rods at each timepoint investigated by CUT&RUN. (A) Overlap of
annotated NRL IDR peaks with genes differentially expressed in rods at each timepoint. Activated (green): genes downregulated in Nrl~/~, Repressed (red):
genes upregulated in Nrl=/~. (B) Expression dynamics with time of genes from wild-type rods having associated NRL bound loci in potentially activated
(left panel) or repressed (right panel) genes found in (A). CPM: counts per million reads. (C) Upper panel: Functional gene enrichment (GO Biological
Process gene set) at each timepoint of potentially activated genes. Lower panel: NRL bound reads in the near genomic region (+ 2 kb) at each timepoint
for selected genes of the Retinal Development in Camera-type Eye pathway. (D) Top panel: Functional gene enrichment (GO Cellular Component gene
set) at each timepoint of potentially activated genes. Bottom panel: NRL bound reads in the near genomic region (+ 2 kb) at each timepoint for selected
genes of the Transcription Factor AP-1 Complex gene set. (E) Left panel: Functional gene enrichment (GO Biological Process gene set) at each timepoint
of potentially repressed genes. Right panel: NRL bound reads in the near genomic region (+ 2 kb) at each timepoint for selected genes of the Circadian
Regulation of Translation pathway.
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used for ChIP-seq (66) but not our custom-generated
antibody (Supplementary Material, Fig. S6). The addition
of an excess of unlabeled probe with wild-type but
not mutant NRL-binding motif eliminated the shifted
band. With respect to c-Jun promoter, nuclear proteins
bound to the three oligonucleotide probes including
the putative NRL-binding site (Fig. 5B). Pre-incubation
of nuclear extracts with the NRL antibody abolished the
shifted band for Probe-1 and Probe-2, but not Probe-3.
We then altered specific nucleotides within the putative
NRL-binding sequence of each probe by site-directed
mutagenesis (Fig. 5C). The shifted bands associated with
all three probes could be abrogated by the addition of
an excess of corresponding wild-type unlabeled probe,
whereas unlabeled mutant Probe-1 and Probe-2 (M1 and
M2, respectively) failed to compete with the respective
32p-labeled probes. The mutant Probe-3 oligonucleotide
had no effect on the shifted band in EMSA. These
results validate the binding of NRL to indicated sequence
elements within Probe-1 and Probe-2.

We then cloned the 521-bp NRL peak region from
c-Jun promoter upstream of a luciferase reporter gene
in pGL4.10 vector and co-transfected the c-Jun-Luc with
NRL-expression construct in HEK293 cells. We observed
dose-dependent activation of control pGL4.10 vector by
NRL potentially due to the presence of cryptic regulatory
elements as reported (67-71). Nonetheless, Jun promoter
activity was repressed by NRL in a dose-dependent
manner (Fig. 5D). Mutagenesis of NRL-binding sites in
M1 and M2 mutants, but not M3, compromised the
NRL-dependent repression (Fig. 5E). Taken together, our
EMSA and luciferase activity assays demonstrate that
NRL binds to two distinct sequence elements in c-Jun
promoter and can repress its transcriptional activity in
vitro.

Interaction of NRL with c-Jun in HEK293 cells and
in developing retina

Given that purified NRL and c-Jun polypeptides can
heterodimerize and bind to AP-1 sites (55), we wanted
to further examine their interaction. NRL and c-Jun
expression constructs were first co-transfected in
HEK293 cells. Immunoprecipitation of transfected cell
extracts with anti-c-Jun antibody detected NRL by
immunoblot analysis (Fig. 6A, left panel), and we could
co-immunoprecipitate c-Jun with the antibody against
NRL (Fig. 6A, right panel). Next, we performed co-
Immunoprecipitation using mouse retinas. Whole retina
immunoblot analysis showed NRL and c-Jun expres-
sion both during development and in adult tissues
(Fig. 6B, upper panels); however, NRL could be co-
immunoprecipitated with c-Jun from P4 and to a
lesser extent from P10 retinas, but not from mature
P28 retina (Fig. 6B, lower left panel). Reciprocal co-
immunoprecipitation also demonstrated c-Jun associ-
ation with NRL only at P4 but not at P10 or P28 (Fig. 6B,
lower right panel). These results suggest a developmental

stage- and/or context-specific functional interaction of
c-Jun and NRL.

Modulation of NRL-directed transcriptional
program by c-Jun in developing rods

Based on interaction studies, we predicted that the
activity of NRL could be modulated by c-Jun during
the early postnatal stages of rod development when
NRL levels are relatively low. To test this hypothesis,
we performed shRNA-mediated knockdown of c-jun
in developing mouse retina. The construct encoding
control shRNA or shRNA against mouse c-Jun was co-
electroporated with Nrlp-EGFP plasmid (41) into the
subretinal space of PO mice, as described (72). We then
sorted the rod photoreceptors from P10 control and c-jun
shRNA retinas based on GFP expression (0.4% and 0.3%
GFP+ rods from control and shRNA group, respectively)
and performed RNA-seq. Principal component analysis
indicated that the largest variance (39.75%) in the data
showed the separation of control samples from the
knockdown (Fig. 7A). c-Jun knockdown resulted in upreg-
ulation of 359 and downregulation of 623 genes (FC cutoff
of 2; 5% FDR) (Fig. 7B, Supplementary Material, Table S8).
Gene set enrichment analysis revealed downregulation
of many genes crucial for rod morphogenesis and
phototransduction (Fig. 7C) and RT-qPCR analysis con-
firmed the changes in the mRNA level of these genes
(Fig. 7D). These data provided evidence in support of
c-Jun modulating NRL-mediated gene transcription. To
further study the extent to which c-Jun contributes to the
expression of NRL-regulated genes, we compared the DE
genes identified by c-Jun knockdown with the P10 direct
NRL targets. Of the 623 downregulated genes, 81 genes
were ascertained as direct targets of NRL (73 activated
and 8 repressed) (Fig. 7E). In parallel, 25 of the 359
upregulated genes were direct NRL targets (16 activated
and 9 repressed). GO term analysis showed that genes co-
activated by NRL and c-Jun belonged to visual perception,
glycolysis and establishment of protein localization
(Fig. 7E, Supplementary Material, Table S9).

Discussion

Transcription factors integrate the cellular response to
multiple signals and control spatio-temporally precise
expression of genes during the development of divergent
cell types in metazoans. Combinatorial synergistic or
antagonistic interactions among TFs, together with
epigenomic modifications, influence DNA-binding char-
acteristics and the formation of a productive transcrip-
tion initiation complex at gene promoters. Relocation of
TFs to different cis-regulatory elements is a common
mechanism that drives cellular differentiation and
organogenesis, as exemplified by SOX2 during the transi-
tion of embryonic stem cells to neuronal differentiation
(73), Runx2 among major stages of osteoblastogenesis
(74) and MADS-domain TFs during Arabidopsis flower
development (75). Here we demonstrate a dynamic and
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Figure 5. Direct regulation of Jun transcription by NRL in vitro. (A) Jun proximal promoter sequence encompassing the NRL peak, with the probe sequences
highlighted in bold and shaded in green and the putative NRL motifs in magenta. The TSS is indicated with an arrow. (B and C) NRL directly binds to
Jun proximal promoter in vitro. 3?P-labeled probes containing putative NRL-binding sites were incubated with nuclear extract (NE) of P28 mouse retina.
The shift due to protein-DNA binding (indicated by a single asterisk) was eliminated by the addition of a specific antibody against NRL into the nuclear
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300x molar excess (C). Double asterisks denote a non-specific shift. (D) NRL represses Jun promoter activity in a dose-dependent manner in vitro. Fold
change in relative luciferase activity driven by the Jun promoter in the presence of NRL of increasing concentration as indicated. The relative luciferase
activity with the absence of the Jun promoter at each concentration of NRL serves as a reference. Each condition includes three biological replicates and
error bars represent the standard error of the mean. (E) NRL-mediated repression of jun promoter activity requires the functional NRL-binding sites.
Fold change in relative luciferase activity driven by the jun promoter with wild-type or mutated NRL-binding site, in the absence or presence of NRL.
Each condition includes five biological replicates and error bars represent the standard error of the mean; *indicate P <0.05 by Student’s t-test.
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of multiple NRL isoforms by our custom antibody  question theniswhatis the driving force for the temporal



3924 | Human Molecular Genetics, 2022, Vol. 31, No. 22

A co-IP from HEK293 cell line

5% input

IP:anti-JUN IP:anti-IgG

5% input IP:anti-NRL IP:anti-lgG

kDa 75

IB:anti-NRL IB:anti-JUN
B co-IP from developing mouse retinas
5% input 5% input
P4 P10 P28 P4
kDa 50— kDa50
37—

2

P4 P10 P28
IgG  JUN IgG

IP:anti- JUN I1gG JUN

IB:anti-NRL

a 37
- 25

IB:anti-NRL

IB:anti-JUN

P4 P10__ __P28
IP:anti- NRL IgG NRL IgG NRL IgG
kDa75

50
37

25

IB:anti-JUN

Figure 6. Co-immunoprecipitation of NRL and c-Jun from HEK293 cells and developing mouse retina. (A) Immunoblots (IB) with anti-NRL (left) or
anti-JUN (right) antibody of 5% input or eluate of immunoprecipitation (IP) with anti-JUN (left) or anti-NRL (right) antibody or non-specific IgG from
HEK?293 cells co-transfected with NRL- and JUN-expressing vectors. (B) Upper panels: immunoblots with anti-NRL (left) or anti-JUN (right) antibody from
5% input of mouse retinas of postnatal (P) days as indicated. Lower panels: immunoblots with anti-NRL (left) or anti-JUN (right) antibody of eluate of
immunoprecipitation with anti-JUN (left) or anti-NRL (right) antibody or non-specific IgG, from mouse retinas of postnatal days as indicated. Note that

our custom-generated NRL antibody was used for co-immunoprecipitation.

change of NRL occupancy? Non-specific binding of TF
can facilitate the search of specific sites by 3D diffusion
or local motions (76,77); therefore, NRL might navigate
the low specificity regions before being stabilized at
high specificity sites upon rod maturation. However,
our analysis reveals a comparable percentage of peaks

harboring the NRL motif across the time points and
does not support the hypothesis of increased binding
specificity. Alternatively, our data show an association
between the transition of NRL binding and that of
chromatin states (56); however, we cannot differentiate
whether the qualitative and quantitative changes in NRL
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Figure 7. Differential gene expression in jun knock-down retinas. (A) Principal component analysis of expressed gene used in the analysis. Samples
marked Ctrl (blue) are scrambled shRNA probe controls, whereas Jun KD samples (red) are Jjun shRNA knock down. (B) Volcano plot of differential
expression results. Red dots correspond to genes considered significantly differentially expressed with a fold change greater than two and an FDR value
lower than 5%. FDR: false discovery rate (C) Upper panel: Gene set enrichment analysis (GSEA) of the Visual Phototransduction (Reactome pathway) using
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binding are the cause or consequence of the dynamic
epigenetic landscape.

A TF can bind to numerous genomic sequences in a
non-specific manner; however, selectivity and kinetics of
binding (such as residence time) at target cis-regulatory
elements vary depending upon TF concentration and
interaction with other proteins, among others (78,79).
Low- and high-affinity binding sequences can exhibit
distinct TF dynamics, and therefore quantitative differ-
ences in local TF concentration within the nucleus can
impact the stoichiometry of regulatory proteins at gene
promoters influencing the transcription rate and expres-
sion levels (80). For example, different concentrations
of NF-«B or MYC lead to distinct promoter occupancies
and transcriptional profiles (81,82). NRL is critical for
rod cell fate determination, yet its expression increases
dramatically during differentiation and is then main-
tained at high levels. Our CUT&RUN results demonstrate
common as well as distinct targets of NRL at different
stages of photoreceptor development, suggesting gradual
acquisition of biological components that determine rod
morphology and function. As evident from our study, in
addition to rod-specific genes, NRL controls the expres-
sion of many widely expressed genes including those
involved in protein translation, mitochondrial ATP syn-
thesis and vesicle-mediated transport. How and why is
the expression of such genes controlled by a cell type
specific TF, such as NRL? We suggest that high metabolic
activities of photoreceptors require multiple levels of
control mechanisms and coordination of gene expres-
sion for maintaining energy homeostasis and functional
requirements. Alternative promoter usage can provide
one possible mechanism for exerting a specific control,
as in the case of Frmpdl (83). We also note that the
expression of many genes bound by NRL in CUT&RUN
assays is not impacted by the loss of Nrl, reflecting
low-affinity NRL binding, unfavorable genome topology
in photoreceptors and/or functional redundancy among
transcriptional regulators (84). Non-functional binding
of TFs may arise from the rewiring of transcriptional
networks and enhance adaption to environmental per-
turbations by bringing about evolutionary diversity (85).

NRL is a photoreceptor-specific bZIP transcription fac-
tor that belongs to Maf-subfamily within the AP-1 com-
plex superfamily (86). AP-1 functions as a dimer, com-
prising different combinations of JUN, FOS, MAF and
ATF subfamily of bZIP proteins that can form homo-
or heterodimers and control divergent biological pro-
cesses from cell differentiation to death (54). JUN proteins
can bind DNA as homo- and heterodimers, with the
latter being strong transcriptional regulators. Curiously,
NRL bound to the promoter sequences of c-jun, which
is a positive regulator of cell growth and proliferation.
EMSA validated the binding of NRL to two distinct sites
in the c-Jun promoter. The NRL motif within Probe-2
in our assay had an identical sequence as the AP-1
site within the human C-JUN promoter (—190 to —183),
which bound to heterodimers of c-Jun and ATF-2 in vitro

(87-89). Thus, NRL occupies the same AP-1 element in
the c-Jun promoter in rod photoreceptors as a homo-
or heterodimer. Co-transfection assays in HEK293 cells
suggest that NRL as a homodimer likely suppresses c-
Jun promoter activity. c-Jun is highly expressed in HEK293
cell line according to BioGPS Cell Line Expression Profiles
and can autoactivate its own transcription (90); as such,
the downregulated c-Jun promoter activity could be the
result of both NRL-mediated repression and the reduced
expression of endogenous c-Jun. These observations are
consistent with the reciprocal and dramatic changes in
expression of c-Jun and Nrl from P2 to P28 as rod mat-
uration proceeds (45). We also note that c-Fos could not
be immunoprecipitated from mouse retinal extracts with
anti-NRL antibody (data not shown) despite their inter-
action in vitro (55), suggesting a specific and biologically
relevant interaction of c-Jun and NRL interaction in early
developing rod photoreceptors.

We were intrigued by the extensive differential
occupancy of NRL during development and wondered
whether changes in NRL concentration alone define
promoter affinities and consequently expression levels.
NRL collaborates with CRX, NR2E3 and other proteins
to fine-tune rod-specific gene expression patterns
(17,18). Our data show that c-Jun and NRL (both AP-1
superfamily bZIP proteins) can likely heterodimerize as
shown by co-immunoprecipitation in HEK293 as well
as from mouse retina extract. Reduced expression of
many direct targets of NRL upon c-Jun knockdown in
developing mouse retina in vivo provides strong evidence
of cooperation between the two TFs in priming rod-
specific gene expression. Hence, the kinetics of NRL
binding is likely governed by local TF concentration as
well as spatiotemporal availability of regulatory proteins
that form a productive transcription complex at selective
promoters to generate quantitatively distinct expression
of genes. We propose that NRL binding to the c-Jun
promoter is likely unrelated to NRL-c-Jun-mediated
gene regulation. NRL homodimers could occupy c-Jun
promoter at all developmental stages and repress its
activity in a concentration-dependent manner. We sug-
gest that c-Jun-NRL heterodimers are stronger activators
of rod genes and needed to prime transcription until
other transcriptional regulators are present at relevant
concentration after P6, eventually leading to the major
detectable shift in rod transcriptome (45). However,
our study does not rule out the possibility that the
reduced expression of NRL targets in c-Jun knockdown
might be caused by NRL-independent mechanisms. For
example, c-Jun is reported to regulate cellular stress and
glucose metabolism (91-96), and both stress response
and metabolic products can modulate gene transcription
(97-100). One limitation of our current study is the
lack of direct evidence showing the binding of c-Jun to
NRL transcriptional targets, as our attempts to map the
genome-wide occupancy of c-Jun in P4 or P10 flow-sorted
rods by CUT&RUN were unsuccessful, with very few
IDR peaks identified. Further optimization of CUT&RUN



protocol or exploration of other approaches such as
CUT&Tag (101) may be needed to elucidate the genomic
binding landscape of c-Jun in rod photoreceptors. In
addition, a comprehensive understanding of c-jun’s
role in rod differentiation would require the creation of
more critical resources including a conditional knockout;
nonetheless, our findings serve as a starting point for
future research.

In conclusion, our study expands the NRL-directed
transcriptional regulatory landscape that controls rod
photoreceptor morphogenesis and functional matura-
tion and proceeds over a period of three weeks during
mouse retinal development. We hypothesize that combi-
natorial and synergistic (or at times antagonistic) actions
of NRL with c-Jun and other widely expressed transcrip-
tional regulatory proteins provide target-specific spatio-
temporal as well as quantitative control over rod gene
expression and permit integration of divergent signaling
pathways.

Materials and Methods

Mice

All mice involved in the current studies were treated with
protocols approved by the Institutional Animal Care and
Use Committee of the National Eye Institute (ASP#650).
C57BL/6 ] mice were used for CUT&RUN, and CD-1 mice
(Charles River, Wilmington, MA, USA) were used for in
vivo electroporation experiments.

Antibodies

For CUT&RUN and immunoblot, a custom antibody
generated as follows was used: a domain that encodes
the mouse NRL amino acids 23-130 was expressed in
Escherichia coli and used as the antigen to immunize
rabbits and antibodies were purified from the rabbit
serum using affinity column chromatography. For EMSA,
a rabbit polyclonal anti-NRL (Cat#ab-137193, Abcam,
Cambridge, UK) was used. All other antibodies were
purchased from commercial sources: mouse monoclonal
anti-GAPDH (Cat#G8795, MilliporeSigma, Burlington, MA,
USA), mouse monoclonal anti-JUN (Cat#sc-74 543, Santa
Cruz, Dallas, TX, USA), anti-mouse and anti-rabbit light
chain specific horseradish peroxidase conjugated anti-
IgG (Jackson ImmunoResearch Laboratories, West Grove,
PA, USA).

Plasmid DNA constructs and mutagenesis

Promoter sequence of mouse Jun (521 base-pair) was
amplified with Q5 High-Fidelity DNA polymerase (New
England Biolabs, Ipswich, MA, USA) from C57BL/6 ] mouse
genomic DNA and was subcloned into pGL4.10[luc2]
(Promega, Madison, WI, USA). Mutagenesis was per-
formed with Q5 Site-Directed Mutagenesis Kit (New
England Biolabs, Ipswich, MA, USA). Mouse Jun cDNA
sequence was amplified from mouse retinal cDNA library
with the reagents as described above and was subcloned
into pcDNA4c His/MaxC (Thermo Fisher Scientific,
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Rockford, IL, USA). Human NRL-expressing construct
was described earlier (39). shRNA-mediated knockdown
of mouse Jun was performed with shRNA-expressing
vector (TRC Clone ID TRCN0000042695, MilliporeSigma,
Burlington, MA, USA) and control pLKO.1-Scrambled
vector (Addgene, Watertown, MA, USA). The effectiveness
of knockdown of mouse Jun was tested in HEK293 cells.
Nrlp-EGFP vector was adopted from (102). Primers are
listed in Supplementary Material, Table S10.

In vivo electroporation

Neonatal mice at PO were used for in vivo electropora-
tion as previously described (72,102) with shRNA vectors
(2.5 png/ul, 0.4 uLl) and the Nrlp-EGFP vector (1.5 ug/uL,
0.4 uL).

Cut&run

CUT&RUN protocol was adopted and modified from
the previous description (51). In brief, retinas were
dissected at P2, P4, P10 and P28 and cells were dissociated
using dissociation solution (30 U/mL papain, HBSS
pH 7.4, 1 mg/mL glucose, 10 mM Hepes, 100 U/mL
DNase I, 5 ug/mL superoxide dismutase, 5 wg/mL
catalase, 10 pg/mL D-alpha-tocopherol acetate, 1 mg/mL
glucoscysteine-HCl, 5 wug/mL superoxide dismutase,
50 ug/mL gentamycin). Cells were pelleted at 200 g for
5 min, washed and re-suspended in Wash Buffer (20 mM
HEPES pH 7.5, 150 mM NaCl and 0.5 mM Spermidine)
with Complete Protease Inhibitor tablet (MilliporeSigma,
Burlington, MA, USA). Concanavalin A-coated beads
(Polysciences, Warrington, PA, USA) were incubated with
the cell suspension containing 250000 cells for 10 min,
washed to remove unbound cells and incubated with NRL
antibody (1:200) in Antibody Buffer (20 mM EDTA and
0.02% digitonin in Wash Buffer) for overnight. The next
day beads were washed with Wash Buffer containing
0.02% digitonin and incubated with 700 ng/mL pA-MNase
for 1 h at4°C. Beads were washed, re-suspended in 100 uL
of Wash Buffer containing 0.02% digitonin and incubated
with 2 mM CacCl, at 0°C for 30 min. Cleavage reaction was
quenched by adding 100 pL 2X Stop Buffer (340 mM Nacl,
20mM EDTA, 4 mM EGTA, 0.02% digitonin, 25 uL RNase A,
0.05 mg glycogen and 10 pg heterologous spike-in DNA).
DNA fragments were released from insoluble nuclear
chromatin by incubation at 37°C for 10 min and extracted
by spin column (Qiagen, Hilden, Germany). Libraries were
prepared with ThruPLEX DNA-seq kit (Takara Bio USA,
Inc, Mountain View, USA).

EMSA

Probes were produced by annealing complementary
oligonucleotides in duplex buffer (10 mM Tris-HCl pH 8.0,
1 mM EDTA, 50 mM NacCl), heated at 95°C for 2 min and
cooled to room temperature over 60 min in thermocycler.
Probes were labeled with y3?P ATP (30 pmol probe, 1X T4
polynucleotide kinase reaction buffer, 20 units T4 PNK
[New England Biolabs, Ipswich, USA], 16.5 pmol y32P ATP
[PerkinElmer, Waltham, USA]) at 37°C for 30 min followed
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by heat inactivation at 65°C for 20 min. 3?P labeled
probes were purified with Illustra MicroSpin™ G-25
Columns (GE Healthcare, Chicago, USA) and radioactivity
was measured. EMSA was performed in binding buffer
(LightShift, Thermo Fisher Scientific, Rockford, IL, USA)
with 5 mM MgCl,, 50 ng/uL Poly dledC, 100000 dpm of
32p-labeled probe and 20 pg nuclear protein. Unlabeled
wild-type and mutant probes (300 molar excess) were
used for the competition assay. NRL-specific binding
was tested by adding 1 ug NRL antibody to the nuclear
extracts and incubating for 1 h prior to the addition
of probes. Reactions were performed for 1 h at room
temperature and resolved on a 6% DNA Retardation
gel (Invitrogen, Carlsbad, USA) in TBE buffer (Thermo
Fisher Scientific, Waltham, MA, USA). Gels were dried
and exposed to radiographic film on an amplifying screen
cassette overnight at —80°C.

Dual luciferase reporter assays

HEK293 cells were seeded in 48-well plates in Dulbecco’s
modified Eagles’s medium (DMEM) (Thermo Fisher
Scientific, Waltham, MA, USA) that contains 10%
fetal calf serum. Transfection was performed with X-
tremeGENE 9 DNA Transfection Reagent (MilliporeSigma,
Burlington, MA, USA). Cells at 70-80% confluence were
co-transfected with 2.5 ng CMV-Renilla, 100 ng wild-type
or mutant mouse Jun promoter-driving firefly luciferase,
and a varying amount of NRL-expressing construct as
indicated. Empty pcDNA4C vector was used to adjust the
total amount of DNA. Cells were harvested after 48 h
and reporter assays were performed using the Dual-
Luciferase Reporter Assay System (Promega, Madison,
WI, USA). Firefly and Renilla luciferase activities were
measured with a modulus microplate luminometer
(Turner Biosystems, Sunnyvale, CA). All experiments
were performed in biological triplicates and statistical
significance was determined by Students’ t-test.

Co-immunoprecipitation

For co-immunoprecipitation from HEK293 cells, cells
were seeded in 6-well plates and co-transfected with
500 ng human NRL and mouse c-Jun expressing vectors
as previously described. For co-immunoprecipitation
from developing mouse retinas, retinas were collected
at the time points indicated. In both cases, protein
extracts were prepared in IP buffer (40 mM Tris-HCl
pH 8.0, 150 mM NaCl, 2 mM EDTA and 0.2% NP-40)
in the presence of Complete Protease Inhibitor tablet.
Protein A (or G) Dynabeads (Thermo Fisher Scientific,
Waltham, MA, USA) were incubated with 1 ug of the
desired antibodies, washed and incubated with 500 ug
protein extracts overnight at 4°C. Beads were then
washed and bound protein complexes were eluted in
Laemmli Sample Buffer (Bio-Rad, Hercules, CA, USA).

Immunoblot

Protein samples in Laemmli sample buffer were boiled
at 95°C for 10 min and were resolved by SDS-PAGE and

transferred to PVDF membranes (Bio-Rad, Hercules, CA,
USA). The membranes were blocked in 5% skim milk
dissolved in 1x Tris-buffered saline (20 mM Tris, 150 mM
NaCl) with 0.1% Tween-20 (TBST) for 1 hr, and incubated
with the desired primary antibodies (1:1000) overnight at
4°C. The membranes were washed in 1x TBST and incu-
bated with conjugated-HRP secondary antibody (1:5000)
for 2 h at room temperature. The membranes were
washed again in 1x TBST and subjected to visualization
of protein bands by enhanced chemiluminescence plus
(Thermo Fisher Scientific, Waltham, MA, USA).

RT-gPCR

EGFP positive electroporated retinal areas were excised
under a fluorescence dissecting scope. Total RNA was
extracted with TriPure Isolation Reagent (Thermo Fisher
Scientific, Waltham, MA, USA) and first-strand cDNA
synthesis was performed with SuperScript II Reverse
Transcriptase (Life Technologies, Carlsbad, CA, USA).
Quantitative PCR was performed using PowerUp SYBR
Green Master Mix (Applied Biosystems, Waltham, MA,
USA) in multiple biological and technical replicates.
Primers are listed in Supplementary Material, Table S10.

CUT&RUN sequencing data analysis

CUT&RUN libraries generated of quadruplicate bio-
logical replicates at each time point were paired-end
sequenced to a length of 101 bases on a HiSeq 2500
System (Illumina, San Diego, CA, USA). Sequencing
reads were trimmed using Trimmomatic v0.38 (103) for
library adapters, 6-base tail cropping, end-wise PHRED
20 quality score, and requiring a minimum length
of 25 bases for further analysis using the following
settings: ILLUMINACLIP:(adapter):2:15:4:4:true  TAIL-
CROP:6 LEADING:20 TRAILING:20 MINLEN:25. Trimmed
sequencing reads were aligned to a chimeric index
using bowtie2 v2.3.5.1 (104) with the following settings:
—end-to-end—dovetail -I 10 -X 700—very-sensitive—
no-unal—no-mixed—no-discordant -qg—phred33. A
chimera bowtie2 index was created by concatenating
genomic DNA fasta files of Mus musculus GRCm38
(http://sep2019.archive.ensembl.org/Mus_musculus/

Info/Index), Saccharomyces cerevisiae S288C (https://www.
ncbinlm.nih.gov/assembly/GCF_000146045.2) and E.
coli ASM584v2 (https://www.ncbi.nlm.nih.gov/assembly/
GCF_000005845.2) prior to running the bowtie2 index
function. Quality alignments were kept if MAPQ scores
were greater than 20 using samtools v1.9 (105). Dupli-
cate aligned reads were removed using picard v2.20.8
(https://broadinstitute.github.io/picard/) MarkDupli-
cates algorithm. Peaks were identified using MACS2
v2.2.5 (106). Called peaks overlapping ENCODE blacklist
regions (107) were removed using Bedtools v2.29.0 (108).
The IDR approach was used to determine consensus
peaks at each timepoint using IDR v2.0.3 (https://doi.
0rg/10.1214/11-AOAS466) with an IDR threshold of
0.05. IDR was performed using two replicates with
consensus peaks passing the IDR threshold. For each


http://sep2019.archive.ensembl.org/Mus_musculus/Info/Index
http://sep2019.archive.ensembl.org/Mus_musculus/Info/Index
https://www.ncbi.nlm.nih.gov/assembly/GCF_000146045.2
https://www.ncbi.nlm.nih.gov/assembly/GCF_000146045.2
https://www.ncbi.nlm.nih.gov/assembly/GCF_000005845.2
https://www.ncbi.nlm.nih.gov/assembly/GCF_000005845.2
https://broadinstitute.github.io/picard/
https://doi.org/10.1214/11-AOAS466
https://doi.org/10.1214/11-AOAS466

timepoint, IDR was performed using all possible pair
combinations of the replicates. The consensus peaks
determined from the pair of replicates yielding the
highest number of consensus peaks was used for further
analysis. Annotation was assigned to each peak using the
‘annotatePeak’ function of ChipSeeker v1.22.1 package.
Functional gene enrichment analysis throughout the
manuscript was performed using gProfiler v0.7.0 (https://
biit.cs.ut.ee/gprofiler/gost) using GO Biological Process
gene sets.

Spaced motif enrichment analysis

Spaced motif analysis was performed with MEME Suite
module SpaMo v5.4.1 (109) using transcription factor
motifs from TRANSFAC v2017.3 (110). Motif V$NRL_01
was used as the primary motif whereas the vertebrate
motifs were used as secondary motifs. Fasta files for
input were generated using Bedtools from bed files con-
taining promoter, non-promoter or all peaks at each
timepoint. Bed files were modified so that every genomic
region was 500 bases flanking the peak summit. Motif
redundancy from the SpaMo results was performed at
the transcription factor Family rank denomination using
the classifications defined in TFClass (111).

Chromatin state mapping

Fastq files from the retina data, as reported (56), were
processed through the ENCODE Data Coordinating Cen-
ter Uniform Processing Pipelines (ENCODE 4) ChIP-seq
pipelines. Output bam files were used to generate chro-
matin state maps using ChromHMM v1.22 (112) gener-
ating 16 chromatin states. Annotation of the chromatin
state was based on descriptive titles of chromatin states
in Gorkin et al. (2020) (113).

Temporal peak quantitation analysis

Temporal peak quantitation was performed in R v3.6.1
(https://www.r-project.org/) using the consensus peaks
for each timepoint. Overlapping peaks in each consensus
peak were merged using the ‘reduce’ function in IRanges
v2.20.2 (114) package to generate a common peak list for
quantitating peaks. Each sample bam file created in the
analysis was used for quantifying the peaks using the
‘regionCounts’ function in the csaw v1.20.0 (115) pack-
age. Normalization factors for each sample were gener-
ated using ‘windowCounts’ function binning the reads
into 10000 base windows with a maximum fragment
size of 400 bases. Z-score of the average normalized log
counts-per-million value for each timepoint was used to
cluster the change in temporal peak score into 10 clusters
using Ward’s D2 hierarchical clustering method.

RNA-seq analysis

EGFP positive rods electroporated with control and
Jun shRNA constructs were flow-sorted as previously
described (45). Full length cDNA was generated using
SMART-seq v4 Ultra Low Input RNA Kit (Takara, Kusatsu,
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Shiga, Japan) from 200 to 2000 cells per sample. Library
generation from cDNA was prepared using Nextera
XT DNA Library Kit (Illumina, San Diego, CA, USA)
and paired-end sequenced to a length of 126 bases
on a HiSeg-2500 System (Illumina, San Diego, CA,
USA). Fastq files were generated from reads passing
chastity filter and used for further analysis. Illumina
adapter, polyA and polyT sequence trimming was
performed with Trimmomatic v0.39. Transcript level
quantitation was performed using Kallisto v0.44.0 (116)
employing a merged transcript cDNA and ncRNA FASTA
file downloaded from Ensembl v94 (http://oct2018.
archive.ensembl.org/index.html). Gene level quantifi-
cation performed in R (https://www.r-project.org/) was
generated by summarization of the transcript level
quantitation using tximport v1.14.0 (117) with the option
‘countFromAbundance =lengthScaledTPM’. The gene
level count values were TMM normalized and differential
expression was performed using the ‘exactTest’ function
in edgeR v3.28.1 package (118).

Data Availability

All raw and processed data are available through NCBI's
Gene Expression Omnibus: GSE197421 (http://www/ncbi.
nlm.nih.gov/geo/query/acc.cgi?acc=GSE197421).
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