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The Maf-family leucine zipper transcription factor NRL is essential for rod photoreceptor development and func-
tional maintenance in the mammalian retina. Mutations in NRL are associated with human retinopathies, and
loss of Nrl in mice leads to a cone-only retina with the complete absence of rods. Among the highly down-regu-
lated genes in the Nrl2/2 retina, we identified receptor expression enhancing protein 6 (Reep6), which encodes a
member of a family of proteins involved in shaping of membrane tubules and transport of G-protein coupled
receptors. Here, we demonstrate the expression of a novel Reep6 isoform (termed Reep6.1) in the retina by
exon-specific Taqman assay and rapid analysis of complementary deoxyribonucleic acid (cDNA) ends
(5′-RACE). The REEP6.1 protein includes 27 additional amino acids encoded by exon 5 and is specifically
expressed in rod photoreceptors of developing and mature retina. Chromatin immunoprecipitation assay
identified NRL binding within the Reep6 intron 1. Reporter assays in cultured cells and transfections in retinal
explants mapped an intronic enhancer sequence that mediated NRL-directed Reep6.1 expression. We also dem-
onstrate that knockdown of Reep6 in mouse and zebrafish resulted in death of retinal cells. Our studies implicate
REEP6.1 as a key functional target of NRL-centered transcriptional regulatory network in rod photoreceptors.

INTRODUCTION

The mammalian retina offers a convenient paradigm to investi-
gate complexities of neuronal differentiation and degeneration
(1). Six major types of neurons in the mammalian retina are orga-
nized in three distinct cell layers to facilitate the capture, integra-
tion and processing of visual information. All retinal neurons and
Müller glia originate from common pools of multipotent progeni-
tor cells in a conserved order of birth under the stringent control of
an intrinsic genetic program and signals from the microenviron-
ment (2–4). Over 70% of the retinal neurons are photoreceptors
that are highly specialized to capture photons and initiate the
visual process. Rod photoreceptors dominate the retina of most
mammals, including humans, and mediate dim light vision,

whereas cone photoreceptors are responsible for day light and
color vision. In humans, dysfunction and death of photoreceptors
are the primary cause of retinal degenerative diseases (5). Rod de-
generation is an early indicator of disease even in age-related
macular degeneration (6).

Development of rod photoreceptors and their functional main-
tenance are critically dependent upon the Maf family basic motif
leucine zipper transcription factor NRL (3). Abrogation of NRL
expression in mice (Nrl2/2) leads to a retina with the complete
absence of rods but with dramatically enhanced S-cone photore-
ceptors (7), whereas ectopic expression of NRL results in a
rod-only mouse retina (8). In developing mouse retina, NRL and
thyroid hormone receptor b2 (Trb2) determine the specification
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of three photoreceptor subtypes (rod, M-cone and S-cone) from
postmitotic precursors (9). Other key transcription factors that
regulate photoreceptor development include OTX2 (10–12),
retinoid-related orphan nuclear receptor RORb (13) and
cone-rod homeobox CRX (14–16). NRL interacts with a
number of transcriptional regulatory proteins including CRX,
orphan nuclear receptor NR2E3 and NonO/p54nrb to control the
expression of rhodopsin and other rod-specific genes (17–19).

Gene profiling analysis of Nrl2/2 retina and chromatin immu-
noprecipitation followed by next generation sequencing
(ChIP-Seq) have identified a large number of NRL target genes
that include transcription factors (such as NR2E3, MEF2C and
ESRRB) as well as rod and cone expressed genes with diverse
functions (20–26). These studies have yielded new insights into
rod development and provided candidate genes for retinal degen-
erative diseases (22). Among the top-ranked down-regulated
genes in the Nrl2/2 retina (20,26) is Reep6, encoding one of the
six mammalian REEP family proteins, which are orthologs of
DP1/Yop1p family implicated in shaping tubular organelle struc-
tures and intracellular trafficking of receptors to membranes
(27,28). REEP1 is implicated in enhancing cell surface expression
of odorant receptors (29,30), probably by facilitating vesicular
transport (31). Mutations in REEP1 cause hereditary spastic para-
plegia by disrupting tubular endoplasmic reticulum (ER) shaping
and microtubule interactions (32). REEP3, a candidate gene for
autism (33), was recently shown to be involved in clearance of
ER from metaphase chromatin during cell cycle progression
(34).REEP5 (DP1) was identified by its interactionwith reticulon,
and its yeast homolog Yop1p has been implicated in ER shaping
(27). REEP6 (also called Dp1l1) was initially identified in retinal
ganglion cells (35), and REEP6 polymorphisms have been asso-
ciated with colon cancer and inflammatory bowel disease (36).
However, little is known about REEP6 function and its role, if
any, in human disease.

We recently demonstrated that Reep6 is highly expressed in
rod photoreceptors of mouse retina (37). As rod outer segment
development and maintenance require high membrane turnover
in conjunction with transport of rhodopsin, and REEP proteins
are good candidates to perform such roles through their ER–
microtubule interaction, we wanted to further explore the regu-
lation and importance of REEP6 in the retina. Here, we report
the identification of a novel retina-specific isoform of Reep6.
We have identified an intronic enhancer element that binds to
NRL and is required for Reep6 transcription in both in vitro
and in vivo assays. Furthermore, knockdown experiments dem-
onstrate the requirement of Reep6 in mouse and zebrafish retina.
Our studies reveal REEP6 as a key target of NRL for maintaining
rod photoreceptor function and homeostasis.

RESULTS

The long isoform of Reep6 is highly expressed in the retina

The Reep6 gene encodes several splice variants (ENSMUS
G00000035504, Ensembl); of these, two major variants, listed
in the NCBI database, differ by an alternate exon 5. To identify
the isoform(s) expressed in the mouse retina, we checked the
RNA-Seq data generated in our laboratory (38,39). We identified
RNA sequence reads corresponding to the longer isoform of
Reep6 with exon 5 (RefSeq. Isoform 1; NM_139292.2), termed

Reep6.1, in postnatal (P) day-10 mouse retina (Fig. 1A). Although
the shorter Reep6 isoform (Reep6.2; NM_001204931.1) lacking
exon 5 is detectable in RNA-Seq from early developmental
stages, Reep6.1 is the predominant form at P0 and the only form
detected at P21 retina (data not shown).

We then examined the transcript levels of Reep6.1 (with exon 5)
and Reep6.2 (without exon 5) in developing and mature retina
using splice-junction specific Taqman probes in quantitative
reverse transcriptase polymerase chain reaction (qRT-PCR)
assays (Fig. 1B). Reep6.1 transcript is evident at P4, reaching its
peak level at P12, whereas Reep6.2 expression was barely detect-
able (Fig. 1B). The expression of Reep4, another member of the
REEP family, is not detected in the mouse retina (Fig. 1B). The in-
crease in Reep6.1 transcript follows the course of rod maturation
during mouse retinal development. To test this hypothesis, we per-
formed transcript-level quantification using RNA-Seq data from
rod photoreceptors purified from Nrl-green fluorescent protein
(GFP) transgenic mouse (26). Consistent with the whole retina
data, developmental expression profiling revealed a sharp increase
in the expression levels of Reep6.1 after P6 and during rod photo-
receptor maturation (Fig. 1C). Moreover, Reep6.1 transcripts were
barely detectable in purified photoreceptors from cone-only
Nrl2/2 retina (Fig. 1C).

To further examine the tissue specificity of Reep6 isoform ex-
pression, we performed 5′-RACE using ribonucleic acid (RNA)
from retina and liver, two tissues reported to exhibit high levels
of Reep6 transcripts (35). As retina is part of the central nervous
system, we also tested brain RNA. We used reverse primers P1
(for exon 4) and P3 (for exon 6) to target common exons in
Reep6.1 and Reep6.2 isoforms, and P2 (for exon 5) to target
exon 5 specifically (Fig. 1D). P1 primer produced products of
similar size in 5′-RACE using retina and liver RNA, whereas
P2 primer generated a product only when retinal RNA was
used (Fig. 1E). As predicted, the P3 primer produced a longer
PCR product (with exon 5) from retinal RNA compared with
liver RNA (without exon 5) (Fig. 1E). Brain RNA did not gener-
ate any product with any of the primers (Fig. 1E). Sequencing of
15 clones generated from Reep6 5′-RACE products showed that
transcripts from the retina and liver share the same transcription
start site (TSS) located at the beginning of exon 1, and that the
retinal transcript, but not the liver transcript, included Reep6
exon 5 (data not shown). These results further confirm that
Reep6.1 is expressed specifically in the retina.

The presence of an additional exon in Reep6.1 prompted us to
investigate its possible consequence for protein structure. In
silico analysis of REEP6.1 and REEP6.2 using I-TASSER
(40–42) predicted an additional coil and a loop structure that
are displaced from the core as a result of 27 additional amino
acids (corresponding to exon 5) in REEP6.1 protein (Fig. 1F,
shaded in yellow).

Using anti-REEP6 antibody (37) for immunoblotting, we
detected high expression of REEP6 protein in the retina and
liver, but not in the brain, muscle and kidney (Fig. 1G). Further-
more, REEP6 protein in the retina showed higher molecular
mass compared with that from the liver, consistent with
5′-RACE data and the presence of additional 27 residues in
REEP6.1 (see Fig. 1D and E). Concordant with the photorecep-
tor gene profiling data (see Fig. 1C), REEP6.1 protein is not de-
tectable in the Nrl2/2 retina, but REEP6.2 expression is
unaffected in the Nrl2/2 liver (Fig. 1G).
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REEP6.1 is specifically expressed in rod photoreceptors

The preceding studies provide strong evidence in favor of specif-
ic expression of REEP6.1 in rod photoreceptors and the control

of its expression by NRL. To test rod photoreceptor-specific

expression of REEP6.1, we performed immunofluorescence

analysis of Nrl+/+ [wild-type (WT)] and Nrl2/2 retinal sections

using REEP6 antibody. In WT retina, REEP6 immunolabeling

was present throughout the outer nuclear layer (ONL) as well

as in the outer plexiform layer (OPL) both during the develop-

ment (P10) and in the mature (P30) retina (Fig. 2A). REEP6.1

protein was not detected in Nrl2/2 retina (Fig. 2A).
Notably, theoccasional sporadic absence of REEP6.1 immuno-

labeling was observed within the outer segments (OS), particular-
ly evident in the mature retina (see Fig. 2A). Double-labeling with
cone photoreceptor-specific markers, such as peanut agglutinin
[PNA; (43)] and anti-protein kinase C (PKC) antibody (44),
revealed that the REEP6.1-negative regions correspond to cone
OS embedded among the more densely packed REEP6-positive

rod OS (Fig. 2B). Consistent with the exclusion of REEP6.1 stain-
ing from cone photoreceptors, no REEP6.1 labeling was present
within OS in the Nrl2/2 retina, in which all photoreceptors are
functional cones (7,45,46).

Next, we examined REEP6.1 expression within the OPL.
REEP6.1 labeling was also found in the photoreceptor terminals,
evidenced by double-labeling with antibodies to C-terminal
binding protein 2 (CtBP2; also called Ribeye), a protein associated
with the synaptic ribbons of all photoreceptor cells [(47); Fig. 2C].
REEP6.1 immunolabeling, however, was excluded from
CtBP2-labeled photoreceptor terminals that were also PNA-
positive, indicating that REEP6.1 is restricted to the terminal
endings (the spherules) of the rod photoreceptors only. In the
cone-only Nrl2/2 retina, no REEP6 labeling was present in the
OPL,where theentirepopulationofCtBP2-positivephotoreceptor
terminals was also PNA-positive (Fig. 2C). In contrast to a previ-
ous report (35), no REEP6 immunostaining was observed in gan-
glion cells both in WT and Nrl2/2 retina. Thus, REEP6.1 is
specifically expressed in rod photoreceptors of the mouse retina.

Figure 1. Reep6 structure, expression profile and identification of a retina-specific isoform. (A) Expression of Reep6 long transcript (Reep6.1), with exon 5, in the
retina. The transcript analysis was done by RNA-Seq using WT mouse retina at postnatal (P) Day 10. (B) Developmental expression profile of Reep6.1 (with
exon 5), Reep6.2 (without exon 5) and Reep4 transcripts. These transcripts from WT mouse retina, at indicated ages, were quantified by RT-qPCR using exon-specific
Taqman probes. (C) Expression levels of Reep6.1 and Reep6.2 transcripts in developing and mature photoreceptors purified by flow-sorting from WT and Nrl2/2

retina, based on RNA-Seq quantification. x-axis shows developmental time, and y-axis represents fragments per kilobase of exon per million fragments mapped
(FPKM)+ standard error of mean. (D) Reep6 gene structure showing the primers used for 5′-RACE. Exons are shown as black boxes and the connecting lines rep-
resent spliced regions. P1, P2 and P3 are reverse primers. P2 primer is specific for exon 5. (E) Agarose gel showing 5′-RACE products developed from retina (R), brain
(B) and liver (L) using reverse primers residing in exon 4 (P1), exon 5 (P2) and exon 6 (P3). Exon 5 was recognized with P2 and Reep6.1 transcript was present only in
the retina. P3 generated a longer product from retina compared with the product from liver. (F) Protein structure modeling of full length (REEP6.1) and REEP6.2,
without exon 5. The amino acid residues coded by exon 5 (shown in yellow) confer additional structural features to the remaining region. (G) REEP6.1 expression
in the retina. Immunoblot analysis of various tissues using anti-REEP6 antibody demonstrates retina-specific expression of REEP6.1, which is not detected in the
Nrl2/2 retina. REEP6.2 is expressed in the liver. No REEP6 protein is observed in brain, muscle and kidney. The analysis was done using tissues from 1-month
old WT and Nrl2/2 mice. GAPDH was used as a loading control.
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NRL binds to an intronic enhancer in Reep6 and increases
its promoter activity in an in vitro reporter assay

To testwhether Reep6 is a transcriptional target ofNRL, weexam-
ined our published NRL ChIP-Seq data (22). NRL binding was
detected within the first intron of the mouse Reep6 gene
(Fig. 3A), suggesting that the intronic region could act as an en-
hancer for NRL-mediated transactivation and produce Reep6.1
transcript in rod photoreceptors. We therefore performed
ChIP-qPCR assays using mature (P21) and developing (P2, time
of the peak of rod birth) retina. High NRL binding was evident

in the intronic regionofReep6 (Fig.3B), concordant withprevious
ChIP-Seq results and higher expression of Reep6.1 transcript in
mature rod photoreceptors (see Fig. 1C).

To test whether NRL binding enhances Reep6 promoter activ-
ity, we cloned the NRL-binding intronic region at the 3′-end of a
luciferase reporter gene that is driven by the Reep6 basal pro-
moter (752 bp). Co-transfection of the reporter construct with
NRL expression plasmid in HEK293 cells increased luciferase
expression in the presence of the enhancer in a dose-dependent
manner, whereas NRL co-transfection had no effect on Reep6
basal promoter in the absence of this sequence (Fig. 3C).

Figure 2. Reep6 expression in rods requires NRL. (A) Mouse retinas at P10 and P30 labeled with anti-REEP6 antibody. At both ages, REEP6 immunolabeling in the
WT retina is restricted to the photoreceptor layer (PR), the ONL and OPL, but is entirely absent in the Nrl2/2 retina. (B) Higher magnification micrographs through the
photoreceptor OS of WT retina show that REEP6 intensely labels the majority of photoreceptors, yet sparing the cone photoreceptors that are labeled with PNA or
antibodies to PKC. In the Nrl2/2 retina, the entire PR is labeled for both PNA and PKC and lacks REEP6 labeling. (C) Higher magnification double-labeled images
from the OPL confirm that REEP6 labeling is restricted to the rod spherules, evidenced by its absence in the CtBP2 and PNA double-labeled cone pedicles. The OPL of
the Nrl2/2 retina containsno REEP6labeling, and the distribution ofCtBP2-positive synaptic terminals overlaps that of the PNA-positive (respecified) cone terminals.
PR, photoreceptor layer; ONL, outer nuclear layer; OPL, outer plexiform layer; INL, inner nuclear layer; GCL, ganglion cell layer. Scale bar ¼ 25 mm.
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Co-transfection with CRX, which controls the expression of
many rod genes synergistically with NRL (18,22), did not alter
Reep6 promoter activity with or without the enhancer and
showed no effect on NRL-mediated transactivation of Reep6 en-
hancer activity (Fig. 3C).

NRL activates Reep6 promoter in the retina through
an intronic enhancer element

To investigate the mechanism of Reep6.1 regulation in the retina,
we generated GFP reporter constructs under the control of Reep6
promoter and performed in vitro transfection of retina using elec-
troporation (48,49) (Fig. 3D). We first tested genomic regions
upstream of TSS for promoter activity and genomic fragments
up to (2) 3594 bp (P3594), which did not show significant pro-
moter activity (Fig. 3D). We then cloned a 617 bp intronic region
that includes the NRL ChIP-Seq peak (termed ‘Peak’) and a
1368 bp intronic region (CIR) that contains two additional
highly conserved sequence clusters (see Fig. 3A), one of which
overlaps with the peak region, in the Reep6 promoter-GFP con-
structs. The CIR significantly increased the activity of a longer
Reep6 promoter (P3594) (shown as construct CIR-P3594 in
Fig. 3D) and a short promoter (P752) in construct CIR-P752
(Fig. 3D). The ‘Peak’ sequence also increased Reep6 promoter
activity though at a lower level (Fig. 3D). Our results suggest
that the CIR acts as an enhancer to mediate transactivation of

Reep6 by NRL. CIR or ‘Peak’ region alone did not show detect-
able promoter activity in electroporation assays (Fig. 3D).

To further validate NRL as a key positive regulator of Reep6
transcription, we used shRNA to knockdown Nrl expression in
the mouse retina by in vivo electroporation and monitored CIR-
dependent Reep6 promoter activity. Nrl shRNA abolished the
expression of GFP while Gapdh shRNA had no effect, demon-
strating that NRL is the primary activator of Reep6 transcription
(Fig. 4). These results are in concordance with the dramatic re-
duction of REEP6 protein in Nrl2/2 mouse retina (see Figs 1G
and 2).

Reep6 is required for retinal development in zebrafish
and mouse

To examine the role of Reep6 in retinal development, we knocked
down reep6 in zebrafish using antisense morpholinos (MOs).
Knockdown of reep6 by translation blocking MO (reep6-atgMO)
led to severely compromised eye development in the morphants
compared with the embryos injected with standard negative
control morpholino (Fig. 5A). Histological analysis of retina at
72 h postfertilization showed aberrant retinal lamination in
reep6 morphants compared with control morpholino injected
embryos (Fig. 5A). The specificity of the phenotype observed
with reep6-atgMO was confirmed by using a splice-blocking
morpholino, termed reep6-spMO, with a scrambled version

Figure 3. An intronic enhancer in Reep6 is required for NRL binding and its expression in the retina. (A) Mouse Reep6 gene structure with exon:intron boundary is
shown. Black boxes are exons and connecting lines indicate introns. A directional arrow indicates TSS. ChIP-seq signal peaks demonstrate NRL binding within Reep6
intron 1 at P28. The sequence conservation between mouse and human is represented with black strips (density is proportional to conservation) below the gene struc-
ture. The bottom part shows Reep6 genomic fragmentscloned in green fluorescentprotein (GFP) constructs. P: promoter,CIR: conserved intronic region (conservation
between mouse and human) that encompasses the NRL peak region, Peak: NRL ChIP-Seq peak region. (B) NRL binding to Reep6 intronic region measured by
ChIP-qPCR at P2 and P21. The x- and y-axes are age and ChIP signal, respectively. (C) Luciferase assays suggesting the requirement of conserved ‘peak’ sequence
for NRL-mediated transcription. HEK293 cells were co-transfected with the luciferase-reporter construct driven by Reep6 basal promoter of 752 bp (P752) with or
without ‘peak’ and expression plasmids for human NRL and/or human CRX. Presence of CRX did not affect NRL’s action at high concentration. The data were
obtained at 48 h after transfection, and represented as mean+ standard deviation. The x-axis shows quantity of NRL and/or CRX used. The y-axis shows normalized
signal from luciferase reporter. (D) Representative confocal images of P7 CD1 mouse retina, electroporated in vitro at P0 with indicated constructs. CAG-mCherry
(red) was used as the electroporation control. Reep6 promoter (P3594) without CIR generated very weak green signal (top panel), whereas adding CIR or peak sig-
nificantly increased GFP expression (green signal). Instead of P3594, using a shorter promoter of 752 bp (P752) produced similar results though signal intensity was
lesser than with P3594. P752 or CIR or Peak alone did not generate any reporter signal. Nuclei were visualized by 4′,6-diamidino-2-phenylindole (DAPI) (blue). ONL,
outer nuclear layer. Scale bar ¼ 10 mm.
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(reep6-scrMO) as a negative control. Consistent with the partial
knockdown of reep6 expression observed by RT-PCR a milder
defect was observed in their eye development compared with
the reep6-atgMO injected embryos (Fig. 5B and C). The pheno-
type was observed in a dose-dependent manner for both morpho-
linos (Fig. 5D).

We then used shRNA to knockdown Reep6 by in vivo electro-
poration in P0 mouse retina (Fig. 6). Gapdh shRNA was used as a
control. To mark the retinal cells transfected with Reep6 shRNA
in retinal cells, Ub-GFP plasmid carrying a GFP reporter under
the control of ubiquitin promoter was co-transfected with
Reep6 or Gapdh shRNA. Knockdown of Reep6 in mouse
retina led to a significant decrease in the number of
GFP-expressing cells, which may reflect the death of transfected
photoreceptor cells as suggested by the thinner ONL in the elec-
troporated area. Taken together, these results show that REEP6
is required for photoreceptor development and/or survival in
zebrafish and mouse retina.

DISCUSSION

To increase the functional diversity of a limited number of genes,
their products are differentially spliced in spatial and/or temporal
contexts. Temporal or quantitative control of tissue-specific gene
splicing is largely achieved through integrated action of regula-
tory proteins with multiple cis-regulatory elements, including
enhancers (50–52). In this study, we demonstrate that rod photo-
receptors specifically express a long isoform of Reep6, Reep6.1,
whereas a shorter isoform Reep6.2 is expressed in the liver.
Reep6.1 expression is regulated by rod differentiation factor
NRL through an intronic enhancer, as evidenced by: (1) complete
loss of expression of Reep6 in Nrl2/2 mouse retina, (2) increased
Reep6 promoter activity by inclusion of CIR or ‘Peak’ region, to
which NRL binds, (3) correlation of Reep6 expression with NRL
binding to the Reep6 enhancer region, (4) NRL-mediated activa-
tion of Reep6 promoter through the intronic enhancer in HEK293
cells, and (5) decreased Reep6 expression following in vivo Nrl
knockdown. Furthermore, our gene knockdown experiments in
zebrafish and mouse demonstrate that Reep6 is required for
retinal development.

Extensive alternative splicing and promoter usage in the mam-
malian genome generate tremendous transcriptional diversity
(53,54), which is particularly evident during the development of
complex neuronal functions (55) and in aging and disease (56).
We previously reported an alternate transcript of Mef2c, the
gene associated with cortical development and myocyte differen-
tiation (57,58), in rod photoreceptors and its regulation by NRL
from an alternative promoter (25). Dynamic usage of alternative
splicing has also been reported during retinal development (59).
Identification of a novel Reep6.1 isoform in rod photoreceptors
further highlights the importance of alternate splicing in produ-
cing functional diversity.

Splicing regulatory sequences have been identified in both in-
tronic and exonic gene regions (60–62), and differential recruit-
ment of splicing factors can influence the choice of splice sites
(63,64). Mutations in specific splicing factors have been asso-
ciated with retinal and photoreceptor degeneration (5,65,66).
The binding of NRL to an enhancer within Reep6 intron 1 leads
to rod-specific expression of Reep6.1 isoform with an alternative
exon 5, suggesting a possible role of NRL in recruiting gene-
specific splicing factors. In concordance, we recently demon-
strated functional interaction of NRL with transcription-splicing
associated proteinNonOandsuggested that NonO and its interact-
ing proteins might fine-tune rod-specific gene expression (17).
Interestingly, ChIP-Seq data show NonO binding in the Reep6
intron 1 coinciding the binding region for NRL (Supplementary
Material, Fig. S1). We thus hypothesize that the binding of NRL
together with NonO in intron 1 leads to rod-specific Reep6.1 tran-
script with the inclusion of a novel exon 5. Further investigations
are necessary to test whether NRL-NonO interaction facilitates
the recruitment of specific splicing complexes for producing rod
photoreceptor-specific transcripts.

REEP family proteins are implicated in trafficking of trans-
membrane proteins, including G-protein coupled receptors
(GPCRs) (28,30). While the relevance of REEP1 to microtubule
dynamics and its association with hereditary spastic paraplegias
has been elegantly demonstrated (32), the function of other
REEP proteins, particularly REEP6, is poorly understood. The
specific expression of REEP6.1 in rod photoreceptors ((37),

Fig. 3 Continued
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and this report), and not in retinal ganglion cells (35), suggests its
role in trafficking of membrane proteins (such as GPCRs) to dis-
tinct cellular compartments unique to photoreceptors. Daily
renewal of outer segment membrane disks, which have a high
concentration of rhodopsin (67), requires an active and efficient
transport system that is critical for photoreceptor function
(68–70). Not surprisingly, a substantial fraction of retinal de-
generative diseases are related to transport defects in rod photo-
receptors (5). Subcellular localization of REEP6 in rods (see
Fig. 2) supports its likely function in transport of proteins to
different membrane compartments, including the pre-synaptic
region. Our results on Reep6 knockdown in zebrafish and
mouse retina (see Figs 5 and 6) are also consistent with the pos-
tulated function of REEP6 in rod photoreceptors. The inclusion
of exon 5 in Reep6.1 introduces 27 additional amino acids that
are predicted to generate a very short coil and a long loop
domain in the REEP6 protein. This new domain may provide
an interaction surface for rod photoreceptor-specific modulation
of REEP6. Thus, a better understanding of REEP6.1 function, in-
cluding its protein interactions, should yield new insights into
rod homeostasis and disease.

MATERIALS AND METHODS

Animal care and use

All animal work was conducted according to national and inter-
national guidelines. Animal Care and Use Committee of the Na-
tional Eye Institute and National Human Genome Research
Institute approved mouse and zebrafish protocols, respectively.
C57BL/6J and CD1 mice were purchased from the Jackson La-
boratory (Bar Harbor, ME) and from Charles River Laboratory
(Wilmington, MA), respectively. Nrl-GFP and Nrl-GFP;Nrl2/2

mice have been described earlier (26).

Immunoblot analysis

Freshly dissected mouse tissues were lysed by homogenization
and sonication in radioimmunoprecipitation buffer supplemented

with 20 mM N-ethylmaleimide and protease inhibitor mixture
(Roche Applied Science). After centrifugation, the protein
concentration of the supernatant was measured by the bicincho-
ninic acid assay (Thermo Scientific, Waltham, MA). Equal
amounts of lysates were boiled in 2× sodium dodecyl sulp-
hate-polyacrylamide gel electrophoresis (SDS-PAGE) loading
buffer (Invitrogen), resolved by SDS-PAGE and transferred to
nitrocellulose membrane (Invitrogen). The membrane was
probed sequentially with anti-REEP6 and anti-GAPDH anti-
bodies and visualized by enhanced chemiluminescence
(Thermo Scientific).

5′ Rapid analysis of cDNA ends derived from full-length
RNA (RACE)

Total RNA was isolated from mouse tissues (retina, brain and
liver) using TRIzol reagent (Invitrogen). 5′-RACE analysis of
the full-length RNA was conducted using the GeneRacerTM kit
(Invitrogen) as described by the vendor. Briefly, full-length
RNA was treated with tobacco acid pyrophosphatase to remove
end caps and then ligated to the GeneRacer RNA oligos.
Reverse transcription was performed using hexamers. To
amplify fragments containing the 5′ end of the transcripts, the
GeneRacerTM 5′ primer was paired with one of the Reep6 specific
reverse primers (P1: 5′-GGCGCACTTGCC CGCGTAGTAG
AAAG-3′, P2: 5′-CCCAGCTGCTAGGTCCAATGCTCTTC-
3′, P3: 5′-AGCGGCTGGGGGTTCCGATGTTGATGCT-3′).
The RACE PCR products were resolved on 1.5% agarose gel,
purified and cloned for sequencing using the TOPO TA cloning
kit (Invitrogen). Minimum of 15 clones were sequenced for
each RACE PCR reaction.

Cloning of the mouse Reep6 promoter and enhancer
constructs

Mouse Reep6 promoters (3594 bp and 752 bp), an intronic
region of 1368 bp (intron 1368 bp) and an intron region of
617 bp where NRL ChIP-Seq peak resides (peak) were amplified
from C57BL/6J mouse genomic DNA using Accuprime High

Figure 4. NRL knockdown decreased Reep6 promoter activity in adult mouse retina. Representative confocal images of P21 CD1 mouse retinas, electroporated in vivo
at P0 with the Reep6-driven GFP reporter construct (CIR-P752-GFP). mCherry construct driven by CAG promoter (CAG-mCherry) was used as electroporation
control. Retina co-transfected with Gapdh shRNA control and GFP reporter showed green signal (top), whereas Nrl-shRNA transfection greatly eliminated Reep6
driven green signal (bottom). GFP, mCherry and DAPI are shown in green, red and blue, respectively. ONL, outer nuclear layer. Scale bar ¼ 10 mm.
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Fidelity Taq (Invitrogen) and cloned into a GFP vector and a luci-
ferase vector (Rep4-Luc), respectively. Please see Supplemen-
tary Material, Table 1 for primers and restriction sites used for
cloning.

Chromatin immunoprecipitation (ChIP)-quantitative
PCR (qPCR)

ChIP was performed using retinas from CL57BL/6J mice at post-
natal Day 2 (P2) or P28 as previously described (22). ChIP DNA

Figure 5. reep6 knockdown in zebrafish leads to abnormal eye development. (A) The eyes of morphants injected with 6 ng of control (Cnt MO) or translation blocking
(reep6-atgMO) morpholinos observed at 72 hpf (left panels). Red circles denote the compromised eye development in the morphant (reep6-atgMO) compared with the
Cnt MO injected embryos. H&E stained sections of retina from the morphants injected with Cnt MO or reep6-atgMO morpholinos (3 ng), at 72 hpf (right panels). The
morphants injected with Cnt MO had normally laminated retina with discriminable PR, INL and GCL, whereas reep6-atgMO-injected retina had no proper lamination.
Scale bar ¼ 100 mm. (B) The eyes of morphants (denoted by red circles) injected with scrambled (scrMO) or splice blocking (reep6-spMO) morpholino, examined at
72 hpf. The scrMO did not elicit a visible effect on eye development whereas spMO compromised the eye development. Scale bar ¼ 100 mm. (C) The photograph of
RT-PCR products showing exon-skipping by reep6-spMO. Total RNA from individual embryos was used for RT-PCR. Splice blocking resulted in an additional
smaller band (,300 bp, thin arrow) along with the WT band (343 bp, arrowhead). The bottom panel shows beta-actin (263 bp, thick arrow) control for respective
samples. M indicates size maker. (D) Quantification of abnormal eyes injected with Cnt MO, scrMO, atgMO and spMO morpholinos. The x- and y- axes indicate
injected morpholino and percentage of live embryos with abnormal eyes, respectively. UNI and Cnt MO indicate uninjected and control MO injected samples,
respectively. MO concentration in nanograms is indicated.
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was quantified as a percentage of input DNA signal in triplicate
using SYBR Green (Bio-Rad) and graphed as a ratio of ChIP
signal from NRL antibody to the signal from normal IgG (nega-
tive control).

Gene expression assays

Total RNA was isolated from C57BL/6J mouse retina using
TRIzol reagent (Invitrogen), and cDNA was synthesized using
the AffinityScript QPCR cDNA Synthesis Kit (Agilent Technolo-
gies, La Jolla, CA). Gene expression was detected by qPCR using
Taqman probes (IDs: Mm01170350_g1, Mm01173489_m1,
Mm01315649_m1) and 2×-Gene Expression Master mix
(Applied Biosystems, Foster City, CA).

RNA-Seq analysis

Total RNA (15–50 ng) from whole retina and from flow sorted
rod photoreceptors was used to construct RNA-Seq libraries and
for next generation sequencing on an Illumina GAIIx (Illumina,
Inc., San Diego, CA), as previously described. Transcript quanti-
tation was performed with eXpress v1.3.1 by streaming Bowtie2
v2.1.0 (71) aligned pass filter reads to GRCm38.p2 Ensembl
release 73 annotation. This study utilized the high-performance

computational capabilities of the Biowulf Linux cluster at the
National Institutes of Health (http://biowulf.nih.gov).

Cell culture, transient transfection and dual luciferase assay

HEK293 cells (American Type Culture Collection) were cul-
tured in minimum essential medium-alpha medium supplemen-
ted with 10% fetal bovine serum (FBS) and 100 units/ml
penicillin/streptomycin at 378C under 5% CO2. The cells were
seeded into 12-well plates (350 000 cells/well) at 24 h before
transfection. The cells were transfected with Fugene 6
(Promega) according to the manufacturer’s instruction. Tripli-
cate wells were co-transfected with the Firefly-luciferase report-
er constructs (200 ng), the transfection control plasmid:
Renilla-luciferase reporter pRL-CMV (10 ng), and expression
plasmid for mouse NRL and/or expression plasmid for mouse
CRX as indicated in figure legend. The empty vector
pcDNA3.1/HisC was used to adjust the total amount of trans-
fected DNA. Cells were incubated for 48 h and then harvested
for analysis of Firefly- and Renilla-luciferase activities using
the Dual-Reporter Luminescence Reagent (Promega) and a
Turner dual-injector luminometer system (Promega). Renilla-
luciferase activity served as an internal control to normalize
transfection efficiency. All experiments were repeated at least
three times.

Figure 6. Reep6 knockdown caused photoreceptor cell death in adult mouse retina. Representative confocal images of P21 mouse retina. Retina of CD1 mice were
transfected at P0 with Ub-GFP (electroporation control), Gapdh shRNA (control shRNA) or Reep6 shRNA. The transfection was tracked by GFP (green). Rods are
highlighted by rhodopsin immunoreactivity (red), and nuclei were visualized by DAPI (blue). Scale bar ¼ 10 mm.
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In vitro electroporation and retina explant culture

Retinas of P0 CD1 pups were dissected and electroporated in a
DNA mixture containing Reep6 promoter-GFP constructs
(1 mg/ml) and the electroporation control CAG-mCherry
(1 mg/ml). The retina explants were cultured in Dulbecco’s
modified Eagle’s medium/F12 medium (Invitrogen) supplemen-
ted with 10% FBS and 100 units/ml penicillin/streptomycin at
378C under 5% CO2 for 7 days. The retina explant was fixed in
4% paraformadehyde, cryoprotected in 30% sucrose. Cryosec-
tions (12 mm) were imaged with an Olympus FluoView
FV1000 confocal laser scanner.

In vivo electroporation

Transfection of retina was achieved by injecting DNA into the
sub-retinal space of CD1 mouse pups at P0 and followed by elec-
troporation, as previously described (22). Briefly, equal amount
of plasmids (Reep-P712-Intron-GFP and CAG-mCherry) were
mixed with either Nrl shRNA or Gapdh shRNA control and
injected into the sub-retinal space of CD1 pups at P0. The Nrl
shRNA plasmid was used to knockdown Nrl expression, and
Gapdh shRNA (Open Biosystems) was used as a negative
control in knockdown experiments. The DNA concentration
was 400 nM, and the total injection volume was 0.2 ml. Square
electric pulses (80 V, 1 Hz, 5 pulses) were applied across the
heads of pups using an ECM830 square wave electroporator
and 10 mm diameter BTX Tweezertrode electrodes (Holliston,
MA). Retina was dissected at P21, fixed in 4% paraformadehyde,
cryoprotected in 30% sucrose. Cryosections (12 mm) were
imaged with an Olympus FluoView FV1000 confocal laser
scanner. Knockdown of Reep6 by in vivo shRNA electroporation
was performed at P0 and examined at P20.

Immunofluoresence and confocal microscopy

Eyes from P10 and P30 Nrl2/2 mice (7), which had been previ-
ously backcrossed onto a C57BL/6J background for over 10
generations, and WT control mice were immersed in 4% parafor-
maldehyde for 30 min.The retinas weredissectedandsectionedat
150 mm on a Vibratome. Immunofluorescent staining was per-
formed as described (37), using the following primary antibodies:
a custom rabbit polyclonal antibody to REEP6 [1:1000, (37)], a
mouse monoclonal antibody to CtBP2 (1:500; cat# 612044, BD
Transduction), and a mouse monoclonal antibody to PKC (1:50;
cat# RPN 536, Amersham). Sections were also labeled with the
lectin peanut agglutinin preconjugated to an AlexaFluor fluoro-
phore (PNA; 1:1000; cat# L32460; Invitrogen). Secondary anti-
bodies raised in donkey to either rabbit or mouse IgG and
conjugated to AlexaFluor dyes (1:200; Life Technologies) were
used to detect the primary antibodies. Retinal sections were
imaged using an Olympus FluoView FV1000 confocal laser
scanner andprocessed inAdobePhotoshopCS3 toadjust contrast.

Morpholino knockdown in zebrafish embryos

Fluorescein-tagged morpholinos (MOs) were procured from
Gene Tools Inc. (OR, USA). A standard negative control
(Cnt-MO) and custom-designed translation blocking (reep6-
atgMO-5′-ACATGGTGACTTAAAATAAACTCGT- 3′), splice

blocking (reep6-spMO - 5′- TCTGGCATTGCTGAACTTA
CCTTGC- 3′) and scrambled control reep6-scrMO (5′-
TGCTCAAATAAAATTCAGTGGTACA-3′) against zebrafish
reep6 were obtained in lyophilized form, re-suspended in dis-
tilled water, and quantified spectrophotometrically (NanoDrop
Tech Inc., DE, USA).

Zebrafish (Danio rerio) were maintained under an approved
animal use protocol. Staged WT embryos of EK strain
between 2–8 cells were microinjected with 0.4–1.2 nl of mor-
pholinos into the yolk sac using pneumatic pico pump (WPI,
FL, USA). Morpholino studies were performed as described
earlier (72).

Hematoxylin and eosin staining

At 72 hpf, zebrafish larvae were fixed with 4% glutaraldehyde
for 30 min at RT, then fixed with 4% paraformaldehyde over-
night at 48C. Subsequently, they were washed with PBS and em-
bedded in OCT compound Tissue-Tek (SakuraFinetek USA,
Inc., CA, USA) and 10 mm sections were cut. The sections
were stained with standard H&E staining protocol.

SUPPLEMENTARY MATERIAL

Supplementary Material is available at HMG Online.
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