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The membrane frizzled-related protein (Mfrp) and C1-tumor
necrosis factor related protein 5 (Ctrp5) genes are transcribed
as a bicistronic unit and dysregulation of either gene is associ-
ated with retinal degeneration in the retinal pigment epithe-
lium (RPE) cells. However, the mechanisms that regulate the
expression of the bicistronic transcript remain controversial.
Here, we identified a microRNA-based negative feedback
loop that helps maintain a normal expression level of the bicis-
tronic Mfrp and Ctrp5 transcript. Specifically, miR-149-3p, a
conserved microRNA, binds to the 30UTR of the Mfrp gene.
In MFRP-deficient rd6 mice, the miR-149-3p levels were
compromised compared with those in WT mice, resulting in
an increase in the bicistronic transcript. We also report a
capsid-modified rAAVDJ-3M vector that is capable of robustly
and specifically transducing RPE cells following subretinal de-
livery. Compared with the parental vector, the modified vector
elicited similar levels of serum anti-rAAV antibodies, but re-
cruited fewer microglial infiltrations. Most significantly, we
also demonstrate that simultaneous overexpressing of MFRP
and knockdown of the bicistronic transcript was more effective
in rescuing vision than MFRP overexpression alone. Our find-
ings offer new insights into the function of MFRP and provide
a promising therapeutic strategy for the treatment of MFRP-
associated ocular diseases.
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INTRODUCTION
The membrane frizzled-related protein (Mfrp) gene encodes a type II
transmembrane protein that is predominantly expressed in the retinal
pigment epithelium (RPE) and ciliary body. In humans, a number of
Mfrp mutations have now been described and linked to autosomal
recessive retinitis pigmentosa (RP), a condition that is characterized
by retinal spots, foveoschisis, and optic nerve head drusen.1 Similarly,
several MFRP-deficient mouse models have previously been estab-
lished and shown to develop severe retinal degeneration. Thesemouse
models include two models with spontaneous mutations in the mu-
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rine orthologous Mfrp gene,2,3 the retinal degeneration 6 (rd6) and
Mfrp174delG, and a knockin mouse model harboring a patient-derived
mutantMfrp gene (Mfrp KI/KI).4 Among these models, rd6 is consid-
ered an appropriate preclinical model of RP for in vivo treatment
testing. Rd6 mice carry a spontaneous 4-base pair (bp) deletion in
the splice donor site in intron 4, which causes the skipping of exon
4 and the formation of a truncated protein. As rd6 mice age, their
photoreceptors are gradually lost, leading to a reduction in visual acu-
ity. Histological analysis has revealed numerous aberrant cells in the
subretinal space. For example, the cell layers of photoreceptors
declined to four to five layers by 4.5 months, and to one layer at
24 months, while wild-type (WT) control mice retain 10–12 layers.5

In addition, functional analysis has demonstrated a progressive
reduction in the full-field electroretinogram (ERG) amplitudes in
rd6mice.6 Although there have been extensive studies on visual func-
tion and retinal morphology to gain detailed insights into various
MFRP-deficient mouse models, the functional role of MFRP protein
in RPE cells is still poorly characterized.

C1-tumor necrosis factor related protein 5 (CTRP5) is a secreted pro-
tein that plays a role in cellular adhesion and fatty acid metabolism,
andmutations in this gene have been implicated in dominant late-onset
herapy: Nucleic Acids Vol. 32 June 2023 ª 2023 The Author(s). 843
ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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retinal degeneration.7 TheMfrp and Ctrp5 genes are expressed as a bi-
cistronic transcript, in which the complete open reading frame ofCtrp5
located within the 30-untranslated region (30UTR) of theMfrp gene.8 It
is not surprising that the MFRP and CTRP5 proteins both exist in the
posterior eye, with the highest level in the RPE and ciliary body.9

Further spatial and temporal analysis indicated subcellular co-localiza-
tion and physical interaction betweenMFRP and CTRP5 proteins.10,11

However, the expression pattern of the bicistronicMfrp andCtrp5 tran-
script remains under investigation. It was initially reported that the bi-
cistronicMfrp andCtrp5mRNAtranscriptwas, in fact, significantly up-
regulated in 8-month rd6 andMfrp174delG eyecups.3 At the protein level,
whileMFRPwasnotdetectable in theMfrp174delGmousemodel,CTRP5
was generally upregulated at its predicted molecular weight of 26 kDa.
However,microarray analysis revealedminimal change (�1.19-fold) in
CTRP5 expression in the eyes of rd6 and WT mice at ages prior to
photoreceptor loss.12 In a later study using anMfrpKI/KImousemodel
with ahumanmutantMfrp gene, itwas found thatmRNAexpression of
the bicistronicMfrp andCtrp5 genes in the posterior eyecups were 2- to
5-fold lower, compared withWTmice.4 In another study involving pa-
tient-derived induced pluripotent stem cells (iPSC) and normal
primary human RPE cells, the levels of MFRP and CTRP5 were
inversely proportional to each other.13 Most importantly, overexpres-
sion of CTRP5 in naive human RPE cells phenocopied behavior of
RPE cells isolated from theMFRP-deficient patients, with both showing
disorganized and elongated crisscrossing actin stress fibers, increased
numbers of focal adhesions, and loss of cell-to-cell contact. In aggregate,
the crosstalk between Ctrp5 andMfrp genes and the functional role of
CTRP5 in the RP remain controversial.

In recent years, recombinant adeno-associated virus (rAAV)-based
gene therapy has succeeded for many autosomal recessive RP dis-
eases.14 This fueled interest in developing additional gene therapeu-
tics to treat numerous inherited retinal diseases, including the
MFRP-deficient RP. Although many rAAV serotypes have been
proven to efficiently transduce mouse photoreceptors and RPE
cells,15,16 to date, only rAAV serotype 2 (rAAV2) and serotype 8
(rAAV8) vectors were used to treat rd6 and Mfrp KI/KI
mice.4,13,17–19 Previously, we designed a series of site-directed muta-
genesis on rAAV capsids to enhance transduction efficiency.20,21

Among these capsid-modified vectors, rAAVDJ-3M (N498S,
Y706F, and Y732F) showed the highest efficiency in the mouse and
human liver ductal organoid. Since both we22 and others23 recently
documented that rAAVDJ vectors possessed robust transgene expres-
sion in photoreceptors and the retinal pigment epithelium, we would
like to compare, side-by-side, the transduction capacity of rAAVDJ-
3M vectors with that of their parental rAAVDJ vectors through sub-
retinal and intravitreal injection.

In this study, our results showed that capsid-modified rAAVDJ-3M
vectors were capable of robustly and specifically transducing RPE
cells via subretinal delivery to mouse eyes. Additionally, we docu-
mented a microRNA (miRNA)-based negative feedback loop that
maintains normal expression levels of the bicistronic Mfrp and
Ctrp5 transcript. Finally, we demonstrated the therapeutic potential
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of subretinal administration of an rAAVDJ-3M vector that simulta-
neously mediated augmentation therapy of WT MFRP and short
hairpin RNA (shRNA) knockdown of the mutant bicistronic Mfrp
and Ctrp5 transcript. This approach rescued the retinal morphology
and phenotype and preserved retinal electrophysiology in rd6 mice.
Taken together, our findings provide insights into the mechanisms
underlying disease development of RP and highlight the potential
of rAAV-based gene therapy for treating inherited retinal diseases.

RESULTS
Intraocular transduction characteristics and immune responses

of capsid-modified rAAVDJ-3M vectors

We conducted experiments to evaluate the intraocular transduction
characteristics and immune responses of capsid-modified rAAVDJ-
3M vectors. Initially, we performed subretinal or intravitreal injection
of rAAVDJ and rAAVDJ-3M vectors, which expressed green fluores-
cent protein (GFP) under a ubiquitous cytomegalovirus promoter
(CMVp). At 30 days post-injection (dpi), we collected mouse eyecups
and serum, and evaluated GFP expression in frozen retinal sections
(Figure 1A). As expected, subretinal delivery produced more robust
transgene expression in the retina than intravitreal delivery. Interest-
ingly, the rAAVDJ-3M vectors demonstrated intense GFP signal
mainly in the RPE layer, while its counterpart rAAVDJ vectors
achieved strong GFP signal spanning the outer nuclear layer (ONL)
and RPE. Semi-quantitative analysis of fluorescence intensity in
RPE cells, shown in Figure 1B, confirmed these observations. To eval-
uate the immunological effects of ocular administration of different
capsids, we assessed microglia infiltration in retinal frozen sections
and the neutralization antibody (NAb) titers in serum. Immunofluo-
rescence staining of ionized calcium binding adaptor molecule 1
(IBA1), a microglia activation marker, was enhanced following injec-
tion of the rAAVDJ vector, but not the AAVDJ-3M vector (Fig-
ure 1C). Meanwhile, there was no significant change in microglia
population between mice that received subretinal and intravitreal in-
jection (Figure 1D). However, we observed that rAAVDJ and
rAAVDJ-3M vectors developed comparable levels of serological
NAb titers at 30 dpi against rAAVDJ. Notably, subretinal administra-
tion resulted in significantly lower NAb titers for both vectors
compared with intravitreal administration (Figure 1E). This is consis-
tent with the fact that intravitreal administration is a more immuno-
genic route in the eye compared with subretinal administration.24

Meanwhile, the cross-reactivity results showed that anti-rAAVDJ
NAbs have lower cross-reaction with other serotypes but have higher
cross-reaction with rAAVDJ-3M compared with rAAVDJ control
(Figure S1).

To further evaluate the performance of the rAAVDJ-3M vector, we
compared it with other rAAV capsids (rAAV2HD, rAAV8-Y733F,
and rAAVDJ) that have been previously reported to promote trans-
gene expression in retina,23,25,26 as well as a newly modified capsid
rAAV2HD-Y444F, in which the tyrosine residue was changed to
phenylalanine at site 444. These vectors were delivered to mouse
eyes via subretinal administration and transgene expression and mi-
croglia infiltration was determined at 30 dpi. Fluorescence analysis,



Figure 1. Analysis of transgene expression and immune responses in retinal frozen sections following subretinal or intravitreal injection with rAAVDJ and

rAAVDJ-3M vectors

One microliter of rAAV-Gfp (1 � 1013 vg/mL) vector was delivered to 4-week-old WT mice by subretinal or intravitreal injection (n = 6). Mice were killed at 30 dpi, followed by

collection of mouse eyecups and serum. (A) GFP fluorescence in the photoreceptors and RPE cells. Cell nuclei were stained with DAPI. (B) Quantification data of GFP

expression in the RPE cells in (A). (C) Cryosections of eyes were stained with antibodies against microglia marker IBA1+. Cell nuclei were stained with DAPI. Yellow arrows:

IBA1+ cells. (D) Quantification data of the number of IBA1+ cells in the OPL and IPL in (C). (E) Neutralizing antibodies against rAAVDJ capsid in mouse serum determined by

in vitro NAB assay. GCL, ganglion cell layer; INL, inner nuclear layer; IPL, inner plexiform layer; ONL, outer nuclear layer; OPL, outer plexiform layer; RPE, retinal pigment

epithelium. Scale bar, 25 mm. **p < 0.01, *p < 0.05, ns means no significance.
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as well as confocal scanning laser ophthalmoscopy, confirmed that
subretinal delivery of the rAAVDJ and rAAVDJ-3M vectors resulted
in higher GFP expression, compared with the other rAAV vectors
(Figures S2, 2A, and 2B). Consistent with the above experiments,
the rAAVDJ-3M vector showed GFP expression mainly in the
RPE, which was superior to the commonly used rAAV8-Y733F vec-
tor. Meanwhile, the rAAVDJ vector showed widespread fluorescence
signals in both the RPE and theONL, whichwas further confirmed by
immunostaining of rod and cone photoreceptors in retinal frozen
sections (Figure S3).

In addition, immunostaining of IBA1+ cells showed that all five rAAV
serotypes induced more microglial cell infiltrations than PBS control
(Figures 2C and 2D). It was evident that in the eyes of mice injected
with rAAV2HD, rAAV8-Y733F, and rAAVDJ-3M vectors, the
numbers of IBA1+ cells were similar, which were much lower than
those in the eyes of mice injected with rAAV2HD-Y444F and
rAAVDJ vectors.
Subsequently, we extracted total genomic DNA from the RPE-
choroid complexes and the vector genome copy numbers were deter-
mined by real-time quantitative PCR assays. As shown in Figure 2E,
the rAAVDJ-3M vectors resulted in the highest vector genomes, fol-
lowed by the rAAVDJ vector. Taken together, these results indicate
that the rAAVDJ-3M vectors specifically infect the RPE layer and in-
duces low ocular and systemic immune response, following subretinal
administration.

The bicistronic Mfrp and Ctrp5 transcript is significantly

increased in rd6 mice

We first compared the morphological changes in the eyes of WT and
rd6 mice. Consistent with previous reports,5 histological analyses of
10-week-old rd6 mouse eyes showed loss of photoreceptor cells in
the ONL and shortening and disorientation of the outer segments
(Figure 3A). Representative electroretinography (ERG) waveforms
are shown in Figure 3B. At the studied ages, for cone-isolated
b-waves, the mean amplitude of rd6 mouse eyes was 57.5% lower
Molecular Therapy: Nucleic Acids Vol. 32 June 2023 845
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Figure 2. Comparison of rAAVDJ-3M vectors with other capsid mutants following subretinal injection

One microliter of rAAV-Gfp (1 � 1013 vg/mL) vector was delivered to 4-week-old WT mice by subretinal injection (n = 6). Mice were killed at 30 dpi, followed by collection of

mouse eyecups. (A) Representative fluorescence image of ocular posterior segment (left) and retinal cross sections (right) with indicated rAAV vectors. The images were

oriented with the RPE toward the top and the GCL toward the bottom. Cell nuclei were stained with DAPI. Scale bar, 250 mm (left) and 25 mm (right). (B) Quantification data of

the GFP expression in the RPE cells in (A). (C) Cryosections of mouse eyes after transduction with indicated rAAV vectors were stained with antibodies against microglia

marker IBA1+. Cell nuclei were stained with DAPI. Scale bar, 25 mm. Yellow arrows: IBA1+ cells. (D) Quantification data of the number of IBA1+ cells in the OPL and IPL in (C).

(E) Vector genome copy number per 100 ng gDNA was determined in the RPE-choroid complexes of rAAV-infected mouse eyes. GCL, ganglion cell layer; INL, inner nuclear

layer; IPL, inner plexiform layer; ONL, outer nuclear layer; OPL, outer plexiform layer; RPE, retinal pigment epithelium. **p < 0.01, *p < 0.05, ns means no significance.
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than that of WT mouse eyes, whereas rd6 mouse eyes had abnormal
amplitudes withmean values being reduced to 82.2% and 76.0% of the
mean of WT for a- and b-waves of mixed rod-cone ERGs, respec-
tively. Next, the RPE-choroid complexes of rd6 and WT mouse
eyes were collected to determine the bicistronicMfrp and Ctrp5 tran-
script and the CTRP5 protein levels by real-time quantitative PCR
and western blot (WB) assays, respectively. To differentiate the
mutant and WT Mfrp transcript, primer set MFRP-1 was designed
to target exons 3 and 4, whereas primer set MFRP-2 was used as a
control to target exons 9 and 10 (Figure 3C). As shown in Figure 3D,
using primer setMFRP-1, the gene expression level ofWTmouse eyes
but not rd6mouse eyes can be detected. To our surprise, using primer
set MFRP-2, the expression level of MFRP was significantly higher in
rd6 mouse eyes than that in WT mouse eyes. Similar results were
observed using the primer set CTRP5. The expression levels of
most other vision-related genes were not changed between WT and
rd6 mouse eyes. WB assays further corroborated the results that
CTRP5 expression in the RPE-choroid complexes of rd6 mice was
significantly higher than that in the RPE-choroid complexes of WT
mice, while there was no detectable CTRP5 expression in the retina
846 Molecular Therapy: Nucleic Acids Vol. 32 June 2023
(Figure 3E), consistent with previous studies showing that MFRP
and CTRP5 were found to be co-localized in RPE and ciliary body.11

The bicistronicMfrp andCtrp5 transcript is negatively regulated

by MFRP

Next, a plasmid containingMfrp-Flag was transiently transfected into
two different cell lines: ARPE19 cells (a human RPE cell line) and
N2A cells (a mouse neuroblast cell line). WB analysis (Figure 4A)
and real-time quantitative PCR assays (Figure 4B) demonstrated
that MFRP was overexpressed at both the protein and mRNA levels,
respectively. This resulted in a significant reduction in the bicistronic
Mfrp and Ctrp5 transcript in both cell lines (Figure 4B). In contrast,
truncated MFRP had little effect on Ctrp5 expression (Figure 4C).
Subsequently, we generated a rAAVDJ-3M-Mfrp-Flag vector, which
was delivered into the eyes of 14-day-old rd6mouse through subreti-
nal injection. WT mice and PBS-injected rd6 mice were used as con-
trols. At 60 dpi, a group of mice was killed and eyes were harvested for
immunostaining assays against MFRP. Consistent with previous
studies,11 MFRP was expressed only in the RPE layer of WT mouse
eyes, but not in rd6 mouse eyes (Figure 4D).



Figure 3. Structural, functional, and gene expression analysis of rd6 mouse eyes

Ten-week-old rd6mice and age-matched WTmice were killed, followed by collection of mouse eyecups and RPE-choroid complexes. (A) Light microscopy of retinas in WT

and rd6mouse eyes. (B) Representative ERG traces from WT mouse eyes compared with those from rd6mouse eyes. (C) Schematic representation of the bicistronic Mfrp

andCtrp5 locus. The primer set MFRP-1 was used for differentiation of theWT andmutantMfrp gene expression by targeting exons 3 and 4. Another primer set MFRP-2 was

designed to target exons 9 and 10, which were involved in bothWT andmutantMfrp gene expression. The location of miR-149-3p binding site (BS, red arrow) in the 30UTR of

mouseMfrp gene. (D) ThemRNA expression levels ofMfrp andCtrp5, as well as known visual system genes, frommouse eyecups and RPE-choroid complexes were profiled

(n = 8). (E) The protein expression of CTRP5 in the retina and RPE-choroid complexes was determined by western blot assays (n = 3). Representative figures are shown.

Meanwhile, densitometry quantification of blots was counted by ImageJ software (n = 3). INL, inner nuclear layer; ONL, outer nuclear layer; RPE, retinal pigment epithelium.

Scale bar, 25 mm. **p < 0.01, *p < 0.05 vs. WT.
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Furthermore, rAAVDJ-3M-Mfrp-Flag vector restored MFRP expres-
sion in the RPE layer. Another group of mice were killed, followed by
collection of RPE-choroid complexes forWB assays to detect the con-
tent of CTRP5. Similar with the above in vitro experiments, overex-
pression of MFRP-FLAG in vivo also led to a significant reduction
in CTRP5 at the protein level (Figure 4E). Taken together, our results
demonstrate that MFRP inhibits the expression of bicistronic Mfrp
and Ctrp5 transcript.

The promoter of bicistronic Mfrp and Ctrp5 genes exhibits low

activity and little difference in DNAmethylation pattern between

WT and rd6 mice

To explore the underlying mechanism of MFRP’s inhibitory effect on
the bicistronic Mfrp and Ctrp5 transcript, we conducted two sets of
experiments. In the first set, we cloned the �2,059-bp region up-
stream of the Mfrp gene (MFRPp) into a pGL3-Rluc/Fluc plasmid
and transfected it into HEK293T and N2A cell lines along with a
pGL3-CMVp-Rluc/Fluc plasmid as a control. Luciferase assay results
indicated that the activity of MFRPp is approximately one-hundredth
of the strong CMVp (Figure S4A). In addition, no significant reduc-
tion in luciferase expression was observed upon co-transfection of
pGL3-MFRPp-Rluc/Fluc with MFRP-overexpressing plasmids into
HEK293T cells (Figure S4B). In the second set of experiments, we
characterized the DNA methylation pattern of the promoter of bicis-
tronic Mfrp and Ctrp5 genes. The CpG Island Searcher program
(http://www.urogene.org/methprimer/) identified two potential
CpG islands (from �287 bp to �546 bp) in the upstream region of
theMfrp gene. Total DNAs were then isolated from the RPE-choroid
complexes of 10-week-old WT and rd6mouse eyes and the predicted
CpG methylation status was confirmed by BSP, which revealed
Molecular Therapy: Nucleic Acids Vol. 32 June 2023 847
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Figure 4. Overexpressing MFRP significantly reduces the bicistronic Mfrp and Ctrp5 transcript

(A and B) N2A and ARPE19 cells were transfected with either MFRP-FLAG or control GFP expressing plasmid for 72 h (n = 3). (A) Protein expression levels of MFRP were

determined by western blot assays using anti-FLAG antibody. (B) mRNA expression levels ofMfrp, Ctrp5,Mitf, and Vinculin were determined by real-time quantitative PCR

assays (n = 4). (C) N2A cells were transfected with the plasmids containing MFRP or truncated MFRP for 72 h, with GFP plasmid as an appropriate control. The mRNA

expression level of MFRP and CTRP5 was determined by real-time quantitative PCR (n = 4). (D and E) rAAVDJ-3M-Mfrp-Flag vector was delivered to rd6 mouse eyes via

subretinal injection (n = 3). Mice were killed at 60 dpi, followed by collection of mouse RPE-choroid complexes. MFRP andCTRP5 protein expression levels were examined by

(D) immunofluorescence and (E)WB assays, respectively. Cell nuclei were stained with DAPI. Densitometry quantification of blots from (D) wasmeasured by ImageJ software.

ONL, outer nuclear layer; RPE, retinal pigmentosa epithelium. Scale bar, 25 mm. ****p < 0.0001, **p < 0.01, *p < 0.05.
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similar DNAmethylation levels in the MFRP promoter region of WT
and rd6 mice (Figures S4C and S4D). These results suggest that the
promoter may not be involved in the MFRP’s inhibitory effect on
the bicistronic Mfrp and Ctrp5 transcript.

MFRP inhibits the bicistronic Mfrp and Ctrp5 transcript through

miR-149-3p

Bioinformatics analysis was conducted to predict miRNAs that may
target the bicistronicMfrp and Ctrp5 transcript. Based on three algo-
rithms, DIANA, miRDB, and RNA22, eight potential miRNAs were
identified (Figure 5A). Among them, the expression levels of miR-
7081-5p and miR-149-3p were significantly reduced in the RPE-
choroid complexes of rd6 mouse eyes, compared with those of WT
mouse eyes (Figure 5B). In addition, overexpressing MFRP in N2A
cells significantly increased the levels of endogenous miR-7081-5p
and miR-149-3p (Figure 5C). Next, we searched for the seed se-
quences of miR-149-3p and miR-7081-5p in different species using
an online tool (Current target prediction database, miRDB: http://
848 Molecular Therapy: Nucleic Acids Vol. 32 June 2023
mirdb.org/mirdb/index.html). Our analysis revealed that mouse
miR-149-3p shared the same seed sequence among eight mammalian
species (Figure 5D), consistent with a recent report.27 However, the
seed sequence of miR-7081-5p in the bicistronicMfrp and Ctrp5 tran-
script is rodent-specific.

Indeed, when we cloned the 149BS downstream of the Fluc transgene
in the pGL3-Rluc/Fluc plasmid and co-transfected it into N2A cells
with miR-149-3p mimics for 48 h, a significant reduction in luciferase
expression was observed upon miR-149-3p co-transfection (Fig-
ure 5E). On the other hand, when the predicted binding sites of
miR-7081-5p (7081BS) were individually cloned downstream of a
Fluc transgene, little change in luciferase expression was observed
upon miR-7081-5p co-transfection (Figure S5). Furthermore, trans-
fecting either miR-7081-5p or miR-149-3p mimics into N2A cells
significantly reduced the levels of endogenous bicistronic Mfrp and
Ctrp5 transcript (Figure 5F). To investigate how MFRP regulates
miR-149-3p, we performed real-time quantitative PCR assays to
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Figure 5. miR-149-3p targets the 30UTR of the bicistronic Mfrp and Ctrp5 transcript

(A) Based on three algorithms, miRDB, DIANA, and RNA22, putative miRNAs that target the bicistronic Mfrp and Ctrp5 genes were identified. (B and C) Total RNA was

isolated from (B) RPE-choroid complexes of 10-week-old rd6 mice and age-matched WT mice (n = 8), or (C) N2A cells transfected with either MFRP-FLAG or control GFP

expressing plasmids (n = 6). The indicated endogenous miRNA expression levels were determined by real-time quantitative PCR. (D) Sequence alignment of miR-149-3p

seed region (blue bold letters) in the 30UTR of mouse Mfrp gene. (E) N2A cells were transfected with the luciferase expressing plasmid containing the potential miR-149-3p

binding site (BS), together with the miR-149-3p mimics. Luciferase activity assays were performed 48 h later (n = 6). (F) N2A cells were transfected with miR-7081-5p, miR-

149-3p mimics, and negative control (NC) miRNA. The mRNA expression levels of endogenousMfrp and Ctrp5 genes were determined by real-time quantitative PCR using

primer sets MFRP-2 and CTRP5 (n = 6). **p < 0.01, *p < 0.05.
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examine the expression of known upstream regulators, METTL14,28

XIST,29 and ARAP1-AS1,30 in the RPE-choroid complexes of WT
and rd6 mice. Our results showed undetectable endogenous XIST
and ARAP1-AS1 expression. Meanwhile, the METTL14 expression
in the RPE-choroid complexes of rd6 mice was decreased compared
with that of WT mice (Figure S6). Therefore, we concluded that defi-
ciency of MFRP in rd6 mice led to reduced miR-149-3p expression
and consequently enhanced the level of bicistronic Mfrp and Ctrp5
transcript.

Knocking down the bicistronicMfrp and Ctrp5 transcript in vivo

partially rescues rod- and cone-mediated ERG function in rd6

mice

Since overexpression of CTRP5 may have several adverse effects on
human autopsy RPE, such as disorganized and elongated crisscross-
ing actin stress fibers, increased number of focal adhesions, and loss
of cell-to-cell contact,13 we attempted to knock down the bicistronic
Mfrp and Ctrp5 transcript in rd6 mice. Four shRNAs and a non-tar-
geting controls were synthesized, whose sequences are listed in
Table S1. Each shRNA was co-transfected into HEK293T cells,
together with a CTRP5-expressing plasmid. It was evident that the
shRNA4 group showed the most significant reduction of CTRP5 (Fig-
ure S7). Therefore, rAAVDJ-3M-shRNA4 vector was constructed for
further evaluation. It reduced the expression level of CTRP5 by 46%
in the CTRP5-expressing HEK293T cells, compared with a control
rAAVDJ-3M-shCon vector (Figure 6A). Next, the rAAVDJ-3M-
shRNA4 vector was delivered to the eyes of 14-day-old rd6 mice
through the subretinal route. Two months after injection, a group
of mice was killed and RPE-choroid complexes were collected to
examine the endogenous bicistronicMfrp and Ctrp5 transcript, using
the primer sets MFRP-2 and CTRP5. It was evident that the bicis-
tronic mRNA level was significantly reduced upon rAAVDJ-3M-
shRNA4 vector delivery (Figure 6B). The inhibited protein level of
CTRP5 was further confirmed by WB assays (Figure 6C). To evaluate
whether knocking down the bicistronic Mfrp and Ctrp5 transcript
could alleviate the symptom of rd6 mice, another group of mice
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Figure 6. Knocking down the bicistronic Mfrp and Ctrp5 transcript contributes to relieve the symptom of rd6 mice

(A) HEK293T cells were transduced with rAAVDJ-3M-shRNA4 vector for 24 h, followed by transfection with CTRP5-expressing plasmid for another 48 h. The mRNA

expression level of CTRP5 was determined by real-time quantitative PCR (n = 6). (B–E) One microliter of rAAVDJ-3M-shRNA4 vector or rAAVDJ-3M-shCon vector (1� 1013

vg/mL) was delivered to 14-day-old rd6 mouse eyes via subretinal injection. Mice were killed at 60 dpi, followed by collection of mouse RPE-choroid complexes or mouse

eyecups. (B) The levels of bicistronic Mfrp and Ctrp5 transcript were detected by real-time quantitative PCR using primer sets MFRP-2 and CTRP5 (n = 6). (C) The protein

expression level of CTRP5 was determined by WB assays and quantified by ImageJ (n = 4). (D) Representative ERG traces frommouse eyes (n = 6). (E) Interocular difference

of ERG parameters plotted for individual animals (n = 6). **p < 0.01, *p < 0.05 vs. shCon or untreated.
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was subjected to ERG assays, with untreated rd6 mice as the control.
As shown in Figures 6D and 6E, the amplitudes of a-wave and b-wave
of mixed rod-cone waveforms were increased from �35 to �51 mV
and from 130 to 216 mV, respectively, and the amplitudes of cone
waveforms were increased from 63 to 87 mV in rAAVDJ-3M-shRNA4
vector-injected rd6 mouse eyes, compared with rAAVDJ-3M-shCon
vector-injected rd6 mouse eyes. In summary, our results suggest that
rod- and cone-mediated ERG function can be partially rescued by
reduction of the bicistronic Mfrp and Ctrp5 transcript.

Simultaneously overexpressing MFRP and knocking down the

bicistronicMfrp andCtrp5 transcript effectively preserved visual

function of rd6 mice

We constructed rAAVDJ-3M-Mfrp-shRNA4 vectors, which contain
a WT Mfrp cDNA and the shRNA against the bicistronic Mfrp and
Ctrp5 transcript. The rAAVDJ-3M-Mfrp-shCon vector was used as
850 Molecular Therapy: Nucleic Acids Vol. 32 June 2023
an appropriate control. Both vectors were first tested in the
CTRP5-expressing HEK293T cells and resulted in a similar level of
MFRP overexpression (Figure S8A). The CTRP5 level in the
rAAVDJ-3M-Mfrp-shRNA4 vector transduced cells decreased by
57% compared with that in the rAAVDJ-3M-Mfrp-shCon vector
transduced cells (Figure S8B).

Subsequently, both vectors and rAAVDJ-3M-Mfrp-Flag vector were
delivered to the eyes of 14-day-old rd6 mice via subretinal route,
with untreated rd6mice as a control. WTmice were also used as a con-
trol. At 60 dpi, a group of mice was killed and total mRNAwas isolated
from the RPE-choroid complexes of mouse eyes, followed by real-time
quantitative PCR to detect the expression levels of MFRP and CTRP5
(Figure 7A). Using the primer set MFRP-1 that targets the exons 3 and
4 of the Mfrp gene, untreated rd6 mice showed undetectable endoge-
nous MFRP expression. Meanwhile, both rAAVDJ-3M vectors



Figure 7. Combination of MFRP overexpression and bicistronic Mfrp and Ctrp5 transcript knockdown provides long-term vision rescue in rd6 mice

One microliter of rAAVDJ-3M-Mfrp-Flag, rAAVDJ-3M-Mfrp-shCon, or rAAVDJ-3M-Mfrp-shRNA4 vector (1 � 1013 vg/mL) was delivered to 14-day-old rd6 mouse eyes via

subretinal injection. Mice were killed at 60 dpi, followed by collection of mouse RPE-choroid complexes or mouse eyecups. (A) The levels of bicistronic Mfrp and Ctrp5

transcript were detected by real-time quantitative PCR using primer sets MFRP-1 and CTRP5 (n = 6). (B) Light microscopy of retinas from different groups (n = 6) showing

outer segments and ONL. (C) Mouse ONL thickness was counted (n = 6). (D) Representative ERG traces from mouse eyes (n = 9). (E) Interocular difference of ERG pa-

rameters plotted for individual animals (n = 9). ONL, outer nuclear layer. Scale bar, 25 mm. ****p < 0.0001, **p < 0.01, *p < 0.05, ns means no significance.
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expressed exogenous MFRP at high levels. For CTRP5 expression, un-
treated rd6 mice showed elevated levels compared with WT mice.
Overexpression of MFRP alone by the rAAVDJ-3M-Mfrp-shCon vec-
tor resulted in a reduced CTRP5 level in rd6mouse eyes, but still higher
than that inWTmouse eyes. However, simultaneous overexpression of
MFRP and knockdown of the bicistronic Mfrp and Ctrp5 transcript
dramatically reduced CTRP5 expression to the normal level.

Another group of mice was subjected to H&E staining and ERG as-
says to assess retinal structure and function, respectively, with un-
treated rd6 mice as a control. As shown in Figures 7B, 7C, and S8C,
the butterfly diagram and statistical results showed that ONL of un-
treated rd6 mouse eyes was about 4–5 nuclei thick, whereas
ONL of rAAVDJ-3M-Mfrp-Flag-, rAAVDJ-3M-Mfrp-shCon-, and
rAAVDJ-3M-Mfrp-shRNA4-injected rd6 mouse eyes had 6–7, 6–7,
and 9–10 nuclei thick, respectively. As a control, ONL of normal
mouse eyes was roughly 10–12 nuclei thick. Furthermore, the ampli-
tudes of mixed rod-cone and cone waveforms in the rAAVDJ-3M-
treated rd6 groups were significantly higher than those in the
untreated rd6 group (Figures 7D and 7E). Among all rAAVDJ-3M-
treated groups, the amplitudes in mouse eyes injected with
rAAVDJ-3M-Mfrp-shRNA4 vectors were the closest to those in
WT mouse eyes. In summary, the rAAVDJ-3M-Mfrp-shRNA4 vec-
tor, which simultaneously overexpressed MFRP and knocked down
the endogenous mutant bicistronic transcript, provided the most pro-
tective effect on retinal degeneration in rd6 mouse eyes.

DISCUSSION
Naturally occurring rAAV capsids harboring site-directed mutations
have been tested for their transduction efficiency in various retinal
models, for instance, mouse31 and canine retina,32 human pluripotent
stem cell-derived RPE cells,33 human retinal organoids,34 and human
retinal explants.35 Another approach to improve the native affinities
of the rAAV vector is directed evolution. Both in vitro36 and in vivo37

directed evolutions have been conducted to improve the transduction
of nonhuman primate photoreceptors dramatically. In addition, a
well-known directed evolution-derived rAAV capsid, rAAVDJ, has
been proved to transduce various cell types in the retina.23 Recently,
we reported that the transduction efficiency of capsids from directed
evolution, such as rAAVDJ and rAAVLK03, could be further
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improved by site-directed mutagenesis.20,21 In the current study, we
found that the optimized rAAVDJ-3M vector mediated detectable
transgene expression primarily in the RPE layer following subretinal
injection. In contrast, the parental rAAVDJ vector mediated high
transgene expression spreading into the RPE, photoreceptors, and in-
ner retinal layers. Although the triple-mutation was initially designed
to increase the transduction efficiency of rAAVDJ vectors in the liver,
its effects on cell tropism and retinal penetration in the eye are largely
unknown. Our data suggest that the multiply mutated vectors ex-
hibited different in vivo transduction properties. It is worth noticing
that rAAV capsid mutants are usually thought unchangeable in terms
of cell tropism compared with their WT serotypes. Therefore, our
findings require further investigation in the eye. We would also like
to point out that large discrepancies between laboratories have been
reported despite the use of same rAAV tyrosine mutants and mouse
strain.38 It has been hypothesized that reporter genes, inconsistent
vector potency from batch to batch, and other factors may contribute
to inconsistent results. Thus, more repeated experiments are required
to fully evaluate the rAAVDJ-3M vectors.

The rAAVDJ-3M vector not only induces less off-target effects, but
also has the advantage of inducing fewer microglial infiltrations.
Meanwhile it generated similar serologically neutralizing antibodies
to its parental rAAVDJ vector, presumably due to the same epitope
of both vectors. Microglia, the resident immune cells of the retina,
are pathologically activated by many factors, such as sustained pres-
ence of tissue stress,39 and transgene expression mediated by rAAV
vectors.40 Although the same transgene cassette was used in our
side-by-side comparison, the transgene expression patterns varied be-
tween the vector capsids. This may, at least in part, explain the
observed differences in microglia activation. Previous studies have
shown that rAAV vectors with a photoreceptor-specific promoter
may induce less microglia activation and pro-inflammatory cytokine
expression,40 although little clinical evidence of toxicity was observed
using a broadly active CAG promoter.41 Considering that MFRP is
predominantly expressed in the RPE and ciliary body, the RPE-target-
ing rAAVDJ-3M vector together with an RPE-specific promoter
would be the ideal vehicle to treat MFRP-deficient RP and warrants
further investigation.

Various point mutations have been found in the human MFRP gene,
many of which still express dysfunctional MFRP proteins42 and subse-
quently increase the likelihood of endoplasmic reticulum stress. In
addition, the absence of MFRP protein may lead to uncontrolled
signaling by CTRP5, triggering the migration of phagocytic cells
from the choroid into the subretinal space.17 Moreover, Ctrp5 muta-
tions can result in an autosomal dominant negative macular degener-
ation, named late-onset retinal degeneration, in which significant accu-
mulation of mutant CTRP5 was observed.7 In a separate study, the
accumulation of CTRP5 led to disorganized actin stress fibers,
increased numbers of focal adhesions, and loss of cell-to-cell contact,
which phenocopies the MFRP deficiency.13 In these cases, it is neces-
sary to knock down the endogenous bicistronic transcript with mutant
genes. Currently, it is challenging to dissect the functions ofMfrp and
852 Molecular Therapy: Nucleic Acids Vol. 32 June 2023
Ctrp5 genes in rd6mice. We observed that reducing the overexpressed
CTRP5 in rd6 mice partially prevented retinal degeneration. Consid-
ering that overexpression of CTRP5 in naive human RPE cells
mimicked the pathogenesis of MFRP-deficient patient RPE cells,13

we hypothesize that MFRPmutation and increased CTRP5 expression
are both the etiological factors of ocular disease in rd6 mice. Our
studies provide a new strategy, with high recovery efficacy and low
side effects because of the RPE-specific transduction of rAAVDJ-3M.
In the subsequent study, the effects of prolonged treatment are worth
further exploration and the retinal structure and function of different
treatment groups will be evaluated after 6–12 months of treatment.

Although the association ofMfrpmutations with many disease pheno-
types has been established, themolecular function of theMFRP protein
remains unclear, partially due to the absence of any close homologs in
the genome. Despite the hypothesis that MFRP and CTRP5 may func-
tion antagonistically, few mechanistic studies have been published. We
found that the activity of theMFRP promoter wasmarkedly lower than
that of the strong CMV promoter, and that there were minimal differ-
ences in promoter methylation pattern between rd6 and WT mice,
lessening the likelihood of the promoter’s effect on the antagonistic
relationship between MFRP and CTRP5. On the other hand, our
studies provide evidence that MFRP inhibits the expression of the
bicistronic Mfrp and Ctrp5 transcript through miR-149-3p. First, the
level of miR-149-3p was significantly decreased in the RPE-choroid
complexes of rd6 mice. Second, in vitro overexpression of MFRP re-
sulted in an increase ofmiR-149-3p content. Third, in vitro overexpres-
sion of miR-149-3p reduced not only the expression of endogenous bi-
cistronic Mfrp and Ctrp5 transcript, but also the luciferase expression
mediated by miR-149-3p binding site that was predicted in the bicis-
tronic transcript. Other predicted miRNAs either had undetectable
levels or did not respond toMFRP overexpression. Previously, in order
to obtain insight into the functional role of MFRP, gene expression
profiling of WT and rd6 mice,12 as well as proteomic analysis among
WT, rd6, and rAAV-Mfrp-treated rd6 mice,19 were conducted, both
of which identified over 100 differentially expressed targets.

It is worth noticing that total RNAs from mouse eyes were isolated in
the former study, while proteomic contents from RPE-choroid com-
plexes were analyzed via liquid chromatography-tandem mass spec-
trometry in the later one. With the global prevalence of age-related
eye diseases on the rise, researchers are exploring various strategies
for the treatment of retinopathy.43 Although, at this moment, the
full molecular signaling pathways downstream of MFRP have not
been established, these previous studies, along with our current find-
ings, offer new insights into the function of MFRP.

MATERIALS AND METHODS
Animals

Rd6 mice (Jackson Laboratory) were provided by Professor Xu un-
der a material transfer agreement. Age-matched C57BL/6 mice
(Institute of Laboratory Animal Sciences, JSJ, China) were used
as controls. All experimental mice were maintained in the animal
facility of School of Life Sciences, Fudan University. Mice were
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housed in a 12-h light/dark cycle, with enough water and food.
The mouse procedures were approved by the Institutional Animal
Care and Use Committee of Fudan University (No.: 2022JS070).
All procedures were performed in accordance with the Association
for Research in Vision and Ophthalmology Statement for the Use
of Animals in Ophthalmic and Vision Research.

Cell lines

HEK293 (#CRL-1573), HEK293T (#CRL-3216), ARPE-19 (#CRL-
2302), and N2A (#CCL-131) cells were purchased from American
Type Culture Collection (Manassas, VA). Cells were cultured in Dul-
becco’s modified Eagle’s medium (DMEM, Thermo Fisher Scientific,
Waltham, USA), Dulbecco’s Modified Eagle Medium/Nutrient
Mixture F-12 (DMEM-F12, Thermo Fisher Scientific, Waltham,
MA, USA), and opti-Minimum Essential Medium (Thermo Fisher
Scientific, Waltham, MA, USA), respectively, supplemented with
10% fetal bovine serum (FBS, Thermo Fisher Scientific, Waltham,
MA, USA), 100 U/mL penicillin (Thermo Fisher Scientific, Waltham,
MA, USA), and 100 mg/mL streptomycin (1% P/S, Thermo Fisher Sci-
entific, Waltham, MA, USA). Cells were maintained in an incubator
at 37�C and 5% CO2 atmosphere.

PEI-mediated plasmid transfection

The liner polyethyleneimine (PEI, Polysciences, Illinois, USA) was
dissolved in deionized water as a storage solution of 1 mg/mL, and
kept at �80�C. Cells were seeded into 12-well plates at a density of
80,000 cells/well and cultured for 24 h in an incubator at 37�C and
5% CO2 atmosphere. One hour before transfection, the old medium
was replaced by 500 mL/well DMEM. To make polyplex solution,
3 mL of PEI and 1 mg of plasmid DNA was individually diluted using
50 mL of DMEM. The PEI and plasmid were mixed. The polyplex so-
lution was drop-wise added into the cell-containing plates, which
were returned to the incubator at 37�C and 5% CO2 atmosphere
for 6 h. Then, the medium containing the transfection mixture was
replaced by 2 mL of DMEM supplemented with 10% FBS and 1% P/S.

Plasmids

Mfrp-Flag and Ctrp5 cDNA sequences were PCR amplified from the
RPE-choroid complexes of WT mice and were subcloned into a
pAAV-CMVp-Gfp plasmid driven through replacing the GFP coding
sequence by EcoRI and XhoI restriction sites. The �2,059-bp region
upstream of theMfrp gene were PCR amplified from the RPE-choroid
complexes ofWTmice and was cloned into a pGL3-Rluc/Fluc plasmid
through replacing the CMV promoter sequence by SmaI and HindIII
restriction sites. The predicted binding sites of miR-149-3p and miR-
7081-5p were synthesized and individually cloned to downstream of a
Fluc transgene of pGL3-Rluc/Fluc plasmid using BamHI and HindIII
restriction sites. According to the online tool (https://rnaidesigner.
thermofisher.com/rnaiexpress/sort.do) and shRNA design principles,
four shRNAs were designed and the interference sequences were listed
in Table S1, with non-targeting sequence as control. Synthesized
shRNAs were cloned to the recombinant adenoviral shuttle vector
pAAV-hU6p-shCon through replacing the non-targeting sequence us-
ing BamHI and HindIII restriction sites.
Recombinant AAV vector production, purification, and titration

The rAAV capsid mutant plasmids were either reported previously20

or constructed by a site-directed mutagenesis kit (Sangon, Shanghai,
China). PEI-mediated triple-plasmid transfectionmethod was used to
produce rAAV vectors, according to a published protocol.44 Briefly,
HEK293 cells from twenty 15-cm culture plates were harvested at
72 h post transfection. The cell pellet was resuspended in 5 mL of
RB TMS Buffer (50 mM Tris-HCl, 150 mM NaCl, pH 8.0), followed
by three repeats of freeze in dry-ice-ethanol bath for 10 min and thaw
at 37�C for 10 min, to prepare the crude lysate. The lysate was spun
down at 3,000 rpm, 4�C for 10 min, and the supernatant was collected
for Benzonase digestion (EMDMillipore, Darmstadt, Germany). In a
13-mL Quick-Seal centrifuge tube (Beckman Coulter, Brea, USA), the
supernatant was loaded on top of iodixanol gradient (OptiPrep,
Sigma-Aldrich Inc., St. Louis, USA). The samples were ultra-centri-
fuged at 75,000 rpm for 1 h, and the 40% iodixanol fraction was
collected. The vectors were further purified by ion-exchange chroma-
tography using HiTrap Qcolumn (GE Healthcare, Piscataway, NJ,
USA), washed with phosphate-buffered saline, and concentrated us-
ing centrifugal spin concentrators with 150 Kmolecular weight cutoff.
The vectors were finally resuspended in 500 mL PBS. The titers of Ben-
zonase-resistant rAAV particle stocks were determined by qPCR.
Briefly, 10 mL of vector stock was digested with Benzonase (EMD
Millipore, Darmstadt, Germany) at 37�C for 1 h. Then, NaOH and
SDS were added to make the final concentration at 100 mM and
0.2%, respectively. The samples were incubated at 65�C for 30 min.
The vector DNAs were purified by DNA Clean & Concentrator-25
Kit (Zymo Research, Irvine, CA, USA) and subjected to qPCR assays
to determine vector titers.

Subretinal and intravitreal injection

Subretinal injection was performed in 4-week-old WT mice or
14-day-old rd6mice via transvitreal approach under a surgical micro-
scope as previously described.22 Intravitreal injection was executed in
4-week-old WT mice. Briefly, mice were anesthetized with pentobar-
bitone and the ocular surface was anesthetized with proparacaine hy-
drochloride (0.5%). Eyes were dilated with drops of phenylephrine
(0.5%) and tropicamide (0.5%). Corneal limbus at the nasal side
was pierced with a 30.5-gauge BD insulin syringe needle. A
34-gauge blunt-tip needle (Hamilton, Reno, NV, USA) was intro-
duced into subretinal space or vitreous chamber through the corneal
incision. Each eye received 1 mL rAAV solution at a titer of 1 � 1013

vg/mL, or equal volume of PBS. After injection, the needle was held in
place for a few seconds to allow full treatment delivery before being
slowly withdrawn. Subsequently, the eye ointment was applied to
the ocular surface after intraocular surgery to prevent postoperative
infection. Mice were placed in a 37�C incubator for 1 h and then re-
turned to the original position.

rAAV vector genome copy number quantification

Fresh RPE-choroid complexes were snap-frozen in dry ice-cooled iso-
pentane and genomic DNA was extracted from tissue samples by a
DNA extraction kit (Tsingke, Beijing, China). Vector genome copy
number per ng of genomicDNAwas determined by qPCR assays using
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SYBR Green kit (Toyobo, Osaka, Japan). The absolute amount was ob-
tained by referring to a standard curve consisting of a 10-fold serial
dilution of the known amount of respective proviral cis plasmids.
The primer set was designed for the ITR region. The forward primer
is 50- GGAACCCCTAGTGATGGAGTT-30 and the reverse primer
is 50- CGGCCTCAGTGAGCGA-30, which are listed in Table S1.

Neutralizing antibody assay

Serum was obtained when the animals were killed. Cells were seeded
into 96-well plates at a density of 50,000 cells/well and cultured for
24 h in an incubator at 37�C and 5% CO2 atmosphere. The
rAAVDJ-Fluc vectors were diluted in serum-free DMEM and incu-
bated with serial dilutions of the serum samples for 30 min at 37�C.
Subsequently, the serum-vector mixtures were added to the cells at
a multiplicity of infection of 1,000 vg/cell. After 48 h, cells were lysed
using the One-Lite Luciferase Assay Kit (Vazyme, Nanjing, China)
and luciferase activity was measured on a luminometer (BioTek, Wi-
nooski, USA) as relative light units per second. The neutralizing titer
was reported as the highest serum dilution that inhibited rAAV trans-
duction by R50% compared with the 100% transduction control.

RNA isolation and qPCR

Total RNA was extracted from RPE-choroid complexes using the
RNA extracting kit (Takara, Osaka, Japan). cDNA was synthesized
from 1 mg RNA using PrimeScript Reverse Transcriptase Master
Mix (Takara, Osaka, Japan). qPCR reactions were performed using
SYBR Green kit (Toyobo, Osaka, Japan), with gene-specific primer
sets (Table S1). The efficiency of each pair of primers ranged from
90% to 110% based on qPCR assays (Figure S9). Relative mRNA
expression was calculated using the DDCT method and normalized
against reference gene (GAPDH) in each sample.

Immunofluorescence

Immunofluorescence was performed for both whole mounts and
transverse sections of the retina.45 Briefly, retinal cryosections were
blocked in 0.5% Triton X-100 and 5% bovine serum albumin
in PBS for 1 h at room temperature. Afterward, sections were incu-
bated overnight at 4�C with primary antibodies for anti-IBA1+

(019–19741, 1:1000, Wako, Tokyo, Japan), anti-Rhodopsin
(MAB5356, 1:500, Merck, Darmstadt, German), anti-Cone arrestin
(AB15282, 1:1000, Merck, Darmstadt, German), and anti-MFRP
(AF3445, 1:40, R&D, Minnesota, USA). After washing three times
with PBST (1% Tween 20 in PBS), samples were incubated with Alexa
594 (ab150080/ab150116, 1:1000, Abcam, Cambridge, MA, USA) or
FITC (PA1-28734, 1:1000, Thermo Fisher Scientific, Waltham, MA,
USA) secondary antibodies for 1 h. Subsequently, sections were
washed three times with PBS and stained with DAPI. Images were
captured using an Olympus FV3000 confocal microscope. The num-
ber of infiltrated microglia and GFP density in the RPE layer were
quantified by IMARIS software.

WB analysis

Total proteins were extracted from cells or RPE-choroid complexes
by lysis buffer (Beyotime, Shanghai, China) and quantified by BCA
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Protein Assay Kit (Beyotime, Shanghai, China). Samples were sepa-
rated using 10% SDS-PAGE electrophoresis and transferred to
PVDF membrane. The membrane was blocked with 5% skimmed
milk in PBST for 1 h and incubated overnight at 4�C with anti-
CTRP5 (503021, 1:1000, ZEN bioscience, Chengdu, China), anti-
FLAG (14793, 1:1000, Cell Signaling Technology, Boston, MA,
USA) or anti-GAPDH (ab181602, 1:2000, Abcam, Cambridge, MA,
USA) antibodies. After washing with PBST, the membrane was incu-
bated with horseradish peroxidase-conjugated secondary antibodies
at 1:5,000 for 1 h at room temperature. The membrane was detected
with an enhanced chemiluminescence substrate and the blots were
captured using automatic chemiluminescence imager (Tanon,
Shanghai, China).

Electroretinography

Full-field electroretinography (ERG) was carried out to measure
scotopic a- and b-wave and photopic b-wave amplitudes. All experi-
mental operations were performed under dim red light. Briefly,
mice were dark-adapted overnight and anesthetized with pentobarbi-
tone. Pupils were dilated with phenylephrine (0.5%) and tropicamide
(0.5%). Dark-adapted ERGs were elicited with 0.01 scot-cd,sec,m�2

and 2 scot-cd,sec,m�2. In addition, cone-isolated ERGs were
elicited with 2 scot-cd,sec,m�2 with a 25 scot-cd,sec,m�2 back-
ground light for 10 min. ERG measurements were made using
the APS-2000AER system (Kanghua, Chongqing, China). The
a-waves were measured from baseline to the trough of the downward
deflecting wave, whereas the b-waves were taken from trough of the
a-wave to the peak of upward deflecting wave. Analysis of variance
(ANOVA) was used to determine the statistical significance between
waveform amplitudes in various groups. At least 6–10 mice were de-
tected in each group.

Histological analysis

Retinal morphology and photoreceptor structure were assessed at 60
dpi by histological analysis. In brief, eyecups were dissected, fixed in
4% paraformaldehyde, and embedded in paraffin. Paraffin sections
were at 4-mm thickness and stained with H&E for structural integrity.
The butterfly diagram and images were captured using a microscope
(Nikon, Tokyo, Japan).

Bisulfite sequencing

DNA methylation of MFRP promoter sequence from the RPE-
choroid complexes of rd6 and WT mice was determined by bisulfite
sequencing PCR. Two micrograms of purified genomic DNA was
bisulfite-converted and purified using EpiTect Bisulfite Kit (Qiagen,
Dusseldorf, Germany). Purified bisulfite-converted DNA was ampli-
fied by the designed primer set (Table S1) using Epi Taq (Takara,
Osaka, Japan) and purified PCR products were cloned into
pMD18-T vectors (Takara, Osaka, Japan). Afterward, colonies were
selected and sequenced by Sanger sequencing.

Luciferase reporter assay

Cells were seeded in 96-well or 12-well plates and transfected using
PEI according to the manufacturer’s instructions 48 h after
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transfection. Cells were lysed with 100 mL of lysis reagent (Promega,
Madison, WI, USA). Firefly and Renilla luciferase expression was as-
sessed using a luminometer (BioTek, Winooski, VT, USA) according
to the Dual-Luciferase Reporter Assay System (Promega, Madison,
WI, USA). Briefly, after thawing frozen samples at room temperature,
10 mL of lysates was added into a 96-well plate, followed by adding
10 mL of luciferase assay reagent (Promega, Madison, WI, USA).
The plate was placed in a luminometer at room temperature. The
delay and measurement times were set for 2 and 10 s, respectively.
All measurements were finished within 15 min. All the luciferase re-
porter assays were calculated as the ratio between firefly and Renilla
luciferase activities. The pGL3-Rluc/Fluc plasmid contained a Renilla
luciferase under the control of T7 promoter. Data generated from
three independent experiments were used for comparison.

Statistical analysis

All experimental data were presented as the mean ± standard devia-
tion (SD). Unpaired Student’s t test, Tukey’s test, or ANOVA was
applied to compare the difference of different groups. Tests were per-
formed on GraphPad Prism 6 (GraphPad Software, USA). p < 0.05
was considered statistically significant.
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