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Fatty acid transport protein 4 (FATP4), a transmembrane protein in
the endoplasmic reticulum (ER), is a recently identified negative
regulator of the ER-associated retinal pigment epithelium (RPE)65
isomerase necessary for recycling 11-cis-retinal, the light-sensitive
chromophore of both rod and cone opsin visual pigments. The role
of FATP4 in the disease progression of retinal dystrophies associ-
ated with RPE65 mutations is completely unknown. Here we show
that FATP4-deficiency in the RPE results in 2.8-fold and 1.7-fold
increase of 11-cis- and 9-cis-retinals, respectively, improving dark-
adaptation rates as well as survival and function of rods in the
Rpe65 R91W knockin (KI) mouse model of Leber congenital amau-
rosis (LCA). Degradation of S-opsin in the proteasomes, but not in
the lysosomes, was remarkably reduced in the KI mouse retinas
lacking FATP4. FATP4-deficiency also significantly rescued S-opsin
trafficking and M-opsin solubility in the KI retinas. The number of
S-cones in the inferior retinas of 4- or 6-mo-old KI;Fatp4−/− mice
was 7.6- or 13.5-fold greater than those in age-matched KI mice.
Degeneration rates of S- and M-cones are negatively correlated
with expression levels of FATP4 in the RPE of the KI, KI;Fatp4+/−,
and KI;Fatp4−/− mice. Moreover, the visual function of S- and
M-cones is markedly preserved in the KI;Fatp4−/− mice, displaying
an inverse correlation with the FATP4 expression levels in the RPE
of the three mutant lines. These findings establish FATP4 as a
promising therapeutic target to improve the visual cycle, as well
as survival and function of cones and rods in patients with RPE65
mutations.

RPE65 | visual cycle | opsin solubility | cone photoreceptor | retinal
degeneration

Retinal pigment epithelium 65 (RPE65) is a key retinoid
isomerase (1–4) in the visual cycle responsible for recycling

11-cis-retinal (11cRAL), which functions not only as a molecular
switch for initiating the phototransduction in response to light
stimuli, but also as a chaperone for normal trafficking of cone
opsins to the outer segments (OS) of cones (5, 6). RPE65 is also
the isomerase responsible for the production of meso-zeaxanthin
(7), one of the three macular pigments in the human retina that
function as potent antioxidants and light-screening pigments to
protect the macula (8). Expression levels and activities of RPE65
are positively correlated with an increase in both retinal sus-
ceptibility to light-induced degeneration (9, 10) and the accu-
mulation rates of the visual cycle-derived cytotoxic bisretinoids,
the major autofluorescent components of lipofuscin implicated
in Stargardt disease and geographic atrophy of age-related macular
degeneration (11–13).
Mutations in the RPE65 gene cause vision impairment and

retinal degeneration in affected patients, canines, and mice. In
humans, more than 100 DNA variants in the RPE65 gene are
reported as pathogenic mutations causing retinal degenerative
diseases (Global Variome shared LOVD: https://databases.lovd.
nl/shared/genes/RPE65). Although night blindness is the first
significant symptom in most patients with RPE65 mutations,
in vivo microscopy of the fovea demonstrated that many patients

exhibited severe cone degeneration at very early ages (14, 15).
The potentially important role of RPE65 in maintaining human
cone photoreceptor health and vision is also supported by its
abundant expression and higher activity in the macaque central
RPE layer localized to the cone-rich area (16).
With the exception of adeno-associated virus (AAV)-based

gene therapy, there is no approved effective treatment available
for diseases caused by RPE65 mutations. In clinical trials, sub-
retinaly injected AAV-RPE65 has improved vision in some pa-
tients (17–20). However, subsequent studies showed that the
gene therapy could not stop progressive retinal degeneration in
patients (21–23). In addition, more than half of the subjects in-
jected with a higher dose of AAV-RPE65 developed various
degrees of intraocular inflammation (23). AAV cis-regulatory
sequences are associated with toxic effects on the RPE and
microglial cells (24). Lower dose of AAV-RPE65 may reduce the
side effects but it will limit the beneficial outcome of this very
high-cost therapy because only a small population of RPE cells
will express the exogenous RPE65 (17). These studies suggest
the need for alternative interventions and improved gene therapy
to prevent progressive retinal degeneration in patients.
A recent study showed that systemic administration of

4-phenylbutyrate (PBA) could partially rescue the function of
mutated RPE65, thereby improving the preservation of photore-
ceptors and vision in a mouse model of Leber congenital amaurosis
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(LCA) (25). This study suggests that rescuing the intrinsic
function of mutated RPE65 has the potential to mitigate retinal
degeneration in patients with RPE65 mutations. Studies in
cultured cells have shown that many RPE65 mutants could be
rescued by chemical and physical treatments (26, 27). These
studies have provided the basis to explore new therapeutic
strategies for diseases associated with RPE65 mutations. One
of the possible approaches that can rescue RPE65 mutants, and
thereby enhance the efficacy of the gene therapy and PBA-
treatment, is to modulate endogenous regulators of RPE65.
Through screening of RPE cDNA libraries, we have previously

identified fatty acid transport protein 4 (FATP4) as a negative
regulator of RPE65 (28). FATP4 is a transmembrane protein
with an endoplasmic reticulum (ER)-localization domain (29).
Among the six members of the FATP family, FATP4 is the most
abundant FATP in the RPE. It has fatty acyl-CoA synthetase
activity with specificity toward saturated and monounsaturated
very long-chain fatty acids. Activation of C24:0, but not C16:0,
fatty acid was reduced in the FATP4-null mouse cells (30, 31). In
an in vitro assay for RPE65 isomerase, lignoceroyl (C24:0)-CoA

inhibited the synthesis of 11-cis-retinol (11cROL), whereas pal-
mitoyl (C16:0)-CoA promoted the synthesis of 11cROL (28). In
addition, FATP4 has been shown to interact with RPE65 and
inhibits 11cROL synthesis catalyzed by RPE65 (32). Consistent
with these studies, the retinoid isomerase activity and the visual
cycle rates are increased in a mouse line lacking FATP4 in the
RPE (28).
In the present study, we investigated the role and mechanisms

of FATP4 function in regulating the visual cycle, as well as sur-
vival and function of rod and cone photoreceptors in patholog-
ical conditions caused by hypomorphic R91W RPE65, the most
common RPE65 mutant linked to LCA. The R91W mutation
has been shown to cause early degeneration of cones in affected
patients and animal models (33, 34). We found that FATP4 is a
promising therapeutic target to preserve cones and vision in
patients with RPE65 mutation.

Results
Deletion of FATP4 Increased Synthesis of 11cRAL and 9-cis-Retinal in
the R91W Knockin Mouse Model of LCA. To investigate the role of

Fig. 1. Deletion of FATP4 increased chromophore synthesis in R91W KI mice. (A) Immunoblot analysis of FATP4, RPE65, and LRAT in the mouse RPE with the
indicated genotypes. β-Actin was detected as a loading control. (B) Relative expression levels of FATP4, RPE65, and LRAT in the mutant mouse RPE were
normalized by actin levels and shown as percent of each protein level in WT mice. (C–E) Representative HPLC chromatograms of ocular retinoids extracted
from dark-adapted WT (C), KI (D), and KI;Fatp4−/− (E) mice. The marked peaks are atRE, syn-11-cis retinal oxime (syn-11cRox), syn-all-trans retinal oxime (syn-
atRox), 11cROL, anti-11-cis retinal oxime (anti-11cRox), all-trans retinol (atROL), anti-all-trans retinal oxime (anti-atRox), syn-9-cis retinal oxime (syn-9cRox),
and anti-9-cis retinal oxime (anti-9cRox). (F) Amounts of 11-cis and 9-cis retinals in dark-adapted eyes of 6-wk- and 12-wk-old WT, KI, and KI;Fatp4−/− mice are
measured by HPLC analysis.
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FATP4 in disease progress of the knockin (KI) mouse, we gen-
erated KI mouse lines with a Fatp4−/− or Fatp4+/− genotype.
Immunoblot analysis of RPE showed that RPE65 expression
levels in KI, KI;Fatp4+/−, and KI;Fatp4−/− mice were ∼10% of
WT RPE65 (Fig. 1 A and B). This observation is consistent with
the previous study showing rapid degradation of R91W RPE65
through the ubiquitin-proteasomal pathway (25) and suggests
that FATP4 had no significant effect on the stability of the
mutant RPE65. Expression levels of lecithin:retinol acyl-
transferase (LRAT), which synthesizes the substrate of RPE65,
in all mutant lines were similar to that in the WT mouse RPE.
FATP4 expression was reduced by 60% in the KI;Fatp4+/− RPE,
as compared to the WT mouse RPE, and was not detectable in
the KI;Fatp4−/− mouse RPE (Fig. 1 A and B).
We then analyzed ocular retinoids in the mice. To stabilize the

highly reactive retinals, we converted 11cRAL and all-trans-ret-
inal into syn- and antiretinaloxime isomers using hydroxylamine
(35). HPLCy (HPLC) data showed that the amounts of 11cRAL
and 9-cis-retinal (9cRAL), a functional iso-chromophore (36),
were increased 2.8-fold and 1.7-fold, respectively, in the dark-
adapted KI;Fatp4−/− mice (Fig. 1F), whereas the amounts of all-
trans-retinal, all-trans-retinol, and all-trans-retinyl esters in the
KI;Fatp4−/− mice were not significantly changed, as compared to
those in age-matched KI mice (Fig. 1 C–F and SI Appendix,
Table S1).

FATP4-Deficiency Accelerated Recovery of Rod Light Sensitivity and
11cRAL Synthesis in the KI Mice. To know whether the increased
11cRAL in the KI;Fatp4−/− mice (Fig. 1) is associated with an
improvement of the visual cycle, we compared recovery rates of
rod light sensitivities in KI and KI;Fatp4−/−mice. After photo-
bleaching rhodopsin, we put mice in the dark for different times.
We then recorded scotopic electroretinograms (ERG) of the
mice. KI and KI;Fatp4−/− mice kept in darkness for 15 min
exhibited similar amplitudes of a-waves in response to a series of
light flashes (50∼250 cd·s/m2). However, a-wave amplitudes of
KI;Fatp4−/− mice dark-adapted for 30 min or 45 min were sig-
nificantly greater than those of the KI mice under the same light
conditions (Fig. 2 A and B). To confirm these results, we mea-
sured recovery of 11cRAL synthesis in the mice adapted to dark
for different times. Since KI and KI;Fatp4−/− mice contain small
amounts of the visual chromophores, we kept mice in darkness
for 1 or 2 h after photobleaching the visual pigments. As shown
in Fig. 2C, the amounts of 11cRAL in KI;Fatp4−/− mice kept in
darkness for 1 and 2 h were significantly greater than those in KI
mice at the same dark-adaptation conditions.

Alleviation of Rod Degeneration in the KI Mice Lacking FATP4. The
KI mice exhibit a disorganization of photoreceptor OS as early as
4 wk of age, and this OS disorganization/degeneration advances
with aging (37). To know whether FATP4-deficiency attenuates
rod degeneration in KI mice, we performed immunocytochem-
istry of rhodopsin in WT, KI, and KI;Fatp4−/− mice. As shown in
Fig. 3 A–C, the lengths of rod OS in 4- and 6-mo-old KI;Fatp4−/−

mice are much longer than those in age-matched KI mice. The
thickness of the outer nuclear layer (ONL) was also preserved in
6-mo-old KI;Fatp4−/− mice as compared to that of 6-mo-old KI
mice (Fig. 3C). Consistent with these observations, quantitative
immunoblot analysis showed that expression levels of rhodopsin
were increased by ∼40% or ∼70%, respectively, in 2- or 4-mo-old
KI;Fatp4−/− mice, as compared to age-matched KI mice (Fig. 3 D
and E), while expression levels of rhodopsin in 2- and 4-mo-old
KI mice were ∼50% or 40% of those in age-matched WT mice
(Fig. 3 D and E).

Improved Trafficking, Stability, and Solubility of Cone Opsins in
KI;Fatp4−/− Mice. Lack and severe shortage of 11cRAL supply
due to RPE65 mutations cause cone opsin mislocalization in

animal models (5, 6, 34). Since 11cRAL and 9cRAL are in-
creased in the KI;Fatp4−/− mice, we tested whether S-opsin
mislocalization is reduced in the KI;Fatp4−/− retina. Immuno-
histochemistry of S-opsin showed that mislocalization of S-opsin
was significantly reduced in the KI;Fatp4−/− retinas as compared
to the KI retinas (Fig. 4A). Quantitative analysis revealed that
S-opsin mislocalization was reduced by ∼40% in the KI;Fatp4−/−

mice (Fig. 4B).
As the first step to analyze the mechanisms resulting in re-

duction of S-opsin mislocalization in the KI;Fatp4−/− cones, we
incubated WT and mutant retinas with MG132 (a proteasome
inhibitor) or pepstatin A (a lysosome inhibitor) in media of the
retinal explants. Immunoblot analysis showed that the amounts
of S-opsin in the KI and KI;Fatp4−/− retinas, but not in the WT
retinas, were significantly increased by the treatments (Fig. 4 C
and D). The relative amounts of S-opsin were increased 3-fold or
1.6-fold, respectively, in the KI and KI;Fatp4−/− retinas treated
with MG132, as compared to the same genotype retinas treated
with DMSO, while the relative amounts of S-opsin in the KI and
KI;Fatp4−/− retinas treated with pepstatin A were increased by
∼55% or ∼43%, respectively, as compared to DMSO-treated
retinas (Fig. 4 C and D). These results suggest that a large
fraction of S-opsin proteins in the KI cones are misfolded and
underwent degradation in the proteasomes. Increase in the
synthesis of 11cRAL and 9cRAL in KI;Fatp4−/− mice signifi-
cantly reduced the proteasomal degradation of S-opsin in the
cones. The results also suggest that a small portion of S-opsin
proteins in both KI and KI;Fatp4−/− retinas underwent lysosomal
degradation, which could not be reduced by the increased
11cRAL and 9cRAL in the KI;Fatp4−/− retina.
To further confirm whether cone opsins are misfolded in the

KI cones, we analyzed solubility of M-opsin. We homogenized
retinas in PBS containing Triton X-100 detergent and separated
opsins into soluble and insoluble fractions by ultracentrifugation.
Immunoblot analysis of these fractions showed that more than
90% of M-opsin in the WT retina was included in the soluble
fraction, whereas only ∼58% of M-opsin in the KI retina was
distributed to the soluble fraction (Fig. 4 E and F). In the
KI;Fatp4−/− retina, the soluble M-opsin was increased to ∼78%
(Fig. 4 E and F). Consistent with this result, insoluble M-opsin
was significantly reduced in the KI;Fatp4−/− retina, as compared
to the KI retina (Fig. 4 E and F).

FATP4 Expression Levels in the RPE Are Negatively Correlated with
Degeneration Rates of S- and M-Cones in the LCA Mice. In the mouse
eyes, M-cones are present in the superior half of the retina while
the majority of S-cones are present in the inferior half of the
retina (38). To increase the detection sensitivity of cone opsins
and to accurately assess the degeneration rates of S- and
M-cones in the KI and KI;Fatp4−/− mice, we performed quan-
titative immunoblot analysis using inferior and superior halves of
the mouse retinas. Approximately 85% of S-opsin (S-cones) and
92% of M-opsin (M-cones) are present in the inferior or superior
half of 2-mo-old WT mouse retinas, respectively (Fig. 5 A–C).
Expression levels of S-opsin in the inferior retinas of 2-mo-old
KI;Fatp4+/− and KI;Fatp4−/− mice were 2.7-fold or 5-fold higher
than that in the inferior retina of age-matched KI mice, re-
spectively (Fig. 5 D and E). The differences of S-opsin expression
levels in the KI mice and KI mice with Fatp4+/− or Fatp4−/−

genotypes were enlarged to ∼6-fold and 11-fold, respectively, at
4-mo-old mouse age (Fig. 5 F and G). We failed to observe a
significant increase of S-opsin in the superior retinas of
KI;Fatp4+/− and KI;Fatp4−/− mice (Fig. 5 D and E), possibly due
to almost complete loss of S-cones in the superior retinas that
contain a small population of S-cones (Fig. 5 A–E). On the other
hand, immunoblot analysis showed a significant increase of
M-opsin in the superior retinas of KI;Fatp4+/− and KI;Fatp4−/−
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mice, as compared to age-matched KI mouse superior retinas
(Fig. 6 A–D).
To confirm the results of immunoblot analysis, we performed

immunohistochemistry for S- and M-opsins. The number of
S-cones preserved in the inferior retinas of 4-mo-old KI;Fatp4+/−

and KI;Fatp4−/− mice was 3.1-fold or 7.6-fold greater than those
in age-matched KI mouse inferior retinas (Fig. 5 H and I). The

number of M-opsin cells in the superior retinas of 4-mo-old
KI;Fatp4+/− and KI;Fatp4−/− mice was also significantly greater
than those in the superior retinas of KI mice (Fig. 6E).
All of the three mutant lines (KI, KI;Fatp4+/−, and

KI;Fatp4−/−) displayed a progressive degeneration of S-cones
with aging. In the KI mice, however, the degeneration rates of
S-cones were much faster than those in KI;Fatp4+/− and KI;Fatp4−/−.

Fig. 2. Accelerated recovery of rod light sensitivity and chromophore synthesis in KI;Fatp4−/−mice. (A) Representative scotopic ERG responses of WT, KI, and
KI;Fatp4−/− mice to 100- or 250-cd·s/m2 flashes. The mice were kept in darkness for 30 min or 45 min after photobleaching the visual pigments. (B) Amplitudes
of scotopic ERG a-waves evoked by 100-cd·s/m2 or 250-cd·s/m2 flashes in WT, KI, and KI;Fatp4−/− mice kept in darkness for the indicated times after pho-
tobleaching the visual pigments. (C) Amounts of 11cRAL in WT, KI, and KI;Fatp4−/− mouse eyes are measured at the indicated conditions: Immediately after
photobleaching (PB), dark-adapted for 1 h or 2 h after photobleaching. Asterisks indicate significant differences between KI and KI;Fatp4−/− mice (*P < 0.04,
**P ≤ 0.005). Error bars show SD (n = 4 ∼ 6).

Fig. 3. FATP4-deficiency mitigated degeneration of rods in KI mice. (A) Immunostaining of rhodopsin (Rho, red) in the superior retinas of 4-mo-old WT, KI,
and KI;Fatp4−/− mice. Nuclei were counterstained with DAPI (blue). (B) Higher-magnification images of the areas of rectangles shown in A. OS, outer seg-
ments; ONL, outer nuclear layer; INL, inner nuclear layer. (C) Representative immunostaining of Rho (green) in the central areas of 6-mo-old WT, KI, and
KI;Fatp4−/− mouse superior retinas. (D) Immunoblot analysis of Rho in the retinas of 2- and 4-mo-old WT, KI, and KI;Fatp4−/− mice. (E) Relative expression levels
of Rho in the KI and KI;Fatp4−/− retinas were normalized by actin levels and shown as percent of Rho levels in the WT retinas. Asterisks indicate significant
differences between KI and KI;Fatp4−/− mice (*P < 0.03, **P ≤ 0.004). Error bars show SD (n = 3).
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As a result, the number of S-cones preserved in the inferior
retinas of 6-mo-old KI;Fatp4+/− and KI;Fatp4−/− was ∼4.5-fold
or 13.5-fold greater than those in age-matched KI mouse in-
ferior retinas (Fig. 5 J and K). Immunoblot analysis confirmed
that S-opsin was almost undetectable in 6-mo-old KI mouse
inferior retinas while KI;Fatp4−/− mouse inferior retinas still
contained a significant amount of S-opsin at the same age
(Fig. 5L). The results described above indicate that the degrees
of S-cone degeneration are negatively correlated with the ex-
pression levels of FATP4 in the RPE of the three LCA models
at 2, 4, and 6 mo of age.

Inverse Correlation between Visual Function and FATP4 Expression in
the LCA Mouse Lines. To test whether FATP4-deficiency improves
the visual function, we recorded scotopic and photopic ERG
responses in KI and KI;Fatp4−/− mice. As shown in Fig. 7 A–D,
photoresponses of both rods and cones in KI;Fatp4−/− mice were
significantly greater than those in KI mice. To evaluate the
function of S- and M-cones separately, we recorded ERG re-
sponses with UV and green lights. Amplitudes of S-cone b-waves
evoked by UV flashes were significantly higher in KI;Fatp4+/−

and KI;Fatp4−/− mice, as compared to KI mice (Fig. 7 E and F);
b-wave amplitudes of M-cones in KI;Fatp4−/− mice were also
greater than those of the KI mouse M-cones (Fig. 7 G and H).

Discussion
In this study, we have established FATP4 as a therapeutic target
by providing evidence that FATP4-deficiency in the RPE in-
creases the synthesis of 11cRAL and 9cRAL, improving the vi-
sual cycle, rod light sensitivity, as well as stability, solubility, and
trafficking of cone opsins in mouse models of LCA. We further
showed that survival and function of cones are significantly en-
hanced in KI;Fatp4−/− mice, and are negatively correlated with
FATP4 expression levels in the RPE of KI, KI;Fatp4+/−, and
KI;Fatp4−/− mice. These findings suggest that pharmacological
approaches suppressing FATP4 expression have the potential
to mitigate cone degeneration and vision loss in patients with
RPE65 mutations.
RPE65 uses all-trans retinyl fatty acid esters (atRE) as its

substrate to synthesize 11cROL (2). The fatty acid moiety of

atRE is crucial for binding with RPE65 and may facilitate sub-
strate access to the catalytic site located inside a hydrophobic
pocket of RPE65 (39). In agreement with these studies, our
previous experiments showed that FATP4 competes with RPE65
for the atRE substrate of RPE65 (28). In addition, our recent
study indicates that interaction between FATP4 and RPE65 also
contributes to inhibition of the RPE65-catalyzed synthesis of
11cROL (32). These studies suggest that enhancement of all-
trans to 11-cis isomerization catalyzed by R91W RPE65 is the
main mechanism for rescuing the visual cycle in the KI mice
lacking FATP4. Although the RPE retinal G protein-coupled
receptor (RGR) also catalyzes the all-trans to 11-cis isomeriza-
tion to make 11cRAL (40–42), the following data suggest that
FATP4-deficiency promoted the RPE65-catalyzed isomerization
rather than the RGR-mediated isomerization: 1) Amplitudes of
scotopic ERG a-waves in 30- or 45-min dark-adapted KI;Fatp4−/−

mice were much higher than those in KI mice under the same
dark-adaptation conditions (Fig. 2 A and B), and 2) the amount of
11cRAL synthesized during 1-h dark adaptation of KI;Fatp4−/−

mice was significantly greater than that in KI mice under the same
conditions (Fig. 2C). These results indicate that FATP4-deficiency
promoted 11cRAL synthesis in a light-independent mechanism,
while RGR-mediated synthesis of 11cRAL requires light stimuli
(40–42).
Similar to the early cone degeneration phenotypes in dogs and

mice with Rpe65 mutations (34, 43, 44), patients with some
RPE65 mutations (including R91W mutation) exhibit a signifi-
cant loss of cones at very early ages (14, 15, 33, 45). Mis-
localization of cone opsins may contribute to the early cone
degeneration in the Rpe65−/− and KI mice (5, 34). In this study,
we observed that FATP4-deficiency in the RPE significantly
reduced mislocalization of S-opsin in the KI mice (Fig. 4 A and
B). This mitigation of S-opsin mislocalization is most likely due
to an increase in correct folding of S-opsin rather than correcting
a trafficking defect of the opsin. Visual chromophores of 11cRAL
and 9cRAL have been shown to function as chaperones for ef-
fective folding of mutated opsin (46). These data suggest that
11cRAL and 9cRAL increased in the KI;Fatp4−/− retina pro-
moted the native folding of cone opsins, which in turn improved

Fig. 4. Improved trafficking, stability, and solubility of cone opsins in KI;Fatp4−/− mice. (A) S-opsin (green) immunohistochemistry in WT, KI, and KI;Fatp4−/−

inferior retinas. (Scale bar, 20 μm.) (B) Percentage of S-opsin mislocalization estimated by dividing S-opsin immunofluorescence in the OPL by the sum of
immunofluorescence in the OPL and OS. Note the decrease in S-opsin mislocalization in KI;Fatp4−/− mice. (C and D) Immunoblot analysis of S-opsin in retinal
explants treated with the indicated concentrations of MG132 (C) or pepstatin A (D). DMSO was used in the MG132 and pepstatin A-null controls. Histograms
show relative immunoblot intensities of S-opsin in MG132-treated and pepstatin A-treated retinas versus DMSO-treated controls. (E) Representative im-
munoblot analysis of M-opsin in Triton X-100–soluble and –insoluble retinal fractions separated by ultracentrifugation (Right). (Left) Immunoblots of actin in
the retinal homogenates before ultracentrifugation. (F) Percentages of Triton X-100–soluble and –insoluble M-opsin in WT, KI, and KI;Fatp4−/− mice are
estimated from the immunoblot intensities in E.
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the normal trafficking and stability of S-opsin in the KI;Fatp4−/−

cones (Fig. 4 A–D).
To know whether M-opsin is also misfolded in the KI cones,

we analyzed M-opsin solubility in Triton X-100, a nonionic de-
tergent that has been used to distinguish normal and misfolded
mutant proteins (47, 48). We observed that most of M-opsin pro-
teins in the WT retina were soluble in the Triton X-100–containing
homogenate, whereas only ∼60% of M-opsin proteins in the KI
retina were soluble under the same detergent conditions (Fig. 4 E

and F). Importantly, soluble fraction of M-opsin proteins was in-
creased to ∼80% in the KI;Fatp4−/− retina, while insoluble M-opsin
was markedly reduced in the KI;Fatp4−/− retina, as compared to the
KI retina (Fig. 4 E and F). These results support the possibility that
increased synthesis of the 11cRAL and 9cRAL chromophores
promoted the normal folding of M-opsin, thereby improving the
solubility of M-opsin in the KI;Fatp4−/− retina.
Of note, we observed that S-opsin in the KI and KI;Fatp4−/−

cones underwent degradation via both the proteasomal and the

Fig. 5. Inverse correlation between S-cone degeneration and FATP4 expression in KI mouse models. (A) Immunoblot analysis of S- and M-opsins in the
indicated amounts (μg) of retinal homogenates from inferior or superior halves of WT mouse retinas. (B and C) Percentages of S-opsin (B) and M-opsin (C)
included in the inferior and superior halves of WT retinas. (D) Immunoblot analysis of S-opsin in the inferior and superior halves of 2-mo-old mouse retinas
with the indicated genotypes. (E) Relative expression levels of S-opsin in the inferior or superior halves of 2-mo-old KI, KI;Fatp4+/−, and KI;Fatp4−/− retinas are
shown as percent of S-opsin levels in the inferior or superior halves of WT retinas. (F) Immunoblot analysis of S-opsin in the inferior halves of 4-mo-old WT, KI,
KI;Fatp4+/−, and KI;Fatp4−/− mouse retinas. (G) Relative expression levels of S-opsin in the inferior half of 4-mo-old KI, KI;Fatp4+/−, and KI;Fatp4−/− retinas are
shown as percent of S-opsin levels in age-matched WT inferior retinas. (H) Immunostaining of S-opsin in the inferior retinas of 4-mo-old WT, KI, KI;Fatp4+/−,
and KI;Fatp4−/− mice. (Scale bar, 100 μm.) (I) Numbers of S-cones in the inferior retinas of sections taken from the dorsal-ventral midline of 4-mo-old mouse
eyes. (J) Immunostaining of S-opsin in the inferior retinas of 6-mo-old with the indicated genotypes. (Scale bar, 100 μm.) (K) Comparison of S-cone numbers in
the inferior retinal sections of 6-mo-old mice. (L) Immunoblot analysis of S-opsin in 6-mo-old retinas of WT, KI, and KI;Fatp4−/− mice. *P < 0.001, **P < 0.0001,
n = 3.
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lysosomal pathways. However, MG132 and pepstatin A dis-
played significantly different effects on the inhibition of S-opsin
degradation in the KI and KI;Fatp4−/− retinal explants. As
compared to DMSO-treated controls, S-opsin was increased
3-fold or 1.6-fold in the KI and KI;Fatp4−/− retinal explants
treated with MG132 (Fig. 4C), while in the presence of pepstatin
A, S-opsin was increased by ∼55% or ∼43% in the KI and
KI;Fatp4−/− retinal explants, respectively (Fig. 4D). These data
suggest that the misfolded S-opsin that undergoes the protea-
somal degradation in the KI retina is dramatically rescued in the
KI;Fatp4−/− retina, whereas the misfolded S-opsin that un-
dergoes lysosomal degradation is barely rescued in the
KI;Fatp4−/− retina. These differences may reflect two different
phases of misfolded S-opsin proteins in the mutant cones. In the
early phase of misfolding, S-opsin can be refolded by the chro-
mophores that are increased in the KI;Fatp4−/− mice; therefore,
proteasomal degradation of S-opsin is reduced and MG132 has a
significantly smaller effect on increasing S-opsin stability in
KI;Fatp4−/− retinas compared to KI retinas (Fig. 4C). In the late
phase of misfolding, S-opsin proteins formed aggregates that
undergo lysosomal degradation via the autophagy-mediated
autolysosome pathway. The aggregates of misfolded S-opsin
may not be refolded by 11cRAL and 9cRAL; therefore, pep-
statin A exhibited a similar effect on S-opsin stability in both KI
and KI;Fatp4−/− retinas (Fig. 4D). These interpretations are in
agreement with the following observations: 1) Transmembrane
proteins that fail to assume their native structure are subject to
ER-associated degradation via the ubiquitin-proteasomal pathway
(49); 2) M-opsin undergoes rapid degradation in the proteasomes
of Rpe65−/− cones (50), whereas ubiquitinated S-opsin accumu-
lates in the Lrat−/− cones (51); and 3) autophagy is activated
during cone death in animal models of retinal dystrophies (52).
Recent studies showed that a small difference in the intrinsic

activities of RPE65 mutants result in a significant difference in
photoreceptor survival and function of mice with distinct Rpe65
mutations (25, 34, 37, 53–55). Similar to R91W and F229S
substitutions, P25L mutation resulted in a severe decrease in the

expression levels of RPE65 and the synthesis rates of 11cRAL in
mice (37, 54, 55). Reportedly, the isomerase activities of P25L
and R91W mutants in the cells are ∼8% or 5% of WT activity,
respectively (56, 57). However, in contrast to the R91W and
F229S/tvrm148 mice with severe defects in the cone and rod
function (34, 37, 53, 54), the P25L mice exhibited relatively mild
retinal degeneration and almost normal visual function in both
scotopic and photopic ERG recordings (55). In addition, a par-
tial rescue of the R91W mutant with a chemical chaperone
(PBA) improved 11cRAL synthesis, cone survival, and visual
function in KI mice (25).
Compared to the PBA treatment that elevated 11cRAL by

96% in the KI mice (25), FATP4-deficiency exhibited a much
higher effect on increasing 11cRAL synthesis in the KI mice. In
the KI;Fatp4−/− mice, 11cRAL was increased 2.8-fold as com-
pared to KI mice. FATP4-deficiency also promoted the synthesis
of 9cRAL in the KI mice. Since 9cRAL is increased in Rpe65−/−

mice too (36), 9cRAL may be increased via a RPE65-
independent pathway in the KI;Fatp4−/− mice. Nevertheless,
due to the strong rescue of 11cRAL and 9cRAL synthesis, sur-
vival and function of cones dramatically improved in the
KI;Fatp4−/− mice. Reportedly, mouse lacks the macula pigments
(58, 59) and, therefore, the preservation of cones in the
KI;Fatp4−/− mice may be not related to the meso-zeaxanthin
synthesis catalyzed by RPE65. Importantly, we found that par-
tial reduction of FATP4 in the RPE significantly improved sur-
vival and function of S- and M-cones in KI;Fatp4+/− mice (Figs.
5–7). These findings suggest that pharmacological suppression of
FATP4 expression has the strong potential to alleviate cone
degeneration and color vision loss in patients with RPE65
mutations.
Ezetimibe is an inhibitor of Niemann-Pick C1-like 1 cholesterol

influx transporter and a US Food and Drug Administration-
approved medication used as an add-on to dietary measures
to lower plasma cholesterol. In animal studies, Ezetimibe
markedly reduced expression of FATP4 in intestinal cells (60,
61), suggesting that Ezetimibe may be a safe and low-cost

Fig. 6. M-cone preservation is negatively correlated with FATP4 expression in KI mouse lines. (A) Immunoblot analysis of M-opsin in the indicated amounts
(μg) of retinal homogenates from the inferior or superior halves of WT, KI, KI;Fatp4+/−, and KI;Fatp4−/− mice. (B) Expression levels of M-opsin in the superior or
inferior halves of 2-mo-old KI, KI;Fatp4+/−, and KI;Fatp4−/− retinas are normalized with actin levels and shown as percent of M-opsin levels in the WT mouse
superior or inferior retinas. (C) Immunoblot analysis of M-opsin in total retinal homogenates of 2-mo-old WT, KI, KI;Fatp4+/−, and KI;Fatp4−/− mice. (D)
Histogram showing percentages of normalized M-opsin immunoblot intensities in the mutant retinas relative to the M-opsin intensities in the WT retinas.
*P < 0.01, **P < 0.005, n = 3. (E) Immunostaining of M-opsin in the superior retinas of 4-mo-old mice with the indicated genotypes.
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therapeutic candidate for alleviating retinal degeneration and
vision loss in patients with RPE65 mutations. Combination
application of Ezetimibe, PBA, and AAV-RPE65 may be an
effective intervention for long-term preservation of vision in the
patients. To expand the therapeutic application spectrum of our
findings, it is important to test whether FATP4-deficiency and
Ezetimibe treatment are effective at mitigating the progressive
death of photoreceptors in animal models with RPE65-null or
other missense mutations.

Materials and Methods
Animals. The Fatp4−/−;Ivl-Fatp4tg/+ (shown as Fatp4−/− in this study) and R91W
KI mice have been described previously (25, 28, 37, 62). Both of these mutant
mouse lines have been back-crossed with WT 129S2/Sv strain to generate
Fatp4−/− and KI mice homozygous for the Leu450 allele of the Rpe65 gene.
We crossed these new KI and new Fatp4−/− mice, then intercrossed the
heterozygous offspring to yield KI;Fatp4−/− and KI;Fatp4+/− mice. All animal
experiments were performed in accordance with the Association for Research

of Vision and Ophthalmology statement for the use of animals in oph-
thalmic and vision research and the protocols approved by the Institutional
Animal Care and Use Committee for Louisiana State University Health
Sciences Center.

Immunoblot Analysis. Protein samples were separated by SDS/PAGE and
transferred to an Immobilon-P membrane. The membrane was incubated in
blocking buffer, primary antibody, and horseradish peroxidase-conjugated
anti-rabbit or mouse IgG secondary antibody. Antibodies against RPE65 (63),
LRAT (64, 65), FATP4 (66), β-actin, rhodopsin, M-opsin (Millipore Sigma),
S-opsin (Santa Cruz Biotechnology) were used as the primary antibodies.
Immunoblots were visualized with the ECL Prime Western blotting detection
reagent and ImageQuant LAS 4000 (48). Signal intensity of each band was
quantified using ImageQuant TL software.

Retinoid Analysis. All tissue manipulations and retinoid analysis were done
under dim red light. Retinoids in mouse ocular tissues homogenized with
20 mM Hepes buffer containing 150 mM hydroxylamine were extracted with
hexane and analyzed by normal phase HPLCy, as described previously (67). In

Fig. 7. Inverse correlation between FATP4 expression and visual function of rods and cones in KI mouse models. (A) Representative scotopic ERG responses of
dark-adapted 6-wk-old WT, KI, and KI;Fatp4−/− mice to the indicated flashes (0 ∼ 1 log cd·s/m2). (B) Amplitudes of scotopic ERG b-waves elicited with the
indicated flashes in WT, KI, and KI;Fatp4−/− mice. (C) Photopic ERG responses of 3-mo-old WT, KI, and KI;Fatp4−/− mice to the indicated flashes of white light
under a rod-saturating background light. (D) Amplitudes of photopic ERG b-waves evoked with the indicated light flashes in WT, KI, and KI;Fatp4−/− mice.
Asterisks indicate significant differences between KI and KI;Fatp4−/− mice. (E) Representative ERG responses of S-cones in 3-mo-old WT, KI, KI;Fatp4+/−, and
KI;Fatp4−/− mice to 360-nm UV light flashes under a rod-saturating background light. (F) Amplitudes of S-cone ERG b-waves evoked with the indicated in-
tensities of UV light flashes in WT, KI, KI;Fatp4+/−, and KI;Fatp4−/− mice. (G) Representative ERG responses of M-cones in 3-mo-old WT and the indicated
mutant mice to the flashes of 530-nm green light. (H) Amplitudes of M-cone ERG b-waves evoked with the indicated intensities of 530-nm light flashes.
Asterisks indicate significant differences between KI and KI;Fatp4−/− mice.

Li et al. PNAS | December 15, 2020 | vol. 117 | no. 50 | 32121

N
EU

RO
SC

IE
N
CE

D
ow

nl
oa

de
d 

at
 P

al
es

tin
ia

n 
T

er
rit

or
y,

 o
cc

up
ie

d 
on

 N
ov

em
be

r 
26

, 2
02

1 



www.manaraa.com

brief, retinoids in hexane extractions were evaporated, dissolved in 100 μL of
hexane, and separated on a silica column by elution of mobile phase on an
Agilent 1100 HPLC system. Spectral data were acquired for all eluted peaks.
Quantitation was performed by comparison of peak areas to calibration
curves established with authentic retinoid standards. For analysis of the vi-
sual cycle rates, dark-adapted mice were exposed to 800 lx light for 5 min,
then transferred to darkness. At different times (30 ∼ 120 min), eyeballs
were enucleated, and retinoids were extracted for HPLC analysis.

Immunohistochemistry. Mouse retinal cryosections prepared from the dorsal-
ventral midline of mouse eyes were immunostained as described previously
(68). Briefly, mouse eyeballs were fixed with 4% paraformaldehyde in 0.1 M
phosphate buffer. After removing cornea and lens, eyecups were immersed
in 15% sucrose in PB for 2 h and in 30% sucrose in phosphate buffer over-
night at 4 °C, embedded in the OCT medium. Sections cut on a cryostat were
immunostained with the primary antibodies and secondary antibodies. Nu-
clei were counterstained with DAPI. Images were captured with a Zeiss
LSM710 Meta confocal microscope. Large images containing 3 × 1 (Fig. 5) or
2 × 1 (Fig. 6) composite images are recorded directly in the Tile Scan mode.
Numbers of cone cells were counted using ImageJ software.

Quantification of S-Opsin Mislocalization. Immunostaining of S-opsin was per-
formed on retinal cryosections of 2-mo-old mice, as described above. Fluo-
rescence intensities in the OS and the retinal outer plexiform layer (OPL) were
measured using an Olympus BX61VS microscope. We determined the fraction
of mislocalized S-opsin according to the following formula. Mislocalization =
[OPL fluorescence/(OS fluorescence + OPL fluorescence)] × 100%.

Protease Inhibitor Assay. Eyes were enucleated from euthanized 4-wk-old
mice, and the corneas and lenses were removed. The neural retinas dissected
from the eyecups were maintained in the DMEM-F12 medium (Thermo
Fisher Scientific) supplemented with 10% fetal bovine serum and antibiotics
in a 5% CO2 incubator at 37 °C. After incubating for 5 h in the presence of a
series of increasing concentrations of MG132 (0 ∼ 25 μM) or pepstatin A (0 ∼
30 μM), the retinas were subjected to immunoblot analysis.

Quantification of Soluble and Insoluble Opsins. Retinas were homogenized in
ice-cold PBS containing 0.4% Triton X-100 and EDTA-free protease inhibitor
mixtures. The homogenates containing 100 μg proteins were separated into
supernatant and pellet by centrifugation at 100,000 × g for 20 min at 4 °C.
The pellet was washed twice with ice-cold PBS and resuspended in 20 μL lysis

buffer (PBS, 0.1% SDS and 0.4% Triton X-100). Ten microliters of the
resuspended pellet and the supernatant containing soluble proteins were
subjected to immunoblot analysis. Percent of soluble and insoluble opsin
was calculated using the following formula: Soluble or insoluble opsin % =
[immunoblot intensity in soluble (or insoluble) fraction/sum of immunoblot
intensities in soluble and insoluble fractions] × 100%.

ERG. Dark-adapted mice were anesthetized with an intraperitoneal injection
of Ketamine-Xylazine mixture and the pupils were dilated with 1% tropi-
camide. ERG was recorded from the corneal surface using a silver–silver
chloride wire electrode referenced to a subcutaneous electrode in the
mouth. A needle electrode in the tail served as the ground. A drop of 2.5%
methylcellulose was placed on the cornea. ERG recordings were performed
in a Ganzfield dome (Espion e2, Diagnosys) with various intensities of single
flash stimuli (−4 log cd·s/m2 ∼ 2.4 log cd·s/m2). For photopic ERGs, animals
were light-adapted for 10 min by exposing to 32 cd/m2 light, and ERG re-
sponses were obtained with white flashes on the rod-saturating background
(32 cd/m2). For recording S- and M-cone ERG responses, animals were light-
adapted for 10 min by exposing to 40 cd/m2 white light. S-cone ERGs were
obtained with xenon flashes equipped with a Hoya U-360 filter on the 40 cd/
m2 background, and M-cone ERGs were elicited with stimuli of 530-nm light.
Intensity-response amplitude data were displayed on log-linear coordinates
using the SigmaPlot 11 software.

Statistical Analysis. All statistical analyses were performed using the Sigma-
Plot v11 (Systat Software). Data were expressed as the mean ± SD of three or
more independent experiments. Significant differences between distinct
genotypes of mice were determined by single comparisons with an unpaired
two-tailed Student’s t test. The significance threshold was set at 0.05 for all
statistical tests.

Data Availability. All study data are included in the article and supporting
information.
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