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wild-type rhodopsin is mislocalized, though to a much lesser
degree than the mutant rhodopsin, suggesting dimerization-
based dominant-negative effects, if any exist, are minimal.
However, we do observe a pronounced reduction in wild-type
rhodopsin protein levels, the mechanisms of which remain
uncharacterized [4]. Clarifying how these loss-of-function
mechanisms interact with well-established gain-of-function
effects is essential for fully understanding disease pathogenesis
and clinical manifestations in rhodopsin adRP.

Light is considered one of the major environmental factors
contributing to rod degeneration caused by rhodopsin gene
mutations [11-14]. In healthy photoreceptor cells, light triggers
activation of the phototransduction cascade, which is confined to
the outer segment (OS). This compartmentalization is crucial for
the rapid and accurate transmission of biochemical and electrical
signals in photoreceptors [15]. This compartmentalization is
disrupted in the case of rhodopsin mislocalization, where light
triggers ectopic activation of phototransduction and other G
protein-mediated pathways. Insights into the effects of disrupted
compartmentalization initially came from studies on salamander
rod photoreceptors cultured for extended periods, during which
rhodopsin mislocates across the entire plasma membrane [16].
In this and a transgenic zebrafish model of class I rhodopsin
mutation, activation of rhodopsin in non-OS compartments, such
as the inner segments (IS), cell body, and synapse, may increase
adenylate cyclase activity, leading to cAMP synthesis [16, 17]. This
ectopic activation of rhodopsin can worsen rod photoreceptor
death. Research in transgenic mouse models with class I
rhodopsin mutations supports these findings [14]. The degree
to which light can exacerbate rod degeneration likely depends on
the extent of rhodopsin mislocalization. However, a significant
limitation of earlier studies is their reliance on transgenic models
and other experimental systems that overexpress trafficking-
deficient rhodopsin or induce its elevated mislocalization,
resulting in non-physiological conditions that may not accurately
reflect the disease mechanisms in patients. These approaches
do not accurately reflect the specific level of rhodopsin mislo-
calization found in adRP, which is crucial for understanding the
condition’s pathophysiology. The majority of RHO-RP patients
are heterozygous carriers, meaning their photoreceptor cells
produce both mutated and wild-type proteins at similar tran-
scriptional levels as seen for the knock-in mouse models of
adRP [3, 4].

In the present study using the Rho®*#X knock-in mouse [4],
we revisited the dominant-negative effect of the Rho®*X on the
wild-type rhodopsin. Transcript-level dominant-negative effect
would result in loss of rhodopsin function, reduced photorecep-
tor sensitivity and compromised cell survival, as demonstrated
in rhodopsin heterozygote knockout mice [5]. Employing high-
throughput proteomics and RNA sequencing (RNA-seq) technolo-
gies, we unexpectedly found the dominant-negative effect to be
at the transcriptional level, likely attenuating the function of
wild-type rhodopsin while mitigating the toxicity of mislocalized
rhodopsin. As this model expresses the adequate level of mutant
rhodopsin, we revisited the effects of light on the degeneration
and function of rod photoreceptors. Under physiological cyclic
light conditions, light did not exacerbate rod degeneration, sug-
gesting ectopic rhodopsin activation, if any occurs, has minimal
impact on the survival of rods. Moreover, light enhanced the
dominant effect which acts in a negative feedback loop to further
mitigate rhodopsin toxicity. Thus, our studies of the RHO-RP model
reveal novel inter-allelic interactions impacting the pathophysiol-
ogy of the devastating blinding disorders.

Results

The Rho®**X allele exerts a transcript-level
dominant-negative effect on the Rho allele,
downregulating both Q344X and wild-type Rho
mRNA expressions

To comprehensively understand and compare the transcriptome
profiles of Rho®*¥*+ and wild-type mice, we conducted deep
RNA-seq of their retinas at postnatal days (P) 35, a time point
at which a substantial fraction of rods (~80%) remains viable
in Rho®**+ mice (Fig. 1 and Supplementary Table S1) [4]. Mice
were reared under standard housing condition of cyclic 12 h
light (~200 lux) and 12 h dark. In wild-type retinas, Rho was
the second most abundantly expressed gene following the mito-
chondrial cytochrome c oxidase I (mt-Col) gene (Fig. 1A). In the
Rho®##/+ knock-in retinas, we noted significant downregulation
of Rho mRNA expression (Fig. 1A), based on analyses of individual
genes (Supplementary Table S2). Retinal expression of Rho was
approximately three times lower in Rho®**/+ than in wild-type
mice. We conducted a similar analysis for P35 Rho"?™+ mice
(Supplementary Fig. S1), a time point at which ~70% of rods
remain [3, 4], and found four-fold downregulation of Rho mRNA
in this genotype (5255.75 for wild-type, 1828.76 for RhoQ44X/+,
and 1299.00 for RhoP*"+ in FPKM [Fragments Per Kilobase of
exon per Million mapped reads]). Quantitative analyses indicated
that the expression levels of most photoreceptor-specific tran-
scripts declined less than 50% as a result of the Q344X muta-
tion. Photoreceptor-specific transcripts such as Gnatl (G protein
subunit alpha transducin 1, 34.1% decline from wild-type) and
Peripherin-2 (Prph2, 22.0% decline from wild-type) showed less
than 50% decline in their expression levels. Those declines are
correlated with a 20-25% loss of rod photoreceptor cells by P35
[4]. Unlike other photoreceptor-specific genes, we found a dis-
proportionately high degree of loss in Rho gene transcripts (by
65-70%) in Rho@4*/+ and Rho??*"/* mice, suggesting this specific
downregulation is a characteristic of rhodopsin adRP models.

To verify and further investigate whether the observed down-
regulation of Rho mRNA exceeds the degree of rod photorecep-
tor loss, we quantified mRNA levels at P14, P21, and P35, the
time course corresponding to before, at the onset [4], and soon
after the onset of photoreceptor degeneration (Fig. 1B, left panel)
in Rho®**/+ mice using quantitative PCR (qPCR). Unexpectedly,
downregulation of Rho mRNA was observed prior to the onset
of rod degeneration (P14; Fig. 1B, right panel), and thus loss of
rod photoreceptor is not the primary reason for the observed
downregulation. In Rho®4#/+ mice, Rho mRNA levels were approx-
imately 74% of those observed in wild-type mice at P14 and about
59% at P21. In Rho’?*"* mice (Fig. 1C), Rho mRNA levels were
approximately 85% at P14 (Fig. 1C, right panel) and 52% at P21.
In both Rho®*¥/+ and Rho"?*H+ mice, the degree of Rho mRNA
loss is more pronounced than the extent of rod loss, which has
not occurred at P14 and is barely seen at P21 [4, 18]. At P35, Rho
levels were reduced by 54% in Rho®**/+ mice and by 51.7% in
RhoP?*"/+ mice. Given that the wild-type and mutant Rho alleles are
expressed at approximately equal levels in both genotypes [3, 4],
the observed over 50% reduction indicates that both the wild-type
and mutant alleles undergo downregulation in rhodopsin adRP
models.

In Rho@*#¥/+ mice, other rod photoreceptor-specific transcripts,
such as Gnatl and Pde6a (phosphodiesterase 6A, cGMP-specific,
rod, alpha encoding the alpha subunit of PDE6), did not show
downregulation at P14 (Fig. 1D and E, right panels). Their downreg-
ulation became observable at P21 and was more pronounced by
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Figure 1. Rhodopsin (Rho) mRNA is downregulated prior to the onset of photoreceptor degeneration in the Rho@4#X/+ and RhoP23H/+ retinas. (A) RNA
expression levels of individual genes were plotted to compare between P35 wild-type and Rho@44*X/+ mouse retinas reared under standard cyclic 200 lux
condition (x- and y-axes, respectively). A total of 851 genes (shown in red dots) were differentially expressed with 2-fold change (log2-transformed change
of < —1 or> 1) and g-value of < 0.05 thresholds. Rho was the second most abundantly expressed gene in wild-type retinas and was downregulated by 70%
in Rho@#4X/+ retinas. The dark gray shade indicates less than a 20% decline in mRNA expressions. The light gray shade indicates less than a 50% decline
in mRNA expressions. (B) Rho mRNA expression levels were measured by quantitative PCR (QPCR) at P14, P21, and P35 using wild-type (blue), Rho@344X/+
(purple), and Rho@344X/Q344X (green) retinas reared under standard cyclic 200 lux light condition. The temporal Rho mRNA expression levels were plotted
as a function of postnatal days (P14-35), and the data are presented as mean + SD (n =3 animals for each genotype). (C) Rho mRNA expression levels were
quantitatively measured by qPCR at P14, P21, and P35 using wild-type (blue), RhoP2H/+ (purple), and RhoP23H/#23H (green) mouse retinas reared under
standard cyclic 200 lux light condition. The temporal Rho mRNA expression levels were plotted as a function of postnatal days (P14-35). (D and E) Gnat1
(D) or Pde6a (E) mRNA expression levels were measured by qPCR at P14, P21, and P35 using wild-type (blue), Rho®#4X/+ (purple), and Rho@44X/Q344X (green)
retinas reared under standard cyclic 200 lux light condition. The temporal mRNA expression levels were plotted as a function of postnatal days (P14-35).
(F) Rho mRNA expression levels were measured by qPCR at P21 using wild-type (blue) and Rho@*#¥/+ (purple) retinas reared under either 200 lux or 2500
lux cyclic light conditions. The data are represented as mean=+SD (n=3 animals for each genotype). The data were subjected to statistical analysis
using two-way ANOVA, followed by Tukey’s post-hoc test for pairwise comparisons. Statistical significance (****P < 0.0001; ***P < 0.001; **P < 0.01; ns, not
significant), comparing Rho@4#X/+ vs wild-type or RnoB4X/QB44X v wild-type, is indicated above or below each data point.

P35 (Fig. 1D and E, left panels). The downregulation of these rod-
specific transcripts was approximately 30% at P35, aligning with
the extent of rod photoreceptor cell loss observed in Rho@#4X/+
mice at this stage [4].

Rho@##X/Q344X and RhoP?H/P23H homozygous mice exhibited
marked Rho mRNA downregulation at P14 (Fig. 1B and C, right
panels), with expression levels reduced to 35.4% and 4.6% of wild-
type levels, respectively. Since rod degeneration begins before
P14 in these genotypes, the observed downregulation is at least
partially attributable to the rapid loss of rod photoreceptor cells.
To further assess the contribution of degeneration in Rho@344X/Q344X
mice, we analyzed the expression of Gnatl and Pde6a. Both genes
showed significant downregulation at P14, with expression levels
reduced to 48.1 and 71.5% of wild-type levels, respectively (Fig. 1D

and E, right panels). Interestingly, the degrees of downregulation
for Gnatl and Pde6a were less pronounced than those observed
for Rho, suggesting that Rho downregulation in these rhodopsin
mutant models is not solely due to rod photoreceptor cell loss.
The mRNA levels of Rho, Gnatl, and Pdeéa progressively declined
between P14 and P35, reflecting the near-complete loss of rod
photoreceptors in Rho@#4X/2344X mjce during this period.

Exacerbation of rod degeneration by light
exposure is minimal in the Rho®*¥+ mice
Previous studies indicated that rod degeneration can be attributed
to the light-activated mislocalized rhodopsin in IS and other
non-OS compartments of rod [14, 16, 17]. Those studies were
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conducted using mouse and zebrafish transgenic animals where
class I mutant rhodopsin is overexpressed [14, 17] or cultured and
dissociated salamander rod cells in which rhodopsin mislocaliza-
tion is observed [16]. Given that the light effect is likely to depend
on the amount of ectopically light-activated rhodopsin due to
mislocalization, our Rho@#¥+ knock-in mouse model demon-
strating appropriate levels of Rho@**X expression, with equal
amounts of mutant and wild-type Rho alleles expressed, is ideal
to accurately mimic the physiological condition of adRP.

To test the effects of light exposure, we employed two different
intensities at physiologically relevant levels: 200 lux and 2500 lux
[19-21]. Rho®**/+ mice were reared under a cycle of 12 h of light
(2001ux or 2500 lux) and 12 h of darkness (12 h L/D cycles) or under
continuous darkness (24 h darkness). The thickness of the outer
nuclear layer (ONL), where photoreceptor nuclei are located, was
measured using optical coherence tomography (OCT) and com-
pared among cyclic light-reared and dark-reared mice from P21
to P120 (Fig. 2A—C). ONL thickness in cyclic light-reared animals
did not significantly differ from that of dark-reared animals from
P35 to P120 (Fig. 2D). We found no significant decrease in ONL
thicknesses due to light exposure, at either 200 lux or 2500 lux.
In all the quadrants of the retina, ONL thicknesses were similar
among all the cohorts of animals. This observation is indicative
of an absence of light-exposure effects, which, if they existed,
should have resulted in significantly thinner ONL in the ventral
retina, which is exposed to more intense light than the other
quadrants. At P21, however, dark-reared animals showed slightly
thinner ONL, with variable degrees. It is unlikely that darkness
promoted the degeneration of photoreceptors as ONL thicknesses
are similar at subsequent stages of P35-120, regardless of light
conditions. Collectively, our experiments indicate that increasing
light stimuli under physiological conditions (200 lux and 2500 lux)
does not have a major impact on the degree of photoreceptor
degeneration, thus, indicating ectopic rhodopsin light-activation
does not contribute to rod degeneration in Rho®**+ animals.
This lack of light effect is consistent with the observation that
the expression of rhodopsin, a chromophore critical for light-
mediated degeneration [16, 21], is significantly downregulated
at the mRNA level (Fig. 1F) and protein level [4] in Rho@#X/+
mice reared under 200 lux cyclic light. By qPCR, we found that
exposure of mice to 2500 lux resulted in a further reduction of
Rho mRNA levels by 58.8% in wild-type and by 31.0% in Rho@#4X/+
mice (Fig. 1F). These results suggest that Rho downregulation
in Rho®**+ mice is neuroprotective, as it helps mitigate the
rhodopsin phototoxicity.

To further understand molecular changes induced by light
exposure, we compared the retinal transcriptomic data from dark-
reared and standard 200-lux-cyclic-light-reared animals (Fig. 3).
Principal component analysis (PCA) revealed that Rho@#*/+ mice
displayed a significant divergence from wild-type mice, indepen-
dent of the light conditions (Fig. 3A and B). This was reflected
by Pearson correlation coefficients of 0.62 under dark condi-
tion and 0.87 under standard cyclic 200 lux light condition. The
transcriptome profiles of Rho@**/+ mice reared under dark and
standard cyclic 200 lux light conditions were similar, with a
Pearson correlation of 0.95. In contrast, wild-type mice exhibited
notable transcriptomic differences between the two light condi-
tions, with a Pearson correlation of 0.45. These results suggest
that light exposure has minimal impact on the transcriptome,
consistent with the absence of light-dependent rod degeneration
in Rho@#X/+ mice.

Pathway analysis employing gene ontology (GO) terms
(Supplementary Fig. S2) identified that genes involved in

inflammation-related and immune response pathways such
as regulation of adaptive immune response (G00002819),
response to type II interferon (GO0034341), and regulation of
tumor necrosis factor production (GO0032680) such as Ifitm
proteins, Ifitm1-3 (interferon induced transmembrane protein
1-3, 264.8%, 244.1%, and 415.1% wild-type, respectively), B2m
(beta-2-microglobulin, 312.1% wild-type), C3 (complement C3,
372.5% wild-type), and Stat3 (signal transducer and activator of
transcription 3, 280.5% wild-type) were upregulated reflecting
the rod photoreceptor degeneration caused by the Rho@##X
mutation (Supplementary Fig. S3). Ifitm is expressed in migrating
microglia and is associated with microglial activation [22]. In
contrast, C3, also produced by microglia, exerts a neuroprotective
effect by promoting phagocytosis of dying photoreceptors in the
degenerating retina [23]. B2m is upregulated in microglia during
retinal degeneration in rats [24], and promote neurodegeneration
as a component of MHC class I in an amyotrophic lateral sclerosis
mouse model [25]. Stat3 is upregulated in pro-inflammatory
conditions in the hRho®#¥/Q344X mice [26] and may reflect
shared inflammatory processes between the two knock-in mouse
models. Together, these observations suggest that Ifitm, C3, B2m,
and Stat3, each linked to retinal glial cells may play either
protective or pro-apoptotic roles in photoreceptor degeneration.

To understand the specifics of light-dependent changes, we
also conducted pathway analysis employing GO terms. In dark-
reared wild-type mice (Supplementary Fig. S4), genes involved
in visual perception such as sensory perception of light stimuli
(GO0050953) and visual perception (GO0007601) were upregulated
compared to wild-type mice reared under standard cyclic 200 lux
light condition (Fig. 3C and E). Those are mainly crystallins, such
as Cryaa (crystallin, alpha A, 2395% 200 lux light), Crybal (crys-
tallin, beta A1, 2217.1% 200 lux light), and Crybb3 (crystallin, beta
B3, 6939.3% 200 lux light), that function as structural constituent
of eye lens (GO0005212) (Fig. 3C, right-most panel). They also
function as chaperone molecules and are known to be regulated
by light or circadian rhythm in rats [27, 28]. In addition, com-
ponents involved in synapse maturation (e.g. GO0099173) were
downregulated, whereas components involved in WNT signaling
(e.g. GO0030177) were either upregulated or downregulated. The
downregulation in the synapse maturation pathway is consistent
with the previous observation that synapse maturation is delayed
under a dark condition [29]. Upregulation of molecules involved in
the WNT signaling such as Wnt5a (wingless-type MMTV integra-
tion site family, member 5A, 252.8% 200 lux light), Fgf2 (fibrob-
last growth factor 2, 1602% 200 lux light), and Cavl (caveolin
1, caveolae protein, 240.4% 200 lux light) are consistent with
light-dependent regulation of developing retinal architectures,
including its vasculatures [30, 31].

Interestingly, components of the pathways related to oxida-
tive stress (e.g. regulation of superoxide metabolic process,
G0O0090322) and melanin metabolism (e.g. melanin biosynthetic
process, GO0042438) demonstrated differences in their expression
levels between wild-type and Rho®*/+ retinas under 200 lux
cyclic light condition. These upregulated components include
Tyrobp (TYRO protein tyrosine kinase binding protein), FbIn5
(fibulin 5), Cyba (cytochrome b-245, alpha polypeptide) [32],
Itgb2 (integrin beta 2) [33], Clec7a (C-type lectin domain family
7, member a), Slc7all (solute carrier family 7 (cationic amino acid
transporter, y +system), member 11), Tyr (tyrosinase) [34], Pmel
(premelanosome protein) [35], Oca2 (oculocutaneous albinism
1) [36], Rab38 (RAB38, member RAS oncogene family) [37], Dct
(dopachrome tautomerase) [38], Citedl (Cbp/p300-interacting
transactivator with Glu/Asp-rich carboxy-terminal domain 1) [39],

G202 1940}20 80 UO Jasn Aleiqi S9oUsI0s U)esH pueles|d Aq 0969.28/9% LIEPP/BWIU/EE0 L 0 L/10p/S[oilE-89UBADPE/BLIY/WOD dNO"lWSPED.//:SANY WO} PAPEOJUMOQ


https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddaf146#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddaf146#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddaf146#supplementary-data

Rhodopsin downregulation is linked to rod desensitization to light-induced damage | 5

A Dark 200 lux 2500 lux

B Light C
Dark Standard 200 lux 2500 lux Dorsal
Total ®
g
|ONL E,
|| ELM to SRR || ELM to
RPE

80
D,\ = Temporal (2) — Dark
IS 1S
5 601 5 60+ === 200 lux
2500 lux
g *k § *ok
_g 40 ns % 40 ns
£ ns £ ns
- -
20 20
% ns % ns
0= T T T T T 0= T T T T T
20 40 60 80 100 120 20 40 60 80 100 120
Age (postnatal day) Age (postnatal day)
80 80
Ventral (3) Dorsal (4)
£ 60+ £ 60
[ 0
g $ Kkkk
g 40 1 = 40 ns
Q L
£ F ns
- 204 = 20
zZ ns P4
@] e}
ns
0= T T T T T 0= T T T T T
20 40 60 80 100 120 20 40 60 80 100 120
Age (postnatal day) Age (postnatal day)

Figure 2. OCT analyses of class I Rno®44X knock-in mutant mouse indicate similar degeneration of photoreceptors under three light intensities. (A) OCT
images spanning the ventral-optic nerve head (ONH)-dorsal regions were acquired from Rho@*4X/+ mice at P21, P60, and P120. ONLs are indicated by red
vertical bars. Scale bars, 100 um. (B) OCT images were acquired at locations 500 um away from the ONH from P60 Rho@44X/+ mice reared under dark,
200 lux, or 2500 lux light conditions. ELM, external limiting membrane; RPE, retinal pigment epithelium. Scale bar, 50 um. (C) a representative fundus
image of P60 Rho@*#*/+ mice is shown. The thicknesses of the ONL were measured at four distinct locations situated 500 um away from the ONH, as
illustrated in the fundus image of Rho@%4X/+ mice reared under dark condition. (D) ONL thicknesses were compared among dark (black circle), 200 lux
(dark gray rectangle), and 2500 lux (light gray triangle) light conditions in four distinct regions (nasal, temporal, ventral, and dorsal) of Rho@44*/+ retinas
as indicated in (C). The thicknesses of the ONL were plotted as a function of postnatal days (P21-120). The data are represented as mean+SD (n=4
animals for each genotype). The data were subjected to statistical analysis using two-way ANOVA, followed by Dunnett’s multiple comparisons test for
pairwise comparisons. Statistical significance (***P < 0.0001; ***P < 0.0005; **P < 0.005; ns, not significant) is shown below each data point (dark vs 200
lux or dark vs 2500 lux).
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Figure 3. RNA-seq analysis of P35 wild-type and Rho@**/+ mouse retinas indicates that light exposure has minimal impact on the transcriptome of
Rho@344X/+ retinas. (A) Principal component analysis (PCA) shows that wild-type retinas reared under standard cyclic 200 lux light (purple) and constant
dark (gray) conditions cluster separately. Rho2344%/+ retinas reared under standard cyclic 200 lux light (red) and constant dark (green) conditions cluster
separately from either of their wild-type counterparts. Rno@#4¥/+ retinas cluster similarly between standard cyclic and constant dark conditions. (B) the
table presents the Pearson correlation coefficients among the experimental groups, as indicated along the left and bottom margins. (C and D) pathway
analyses for gene ontology (GO) terms using mRNA expression data filtered for a 2-fold change were performed for wild-type and Rho@44*/+ mice (C and
D, respectively) reared under standard cyclic 200 lux lighting or darkness. Significantly altered pathways (up to 20) are shown for biological process (left
most), cellular component (middle), and molecular function (right most). The size of each dot represents the level of protein enrichment (count), and
the color coding indicates the statistical significance (p.adjust), as indicated on the right side of the panels. (E and F) networks illustrating the output
of the hypergeometric tests. The pathway analyses were conducted using the gene enrichment data for wild-type (E) and Rho@44/+ mice (F) under two
different conditions, standard cyclic 200 lux lighting and darkness. The size of each dot (count) represents the level of gene enrichment (number of
genes in each pathway), and the color coding shows statistical significance (p.adjust), as indicated in the bottom left (E) and bottom right (F) corners of
the panels.
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Figure 4. OCT shows photoreceptor degeneration in the Rho@#4X/+> knock-in mice under constant 3000 lux light condition. (A) OCT images spanning
the ventral-ONH-dorsal regions were acquired for P35 Rho@#4%/+ mice exposed to constant 3000 lux light for 5 consecutive days. ONLs are indicated
by red vertical bars. Scale bars, 100 um. (B) ONL thicknesses were measured for the OCT images from P35 wild-type or Rno@44*X/+ mice subjected to 3
different light conditions, dark-reared (black), cyclic-2500 lux-reared (dark gray), and constant 3000 lux (light gray). The data are presented as mean + SD
(n=4 animals for each genotype). The data were subjected to statistical analyses using two-way ANOVA, followed by Tukey’s post-hoc test for pairwise
comparisons. Statistical significance (**P <0.005; *P < 0.01; ns, not significant) is indicated above each pair.

and Wnt5a (wingless-type MMTYV integration site family, member
5A) [40], which were significantly upregulated in Rho®#*/+ retinas
(ranging from 209.0% to 602.1% wild-type, with a median of
231.0%). Although genotype-specific alterations were observed,
light-dependent upregulation of these components was not
significant in Rho®**+ mice when comparing dark conditions
to standard 200 lux cyclic light conditions. Under dark conditions,
expression levels ranged from 83.0% to 134.3% of those measured
under the 200 lux cyclic light regimen with the median value of
122.9%. Among those components, Tyrobp (also known as DAP12)
is involved in the activation of microglia [41-43] and Tyrobp
is upregulated in hyperoxic retina and retina of experimental
autoimmune encephalomyelitis that is relevant to oxidative
stress [44, 45]. Overexpression of Slc7all is reported to protect the
retina from oxidative stress [46]. These results suggest that there
are mechanisms to counter oxygen species in Rho®**/+ mice, but
those pathways are not upregulated in a light-dependent manner.

In the Rho®***+ mice, through pathway analysis employing
GO terms (Supplementary Fig. S5), genes involved in inflamma-
tion such as homeostasis of number of cells (GO0048872) and
B cell activation (GO0042113) changed their expression levels
(Fig. 3D and F) in a light-dependent manner. In addition, path-
ways involved in synapse maturation such as synapse assembly
(GO0007416) and regulation of postsynaptic membrane potential
(GO0060078) were upregulated in the dark-reared Rho@#*/+ mice.

For light-dark differences, more GO terms were identified
in Rho®#¥+ mice than in wild-type mice (Fig. 3C and D),
although the PCA and Pearson correlation analyses indicated
less pronounced transcriptomics changes in Rho@**/+ mice than
in wild-type mice (Fig. 3A and B). This apparent discrepancy can
be attributed to the overrepresentation of GO terms associated
with inflammatory pathways, whose expression changes were
predominantly observed in Rho®*#/+ mice.

While these physiological light conditions did not exacerbate
the degree of photoreceptor degeneration, we found slight exac-
erbation of photoreceptor degeneration in Rho®#/+ mice when
we employed more severe light stimulation, at an intensity of
3000 lux for a continuous 24-h light cycle over 5 days (constant
3000 lux), as observed by OCT (Fig. 4A and B). The 2500 lux cyclic
light and constant 3000 lux conditions we introduced in this

study did not cause degeneration of rod photoreceptors in wild-
type mice as described in previous studies [19-21]. The effect of
constant 3000 lux light on Rho®**/+ mice was variable among the
four quadrants of the retina. In the nasal and temporal retinas,
ONL was thinner under constant 3000 lux light condition (82.3-
89.4%) than under other light conditions (Fig. 4B). Intriguingly, we
did not observe significant retinal thinning in the ventral and
dorsal regions due to constant 3000 lux light exposure (Fig. 4B).
Detailed analyses of histology confirmed the absence of light
effects in worsening photoreceptor degeneration in the ventral
region (Fig. 5A and B, dark vs constant 3000 lux). In Rho®#4X/+ mice
reared under constant 3000 lux light condition, slight thinning or
thickening of ONL was observed in a few dorsal regions, however,
no significant changes in ONL thicknesses were observed in the
ventral region. Likewise, OS layer thicknesses were similar among
these different light conditions (Fig. 5B, right panel). Under the
same conditions, wild-type mice did not demonstrate signifi-
cant thinning of the ONL as a result of 3000 lux light exposure
(Fig. 5C and D, dark vs constant 3000 lux). Intriguingly, the OS
layer of 2500-lux-light-exposed wild-type mice showed significant
thinning in the ventral region and a few dorsal regions (Fig. 5D,
right panel), consistent with the mRNA downregulation of the
OS component, Rho, observed by qPCR (Fig. 1F, blue bars). Taken
together, these results indicate that light does not significantly
affect retinal degeneration in Rho@**/+ mice.

Photoreceptor functions are attenuated in
Rho®#X+ mice

In humans, the Rho®** mutation causes progressive visual
impairments in an autosomal dominant manner [47]. To
study the nature of photoreceptor dysfunction, we conducted
electroretinogram (ERG) analyses of Rho@**/+ mice, using wild-
type mice as controls (Fig. 6). In Rho@**+ mice at P21, we
found that a-wave responses, reflective of rod function, were
significantly lower at light intensities ranging from —0.7 to
1.6 log(cd-s/m?) (Fig. 6A and B). The amplitudes of Rho®#4X/+
mice were 41.6, 55.3, 52.5% (41.6-55.3%) of those in wild-type
mice at the light intensities of —0.7, 0.3, and 1.6 log(cd-s/m?)
(Fig. 6B, top graph). At this stage, photoreceptor numbers are
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Figure 5. OS layer thickness and degree of rod photoreceptor degeneration are similar in Rho@#4¥/+ mice under different light conditions. (A and C)
retinal sections from P35 Rho@*4X/+ (A) and wild-type (C) mice reared under one of the following conditions were labeled with Hoechst 33342 (blue) to
visualize their nuclear layers: 5 day constant exposure to 3000 lux, dark, standard 200 lux 12 L/12D cyclic light condition, or 2500 lux cyclic 12 L/12D
light condition (from left to right). Dorsal and ventral retinas were subjected to imaging (left and right panels, respectively). (B and D) thicknesses of the
ONL and OS layers were measured every 150 um on the dorsal and ventral sides of the ONHs for Rho@#*/+ (B) and wild-type (D) mice reared under
5-day constant exposure to 3000 lux (light gray triangle), dark (black circle), and 2500 lux cyclic 12 L/12D light conditions (dark gray rectangle). The data
show ONL and OS layer thicknesses differ in some regions of wild-type and Rho@44*/+ retinas. The data were analyzed using two-way ANOVA and are
shown as mean =+ SD (n=4 for each light condition). For comparisons among light conditions, Tukey’s post hoc test for pairwise comparisons was used
to calculate p-values. Statistical significance (****P < 0.0001; ***P < 0.001; **P < 0.005; *P < 0.01) is indicated above or below each data point between dark
and 2500 lux (above each data point), between dark and constant 3000 lux (below each data point), and between cyclic 2500 lux and constant 3000 lux
(in red below each data point).

G202 1890100 80 uo Jasn Aleiqi seousiog yjesH puelaas|) Aq 0969/28/9% Liepp/Bwy/e601 0L /10p/s|onle-soueApe /6wy /wod dno-olwsepede//:sdiy woly pepeojumoq



Rhodopsin downregulation is linked to rod desensitization to light-induced damage | 9

P21 C P35

-~ Wild-type
- RhDOSUX/‘

IS
S
3

hkx

@
S
3

ok

A-wave amplitude ( pV)
g g

2 0
Light intensity (log(cd-s/m?))

o

-y T T T 1 T T T T T

o

2 0
Light intensity (log(cd-s/m?))

B-wave amplitude ( pV)
8
9

100

A w7 B
2.1 < 400
=1
2 300
2
2200
©
£ 100
2
-0.7 X o
4
Pr
™ h
M\ N
[V, [NATANS 600
In I \ J
03 - | NN \\W -
¥, = \J e <500
v \] EA
\/ v 5
I ) 400
Wild-type 3
h Q34ax+ 2300
A Rho £%007]
TR 2 200
1.6 >~ " B N
Y @ 100
log(cd-s/m?) I/ ]
|/
\/
' 504V v
50 ms
P21 P35

Light intensity (log(cd-s/m?))

T T T T 1 o T T T T T 1
2 0 2 4 2 0 2

Light intensity (log(cd-s/m?))

Figure 6. Electroretinogram (ERG) shows that light response is impaired in the class  Rho?*44% knock-in mutant mouse model. (A) Representative scotopic
ERG responses were measured at 5 different light intensities represented by log(cd-s/m?). The responses were recorded from wild-type (black line) and
Rho@#X/+ (red line) mice reared under standard cyclic 200 lux conditions and aged at P21 or P35. Response time (millisecond, ms) and amplitude (uV)
are indicated by red bars at the bottom right corner of the panel. (B and C) amplitudes of scotopic a- and b-waves from P21 (B) or P35 (C) wild-type (blue)
and Rho@4¥/+ (purple) mice were plotted as a function of light intensities (top and bottom, respectively). The data are represented as mean+SD (n=4
animals for each genotype) and were subjected to statistical analysis using two-way ANOVA, followed by Sidak’s multiple comparisons test for pairwise
comparisons. Statistical significance (****P < 0.0001; ***P < 0.001; *P < 0.05) is indicated above each data point.

comparable between wild-type and Rho@#*/+ mice [4], suggesting
that attenuated rhodopsin expression in OSs is the major primary
contributing factor. From P21 to P35, the a-wave amplitudes
declined significantly (Fig. 6A-C). The amplitudes of Rho@#X/+
mice were 34.4, 41.5, and 40.4% (34.4-41.5%) of those in wild-
type mice at the light intensities of —0.7, 0.3, 1.6 log(cd-s/m?)
at P35 (Fig. 6C, top graph). B-wave responses were less affected
during this time course (Fig. 6B and C, bottom graphs). While b-
wave amplitudes showed a lower trend in Rho®***/+ compared to
wild-type mice, those differences were not statistically significant
(p>0.1).

We investigated whether rearing Rho®*#+ mice under high-
intensity light conditions of cyclic 2500 lux accelerates any pho-
toreceptor dysfunction, thereby decreasing electrophysiological
responses detectable by ERG (Fig. 7). We observed similar a- and
b-wave forms (Fig. 7A) and their amplitudes between dark-reared
and 2500-lux-light-reared animals (Fig. 7B and C, P > 0.5, not sig-
nificant). These results were consistent with the lack of structural
change due to 2500 lux light exposure, indicating that ectopic
rhodopsin activation under physiological light intensity does not
cause degeneration or physiological dysfunction of rod photore-
ceptors.

Proteins involved in protein secretory pathways,

pre-mRNA splicing, ribosome, and microglia are

post-translationally affected in Rho®***¥* retinas

To understand complex global biological changes in the Rho@44X/+
retina, we quantitatively compared mRNA and protein levels
using RNA-seq and our previous mass spectrometry data (Fig. 8)
[4], respectively. Pearson correlation between transcriptomic and
proteomic data in P35 wild-type retinas was 0.495, similar to the
value observed for protein-mRNA expressions in previous studies
[48]. Pearson correlation between transcriptomic and proteomic

data in P35 Rho@**/+ retinas was 0.500, which was a slightly
better correlation value than that of wild-type retinas. Those
analyses indicate that, in general, retinal mRNA and protein
expression levels demonstrate a modest degree of correlation.

Our studies indicated a dramatic reduction in rhodopsin trans-
port of Rho®#4*/+ rod cells. Rhodopsin is the most highly expressed
cargo in the endoplasmic reticulum (ER)-Golgi and post-Golgi
secretory pathways of wild-type rods. We hypothesized that a
major disruption in the flow of these pathways would have a
significant impact on global protein homeostasis, particularly on
proteins that are involved in the secretory events, while exerting
minimal effects on mRNA levels. To test this hypothesis in an
unbiased manner, we implemented stringent cutoff criteria to
define mRNA transcripts that did not change their expression lev-
els significantly. Specifically, mRNA transcripts with expression
levels within +1.33-fold (75-133%) of wild-type levels were con-
sidered unchanged. To define proteins with significant expression
changes, we implemented more stringent cutoff criteria: a 2.22-
fold change (< 45% or>222%) relative to wild-type levels was
considered significantly downregulated or upregulated.

Based on these criteria, 1693 proteins showed no significant
alterations in abundance when their corresponding mRNA
transcripts also remained unchanged (Fig. 8A, B, and E, black
dots). This analysis supports that the expression levels of most
proteins are correlated with their respective mRNA levels.
Among proteins without significant mRNA changes, 85 were
downregulated (Fig. 8A, B, and E, red dots), whereas 101 were
upregulated (Fig. 8A, B, and E, green dots). Those proteins were
subjected to GO term pathway analyses to understand which
pathway components were either downregulated or upregulated.
Among the downregulated GO terms were photoreceptor OS
and cilia (e.g. GO0097733 and GO0060170), GTPase complex (e.g.
G0O1905360), COPII-coated ER vesicle (e.g. GO0030134), spliceoso-
mal complex (e.g. GO0005681), and ribosome (e.g. GO0005840),
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Figure 7. Scotopic ERG responses from P35 Rho@44X/+ mice are similar under both dark and cyclic 2500 lux rearing conditions. (A) Representative scotopic
ERG responses were measured at 5 different light intensities represented by log(cd-s/m?). The responses were recorded from P35 Rho@44X/+ mice reared
under dark (black line) or 2500 lux cyclic lighting (red line) conditions. Response time (millisecond, ms) and amplitude (1V) are indicated by red bars
at the bottom right corner of the panel. (B and C) scotopic a- and b-wave amplitudes were measured from P35 Rho@#4X/+ mice reared under darkness
(black circle) or cyclic 2500 lux (gray square), and plotted as a function of light intensities. The data are presented as mean + SD (n =4 animals for each
genotype) and were subjected to statistical analysis using two-way ANOVA, followed by Sidék’s multiple comparisons test for pairwise comparisons.
Neither a- nor b-wave amplitudes showed statistical significance. Ns, not significant.

(Fig. 8C and Supplementary Fig. S6A). More specifically, in
photoreceptor OS and cilia pathways, following proteins were sig-
nificantly downregulated: G45 (guanine nucleotide binding pro-
tein (G protein beta 5, or Gnb5) (43.6% wild-type), rod transducin
y subunit (G protein gamma transducing activity polypeptide
1, or Gngtl) (26.5% wild-type), rod outer segment membrane
protein 1 (Rom1, 27.0% wild-type), Prph2 (24.4% wild-type), and
Bardet-Biedl syndrome 7 (Bbs7, 22.8% wild-type) proteins. While
these proteomics results were consistent with our previous
study [4], these new analyses indicate that rhodopsin is required
for the synthesis or stability of other rod OS proteins. In
the COPII-coated ER vesicle pathway, the following proteins
were downregulated: endoplasmic reticulum-golgi intermediate
compartment 1 (Ergicl, 37.7% wild-type) involved in the turnover
of Ergic2 and Ergic3 [49], secretion associated Ras related GTPase
1b (Sarlb, 40.2% wild-type) involved in the COPII coat assembly
[50-52], and transmembrane p24 trafficking protein 7 (Tmed7,
24.4% wild-type) known to be a COPII adapter mediating vesicular
protein transport [53, 54].

In the spliceosomal complex pathway, several core components
were markedly downregulated: Snrnp70 (small nuclear ribonucle-
oprotein 70, U1; 42.6% wild-type), Lsm2 (LSM2 homolog, U6 snRNA

stabilization; 38.4% wild-type), Smul (smu-1 suppressor of mec-
8 and unc-52 homolog; 36.4% wild-type), and Xab2 (XPA-binding
protein 2, also known as Syfl; 23.3% wild-type). These factors
are essential for snRNP assembly, stabilization and activation
during pre-mRNA splicing [55-59]. Given that Rho mRNA repre-
sents the most abundant transcript in rod photoreceptors, which
make up roughly 80% of all retinal cells, the reduction in these
spliceosomal proteins could impair Rho pre-mRNA processing and
ultimately decrease steady-state Rho mRNA levels. By contrast,
two other spliceosomal components, Ddx23 (DEAD box helicase
23, also known as hPrp28; 336.9% wild-type) and Srrm1 (serine
and arginine repetitive matrix 1, also known as SRm160; 255.8%
wild-type) were upregulated. They coordinate splicing and 3’ end
processing of transcripts in the retina and may be associated with
the Rho®** mutation, which introduces a premature stop codon
near the 3’ end of the Rho mRNA.

In the ribosome GO term, Abcel (ATP-binding cassette, sub-
family E member 1, 42.4% wild-type) associated with the ini-
tiation of translation and ribosomal recycling [60], and Gcnl
(GCN1 activator of EIF2AK4, 20% wild-type) associated with trans-
lational quality control and mRNA decay [61, 62], were down-
regulated. Related to Genl downregulation, we found that its
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