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Abstract 
Mutations in TULP1 are associated with early-onset forms of inherited retinal degenerations (IRDs). Evidence from Tu lp1−/− mice 
indicates that TULP1 plays a role in photoreceptor protein trafficking. Here we generated two novel knock-in mouse models, each 
expressing the ortholog to a human IRD-causing homozygous missense TULP1 mutation to: 1) better recapitulate IRD patients’ gene 
dosage and spatiotemporal degeneration, 2) determine the pathological disease mechanism, and 3) evaluate mutations affecting 
different domains of the protein. The Tulp1F492L model carries a mutation affecting a conserved amino acid in the C-terminal tubby 
domain, whereas the Tulp1D89Y model carries the only homozygous mutation located outside the tubby domain. In both mutant 
retinas, TULP1F492L and TULP1D89Y protein levels and distribution wer e comparable to WT. Surprisingly, variable retinal phenotypes were 
observed in the two mutant lines. The Tulp1F492L model displayed rapid photoreceptor degeneration, rod and cone opsin mistrafficking,
and abnormal shaped ribbon synapses, similar to Tulp1−/− mice. In contrast, these abnormalities were not seen in the Tulp1D89Y 

model; indeed, retinal morphology and function was preserved up to 12 months, although we noted less RPE pigmentation and dilated 
structures in the outer plexiform layer at this timepoint. Moreover, building on our prior in vitro results, we observed activation of the IRE1 
branch of the endoplasmic reticulum (ER)-unfolded protein response (UPR) complex in Tulp1−/− and Tulp1F492L retinas, identifying ER 
stress as a key disease mechanism leading to photoreceptor death and as a potential therapeutic target in TULP1-associated forms of IRD. 
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Introduction 
Inherited retinal degenerations (IRDs) constitute a spectrum of 
clinically and genetically heterogeneous group of diseases tar-
geting the photoreceptor and/or retinal pigment epithelial (RPE) 
cells of the retina. The prevalence of IRDs affects approximately 
1 in 4000 individuals worldwide and can result in profound vision 
loss, impacting abilities that depend on high a cuity vision and
overall quality of life [1, 2]. The clinical diversity ranges from 
non-progressive, pan-retinal disorders such as night blindness 
and cone dysfunction to progressive conditions such as retinitis 
pigmentosa (RP) and Leber congenital amaurosis (LCA) to focal
macular degenerations [3]. To date, more than 400 genes have 
been identified to cause IRDs and more than 3000 m utations 
have been reported in these genes (RetiGene, https://retigene. 
erdc.info/; access date 12/2025). Remarkably, different mutations 
within the same gene can be associated with drastically different 
phenotypes leading to different IRD diagnoses. Conversely, pheno-
typically similar IRDs may arise from mutations in different genes, 
gener ating layers of complexity to the diagnosis and understand-
ing o f the pathophysiology of IRDs.

One example highlighting this wide range of clinical hetero-
geneity in IRDs is the gene TULP1. We first identified b iallelic 
mutations in TULP1 in patients with autosomal recessive RP
(ARRP) [4]. Since then, TULP1 mutations have been found 
associated with various forms of IRDs, including RP, early-onset 
RP, LCA, cone-rod dystrophy (CRD), and cone dystrophy [5–10]. To 
date, ∼ 100 disease-causing TULP1 mutations hav e been identif ied
(www.lovd.nl/gene; access date 12/2025) and the prevalence of 
TULP1 mutations is estimated to be between 2–3% of all IRD cases 
in European and North American cohorts, w ith 4500 individuals 
worldwide who are estimated to have biallelic mutations [10–14]. 
In Arab cohorts, however, it reaches up to 14%, reflecting founder 
mutations and a high degree of consanguinity [15]. Most patients 
carrying TULP1 mutations exhibit rod-driven forms of the disease, 
wher eas a fraction of patients exhibit cone-driven disease.

TULP1 is a member of the Tubby-like family of proteins (TULPs), 
including TUB and TULPs 1–4, which are characterized by the sig-
nature conserved C-terminal ‘tubby domain’ of ∼ 250 amino acids 
mediating phosphoinositide (PIP) plasma membrane binding and 
the divergent N-terminal disordered region facilitating distinct
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functions [16–18]. The majority of TULP1 IRD-associated muta-
tions are missense variants located in the tubby domain followed 
by protein-truncating mutations scattered throughout the gene. 
As with many IRD-causing genes, TULP1 is expressed in pho-
tor eceptor cells of the retina, specifically in the inner segments, 
connecting cilium, perikarya and synaptic terminal. Tulp1 knock-
out (Tulp1−/−) mice have been generated and develop an early-
onset, progressive photoreceptor degeneration similar to the rapid 
degeneration described in IRD patients with TULP1 mutations
[19, 20]. In this model, defects occur in both the outer segment 
(OS) and synaptic compartments of the photoreceptor cell prior 
to the onset of degeneration. The visual pigments, rhodopsin, 
cone opsins and several other OS-specific phototransduction pro-
teins, are mislocalized throughout all photoreceptor cellular com-
partments [19, 21]. In addition, the photoreceptor synapses lack 
the tight spatial relationship between ribbon-associated proteins, 
leading to impaired neurotr ansmitter vesicular release and atten-
uation of bipolar cell dendrites [22, 23]. Cumulative evidence from 
studying Tulp1−/− mice indicates that the protein likely functions 
as an adapter for protein trafficking from the photoreceptor inner 
segment (IS) to the OS and as an or ganizer of vesicular trafficking 
in the photoreceptor ribbon synapse to second order neurons
[20–23]. 

Mouse models are useful tools to investigate pathological 
mechanisms underlying photoreceptor degeneration and to assist 
in evaluating potential therapeutic strategies for IRDs. Howe ver, 
to our knowledge, only global knock-out models of Tulp1 exist
(Tulp1−/− and Tulp1tvrm124 )  [20, 24]. To better recapitulate IRD 
patients’ gene dosage and spatiotemporal retinal degeneration 
and to add to the spectrum of mutant Tulp1 mouse lines 
in which to decipher the pathophysiological mechanism of 
disease, we generated two novel Tulp1 knock-in mouse models 
each expressing a homozygous TULP1 IRD-associated missense 
mutation using CRISPR/Cas9 gene editing technology. One 
mutation affects an amino acid in the tubby domain (F492L), 
corresponding to the human IRD-causing TULP1 F491L mutation, 
and the other affects a r esidue in the divergent region (D89Y), 
corresponding to the human IRD-causing TULP1 D94Y mutation. 
In this study, comprehensive structural and functional analyses 
were performed on the Tulp1 D89Y and Tulp1F492L knock-in mice over
a range of ages and compared to wild-type (WT) and Tulp1−/− mice. 
Our findings indicate that the Tulp1F492L mouse model accurately 
recapitulates the photoreceptor degeneration seen in patients 
with the corresponding TULP1 missense mutation. However, the 
Tulp1D89Y model reveals a strikingly different disease course, 
indicating variable retinal phenotypes between the different 
Tulp1 genetic models and leading to novel information regarding 
domain-specific mutations. Moreover, we provide evidence of 
endoplasmic reticulum (ER) str ess leading to activation of the 
unfolded protein response (UPR) in Tulp1 mutant animal models, 
establishing that the ER-UPR is a key m echanism by which
photoreceptor degeneration occurs in TULP1-associated forms
of IRD.

Results 
Generation of Tulp1 knoc k-in mice 
To study the pathogenic effect of the human IRD-causing TULP1 
homozygous missense mutations D94Y and F491L, we introduced 
each mutation into the corresponding locus within the mouse 
genome, via CRISPR/Cas9 gene editing technology. We designated 
these models Tulp1D89Y and Tulp1F492L, corresponding to the mouse 
amino acid. Each mouse line has a stable genomic integration of 

a mutation affecting the endogenous mouse Tulp1 gene. For each 
independent mouse line, the induced DNA break was repaired 
through microhomology-mediated end joining by a template 
containing the desir ed mutations. We generated the Tulp1F492L 

model to evaluate a common human mutation affecting a con-
served amino acid (A.A.) in the C-terminal tubby domain, which 
leads to different forms of IRDs in patients; and the Tulp1D89Y

model to evaluate the only known homozygous IRD-causing
missense mutation affecting the N-terminal domain (Fig. 1A)  [4, 
25]. Importantly, we examined the evolutionary conservation of 
A.A. D89 and found that it is highly conserved acr oss mammals
(Fig. 1B). A.A. F492 is located in the mutation ‘hot spot’ tubby 
domain and is a lso very highly conserved acro ss TULP1 orthologs
(Fig. 1C). Homozygous mice for each knock-in allele were 
identified through direct sequence analysis (Fig. 1D and E). The 
general appearance of Tulp1D89Y and Tulp1F492L mutant mice were 
indistinguishable from WT littermates and there was no develop-
mental delay, fertility concerns or gross d ysmorphic features.

Distribution of mutant TULP1 in the retina
The distribution of mutant TULP1 protein in the knock-in mouse 
retinas was examined by immunohistochemistry at P17 (Fig. 2A) 
and P23 (Fig. 2B) and compared to that in WT and Tulp1−/− mice. 
We chose these two ages because at P17, photoreceptor develop-
ment is complete in WT mice , but precedes photoreceptor cell 
death in Tulp1−/− mice; whereas at P23, photoreceptor degener-
ation has commenced in Tulp1−/− mice [20, 22]. Consistent with 
previous results, TULP1 is localized to the inner segment (IS), 
connecting cilium (CC), perikarya of the outer nuclear layer (ONL), 
and synaptic terminals (OPL) of photoreceptor cells in WT mouse
retina at both ages [19, 20]. The localization of mutant TULP1 in 
both the Tulp1D89Y and Tulp1F492L (Fig. 2A and B) retinas appears 
similar to that in the WT retina with a comparable amount of 
immunoreactivity seen in the IS, CC, and OPL at both timepoints. 
No immunostaining is detected in the Tulp1−/− retina (Fig. 2A 
and B). To further assess the distribution of mutant TULP1 protein 
in the IS and CC region in detail, we co-stained P17 Tulp1D89Y 

and Tulp1F492L retinal sections with antibodies against TULP1 and 
a cilia marker acetyl-α Tubulin and compared to WT. In both 
Tulp1D89Y and Tulp1 F492L retinas, mutant TULP1 proteins are prop-
erly localized to IS and CC region with compar able immunore-
activity intensity as in WT retina (Fig. 2C). These results indicate 
that the photoreceptor distribution of TULP1D89Y and TULP1F492L 

protein is not grossly affected in the retina.

Characterization of photoreceptor degeneration 
in T ulp1 knock-in mice
The retinal morphology of Tulp1 knock-in mice were evaluated 
by light microscopy at m ultiple timepoints and compared to WT
and Tulp1−/− mice (Fig. 3). At P17, all three Tulp1 mutant retinas 
(Tulp1D89Y, Tulp1F492L,  and Tulp1−/−) show normal morphology with 
complete retinal lamination and a full complement of photore-
ceptor nuclei (Fig. 3A). Quantification of the ONL thickness shows 
that no significant cell loss was detected at P17 in all three mutant 
models (Fig. 3F). Progressive thinning of the ONL was observed 
from P23 onward in both the Tulp1F492L and Tulp1−/− retinas, show-
casing the time course of photoreceptor degeneration (Fig. 3B-E). 
By P23 the ONL was significantly reduced in Tulp1F492L and Tulp1−/− 

retinas compared to WT (Fig. 3F). We also observed shortened IS 
and OS at this age in both mutant retinas (Fig. 3B). Thinning of the 
ONL progressed in Tulp1F492L and Tulp1−/− retinas at 1 month of 
age (Fig. 3C). Notably, the degenerative phenotype of the Tulp1F492L
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Figure 1. Generation of the Tulp1 knock-in mice. (A) Schematic diagram of the two target sites at the mouse Tulp1 locus. The D89Y and F492L mutations 
are shown in red, the conserved tubby domain is highlighted in yellow, and the PIP-binding motif in purple. (B) Multiple sequence alignments showing the 
high conservation of a.a. D89 in TULP1, highlighted in yellow, within mammals. (C) Multiple sequence alignments showing the high conservation of a.a. 
F492 in TULP1, highlighted in red, within vertebrates. (D) Sequence chromatogram of exon 4 in Tulp1 confirming the presence of the D89Y homozygous 
mutation in founder mice. (E) Sequence chromatogram of exon 14 in Tulp1 confirming the presence of the F492L homozygous mutation in founder mice.
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Figure 2. Immunolocalization of TULP1 protein in mouse retinas. At P17 (A) and P23 (B) TULP1 (green) has a similar distribution in WT and Tulp1 mutant 
retinas. At both ages, TULP1 is localized to the IS, CC, perikarya of the ONL, and OPL of photoreceptor cells in WT, Tulp1D89Y and Tulp1F492L retinas; and is 
not expressed in the Tulp1−/− retina. Blue indicates nuclear DAPI stain. Scale bar = 10 um. (C) Co-staining of TULP1 (red) and cilia marker acetyl-α tubulin 
(green) showed normal distribution of mutant TULP1 protein in Tulp1D89Y and Tulp1F492L retinas in IS and CC region at P17. Blue indicates nuclear DAPI 
stain. Scale bar = 10 um. RPE: Retinal pigment epithelium, OS: Outer segment, CC: Connecting cilium, IS: Inner segment, ONL: Outer nuclear la yer, OPL: 
Outer plexiform layer, INL: Inner nuclear layer .

model was less severe than seen in T ulp1−/− retinas at both P23 
and 1 month of age (Fig. 3F). At 2 months of age, both Tulp1F492L and 
Tulp1−/− retinas reach an advanced stage of degeneration, showing 
a more significant loss of photoreceptor nuclei with only 2–3 
rows remaining, and severe IS and OS atrophy (Fig. 3D). Figure 3E 
reveals an end stage photoreceptor degeneration at 4 months 
of age in the Tulp1F492L and Tulp1−/− retinas with only one row 
of nuclei remaining in the ONL and complete loss of IS and 
OS. Contrary to the other two mutant models, the morphology 
of the Tulp1D89Y retina is comparable to WT between P17 and 
4 months of age with no statistical difference in ONL thickness, 
suggesting no e vidence of photoreceptor cell loss during this 
time frame. Overall, these results indicate that the degenerative 
phenotype varies signif icantly across the different Tulp1 mutant
models.

To test retinal function across the mutant Tulp1 mouse lines, we 
performed electroretinography (ERG) at comparable ages . Figure 4 
presents a series of dark-adapted ERGs obtained from 4–6 rep-
resentative mice per genotype at P17 (A), P23 (B), 2 months (C) 
and 4 months (D). At P17, there is an overall reduction in both 
the a- and b-wave amplitudes in the Tulp1−/− response, consistent 
with earlier studies showing that this is an early-onset physio-
logical phenotype independent of anatomy (Fig. 4A). At this same 
timepoint, there was also a mild reduction in the a- and b-wave 
amplitudes in the Tulp1F492L mutant as compared to WT. This 
reduction progressed with increasing age from P23 to 4 months
in both Tulp1−/− and Tulp1F492L retinas  and  was  consistent  with  

the thinned ONL observed by histology at these same timepoints
(Fig. 4B-D). In stark contrast, the ERG a- and b-amplitudes of 
the Tulp1D89Y mutant remained comparable to WT at all time-
points examined. Of all three Tulp1 m utant models examined, the
Tulp1−/− showed the greatest reduction in both the a- and b-wave 
followed by the Tulp1F492L mutan t.

The light-adapted cone ERG was also measured in all Tulp1 
mutant models . Figure 5 presents a series of cone ERGs obtained 
from 4–6 representative mice per genotype at P17 (A), P23 (B), 
2 m onths (C) and 4 months (D). By P23, the E RG amplitude of
Tulp1F492L and Tulp1−/− mutants were clearly reduced in compar-
ison to WT and Tulp1D89Y (Fig. 5B). Responses of Tulp1F492L and 
Tulp1−/− mutants progressively decline with increasing age while 
those of Tulp1D89Y remained comparable to WT (Fig. 5B-D). Similar 
to the dark-adapted ERG analysis, the cone ERG amplitude of the 
Tulp1D89Y mutant was comparable to WT at all timepoints. Results 
from both the dark- and light-adapted ERG analyses correlate 
with our histological analysis a nd strengthen the conclusion that 
the photoreceptor degeneration varies significantly with genotype 
in these differ ent Tulp1 mutant models.

Photoreceptor protein trafficking defects in T ulp1 
knock-in mice
Our previous studies have shown that a subgroup of OS-specific 
proteins are mistrafficked in Tulp1−/− retinas [19–21]. Here we ana-
lyzed the localization of several OS-specific proteins in the Tulp1
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Figure 3. Light microscopy of WT, Tulp1D89Y, Tulp1F492L and Tulp1−/− mouse retinal sections stained with toluidine blue at (A) P17, (B) P23, (C) 1 month, 
(D) 2 months, and (E) 4 months. Loss of ONL thickness is detected at P23 and progresses rapidly in the Tulp1F492L and Tulp1−/− retinas. In comparison to the 
other two mutant models, the morphology of the Tulp1D89Y retina is comparable to WT between P17 and 4 months of age. (F) Quantification summary 
of age-related changes in ONL thickness. Data points indicate the average (±SD) from N = 3–7 mice. Two-tailed Student’s t-test, ∗P < 0.05, ∗∗P < 0.01,
∗∗∗P < 0.001. NS = not significant. Scale bar = 10 um. RPE: Retinal pigment epithelium, OS: Outer segment, IS: Inner segment, ONL: Outer nuclear layer, 
OPL: Outer plexiform layer, INL: Inner nuclear layer, IPL: Inner plexiform layer , GCL: Ganglion cell layer.
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Figure 4. Dark-adapted electroretinography. Summary of dark-adapted ERGs obtained from WT, Tulp1D89Y, Tulp1F492L and Tulp1−/− mice at (A) P17, (B) 
P23, (C) 2 months, and (D) 4 months of age. In each panel, the upper plot compares representative waveforms while the lower panels present summary 
luminance-response functions for the a-wave and b-wave components. Scale bars indicate 500 μV and 100 ms. Data points indicate the average (±SEM) 
for 4–6 mice. 

mutant retinas compared to WT at P17 using w ell-characterized 
antibodies . Figure 6A reveals that at P17, rhodopsin is correctly 
transported and retained in the photoreceptor OS in the Tulp1D89Y 

retina, similar to WT. However, in both the Tulp1F492L and Tulp1−/− 

retinas, rhodopsin is distributed throughout all photoreceptor 
compartments. A similar result is seen at P23 (data not shown). To 
examine cone photoreceptors, we immunostained retinal sections 
with antibodies against the tw o cone opsins, short-wavelength 
cone opsin (S-opsin) and middle-wave length cone opsin (M-opsin).
Figure 6B and C shows that at P17 both the S- and M-cone opsins 
are correctly trafficked and retained in the OS of the Tulp1D89Y 

mutant mice, comparable to WT. In contrast, both cone o psins 
are mislocalized throughout all photoreceptor compartments in 

the Tulp1F492L mutant, like that seen in the Tulp1−/− (Fig. 6B and C). 
Mislocalization of the opsins is not likely due to failed OS develop-
ment as previous results have shown that Tulp1−/− retina develop 
OSs, which can also be appreciated b y our histological a nalysis
in Fig. 3A [19–21]. We also analyzed the distribution of another 
OS-structural protein, peripherin, required for the formation and 
maintenance of the OS discs. Peripherin is known to traffic to 
the OS via a different pathway than the opsins [26, 27]. Con-
sistent with our previous results, peripherin localizes correctl y 
to the OS in the Tulp1−/− photoreceptors (Fig. 6D). Not surpris-
ingly, peripherin is also correctly trafficked and retained in the 
photoreceptor OSs in the Tulp1D89Y and Tulp1F492L mutant retinas
(Fig. 6D).
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Figure 5. Light-adapted electroretinography. Summary of light-adapted ERGs obtained from WT, Tulp1D89Y, Tulp1F492L and Tulp1−/− mice at (A) P17, (B) 
P23, (C) 2 months, and (D) 4 months of age. In each panel, the upper plot compares representative waveforms while the lower panels present summary 
luminance-response functions for the cone b-wave. Scale bars indicate 100 μV and 100 ms. Data points indicate the average (±SEM) for 4–6 mice.

Photoreceptor synaptic defects in Tulp1 knoc k-in 
mutant mice
Next, we focused on whether the Tulp1 knock-in mutants revealed 
photoreceptor synaptic defects, a phenotypic feature previously 
identified in the Tulp1−/− retina [22]. We examined the synap-
tic terminal architecture at ages before (P17) and following the 
start of degeneration (P23) using antibodies against Ribeye/CtBP2, 

a 120-kDa protein that constitutes the centr al scaffold of the 
ribbon. Ribeye normally localizes at the presyna ptic membrane
in a horseshoe-like shape. Figure 7A and B shows  that  at  both  
P17 and P23, the OPL of the WT retina contains a multitude of 
distinct horseshoe-shaped Ribeye-positive ribbons (white arrows). 
A similar pattern is seen in the T ulp1D89Y retina at both ages
(Fig. 7A and B). Consistent with previous results, a profoundly
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Figure 6. Immunolocalization of OS-specific proteins in WT, Tulp1D89Y, Tulp1F492L and Tulp1−/− mouse retinas at P17. Rhodopsin (A) is restricted to the 
OS in WT and Tulp1D89Y retina but is mislocalized in Tulp1F492L and Tulp1−/− retinas, with staining appearing in the IS, throughout the ONL, and within 
the OPL. Localization of short-wavelength cone opsin (S-opsin) (B) is restricted to the OS in WT and Tulp1D89Y retina but is also mislocalized in Tulp1F492L 

and Tulp1−/− retinas, with staining appearing in the IS, throughout the ONL, and within the OPL. Middle-wavelength cone opsin localization (M-opsin) 
(C) is restricted to the OS in WT and tulp1D89Y retina but is mislocalized in Tulp1F492L and Tulp1−/− retinas, with staining appearing in the IS, throughout 
the ONL, and within the OPL. Peripherin (D) is restricted to the OS in WT, Tulp1D89Y, Tulp1F492L and Tulp1−/− mouse retinas. Blue indicates nuclear DAPI 
stain. Scale bar = 10 um. OS: Outer segment, IS: Inner segment, ONL: Outer nuclear layer, OPL: Outer plexiform layer . 

different appearance of Ribeye structure and distribution is seen 
in the Tulp1−/− retina and also in the Tulp1F492L retina at both 
P17 and P23 (Fig. 7A and B). In contrast to the typical horseshoe-
shaped ribbons in WT mice, Ribeye staining in the Tulp1−/− and 
Tulp1F492L retinas appear punctate and malformed (yellow arrows), 
and normal-shaped ribbons are rarely seen. These abnormalities 
are more pronounced at P23 where the OPL of both T ulp1F492L and
Tulp1−/− retinas appear much thinner than WT (Fig. 7B). 

Age-related defects in T ulp1D89Y mice 
To investigate whether Tulp1D89Y mice eventually develop 
photoreceptor defects, we evaluated mutant retinas at 12 months 
of age. Histological analysis shows that there are minimal 
ch anges in general retinal morphology in the Tulp1D89Y retina 
compared to WT at 12 months (Fig. 8A). However, there appears 
to be less pigmentation of the RPE and the OPL of the Tulp1D89Y 

retina appears to be thinner in comparison to the WT retina 
with the presence of dilated structures (black arrowheads) not 
encountered in WT. Although hard to quantify, these structures 
were evident when scanning throughout multiple images at this
timepoint.

OPL thinning and the presence of dilated structures suggest a 
reduction in dendritic wiring between photoreceptor and bipolar 
cells and led us to evaluate the Tulp1D89Y m utant mice via ERG.

Figure 8B reveals that at 12 months the dark-adapted ERG a- and 
b-waves amplitudes are somewhat larger than WT in the Tulp1D89Y 

mice, although neither difference reached significance. Under 
light-adapted conditions, the cone ERG b-w aves were significantly 
reduced in amplitude as compared to WT (Fig. 8C, P = 0.02). To 
define the relationship between the presynaptic and postsynaptic 
photoreceptor elements, we examined 12 months old Tulp1D89Y 

retinas using antibodies against both Ribeye a nd Protein Kinase C 
(PKC), which labels rod depolarizing bipolar cells (DBCs) and their
respective dendrites. Figure 9A shows that the PKC-positive DBC 
dendrites and Ribeye-positive ribbons appear to interact closely in 
the WT retina (white arrows). In comparison, the DBC dendrites 
in the Tulp1D89Y retina appear shorter and do not extend into the
OPL (Fig. 9B). In addition, there are very few normal looking ribbon 
synapses with the characteristic horseshoe shape as shown by the 
Ribeye staining (Fig. 9B, yellow arrows). Nevertheless, the Tulp1D89Y 

DBC dendrites and presynaptic ribbons were closely apposed and 
confined to the OPL, providing at least a minimal platform for 
photoreceptor-to-bipolar cell transmission, albeit less dense than
in WT (Fig. 9B). 

ER-UPR activation in Tulp1 mutant mice 
Previously, we demonstrated that IRD-associated TULP1 missense 
mutations modeled in silico and in-vitro caused misfolding and
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Figure 7. Immunolocalization of Ribeye in the OPL of WT, Tulp1D89Y, Tulp1F492L and Tulp1−/− mouse retinas. At both P17 (A) and P23 (B) Ribeye staining 
(green) demonstrates that the horseshoe-like appearance of the synaptic ribbons is retained in the WT and Tulp1D89Y retinas (white arrows). In contrast, 
punctate and malformed ribbons (yellow arrows) were observed in Tulp1F492L and Tulp1−/− retinas at both P17 and P23. At P23, the OPL of Tulp1F492L and 
Tulp1−/− retinas appears thinner than that of WT or Tulp1D89Y retinas. Scale bar = 5 um. ONL: Outer nuclear layer, OPL: Outer plexiform layer, INL: Inner 
n uclear layer . 

accumulation of the mutant proteins in the e ndoplasmic retic-
ulum (ER) [28]. We then transiently expressed mutant TULP1 
proteins via electroporation in WT mouse retinas at P1, evaluated 
retinas at P30 (at a time when ∼ 20% of the retina was reli-
ably transfected), and detected activation of the unfolded protein
response (UPR) [28]. ER-UPR is a set of pathways activated in 
response to cellular stress due to accumulation of misfolded and 
mistrafficked pr oteins in the ER, in an effort to r estore protein
homeostasis [29–31]. To determine whether this stress response 
mechanism is activated in mice expressing a complete knock-in 
of an IRD-associated TULP1 mutation, we evaluated key markers 
corresponding to the IRE1 branch of the E R-UPR, the master 
regulator in cell fate determination and the most evolutionary 
conserved branch of ER-UPR pathways (Fig. 10A)  [32]. When acti-
vated, IRE1 becomes auto-phosphorylated (pIRE1) through its 
kinase domain, and also activates its C-terminal RN Ase domain
[32]. The RNase domain of pIRE1 splices an inactive, unspliced 
form of the transcription factor X-box binding protein 1 (XBP1) 
(XBP1u, ∼ 29 kDa) to generate an active form, spliced XBP1 (XBP1s, 
∼ 48 kDa). XBP1s then enters the nucleus and activ ates the tran-
scription of chaperone-encoding genes, folding enzymes, and ER-
associated protein degr adation (ERAD) components to decrease
ER stress (Fig. 10A). If not alleviated, prolonged activation can 
lead to downstream signaling of apoptotic events. We chose to 
evaluate Tulp1F492L retinas at the same timepoint (P30) as that 
evaluated in our previous transiently expressing o verexpression
model [28]. Figure 10B shows that retinal lysate from P30 Tulp1F492L 

and Tulp1−/− mice express comparable levels of activated IRE1 as 
in WT mice (P = 0.63 and P = 0.52, respectively). To determine if 
the elevated levels of activated IRE1 triggered downstream tar-
gets, endogenous levels of XBP1 were e valuated in retinal lysates 
using an antibody against the N-terminal domain that detects 
both the spliced and unspliced forms of the protein [33, 34]. 
Figure 10C reveals that the expression levels of XBP1s in retinal 
lysate from both Tulp1F492L and Tulp1−/− mice at P30 are statisti-
cally significantly higher than WT retina (P = 0.04 and P = 0.0002, 
respectively). Importantly, the observed increasing amount of 

XBP1s is accompanied by a corresponding decreasing amount of 
XBP1u in Tulp1F492L and Tulp1−/− lysate compared to WT, indi-
cating a conversion of the inactive form to the active form of 
XBP1. P30 represents a mid-stage of photoreceptor degeneration 
in both Tulp1F492L and Tulp1−/− mice. At this age, we cannot dis-
tinguish whether the activation of ER-UPR plays a key role in 
the pathogenesis of photoreceptor death or if it is a response 
to the prolonged cellular stress. Therefore, we further examined 
whether these proteins are elevated at the onset of photoreceptor 
degeneration by evaluating retinal l ysate from P17 Tulp1F492L and
Tulp1−/− mice. Figure 10D shows that both mutant mice express 
comparable levels of activated IRE1 as in WT mice (P = 0.14 and 
P = 0.18, respectively). Howeve r, Fig. 10E reveals that the expres-
sion level of XBP1s is statistically significantly higher in only 
the P17 Tulp1−/− lysate with a corresponding decrease in XBP1u 
(P = 0.0008). Although no significant increase in the level of XBP1s 
was seen in the P17 Tulp1F492L lysate compared to WT (P = 0.34), 
an increasing trend is noted albeit with large variability across 
mice. The Tulp1D89Y model was not evaluated because no retinal 
phenotype was detected at these young ages. Our results provide 
in vivo evidence for the first time that the absence of TULP1 and 
an IRD-causing mutant TULP1 protein acti vates the IRE1 branch
of the ER-UPR stress response pathway.

Discussion 
It is well established that mutations in TULP1 underlie an early-
onset, severe form of photoreceptor degeneration, both in humans 
and mice. Of the > 100 IRD-causing TULP1 mutations, protein-
truncating mutations including splice-site, frameshift, nonsense, 
and missense mutations are distributed throughout the gene, 
whereas all but five missense mutations are located in the C-
terminal conserved tubby domain. Of these fiv e N-terminal mis-
sense mutations, only one has been identified homozygously; 
whereas the other four are compound heterozygotes with the 
second mutation located in the tubby domain or, in one case,
not identified [10, 25, 35–37]. Presently, only two knock-out mouse
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Figure 8. Age-related defects in Tulp1D89Y mice. (A) Retinal histological sections stained with toluidine blue at 12 months of age. There are minimal 
changes in the Tulp1D89Y retina compared to WT, aside from slightly less RPE pigmentation and presence of dilated structures in the OPL (black 
arrowheads). Scale bar = 20 um. Dark-adapted (B) and light-adapted (C) ERG analysis of WT and Tulp1D89Y mice tested at 12 months of age. In each 
panel, the upper plot compares representative waveforms while the lower panels present summary luminance-response functions for the ERG a- or 
b-waves. Scale bars indicate 500 μV vs 100 ms in (B) and 100 μV vs 100 ms in (C). Data points indicate the average (±SEM) for 4–6 mice. RPE: Retinal 
pigment epithelium, OS: Outer segment, IS: Inner segment, ONL: Outer nuclear layer, OPL: Outer plexiform layer, INL: Inner nuclear layer, IPL: Inner 
plexiform layer, GCL: Ganglion cell la yer. 

models of Tulp1 exist, which completely lack expression of the 
protein in the r etina [20, 24]. Here, we report the generation of 
two novel mouse models of IRD, each caused by a different TULP1 
homozygous missense mutation documented in patients. T he 
Tulp1D89Y mouse corresponds to the D94Y mutation reported in
a patient with LCA [25]  while  the  Tulp1F492L mouse corresponds to 
the F491L mutation reported in patients with ARRP and CRD [4, 
10]. Evaluating these new mouse models circumvents the com-
pensation and redundancy of endogenous Tulp1 of previous in vitro 
and transiently-expressing in vivo experiments and provides rele-
vant mouse models of TULP1-associated IRDs caused by missense 
mutations. In both knock-in models the distribution of mutant 
TULP1 protein in photoreceptors is indistinguishable to WT. Our 
comprehensive and comparative analyses across Tulp1 mutant 
models report two major findings: 1) Strikingly variable retinal 

phenotypes between the different Tulp1 genetic models, leading 
to novel information regarding domain-specific mutations and 
consistent with the spectrum of human TULP1-associated IRDs; 
and 2) Activation of the most evolutionarily conserved branch of 
the ER-UPR stress response pathway in two early-onset, rapid, pr o-
gressive photoreceptor degeneration mutant models, Tulp1F492L

and Tulp1−/−. 
Tulp1 F492L mice undergo an early-onset, rapid photoreceptor 

degeneration, similar to the time course seen in Tulp1−/− mice. The 
Tulp1F492L retinal morphology and function correlate and reveal 
a progressive degeneration involving both rod and cone photore-
ceptors with a significant decrease in ONL thickness starting to 
occur at P23 compared to WT. Defects at the distal end of the pho-
toreceptor cell observed in both the Tulp1F492L and Tulp1−/− mouse 
models include the mistrafficking of rhodopsin and both cone
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Figure 9. Relationship between presynaptic and postsynaptic photoreceptor elements in 12 months old Tulp1D89Y retinas. (A) In the WT OPL, PKC-labelled 
rod bipolar cells (red) show long and branching dendrites stretching toward the photoreceptor terminals that are stained with Ribeye-immunoreactive 
(green) horseshoe-shaped ribbons (white arrows). (B) In the Tulp1D89Y OPL, bipolar cell dendrites show shortened appendages with reduced branching, 
and Ribeye-immunoreactive ribbons appear punctate (yellow arrows). Blue indicates nuclear DAPI stain. Scale bar = 5 um. ONL: Outer nuclear layer, OPL: 
Outer plexiform layer, INL: Inner nuclear la yer. 

opsins from the IS through the transition zone to the OS, a modi-
fied primary cilium enriched with OS-specific phototransduction 
and structural proteins. It is well-established that the signature 
tubby domain of TULP proteins interacts and binds specifically 
with the phosphoinositide, PI(4,5)P2, o f the plasma membrane [38– 
40]. Several reports studying the ubiquitously-expressed TULP3 
protein indicate that it is through this interaction whereby TULP3 
traffics a variety of cargos to the ciliary membrane of other organs 
such as brain, liver and kidney [41–43]. Although residue 492 in 
the tubby domain of TULP proteins is not directly involved in 
binding the lipid head-groups or phosphate-groups of PI(4,5)P2,  it  
is located in the unique helix-filled barrel structure required for 
phosphoinositol binding and is highly conserv ed across species,
indicating it’s importance [16, 38, 39, 44]. Substitution of this 
phenylalanine likely alters tubby domain interactions or changes 
the 3-dimentional protein shape, causing structural disruption 
in this critical region. Indeed, our in vitro studies have shown 
that TULP1F492L mutant protein mislocalizes to the ER and in silico 
computational analysis have reported that this mutation causes 
structur al destabilization and folding defects leading to ER stress
[28]. Defects at the proximal end of the photoreceptor cell w ere 
also observed in both Tulp1−/− and Tulp1F492L mice where synaptic 
ribbons, specialized for continuous neurotransmitter release to 
downstream second-order neurons, appear malformed and are 
not organized into the horseshoe-shape characteristic of WT 
ribbons. The synapses also appear reduced in number, indicating 
an overall loss in OPL density. Our gr oup and others have shown 
that TULP1 binds Ribeye, the primary structural protein of the 
ribbon syna pse, which is required to maintain synaptic ribbon
integrity [45–47]. Several TULP1 mutations located in the tubby 
domain, including F492L, abolish the interaction of TULP1 with 
Ribeye [23]. Interestingly, both TULP1 and PI(4,5)P2 co-localize to 
the periactive zone of the ribbon synapse, a region surrounding 
the ribbon enriched in endoc ytic activity where PI(4,5)P2 is a 
well-known signaling lipid important for initiating endocytosis
[48–50]. These synaptic morphological deficits correlate with the 
rod and cone early-onset functional defects seen in both Tulp1−/− 

and Tulp1F492L mutant mice. Taken together, these findings 
strongly support the idea that the F492L mutation disrupts a key 
region in the tubby domain required for photoreceptor vesicular 
trafficking of pr oteins from the IS to the OS and the vesicular 
endocytosis and exoc ytosis required at the ribbon synapse.

In stark contrast to the Tulp1F492L phenotype, our results indi-
cate that the D89Y mutation does not cause severe photore-
ceptor degeneration but rather, at least in mouse, a late-onset, 
mild phenotype primarily affecting the photoreceptor synaptic 
connections to the depolarizing bipolar cells (DBCs) and lik ely a 
secondary effect involving the RPE. A reduced cone ERG b-wave 
amplitude was observed in the Tulp1D89Y model similar to the
Tulp1F492L and Tulp1−/− models, however at a much later time-
point. This functional defect is likely due to thinning of the OPL 
along with the presence of dilated structures. We also observed 
hypopigmentation changes in the RPE of the Tulp1D89Y mouse at 
12 months of age. This hypopigmentation of the RPE may be due 
to a decline in melanin content known to occur with age [51]. It 
is also possible that the slow photoreceptor degeneration that is 
occurring exacerbates in the RPE due to chronic stress related 
to disturbed homeostasis of endocytosis, phagocytosis, E R-UPR, 
or autophagy, all processes involved in the intracellular digestion 
and recycling of cellular components [51, 52]. 

The distinct retinal phenotypes observed in our Tulp1 mouse 
models correspond to structural studies performed on the tubby 
domain of TULP3 which demonstrated that there are specific 
surface residues involved in trafficking of integral membrane pro-
teins to the cilia of organs such as brain, liver and kidney [41–43]. 
Our results support this idea and suggest that mutations affecting 
the tubby domain in TULP1 cause the mistrafficking of proteins to 
the photoreceptor OS. We found that the D89Y mutation, located 
in the N-terminal intrinsically disordered region (IDR) of TULP1, 
did not cause OS protein mistrafficking. However, this mutation is 
100% conserved across all mammalian species surveyed, poten-
tially disrupting the protein’s folding pattern and may there-
fore partially abrogate Tulp1 function, resulting in hypomorphic 
behavior. Indeed, it has been proposed that TULP1 missense muta-
tions not affecting the tubby domain may result in later onset
disease with milder phenotypes [36]. The amino termini of TULP 
proteins are diverse and have been proposed to direct distinct 
functions. For example, a short domain in the IDR (A.A. 23–68) 
enables some TULP members such as TULP3, TULP2 and TUB; but 
not TULP1 and TULP4, to bind to intraflagellar transport complex-
A [41]. This embedded motif confers the ability of TULP3 to tr affic 
specific carg o [53]. 

Another observation we noted between our mutant models was 
that the photoreceptor degeneration was slightly milder in the
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Figure 10. ER-UPR activation in Tulp1 mutant mice. (A) a simplified schematic of the IRE1-XBP1 branch of the ER-UPR pathway. Made with BioRender. 
(B) Western blot analysis of retinal lysate from P30 Tulp1F492L and Tulp1−/− mice express comparable levels of activated IRE1 as in WT mice (P = 0.63  and  
P = 0.52, respectively). (C) Western blot analysis of retinal lysate from P30 Tulp1F492L and Tulp1−/− mice express statistically significantly higher levels 
of XBP1s than WT retina (P = 0.04  and  P = 0.0002, respectively). (D) Western blot analysis of retinal lysate from P17 Tulp1F492L and Tulp1−/− mice express 
comparable levels of activated IRE1 compared to WT mice (P = 0.14  and  P = 0.18, respectively). (E) Western blot analysis of retinal lysate from P17 Tulp 1−/− 

mice express statistically significantly higher levels of XBP1s than WT retina (P = 0.0008). Two-tailed Student’s t-test, ∗P < 0.05, ∗∗∗P < 0.001. n = 4 mice 
for each group .
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Tulp1F492L retina than in the Tulp1−/− retina, as evidenced by the 
presence of more photoreceptor nuclei in the Tulp1F492L retina at 
both P23 and 1 month of age. This observation shows the benefit 
of having the presence of a full-length (although mutant) TULP1 
protein in photoreceptors and further suggests an independent 
function of the TULP1 N-terminal domain. Our findings suggest 
that this region may impart a yet unknown synaptic-specific
function vital to photoreceptor cells.

A striking feature attributed to TULP1-associated IRDs is clin-
ical heterogeneity. However, our knowledge of phenotypic dif-
ferences between N- and C-terminus mutations is limited, as 
patients often present late with varying manifestation of disease. 
The F491L mutation wa s originally identified in an ARRP patient 
that was a compound heterozygote carrying another TULP1 mis-
sense change in the C-terminal tubby domain [4]. The clinical 
data for this patient indicated that at 31 years of age, he had 
best-corrected visual acuities of less than 20/200 in both eyes, 
had less than 30 degrees of central visual field diameter remain-
ing, and his ERG responses could not be detected. The second 
patient having the F491L mutation was also a compound het-
erozygote ha ving a second TULP1 splice site mutation occurring
in the tubby domain [10]. At age 37, he was diagnosed with cone-
rod dystrophy, had best corrected visual acuities of less than 
20/600 in both eyes, had pericentral scotomas, and flat ERG’s. Our 
Tulp1F492L mouse phenotype, expressing an ortholog mutation, 
mirrored that seen in patients, manifesting an early-onset, rapid, 
progressive photoreceptor degeneration. The D94Y homozygous 
missense mutation was identified through homozygous mapping 
in a consanguineous Ar ab-Muslim family with a single child
affected with LCA [25]. The clinical data available for this individ-
ual described that his ERG was non-detectable at six years of age. 
To our knowledge, this is the only homozygous missense mutation 
identified in the N-terminal divergent region. It’s interesting that 
the observed phenotype in our Tulp1D89Y model does not mirror 
the clinical presentation observed in the human patient with the 
orthologous mutation. There are several possibilities why this 
might have occurred: 1) This TULP1 variant is not the cause of 
LCA in the reported individual. Due to the lack of detailed genome 
sequencing information, we cannot rule out the possibility that 
this patient also carries another mutation in the TULP1 gene, 
possibly affecting the tubby domain; or the patient may harbor 
mutations in another gene that contributes to his LCA diagnosis. 
2) The phenotypic effects of the mutation are different betw een
human and mouse. 3) There are genetic background, genetic
modifiers, or environmental factors modulating the variable phe-
notype seen between human and mouse.

Advancements in our understanding of the molecular mecha-
nism involved in TULP1-associated IRD is vital toward facilitating 
the development of a therapy to slow or halt disease progression. 
We have observed defects at the distal and pr oximal ends of the 
photoreceptor cell including mistrafficking of OS proteins and 
synaptic malformation in Tulp1F492L and Tulp1−/− mutant retinas. 
In addition, our previous in vitro experiments have shown mis-
sense mutations in Tulp1 express as misfolded protein products 
that accumulate within the ER causing prolonged ER stress and in-
silico computational a nalysis has predicted that missense muta-
tions limited to the tubb y domain had decreased protein stability
[28]. Destabilization, folding defects and mistrafficking of proteins 
are commonly associated with increased ER stress which can trig-
ger the activation of UPR pathways. Due to the continual process 
of OS shedding and renewal each day, the highly compartmental-
ized photore ceptors have a tremendously high protein turnover 
rate and coordinated protein trafficking mechanisms [54]. Pro-
teins that localize to improper cellular compartments due to 

mutations can lead to aggregation, incorrect interactions, or dys-
regulated functions, requiring degradation. Therefore, examining 
protein quality through the ER and balancing protein homeostasis 
through the UPR pathway is critical in maintaining photor ecep-
tor function and survival [31, 55]. The Inositol-requiring enzyme 
type 1 (IRE1) pathway is the most evolutionary conserved UPR 
branch and numerous studies have confirmed the upregulation 
of activated IRE1 in the pathogenesis of several neurodegenerative 
disorders associated with the accumulation of mistrafficked and 
misfolded proteins followed by the induction of ER stress [29, 
30, 32]. When mistrafficked and misfolded proteins are sensed 
by the N-terminal ER luminal domain of IRE1, the C-terminal 
cytoplasmic region initiates downstream responses through tw o 
functional motifs: one possessing serine/threonine kinase activity 
and the other containing the endoribonuclease (RNase) activity
[32]. The latter becomes activated via conformational change, 
autophosphorylation, and higher-order assembly. Activated IRE1a 
induces the unconventional spicing of X-box binding protein 1 
mRNA unspliced (XBP1u) to spliced XBP1 (XBP1s). XBP1s encodes 
a transcription factor that regulates expression of a large group 
of UPR downstream genes including chaperones, genes involved 
in ER-associated degradation (ERAD), ER biogenesis and lipid syn-
thesis [56, 57]. Here, for the first time, we report activation of 
the IRE1-XBP1 branch of ER-UPR pathway associated with either 
the absence of TULP1 protein or in the presence of a missense 
mutation in the C-terminal tubby domain of TULP1. Activation of 
the ER-UPR pathway is likely due to mistrafficking of OS proteins
in Tulp1F492L and Tulp1−/− retinas, observed as early as P17, prior 
to onset of degenerative cell loss and statistically significant at 
mid-stage of degeneration at P30. Very recently, it has been shown 
that ER stress due to mislocalized rhodopsin in the photoreceptor 
synapse can a lso cause disruption of other synaptic protein com-
plexes thereby altering trans-synaptic signaling, a defect observed 
here in our mutant Tulp1 models [58]. 

In summary, the phenotypic differences in Tulp1F492L and 
Tulp1D89Y retinas showcase the wide spectrum in disease 
pathophysiology and suggest a domain-dependent prognosis of 
TULP1 missense mutations. The Tulp1F492L model recapitulates 
the early-onset progressive photor eceptor degeneration observed 
in human patients. The spatial and temporal degeneration 
process is very similar to that observed in Tulp1−/− mice and 
strongly stresses the importance of the C-terminal tubby domain 
in TULP1 protein function. Although the phenotype observed 
in the Tulp1D89Y model is later-onset, this novel mouse line 
provides a much-needed tool to study TULP1 N-terminal-specific 
mutations relevant to synaptic proteins. A prominent pathological 
feature of both the Tulp1F492L and Tulp1−/− models is opsin 
mislocalization, a characteristic also seen in patients with IRDs 
and retinal ciliopathies. By identifying the ER-UPR as a k ey 
causative mechanism of photoreceptor cell death in Tulp1F492L and 
Tulp1−/− mice, we can begin to link pathway intermediates that 
can be targeted by known pharmacological modulators to delay 
or slow photoreceptor degeneration in our Tulp1 mutant models. 
Furthermore, our findings facilitate direct genotype–phenotype 
correlation and combined with photoreceptor cell exclusivity, 
promote TULP1 as a model for combining disease mechanisms 
and therapy for several forms of IRDs.

Materials and methods 
Animals 
All experiments on animals were approved by the Institutional 
Animal Care and Use Committee of the Cleveland Clinic and were 
performed in compliance with the ARVO Statement for the Use
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of Animals in Ophthalmic and Vision Research. T he generation of 
Tulp1−/− mice has been described previously and is maintained o n 
a C57BL/6 J background [20]. WT C57BL/6 J mice were purchased 
from Jackson Laboratory (Bar Harbor, Maine). All lines were con-
firmed negative for the rd1 and rd8 mutations [59, 60]. For all tissue 
collections, mice were euthanized by carbon dioxide inhalation 
followed by cervical dislocation.

Generation of Tulp1D89Y and Tulp1 F492L knock-in 
mice
Tulp1 mutant knock-in mouse models were generated by 
CRISPR/Cas9 gene editing technology. To mutate D89 in exon 
4 and F492 in exon 14 of the mouse T ulp1 gene, the genomic 
sequence surrounding each codon’s respective exon was analyzed
using crispr.genome-engineering.org. The cutting efficien-
cies of candidate guides were evaluated and screened using 
the Guide-it sgRNA screening system (Takara Bio). For D89Y, 
sgRNA #11 (CAAGTTCCTGAGGGACCCCG) was selected and 
ordered as an injection-ready in-vitro transcription sgRNA from 
PNAbio, along with Cas9 nuclease protein. A single-stranded 
100 bp microhomology DNA template, Tulp1-D89Y-100mer, 
(GACTCGGCAGAGCCGCGCGCTGCGCAGACAGTCTACGCCAAGT 
TCCTGAGGTACCCCGAAGCCAAGAAGCGGGACCCCCGGGAAAAC 
TTCCTAGTTGCCC), which mutates D89 to Y and contains a 
silent mutation to eliminate further cutting by Cas9 (both 
mutations introduced are underlined), was synthesized as a 
PAGE purified Ultramer (Integrated DNA Technologies). For 
F492L, sgRNA #3 (AATCTGAAAGTTCTTGACGG) was selected and 
ordered as injection ready in vitro transcription sgRNA from 
PNAbio, along with Cas9 nuclease protein. A single-stranded 
100 bp microhomology DNA template, Tulp1-F492L-100mer 
(CCT ACACCCTCAACTTCCAGGGCCGCGTCACCCAGGCTTCCGTCA 
AGAACCTCCAGATTGTGCACGCTGATGACCGTGAGTATCTGAGGG 
CCACCCAGAC), which mutates F492 to L and contains a silent 
mutation to eliminate further cutting by Cas9 (all three mutations 
introduced are underlined), was synthesized as a PAGE purified 
Ultramer (Integrated DNA Technologies). Following standard
transgenic practice, a range of mixtures, starting from 5 ng/μl 
Cas9 protein, 5 ng/μl  sgRNA,  and  5  n  g/μl oligo to 50 ng/μl  Cas9  
protein, 50 ng/μl sgRNA, and 50 ng/μl oligo were microinjected 
by the Case Transgenic and Targeting Facility of Case Western 
Reserve University School of Medicine (Cleveland, OH) into the 
pronucleus of one cell stage C57BL/6 J embryos. Injected embryos 
were surgically transferred to pseudo pregnant recipient females 
(CD1), and the resulting pups were cr ossed to generate the
homozygous lines studied here.

Genotyping of Tulp1D89Y and Tulp1F492L knock-in mice: DNA 
from founder animals was subjected to direct sequencing to con-
firm precise integration of the targeted mutation and to verify the 
absence of sequence alterations surrounding the integration site. 
Genomic DNA extracted from the tails of mice was PCR amplified 
and sequenced using the following primers: exon 4 (D89Y) forward
primer 5′- GGAAGCACGAGGAGCCGCCCGCA—3′; exon 4 reverse 
primer 5′- GGTCTGGGGCGCGGGCAACTAGGA—3′; exon 14 (F492L) 
forward primer 5′—GGCTGCTAGTGCGCTGGCAGAACA—3′; exon 
14 reverse primer 5′—TCTGGGTGGCCCTCAGATACTCAC—3′. 
Germline transmission was achieved, and genotypes of offspring 
were also verified by direct sequence analysis. To reduce any 
potential off-target effects generated by the CRISPR/Cas9 system, 
guide RNAs were selected with the help of several bioinformatic 
algorithms. Both mutant lines underwent a minimum of five 

backcrosses with WT m ice and the Tulp1 locus was deep
sequenced.

Immunohistochemistry 
Following euthanasia, eyes were enucleated and immediately 
frozen in OCT with liquid nitrogen and stored a t -80◦C. Tis-
sue was sectioned at 10-μm thickness with a cryostat (Leica, 
Wetzlar, Germany) at −20◦C. Retinal sections were fixed in 4% 
paraformaldehyde (PFA) for 5 mins, followed by brief washing 
in 1X PBS. Sections were permeabilized with 1X PBS contain-
ing 0.025% Triton X-100 (PBST) for 10 mins and then washed 
3 times with 1X PBS, 5 mins each. Slides were then incubated 
with blocking solution (1% BSA and 10% Donkey serum in freshly 
prepared 1X PBS) for 2 hrs at room temperature (RT) and then 
subsequently incubated with target primary antibodies (diluted 
in 1X PBS with 1% BSA) overnight at 4◦C. Primary antibodies and
dilutions were as follows: rabbit polyclonal M-Tulp1N at 1:250
[19]; mouse monoclonal Ribeye/CtBP2 at 1:500 (# 612044; BD Bio-
sciences, San Jose, CA); rabbit polyclonal Protein Kinase C-α (PKC) 
at 1:1000 (# sc-208; Santa Cruz Biotechnology Inc., Santa Cruz, CA); 
mouse monoclonal Rhodopsin at 1:2000 (# ab98887, Abcam, Cam-
bridge, UK); rabbit polyclonal M-opsin at 1:500 (# AB5405, Millipore 
Corp, Burlington, MA); rabbit polyclonal S-opsin at 1:500 (AB5407, 
Millipore Corp, Burlington, MA) and rabbit polyclonal Peripherin 
at 1:500 (pAbMPCT, gift from Dr Andrew F.X. Goldberg, Oakland
Univ., Rochester, MI [21, 61]) dilutions. After removal of primary 
antibody, the slides were washed 3 times with 1X PBST on a 
rocker for 5 mins each. Slides were then incubated with secondary 
antibodies (AlexaFluor 488 goat anti–rabbit IgG, AlexaFluor 488 
goat anti–mouse IgG, AlexaFluor 594 goat anti–rabbit IgG and 
AlexaFluor 594 goat anti–mouse IgG (Invitrogen, Carlsbad, CA)) at 
1:1000 dilution in 1X PBS with 1% BSA in the dark for 1 hr at RT. 
Slides were then washed 3 times with 1X PBST 10 mins each and 
mounted with mounting media containing DAPI (Vectashield). 
Co-staining of Tulp1 and Acetyl-α Tubulin were performed by 
staining the slides with M-Tulp1N at 1:400 dilution first, followed 
by staining with mouse monoclonal Acetyl-α Tubulin at 1:400 
dilution (# 32–2700, Invitrogen, Carlsbad, CA) using the Mouse on 
Mouse Immunodetection kit (BMK-2202, Vectorlabs , Newark, CA).
All slides were stored in the dark before being imaged using a
fluorescence microscope (Zeiss Axio Imager. Z2).

Histology 
Enucleated eyes were fixed overnight at 4◦C in 2% paraformalde-
hyde, 2.5% glutaraldehyde, and 0.001% CaCl2 in 0.1 M cacodylate 
buffer. After removal of the anterior segments using a dissect-
ing microscope, eyecups were processed for epon embedding a s
previously described [62]. Semi-thin 750 nm sections were cut 
using a diamond knife (DiATOME, Hatfield, PA), collected on glass 
slides, and stained with toluidine blue. Images of eyecup sections 
(extending to the ora serrata) were acquired under identical set-
tings with a Zeiss Axioimager Z1 and MRc5 camera (Carl Zeiss AG, 
Oberkochen, Germany). Images were exported to ImageJ v1.54g 
software (NIH, B ethesda, MD) and calibrated using an embedded 
reference scale. The thickness of the outer nuclear layer (ONL) 
was measured using the ImageJ v1.54g software by taking three
measurements at ∼ 200 μm from the optic nerve head at each 
side (dorsal and ventral region). The average of six measurements 
was reported as the ONL thickness value for each mouse. At least 
n = 3 animals were included in ONL thickness quantification for
each group.
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Electroretinography 
After overnight dark adaptation, mice were anesthetized with 
ketamine (80 mg/kg) and xylazine (16 mg/kg). Eyedrops were used 
to anesthetize the cornea (1% proparacaine HCl) and to dilate 
the pupil (1% mydriacyl, 2.5% phenylephrine HCl, 1% cyclopen-
tolate HCl). Mice were placed on a temperature-regulated heating 
pad throughout the recording session. ERGs were recorded with 
a stainless-steel electrode that made contact with the corneal 
surface through a thin layer of methylcellulose. Needle electrodes 
placed in the cheek and the tail served as reference and ground 
leads, respectively. Responses were obtained under dark-adapted 
and then light-adapted conditions . For the dark-adapted series, a
total of ten strobe stimuli ranging from −3.6 to 2.1 log candela (cd) 
s/m2 were presented in order of increasing flash strength. As flash 
strength increased, the number of successive trials that were 
averaged decreased from 20 to 2 and the interstimulus interval 
increased from 4 to 90 s. A steady 30 cd/m2 achromatic adapting 
field then was presented in the ganzfeld bowl. After 7 min of 
light adaptation, cone ERGs were obtained to a series o f seven
strobe flash stimuli ranging from −1  to  2  log  cd  s/m2 that were 
superimposed upon this field. At each stimulus level, a series of 50 
successive responses wer e averaged to stimuli deliver ed at 2.1 Hz.

The amplitude of the a-wave was measured from the pre-
stimulus baseline to the value observed at 8 ms after the flash 
presentation. The dark-adapted b-wave amplitude was measured 
from the a-wave amplitude trough to the peak of the b-wave. 
The amplitude of the light-adapted ERG b-wave was measured 
from the initial negative tr ough to the peak of the response. ERG 
data are presented as a mean ± s.e.m. Statistical significance was 
assessed using a two-way repeated measures analysis of variance
(ANOVA).

Western  blot  anal  ysis  
Total protein was isolated from two retinas of a single mouse 
using RIPA protein lysis buffer (#J63306 Thermo Scientif ic) con-
taining protease inhibitors and phosphate inhibitors. Appr oxi-
mately 20 μg of total protein was electrophoresed on 4–12% 
SDS-PAGE gels and then transferred to PVDF membranes. Mem-
branes were probed with primary a ntibodies against pIRE1a (1:500 
dilution, Novus, NB100–2323), XBP1 (1:500 dilution, Santa Cruz,
sc-7160), TULP1 (1:2000 dilution [19]) and β-actin (1:4000 dilu-
tion, Cell signaling #3700) in LI-COR Intercept (TBS) Blocking 
Buffer (#927–60 001). Corresponding secondary antibodies were 
applied at 1:10000 dilution. The membranes were imaged, and the 
intensity of targeting bands were quantified using Licor Odyssey 
CLx system. Relati ve intensities of each band were quantified 
(densitometry) using the Image Studio software v ersion 5.2 and
normalized to the loading control, β-actin.

Statistical anal yses 
Results are presented as mean ± s.d. or mean ± s.e.m. and the 
number of biological replicates for each experiment is indicated 
in the figure legends. All determinations for each experiment 
were performed at least in duplicate. Statistical significance was 
assessed using the two-tailed Student’s t-test or two-way ANOVA.
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