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ABSTRACT

UXT (ubiquitously expressed prefoldin like chaperone), a small chaperone-like protein, is widely
expressed in diverse human and mouse tissues and is more abundant in retina and kidney. However,
the functional characterization of UXT at tissue level was largely unknown. Here, we reported that mice
deficient in UXT exhibited salient features of retinal degenerative disease, similar to retinitis pigmentosa.
Conditional knockout (CKO) of Uxt led to retinal degeneration and pigmentation in mice retina along
with significant alterations of retinitis pigmentosa-related genes, which indicated UXT might be asso-
ciated with retinal degenerative disease sharing key features to retinitis pigmentosa. Consistently, the
electroretinogram (ERG) responses were dramatically impaired in uxt CKO retinas. Strong degenerative
features were observed in uxt CKO retinas, including specific and progressive reduction of photoreceptor
cells and increased numbers of apoptotic cells. Intriguingly, macroautophagic/autophagic flux was
enhanced in uxt CKO retina. Mechanistically, we found UXT was indispensable to suppress photorecep-
tor apoptotic cell death by inhibiting autophagy through regulating the activity of MTOR (mechanistic
target of rapamycin kinase), a key negative regulator of autophagy. Conversely, knockdown of UXT
induced the robust expression of the canonical autophagy-related genes and boosted autophagic flux
and apoptosis, finally resulting in severe retina degeneration in uxt CKO mice. Taken together, our study
reveals a vital role of UXT in preventing retina from degeneration. The loss of UXT results in a hyper-
autophagic state leading to massive retinal degeneration. Therefore, UXT may be a crucial target for
retinal degenerative disease.

Abbreviations: 3-ma: 3-methyladenine; casp3: caspase 3; cko: conditional knockout; erg: electroretino-
gram; gapdh: glyceraldehyde-3-phosphate dehydrogenase; map1lc3b/Ic3b: microtubule-associated pro-
tein 1 light chain 3; mtor: mechanistic target of rapamycin kinase; parp: poly (adp-ribose) polymerase
family; rna-seq: rna sequencing; rp: retinitis pigmentosa; rpsé6kb1/s6k: ribosomal protein s6 kinase b1;
sgstm1: sequestosome 1; tunel: terminal deoxynucleotidyl transferase mediated dutp nick-end labeling;
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Introduction

The retina is a thin sheet of neural tissue in the eye, which
senses light and transmits relevant information to the brain
via the optic nerve. The vertebrate retina consists of six types
of neurons and one type of glial cells (Miiller glial cells),
which form three cellular layers: photoreceptors in the outer
nuclear layer (ONL), horizontal, bipolar, and amacrine inter-
neurons and Miiller glial cells in the inner nuclear layer
(INL), and ganglion and displaced amacrine cells in the
ganglion cell layer (GCL). The detection of light stimuli is
mediated by photoreceptors, which contain two basic sub-
types: rods and cones. The rod and cone photoreceptors are
responsible for night and daylight vision, respectively.
Typically, mouse retinal genesis begins as early as
embryonic day 11 (E11), and retinal maturation is complete
at postnatal day 30 (P30) [1].

Retinitis pigmentosa (RP) is a hereditary retinopathy that
affects approximately 2.5 million people worldwide and shows
a prevalence ranging from 1/3500 to 1/5000 among different
populations [2,3]. It is characterized by progressive loss of
rods and cones and causes severe visual dysfunction and
eventual blindness in bilateral eyes [3]. RP exhibits great
genetic heterogeneity with 83 disease causative genes involved
in its etiology, among which 58 are implicated in the auto-
somal recessive form. Most of such cases are due to mutations
in a single gene, representing a significant cause of blindness.
These mutations occur mainly in the photoreceptor cells (rods
and cones) and, to a much lesser extent, in the retinal pigment
epithelium (RPE) cells [4].

Although several causative mutations of RP have been
identified, the mechanisms underlying the death of photore-
ceptors are still unclear, therefore currently, no treatment is
available [5]. It is very important to know the physiology and
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the possible alterations of the RP retina. Currently, autophagy
and the dysregulation caused by different sources of oxidative
stress are associated with and contributed to RP retinal
changes [6]. Autophagy was first described in retina forty
years ago [7]. Components of the autophagy pathway have
been found in retina and important autophagy-related pro-
teins have been detected in different retinal layers. Autophagy
has been shown to initiate apoptosis and contribute to photo-
receptor death [8]. The MTOR pathway is essential for sup-
pressing autophagy [9]. Furthermore, many genes related to
MTOR signaling pathway are decreased in numerous experi-
mental RP models [10]. These observations indicate that
MTOR pathway might be of importance in regulating auto-
phagy in retina, loss of which may associate with pathological
alterations in RP retina. Consistently, activation of MTORCI
by loss of its negative regulator TSC1 is sufficient to promote
survival of starving cones of rd1 mouse [11].

In this study, we discovered a novel MTOR regulator, UXT
(ubiquitously expressed prefoldin like chaperone), which is
indispensable for normal retina function through promoting
MTOR activity. UXT is a small chaperone-like protein, which
has been shown to be involved in modulating innate immu-
nity, inflammation [12-14] and angiogenesis in zebrafish
development [15]. Although UXT is widely expressed in
most human and mouse tissues [16], its functional signifi-
cance was less characterized and largely unknown. Through
integrating morphology and histological experiments, retinal
function assays and underlying dynamic transcriptome
changes in retinas of uxt CKO mice, we found mice deficient
in UXT exhibited key features similar to retinitis pigmentosa.
Electroretinogram responses were dramatically impaired in
uxt CKO mice, which was accompanied by degenerative fea-
tures including progressively reduced numbers of photorecep-
tor cells and increased numbers of apoptotic cells. Notably,
uxt CKO retina displayed enhanced autophagic flux.
Mechanistically, UXT interacted with MTOR and repressed
autophagy by boosting MTOR activity.

Results
UXT is associated with retinitis pigmentosa

To explore the function of UXT at tissue level, we took
advantage of the public RNA-seq data of mouse tissues and
found that UXT was abundantly expressed in adult retina
(Figure 1A). Using real-time PCR, we confirmed this result
and observed the generally higher expression of Uxt mRNA in
early stages of mice retina development (Figure 1B), suggest-
ing UXT may play a role during retinogenesis. In addition, we
found UXT was markedly expressed in photoreceptor seg-
ment of retina by immunofluorescence (Fig. S1A). In line
with this, we detected similar expression pattern between
UXT and well-known photoreceptor cell markers (e.g., RHO
[rhodopsin] and OPN1SW) based on public single-cell RNA-
seq data of mouse retina (Fig. S1B and S1C). To further
investigate the role of UXT in retina, uxt flox mice were
constructed. To delete Uxt specifically in the developing
retina, we crossed the uxt flox line with the Vsx2/Chx10-Cre
transgenic mice to obtain uxt conditional knockout (uxt

CKO) mice. To examine the efficiency of Uxt deletion, we
analyzed UXT expression by western blot and immunofluor-
escence on Uxt™1°% and yxt1¥1°% Vex2 Cre retinas at P1
(postnatal day 1). We observed essentially no signal of UXT in
uxt1O¥/19% x2_Cre retinas at P1 (Figure 1C and D), demon-
strating that Uxt was efficiently deleted in the developing
retina at an early stage. We then carried out RNA-seq experi-
ment to measure molecular changes at gene expression level
in uxt CKO retinas. Conditional knockout of Uxt led to
dramatic gene expression changes in mouse retina at P30, as
reflected by only moderately correlated expression between
uxt CKO and control retinas (correlation: 0.61 ~ 0.74). By
contrast, gene expression was perfectly correlated between
biological replicates for both uxt CKO retinas and control
retinas (correlation: 0.96 ~ 0.99) (Figure 1E and SID).
Consistently, the principal component analysis (PCA) result
also demonstrated that more than 70% of total gene expres-
sion variance was explained by the factor of uxt CKO (Fig.
S1E). In total, we identified 2,211 differentially expressed
(DE) genes with at least two-fold changes in uxt CKO retina,
including 1,290 up- and 921 downregulated genes (Figure 1F,
FDR<0.01, absolute LFC>1, Table S1). Intriguingly, the
downregulated DE genes were strongly enriched in the biolo-
gical processes such as visual perception, photoreceptor cell
maintenance, phototransduction and eye photoreceptor cell
development (Figure 1G and Table S2, FDR<0.001, fold-
enrichment > 8), all of which were directly related to retinal-
related biological process required for normal retina function.
In addition, cellular components analysis demonstrated that
the downregulated DE genes were strongly enriched in photo-
receptor segments (Figure 1H and Table S2, FDR<0.001, fold-
enrichment>9), where UXT was also preferentially localized
as demonstrated by immunofluorescence experiment (Fig.
S1A). These results suggest that UXT may involve in preser-
ving normal retina function by orchestrating genes required
for visual perception and phototransduction within photore-
ceptor cells. Loss of key genes required for retina photorecep-
tor functionality usually leads to retinal defects [17]. Notably,
we found a strong link between the downregulated DE genes
and retinal diseases, especially for the association with retinitis
pigmentosa (Figure 1I and Table S3, FDR<0.001, fold-
enrichment>8). In line with this result, manually curated
canonical genes of retinitis pigmentosa were mostly decreased
in uxt CKO retina (Figure 1] and Table $3, Wilcoxon rank
sum test, p-value<0.001). To further confirm this result, we
performed fundus photograph to examine retinopathy in con-
trol and uxt CKO mice. Compared with control mice, retinal
degeneration and pigmentation appeared in 1-month-old uxt
CKO mice (Figure 1K). The retinopathy was apparently more
severe in 3-month-old uxt CKO mice (Figure 1L). Therefore,
severe defects seemed to occur progressively in uxt CKO
retina, which is similar to the symptom of retinitis
pigmentosa.

Impaired ERG responses in the uxt CKO mice

To examine whether uxt CKO disrupted retinal function
in vivo, full-field electroretinogram (ERG) recordings were
performed to measure retinal function in uxt CKO mice at
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Figure 1. UXT is associated with retinitis pigmentosa. (A) Expression abundance of Uxt mRNA across nine mouse tissues estimated using RNA-seq data. (B) Real-time PCR analysis
of Uxt mRNA in wild-type retinas at E12.5 (Embryo), E16.5, P1, P2, P3, P7, P9, P12, P14, P16, P18, P21, P28, P35, P49, P100. Graphs show the mean + SEM, and the data shown are
representative of three retinas. (C) Section immunofluorescence on wild-type retinas at P30. Arrows indicate UXT proteins. Scale bars: 50 pm. (D) Retinas were isolated from
control and uxt CKO mice at P30. Tissue homogenate was collected for western blot analysis using an anti-UXT antibody to confirm UXT ablation in the uxt CKO retina. (E) The
pairwise gene expression correlation between control (Uxt™™.1 and Uxt™2) and uxt CKO (uxt™™ Cre.1 and uxt" Cre.2) mouse retinas. The size of red circle is proportional to the
magnitude of expression correlation value. Each sample was pooled with a pair of retinas. (F) Differentially expressed (DE) genes in uxt CKO retina (FDR<0.01, absolute LFC>1). (G
and H) Significantly enriched biological processes and cellular components of the downregulated DE genes (FDR<0.01). (I) Disease association result in the downregulated DE
genes (FDR<0.01). (J) The heatmap of expression changes of retinitis pigmentosa-related genes between control and uxt CKO retina. For each gene, the expression level was
normalized (Z-score) across samples. (K and L) Retinopathy conditions measured using fundus photograph in retinas of 1-month-old and 3-month-old uxt CKO mice, respectively.

Arrows indicate retinal degeneration and pigmentation.

P14 and P30. We recorded ERG responses with various
stimulus intensities under the dark- and light-adapted con-
ditions. Under the dark-adapted condition, the amplitude of
the ERG a-waves and b-waves for uxt CKO mice was sig-
nificantly lower than that for control mice, indicating
decreased rod-mediated activity in wuxt CKO mice

(Figure 2A and C). As for light-adapted ERG responses,
the amplitude of the ERG response was dramatically
decreased in uxt CKO mice than control mice in b-wave
test and a-wave test, revealing impairments in cone function
(Figure 2B and D). Collectively, uxt CKO mice displayed
severely impaired retinal function.
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Conditional knockout of Uxt causes specific and
progressive photoreceptor cell loss leading to severe
retina degeneration

We further examined retina morphology changes during reti-
nogenesis in uxt CKO mice. Hematoxylin and eosin staining
of control and uxt CKO littermates were performed at P1, P7,
P14, and P30, respectively. The result showed that morphol-
ogy changes of uxt CKO retinas occurred progressively
(Figure 3A-D). The retinas of uxt CKO mice have a visible
laminar organization at P1 and P7. At P14, morphology of uxt
CKO retinas appeared to be severely disrupted. The defect is
so severe that morphology of uxt CKO retinas was barely
observable at P30. We further quantified the progression of
the observed morphology changes by measuring the thickness
and cell count of uxt CKO retinas (Fig. S2A and S2B).
Comparing with control mice, a gradual reduction of the
thickness of whole retina was detected in uxt CKO mice,
corresponding to ~40%, ~70% and ~85% thickness reduction
at P1, P7 and P14, respectively. The thickness was barely
measurable at P30 in uxt CKO mice. Consistently, we also
observed a continuing decrease in cell count in uxt CKO
retinas. These data suggested that conditional ablation of
UXT caused severe developmental defects in retina, leading
to retinal degeneration in a progressive manner.

During mouse embryonic retinogenesis, retinal ganglion
cells (RGCs) are generated first, followed by cone photorecep-
tors, rod photoreceptors and other cell types until completing
differentiation. To investigate whether knockout of Uxt caused
retina degeneration in all types of retinal cells or a cell type-
specific manner, we conducted real-time PCR experiments to
measure expression changes of cell type markers of seven major
retina cell types in uxt CKO retinas, including ganglion cell
markers (RBPMS, NEFL and ISL1), cone photoreceptor cell
markers (OPN1SW/S-OPSIN and OPNIMW/M-OPSIN), rod
photoreceptor cell markers (GNAT1 and RHO), horizontal cell
marker (ONECUT2), bipolar cell markers (VSX2 and PRKCA
[protein kinase C alpha]), amacrine cell marker (STX1 [syn-
taxin 1]) and Miiller cell markers (SOX9 and VIM [vimentin])
(Figure 3E, F, S2C and S2D). We observed specific expression
reduction of cell type makers of cone and rod photoreceptors at
P1 and P7 while other cell type markers’ expression level largely
unchanged between control and uxt CKO retinas (Figure 3E
and 3F). At P14 and P30, the expression of all cell type markers
was decreased and the cell makers of photoreceptors displayed
the most significant downregulation magnitude (Fig. S2C and
S2D). Taken together, these results demonstrated that uxt CKO
retina exhibited progressive photoreceptor loss, which may lead
to the observed severe defects in retinal morphology and
function.

A progressive alteration of retinitis pigmentosa-related
gene expression in uxt CKO retina

The observed gradual degeneration of uxt CKO retina mimics
the symptom of retinitis pigmentosa. To further investigate
the association between the defects in uxt CKO retina and
retinitis pigmentosa, we examined the dynamic expression
changes of retinitis pigmentosa-related genes in uxt CKO

retinas at P1, P7, P14, and P30 by using RNA-seq (Figure
4A-E). In line with the morphology changes, the expression
dysregulation of retinitis pigmentosa-related genes also
occurred progressively and exhibited a global downregulation
at P30. Notably, such pervasively impaired expression of reti-
nitis pigmentosa-related genes happened as early as P14,
which is similar to the observation that severe morphology
abnormality in uxt CKO retinas initially appeared at P14. We
further focused on the expression changes of major causative
genes for retinitis pigmentosa such as Rp1, Rho, Prph2, Prpf31,
and carried out real-time PCR to validate the expression
changes of these major causative genes expression between
uxt CKO and control retinas at P1, P7, P14 and P30. In
agreement with the RNA-seq data, there is a significant
decrease in the expression of Rpl, Rho, Prph2, Prpf31, Nr2e3,
Crx in the uxt CKO retinas at all four developmental stages
(Figure 4F-I). Collectively, these results demonstrated that
coordinated changes occurred between the dysregulation of
retinitis pigmentosa-related genes and retina morphology
abnormality in uxt CKO retinas, suggesting that the ablation
of UXT was associated with the expression reduction of the
predominant retinitis pigmentosa-related genes, and thus may
be a crucial target for retinitis pigmentosa.

Photoreceptors in uxt CKO retinas undergo apoptotic cell
death

In uxt CKO retinas, photoreceptor cells exhibited the most
dramatic degeneration. Previous studies on retinitis pigmen-
tosa revealed apoptosis was the converging pathway of photo-
receptor death in retinal degeneration [18]. To determine
whether the photoreceptor loss in uxt CKO retinas was due
to apoptosis, we performed the terminal deoxynucleotidyl
transferase-mediated dUTP nick-end labeling (TUNEL)
assay. The number of TUNEL-positive cells was significantly
increased in uxt CKO retinas compared to controls at P1 and
P14 (Figure 5A and C). To further confirm this, western blot
was performed to measure CASP3 and PARP activity in uxt
CKO and control retinas. We observed a strong appearance of
cleaved CASP3 and PARP at P1 and P14 (Figure 5B and D).
In line with these observations, a significantly higher propor-
tion of annotated genes involved in apoptosis process was
increased in uxt CKO retina (Figure 5E) (Fisher’s exact test,
p < 0.01). Furthermore, similar result was observed for the
genes involved in promoting apoptosis while genes involved
in inhibiting apoptosis displayed the opposite expression pat-
tern (Figure 5F and G) (Fisher’s exact test, p < 0.01). These
observations indicate that apoptotic cell death may lead to loss
of photoreceptors in uxt CKO retina.

Next, we explored whether the lack of UXT caused photo-
receptor apoptotic cell death. We transfected siRNA targeting
Uxt into mouse photoreceptor cell line 661 W (derived from
murine retina photoreceptors) and measured the abundance of
apoptosis-related markers. The siRNA transfection achieved
knockdown of UXT efficiently (Figure 5H). In 661 W cells,
depletion of UXT also resulted in increased levels of cleaved
CASP3 and PARP (Figure 5I). To further confirm this, we
performed real-time PCR to detect the expression level of
another three master regulators of apoptosis involving in
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Figure 2. Impaired ERG responses in the uxt CKO mice. (A and C) Amplitudes of ERG dark-adapted a-waves and b-waves elicited from control and uxt CKO mice at
P14 and P30. (B and D) Amplitudes of ERG light-adapted a-waves and b-waves elicited from control and uxt CKO mice at P14 and P30. Differences between control
and uxt CKO animals are significant at all flash intensities. Graphs show the mean + SEM, and the data shown are representative of ten mice. ***p < 0.001 (Wilcoxon-

Mann-Whitney test).

determining cell death fate, including BCL2 (anti-apoptotic),
BAX and BAKI1 (proapoptotic) [19,20]. Consistently, Bax and
Bakl mRNA levels were increased while Bcl2 mRNA level was
decreased after depletion of UXT (Figure 5]). These observations
further confirmed the negative role of UXT in determining
apoptotic cell death in photoreceptor.

The retinas of uxt CKO mice show enhanced autophagic
flux

Previous studies have demonstrated autophagy initiates apop-
tosis and contributes to photoreceptor death [8,21].
Intriguingly, we found the upregulated DE genes in uxt
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CKO retina were significantly enriched in the biological pro-
cess of autophagy (Fisher’s exact test, FDR < 0.01). Indeed, the
majority of autophagy-related genes and especially those
involved in positive regulation of autophagy process were
significantly increased in uxt CKO retina (Figure 6A and B).
By contrast, the negative regulators of autophagy process were

mostly inhibited (Figure 6C). These observations made us
wonder if the uxt CKO-induced apoptotic cell death in photo-
receptor was due to overactivation of autophagy. To explore
this possibility, we examined the autophagic flux in uxt CKO
retinas by determining the abundance of SQSTMI, a well-
characterized autophagy gene that is elevated after autophagy
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Figure 4. Progressive alteration of retinitis pigmentosa-related gene expression in uxt CKO retina. (A, B, C and D) The heatmap of expression changes retinitis
pigmentosa-related gene between control and uxt CKO retina at P1, P7, P14 and P30, respectively. For each gene, the expression level was normalized (Z-score)
across samples. Each sample was pooled with a pair of retinas. (E) The heatmap of log,-scale expression fold-change (LFC) of retinitis pigmentosa-related genes
between control and uxt CKO retina at P1, P7, P14 and P30, respectively. (F, G, H and 1) Real-time PCR analysis of Rp1, Prph2, Prpf31, Nr2e3, Crx mRNA in control and
uxt CKO retinas at P1, P7, P14 and P30. Graphs show the mean + SEM, and the data shown are representative of three retinas. ***p < 0.001 (Wilcoxon-Mann-Whitney

test).

inhibition [22]. Compared to control littermates, extracts of
uxt CKO retinas from P1 and P14 mice showed dramatic
decrease of SQSTM1 (Figure 6D and F), indicating autophagic
flux was indeed enhanced in uxt CKO retina. The increased

autophagy activity is also reflected by the enhanced conver-
sion of cytosolic LC3-I to lipidated, membrane-bound LC3-II
[23]. We further conducted western blot to detect levels of
LC3-II in uxt CKO and control retinas at P1 and P14. The
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result showed that LC3-II was significantly increased in uxt
CKO retinas (Figure 6E and G). This observation further
confirmed the elevated autophagy flux in uxt CKO retinas.
Next, we investigated whether depletion of UXT increased
autophagic flux in photoreceptor. To check this, we trans-
fected 661 W cells with Uxt siRNA and conducted real-time
PCR to measure the expression changes of a group of well-
established autophagy genes, including Atg4b, Uvrag, Wipil,
Vpsll, Vps18, Atg9b and Tfeb. These autophagy genes were
significantly increased after knockdown of UXT (Figure 6H).
Furthermore, the knockdown of UXT also resulted in
decreased level of SQSTMI and increased levels of LC3-II in
661 W cells (Figure 6I). These results consistently support
elevated autophagic flux after UXT knockdown. To further
confirm this, we checked autophagic flux changes after
manipulating this process using specific modulators.
Leupeptin has shown to suppress lysosome degradation and
led to the accumulation of autolysosomes [24]. In line with
the induction of autophagic flux, we detected accumulation of
LC3-1I after leupeptin treatment in UXT knockdown 661 W
cell line (Figure 6]). 3-methyladenine (3-MA) is an inhibitor
of autophagy by blocking the rformation of autophagosomes
[25]. We further examined whether inhibiting autophagy
using 3-MA could attenuate UXT ablation induced photore-
ceptor apoptotic cell death. Photoreceptor apoptotic cell death
was indeed suppressed after 3-MA treatment in UXT knock-
down 661 W cells, along with reduced LC3-II as expected
(Figure 6K). Collectively, these results revealed UXT inhibited
photoreceptor cell death by regulating autophagic flux.

UXT interacts directly with MTOR and promotes MTOR
activity

Finally, we investigated the mechanism underlying the UXT
depletion-induced elevation of autophagic flux and cell death
in photoreceptor. Among several key components of autopha-
gy, we found TFEB was strongly enhanced in uxt CKO retinas
and UXT knockdown 661 W cells, which is a master regulator
for transcription of genes that involved in autophagy and
lysosomal biogenesis [26]. The degradation of TFEB is mainly
regulated by MTOR through serine phosphorylation [27]. In
addition, MTOR signaling pathway plays a key role in regu-
lating autophagy as a negative regulator [9], which has been
demonstrated to be involved in regulating photoreceptor cell
death in experimental RP model [11]. We wondered whether
UXT could interact with MTOR and thus regulate MTOR
activity. To explore this possibility, we ectopically expressed
UXT and MTOR in HEK293T cells, and then tested the
interactions between them. Interestingly, UXT could directly
interact with MTOR (Fig. S3A and S3B). Importantly, we
further confirmed the endogenous interaction between UXT
and MTOR in both mouse retina and 661 W cells (Figure 7A
and B).

Then, we went on to examine MTOR activity after the
ablation of UXT. RPS6KB1/S6K, a substrate of MTOR, is
phosphorylated and activated by MTOR [28]. Moreover,
RPS6KBI is critical for both rod and cone survival in rd10
mice [29]. Therefore, we measured the phosphorylation level
of RPS6KB1 as a proxy to estimate MTOR activity. Decreased
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phosphorylation level of RPS6KB1 was observed in uxt CKO
retinas (Figure 7C, 7D, S3C and S3D). Furthermore, the
knockdown of UXT using siRNA also led to impaired phos-
phorylation level of RPS6KB1 in 661 W cells (Figure 7E).
These observations suggested that UXT could interact with
MTOR and promote MTOR activity.

Torinl is an effective and selective inhibitor of MTOR [30].
Therefore, we further examined the functional dependency of
UXT on MTOR by first silencing MTOR activity using torinl.
Similar to the observations in UXT knockdown photoreceptor
cells and uxt CKO retina, treatment of torinl increased levels
of cleaved CASP3 while not affecting MTOR expression level
in 661 W cell (Figure 7F and S3E). In addition, Bax and Bakl
mRNA levels were increased while Bcl2 mRNA level was
decreased after torinl treatment (Figure 7G). Notably, UXT
overexpression could not affect the levels of apoptotic markers
after the inhibition of MTOR by torinl, demonstrating that
the function of UXT in photoreceptor cells was dependent on
MTOR (Figure 7H and I). Collectively, these results revealed
a critical role of UXT in regulating MTOR activity in photo-
receptor cells.

Discussion

In this study, we uncovered a vital role of UXT in preventing
retina from degeneration. The mice deficient in UXT dis-
played severe retina defects at molecular, morphological and
functional aspects. Based on ERG and fundus photography
experiments, we observed severely affected retinal structure
and function in uxt CKO retinas. These morphological and
functional abnormalities were accompanied by the specific
and progressive reduction of photoreceptor cells as well as
the gradual dysregulation of genes involved in normal photo-
receptor function and retinitis pigmentosa, which recapitu-
lated the key features of retinitis pigmentosa.

Retinitis pigmentosa is the most common hereditary reti-
nopathy from various gene mutations causing bilateral blind-
ness. The detailed mechanisms that cause progressive loss of
photoreceptors are still largely unknown. Autophagy and oxi-
dative stress are implicated in retinitis pigmentosa [6].
Comparing with control mice, we found that autophagic
flux was significantly enhanced in uxt CKO retinas. This
result suggests overactivation of autophagy may contribute
to the observed retinitis pigmentosa-like phenotype in uxt
CKO retinas, which is in line with the previous observation
that autophagy may initiate apoptosis and further contribute
to photoreceptor death [8]. It should be noted that autophagy
seems to play a dual role in affecting cell death and retinal
degeneration. Previous studies suggested low level of stress
might be beneficial while high level of stress caused detrimen-
tal effects that resulted in increased cell death and retinal
degeneration [31]. In addition, it has been reported the dele-
tion of Atg5, an essential protein in the cascade of autophagy,
causes a decrease in autophagy and induced cell death of rod
cells [32,33]. The role of autophagy in retinitis pigmentosa
seems to be context-dependent and detailed mechanisms still
require further exploration.

The MTOR pathway plays an essential role in cell metabo-
lism, survival and growth [34-36]. Aberrant MTOR activation
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Figure 6. The retinas of uxt CKO mice show enhanced autophagic flux. (A, B and C) The heatmap of gene expression changes between control and uxt CKO retina
from autophagy genes, positive regulation of autophagy genes and negative regulation of autophagy genes categories, respectively. For each gene, the expression
level was normalized (Z-score) across samples. (D) Immunostaining and western blot analysis of SQSTM1 in the retinas of control and uxt CKO retinas at P1. Scale
bars: 50 um. The data shown are representative of three retinas. (E) Retinas were isolated from control and uxt CKO mice at P1. Tissue homogenate was collected for
western blot analysis using anti-LC3B and GAPDH antibodies. (F) Immunostaining and western blot analysis of SQSTM1 in the retinas of control and uxt CKO retinas at
P14. Scale bars: 50 pm. The data shown are representative of three retinas. (G) Retinas were isolated from control and uxt CKO mice at P14. Tissue homogenate was
collected for western blot analysis using anti-LC3B, SQSTM1 and GAPDH antibodies. (H) 661 W cells were transfected with the indicated siRNAs. The alternation of
Atg4b, Uvrag, Wipil, Vps11, Vps18, Atg9b and Tfeb mRNAs was measured by real-time PCR. Graphs show the mean + SEM, and the data shown are representative of
three independent experiments. ***p < 0.001 (Wilcoxon-Mann-Whitney test). () 661 W cells were transfected with the indicated siRNAs. Cell lysates were collected
for western blot analysis of LC3B, SQSTM1 and GAPDH. (J) 661 W cells were transfected with the indicated siRNA for 24 h. Then, 661 W cells were treated with 10 pg/
ml leupeptin for 24 h. Cell lysates were collected for western blot analysis of LC3B and GAPDH. (K) 661 W cells were transfected with the indicated siRNA for 24 h.
Then, 661 W cells were treated with 500 nm/ml 3-MA for 24 h. Cell lysates were collected for western blot analysis of LC3B, PARP, cleaved CASP3 and GAPDH.
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Figure 7. UXT interacts directly with MTOR and functions as a partner of MTOR. (A) Lysates of retinas were immunoprecipitated with an anti-UXT antibody and then
immunoblotted with the indicated antibodies. (B) Lysates of 661 W cells were immunoprecipitated with an anti-UXT antibody and then immunoblotted with the
indicated antibodies. (C and D) Retinas were isolated from control and uxt CKO mice at P1 and P14. Tissue homogenate was collected for western blot analysis using
anti-p-RPS6KB1 and GAPDH antibodies. (E) 661 W cells were transfected with the indicated siRNAs. Cell lysates were collected for western blot analysis of p-RPS6KB1
and GAPDH. (F) 661 W cells were treated with DMSO and 250 nm/ml torin1, respectively, for 48 h. Cell lysates were collected for western blot analysis of cleaved
CASP3 and GAPDH. (G) 661 W cells were treated with DMSO and 250 nm/ml torin1, respectively, for 48 h. The alternation of Bak1, Bax, Bc/2 mRNAs was measured by
real-time PCR. (H) 661 W cells were transfected with the indicated plasmid for 24 h. Then, 661 W cells were treated with 500 nm/ml torin1 for 24 h. Cell lysates were
collected for western blot analysis of cleaved CASP3 and GAPDH. (I) 661 W cells were transfected with the indicated plasmid for 24 h. Then, 661 W cells were treated
with 500 nm/ml torin1 for 24 h. The alternation of Bak1, Bax, Bc/l2 mRNAs was measured by real-time PCR. Graphs show the mean + SEM, and the data (G and I)
shown are representative of three independent experiments. ***p < 0.001 (Wilcoxon-Mann-Whitney test).

has been demonstrated to be involved in many disorders, like
neurological diseases [37,38]. Recent studies revealed that
MTOR functions to promote photoreceptor survival in
mouse RP models [10,11]. Moreover, RPS6KBI,
a downstream factor of MTOR, plays an important role in
both rod and cone survival in rd10 mice [29]. In addition, the
genes involved in regulating MTOR have been reported to
modulate cone cell death [39,40]. These observations

demonstrated a strong association between MTOR pathway
and normal photoreceptor function. Importantly, our study
found that UXT was indispensable in regulating MTOR activ-
ity. We identified a direct interaction between UXT and
MTOR in mouse retina and photoreceptor cells. Loss of
UXT strongly impaired MTOR activity. Considering the
tight associations between MTOR and autophagy, our results
indicate loss of UXT impaired MTOR activity, which in turn
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led to increased autophagy flux and apoptosis along with
pervasive reduction of photoreceptor cells and downregula-
tion of retinitis pigmentosa-related genes, finally resulting in
severe retina degeneration and abnormal retina function.
Although our study uncovered the importance of MTOR as
an essential upstream regulator of increased autophagic flux
in uxt CKO retina, it should be noted that autophagy is an
elaborate and sophisticated process that is under tight surveil-
lance of other crucial modulators. Therefore, probing more
detailed and comprehensive mechanisms underlying the pro-
found effect of Uxt deletion in retina is still an intriguing
question requiring further exploration.

In terms of pathology and disease progression, typical RP
patients lose night vision in adolescence, side vision in young
adulthood, and central vision in later life due to the progres-
sive loss of rod and cone photoreceptor cells [41]. However,
RP is a highly heterogeneous retinopathy. Some patients may
have developed severe systematic visual loss in childhood,
while others may remain asymptomatic even in mid-
adulthood [41]. Such big heterogeneity in pathology is not
that unexpected since, by definition, RP is the term given to
a set of retinal diseases that only share degeneration features
of rod and cone photoreceptors. Many clinical assessments
have been applied to diagnose RP, in which ERG is a kind of
objective measurement of retinal function for accurate disease
diagnosis and severity assessment [42]. In uxt CKO mice
retina, the ERG responses were dramatically impaired at
both P14 and P30. Moreover, we also observed other histolo-
gical and physiological defects in uxt CKO mouse retina
similar to that of RP including progressive loss of photore-
ceptor cells as well as more severe hyperpigmentation in
3-month-old uxt CKO mouse retina than that of 1-month-
old uxt CKO mouse retina. At molecular level, we detected
concordant expression alteration including significant altera-
tions of retinitis pigmentosa-related genes in uxt CKO mouse
retina. The pervasive expression changes of canonical retinitis
pigmentosa-related genes were progressed in a continuing
matter, and finally led to excessive expression reduction glob-
ally. All these observations indicated uxt CKO mice exhibit
similar features of RP at molecular, morphological and func-
tional aspects. However, one notable difference between the
phenotype of uxt CKO mice and that of typical RP patients is
that the retinal degeneration progressed more rapidly in
UXT-deficient mice, which might rarely be observed in typical
RP patients. Because of the rapid retinal degeneration, we
measured molecular, histological, and morphological changes
during youth developmental stages at P1, P7, and P14 to
access pathological progress. Such relatively fast retinal degen-
eration pathological progress was possibly due to the excessive
reduction of multiple retinitis pigmentosa causal genes that
might function synergistically to greatly accelerate pathologi-
cal progress in uxt CKO mice. Intriguingly, UXT is a protein-
coding gene located on chromosome X. Previous studies have
shown that X-linked RPs usually have an early age of onset
and are generally more severe in pathology [43]. Although the
X chromosome location might be a coincidence, it might still
be possible that other unknown factors work along with the
factor of X chromosome location to accelerate RP pathological
progress in uxt CKO mice. Mouse models of retinitis

pigmentosa, such as rd1-10, have been investigated for many
years [44]. In our opinion, uxt CKO mice may belong to
a novel X-linked atypical RP mouse model, or alternatively,
represent a kind of RP-like mouse model. It also should be
noted that the relatively fast pathological progress might
obstruct a more general application of our RP-like mouse
model. However, the potential positive aspect is that wuxt
CKO mice may allow researchers to test the effects of anti-
RP treatments or therapies faster in terms of RP phenotype
observation, compared to the RP models that have relatively
late age of onset and slower pathological progress.

Taken together, our study reveals a crucial role of UXT
in promoting MTOR activity to prevent retina from degen-
eration. UXT is necessary for the normal function and
integrity of mouse retina, the ablation of which was asso-
ciated with pervasive reduction of genes required for
photoreceptor cell development and phototransduction
within photoreceptor segment. Loss of UXT was associated
with significant alteration of retinitis pigmentosa-related
genes. Therefore, UXT-deficient mice could serve as
a potential disease-model for retinal degenerative diseases,
which is instrumental for elucidating and further manipu-
lating photoreceptor degeneration in future studies. The
identification of UXT may provide a candidate gene for
the site of mutations responsible for retinal degenerative
disease. Hopefully, UXT is a potential candidate for target-
ing retinal degenerative diseases.

Materials and Methods
Mice

C57BL/6 mice were purchased from the Model Animal
Research Center of Nanjing University. The mice were main-
tained under specific pathogen-free (SPF) conditions at the
Center for New Drug Safety Evaluation and Research, China
Pharmaceutical University. The uxt conditional knockout
mice were generated by mating between Vsx2-Cre and
uxt1¥/Mo% - mice.  Vsx2-Cre mice were purchased from
Shanghai Biomodel Organism. Uxt flox mice were generated
with CRISPR-Cas9-mediated homologous recombination of
a 2,289 bp double-stranded DNA donor containing two loxP
sites flanking exon 3. The donor DNA was prepared by two
steps of fusion PCRs using C57/BL6 genomic DNA as tem-
plate and an EcoRI site was incorporated 5’ to the loxP site.
The final donor DNA contained a floxed region (containing
exon 3) of 242 bp by two EcoRI-loxP sites (40 bp each) and
two homology arms of 980 bp and 987 bp, respectively. Two
guide RNAs  targeting  the intron 2 (5'-
GATGCCAGGCATTTTAAGTC-3') and intron 3 (5'-
GTGTCAGCGGGCAATTTTAA-3") were designed using the
Zhang Lab CRISPR tool (http://crispr.mit.edu/). The two
sgRNAs and Cas9 mRNA were in vitro transcribed, mixed
and injected into the cytoplasm and pronucleus of C57/BL6
fertilized eggs. Founders were screened by PCR genotyping
using primers: forward, 5'-CATGTCAACCACAACCTGAC
-3' and reverse, 5-TAGGTGTCAGCGGGCAATTT-3', and
confirmed by long-range PCR, EcoRI digestion and Sanger
sequencing. All genotypes were determined by PCR using
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a T5 Direct PCR Kit (Tsingke, TSE012). These strains were
maintained on a C57BL/6 background. Age-matched Uxt™™
flox mice were used as a control. All animal experiments were
performed in accordance with the National Institutes of
Health Guide for the Care and Use of Laboratory Animals.
The protocol was approved by the Institutional Animal Care
and Use Committee of China Pharmaceutical University and
the Institutional Ethics Committee of China Pharmaceutical
University (Approval Number 2020-01-002).

Cell culture

The HEK293T cell line was obtained from the American Type
Culture Collection (ATCC, CRL-3216). The 661 W cell line
was a gift from Dr. Xin Zhang (The First School of Clinical
Medicine, Nanjing Medical University). HEK293T and 661 W
cell lines were maintained in Dulbecco’s modified Eagle’s
medium (Thermo Fisher Scientific, 11210006; DMEM) con-
taining 10% fetal bovine serum (Thermo Fisher Scientific,
12484028; FBS) under a humidified atmosphere of 5% CO,
at 37°C. Cultured cells were released by trypsin and passaged
every 2 d.

Antibodies and reagents

Torinl  (SC0245) was purchased from Beyotime
Biotechnology. Leupeptin (HY-18234A) and 3-MA (HY-
19312) were purchased from MedChemExpress. The follow-
ing antibodies were used: anti-UXT (Invitrogen, PA5-18852),
anti-HA (Santa Cruz Biotechnology, sc-7392), anti-FLAG
(Santa Cruz Biotechnology, sc-8036), anti-cleaved CASP3
(Cell Signaling Technology, 9664S), anti-PARP (Cell
Signaling Technology, 9532S), anti-GAPDH (Santa Cruz
Biotechnology, sc-32233), anti-LC3B  (Cell Signaling
Technology, 3868S), anti-MTOR (Cell Signaling Technology,
2972S), anti-SQSTM1 (Cell Signaling Technology, 23214S),
normal mouse IgG (Santa Cruz Biotechnology, sc-2025), nor-
mal rabbit IgG (Santa Cruz Biotechnology, sc-2027), normal
goat IgG (Santa Cruz Biotechnology, sc-2028), anti-
p-RPS6KB1/S6K (Cell Signaling Technology, 2708S).

Real-time PCR

Total cellular RNA was isolated using Trizol (Invitrogen,
15596018) according to the manufacturer’s instructions, then
reverse transcription was performed using a reverse transcrip-
tion kit (Vazyme, R223-01). The quantification of gene tran-
scripts was performed by real-time PCR using SYBR Green
PCR mix (Vazyme, Q331-02/03). All values were normalized
to the level of Gapdh mRNA. The primers used were listed
below:

Gapdh: sense (AGGTCGGTGTGAACGGATTTG),

antisense (TGTAGACCATGTAGTTGAGGTCA);

Opnlsw, sense (CAGCCTTCATGGGATTTGTCT),

antisense (CAAAGAGGAAGTATCCGTGACAG);

Opnlmw, sense (ATGGCCCAAAGGCTTACAGG),

antisense (AAGGGACCTTTGGTGCTGTT);

Rho, sense (CCCTTCTCCAACGTCACAGG),

and antisense (TGAGGAAGTTGATGGGGAAGC);
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Gnatl, sense (GGATGGCTACTCACCCGAAG),
antisense (TGCATAGTCAATGCCTAGTGTG);
Isl1/Islet1, sense (ATGATGGTGGTTTACAGGCTAAC),
antisense (TCGATGCTACTTCACTGCCAG);
Onecut2, sense (GGCTTCCGTCCATGAACAACQC),
antisense (CGAAATTGGGGCTGAGCATTTT);
Vsx2, sense (CTGAGCAAGCCCAAATCCGA),
antisense (CGCAGCTAACAAATGCCCAG);

Stxla, sense (AGAGATCCGGGGCTTTATTGA),
antisense (AATGCTCTTTAGCTTGGAGCG);

Vim, sense (CGGCTGCGAGAGAAATTGC),
antisense (CCACTTTCCGTTCAAGGTCAAG);
Sox9, sense (CGGAACAGACTCACATCTCTCC),
antisense (GCTTGCACGTCGGTTTTGG);

Rbpms, sense (CCCGTAGGCTTTGTCAGTTTT),
and antisense (GTAAAGTGCAGGTACTGTGAGC);
Prkca, sense (GTTTACCCGGCCAACGACT),

and antisense (GGGCGATGAATTTGTGGTCTT);
Bax, sense (TGAAGACAGGGGCCTTTTTG),
antisense (AATTCGCCGGAGACACTCG);

Bak1, sense (CAACCCCGAGATGGACAACTT),
antisense (CGTAGCGCCGGTTAATATCAT);
Vps1l, sense (CACAGGAAGTGGACTGAGGG),
and antisense (CAGGAAATCCAGGAGCTCAA);
Vps18, sense (TGGTCCAGGAACATCTTGTG),
antisense (CTGGGCAAGGATACACTGCT);

Uvrag, sense (TTGCACACTGGGCTCTATGA),
antisense (CATCCAAACGCACAGAAGAA);

Wipil, sense (CTGCTTCTCTTTCAACCAAGACT),
antisense (ACGTCAGGGATTTCATTGCTT);
Atg4b, sense (GTCAAGTATGGTTGGGCAGTT),
antisense (TGTCACCCTCTCCCTCGAAAT);
Atg9b, sense (CCATCCCACAATGATACACACC),
and antisense (CCTCTAGCCGTTCATAGTCCT);
Tfeb, sense (AAGGTTCGGGAGTATCTGTCTG),
and antisense (GGGTTGGAGCTGATATGTAGCA);
Rpl, sense (TGACCAACAGACCTTCGGAAA),
and antisense (TGATGGCAACATGCTTCAGAAC);
Prpf31, sense (GCTTCTCTTCTACCTCAGTGTTG),
and antisense (CATCCTTTAGTTCGTAGCCCAC);
Bcl2, sense (GTCGCTACCGTCGTGACTTC),

and antisense (CAGACATGCACCTACCCAGC);
Crx, sense (GTTCAAGAATCGTAGGGCGAA),

and antisense (TGAGATGCCCAAAGGATCTGT);
Nr2e3, sense (AAATGGGCCAAAAACTTGCCT),
and antisense (GAACCGGGAGATGGTTTCCTG);
Prph2, sense (CCAACAACTCGGCGCACTA),

and antisense (CCTCCGGGTTAGACACACTCT).

Western blot

Cell pellets were collected and resuspended in RIPA buffer
(50 mM Tris-HCI, pH 7.4, 150 mM NaCl, 1 mM EDTA, 0.5%
NP40 [Sigma-Aldrich, NP40], 0.25% Na-deoxycholate [Sigma-
Aldrich, D6750], 1 mM Na;VO, [Sigma-Aldrich, 450243], 0.1%
SDS [Sigma-Aldrich, L3771], 0.1 mM PMSF [Sigma-Aldrich,
PMSF-RO], Roche complete protease inhibitor set [Roche,
04693116001]). The resuspended cell pellet was vortexed for
20 s and then incubated on ice for 20 min, followed by
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centrifugation at 10,000 x g for 15 min. Afterward, supernatants
were collected for subsequent western blot analysis. Mice retinas
were homogenized with RIPA buffer and centrifuged, then
supernatants were collected for subsequent western blot analy-
sis. Protein samples were boiled for 6 min, electrophoresed in
SDS polyacrylamide gel, and transferred onto PVDF mem-
branes (Bio-Rad, 1704156). The blots were blocked with 5%
BSA (Sigma-Aldrich, B2064) in Tris-buffered saline solution-
Tween 0.1% (Sigma-Aldrich, P1754; TBST) for 1 h at room
temperature and probed with primary antibodies at the appro-
priate dilutions (1:1000) overnight at 4°C. The blots were
washed 5 times with TBST and incubated for 2 h at room
temperature with the HRP-conjugated secondary antibody
(dilution 1:5000; Sigma-Aldrich, A6154), then developed with
enhanced chemiluminescence. The densitometry of protein
bands was quantified by using Image] software (National
Institutes of Health). Three separate western blots were quanti-
fied for densitometry data.

Immunoprecipitation assay

For immunoprecipitation assay, retina and cell extracts were
prepared by using lysis buffer (50 mM Tris HCI, pH 7.4,
150 mM NaCl, 0.5% Triton X-100 [Sigma-Aldrich, X100],
1 mM EDTA) supplemented with a protease inhibitor cocktail
(Roche, 04693116001). The lysate was incubated with appro-
priate antibodies for 4 h to overnight at 4°C before adding
protein A/G agarose beads (Thermo Fisher Scientific, 78610)
for another 2 h. The beads were washed three times with the
lysis buffer and eluted with SDS-loading buffer for 5 min.

Histology, immunofluorescence and TUNEL assays

For histology, eyes from control and uxt CKO mice were
enucleated, fixed in buffered mixed aldehydes (3% parafor-
maldehyde and 2% glutaraldehyde, in PBS, pH 7.4) over-
night, and embedded in paraffin. Sections of 5 um were
stained with H&E. Images were obtained with an Olympus
BX41 microscope. For immunofluorescence, eyes from con-
trol and uxt CKO mice were enucleated, fixed in buffered
4% PFA (4% paraformaldehyde, in PBS, pH 7.4) overnight,
and embedded in paraffin. Eyes were cut into 5-um sections.
After dewaxing and rehydration, the sections were soaked in
sodium citrate buffer for heat-induced epitope retrieval and
incubated with 10% goat serum (Solarbio, SL038) for 1 h to
block the nonspecific binding sites. Then, sections were
incubated with anti-SQSTM1 (Cell Signaling Technology,
23214S; dilution 1:1000) respectively overnight at 4°C, fol-
lowed by incubation with secondary antibody (dilution
1:2000) for 1 h and then stained with DAPI (Invitrogen,
P36931) for 2 min. TUNEL assay was performed using the
in situ Cell Death Detection Kit (Roche, 11684817910).
Images were captured using a Nikon Inverted Microscope
Ts2/Ts2R (Nikon ECLIPSE Ts2/Ts2R).

Plasmids, siRNA oligos, and cell transfection

Mouse Uxt and Mtor cDNA was amplified by using standard
PCR techniques from mouse retina cDNA library and then sub-

cloned into the indicated vectors. The siRNA oligos were synthe-
sized by GenePharma: Uxt siRNA: 5- CCAAGGACU
CCAUGAAUAUTT -3'. Cells were transfected with siRNA oli-
gos using Lipofectamine 3000 (Invitrogen, L3000015) and then
incubated for 48 h before further analysis. The plasmids were
introduced into cells using Lipofectamine 3000, and then cells
were cultured for 24 h before further analysis.

RNA-seq experiments and analysis

Total RNA was extracted from control and uxt CKO retinas
using the Trizol reagent (Invitrogen, 15596018) and prepared
into cDNA library according to the standard Illumina RNA-seq
instruction. The generated cDNA library was sequenced in 2 x
150 bp paired-end layout using Illumina HiSeq2500. To esti-
mate gene expression changes between control and uxt CKO
retinas, the raw RNA-seq data were preprocessed using
Trimmomatic to remove reads in low quality and adaptor
contamination [45]. The high-quality reads were further
aligned to the mouse genome (mml0) using HISAT2 with
default parameters [46]. The mouse genome (mml0) was
downloaded from the FTP of Ensembl database [47]. We
only retained uniquely mapped reads for gene expression quan-
tification at count level using feature counts, based on mouse
gene annotation of Ensembl [48]. The log2-transformed gene
expression fold-changes (LFC) and significantly differentially
expressed (DE) genes were calculated using edgeR [49] after
TMM normalization (FDR < 0.01, absolute value of LFC > 1).
All original RNA-seq data are deposited in GEO database with
accession number: GSE143281.

Functional enrichment and disease association analyses

The gene ontology (GO) enrichment analyses of up- and down-
regulated DE genes between control and uxt CKO retinas were
performed using David Bioinformatics [50]. The significantly
enriched GO items of biological process (BP) and cellular com-
ponent (CC) categories were selected based on intersection of
the following two criteria: (1) Benjamini & Hochberg (BH)
adjusted p-value <0.01; (2) FDR <0.01. All expressed genes in
control and uxt CKO retinas were used as background.

The disease association analysis was performed based on
the annotation of Gene-Disease Association Database (GAD).
The GAD encompasses comprehensive human genetic asso-
ciations by data aggregation from genome-wide association
and other genetic association studies [51]. To identify signifi-
cantly associated diseases for up- and downregulated DE
mouse genes, we mapped mouse gene to the corresponding
human ortholog strictly by retaining only one to one ortho-
logous gene between mouse and human based on ensembl
compara database [52]. We further used fisher’s exact test to
identify significantly associated diseases based on intersection
of the following two criteria: (1) Benjamini & Hochberg (BH)
adjusted p-value <0.01; (2) FDR <0.01.

Uxt expression level estimation in mouse tissue

To estimate Uxt expression abundance in different mouse
tissue, we downloaded the raw RNA-seq data of GSE29184



[53] and GSE101986 from GEO [54], which covered 9 mouse
tissues, including bone marrow, cerebellum, cortex, heart,
liver, retina, lung, spleen and kidney. To make unbiased
gene expression abundance estimation, we processed all
downloaded RNA-seq samples starting from data quality
checking step and quantified gene expression using the same
protocol as has been done for analyzing control and uxt CKO
retinas RNA-seq data.

Curated retinitis pigmentosa related gene list

To obtain retinitis pigmentosa-related gene list, we manually
curated genes associated with retinitis pigmentosa based on
[42,55,56] and merged them into a non-redundant gene list
containing 71 retinitis pigmentosa-related genes in total.

Electroretinogram (ERG) and Fundus photography
experiments

ERG responses were recorded in two groups, including 10 uxt
CKO and 10 control P14 (postnatal) old littermates, and 10
uxt CKO and 10 control 1-month-old littermates. These mice
were composed of male and female in equal. All animals were
recorded under the same settings and conditions. Mice were
dark-adapted overnight before ERG performed. Under weak
red light, mice were anesthetized with intramuscular injection
of ketamine (100 pg/g body weight). Pupils were dilated by
tropicamide phenylephrine eye drops, and corneas were kept
moist with a drop of hypromellose. During ERG recording,
mice were tested under dark adaptation first. Then, they were
exposed to full-field scotopic flashes of 1.3 ms duration pre-
sented by the Espion E2 system and a Color Dome Ganzfeld
stimulator (Diagnosys) with different intensities: 0.003, 0.01,
0.03, 0.1, 0.3, 1.0, 3.0, 10 cd.s/m?. Flash stimuli above 10 cd.s/
m” were delivered by a Xenon lamp, and those below 10 cd.s/
m” were delivered by a green (525 nm) LED. Mice were light-
adapted with a saturating background (green, 20 cd.s/m?) for
5 min. Five levels of stimuli were used for the photopic
recordings (0.3, 1.0, 3.0, 10, 30 cd.s/m?). The a-wave ampli-
tude was measured from baseline to the first negative peak,
and the b-wave amplitude was measured from a-wave trough
to the next positive peak.

For fundus photography, the central retinas (radius of
3-4 disc diameters around the disc) of 10 uxt CKO and 10
control 1-month and 3-month-old littermates were exam-
ined by placing hypromellose and a coverslip on their
corneas and using an operating microscope (Zeiss). We
examined and photographed the eyes of mice using
a mouse fundus camera (KOWA Genesis-Df) to examine
the entire retina, including the peripheral retina up to the
ora serrata, in all directions.

Statistical analysis

Except for statistical tests applied to analyze RNA-seq data
and downstream functional enrichment and disease associa-
tion, the rest of statistical analysis was performed using
GraphPad Prism 6.0, Image pro plus 6.0 and Microsoft
Excel computer programs. The results are expressed as
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mean + SEM for experiments conducted at least in tripli-
cates. Wilcoxon-Mann-Whitney test used to assess the dif-
ference between two groups, and a value of p < 0.05 is
considered to be statistically significant.
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