1duosnue Joyiny 1duosnuep Joyiny 1duosnuen Joyiny

1duasnuen Joyiny

Author manuscript
Exp Eye Res. Author manuscript; available in PMC 2016 November O1.

-, HHS Public Access
«

Published in final edited form as:
Exp Eye Res. 2015 November ; 140: 130-138. doi:10.1016/j.exer.2015.08.022.

Correlation of ER stress and retinal degeneration in tubby mice

Xue Cai?* Lijuan Chen?, and James F. McGinnis&bP.¢#
aDepartment of Ophthalmology, Dean McGee Eye Institute, University of Oklahoma Health
Sciences Center, Oklahoma City, OK 73104

bDepartment of Cell Biology, University of Oklahoma Health Sciences Center, Oklahoma City, OK
73104

¢Oklahoma Center for Neuroscience, University of Oklahoma Health Sciences Center, Oklahoma
City, OK 73104

1. Introduction

Tubby mice carry a splicing mutation in the Tub gene which results in a malfunctioning
intron coding protein (Bode and Wolfrum, 2003). Recently, a human ocular disease was
shown to result from a mutation in the Tub gene and this disease exhibits the same
phenotype as seen in tubby mice (Borman et al., 2014). One distinct characteristic of the
tubby phenotype is the mislocalization of the photosensitive pigments (opsins) in the retina:
they lose their polarized and restricted localization, and instead, the proteins are scattered
throughout the photoreceptor cells (Cai et al., 2012; Kong et al., 2006; Sun et al., 2012). We
have shown that oxidative stress is involved in, and accelerates, the retinal degeneration in
tubby mice (Kong et al., 2006). Also prevention of photoreceptor cell death can be achieved
via decreasing the amount of reactive oxygen species (ROS) by sulforaphane induced up
regulation of antioxidant enzymes (Kong et al., 2007), overexpression of the thioredoxin
(Trx) gene (Kong et al., 2010), or injection of catalytic nanoceria (Cai et al., 2012; Kong et
al., 2011), which are inorganic direct antioxidants with properties mimicking superoxide
dismutase and catalase (Karakoti et al., 2008).

ER (endoplasmic reticulum) stress has recently been implicated in many neurodegenerative
diseases including ocular diseases and represents a distinct mechanism involved in cell death
and other pathological activities (Cao and Kaufman, 2014; Sano and Reed, 2013; Tzekov et
al., 2011). Over the past decade, targeting ER stress and the unfolded protein response
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(UPR) has emerged as a therapeutic strategy for a variety of disease treatments (Hetz et al.,
2013; Kim et al., 2008). The ER is an important cellular organelle, which is responsible for
protein synthesis, folding, secretion and Ca?* homeostasis. The proper function of ER and
its finely-tuned regulation of the maintenance of the proteome (refolding and/or degradation
of the unfolded/misfolded proteins) play a critical role in determining cell survival or death
(Cao and Kaufman, 2014; Szegezdi et al., 2006; Tzekov et al., 2011; Xu et al., 2005). Ample
data demonstrate that many diseases are triggered by dysfunction of the protein quality
control system in which accumulation of unfolded/misfolded proteins in the lumen of the
ER, termed ER stress, causes the imbalance between the load of protein folding and ER
capacity for protein folding (Chen et al., 2011). Oxidative stress has been reported to be the
most dominant causative factor which cross-talks, interacts and is tightly linked with ER
stress (Cao and Kaufman, 2014; Zhang, 2010). The UPR is initiated for self-protection in
early ER stress conditions when the three ER stress sensors, PERK (protein kinase RNA-
like ER kinase), ATF6 (activating transcription factor 6) and IRE1 (inositol-requiring
enzyme 1), are activated following the release of GRP78/BiP (glucose regulated protein 78/
binding immunoglobin protein). However, in cases of persistent ER stress conditions,
increases in accumulation of malfolded proteins and failure of ER homeostasis re-
establishment result in the impairment of the UPR. This eventually causes the UPR to switch
its function from anti-apoptotic to pro-apoptotic and the apoptosis signaling pathway is
initiated (Lai et al., 2007; Szegezdi et al., 2006) through regulation of caspases and CHOP
(CCAAT/enhancer-binding protein homologous protein) expression.

It is logical to think that the mislocalization of photoreceptor-specific proteins in tubby mice
might be indicative of the involvement of ER stress. To investigate the role of ER stress in
the retinal degeneration in tubby mice, we examined the expression levels of ER stress
markers, their dynamics, and the alteration of the components of the UPR during retinal
development from P4 through P28. Furthermore, the expression of several apoptosis
associated factors was analyzed to elucidate the mechanism of ER stress action for
photoreceptor degeneration in tubby mice.

2. Materials and Methods

2.1 Animals

tubby mice on C57BL/6J background and wild type (wt, C57BL/6J) were purchased from
Jackson laboratory and used as breeders for the colonies. Animals were maintained and
genotyped as previously reported (Cai et al., 2012; Kong et al., 2006). Animal care and
handling strictly follow the ARVO statement for the Use of Animals in Ophthalmic and
Vision Research (ARVO), and the protocol for this study was approved by the Institutional
Animal Care and Use Committee (IACUC) of University of Oklahoma Health Sciences
Center and Dean A. McGee Eye Institute.

2.2 gRT-PCR and PCR array

Individual retinas (4 — 8) from tubby and C57BL/6J mice at postnatal day (P) P4 - P28 were
collected; Total RNA isolation, cDNA reverse transcription, qRT-PCR performance and
calculation of the relative expression of the target genes against the house-keeping gene
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GAPDH are the same as previously reported (Cai et al., 2012). Primers for mouse
Grp78/BiP and Chop are the same as previously reported (Lin et al., 2007). PCR array was
carried out using the “mouse unfolded protein response” array plates (SABiosciences).
Changes in gene expression were shown as fold changes of tubby compared to wt (tub/wt)
and fold changes between two groups of tubby (P28/P7) using the array software with P
values indicated (SABiosciences).

2.3 Immunocytochemistry

The protocol we used for immunocytochemistry is the same as previously reported (Cai et
al., 2012). Briefly, eyes were enucleated and fixed, the cornea and lens were removed. After
cryo-protection, the eyecups were embedded and 10 pm thick sections were cut. The slides
were blocked with 5% BSA, then incubated in the following primary antibodies for 2 hrs at
room temperature: mouse anti-rhodopsin (R1D4) (1:2000, generous gift from Dr. Robert
Molday, Columbia University, Vancouver, Canada), rabbit anti-M-opsin (1:500, Millipore,
AB5405) and rabbit anti-GRP78 BiP (1:300, Abcam, ab21685). The slides were rinsed with
PBS buffer and incubated with the secondary antibodies of goat anti-mouse AlexaFluor 594
or goat anti-rabbit AlexaFluor 488 for 1 hr at room temperature. After mounting with anti-
fade Vectashield mounting media with DAPI, the slides were coverslipped, observed and
imaged under a Nikon Eclipse 800 epi-fluorescence microscope using a 20x or a 40x lens
with proper filters.

2.4 Western blot

Individual retinas (8-10) from P4 - P28 tubby and wt mice were collected, homogenized and
proteins were quantified (Cai et al., 2012). Soluble proteins, 30 ug, were loaded in 10%
SDS-page gels and electrophoresed. After electrophoretic transfer to the nitrocellulose
membrane, the following primary antibodies at 1:1000 dilution were used: phospho-elF2a
(Ser51)(119A11) rabbit mAb and phospho-Bcl2 (Ser70)(5H2) rabbit mAb (Cell signaling
technology, 3597 and 2827, respectively), mouse anti-ATF6 (Imgenex, IMG-273), rabbit
anti-GRP78 BiP and rabbit anti-IRE1 (phospho S724) (Abcam, ab48187), rabbit NF-xB p65
(C-20) (Santa Cruz Biotechnology, sc-372) and mouse anti-XBP-1s (Biolegend, 647502). -
actin (13E5) rabbit mAb (HRP conjugate) (Cell signaling technology, 5125) was used as a
loading control. The membrane development, imaging and densitometry of the bands were
performed as previously reported (Cai et al., 2012; Kong et al., 2011).

2.5 Statistical analysis

Data are shown as mean + SEM and indicated in each figure. The unpaired student t-test
and/or one-way ANOVA with Bonferroni’s post hoc test for multiple comparison were
performed and significant differences were determined by P<0.05.

3. Results

3.1 Mislocalization of rod and cone opsins in an early age

The rod and cone opsins, and other phototransduction-associated proteins have a polarized
location in the membrane of retinal outer segment (OS) where they function in the visual
cycle. We previously reported that rhodopsin, arrestin and a-transducin are mislocalized in
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tubby retinas when examined at P18 (Kong et al., 2006) and the same phenomenon was
confirmed and extended to P28 or 1 month of age (Cai et al., 2012; Sun et al., 2012).
However, there are no data indicating whether the protein mislocalization is a primary event
or secondary response (they are transported to and distributed in the OS at the beginning of
the OS formation but then the polarity is lost as the disease progresses). We performed
immunocytochemistry to detect the expression and distribution of rod opsin (rhodopsin) and
middle wave-length cone opsin (M-opsin) during retinal development (P4 - P28) in tubby
and age-matched wt mice. Fig. 1 shows that rhodopsin in wt retinas was present at P4 as
numerous small dots aligned in the nascent OS adjacent to the outer nuclear layer (ONL),
while M-opsin was detectable at P12. The expression pattern of both proteins was retained
and their levels increased with age. They reached the highest expression level and exhibited
the typical expression pattern at P28. However in tubby retinas, rhodopsin appeared slightly
later, compared to wt, at P7 and was widely distributed over the entire shorter OS, ONL and
outer plexiform layer (OPL). M-opsin was also detectable at P12 in tubby retinas. In contrast
to its proper localization (in the OS) in the wt, M-opsin in tubby retinas was localized in the
short OS, ONL and OPL at P28. These data suggest that mislocalization of photoreceptor-
specific proteins in tubby retinas is an early and possibly primary event following the loss of
tubby function.

3.2 Activities of ER stress markers during tubby retinal development

We have previously reported that oxidative stress is involved in tubby retinal degeneration
(Kong et al., 2006). Logically, we think that ER stress is most likely also involved in this
process because oxidative stress and ER stress have been reported to be tightly correlated
and interactive with each other (Cao and Kaufman, 2014; Zhang, 2010). Based on our
previous report that rapid photoreceptor loss occurs at P14 through P34 (Kong et al., 2006),
western blots were performed to examine the expression of ER stress markers during retinal
development (P4 - P28) using wt and tubby retinas. As shown in Fig. 2, the expression of
activated IRE1 (p-IREL) (Fig. 2A) in tubby retinas is slightly higher than age-matched wt at
P4 and is lower than the wt at P12 and thereafter, although its expression level continues to
be up regulated. Cleaved ATF6 level (Fig. 2B) in tubby retinas is up regulated compared to
age-matched wt from P4 and its elevated level peaks at P12. Although ATF6 expression is
decreased at P20, it is still greater than the wt. elF2a is downstream of PERK, so its
activation (by phosphorylation) and level of expression directly reflect the level of
phosphorylated PERK. Our data (Fig. 2C) demonstrated that p-elF2a in tubby retinas is
greater than wt at P4 through P12 and becomes less than wt at P20 through P28.

XBP-1 (transcription factor X-box binding protein) is the downstream transcription factor of
phosphorylated IRE1. Its active form (spliced XBP-1, XBP-1s) binds to the promoters of its
targeted genes to regulate their expression and help in refolding and degrading the unfolded/
misfolded proteins (Lee et al., 2003). In the current study, western blot assay (Fig. 2D)
shows that XBP-1s is up regulated at P4 through P20 in tubby retinas compared to age-
matched wt, although its expression gradually decreased to the wt level at P28.

GRP78/BIP is an ER resident chaperone protein and a key regulator of the UPR. Its
cytoprotective/anti-apoptotic role has been reported in many tissues in a variety of diseases
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(Gorbatyuk et al., 2010; Gorbatyuk et al., 2012; Morris et al., 1997; Pfaffenbach and Lee,
2011). To determine the dynamics of GRP78/BiP during retinal development, western blots
and gRT-PCR were performed using P4 - P28 retinas from wt and tubby. Fig. 3 shows that
the expression of GRP78/BiP protein and mRNA levels in tubby retinas are greater than the
age-matched wt at P4 and peaks at P12. Its expression is lower than the wt and younger
tubby mice at P20 through P28 (Fig. 3A—C). The expression and distribution of GRP78/BiP
in the retinas were also assessed by immunocytochemistry (Fig. 4). The results show that
weak expression of GRP78/BiP was seen in the RPE and it was stronger in the ganglion cell
layer (GCL) in P4 wt retinas. It further distributed into the INL at P7. GRP78/BiP was
distinct and strongly expressed in the RPE, IS, INL and GCL at P20 through P28. The
expression pattern of GRP78/BIP in tubby retinas was similar to the wt. However, the
fluorescence intensity in tubby retinas was more than the wt at P4 through P12, and the
fluorescence intensity was greatly reduced in tubby retinas at P20 and thereafter (Fig. 4).

3.3 UPR behavior during tubby retinal development

Given the results from western blot and immunocytochemistry assessment, we performed
PCR array to assay the alterations of mMRNA levels of the UPR components during retinal
degeneration by selecting P7 and P28 retinas and using the “mouse unfolded protein
response” array plates. A total of 89 genes were surveyed for the expression of ER stress-
associated signaling. The genes to be tested on the array plates can be categorized as the
following groups: 1) unfolded protein binding and/or protein folding (Canx, Cct4, Dnajb2,
Dnajb9, Eroll, Erollb, Hspadl, Htra2, Scap, Sec63, Tcpl, Torla, Uggtl); 2) ER protein
folding quality control (Edem1, Edem3, Ganab, Rpnl, Serpl, Uggtl); 3) protein disulfide
isomerization (PDI) (Ddit3, Eroll, Erollb, H47, Pdia3, Srebfl); 4) ER associated
degradation (ERAD) (Amfr, Derl1, Derl2, Edem1, Fbxo6, H47, Herpudl, Mbtpsl, Mbtps2,
Nploc4, Nucbl, 0s9, Sec62, Syvnl, Ubxn4); 5) heat shock proteins (Dnajb2, Dnajh9,
Dnajc3, Hspall, Hsphl, Sec63); 6) ubiquitination (Amfr, Edem3, Herpudl, Rnf139, Rnf5,
Sec62, Ube2g2, Ube2j2, Ubxn4, Ufd1l); 7) regulation of translation (Eif2a, Insigl, pplrl5h,
Serpl); 8) transcription factors (Atf4, Atf6, Atxn3, Cebpb, Creb3, Creb3I3, Ddit3, Ern2,
Mbtpsl, Scap, Srebfl, Xbpl); and 9) apoptosis (Bax, Atxn3, Cebpb, Ddit3, Ern2, H47,
Htra2, Manf, Mapk8, Mapk10, Pdia3, Ppplrl5b). In P7 tubby retinas, 44% of the surveyed
genes (37 out of 84 genes) changed their expression (only those >1.5 fold are listed). Over
20% of them (Atf4, H47, Hspall, Mbtps1, Rnf5, Sec62, Sec63, Ube2j2) increased their
expression by more than 2 fold compared to age-matched wt (Table 1). The remaining genes
(28 of 37) had large changes (>1.5 but <2 fold) (Table 2). However, at P28, the majority of
these UPR genes in tubby retinas were greatly down regulated compared to P7 tubby retinas.
Among these genes, transcription factors and regulators of translation, such as Atf4, Atf6
and Eif2a, were up regulated at P7 in tubby retinas by 2.83, 1.88 and 1.32 fold compared to
age-matched wt (tub/wt). However, they were down regulated in P28 tubby retinas by 2.54,
1.79 and 2.28 fold compared to P7 tubby retinas (tubP28/P7).

3.4 Expression of apoptotic regulators/effectors

It is well accepted that photoreceptor death results from the impairment of the balance
between anti-apoptotic and pro-apoptotic effectors. To determine the mechanism(s) by
which the photoreceptor death is regulated, the expression of apoptotic regulators/effectors,
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such as B-cell lymphoma protein 2 (Bcl2), CHOP and nuclear factor kappa B (NF-«xB), was
examined by qRT-PCR or western blots using age-matched wt and tubby retinas at P4 - P28.
As shown in Fig. 5, phosphorylated Bcl2 (Fig. 5A) in tubby retinas was significantly down
regulated compared to the wt at P7 and remained there. Chop (Fig. 5C) expression in tubby
retinas was greater than that of wt litter mates at P7 through P28. NF-kB is a key effector for
promoting apoptosis (Khandelwal et al., 2011) and has been reported to be activated by ER
stress and ROS (Kaneko et al., 2003; Pahl and Baeuerle, 1997). In the current study, our data
show that NF-xB (Fig. 5B) expression is up regulated in tubby compared to age-matched wt
at P4 and P7, but its level is similar to wt at P12 through P28.

4. Discussion

The mislocalization of the key phototransduction proteins (rhodopsin, M-opsin and arrestin)
is a distinct characteristic of tubby phenotype (Cai et al., 2012; Kong et al., 2006; Sun et al.,
2012). In this study, we showed that the mislocalization of rhodopsin and M-opsin in tubby
retinas occurs as soon as they are synthesized at P4 and P12 respectively and the expression
of the majority of the UPR components is increased at P7. This suggests that mutation of the
Tub gene results in disturbance of the normal distribution of rod and cone opsins and that
this event triggers the activation of the UPR signaling cascade. The expression of ER stress
markers, IRE1, elF2a and GRP78/BIP is elevated which demonstrated that ER stress is
indeed involved in the process of tubby retinal development. Mislocalization or aggregation
of photoreceptor-specific proteins caused by the mutations in ocular genes has been shown
to be a very common phenomenon, for example, in Rpe65~/~ (Rohrer et al., 2005), Lrat™/~
(Zhang et al., 2011), Cng3A~/~ and Cng3B~/~ (Thapa et al., 2012), Rp2"!! (Li et al., 2013)
and Gnat2¢-518A>G (Jobling et al., 2013) mice. Increases in ER stress and activation of the
UPR signaling were also reported in Lart™~ (Zhang et al., 2011) and Cng3~/~ (Thapa et al.,
2012) mice.

Three ER-resident transmembrane proteins (PERK, ATF6 and IRE1) are the sensors
responding to ER stress. By activation (phosphorylation or cleavage), these sensor proteins
initiate a self-defense UPR signaling network to regulate their downstream gene
transcriptional and translational activities for maintaining the homeostasis and proper
function of the ER (Doyle et al., 2011; Lai et al., 2007; Salminen et al., 2010). A recent
publication reported that, by selective chemical-genetic activation of individual PERK,
ATF6 or IRE1 pathways in HEK293 cell lines expressing Fv2E-PERK, TetON-ATF6f or
IRE1[1642G], respectively, the aggregation of mutant rhodopsin was reduced (Chiang et al.,
2012). Surprisingly, PERK also reduced the level of wt rhodopsin (Chiang et al., 2012).
Many eye diseases including retinitis pigmentosa (Kunte et al., 2012; Shinde et al., 2012;
Yang et al., 2007), age-related macular degeneration (AMD) (Salminen et al., 2010),
glaucoma (Zode et al., 2014), oxygen-induced retinopathy (OIR) (Liu et al., 2013) and
diabetic retinopathy (DR) (Yan et al., 2012), etc., have been shown to involve ER stress in
their pathology. In the current study, the expression of ER stress markers and their dynamics
during retinal development in tubby mice were assessed using wt as a reference. Our data
demonstrated that IRE1, ATF6, elF2a, XBP-1s and GRP78/BiP were up regulated in tubby
retinas at early developmental stages (P4 through P12 or P20) compared to age-matched wt,
and they were down regulated thereafter. Similar observations were also obtained from
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transgenic P23H (at P6) (Lin et al., 2007), hT17M Rho (at P15) (Kunte et al., 2012) and rd1
mice (at P10) (Yang et al., 2007), and in the ER stress-associated indicator (ERAI)-
transgenic mice expressing a variant of the gene for green fluorescent protein (F-
XBP1DDBD-venus), in which fluorescent intensity increased after treatment with an ER
stress inducer (Shimazawa et al., 2007). However, persistent ER stress caused decreased
expression of these markers (Lin et al., 2007). The regulation of the UPR genes assayed with
the “mouse unfolded protein response” PCR arrays (Table 1 and 2) was also in agreement
with this result. In P7 tubby retinas (before the peak of photoreceptor death), a majority of
the UPR genes, especially those having functions related to unfolding protein binding and
protein folding, ER protein folding quality control, ER associated degradation (ERAD) and
protein disulfide isomerization (PDI), showed increased expression levels. However, P28
retinas (an age after the peak of photoreceptor death) exhibited down regulation of these
genes (Table 1 and 2). It should be noted that the heat shock protein family 70 (HSP70) is an
important group of proteins for normal cellular activities. One group of the HSP70 family,
CCT (Chaperonin containing Tcpl), was shown to be essential for elongation and extension
of the rod outer segments, i.e. mice deficient in CCT were unable to build outer segments
due to the impairment of ciliary trafficking (Posokhova et al., 2011; Sinha et al., 2014). It
has been reported that tubby mice exhibited blockage of transport of selective G protein-
coupled receptors (GPCRS) to the neuronal primary cilia and aberrant rhodopsin trafficking,
indicating that the Tubby protein is a required part of the transport machinery in retinal cells
(Sun et al., 2012). These discoveries, in combination with our PCR array data, suggest that
the primary cause of retinal degeneration in tubby retinas is the mislocalization of key
phototransduction proteins which induces ER stress. The activated UPR signaling is an
attempt to overcome the earlier ER stress condition in tubby retinas. However, the
unmitigated prolonged ER stress triggers dysregulation of UPR genes, which in turn
promotes the failure of trafficking and transportation of necessary components (structural
proteins) for photoreceptor build up. Moreover, our data indicate that all three pathways of
the UPR are elevated in the tubby retinas and ER stress involvement in tubby retinal
degeneration is in a time window similar to that of apoptosis, in which TUNEL-positive
apoptotic photoreceptor cells increased from P14 through P19 and decreased by P28 (Bode
and Wolfrum, 2003), and also agrees with our report that significant loss of photoreceptors
occurs in tubby at P14 through P34 (Kong et al., 2006).

The important role of the IRE1/XBP-1 pathway in mediating cell death and inflammatory
signaling is well established (Tang et al., 2014). XBP-1 activation was reported to have a
protective role in preventing injury-induced retinal ganglion cell death (Hu et al., 2012).
Overexpression of spliced XBP-1 (XBP-1s) stimulated cell proliferation and inhibited ER
stress-induced CHOP-involving apoptosis, whereas its knockdown reversed these effects
(Guo et al., 2012). Overexpression of ATF6 up regulated IRE1 spliced XBP-1, which was
negatively regulating apoptosis by down regulation of caspases, JNK and CHOP (Guo et al.,
2014). In our current study, IRE1 expression was slightly higher in the tubby mutant retinas
at P4 compared to wt; it continued to increase but was lower than age-matched wt at P12
and thereafter. ATF6 and XBP-1s are up regulated in comparison to age-matched wt at P4
through P20, although it tended to decrease with age and return to the wt level at P28. This
suggests their adaptive protective role occurs at an early developmental age with the loss of
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function at a later developmental stage following a prolonged ER stress condition in tubby
retinas.

Although how ER stress induces apoptosis is not well defined, potential mechanisms
involving multiple signaling pathways have been proposed and shown to involve the
proteases (caspase 12), kinases (ASK1, JNK, and P38MAPK), transcription factors (CHOP)
and Bcl2 family members (Lin et al., 2007; Nakanishi et al., 2013; Xu et al., 2005). It is
commonly accepted that the communication between the ER and mitochondria for apoptosis
is predominantly mediated by the Bcl2 family of proteins (Doyle et al., 2011). The anti-
apoptotic Bcl2 protein protects against oxidative stress-induced damage and maintains
intracellular CaZ* homeostasis, which in turn controls the release of Ca2* from the ER to the
cytoplasm as a secondary messenger to prevent apoptosis (Rong and Distelhorst, 2008;
Szegezdi et al., 2009). CHOP can be induced by all three UPR pathways. It can be regulated
by ATF6 and XBP-1 through their binding to the promoter region of the Chop gene
(YYoshida et al., 2001), and CHOP mediated cell death is directly linked with repressing the
expression of Bcl2 protein (McCullough et al., 2001). Moreover, knockdown of Chop
mRNA inhibits light-induced photoreceptor cell death (Nakanishi et al., 2013). NF-xB was
activated by an ER overload (Pahl and Baeuerle, 1997) and it is the common downstream
effector activated by both IRE1 and elF2a (Hung et al., 2004; Jiang et al., 2003; Kaneko et
al., 2003). In the current study, we showed that p-Bcl2 was down regulated and CHOP and
NF-xB were up regulated in tubby retinas. These data suggest that retinal degeneration in
tubby mice results from the imbalance of the expression of multiple anti-apoptotic and pro-
apoptotic regulator/effectors. In particular, persistent down regulation of Bcl2 protein and up
regulation of CHOP and NF-«B expression contribute to the apoptotic death of
photoreceptor cells, although transient increases in the expression of protective GRP78/BiP,
ATF6 and XBP-1s occurred during earlier retinal degeneration.

It should be emphasized that GRP78/BiP expression was up regulated in tubby mice
compared to age-matched wt at P4 until P12, and was down regulated thereafter.
Accumulated data suggest that GRP78/BIP is a neuroprotector and survival factor which
prevents neurodegeneration (Gorbatyuk et al., 2010; Gorbatyuk et al., 2012; Morris et al.,
1997; Pfaffenbach and Lee, 2011). As a new strategy for a therapeutic reagent, GRP78/BiP
has been shown to successfully rescue retinal structure and function in P23H rats
(Gorbatyuk et al., 2010), and other forms of neurodegenerative diseases (Inokuchi et al.,
2009). We think that supplementation of the GRP78/BiP protein before its expression is
decreased, or a combination of increased GRP78/BiP protein with other antioxidants, will
inhibit retinal degeneration in tubby mice.

5. Conclusion

Our data demonstrate that ER stress is involved in tubby retinal degeneration and the
dynamics of ER stress markers match the time window of photoreceptor death in tubby
mice. This finding supports potential therapeutic strategies for treatment of tubby retinal
degeneration by up regulation or down regulation of specific ER stress markers before
significant changes occur during tubby retinal development.
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Protein mislocalization in tubby retinal development correlates with ER stress
Dynamics of ER stress parallel temporal degeneration of tubby retina

Potential mechanisms for retinal degeneration are proposed
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Figure 1.
Mislocalization of rhodopsin and M-opsin in tubby retinas. Immunocytochemistry of

rhodopsin (red) and M-opsin (green) in wt (left) and tubby (right) retinas from P4 -P28
revealed that in wt retinas, rhodopsin is detectable at P4 and M-opsin at P12, whereas in
tubby retinas, rhodopsin appears at P7 and M-opsin at P12 with mislocalization. Images
shown are representative of 5-8 eyes per group. Nuclei were counterstained with DAPI.
Inserts are the enlarged part of the boxed regions of the corresponding images. BF: bright
field, RPE: retinal pigment epithelium, OS: outer segment, ONL.: outer nuclear layer, OPL.:
outer plexiform layer, INL: inner nuclear layer. N=5-8, Scale bar, 100 um.

ONL
OPL

-o

P ——

Exp Eye Res. Author manuscript; available in PMC 2016 November 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Caietal.

wt tubby
P4 P7 P12 P20 P28 P4 P7 P12 P20 P28

pRE1 ot B B R W 1o

Actin == —— - . — —-—— e —— —— 45kD

- wt
0.08 -o- tubby
£
B 0.06
e
T 0.04
&
0.02
0.004— T T T T
P4 P7 P12 P20 P28
Age (days)
c wt tubby
P4 P7 P12 P20P28 P4 P7 P12 P20 P28
P-elF2a == == e — e —— —— e = = 38kD
ACHin = e e — ——— i ABLD)
- wt
-@- tubby

Fold to actin

P4 P7T P12 P20 P28
Age (days)

Figure 2.

Page 14

wt tubby
P4 P7 P12 P20 P28 P4 P7 P12 P20 P28
ATF6 Zumimmims —— — S W g = gg'ég
Actin e 45KD
15 i
- wt
-©- tubby
c
§ 1.0
2
3
S 0.5
w
0.04— T T T T
P4 P7 P12 P20 P28
Age (days)
D wt tubby
P4 P7 P12 P20 P28 P4 P7 P12 P20 P28
XBP-1s —— — v 55kD
LR L R — ()
1.5
# - wt
@ tubby

1.0 %\\\* . .
bjg

0.0 T T T T T
P4 P7 P12 P20 P28
Age (days)

Fold to actin

Dynamic changes of ER stress markers during retinal development. Western blots show the
expression of p-IRE1 (A), ATF6 (B), p-elF2a (C), and XBP-1s (D) at selected
developmental ages for wt and tubby retinas. Representative bands from each group are
shown. Densitometric analysis of the bands is standardized to actin and shown as mean *
SEM beneath each western blot figure. N=8-10, *P<0.05, **P<0.005 (compared between
tubby and age-matched wt using the unpaired student t-test), #P<0.05, #P<0.005 (compared
among tubby at different ages using one way ANOVA for B and D, or compared between
each two groups using the unpaired student t-test for A and C).

Exp Eye Res. Author manuscript; available in PMC 2016 November 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Caietal. Page 15

A wi tubby

P4 P7 P12P20P28 P4 P7 P12 P20 P28
GRP78/BiP e e = == == == == == —= — 78kD

Actin ~— — — = = = ———— e —— A5kD C Grp78/Bip mRNA
B .. 2 _ 0.008- .
- wt g * *
-@- tubby -
& € 0.006{ * R
- = —————y N *
E ] - AY
8 N
8 E 0.004- \
z o
& e . 3
2 0.0024
i
0l — ; ; ; ; ® 0.0001— . . : .
P4 P7 P12 P20 P28 P& P7T P12 P20 P28
Age (days) Age (days)

Figure 3.
Dynamics of GRP78/BIiP expression during retinal development. GRP78/BiP protein is

increased at P4 through P12 in tubby retinas compared to age-matched wt, but has
significantly decreased expression at P20 through P28. (A) Data shown are representative of
8-10 western blots and (B) the average (mean + SEM) of band intensity from 8-10 retinas.
(C) gqRT-PCR analysis demonstrated a similar alteration of Grp78/Bip mRNA level (mean +
SEM). *P<0.05, ***P<0.0001 (compared between tubby and age-matched wt using the
unpaired student t-test), #P<0.05 (compared among tubby at different ages using one way
ANOVA).
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Figure 4.
Distribution and alteration of GRP78/BiP protein during retinal development.

Immunocytochemistry showed that in wt and tubby retinas, GRP78/BiP is mainly expressed
in the RPE, INL and GCL at P4 through P12 with expression being stronger in tubby retinas
than the wt, but at P20 through P28, it was also expressed in the IS. However, tubby retinas
have much less GRP78/BiP fluorescence compared to wt and to younger tubby retinas at
P20 and P28. Representative images from each group are shown. BF: bright field, RPE:
retinal pigment epithelium, IS: inner segment, ONL.: outer nuclear layer, INL: inner nuclear
layer, GCL: ganglion cell layer. N=8-10, Scale bar, 50 pm.
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Figure 5.
Expression of anti-apoptotic and pro-apoptotic effectors/regulators during retinal

development. Western blot assay demonstrated that the activation of p-Bcl2 (A) decreases
with age. The expression of NF-xB (B) is increased in the early developmental stages in
tubby retinas (P4 and P7), but decreases thereafter. Densitometric analysis of the bands is
shown beneath the corresponding western figure. (C) qRT-PCR analysis showed that the
level of Chop mRNA in tubby is higher than the wt from P4 through P28. Data shown are
mean + SEM, N=8-10. *P<0.05, **P<0.005 (compared between tubby and age-matched wt
using the unpaired student t-test), #P<0.05 (compared among tubby at different ages using
one way ANOVA for A and C, or compared between each two groups using the unpaired
student t-test for B).
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