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Inflammatory cytokines cause tissue dysfunction. We previ-
ously reported that retinal inflammation down-regulates rho-
dopsin expression and impairs visual function by an unknown
mechanism. Here, we demonstrate that rhodopsin levels were
preserved by suppressor of cytokine signaling 3 (SOCS3), a
negative feedback regulator of STAT3 activation. SOCS3 was
expressed mainly in photoreceptor cells in the retina. In the
SOCS3-deficient retinas, rhodopsin protein levels dropped
sooner, and the reduction was more profound than in the wild
type. Visual dysfunction, measured by electroretinogram,
was prolonged in retina-specific SOCS3 conditional knock-
out mice. Visual dysfunction and decreased rhodopsin levels
both correlated with increased STAT3 activation enhanced
by SOCS3 deficiency. Interleukin 6, one of the inflammatory
cytokines found during retinal inflammation, activated
STAT3 and decreased rhodopsin protein in adult retinal
explants. This was enhanced by inhibiting SOCS3 function in
vitro, indicating that rhodopsin reduction was not a second-
ary effect in the mutant mice. Interestingly, in the inflamed
SOCS3-deficient adult retina, rhodopsin decreased post-
transcriptionally at least partly through ubiquitin-pro-
teasome-dependent degradation accelerated by STAT3 acti-
vation and not transcriptionally as in the developing retina,
on which we reported previously. A STAT3-dependent E3
ubiquitin ligase, Ubr1, was responsible for rhodopsin degra-
dation and was up-regulated in the inflamed SOCS3-deficient
retinas. These results indicate that in wild-type animals, a
decrease in rhodopsin during inflammation is minimized by
endogenous SOCS3. However, when STAT3 activation exceeds
some threshold beyond the compensatory activity of endoge-
nous SOCS3, rhodopsin levels decrease. These findings suggest
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SOCS3 as a potential therapeutic target molecule for protecting
photoreceptor cell function during inflammation.

Signals from inflammatory cytokines such as interleukin 6
(IL-6)? signal through the gp130 receptor and cause tissue dys-
function in various organs, including the intestine (1), joints (2),
and retina (3, 4). One effect of retinal inflammation that impairs
visual function is the decreased expression of rhodopsin, an
essential protein for photoreceptor function (4), but the mech-
anism of this down-regulation has not been elucidated.

Previous reports have shown that gp130 signals influence
rhodopsin expression in the developing retina. The ciliary neu-
rotrophic factor (CNTF) signal through gp130 inhibits rhodop-
sin expression (5-7) via STAT3 activation in the perinatal
period (8, 9). The high level of STAT3 activation in the late
embryonic period must be down-regulated postnatally to ini-
tiate rhodopsin expression and photoreceptor cell differentia-
tion (8). STAT3 activation is declined not only by cytokine
depletion but also by suppressor of cytokine signaling 3
(SOCS3), a negative feedback modulator of STAT3 activation
(10). SOCS3 functions by inhibiting the Janus kinase (JAK),
which activates STAT3 downstream of the gpl30 signal.
Because the inhibition of STAT3 permits the transcription of
rhodopsin and its upstream transcription factor crx during
development (8, 10), it seemed likely that a similar mechanism
might be responsible for inhibiting rhodopsin expression dur-
ing inflammation.

If rhodopsin expression during inflammation was indeed
negatively regulated by STAT3 activation and rescued by
SOCS3, SOCS3 would be an ideal therapeutic target molecule.
In fact, CNTF promotes retinal survival in degenerative disease
models but does not improve electroretinogram (ERG),

2 The abbreviations used are: IL, interleukin; CNTF, ciliary neurotrophic factor;
SOCS, suppressor of cytokine signaling; ERK, extracellular signal-regulated
kinase; JAK, Janus kinase; STAT, signal transducers and activators of tran-
scription; UPS, ubiquitin-proteasome system; EGFP, enhanced green fluores-
cent protein; ERG, electroretinogram; LPS, lipopolysaccharide; RT, reverse
transcription; shRNA, small hairpin RNA; E2, ubiquitin carrier protein; E3, ubig-
uitin-protein isopeptide ligase; ONL, outer nuclear layer; OS, outer segment;
WT, wild-type mice; KO, a-Cre SOCS3"/ % knock-out mice.
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because rhodopsin expression is decreased by unknown mech-
anisms (11, 12). This side effect is now the focus of considerable
interest, as CNTF is a potential candidate for the treatment of
retinitis pigmentosa (11-13). If SOCS3 preserves rhodopsin
levels, it might be a useful adjunct therapy with CNTF.

Here, we have demonstrated that SOCS3 preserved rhodop-
sin levels and visual function by reducing STAT3 activation
during retinal inflammation. We used a model of LPS-induced
retinitis with uveitis in which the IL-6/gp130 receptor signal is
up-regulated (3) and rhodopsin is down-regulated (4). During
retinal inflammation, SOCS3-deficient mice showed excessive
STATS3 activation, which caused a more profound loss of rho-
dopsin and worse visual disturbance than identically stimulated
wild-type animals. Furthermore, the endogenous SOCS3 in
wild-type mice contributed to the recovery of visual function
but failed to prevent the effects of activated STAT3 at its peak
levels. The reduced rhodopsin levels were regulated post-tran-
scriptionally, unlike in embryos, by degradation through the
ubiquitin-proteasome system (UPS) most probably mediated
by the STAT3-dependent E3 ubiquitin ligase, Ubrl. Thus,
SOCS3 was required to minimize the influence of inflammatory
cytokines and preserve visual function. SOCS3 therefore may
be a good therapeutic target for controlling retinal neural func-
tion during inflammation.

EXPERIMENTAL PROCEDURES

Animals—C57BL/6 mice (8 weeks old) were purchased from
Clea Japan (Tokyo). SOCS3 floxed mice were generated in Dr.
Yoshimura’s laboratory (Kyushu University) (14), and a-Cre
transgenic mice were generously provided by Dr. P. Gruss (Max
Planck Institute) (15). Animals received a single intraperitoneal
injection of Escherichia coli lipopolysaccharide (LPS) (6.0
mg/kg body weight) (Sigma) in phosphate-buffered saline. Ani-
mals were sacrificed and evaluated at the indicated time points.
CAG-CAT-EGFP transgenic mice, which were used to show
the expression of Cre recombinase, were kindly provided by Dr.
J. Miyazaki (Osaka University) (16). All procedures conformed
to the Policies on the Use of Animals and Humans in Neuro-
science Research as approved by the Institutional Safety Com-
mittee on Recombinant DNA Experiments and the Animal
Research Committee of Keio University.

Retinal Explant Culture—Retinal explant culture was per-
formed using adult mouse neural retina as described previ-
ously, with modifications to the protocol described by Tomita
et al. (17). Briefly, eyes were enucleated, and the neural retinas
were isolated and placed on a Millicell chamber filter (Milli-
pore, Billeria, MA; pore size, 0.4 um) with the ganglion cell layer
facing up. The chamber was then placed in a well of a 6-well
culture plate that contained 50% minimum Eagle’s medium
(Invitrogen), 25% Hanks” balanced salt solution (Invitrogen),
25% horse serum (Thermo Trace, Victoria, Australia), 200 mm
L-glutamine, and 6.75 mg/ml D-glucose. The explants were
incubated at 34 °Cin 5% CO, for 1 night and then at 37 °Cin 5%
CO, for 4 h in Dulbecco’s modified Eagle’s medium (Invitro-
gen) containing 0.5% fetal bovine serum with or without IL-6
(10 ng/ml, Peprotech, Rocky Hill, NJ), AG490 (7.5 or 15 um,
Calbiochem), or MG132 (10 uM, Biomol, Philadelphia). For
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immunoprecipitation, adult retinal explants were incubated for
30 min under each condition with MG132 (10 um).

Electroporation—Electroporation ~ was  performed as
described previously (8, 10). Briefly, a retinal explant on a filter
membrane was placed into the appropriate DNA solution (5
pg/ulin phosphate-buffered saline minus), which was dropped
on an agarose gel, and electric pulses (20 V for 50 ms, 6 times)
were applied with an electroporator (CUY21 NEPPA GENE,
Chiba, Japan) without contacting the tissue. Retinas were trans-
fected with an expression vector carrying the cDNA for human
SOCS3 (prepared in Dr. Yoshimura’s laboratory, Kyushu Uni-
versity) (18, 19) or Cre recombinase under the control of the
CAG promoter (generously provided by Dr. H. Niwa, Kum-
amoto University) (16) along with pCAG-EGFP (an expression
vector containing EGFP (10:1). The control was an empty
transfection vector, pCAG, which was introduced along with
pCAG-EGFP.

Lentivirus Infection—Lentivirus vector carrying shRNA tar-
geting Ubrl and a random control shRNA was purchased from
Sigma. Lentivirus was produced along with the company’s
guidance and infected into adult retinal explants.

Immunohistochemistry—Cryosections of the retina (12-16
pm) fixed with 4% paraformaldehyde were prepared as
described elsewhere (8). The sections were first incubated with
0.1% Triton and 10% goat serum in phosphate-buffered saline
and then at 4 °C with primary mouse anti-rhodopsin (1:100,
Abcam, Cambridge, MA), rabbit anti-rhodopsin (1:1000, LSL,
Tokyo), or anti-glutamine synthetase antibodies (1:400, BD
Biosciences, San Jose, CA) diluted in 0.1% Triton and 2% goat
serum. The sections were then incubated with Alexa 555-con-
jugated goat anti-mouse or anti-rabbit IgG antibody (1:500,
Molecular Probes; Invitrogen). For immunostaining with rabbit
anti-phospho-STAT3 (Tyr-705) (1:50, Cell Signaling Technol-
ogy, Danvers, MA), rabbit anti-phospho-ERK (1:50, Cell Signal-
ing Technology), and rabbit anti-SOCS3 (1:100, anti-SOCS3 C
terminus, generated in Dr. Yoshimura’s Laboratory at Kyushu
University) (10, 14, 20) antibodies and mouse anti-Ubr1 anti-
body (1:100, Abnova, Taiwan), the sections were preincubated
at 100 °C for 5 min in tissue retrieval solution (TRS 1699, Sigma)
and then incubated at 4°C overnight with primary antibody
diluted in blocking agent with 0.3 or 0.1% Triton. Finally, the
immunoreactions were detected with a tyramide signal amplifica-
tion fluorescein system (PerkinElmer Life Sciences), as described
previously (8). Double immunostained sections were examined
with a laser scanning confocal microscope (LSM510, Carl Zeiss).
Each set of experiments was performed in parallel. The length of
the outer segments was measured in the mid-peripheral part of the
retinas in three sections from three individual animals after immu-
nostaining with anti-rhodopsin antibody.

Immunoblot Analysis—Retinal extract proteins were frac-
tionated by electrophoresis on SDS-polyacrylamide gels and
then electrophoretically transferred to membranes and incu-
bated with rabbit anti-phospho-STAT3 (Tyr-705) (1:1000, Cell
Signaling Technology), rabbit anti-rhodopsin (1:16000, LSL),
mouse anti-rhodopsin (1:1000, Abcam), rabbit anti-Ubrl
(1:200, Abcam), mouse anti-a-tubulin (1:2000, Sigma), or
mouse anti-ubiquitin (1:500, Nippon Biotest Laboratories,
Tokyo) antibodies followed by horseradish peroxidase- or bio-
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tin-conjugated secondary antibodies (Jackson Immuno-
Research Laboratory, West Grove, PA). The immunoreactive
proteins were detected with an ECL system (Amersham Bio-
sciences). The intensity of the bands was measured using the
NIH Imaging system, and the levels of proteins of interest were
normalized to that of a-tubulin. Rhodopsin appeared as two
bands on the immunoblots, which probably represent mono-
meric and dimeric forms. These bands appeared in all of the
samples (as the intensity levels of the bands in each sample were
in parallel, we have shown only the monomers in most of the
figures for the sake of simplicity). For immunoprecipitation,
retinal extract was obtained in the presence of MG132 (20 um)
in the lysis buffer and reacted with rabbit anti-rhodopsin.

Real-time RT-PCR—Total RNA was extracted from the retina,
and the cDNAs were synthesized after RNase-free DNase (Invitro-
gen) treatment. Real-time PCR was performed using an Mx3000p,
with SYBR Green (Takara Bio, Shiga, Japan). The primers for crx
and rhodopsin detection were described by Furukawa et al. (21)
and Peng et al. (22), respectively. The results are presented as the
ratio of the mRNA of interest to the mRNA of an internal control
gene, gapdh. The gapdh primer sequences were accacagtccatgc-
catcac (forward) and tccaccaccctgttgetgta (reverse).

Electroretinogram—ERG recording was performed as
described previously (4, 23). Briefly, animals were dark-adapted
for atleast 12 h and prepared under dim red illumination. Mice
were anesthetized with pentobarbital sodium (70 mg/kg of
body weight; Dainippon Sumitomo Pharmaceutical Co., Osaka,
Japan) and kept on a heating pad throughout the experiment.
The pupils were dilated with one drop of a mixed solution of
0.5% tropicamide and 0.5% phenylephrine (Santen Pharmaceu-
tical Co., Osaka, Japan). The ground electrode was a subcuta-
neous needle inserted in the tail, and the reference electrode
was placed subcutaneously between the eyes. The active con-
tact lens electrodes (Mayo, Inazawa, Japan) were placed on the
cornea. Recordings were performed with the PowerLab system
2/25 (AD Instruments, New South Wales, Australia).
Responses were differentially amplified and filtered through a
digital bandpass filter ranging from 0.3 to 500 Hz to yield a- and
b-waves. Light pulses of 800 cd-s/m” were delivered via a Gan-
zfeld System SG-2002 (LKC Technologies). The amplitude of
the a-wave was measured from the base line to the trough of the
a-wave, and the amplitude of the b-wave was determined from
the trough of the a-wave to the peak of the b-wave. The implicit
time of the a- and b-waves was measured from the onset of
stimulus to the peak of each wave.

Statistical Analysis—Data were expressed as the mean * S.D.
Statistical significance was tested with the unpaired two-tailed
Student’s ¢ test or analysis of variance.

RESULTS

Expression of SOCS3 and Activated STAT3 during Inflam-
mation in the Retina—First, we found that SOCS3, which is
expressed mainly in the photoreceptor cells during develop-
ment (10), was also expressed in the photoreceptor cells in the
normal adult retinas, most prominently in the inner segments
(Fig. 1A). SOCS3 was present in the neurites of the cells in the
inner layers as well. Eight hours after LPS injection, which
induces retinal inflammation (3, 4, 24), SOCS3 was clearly
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FIGURE 1. Expression of SOCS3 and activated STAT3 during retinal
inflammation. Expression of SOCS3 in the adult retinas under control condi-
tion (A) and 8 h after LPS injection (B-E) was analyzed by immunohistochem-
istry. Magnified views of the ONL and inner segments (/S) after LPS injection
are shown in Cand D (SOCS3, green; rhodopsin, pink; merged image is shown
in D). Muller glial cells after LPS injection are also shown in E (SOCS3, green;
glutamine synthetase, pink; merged image). STAT3 activation was detected
by an anti-phosphoSTAT3 antibody under control conditions (F and G) (phos-
pho-STAT3, green; nuclei counter stained with Hoechst, pink; merged image is
shown in G) and at 8 h (H, arrows) and 16 h (I-K) after LPS injection. Higher
magnifications of ONL cells (J and K) (phospho-STAT3, green; nuclei counter-
stained with Hoechst, pink; merged image is shown in K). RGC, retinal ganglion
cells; INL, inner nuclear layer.

observed not only in the inner segments (IS) but also in the cell
bodies of the photoreceptor cells in the outer nuclear layer
(ONL) (Fig. 1, B-D), as well as in the Miller glial cells recog-
nized by immunostaining for anti-glutamine synthetase (Fig.
1E). This is consistent with the fact that SOCS3 is rapidly up-
regulated during LPS-induced inflammation in certain organs
and tissues (2, 25-28).

We had reported previously immunoblot evidence that
STATS3, which is activated downstream in IL-6/gp130 signal-
ing, is also activated in LPS-induced retinal inflammation (4). In
the present study, we used immunohistochemistry to learn
which cells express activated STAT3. In the control retina, we
detected activated STATS3 in retinal ganglion cells (RGC) and
some of the inner nuclear layer cells (INL) in their nuclei (Fig. 1,
Fand G) but not in the photoreceptor cells (Fig. 1F). Eight hours
after LPS injection, activated STAT3 was up-regulated in the
retinal ganglion and inner nuclear layer cells, and moreover,
activated STAT3 appeared in a subset of photoreceptor cells as
well (Fig. 1H, arrows). Sixteen hours after LPS injection, acti-
vated STAT3 was obvious in most of the photoreceptor cells in
the ONL (Fig. 11). Thus, STAT3 activation was gradually, not
rapidly, up-regulated in the photoreceptor cells by 16 h after
LPS administration. In the photoreceptor cells, activated
STAT3 (Fig. 1, J and K, green) was observed mainly in the cyto-
plasm with slight expression in the nuclei (Fig. 1K, pink). Gen-
erally, STAT3 is transported into the nucleus as soon as it is
phosphorylated, where it up-regulates the transcription of its
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target genes (29). However, some cytosolic phosphorylated
form of STAT3 activated by the IL-6/gp130 signal has been
found in the endosomal fraction as well, which then translo-
cates into the nucleus and activates transcription (29 -31). The
activated STAT3 in the photoreceptor cells may have different
kinetics from that in the retinal ganglion and inner nuclear layer
cells, but it may also act as a transcription regulator in both
cases. As regards activated ERK, another pathway downstream
of IL-6/gp130 signaling, it was observed mainly in the cells of
the inner layers, and hardly any was detected in the photore-
ceptor cells (data not shown).

Down-regulation of Rhodopsin Is More Severe and ERG
Changes More Prolonged in SOCS3-deficient Mice after LPS
Injection—Previous findings had suggested the correlation
between STATS3 activation and down-regulation of rhodopsin
protein during retinal inflammation (4). If this was correct, it
seemed likely that SOCS3 inhibited STAT3 activation in the
photoreceptor cells to avoid the decrease in rhodopsin. To
investigate this possibility, we obtained mice with a SOCS3-
deficient retina by generating retina-specific conditional
knock-out mice (a-Cre SOCS3%°*°* mijce), because the total
knock-out mutation in mice is embryonic lethal (32). The
a-Cre recombinase is expressed only in the retina; its expres-
sion begins at embryonic day 12 (15) and extends from the
mid-peripheral to the peripheral retina, including the photore-
ceptor cells at birth (8, 10). In a-Cre SOCS3"*/°* mice, SOCS3
was deleted in these areas of the retina, and rod photoreceptor
cell differentiation was delayed at postnatal day 3, but the dif-
ferentiation caught up with wild type by adulthood (10). The
a-Cre-mediated recombination of the SOCS3 gene in these
areas of the adult retina was confirmed, using a-Cre CAG-
CAT-EGFP transgenic mice (data not shown).

We analyzed the level of rhodopsin protein, an essential pro-
tein for visual function, in the inflamed adult retinas. The level
was unchanged in the a-Cre SOCS3"°*/"** mice under control
conditions (Fig. 2, A and D). However, 8 h after LPS injection,
the rhodopsin level in the a-Cre SOCS3"*/** mice had mark-
edly decreased to 50% of that in the LPS-administered wild-type
mice, which still showed base-line rhodopsin levels (Fig. 2, A
and D). Then, 48 h after the LPS injection, the rhodopsin level
was decreased to 40% of the control in the wild-type mice and
20% of the control in the a-Cre SOCS3"**/"°* mice (Fig. 2, A and
D). Thus, the decrease in rhodopsin level after LPS injection
was more severe in the a-Cre SOCS3"*/* mice.

We further compared the morphological change in the pho-
toreceptor cells during inflammation. Rhodopsin is located
mainly in the outer segments (OS) of the photoreceptor cells.
The OS are composed of discs in which photons are captured
and transduced by rhodopsin. If rhodopsin were to run out
during inflammation, the OS should be shorter than in the con-
trols, which might affect visual function. Indeed, the length of the
OS was shorter 48 h after LPS injection even in wild-type mice
compared with controls, but the reduction in OS length was twice
as great in the LPS-administered a-Cre SOCS3"*/*** mice (Fig, 2,
B, C, and E). This reduction in OS length was consistent with the
amount of rhodopsin that remained during inflammation.

To learn how SOCS3 influences the visual dysfunction
caused by inflammation, we recorded ERG responses in wild-

24564 JOURNAL OF BIOLOGICAL CHEMISTRY

A control LPS8h LPS 48h
WT KO WT KO WT KO

rrecorss I
e

o-Tubulin S ————— -

D T E
£ ., | | b =
§ oe b 2 G
= | ' w
= I m ©
| WTKO WTKO WTKO
control LPS 8h LPS 48h
F {me) nd TN G g(m\ﬂ
™y |I ot my ]
WT cont \ b S s .
" i
|h'u'I T =]
KOecont | - -
A g 2
WT LPS ‘-.i/‘," g
A <
KOLPS WTKO WTKO

control LPS 10days

.

[

Amplitude of b-wave 2

(msec)

Implicit time of b-wave ]

WTKO WTKO

WTKO WTKO
control LPS 10days

WT KO WTKO
control LPS 10days

Implicit time of a-wave

control LPS 10days

FIGURE 2. Decrease in rhodopsin protein and ERG changes during retinal
inflammation were more severe in the SOCS3-deficient mice. Rhodopsin lev-
els in wild-type and a-Cre SOCS3" % mice under control conditions and after
LPS injection were measured by immunoblot analysis with anti-rhodopsin anti-
body normalized to a-tubulin (A and D). Levels of rhodopsin monomer and dimer
were parallel under all conditions.n = 5,5,7,7,5,and 4 for WT control, KO control,
WT 8h,KO8h,WT48h,and KO 48 h, respectively. The length of OS was measured
in the mid-peripheral part of the retina under control condition and 48 h after LPS
injection (B, C, and E: rhodopsin, green; Hoechst representing nuclei in ONL, pink).
ERG responses from wild-type and SOCS3-deficient mice under control condition
and 10 days after LPS injection (F-J). n = 5, 5,4, and 4 for WT control, KO control,
WT 10 days, and KO 10 days, respectively. Data are expressed as the mean = S.D.
* p < 0.05;**, p <0.01; g, a-wave; b, b-wave.

type and a-Cre SOCS3"*/** mice with or without LPS injec-
tion. We previously reported a significant decrease in the
amplitude of both a- and b-waves 24 h after LPS injection in
wild-type mice (4). Here, we found that a-wave amplitude,
which reflects photoreceptor cell function, had recovered by 10
days after LPS injection in wild-type mice (Fig. 2, F and G).
However, the decrease was still measurable in the LPS-admin-
istered a-Cre SOCS3"*/"°* mice at the same time, suggesting
that visual dysfunction has been more profound and prolonged
in the SOCS3-deficient mice.

As regards the b-wave, which mainly reflects the function of
the inner layers where initial processing and relay of the visual
signal from the photoreceptor to the brain are performed, the
a-Cre SOCS3"*/°* mice showed a lower amplitude than the
wild-type mice both under control conditions and 10 days after
LPS injection (Fig. 21). This may reflect an indirect effect of the
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photoreceptor cell dysfunction and/or changes in the inner
layer during inflammation due to the lack of SOCS3 in the neu-
rites, as well as some developmental disorder caused by the
delayed photoreceptor cell differentiation in the «-Cre
50CS3"*/°% mice (10). The implicit time of a- and b- waves
showed no differences among the groups (Fig. 2, H and )).
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These results showed that the
decrease in rhodopsin after LPS
injection, also significant in wild-
type mice, was more rapidly and
more severely induced in the a-Cre
SO0CS3"*/°x mice. Consistently,
ERG changes induced by retinal
inflammation had not recovered
even 10 days after LPS injection in
the a-Cre SOCS3"™*7°* mice.
Thus, SOCS3 was required to
minimize the changes in the pho-
toreceptor cells during retinal
inflammation.

STAT3 Activation Is More Inten-
sive in SOCS3-deficient Mice after
LPS Injection—Next, we analyzed
whether STAT3 activation was
more intensive in the SOCS3-defi-
cient mice and correlated with their
more severe rhodopsin reduction.
Expectedly, in a-Cre SOCS3"*/%ox
mice, activated STAT3 was already
at a higher level in the whole retina
under control conditions as shown
by immunoblot analysis (Fig. 3, A
and B), although it was hardly
detected immunohistochemically
in the photoreceptor cells (Fig. 3, C
and F). The level of activated
STAT3 was up-regulated in the ret-
inas of both the wild-type and a-Cre
50CS3"*/°* mice 8 h after LPS
injection and was much higher in
the a-Cre SOCS3"*/"** mice (Fig. 3,
A and B). Forty-eight hours after
LPS injection, although STAT3
activation in the retinas, for the
most part, was already down-regu-
lated in both genotypes, activated
STAT3 in the ONL was still
observed at high levels in most of
the photoreceptor cells of the a-Cre
50CS3"*/1* mice (Fig. 3, compare
G with D). This difference of the
activated STATS3 levels in the ONL
between the both genotypes was not
observed under control condition
(Fig. 3, compare F with C). Then,
STAT3 activation in the a-Cre
S0CS3"*7* mice gradually dimin-
ished but could still be observed

clearly in some photoreceptor cells 10 days after LPS injection,
in contrast to the wild-type mice (Fig. 3, compare H with E).
Thus, STAT3 activation after LPS injection was more severe
and prolonged in the a-Cre SOCS3"*/"* mice.

Rhodopsin Protein Is Down-regulated in a Post-transcrip-
tional Fashion That Involves Degradation through the Ubiq-
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SOCS3"*/1° retina (Fig. 4C), sug-
gesting an involvement of UPS in
rhodopsin reduction and a link
between STAT3 activation and the
ubiquitin conjugation of rhodopsin.

Furthermore, we found that a
probable E3 ubiquitin ligase for rho-
dopsin degradation, ubiquitin-pro-
tein ligase E3 component, n-recog-
nin 1 (Ubrl) (as described under
“Discussion”), was expressed in the
OS in the inflamed retina (Fig. 4D).
Ubrl mRNA expression, which is
known to be dependent on STAT3
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activity (34), was analyzed by real-
time RT-PCR and found to be up-
regulated 8 h after LPS injection in
the a-Cre SOCS3™*/"* retinas (Fig.
4E). This result supported the idea
that the decrease in rhodopsin
through the UPS was linked to
STAT3 activation. Thus, rhodop-
sin protein levels were post-tran-

IL-6

FIGURE 5. Decrease in rhodopsin following IL-6 exposure was exaggerated by SOCS3-deficiency in
the adult retinal explants. Adult retinal explants were exposed to IL-6 (10 ng/ml) for 4 h. Levels of
rhodopsin protein (A and E) and STAT3 activation (Band F) were measured by immunoblot analyses. mRNA
expression of rhodopsin (C) and crx (D) were analyzed by real-time RT-PCR. Adult retinal explants derived
from SOCS3 floxed mice were electroporated with plasmid CAG-Cre or pCAG-control (G, H, K, and L), and
adult retinal explants derived from a-Cre SOCS3°°* mice were introduced with pCAG-control or pCAG-
SOCS3(1,J,M, and N); all were exposed to IL-6 for 4 h. Levels of rhodopsin protein (G, /, K, and M) and STAT3
activation (H, J, L, and N) were measured by immunoblot analyses. Bands of rhodopsin appeared to
represent monomers based on their electrophoretic mobility. n = 4. Data are expressed as the mean =

S.D.* p <0.05; **, p <0.01.

uitin-Proteasome System—Interestingly, mRNA expression of
both rhodopsin and crx was not down-regulated (Fig. 4, A and
B), actually crx was up-regulated after LPS injection, although
the rhodopsin protein level dropped (Fig. 2, A and D). There-
fore, rhodopsin reduction during inflammation in adults was
under post-transcriptional inhibition, which is different from
the mechanism that inhibits rhodopsin expression in embryos
(8, 10). Nevertheless, SOCS3 was required to suppress the
decrease in rhodopsin in both cases.

Under stress conditions, bulk protein degradation through
the UPS increases (33). The fact that the decrease in rhodopsin
protein levels during inflammation was rapid supported the
idea that enhanced degradation of the rhodopsin protein
through the UPS was responsible. To investigate whether ubiq-
uitin-conjugated rhodopsin is up-regulated during retinal
inflammation, retinal cell lysates were subjected to immuno-
precipitation with an anti-rhodopsin antibody followed by
immunoblotting with an anti-ubiquitin antibody. Under nor-
mal conditions, the level of ubiquitin-conjugated rhodopsin
was about the same in the retinas of both wild-type and a-Cre
S0CS3"*/1x mice (Fig. 4C). However, 8 h after LPS injection,
the level of ubiquitin-conjugated rhodopsin protein, shown as a
high molecular weight smear, was up-regulated in the retinas of
both genotypes. This effect was more marked in the a-Cre
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IL-6 scriptionally inhibited during reti-

nal inflammation, at least in part
by degradation through the UPS.

SOCS3 Preserves Rhodopsin and
Inhibits STAT3 Activation following
IL-6 Exposure in Adult Retinal
Explants—To investigate the mech-
anism of decrease in rhodopsin dur-
ing inflammation, we utilized reti-
nal explants derived from adult
retinas (adult retinal explants). One
of the inflammatory cytokines and upstream of STAT3 activa-
tion, IL-6 is known to be up-regulated during LPS-induced
inflammation (2, 3, 25-27). Although several kinds of cytokines
should influence retinal cells during inflammation, we exposed
adult retinal explants to IL-6 for 4 h to activate STAT3 and
examined the levels of rhodopsin. In this system as well, rho-
dopsin protein decreased (Fig. 5, A and E), and STAT3 was
activated (Fig. 5, B and F). The mRNA levels of rhodopsin and
crx were not decreased by exposure to IL-6 (Fig. 5, C and D).
Thus, rhodopsin levels reduced post-transcriptionally as also
found in vivo. Although IL-6 may not be the only cytokine that
activates STAT3 during inflammation, exposure to IL-6, at
least in part, led to a retinal condition that mimicked
inflammation.

Using this system, we first investigated whether SOCS3
was directly responsible for the severe decrease in rhodopsin
protein in the a-Cre SOCS3™*/"°* mice during retinal
inflammation, because the decrease might have been due to
secondary changes in the mutant mice. To down-regulate
SOCS3 experimentally in adult retinal explants from
50CS3"*7* mice with no Cre transgene, the explants were
electroporated to introduce a Cre expression vector plasmid
(pCAG-Cre) or an empty vector (pCAG-control, as a con-
trol) and exposed to IL-6. The residual levels of rhodopsin
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FIGURE 6. Decrease in rhodopsin following IL-6 exposure was regulated by STAT3 activation in a post-tran-
scriptional fashion. A-F, adult wild-type retinal explants were cultured under IL-6 exposure with or without a JAK
inhibitor, AG490 (diluted in DMSQin 7.5 or 15 um). Immunoblot analyses show levels of rhodopsin protein (A and E)
and STAT3 activation (B and F) after exposure to IL-6. mRNA levels of rhodopsin (C) and crx (D) were measured by
real-time RT-PCR. For control, DMSO was added. Data are expressed as the mean = S.D. (n = 3).*, p < 0.05.
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FIGURE 7. Rhodopsin protein was degraded through the UPS by Ubr1 after
IL-6 exposure. A, retinal cell lysates from adult retinal explants derived from
a-Cre SOCS3"/% mice exposed to IL-6, with or without AG490, for 30 min were
immunoprecipitated with anti-rhodopsin antibody and then immunoblotted
with anti-ubiquitin antibody. Ubiquitin-conjugated rhodopsin was shown as a
high molecular weight smear. Samples were also immunoblotted with anti-rho-
dopsin antlbody (lower panel). Band C, adult retinal explants derived from a-Cre
50¢s3™fx mice were cultured with or without IL-6 and a proteasome inhibitor,
MG132, for 4 h, and the rhodopsin protein level was measured by immunoblot
analysis. D-G, adult wild-type retinal explants infected with a lentivirus carrying a
specific sShRNA to knock down Ubr1 were exposed to IL-6 for 4 h. Ubr1 expression
(D and F) and rhodopsin protein levels (E and G) were analyzed by immunoblot
analyses. Data are expressed as the mean = S.D. (n = 4).*, p < 0.05. Ub-rhodopsin,
ubiquitin-conjugated rhodopsin.

after IL-6 exposure were lower (Fig. 5, G and K) and those of
activated STAT3 were higher (Fig. 5, H and L) after pCAG-
Cre introduction.
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and M). As expected, STAT3 activa-
tion up-regulated in the SOCS3-de-
ficient adult retinal explants was
clearly down-regulated after the
introduction of pCAG-SOCS3 (Fig.
5, ] and N). These data indicated
that the SOCS3 deficiency itself was responsible for the
decrease in rhodopsin that followed exposure to I1L-6/gp130
signals in the adult retina.

Rhodopsin Is Regulated by Activated STAT3 at the Post-tran-
scriptional Level after IL-6 Exposure—The levels of rhodopsin
correlated negatively with STAT3 activation in all cases tested
both in vivo and in vitro. We therefore analyzed whether
STAT3 activation reduced the expression of the rhodopsin pro-
tein. A JAK inhibitor, AG490, which inhibits STAT3 activation,
suppressed the decrease in rhodopsin protein level after IL-6
exposure in adult wild-type retinal explants (Fig. 6, A and E)
concomitant with a dose-dependent decrease in activated
STATS3 (Fig. 6, B and F). Further evidence of the role of acti-
vated STAT3 was obtained by introducing a plasmid encoding
a dominant-negative form of STAT3, pCAG-STATS3F (35, 36),
into adult retinal explants before exposure to IL-6. The pCAG-
STATS3EF expression reduced the level of activated STAT3 and
increased the amount of residual rhodopsin protein (data not
shown). In contrast, an inhibitor of ERK, U0126 (20 um), which
down-regulated ERK activity in the adult retinal explants, did
not avoid rhodopsin reduction by IL-6 (data not shown), con-
firming that activation of ERK, another downstream pathway of
gp130 signaling, was not responsible for the decrease in
rhodopsin.

Moreover, transcription of rhodopsin and crx was not inhib-
ited but rather up-regulated after STAT3 activation (Fig. 6, C
and D). Thus, the reduction in rhodopsin protein levels by acti-
vated STAT3 was caused by a post-transcriptional mechanism.

Rhodopsin Protein Is Degraded through UPS after IL-6
Exposure—Next, we examined whether UPS was involved in
the STAT3-dependent decrease in rhodopsin in the adult reti-
nal explants. For this purpose, we analyzed ubiquitin-conju-
gated rhodopsin in the extract from the adult retinal explants 30
min after IL-6 exposure with or without AG490. «-Cre
S0OCS3""*/1% adult retinal explants, in which STAT3 can be
activated intensively, were utilized, and the extract was pro-
cessed into immunoprecipitation with anti-rhodopsin anti-
body. Ubiquitin-conjugated rhodopsin was clearly detected as a
high molecular weight smear and up-regulated after IL-6 expo-
sure. This was suppressed by AG490 treatment, which inhibits
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STAT3 activation (Fig. 7A), suggesting that STAT3 activation
contributes to the degradation of rhodopsin through the UPS. Fur-
thermore, a proteasome inhibitor, MG132, reversed the level of
rhodopsin after IL-6 exposure in the a-Cre SOCS3*/"** adult
retinal explants (Fig. 7, B and C). This confirmed that the UPS
was involved in the decrease in rhodopsin by an inflammatory
cytokine, IL-6. The fact that MG132 also tended to increase
rhodopsin protein level in the absence of IL-6 exposure can be
explained by the originally higher levels of STAT3 activation in
the a-Cre SOCS3*/%°* adult retinal explants.

Then, we also examined whether an E3 ubiquitin ligase,
Ubrl, was involved in this regulation. Adult wild-type retinal
explants, infected with a lentivirus carrying a specific ShRNA to
knock down Ubrl, were exposed to IL-6. We first confirmed
that Ubr1 induced by IL-6 was successfully down-regulated by
the Ubrl shRNA (Fig. 7, D and F). Interestingly, a decrease in
rhodopsin after IL-6 exposure was avoided by suppression of
Ubrl (Fig. 7, E and G). These data thus indicate that highly
activated STAT3 after IL-6 exposure induced Ubr1 and UPS to
degrade rhodopsin.

DISCUSSION

The present data have demonstrated that SOCS3 protects
photoreceptor cells from severe down-regulation of rhodopsin
protein and prolonged visual dysfunction during retinal inflam-
mation. Elevated STAT3 activation decreased rhodopsin at the
post-transcriptional level through degradation by the UPS.
SOCS3 effectively inhibited STAT3 activation and blocked fur-
ther photoreceptor cell dysfunction.

SOCS3 Minimizes Visual Dysfunction during Retinal
Inflammation—We demonstrated that STAT3 activation,
among several intracellular signaling pathways induced during
retinal inflammation, was critical for visual function and that
SOCS3 was a key endogenous molecule for neuroprotection.
Although rhodopsin expression was also significantly down-
regulated in wild-type mice when STAT3 activation reached a
certain level, this change was more rapid and profound in a-Cre
SOCS3"*Mo* mijce (Fig. 2, A and D), indicating that SOCS3 was
required to minimize and recover from the retinal dysfunction.
This also suggested that SOCS3 deficiency compromised the
ability of their photoreceptor cells to withstand inflammatory
stress. SOCS3 may have an important role in balancing STAT3
activation during fluctuations of the microenvironment in daily
life, and by so doing, SOCS3 may help avoid the development of
severe inflammation.

Rhodopsin expression was better preserved, but still
reduced, in the wild-type mice during the course of inflamma-
tion. This is more likely because the level of SOCS3 expression
is not sufficient to significantly suppress the active phosphoryl-
ation of STAT3 by JAK, which had been induced by the strong
inflammatory stimuli, even though the SOCS3 expression is
induced. Although exposure to IL-6 alone reduced rhodopsin
in adult retinal explants, several kinds of inflammatory cyto-
kines that activate STAT3 more intensively in vivo should be
induced simultaneously during inflammation. The level of
SOCS3 is itself regulated by several kinds of post-transcrip-
tional inhibitory mechanisms (10, 25, 37), which may also cause
the insufficiency under high levels of STAT3 activation. The
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inadequate SOCS3 activity may cause visual dysfunction also in
other situations. STAT3 activation induced by CNTF adminis-
tration for therapy in retinitis pigmentosa may easily exceed the
activity of endogenous SOCS3 and induce excessive STAT3
activation. Other examples are retinal degeneration and light
damage (38), which also up-regulates CNTF/gp130-STAT3
signaling in the retina. In these retinas, rhodopsin degradation
may be accelerated, causing increased deterioration of retinal
function when STAT3 activation surpasses endogenous SOCS3
activity. As several kinds of cytokine signals that activate
STAT3 are up-regulated during inflammation, it would be a
great advantage for SOCS3 to simultaneously shut down sev-
eral of the pathologic signaling pathways by directly inhibiting
JAK, commonly found downstream of the gp130 signals, as
compared with the strategy designed to entrap each cytokine.
Further study may support the development of the SOCS3 pro-
tein as a therapeutic target (2, 39).

Proposed Mechanism for SOCS3 to Inhibit the UPS-depend-
ent Degradation of Rhodopsin—The rapid decrease in rhodop-
sin protein at least in part involved UPS-mediated degradation.
Although rhodopsin is not metabolized through the UPS under
normal condition (40), it can be degraded rapidly through the
UPS under pathologic conditions (41).

A mutant rhodopsin, P23H, which causes an autosomal
dominant form of retinitis pigmentosa, folds abnormally and
accumulates in aggresomes instead of proceeding to the normal
transport to the cell membrane (41, 42). However, the wild-type
rhodopsin protein was also ubiquitinated (Figs. 4C and 7), sug-
gesting that a normal rhodopsin protein may undergo abnor-
mal post-translational modification and misfolding, which
leads to degradation by the UPS in response to stress stimuli.
Ubiquitin protein is already present in the rod outer segment
under control conditions (43), and thus it may lead rhodopsin
protein degraded so rapidly. The authors (43) also showed that
rhodopsin and ubiquitin proteins are both observed in the same
vesicles especially after light exposure, supporting the idea that
genetically normal rhodopsin may be degraded through the
UPS under pathological conditions.

Activated STAT3 regulated multi-ubiquitination (Fig. 74).
Thus, we deduced Ubrl as a selective E3 ubiquitin ligase for
rhodopsin degradation as follows. An ubiquitin-conjugating
enzmye, E2,,,, required for “N-end rule” proteolysis, is abun-
dant in the fraction of rod outer segments as well as rhodopsin
(40). E2, ,,, which is indispensable for the catabolism of skeletal
muscle during fasting, interacts with a selective E; ubiquitin
ligase, Ubr1 (33). Because an E2 and E3 enzymes act with a partic-
ular combination to degrade specific target proteins, E2,,, and
Ubr1 could be involved in the selective degradation of rhodopsin
protein observed in this study. Interestingly, Ubr1 expression is
dependent on the STAT3 activity induced by the I1L-6/gp130
signaling pathway (34). We found that Ubrl was expressed in
the OS of the photoreceptor cells, which encouraged us to fur-
ther pursue the responsibility of Ubr1 for rhodopsin degrada-
tion following IL-6 exposure (Fig. 7, D-G). Moreover, Ubrl
mRNA expression was significantly up-regulated after LPS
injection in the retinas of a-Cre SOCS3"*/"** mice, where
STATS3 activation was exaggerated. Thus, SOCS3 may contrib-
ute to photoreceptor cell protection during retinal inflamma-
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tion by inhibiting the expression of the UPS-related gene, Ubr1,
through suppression of STAT3 activation. This suggests that
Ubrl may also be a therapeutic target during retinal
inflammation.

An alternative role of STAT3 activation on accelerating UPS
may be as follows. Polarized microtubules, which promote the
accumulation of misfolded proteins into aggresomes (44), are
stabilized by STAT3 activation (45). Therefore, the intracellu-
lar conditions during inflammation would promote the aggre-
gation of misfolded rhodopsin.

In addition to direct induction of the UPS, some other mech-
anisms could be involved in the post-transcriptional inhibition
of rhodopsin expression. SOCS3 was expressed not only in pho-
toreceptor cells but also in Miiller glial cells during inflamma-
tion. Itis possible that excessive STAT3 activation could induce
the release of cytokines by the Miiller glial cells that secondarily
up-regulated the UPS and/or other post-transcriptional mech-
anisms in the photoreceptor cells, especially in those of the
a-Cre SOCS3"*/°* mice. Otherwise, expression of rhodopsin
kinase, which is involved in rhodopsin turnover under normal
conditions (46), was up-regulated 8 h after LPS injection in
a-Cre SOCS3"**/%°* mice, although its level trended downward
at 48 h following the decrease in rhodopsin (data not shown).
Therefore, up-regulation of the general pathway for rhodopsin
degradation could also contribute to its reduced levels (12). In
LPS-induced retinal inflammation, various kinds of cytokines
could also be involved, causing either cell-autonomous or non-
cell-autonomous effects on rhodopsin expression with or with-
out STAT3-dependent mechanism. Further investigation
should be continued to clarify the detailed mechanisms.

Distinct Regulation of Rhodopsin Expression between the
Developing and Adult Retina—We reported previously that
STATS3 activation inhibits rhodopsin expression at transcrip-
tional levels in the developing retina. SOCS3 is required to ini-
tiate the transcription of rhodopsin and crx, inhibiting STAT3
activation in the perinatal period (10). This situation resembles
that in the adult retina during inflammation. However, unex-
pectedly, the amounts of rhodopsin and crx transcripts did not
decrease with STAT3 activation during inflammation or after
IL-6 exposure. These results suggest that the underlying mech-
anisms for regulating the transcription and/or RNA stability of
rhodopsin and crx are different in the inflamed adult retina than
in the developing retina (8, 10). One explanation for this finding
is that rhodopsin is a part of a negative feedback loop control-
ling its own transcription, and the loss of rhodopsin protein
therefore rather induces the mRNAs, even in the presence of
high levels of STAT3 activation. This is consistent with the fact
that the level of crx mRNA increases with new rhodopsin pro-
duction during development and then is somewhat down-reg-
ulated after rhodopsin reaches its plateau level (47, 48). Alter-
natively, the effect of STAT3 activation in the surrounding
retinal cells, such as Miiller glial cells, rather than a direct action
in photoreceptor cells, may be one of the pathways for the pres-
ent observation.

As regards transcription under normal condition, the same
mechanism as in the developing retina may be also applicable in
the adult, since mRNA expression of rhodopsin and crx tended
to be down-regulated in a-Cre SOCS3"*/"** mice in which

SEPTEMBER 5, 2008« VOLUME 283 +NUMBER 36

STATS3 is more activated. But redundant regulatory mecha-
nisms should be present given that rhodopsin protein levels in
the a-Cre SOCS3"*/°* mice caught up with those in wild-type
mice and the a-wave in ERG was normal in the adult mutants.

Therefore, rhodopsin protein was down-regulated in a post-
transcriptional fashion, which involves protein degradation
through the UPS, most probably activated by STAT3-depend-
ent E3 ubiquitin ligase, Ubrl. SOCS3 minimizes and promotes
recovery from this influence of inflammatory signaling by
inhibiting STAT3 activation, thereby contributing to the pres-
ervation of rhodopsin expression and visual function.
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