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Purrose. Cd9 is a tetraspanin membrane protein that plays various roles in tissue devel-
opment and disease pathogenesis, especially in cancer, but the expression patterns and
function of Cd9 in retinal development and disease are not well understood. We asked
its roles during retinal photoreceptor degeneration by using CD9-knockout mice.

Mernops. Cd9 knockout mice and rdl mice were used to examine roles of Cd9 for
progression of photoreceptor degeneration. Reverse transcription-polymerase chain reac-
tion and immunohistochemistry were mainly used as analytical methods.

Resurrs. Cd9 transcripts were only weakly expressed in retina at embryonic day 14, but
its expression level subsequently increased and peaked at around postnatal day 12. In 6-
week-old female mice derived retina, mRNA expression decreased slightly but was main-
tained at a significant level. Published RNA-sequencing data and immunohistochemistry
indicated that Cd9 was expressed abundantly in Miiller glia and weakly in other retinal
neurons. Notably, when photoreceptors were damaged, Cd9 expression was increased in
rod photoreceptors and decreased in Miller glia. Cd9 knockout mice retinas developed
normally; however, once the retina suffered damage, degeneration of photoreceptors was
more severe in Cd9 knockout retinas than control retinas. Induction of Edn2, which is
known to protect against photoreceptor damage, was severely hampered. In addition,
induction of Socs3, which is downstream of gp130 (Il6st), was weaker in Cd9 knockout
retinas.

Concrusions. Taken together, these findings indicate that, although Cd9 was dispens-
able for normal gross morphological development, it protected rod photoreceptors and
enhanced Edn2 expression, possibly through modulation of gp130 signaling.
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d9 encodes a tetraspanin membrane protein that was
originally reported to be a motility-related factor based
on the inhibition of migration caused by anti-Cd9 antibodies
in multiple cancer cell lines."? Subsequent studies revealed
that Cd9 acted as a tumor suppressor’ as well as an onco-
genic and pro-metastatic molecule. In addition, a contri-
bution of Cd9 to tumor angiogenesis has been suggested,?
and because of the biological activities in cancer, Cd9 has
attracted attention as a possible therapeutic target.?>
Various interacting molecules of Cd9 have been
reported.® For example, Cd9 associates with various inte-
grins and modulates integrin signaling pathways, includ-
ing those involving focal adhesion kinase, phospho-
inositide 3-kinase, and plSOCas.@7 Cd9 interacts with
other members of the tetraspanin superfamily and
consists of membrane domains, termed tetraspanin-enriched
microdomains.® Through such associations, Cd9 plays vari-
ous roles in hematopoietic and endothelial cells.®
In the neural system, Cd9 has been well studied in
glioma,”1? but it is also expressed in normal specific cell
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subsets in both the central and peripheral nervous systems,
including glial lineage cells such as Schwann cells, as well
as in oligodendrocytes and neurons.!! Cd9 is also involved
in neurite formation via an association with integrins.'?

In adult bovine eye, Cd9 transcripts are strongly
expressed in the ciliary epithelium and cornea, but only
weakly expressed in the neural retina.!* In humans, cultured
retinal progenitor cells from postmortem premature infants
express Cdo.14 Although Cd9 is a well-studied molecule, its
detailed expression patterns and functions during retinal
development have not been reported. We previously found
that Cd9 was enriched in c-kit-positive late retinal progeni-
tor cells, and an assessment of its functions by short hairpin
RNA-mediated downregulation in retinal explant cultures
suggested a role for Cd9 in Miiller glia development.!> We
therefore hypothesized roles for Cd9 in the differentiation
and maintenance of the retina, which have not been previ-
ously investigated. In the present study, we examined the
detailed expression patterns of Cd9 in degenerating retinas
and found that Cd9 was downregulated in Muller glia, but
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upregulated in photoreceptors during rod degeneration. We
then assessed the detailed role of Cd9 in retinal degener-
ation by using the Cd9 knockout (Cd9-KO) mouse during
retinal development and found that Cd9 played protective
roles in photoreceptors, at least partially through coopera-
tive signaling transduction of Il6st receptor signals leading
to the expression of Edn2.

METHODS
Animals

All animal experiments were approved by the Animal Care
Committee of the Institute of Medical Science, University of
Tokyo, and conducted in accordance with the Guidelines
laid down by the National Institutes of Health in the United
States regarding the care and use of animals for experimen-
tal procedures and the Association for Research in Vision
and Ophthalmology statement for the use of animals in
ophthalmic and vision research. ICR mice were obtained
from Japan SLC Co, and we confirmed that the mice were
free of rdl mutation. The day when a vaginal plug was
observed was considered as embryonic day 0 (E0), and the
day of birth was termed as postnatal day 0 (PO). Genera-
tion of Cd9-KO mouse and Cd9 and Cd81-double knock-
out (Cd9/Cd81-DKO) mouse was previously described.!®:17
These mice were backcrossed into the C57BL/6J back-
ground. All mice were confirmed that the mice were free
of rd1 and rd8 mutations. The rd1 (C3H/HeSlc) mouse was
purchased from Japan SLC Co.

Analysis of MNU or NaIO3 Administrated Mouse
Retina

As photoreceptor and retinal pigmented epithelium (RPE)
degeneration models, administration of N-Methyl-N-methyl
urea (MNU) and NalO3 were used, respectively. MNU
was administrated intraperitoneally at 120 mg/kg, and the
eyes enucleated after indicated days, and retinas were
isolated. NaIO3 was administrated by tail vein injection at
120 mg/kg, and the eyes were enucleated after indi-
cated days. Phosphate-buffered saline (PBS)-administrated
mouse retinas were used as control. The isolated eyes were
subjected to the immunohistochemistry, or fluorescence acti-
vated cell sorting (FACS).

FACS

Retinas were isolated from enucleated eyes, incubated with
0.25% Trypsin for 15 minutes. Then, retinas were treated
with 20% fetal bovine serum and DNasel, dissociated into
single cells and stained with PE conjugated anti-Cd73 anti-
body (BD Pharmingen) for 30 minutes on ice. Retinas were
washed with 2% bovine serum albumin and stained with
propidium iodide. Cd73 negative and positive cells were
collected using FACSAria II (BD).

RT-qPCR

Total RNA was purified from the mouse retina using Sepa-
sol RNA I Super G (nacalai tesque), and complemen-
tary DNA was synthesized using ReverTra Ace qPCR RT
Master Mix (TOYOBO). Quantitative polymerase chain reac-
tion (qPCR) was performed using the SYBR Green-based
method (THUNDERBIRD SYBR qPCR Mix, TOYOBO), using
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the Roche Light Cycler 96 (Roche Diagnostics). The data
were normalized by using Gapdh and Sdha, which were
used as an internal control, following the way previously
described.'® Sequences of the primers are as follows; Gapdh:
5'- ttagaagcaaacctgtccagctte -3', 5'- cataccaggaaatgagcttgac -
3’  Sdha: 5'- gtgtgaagtagggcaggtcc -3', 5'- acaaggcactggctc-
gatac -3/, Cd9: 5'- tggggctatacccacaagga -3', 5'- gctttgagt-
gtttccegetg -3/, Nr2e3: 5'- gaaacacgaggcctgaagga -3/, 5'-
gggagcaggaggagcaattt -3’ Rho: 5'- ggccccaatttttatgtgeee -3/,
5'- tagtactgcggctgcetegaa -3', Edn2: 5'- ttctgecatcgaagacactg -
3, 5'- atggcctttcttgtcaccte -3, Fgf2: 5'- cccacacgtcaaactacaac -
3, 5'- actggagtatttccgtgacc -3/, Lif: 5'- aaacggcctgcatctaagg -3/,
5'- agcagcagtaagggcacaat -3', Socs3: 5'- caaggccggagatttcgctt
-3', 5'- gggaaacttgctgtgggtga -3', Stat3: 5'- cagttcctggcaccttg-
gat -3/, 5'- gactcttgcaggaatcggcet -3'.

Immunohistochemistry

Immunostaining of frozen sections was done as described
previously.! Briefly, retinas were enucleated and fixed with
4% paraformaldehyde for 20 minutes or 1 hour at room
temperature, treated with 15% sucrose overnight, treated
with 30% sucrose for 6 hours, embedded in OCT compound
(Leica), and sectioned (10 pm thickness) using the cryo-
stat (Leica, CM30508S). Primary antibodies used are mouse
monoclonal antibodies anti-Glutamine synthetase (Chemi-
con), photoreceptor-specific nuclear receptor (PNR; ppmx),
HuC/D (Molecular Probes), Ccnd3 (Cell Signaling), rabbit
polyclonal antibodies anti-Calbindin 28k (Chemicon), Pax6
(BioLegend), sheep polyclonal antibody anti-Chx10 (Exal-
pha Biologicals), and rat monoclonal antibody anti-Cd9
(Santa Cruz Biotechnology). Signals of primary antibod-
ies were visualized using appropriate secondary antibodies
conjugated with Alexa 488 or Alexa 594 (Molecular Probes).
To measure the thickness of inner nuclear layer (INL) and
outer nuclear layer (ONL), the central area, close to the optic
nerve head, in more than three sections of each sample
was analyzed. The thickness at three different parts was
measured in each section, and the average was calculated.
The average of all samples in each experimental group was
calculated and unpaired two-tailed ¢ test was used to evalu-
ate statistical significance.

TUNEL Assay

DNA fragments resulting from the apoptotic activation of
intracellular endonucleases were detected in retinal sections
by incorporation of fluorescein labeled dUTP using the
In Situ Apoptosis Detection Kit #MK500 by TAKARA BIO
INC, as described by the manufacturer. Briefly, sections
were washed with PBS and the endogenous peroxidase
was inactivated using methanol (containing 0.3% H,0O,) at
room temperature for 20 minutes. Sections were washed
three times with PBS and permeabilized with permeabi-
lization buffer for 5 minutes on ice. After washing three
times with PBS, sections were incubated with the TUNEL
reaction mixture (consisting of terminal deoxynucleotidyl-
transferase enzyme and labeling safe buffer) for 90 minutes
in a 37°C humidified incubator. The labeling reaction was
terminated by washing three times with PBS. Sections were
incubated with Anti-FITC HRP Conjugate at 37°C for 30
minutes and washed with PBS 3 times for 5 minutes each
time. After coloring with DAB at room temperature for
10 minutes, the reaction was terminated by washing with
distilled water. Nuclear was stained with DAPI. Apoptotic
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Ficure 1. Transition of the expression of Cd9 during retinal development. (A) Transition of expression levels of Cd9 transcripts during
retinal development. Whole retinas at indicated developmental stage were harvested, and RT-qPCR was done using a primer specific for Cd9.
The values were normalized to Cq value of Gapdh and Sdha, and expressed as relative to E14 value. An 8-week-old mouse was analyzed
as an adult mouse. (B) Expression levels of Cd9 transcripts in subpopulations of developing retina. Fragments per kilobase of exon per
million mapped fragments (FPKM) value of RNA-seq data of purified Cd73 positive rod photoreceptors and Cd73 negative other cells at P1,
2, 5, 8 (GEO: GSE71462), and Hesl-promoter positive Miiller glia and negative other cells at P1 and P4 (GEO: GSE86199) are shown. (C)
Immunohistochemistry using anti-Cd9 and -GS, which marks Miiller glia, antibodies in a P10 mouse retinal frozen section. One representative
sample out of samples from three independent mice was shown. Nuclei were visualized by staining with DAPI (gray). Arrowhbeads indicate

GS and Cd9 double positive cells. Scale bar: 50 ym.

cells were observed using Axio Imager M1 (Zeiss) fluores-
cent microscope. To count TUNEL-positive cells, the central
area, close to the optic nerve head, in more than three
sections of each sample was analyzed. The number of
TUNEL-positive cells in 100 pm retina at three different parts
was counted in each section, and the average was calculated.
The average of all samples in each experimental group was
calculated and unpaired two-tailed ¢ test was used to evalu-
ate statistical significance.

Statistics

When more than two conditions were compared, Tukey’s test
was performed. When two conditions were tested, Student #-
test with two tails was performed. A P value was considered
significant if less than 0.05. All data, except for Figure 1A,
were obtained from more than three independent mice.

RESULTS

Expression Patterns of Cd9 During Retinal
Development

We previously examined the expression of Cd9 transcripts
during retinal development and found that the mRNA

expression of Cd9 was low in retinas at E14, but constantly
increased until P12."> We first confirmed and examined in
greater detail the transition in expressions of Cd9 transcripts
during retinal development by reverse transcription (RT)-
qPCR of mouse whole retinas. Cd9 expression increased
constantly during retinal development and peaked at P12; it
then decreased, but significant expression levels were main-
tained until the adult (8 weeks) stage (Fig. 1A). Cd9 has
been previously reported to be expressed in glial cells in the
brain.?® We also previously showed that Cd9 was enriched
in c-kit-positive late retinal progenitor cells and Miiller glia
cells.’> We characterized in more detail the types of reti-
nal cells expressing Cd9 transcripts by using rod photore-
ceptors and other retinal cell type-specific RNA sequenc-
ing (GSE71464), which was previously conducted in our
laboratory.?! At P1 and P2, Cd9 was expressed at slightly
lower levels in Cd73-positive rod photoreceptors than in
the Cd73-negative fraction, which consisted of retinal cells
except for rod photoreceptors (Fig. 1B). At P5 and P8, Cd9
was expressed in much higher levels in the Cd73-negative
fraction than in Cd73-positive cells (Fig. 1B), suggesting
that retinal cells other than rod photoreceptors were the
major cell types expressing Cd9 transcripts. We next exam-
ined the expression of Cd9 transcripts in developing Miller
glia by using our previously published RNA-sequencing
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(GSE86199) data of retinas from Hes1 promoter-driven EGFP
(Hes1p-EGFP)-expressing mice.?>?* Cd9 was expressed at
higher levels in the Hes1p-EGFP-positive Miller glia cell
fraction at P1, and the difference was much greater at P4,
because the expression levels of Cd9 in the HesI1p-EGFP-
positive fractions largely increased, but the expressions in
the Hes1p-EGFP-negative fractions remained weak (Fig. 1B).
Taken together, the results confirmed that Cd9 was mainly
expressed in Miiller glia in developing retina.

We next examined the spatial expression pattern of the
Cd9 protein by immunostaining using frozen sections of the
mouse retina at P10. We found that the signals of Cd9 mostly
overlapped with GS, which is a marker of Miiller glia (Fig. 1C,
arrowheads), supporting the idea that Cd9 was almost exclu-
sively expressed in Miiller glia cells.

Retinal Morphological Development of Cd9-KO
Mice Was Indistinguishable from that of Normal
Mice

To clarify the roles of Cd9 in retinal development, we next
examined the retina of Cd9-KO mice.!® The frozen adult (8
weeks) Cd9-KO retinas were sectioned, and retinal develop-
ment was examined by immunohistochemistry using anti-
bodies against retinal subtypes. The thicknesses of the INL
and ONL were indistinguishable between adult control and
Cd9-KO retinas (Figs. 2A and B). We have previously shown
that sh-RNA mediated Cd9 knock-down in retinal explant
cultures, resulting in failure of appropriate morphological
development and a reduced number of GS-positive Miiller
glia.'> However, immunostaining using anti-GS antibody,
which marks Miller glia, showed development of Miller
glia in Cd9-KO retinas comparable to that in control retinas
(Fig. 2C). To examine the difference of phenotypes caused
by in vivo conditions and explant cultures, we cultured Cd9-
KO mouse-derived retinas as explants; however, the gross
morphological differentiation of Muller glia in this culture
seemed indistinguishable from the control (data not shown).
Currently, we cannot explain the contradiction, but genetic
compensation of Cd9 in Cd9-KO retina may be a possi-
ble mechanism. Immunostaining with Calbindin (horizon-
tal cells), HuC/D (amacrine and retinal ganglion cells), Isl1
(bipolar cells), Brn3b (retinal ganglion cells), Ccnd3 (Miiller
glia), and Rho (rhodopsin) showed that all of these retinal
subtypes developed normally (Fig. 2D), and the populations
of these subsets of cells were also appropriate (data not
shown) in Cd9-KO retinas.

Among the tetraspanin membrane proteins, Cd81 has
significant sequence homology with Cd9?* and often plays
redundant roles with Cd9.” Cd81 plays pivotal roles in cell-
cell fusion, such as in sperm-egg?® and muscle cell fusion,
and negatively regulates both HIV-induced cell fusion®’
and macrophage fusion.?® We characterized the expression
pattern of the Cd81 transcript during retinal development
by using the RNA-sequencing data, which was published
by us (GSE71464, GSE86199),>!'?*> and found that Cd81 was
broadly expressed in retinal subtypes such as rod cells,
Miller glia, and other cells (Fig. 3A). The expression levels
of the Cd81 transcript were high and relatively constant
during retinal development, suggesting the possibility that
Cd81 functionally compensated for Cd9 in Cd9-KO reti-
nas. We next examined development of retinas from Cd9
and Cd81 double-KO (Cd9/Cd81-DKO) mice.!” The thick-
nesses of the INL and ONL were the same between the
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Ficure 2. The retina develops appropriately in Cd9-KO mouse. (A)
The thickness of INL and ONL of the retinas of adult control or Cd9-
KO mice at 8 weeks was measured in frozen sectioned retina. The
values are average of more than 9 sections from 3 mice for each
genotype with standard deviation. (B-D) Immunohistochemistry by
using indicated antibodies of frozen sections of the retinas of control
or Cd9-KO mice was performed. All panels are shown as ONL to
the bottom. The antibodies label specific subsets of retinal cells; GS
(Miller glia), Calbindin (subsets of amacrine and horizontal), HuC/D
(amacrine and RGQ), Isll (bipolar), Brn3b (RGC), Ccnd3 (Muller
glia), Rho (rod photoreceptor). Nuclei were visualized by staining
with DAPI in B (gray) and C (blue).

control and Cd9/Cd81-DKO retinas (Fig. 3B). Immunohis-
tochemistry of retinal subtype markers showed that bipo-
lar cells (Chx10), horizontal cells (Calbindin), amacrine cells
(HuC/D and Pax6), Miiller glia (Ccnd3), rod photorecep-
tors (Rho), and cone photoreceptors (M-opsin) developed
normally (Fig. 3C). These results indicated that Cd9 and Cd81
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Ficure 3. The retinas of Cd9 and Cd81 double knockout mice (Cd9/Cd81-DKO) showed comparable morphological development as in
control retina. (A) Expression levels of Cd81 transcript in developing retina. FPKM values of Cd81 from RNA-seq of Cd73-positive rod
photoreceptors and Cd73-negative other cells at P1, 2, 5, 8, and Hesl-promoter (Heslp)-positive Miiller glia and -negative other cells at
P1 and P4 are shown. (B) Thickness of INL and ONL of retinas of adult (8 weeks) littermate control or Cd9/Cd81-double knockout mice
(Cd9/Cd81-DKO) was examined in frozen sections. Values are average of 3 mice with standard deviation. Statistical analysis was done
using Student ¢ test with two tails. (C) Immunohistochemistry was done using frozen sections of Cd9/Cd81-DKO and control retinas with
antibodies anti-Chx10 (bipolar), Calbindin (horizontal), HuC/D (amacrine and RGC), Pax6 (amacrine), Ccnd3 (Muller glia), Rho (rod), and

M-opsin (cone). Nuclei were visualized with DAPI.

were dispensable for gross morphological development of
the retina.

Photoreceptor Degeneration Induced the
Expression of Cd9 in Photoreceptors

A previous study reported that Cd9 was one of the upregu-
lated genes after scraping of rat retinas.?® We then deter-
mined whether the expression of Cd9 transcripts in the
pathogenic retina was altered. MNU and NalO3 are reagents
known to induce degeneration of the rod and RPE, respec-
tively, when they are administrated to mice.’*~3 MNU or
NalO3 was administrated to ICR mice as described in the
Materials and Methods, and the retinas were harvested at
5 or 7 days after injection. RT-qPCR was then used to
detect Cd9 transcripts in whole retinas. The expressions of

Cd9 transcripts were augmented in retinas from both MNU-
(Fig. 4A) or NalO3-treated mice (Fig. 4B), and the difference
was statistically significant except for the NalO3 treatment
at day 7 (Figs. 4A and B).

To determine whether upregulation of Cd9 transcripts
occurred in different retinal cell types, we purified retinal
cells to obtain Cd73-positive rod photoreceptors and Cd73-
negative cells using a cell sorter. We first examined purity
of Cd73-positive and Cd73-negative cell fractions by exam-
ining the expression of rod photoreceptor specific gene
Nr2e3 by RT-qPCR. The expression of Nr2e3 were enriched
17 times (control for NalO3 sample) to more than 170
times (NaIO3-treated samples), suggesting that separation of
photoreceptor and other cells were successfully performed
(Supplementary Figure S1). The expressions of Cd9 tran-
scripts in the Cd73-positive rods were upregulated, and
those in the Cd73-negative fraction were rather suppressed



Investigative Ophthalmology & Visual Science

Cd9 Protects Photoreceptors from Injury IOVS | March 2020 | Vol. 61 | No.3 | Article7 | 6

g 7 7 B = 3 == 3

o
S 6 *_*l 6| == Lo 25 A, C B control B MNU
|_ [
e 5 5 £, 5 B, D M control " NalO3
© 4 4 e
S 5 1.5 1.5 F, G B control @ Cd9-KO
c 3 3 c
2 2 1 1
o , 5 0.5 0.5
5 1 | 5 Fon ONL
S o 0 Q0 0 35 50
O day 5 day7 3 day 5 day7

(pm)
N N
o [6)]

D

o
O
o
d
}—
=,
©
>
o2
c
]
@
o
o
3
x
)
o
©
O

—_
[6)]

160 XX 46
. 1.2 | 20

140 | 1.4
0.8 120 ’ 1.2 |
100 0.8 1.0
0.6 I
80 0.6 0.8
' 0.6
0.4 60 -
65 40 0.4
: 20 0.2 0.2
0 0 0

Thicknes
o

10

[4)]

n.s.
. . 30 L *
whole retina whole retina wl =
.
c day 5 day7
30
1.2 ** 180 T 1.4 - 1.8 *x "

o
O
o
i
'_
&
©
>
@
c
iel
@
17
o
o
X
&
je}
O

0 0
G
INL ONL
g g3 40
negative positive negative “positive S | ns =
Cd73 Cd73 =) 30 i
@ 2+
E _ DAPI CD9 DAPI CD9 8
2 20
g 1
2 2 i 10
= 1 5 - %
P 1
Of J © |:—) 0 | 0 1

H I
TUNEL/DAPI TUNEL

DAPl _ _GFAP _GFAP/DAPI

control
control

Cd9-KO

Ficure 4. Augmentation of Cd9 expression in MNU or NalO3 induced retinal degeneration models. RT-qPCR to detect Cd9 transcripts using
total RNA prepared from whole retinas of (A) MNU or (B) NalO3 induced retinal degeneration models. RT-qPCR of Cd9 of purified Cd73
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treated with MNU or NalO3, then the retinas were harvested after 5 or 7 days, respectively. The retinal cells were fractioned to Cd73 positive
and negative cell populations, and RT-qPCR to detect Cd9 transcripts was done. The data are average value of 6 independent mice-derived
samples with standard deviation. The number of mice used in these experiments are; control (6) and MNU-treated (6) mice for (A) and (C),
and control (6) and NalO3-treated (6) mice for (B) and (D). (E) Immunohistochemistry of control and MNU-treated retina was done with
Cd9 antibody. Nuclei was visualized with DAPI staining. MNU-induced photoreceptor degeneration in Cd9-KO retina was deteriorated. (F)
Control littermates or Cd9-KO mice at 8 weeks were treated with MNU for 5 days. Thickness of INL or ONL of retinas derived from littermates
or Cd9-KO mice was examined. (G) Apoptotic cells of the retinas were examined by TUNEL staining, and number of TUNEL-positive cells.
(H) Staining pattern of TUNEL of control or Cd9-KO mice-derived retinal sections. Nuclei were visualized with DAPI staining, and the photos
were taken by Nomarski imaging microscopy. (I) Immunohistochemistry of the retinal sections of littermates or Cd9-KO mice at 8 weeks
with antibody against GFAP. Nuclei were visualized with DAPI staining. Scale bar: 50 pm.

(Figs. 4C and D). Because Miiller glia is the only cell type
that expressed Cd9 in normal retina, it is probable that
Cd9 expression in Miiller glia was suppressed in degener-
ating retina. Immunohistochemistry with anti-CD9 antibody
confers the augmented expression of CD9 protein in ONL
(Fig. 4E).

Cd9-KO Retina Showed More Severe Degeneration
Induced by MNU Administration than Did Control
Mice-Derived Retina

Because upregulation of Cd9 in photoreceptors has
commonly been observed in both MNU- and NalO3-induced
photoreceptor degeneration models, we determined the
biological mechanism of this phenomenon. MNU was
injected into control or Cd9-KO mice, and after 5 days, the
retinas were harvested, frozen, and sectioned. The thick-
ness of the INL was comparable between retinas derived
from control and Cd9-KO mice, but the ONLs of the Cd9-
KO retinas were thinner than those of control retinas
(Fig. 4F). Furthermore, TUNEL analysis showed that apop-
tosis was more active in Cd9-KO retinas than in control reti-
nas (Figs. 4G and H), suggesting that photoreceptors in the
Cd9-KO retinas were more susceptible to MNU toxicity. We
then examined the expression of glial fibrillary acidic protein
(GFAP), a marker of activated Miiller glia. The results showed
stronger signals in Cd9-KO retinas than in control retinas
(Fig. 4D).

We then determined whether these Cd9 processes in
degenerating photoreceptors were also present in model
systems. The rd1 mouse, a naturally occurring rod photore-
ceptor degeneration model > has a mutation in the PdeGb
gene. Cd9-KO and rd1 mice were crossed to obtain double
homozygous mice (Cd9-KO;rd1). At P10, which corresponds
to the stage before onset of degeneration of photorecep-
tors in rd1l mice, both the INL and ONL of the retinas of
rdl or Cd9-KO;rd1 mice showed comparable thicknesses
(Figs. 5A and C). However, a thinner ONL in the Cd9-KO;rd1
mouse retinas than in rd1 mouse retinas was observed at
P16 (Figs. 5B and D). In contrast, the INL was compa-
rable between the rdl and Cd9-KO;rdl retinas (Figs. 5B
and D). PNR is expressed specifically in rod photorecep-
tors,”® and in much lower numbers in PNR-positive cells
at P16 (Figs. 5E, H), which confirmed the greater reduc-
tion of rod photoreceptors in the retina of Cd9-KO;rdl
mice than in rd1 mice-derived retinas. We also examined
the levels of Nr2e3 and Rbo transcripts, both of which
were expressed in a photoreceptor-specific manner. Both
levels were severely suppressed in Cd9-KO;rd1 mice at P16
(Figs. 5F, G), supporting the idea that loss of photore-
ceptors was induced more in Cd9-KO;rdl retinas than in
control rdl retinas. Taken together, the results showed
that loss of Cd9 in rdl mice did not affect the devel-

opment of retinas, but once photoreceptor degeneration
started, loss of Cd9 resulted in more severe photoreceptor
degeneration.

Activation of Miiller Glia and Microglia May not
be Perturbed in Retinal Degeneration of
Cd9-KO;rd1 Mice

Miiller glia and microglia are activated when photoreceptor
degeneration occurs, so we examined these possible activa-
tions in Cd9-KO;rd1 retinas. Muller glia activation was exam-
ined by GFAP expression patterns, and microglia activation
using an antibody to Ibal. At P10, no activation of microglia
or Miiller glia was observed, but both signals were observed
at P16 (Fig. 51). However, the signal intensity and number
of cells were similar between retinas derived from rd1 and
Cd9-KO;rd1 mice, suggesting that the activation of Miiller
glia and microglia was not perturbed by the absence of Cd9,
at least at P16 in rd1 mice. Because we observed stronger
GFAP signals in MNU-treated retinas (Fig. 4H), we carefully
examined P10 retinas, and found that GFAP expression was
occasionally observed in both rd1- and Cd9-KO;rd1-derived
retinas, but we did not observe a definite difference between
the two types (data not shown).

The Expression of Cytokines Induced by
Photoreceptor Degeneration Was Perturbed in
Cd9-KO;rd1 Retinas

To identify the molecular mechanism of action, we used
RT-gqPCR to characterize the expression of cytokine tran-
scripts, which were induced by and involved in photorecep-
tor degeneration. The cDNA was first prepared from whole
retinas of rd1 and Cd9-KO;rd1 mice at P10 and P16. The Lif
gene is known to be transcriptionally activated in Miuller glia
when photoreceptor degeneration occurs.>® As expected, the
expression levels of Lif transcripts were slightly induced at
P10 in rd1 mice retinas (Fig. 6A), and the levels in retinas
derived from Cd9-KO;rd1 mice were slightly lower than that
in rd1 mice retinas (Fig. 6A).

At P16, the level of Lif in rd1 retinas was increased, and
the level in Cd9-KO;rd1 retinas was the same as that of rd1
mice (Fig. 6B). Fgf2 and Edn2 are known to be induced in
damaged photoreceptors,”” and the expression of the Fgf2
transcript was strongly induced in rd1 mice retinas at P10
(Fig. 6A). This induction was also observed in Cd9-KO;rd1
retinas, and the difference was not statistically significant at
P10 (Fig. 6A). Edn2 was strongly induced in rd1 retinas at
P10 and P16, and the level of Edn2 in Cd9-KO;rd1 retinas
was much lower in both stage (Figs. 6A, B). Lif is known to
induce Edn2 and Fgf2, and although severe suppression of
Edn2 expression was observed, the expression level of Lif
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Ficure 5. Knockout of Cd9 deteriorates photoreceptor degeneration in rd1 mice. Sections of control, Cd9-KO, rd1, or Cd9-KO;rd1 retinas at
(A) P10 and (B) P16 were stained with DAPI to visualize the nuclei. (C, D) Thickness of ONL and INL of the retinas was measured in frozen
sections stained with DAPI, and average of more than 9 sections of 3 independent mice derived retinas with standard deviation. Scale bars:
50 ym (A, B). (E) Immunohistochemistry of the retinas at P16 with anti-PNR antibody was done (H), and number of PNR positive cells is
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shown. Right graph are enlarged showing of values of rd1 and Cd9-KO;rd1 mice-derived retinas. (F, G) RT-qPCR to detect Nr2e3 or Rho was
performed using total RNA obtained from whole retina at P10 or P16. Values are average of more than 3 samples from independent mice
and expressed as relative to values of Gapdh and Sdha and average with standard deviation. The number of mice used in this experiment
is; control at P10 (6), Cd9-KO at P10 (5), rd1 at P10 (6), Cd9-KO; rd1 at P10 (4), control at P16 (6), Cd9-KO at P16 (4) and Cd9-KO; rd1l
at P16 (3). Statistical analysis was done by Tukey-Kramer method. (H, I) Immunohistochemical analysis of P16 and (I) P10 retinas derived
from either from control, Cd9-KO, rd1, or Cd9-KO;rd1 mice. Frozen sections were immunostained with indicated antibodies. Nuclei were
visualized by staining with DAPI (blue in H, gray in I). Scale bar: 50 pm.

A 120 12 6 .
e Edn2 Fgf2 Lif
w5 [100 10
gn_
37| 80 8
oftd | !
o, 60 6
pa—
OF5| 40 4 2
2
TS| 20 2 .
B 0 Ex_ 12 8
_ Edn2 | Fgf2 _x_ Lif
o 10
5Q| ° 6
S 8
O3 12 |
>
o 2= 6 4
02| 8
ug.g- 4
D3| 4 2
oo 2
g oul D i
0 0 0
C 4 30
= Socs3 Stat3 A-D
59 25 — M control
: |
o ‘ 2.0 M cdo-KO
>
o5 -
) >8
o o:ze o W Cd9-KO;rd
3 28| 1
© < 0.5
(D —
— 0 0
S
2 D 8 w4
> Socs3 Stat3
o3 o
> ©oBL| © 3
(@)} -—eg
o A~
o 2| 4 2
£ 02
@ =8
< &85 2
= 23 1
5 AN N
@) =l o 0
()
=
"C'U‘ Ficure 6. Induction of Edn2 in degenerating photoreceptors was severely impaired in Cd9-KO;rd1 mouse retina. The retinas of control,
O) Cd9-KO, rd1, or Cd9-KO;rd1 mice at (A, C) P10 or (B, D) P16 were isolated, and RT-qPCR was performed by using whole retina as templates.
'-la Values are average of more than 3 independent mice with standard deviation. The number of mice used in this experiment is; control at P10
® (6, Cd9-KO at P10 (5), rdl at P10 (6), Cd9-KO; rd1 at P10 (4), control at P16 (6), Cd9-KO at P16 (4) and Cd9-KO; rdl at P16 (3). Statistical
E analysis was done by Tukey-Kramer method (*P < 0.05, **P < 0.01).



Investigative Ophthalmology & Visual Science

Cd9 Protects Photoreceptors from Injury

was only slightly suppressed in retinas, suggesting that the
lower level of Edn2 was not caused by loss of Lif expression.

Signals of I16st May Be Slightly Impaired in
Cd9-KO;rd1 Retinas

We then focused on I16st signals. Cd9 has been reported to
stabilize I16st protein in glioma stem cells, leading to STAT3
activation.?® Socs3 is one of genes that are activated by I16st
signaling, so we determined its expression in Cd9-KO;rd1
retinas. In P10 mouse retinas, the expression level of the
Socs3 transcript was comparable in the control, Cd9-KO, rd1,
and Cd9-KO;rd1 mice (Fig. 6C). At P16, the expression level
of the Socs3 transcript in rd1 mice was increased, and the
level was lower in Cd9-KO;rd1 mice-derived retinas when
compared with rdl retinas (Fig. 6D). The levels of Stat3
transcripts were lower in Cd9-KO;rdl retinas at both P10
and P16 (Fig. 6D). Taken together, these results suggested
that Il6st signals were inhibited in Cd9-KO;rd1 retinas when
compared with rd1 retinas.

DISCUSSION

In the present study, we found a unique and cell type-
specific dynamism of Cd9 expression when photorecep-
tors were damaged. This phenomenon was thought to be
commonly observed during the induction of photorecep-
tor degeneration. We therefore hypothesized an important
biological function of Cd9 during photoreceptor injury. Our
data strongly indicate that Cd9 has a protective function for
photoreceptors in such emergencies. We found upregulation
of Edn2 transcripts, which may be one of the mechanisms
in the protective role of Cd9 in photoreceptor degeneration.

Edn2 is a member of the endothelin family, which are
vasoconstrictors. In contrast to Ednl, which has been well
studied because it has potent effects on the vasculature,®
limited knowledge is available on Edn2. Edn2 transcripts are
known to be highly expressed during retinopathy of prema-
turity and diabetic retinopathy.>#' The induction of Edn2
transcripts has been reported in photoreceptors of diverse
photoreceptor degeneration models.*? In addition, in the
acute light damage model, expression of endothelin recep-
tor B (Ednrb) transcripts is increased in Miiller glia.*? There-
fore, it has been suggested that Edn2 produced in degen-
erating rod photoreceptors acts on Miiller glia to protect
the photoreceptors.’” This possibility is also supported by
intravitreal injection of an EDNRB antagonist (BQ-788),
which results in increased photoreceptor loss in VPP mice,
which have inherited photoreceptor degeneration.® In addi-
tion, intravitreal injection of BQ-3020, an endothelin recep-
tor agonist, reduces photoreceptor apoptosis following reti-
nal light damage ?® In the current study, we showed strong
suppression of induction of Edn2 transcription in Cd9-
KO;rdl retinas at P10, therefore reduced level of Edn2
expression may participate the severe phenotype of photore-
ceptor degeneration in Cd9-KO, but further work is neces-
sary to evident this hypothesis.

Several studies have reported that LIF induces Edn2 tran-
scription in photoreceptor degeneration models.?® In a simi-
lar manner to Edn2, lack of LIF resulted in accelerated
photoreceptor degeneration with the loss of Edn2 transcrip-
tional activation.3>%3 Lif is also upregulated in light-induced
damaged retina** and several other retinal injury models.>*4>
Induction of LIF is observed in a subset of Miiller glia, and
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in the absence of Lif, Miiller glia remain quiescent.>® We
observed GFAP induction in Miiller glia cells in Cd9-KO mice
and the relatively normal induction level of LIF in the retinas
of Cd9-KO mice. Based on these observations, we concluded
that the level of Lif may not be a major cause of suppression
of Edn2 expression, leading us to examine downstream of
the Lif receptor. In glioblastomas, Cd9 has been reported
to stabilize I16st, a common B subunit of the IL-6 and LIF
receptors, by preventing ubiquitination-dependent lysoso-
mal degradation.?® In the absence of Cd9, the level of 1l6st
protein was markedly reduced in this model >

Edn2 expression in P10 retinas was severely suppressed
in Cd9-KO;rd1 mice retinas; however, suppressions of Lif,
Socs3, and Stat3 were mild or not statistically significant.
In addition, the level of Edn2 expression in rdl retinas
decreased at P16, opposite the results for other genes exam-
ined. These results indicate that inhibited Il6st signals may
only partially explain the suppression of Edn2. Further-
more, the results suggest a lower contribution of Lif in
P10 retinas to the upregulation of Edn2. We hypothesize
that the presence of Lif-dependent and -independent phases
of Edn2 transcriptional activation depend on the progres-
sion of degeneration. Because almost complete loss of Edn2
upregulation in Lif-KO mice has been reported,**> analyses
of changes in Edn2 expression levels during the progression
of photoreceptor degeneration may provide a way to test this
hypothesis. In the case of rd1 mice, there was no indepen-
dent mechanism from LIF signals; therefore, unknown mech-
anism(s) from Cd9 may contribute to enhanced upregulation
of Edn2 by LIF signaling during photoreceptor degenera-
tion. To identify such a collaborative mechanism, enhanced
analyses of Edn2 are planned in future studies.

We initially focused on the high expression level of Cd9
in Miiller glia. However, gross morphological development
of Miller glia was not inhibited, and activation of Miiller
glia was the same as in control retinas when photorecep-
tors were damaged. In the case of MNU treatment, activa-
tion of Miiller glia was more significant at day 3 after MNU
administration, but we do not know whether the difference
was caused by lack of Cd9 expression in Miller glia or by
a more severe progression of photoreceptor degeneration.
Furthermore, whether downregulation of Cd9 in Miiller glia
during photoreceptor degeneration has a biological signif-
icance, such as modifying cytokine secretion, is presently
unknown.

We found that Cd63 was also upregulated in damaged
photoreceptors (data not shown). Cd63 is expressed in endo-
somes,*® this differs from Cd9, which is localized in the
plasma membrane. However, both Cd63 and Cd9 are well-
known molecules expressed in exosomes.*” Although exten-
sive studies have provided evidence of exosome secretion
from the RPE, no similar results have been reported for the
photoreceptors. Whether upregulation of Cd63 and of Cd9
contribute together in a positive or negative manner during
the progression of degeneration via exosomes or formation
of tetraspanin-enriched microdomains needs to be clarified
in future studies.

Cd81 was also upregulated in degenerating photorecep-
tors (data not shown). Cd9 and Cd81 are expressed on
the apical surface of RPE cell lines, and the roles of Cd81
in the particle-binding step of RPE phagocytosis through
interaction with oVBA5 integrin have been reported.*
However, we found that gross morphological develop-
ment, including photoreceptors of Cd9/Cd81-DKO retinas,
was indistinguishable from that in the control. Impaired
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phagocytosis of RPE causes photoreceptor degeneration in
general,® but f5-deficient mice (85-KO) showed normal
gross retinal morphology, although B5-KO RPE lost phago-
cytic activity.’® Although we have not examined photore-
ceptor degeneration in the Cd9/Cd81-DKO mice, it is possi-
ble that lack of Cd9 in the RPE also contributes to accel-
erated photoreceptor degeneration. Together with Cd9-KO,
the Cd9/Cd81-DKO mouse model offers useful tools to
analyze the roles of the molecular mechanism of photore-
ceptor degeneration involving different cell lineages in the
eye.
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