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Functional analysis of Semaphorin 3A in retinal ganglion cells under

hypoxia in vitro

Purpose: Glaucoma is a progressive neurological disease and a main cause of
blindness worldwide. Glaucoma causes irreversible damage to retinal ganglion
cells (RGCs) and axons, leading to impaired visual function if not properly
treated. Currently, there is no cure for chronic glaucoma, and the main
therapeutic goal is to maintain visual function by preventing further disease
progression. Thus, neuroprotective strategies are necessary to prevent the
progression of optic neuropathy in glaucoma. We first analyzed from the
viewpoint of hypoxic stimulation because that circulatory failure may occur even
in anterior glaucoma before visual field abnormalities appear at recent glaucoma
symptoms. Here, we examined the role in RGCs of Semaphorin 3A, which plays
an important role in determining axon elongation during development.
Materials and Methods: RGC cultures were prepared from the retinas of 4—5-
day-old CrlJ Wistar rats and subjected to hypoxia stress (1% O) or normoxia
(21% 0O»). The expression of class 3 Semaphorins was examined by reverse
transcription polymerase chain reaction, western blot, and immunofluorescence
analyses.

Results: Among the secretory class 3 Semaphorins, only the expression of
Semaphorin 3A was increased in RGCs under hypoxia conditions; there was no
change in the expression of other Semaphorins (3B, 3C, and 3F). Western blot
and immunofluorescence analyses revealed down-regulation of the RGC
differentiation marker TUJ1 under hypoxia. Hypoxia-induced down-regulation of
TUJ1 in RGCs was blocked by siRNA-mediated knockdown of Semaphorin 3A.
A multi-array cytokine assay revealed that vascular endothelial growth factor
expression was increased in RGCs under hypoxic conditions; its expression was
suppressed by siRNA knockdown of Semaphorin 3A.

Conclusions.: These results indicate that Semaphorin 3A exerts an important
neuroprotective function that is closely related to interactions with vascular

endothelial growth factor.
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Introduction

Glaucoma is characterized by the degeneration of optic nerve axons and death of retinal
ganglion cells (RGCs). Increased intraocular pressure (IOP) is a major risk factor for
glaucoma (AGIS7., 2010; Ernest et al., 2013). While research has provided some
insights into the mechanisms underlying glaucoma, the pathogenesis of the disease
requires further elucidation. The first-line treatment for glaucoma is the reduction of
IOP by pharmacological and surgical intervention. However, even after lowering the
IOP, the disease still progresses in some patients (Susanna et al., 2015). This state is
pronounced in Asia, where patients manifest glaucoma in the absence of elevated IOP
(Iwase et al., 2004). Thus, recent glaucoma research has focused on neuroprotection and
the development of neuroprotective drugs for the treatment of glaucoma.

Semaphorins are a family of eight classes of secretory and cell-bound signaling
molecules that are defined by a common structure, the 500 amino acid “Sema” domain.
Semaphorins are involved in the neural and vascular aspects of visual system
development in various species (Luo et al., 1995; Halloran et al., 1999; Campbell et al.,
2001; Rosenzweig et al., 2010). Semaphorin 5 (Sema5) and Sema6, which are
membrane-bound classes, are involved in retinal lamination (Matsuoka et al., 2011;
Matsuoka et al., 2011; Sun et al., 2013) and guidance of RGC axons (Kuwajima et al.,
2012). The secreted class 3 Semaphorins (Sema3) are expressed in the developing rat
retina (de Winter et al., 2004) and likely influence the developing mammalian visual
system. Sema3 proteins were initially described as axon guidance molecules (Kolodkin
etal., 1992; Luo et al., 1993); however, they were later shown to be involved in
apoptosis, cell migration, immunity, organogenesis, and tumor suppression (Yazdani

and Terman, 2006; Neufeld and Kessler, 2008; Suzuki et al., 2008; Mizui et al., 2009;



Pasterkamp and Giger, 2009; Roth et al., 2009). Sema3A antibodies were also shown to
rescue RGCs from cell death (Shirvan et al., 2002). Recently, we reported that Sema3F
may contribute to the regulation of RGC function and survival in an optic nerve crush
system (Ko et al., 2016). Many Sema3A functions in the visual system remain to be
elucidated.

Retinal hypoxia occurs in various ocular disease states, such as central retinal
artery occlusion and ischemic central retinal vein thrombosis. Hypoxia has also been
associated with the pathogenesis of glaucoma (Flammer, 1994; Tielsch et al., 1995;
Chung et al., 1999), diabetic eye disease including retinal and optic nerve head
neovascularization (Linsenmeier et al., 1998), and degenerative conditions such as age-
related macular degeneration (Cicik et al., 2003; Nowak et al., 2003). Retinal hypoxia is
a common cause of visual impairment and blindness (Evangelho et al., 2019). The loss
of RGCs occurs in multiple ophthalmic diseases, such as glaucoma and diabetes, with
risk factors including hypoxia (Tezel and Yang, 2004; Chen et al., 2007), elevated IOP
(Khan et al., 2015), increased glutamate levels (Harada et al., 2007), and aging
(Levkovitch-Verbin et al., 2013). Among these risk factors, oxidative stress is thought
to be the most important pathway involved in glaucoma progression. Better
understanding of the mechanism by which hypoxia leads to RGC damage will help the
development of therapies aimed at reducing blindness caused by ischemia and low
oxygen conditions in the retina.

Here, we investigated the effects of hypoxia on RGC survival and its effect on
the expression of the neural guidance molecule Sema3A. The expression of Sema3A
was up-regulated under hypoxic (1% O-) compared with normoxic (21% O.) conditions.
Furthermore, siRNA-mediated Sema3A knockdown blocked the hypoxia-induced

decrease in BIII-tubulin (TUJ1), a neuron-specific marker of RGCs. Our results indicate



that Sema3A may contribute to the survival of RGCs after oxidative stress—induced

glaucoma.

Materials and Methods

Ethical approval

This study was performed in accordance with the guidelines of the Committee
on Animal Experimentation (Hiroshima University) and the Laboratory Animal Science
Research Facility Committee of the Natural Science Center for Basic Research and

Development, Hiroshima University (Approval No. A13-169).

Antibodies

Rabbit polyclonal antibodies against Sema3A (ab23393) and GFAP (ab7260) and a
mouse monoclonal antibody against TUJ1 (No0.80201) (specific for BIII-tubulin) were
obtained from Abcam (Minneapolis, MN, USA). A mouse monoclonal antibody against
a-tubulin (T9026) was obtained from Sigma (St. Louis, MO, USA). Rabbit polyclonal
antibodies against MAP2 (17490-1-AP) and Sema3F (orb11360) were obtained from
Proteintech (Rosemont, IL, USA) and Biorbyt (Cambridge, UK), respectively.
Horseradish peroxidase—conjugated secondary antibody (mouse, W4021; rabbit,
W4011) used in western blotting was obtained from Promega (Madison, WI, USA), and
Alexa Fluor 488— (A11001) and 555— (A21429) conjugated secondary antibodies used

in immunostaining were obtained from Molecular Probes (Carlsbad, CA, USA).

Purified rat RGC culture

RGC cultures were prepared from the retinas of 4-5-day-old CrlJ Wistar rats

using a two-step immune-panning procedure (Uchida et al., 2003; Nakamura et al.,



2011). This culture method is an application of the early RGC primary culture method
(Chung et al., 1999; Linsenmeier et al., 1998). In the two-step method, an antibody
against Thy-1.1, a ganglion cell surface antibody, is used to selectively collect only
RGCs from the retinal cells of rats, followed by primary culture. The direct effects on
RGCs not mediated by other cells (glia cells) can be examined. Briefly, retinas were
dissociated into a cell suspension using a papain dissociation system (Worthington
Biochemical, NJ, USA). The dissociated retinal cells were then incubated in 6 cm cell
culture dishes coated with anti-rat macrophage monoclonal antibody (1:50, Chemicon,
Temecula, CA, USA) to exclude macrophages. Next, anti-rat Thy1.1 monoclonal
antibody (1:300, Chemicon) was added to the dish. The cells were cultured in serum-
free basal nerve medium supplemented with 2% B27 supplement, 40 ng/mL brain-
derived neurotrophic factor, 40 ng/mL ciliary neurotrophic factor, 10 uM forskolin, 1
mM L-glutamine, 100 U/mL penicillin, and 100 pg/mL streptomycin for 4-5 days in a
37 °C incubator with a humidified atmosphere of 5% CO; and 95% air. Cells were then

seeded in 6-well plates.

Exposure of RGCs to hypoxia

Purified RGCs were cultured for 4 days. The hypoxia group cultures were
transferred to a closed hypoxic chamber with a reduced oxygen atmosphere (1% O2, 5%

CO2, 94% N>) and cultured at 37 °C for 3 days.

Reverse transcription polymerase chain reaction (RT-PCR) analysis

Total RNA was isolated from cultured RGCs using an RNeasy kit (Qiagen, CA,
USA). RT-PCR analysis of 0.1 pg RNA was performed using the one-step RT-PCR kit

(Invitrogen, CA, USA). The PCR primer sequences are shown in Table 1. RT was



performed at 50 °C for 30 min; PCR was performed at 94 °C for 2 min, 58 °C for 30 sec,

and 72 °C for 1 min for 25 cycles.

Immunoblot analysis

RGCs were washed three times with PBS and lysed in 200 pL lysate buffer
[containing 150 mM NacCl, 2% SDS, 5 mM EDTA, and 20 mM Tris-HCI (pH 7.5)].
Cell lysates were separated by SDS-PAGE and the proteins were transferred to
nitrocellulose membranes. Membranes were then incubated with the indicated

antibodies. Immune complexes were detected with enhanced chemiluminescence

reagents (GE Healthcare UK, Little Chalfont, UK).

Immunofluorescence analysis

Cultured RGCs were fixed in 100% methanol for 10 min at —20 °C. Cells were
then washed with PBS(-) (Ca**- and Mg**-free PBS) and blocked in 1% BSA in PBS(-)
at room temperature for 1 h. The cells were then incubated with antibodies against TUJ1
(1/1000) and MAP2 (1/2000) for 1 h. After washing with PBS(-), cells were incubated
with Alexa Fluor 488— or 555—conjugated secondary antibodies (1/1000) for 1 h.
Immunolabeled cells were imaged using a laser confocal microscope (LSM; Carl Zeiss,

Jena, Germany).

Rat cytokine array analysis

Culture supernatants or cell lysates were assayed to determine the levels of
various cytokines using a Proteome Profiler Rat Cytokine Array Panel A Kit (R&D

Systems, Minneapolis, MN, USA).



RNA interference

RGCs were cultured in 6-well plates for 3 days. The culture medium was then
removed, and rat-specific small interfering RNA (siRNA) for Sema3A mRNA or non-
targeting (control) siRNA (1 uM; Accell Red siRNA) diluted in 1x Accell siRNA
delivery medium (Dharmacon, Lafayette, CO, USA) was added. The siRNA-treated

RGCs were transferred to 21% O3 or 1% O; environments and cultured for 48 h.

Results

RGC purification and culture under hypoxia

RGC purification was performed as described in previous reports (Chung et al.,
1999; Linsenmeier et al., 1998). RGCs were obtained from the retinas of 4-5-day-old
Wistar rats following a two-step immunopanning method. Figure 1a shows a
representative image of the RGCs after culture for 6 days. RGC neurites were clearly
detected by antibodies against neuron-specific TUJ1 (a RGC marker). Several glial cells
(detected by GFAP) were also observed; however, most cells were positive for TUJ1 (>
80%). Therefore, rat RGCs were successfully purified by the immunopanning method.

We subsequently compared RGCs cultured under 21% O (control) and 1% O>
(hypoxic) conditions. As shown in Figure 1b, immunofluorescence analysis indicated
that hypoxia stress caused a decrease in the abundance of TUJ1-positive neurites. The
hypoxia-induced down-regulation of TUJ1 was confirmed by immunoblot analysis

(Figure Ic).

Effects of hypoxia stress on the expression of class 3 Semaphorins

We next evaluated the effects of hypoxic stress on the mRNA expression of
class 3 Semaphorins (3A, 3B, 3C, 3F) in cultured RGCs by RT-PCR analysis. The level

of Sema3A mRNA in RGCs was significantly increased after 3 days of hypoxic stress



(1% O2) compared with normoxia (21% O3) conditions (Figure 2a, b). In contrast,
hypoxic stress did not affect the expression levels of the other class 3 Semaphorins. The

protein level of Sema3A in RGCs was also increased by hypoxic stress (Figure 2c, d).

Inhibitory effects of Sema3A siRNA knockdown on XXX and dendritic marker

expression

To determine the effects of Sema3A during hypoxia stress, we knocked down
Sema3A in cultured RGCs using Sema3A siRNA. As shown in Figure 3, the hypoxia-
induced depletion of TUJ1 expression was blocked in cells treated with Sema3A siRNA,
whereas the negative control siRNA did not block the effect of hypoxia on Sema3A or
TUJ1 levels.

Because hypoxia reduced the expression of the axonal marker TUJ1 (Figure 1),
we evaluated the effect of hypoxia on the expression of a dendrite marker, MAP2. The
results showed that MAP2 levels were not reduced by hypoxia (Figure 4), indicating

different effects of hypoxia on axons and dendrites.

Effects of hypoxia on cytokine expression and regulation by Sema3A

We further investigated the effect of hypoxia on the production of cytokines by
RGCs. Culture supernatants and cell lysates from cultures exposed to normoxia or
hypoxia were assayed for the expression of 29 cytokines, using a rat cytokine profiling
array. Vascular endothelial growth factor (VEGF) levels were increased in culture
supernatants and lysates of cells subjected to hypoxia (Figure 5a). Western blot analysis
confirmed the hypoxia-induced increase in VEGF expression; however, the increase
was not statistically significant (Figure 5b).

We further examined the effect of Sema3A knockdown on VEGF and the
expression of VEGF receptors in RGCs under hypoxia. As shown in Figure Sc, the

hypoxia-induced increase in VEGF expression was blocked by Sema3A siRNA



knockdown. Furthermore, the hypoxia-induced increase expression of Neuropilin 1 (the
receptor for Sema3A and VEGF) was blocked by Sema3A siRNA knockdown; however,
no change was observed with Plexin A (the receptor for Sema3A) (Figure 5d). This
indicates that alterations in Sema3A expression are involved in regulating axon-specific
protein expression under hypoxia and one of the mechanisms is the possibility of

involvement in VEGF expression.

Discussion

In this study, we investigated whether Sema3A may function as a
neuroprotective factor in RGCs. We examined the expression of class 3 Semaphorins in
RGCs cultured in a chamber with 1% oxygen to model hypoxic conditions. Sema3A
expression in RGCs cultured under hypoxia was increased at both the mRNA and
protein levels, whereas the expressions of the other class 3 Semaphorins (Sema3B,
Sema3C, Sema3F) did not change. Exposure of RGCs to hypoxia resulted in down-
regulation of the RGC marker TUJ1 and neurite outgrowth. The hypoxia-induced down-
regulation of TUJ1 expression and neurite outgrowth was blocked by siRNA-mediated
knockdown of Sema3A. Additionally, hypoxia increased VEGF expression and release
from RGCs. Thus, our data indicate that Sema3 A may play an important
neuroprotective function through interaction with VEGF.

The current first line treatments for glaucoma are aimed at reducing IOP. First
choice anti-glaucoma drugs include prostaglandins and B-blockers (Weinreb et al.,
2014; Cholkar et al., 2015; Prum et al., 2016). If medical treatment does not sufficiently
reduce IOP, surgical intervention is an option (Weinreb et al., 2014; Cholkar et al.,
2015; Prum et al., 2016). However, these drugs and surgical interventions do not block
the death of RGCs, which is a key contributing factor to glaucoma pathology.

Neuroprotective therapies that increase the survival of RGCs are lacking. A
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neuroprotective effect of a particular factor for some in vitro forms of stress-induced
cell death have been reported (Marcic et al., 2003; Foxton et al., 2013; Flachsbarth et al.,
2018). Therefore, we decided to investigate whether members of the neural guidance
factor family of Semaphorins exhibited a neuroprotective effect.

Semaphorin family members are well-characterized regulators of nerve guidance.
Each Semaphorin exhibits diverse functions, and many have not been completely
characterized. We recently revealed that Sema3F is involved in neuroprotection in
experiments using a rat nerve crush model (Ko et al., 2016). Other studies showed that
Sema3A is involved in RGC apoptosis (Shirvan et al., 1999; Shirvan et al., 2002). In the
present study, we found that while the expressions of Sema3F, Sema3C, and Sema3B
were not affected by hypoxic stress, Sema3A expression was up-regulated in hypoxia-
stressed RGCs. Moreover, siRNA-mediated knockdown of Sema3A blocked the down-
regulation of TUJ1 and neurite outgrowth in hypoxia-stressed RGCs. We further found
that the VEGF cytokine is up-regulated in hypoxia-stressed RGCs. The receptor for
VEGEF is neuropilin 1, which is the same receptor used by Sema3A (Gagnon et al.,
2000). We initially predicted that reducing Sema3A expression by siRNA knockdown
would increase VEGF expression because of competition for the neuropilin 1 receptor.
However, the results were opposite to our expectation; suppressing Sema3A expression
decreased VEGF expression. The mechanism underlying this phenomenon has not been
explored and whether Sema3A and VEGF directly interact is unknown. Thus, future
studies are required to elucidate Sema3A signal transduction mechanisms that affect the

expression of VEGF and the neuropilin 1 receptor.
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Conclusions

Our results show that secreted Sema3A plays an important role in the survival
and function of RGCs. Further studies are required to elucidate how Sema3A and

related factor(s) play important roles in mediating neuroprotection of RGCs.

Acknowledgments

We thank Chinami Hiraoka for technical assistance. We thank Jeremy Allen,

PhD, from Edanz (https://jp.edanz.com/ac) for editing a draft of this manuscript.

Funding

There was no funding for this study.

Conflict of Interest

The authors have no conflicts of interest to declare.

12



References

AGIS7., The advanced glaucoma intervention study (AGIS): 7. The relationship
between control of intraocular pressure and visual filed deterioration. Am J
Ophthalmol., 2010, vol.130, no. 4, pp. 429-440. doi: 10.1016/s0002-
9394(00)00538-9.

Campbell DS, Regan AG, Lopez JS, Tannahill D, Harris WA, Holt CE.,
Semaphorin 3A elicits stage-dependent collapse, turning, and branching in Xenopus
retinal growth cones., J Neurosci., 2001, vol. 21, pp. 8538-8547.

doi: 10.1523/INEUROSCI.21-21-08538.2001.

Chen HL, Pistollato F, Hoeppner DJ, Ni H-T, McKay RDG, Panchision DM.,
Oxygen tension regulates survival and fate of mouse central nervous system

precursors at multiple levels., Stem Cells, 2007, vol. 25, no. 9, pp. 2291-2301.
doi: 10.1634/stemcells.2006-0609.

Cholkar K, Trinh HM, Pal D, Mitra AK., Discovery of novel inhibitors for the
treatment of glaucoma., Expert Opin Drug Discov, 2015, vol. 10, no. 3, pp. 293—
313. doi: 10.1517/17460441.2015.1000857.

Chung HS, Harris A, Evans DW, Kagemann L, Garzozi HJ, Martin B., Vascular
aspects in the pathophysiology of glaucomatous optic neuropathy., Surv
Ophthalmol., 1999, vol. 43, Suppl 1, pp. S43-50. doi: 10.1016/s0039-
6257(99)00050-8.

Cicik E, Tekin H, Akar S, Ekmek¢i OB, Donma O, Koldas L, Ozkan S.,
Interleukin-8, nitric oxide and glutathione status in proliferative vitreoretinopathy
and proliferative diabetic retinopathy., Ophthalmic Res, 2003, vol. 35, no. 5, pp.
251-256. doi: 10.1159/000072145.

de Winter F, Cui Q, Symons N, Verhaagen J, Harvey AR., Expression of class-3
semaphorins and their receptors in the neonatal and adult rat retina., /nvest
Ophthalmol Vis Sci., 2004, vol. 45, no. 12, pp. 4554-4562. doi: 10.1167/i0vs.04-
0173.

13



Ernest PJ, Schouten JS, Beckers HJ, Hendrikse F, Prins MH, Webers CA., An
evidence-based review of prognostic factors for glaucomatous visual field
progression., Ophthalmology, 2013, vol. 120, no 3, pp. 512-519.

doi: 10.1016/j.0phtha.2012.09.005.

Flachsbarth K, Jankowiak W, Kruszewski K, Helbing S, Bartsch S, Bartsch U.,
Pronounced synergistic neuroprotective effect of GDNF and CNTF on axotomized
retinal ganglion cells in the adult mouse., Exp Eye Res., 2018, vol. 176, pp. 258—
265. doi: 10.1016/j.exer.2018.09.006.

Flammer J., The vascular concept of glaucoma., Surv Ophthalmol , 1994, vol.

38(Suppl) pp. S3—6. doi: 10.1016/0039-6257(94)90041-8.

Foxton RH, Finkelstein A, Vijay S, Dahlmann-Noor A, Khaw PT, Morgan JE,
Shima DT, Ng Y-S., VEGF-A is necessary and sufficient for retinal

neuroprotection in models of experimental glaucoma., A4m J Pathol., 2013, vol. 182,

no. 4, pp. 1379-1390. doi: 10.1016/j.ajpath.2012.12.032.

Gagnon ML, Bielenberg DR, Gechtman Z, Miao HQ, Takashima S, Soker S,
Klagsbrun M., Identification of a natural soluble neuropilin-1 that binds vascular

endothelial growth factor: In vivo expression and antitumor activity., Proc Natl

Acad Sci US4, 2000, vol. 97, no. 6, pp. 2573-2578. doi: 10.1073/pnas.040337597.

Halloran MC, Severance SM, Yee CS, Gemza DL, Raper JA, Kuwada JY.
Analysis of a Zebrafish semaphorin reveals potential functions in vivo., Dev Dyn.,
1999, vol. 214, no. 1, pp.13-25. doi: 10.1002/(SICI)1097
0177(199901)214:1<13::AID-DVDY2>3.0.CO;2-3.

Harada T, Harada C, Nakamura K, Quah H-MA, Okumura A, Namekata K, Saeki T,
Aihara M, Yoshida H, Mitani A, Tanaka K., The potential role of glutamate
transporters in the pathogenesis of normal tension glaucoma., J Clin Invest., 2007,

vol. 117, pp. 1763—-1770. doi: 10.1172/JCI30178.

Iwase A, Suzuki Y, Araie M, Yamamoto T, Abe H, Shirato S, et al., The prevalence
of primary open-angle glaucoma in Japanese: the Tajimi Study., Ophthalmology,
2004, vol. 111, n0 9, pp. 1641-1648. doi: 10.1016/j.0ophtha.2004.03.029.

14



Khan AK, Tse DY, van der Heijden ME, Shah P, Nusbaum DM, Yang Z, Wu SM,
Frankfort BJ., Prolonged elevation of intraocular pressure results in retinal ganglion
cell loss and abnormal retinal function in mice., Exp. Eye Res., 2015, vol. 130, pp.

29-37. doi: 10.1016/j.exer.2014.11.007.

Ko JA, Minamoto A, Sugimoto Y, Kiuchi Y., Down-regulation of semaphorin 3F
in rat retinal ganglion cells in response to optic nerve crush., Cell Biochem Func,

2016, vol. 34, no. 5, pp. 378-384. do1: 10.1002/cbf.3200.

Kolodkin AL, Matthes DJ, O’Connor TP, Patel NH, Admon A, Bentley D,
Goodman CS., Fasciclin IV: sequence, expression, and function during growth

cone guidance in the grasshopper embryo., Neuron 1992, vol. 9, no. 5, pp. 831-845.
doi: 10.1016/0896-6273(92)90237-8.

Kuwajima T, Yoshida Y, Takegahara N, Petros TJ, Kumanogoh A, Jessell TM,
Sakurai T, Mason C., Optic chiasm presentation of Semaphorin6D in the context of

Plexin-A1 and Nr-CAM promotes retinal axon midline crossing., Neuron, 2012, vol.

74, no. 4, pp. 676—690. doi: 10.1016/j.neuron.2012.03.025.

Levkovitch-Verbin H, Vander S, Makarovsky D, Lavinsky F., Increase in retinal
ganglion cells susceptibility to elevated intraocular pressure and impairment of
their endogenous neuroprotective mechanism by age., Mol Vis. 2013, vol. 19, pp.

2011-2022.

Linsenmeier RA, Braun RD, McRipley MA, Padnick LB, Ahmed J, Hatchell DL,
McLeod DS, Lutty GA., Retinal hypoxia in long-term diabetic cats., [nvest
Ophthalmol Vis Sci., 1998, vol. 39, no. 9, pp. 1647-1657.

Luo Y, Raible D, Raper JA., Collapsin: a protein in brain that induces the collapse
and paralysis of neuronal growth cones., Cell, 1993, vol. 75, no. 2, pp. 217-227.
doi: 10.1016/0092-8674(93)80064-1

Luo Y, Shepherd I, Li J, Renzi MJ, Chang S, Raper JA., A family of molecules.
related to collapsin in the embryonic chick nervous system., Neuron, 1995, vol. 14,
no. 6 pp. 1131-1140. doi: 10.1016/0896-6273(95)90261-9. doi: 10.1016/0896-
6273(95)90261-9.

15



Marcic TS, Belyea DA, Katz B. Neuroprotection in glaucoma: a model for
neuroprotection in optic neuropathies., Curr Opin Ophthalmol., 2003, vol. 14, no. 6,

pp. 353-356. doi: 10.1097/00055735-200312000-00006.

Matsuoka RL, Chivatakarn O, Badea TC, Samuels IS, Cahill H, Katayama K-I,
Kumar SR, Suto F, Chédotal A, Peachey NS, et al., Class 5 transmembrane

semaphorins control selective Mammalian retina lamination and function., Neuron

2011, vol. 71, no. 3, pp. 460—473. doi: 10.1016/j.neuron.2011.06.009.

Matsuoka RL, Nguyen-Ba-Charvet KT, Parray A, Badea TC, Chédotal A, Kolodkin
AL., Transmembrane semaphorin signalling controls laminar stratification in the
mammalian retina., Nature 2011, vol. 470, no. 7333, pp. 259-263.

doi: 10.1038/nature09675.

Mizui M, Kumanogoh A, Kikutani H., Immune semaphorins: novel features of
neural guidance molecules., J Clin Immunol., 2009, vol. 29, no. 1, pp. 1-11.

doi: 10.1007/s10875-008-9263-7.

Nakamura M, Aihara M, Chen YN, Araie M, Tomita-Yokotani K, Iwashina T.,
Neuroprotective effects of flavonoids on hypoxia-glutamate-and oxidative stress-

induced retinal ganglion cell death., Mol Vis., 2011, vol. 17, pp. 1784—-1793.

Neufeld G, Kessler O., The semaphorins: versatile regulators of tumour progression
and tumour angiogenesis., Nat Rev Cancer 2008, vol. 8, pp. 632-645.
doi: 10.1038/nrc2404.

Nowak M, Swietochowska E, Wielkoszynski T, Marek B, Karpe J, Gorski J,
Glogowska-Szelag J, Kos-Kudta B, Ostrowska Z., Changes in blood antioxidants
and several lipid peroxidation products in women with age-related macular
degeneration., Eur J Ophthalmol., 2003, vol. 13, no. 3, pp. 281-286.

doi: 10.1177/112067210301300307.

Osborne NN, Casson RJ, Wood JP, Chidlow G, Graham M, Melena J., Retinal
ischemia: mechanisms of damage and potential therapeurtic strategies., Prog Retina

Eye Res., 2004, vol. 23, no. 1, pp. 91-147. doi: 10.1016/j.preteyeres.2003.12.001.

16



Pasterkamp RJ, Giger RJ., Semaphorin function in neural plasticity and disease.,
Curr Opin Neurobiol., 2009, vol. 19, no. 3, pp. 263-274.
doi: 10.1016/j.conb.2009.06.001.

Prum BE Jr, Rosenberg LF, Gedde SJ, Mansberger SL, Stein JD, Moroi SE,
Herndon Jr LW, Lim MC, Williams RD., Primary open-angle glaucoma preferred
practice pattern guidelines., Ophthalmology, 2016, vol. 123, no. 1, pp. 41-p111.
doi: 10.1016/j.0phtha.2015.10.053.

Rosenzweig S, Raz-Prag D, Nitzan A, Galron R, Paz M, Jeserich G, Neufeld G,
Barzilai A, Solomon AS., Sema-3A indirectly disrupts the regeneration process of
goldfish optic nerve after controlled injury., Graefes Arch Clin Exp Ophthalmol.,
2010, vol. 248, no. 10, pp. 1423-1435. doi: 10.1007/s00417-010-1377-y.

Roth L, Koncina E, Satkauskas S, Crémel G, Aunis D, Bagnard D., The many faces

of semaphorins: from development to pathology., Cell Mol Life Sci., 2009, vol. 66,
no. 4, pp. 649-666. doi: 10.1007/s00018-008-8518-z.

Shirvan A, Ziv I, Fleminger G, Shina R, He Z, Brudo I, Melamed E, Barzilai A.,
Semaphorins as mediators of neuronal apoptosis., J Neurochem., 1999, vol. 73, no.

3, pp. 961-971. doi: 10.1046/7.1471-4159.1999.0730961 .x.

Shirvan A, Kimron M, Holdengreber V, Ziv I, Ben-Shaul Y, Melamed S, Melamed
E, Barzilai A, Solomon AS., Anti-semaphorin 3A antibodies rescue retinal

ganglion cells from cell death following optic nerve axotomy., J Biol Chem., 2002,

vol. 277, no. 51, pp. 49799-49807. doi: 10.1074/jbc.M204793200.

Sun LO, Jiang Z, Rivlin-Etzion M, Hand R, Brady CM, Matsuoka RL, Yau K-W,
Feller MB, Kolodkin AL., On and off retinal circuit assembly by divergent
molecular mechanisms., Science 2013, vol. 342, no. 6158, pp. 1241974.

doi: 10.1126/science.1241974.

Susanna R, De Moraes CG, Cioffi G, Ritch R. Why Do People (Still) Go Blind from
Glaucoma?, Transl Vis Sci Technol., 2015, vol. 4, no 2, pp. 1-16.
doi: 10.1167/tvst.4.2.1.

17



Suzuki K, Kumanogoh A, Kikutani H., Semaphorins and their receptors in immune

cell interactions., Nat Immunol., 2008, vol. 9, no. 1, pp. 17-23. doi: 10.1038/ni1553.

Tezel G, Yang X., Caspase-independent component of retinal ganglion cell death,
in vitro., Invest Ophthalmol Vis Sci., 2004, vol. 45, no. 11, pp. 4049—4059.
doi: 10.1167/i0vs.04-0490.

Tielsch JM, Katz J, Sommer A, Quigley HA, Javitt JC., Hypertension, perfusion
pressure, and primary open-angle glaucoma., A population-based assessment. Arch
Ophthalmol., 1995, vol. 113, no. 2, pp. 216-221.

doi: 10.1001/archopht.1995.01100020100038.

Uchida S, Suzuki Y, Araie M, Kashiwagi K, Otori Y, Sakuragawa N., Factors
secreted by human amniotic epithelial cells promote the survival of rat retinal
ganglion cells., Neurosci. Lett., 2003, vol. 341, no. 1, pp. 1-4. doi: 10.1016/s0304-
3940(02)01454-4.

Weinreb RN, Aung T, Medeiros FA., The pathophysiology and treatment of
glaucoma: a review., JAMA 2014, vol. 311, no. 18, pp. 1901-1911.
doi: 10.1001/jama.2014.3192.

Yazdani U, Terman JR. The semaphorins., Genome Biol., 2006, vol. 7, no. 3, pp.
211. doi: 10.1186/gb-2006-7-3-211.

Figure Legends

Figure 1. Purification of retinal ganglion cells (RGC) and culture under hypoxia. (A)

Fluorescence images of RGCs purified using a two-step immunopanning method.

Immunofluorescence staining was performed using an antibody against TUJ1 (green)

and GFAP (red). (B) Fluorescence images of RGCs cultured in 21% O: (control; left) or

1% Oz (hypoxia; right). Immunofluorescence staining was performed using an antibody

against TUJ1 (green) and nuclei were stained with 4',6-diamidino-2-phenylindole

(DAPI) (blue). (C) Western blot analysis of TUJ1 and a-tubulin (loading control) in

lysates of RGCs cultured as in Figure 1B; TUJ1 abundance was quantified by western

blot densitometry and normalized to the corresponding amount of a-tubulin. *p<0.05
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versus the corresponding value of RGCs cultured in hypoxic conditions (Student’s t-

test).

Figure 2. Effect of hypoxia stress on the expression of Semaphorins in RGCs. (A)
Representative RT-PCR analysis of Sema3A, Sema3B, Sema3C, Sema3F, and GAPDH
(internal standard) mRNAs in RGCs cultured for 5-6 days in 21% O: (cont) or 1% O>
conditions. (B) Quantification of Semaphorin mRNA from densitometric scanning of
ethidium bromide-stained gels was performed after normalization to GAPDH mRNA.
(C) Western blot analysis of Sema3A, Sema3F, and a-tubulin (loading control) in RGCs
after culture for 5-6 days in 21% O or 1% O: conditions. (D) Sema3A and Sema3F
levels were quantified by densitometric scanning of immunoblots and normalized to a-
tubulin levels. *p<0.05 versus the corresponding value of RGCs cultured in hypoxic

conditions (Student’s t-test).

Figure 3. Effect of siRNA Sema3A knockdown on hypoxia-induced changes in protein
levels. Hypoxia-cultured RGCs were treated with siRNA targeting Sema3A, or negative
control siRNA for 48 h. Cell lysates were immunoblotted to assess the expression of

Sema3A, TUJ1 and a-tubulin.

Figure 4. Effect of hypoxia stress on the expression of the dendrite marker, MAP2, in
RGCs.

(A) Fluorescence images of RGCs cultured in 21% O (control; upper), and 1% O-
(hypoxia; bottom). Immunofluorescence staining was performed using antibodies
against TUJ1 (green) and MAP2 (red). (B) Immunoblot analysis of TUJ1, MAP2 and a-
tubulin (loading control) in lysates of RGCs cultured as in (A). (C) TUJ1 and MAP2
levels were quantified by densitometric scanning of western blots and normalized to a-
tubulin levels. *p<0.05 versus the corresponding value of RGCs cultured in hypoxic

conditions (Student’s t-test).
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Figure 5. Effects of hypoxia stress and Sema3A expression on the expression and
release of VEGF from RGCs. (A) RGCs were incubated under control (21% O>) or
hypoxia (1% O:) conditions for 48 h. Culture supernatants and cell lysates were then
assayed for cytokines using a profiling array. (B) Western blot analysis of VEGF and a-
tubulin (loading control) in lysates of RGCs cultured as in (A) (left). Quantification of
VEGEF levels by densitometric scanning of the western blot and normalized to a-tubulin
levels (right). (C) Hypoxia-cultured RGCs were transfected with siRNA targeting
Sema3A or negative control siRNA for 48 h. Cell lysates were assessed for the
expression of Sema3A, TUJ1, VEGF and a-tubulin by immunoblotting. (D) Hypoxia-
cultured RGCs were transfected with siRNA targeting Sema3A or negative control
siRNA for 48 h. Cell lysates were assessed for the expression of Neuropilin 1, Plexin A

and a-tubulin by immunoblotting.
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Table 1

Table 1 Sequences of the PCR primers

Semaphorin 3A Forward; 5’-3’ ATGTTCATCGGAACGGATGTTGGA
Reverse; 5’-3° GGCTCTCTGTGACTTCGGACTG
Semaphorin 3B Forward; 5’-3 CCTTGGGTCAGAATCCGAGTCT
Reverse; 5’-3’ TGATGTGTAGGCCCCTCTTTGT
Semaphorin 3C Forward; 5’-3’ TGTTGTCACTTTCATTCGGAACCA
Reverse; 5’-3’ TCTTGTCTTCGGCTCCTTCGT
Semaphorin 3F Forward; 5’-3 AGGCTCTGTGTTCCGAGGATC
Reverse; 5’-3’ GTTTTAACAGGTGCTGGCTCCTT
G3PDH Forward; 5’-3° GCTCTCTGCTCCTCCCTGTTC
Reverse; 5’-3° CGCCAGTAGACTCCACGCATA

(* G3PDH; glyceraldehyde-3-phosphate dehydrogenase)
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