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Abstract 22 

Autophagy dysfunction has been associated with several neurodegenerative diseases including 23 

glaucoma, characterized by the degeneration of retinal ganglion cells (RGCs). However, the 24 

mechanisms by which autophagy dysfunction promotes RGC damage remain unclear. Here, we 25 

hypothesized that perturbation of the autophagy pathway results in increased autophagic 26 

demand, thereby downregulating signaling through mammalian target of rapamycin complex 1 27 

(mTORC1), a negative regulator of autophagy, contributing to the degeneration of RGCs. We 28 

identified an impairment of autophagic-lysosomal degradation and decreased mTORC1 29 

signaling via activation of the stress sensor adenosine monophosphate-activated protein kinase 30 

(AMPK), along with subsequent neurodegeneration in RGCs differentiated from human 31 

pluripotent stem cells (hPSCs) with a glaucoma-associated variant of Optineurin (OPTN-E50K). 32 

Similarly, the microbead occlusion model of glaucoma resulting in ocular hypertension also 33 

exhibited autophagy disruption and mTORC1 downregulation. Pharmacological inhibition of 34 

mTORC1 in hPSC-derived RGCs recapitulated disease-related neurodegenerative phenotypes 35 

in otherwise healthy RGCs, while the mTOR-independent induction of autophagy reduced 36 

protein accumulation and restored neurite outgrowth in diseased OPTN-E50K RGCs. Taken 37 

together, these results highlight an important balance between autophagy and mTORC1 38 

signaling essential for RGC homeostasis, while disruption to these pathways contributes to 39 

neurodegenerative features in glaucoma, providing a potential therapeutic target to prevent 40 

neurodegeneration. 41 

  42 
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Introduction 43 

 Retinal ganglion cells (RGCs) are the sole projection neurons that connect the eye with 44 

the brain, and the degeneration of these cells in diseases such as glaucoma results in vision 45 

loss or blindness. Similar to other neurons throughout the central nervous system, RGCs are 46 

postmitotic and therefore highly dependent upon autophagy to remove damaged proteins or 47 

organelles to maintain proper cellular homeostasis. Autophagy deficits have been implicated in 48 

multiple neurodegenerative diseases including Alzheimer’s Disease, Parkinson’s Disease and 49 

Amyotrophic Lateral Sclerosis (ALS) (Barmada et al., 2014; Cuervo et al., 2004; Wong and 50 

Holzbaur, 2015; Yu et al., 2005). Similarly in glaucoma, a neurodegenerative disease 51 

characterized by the progressive degeneration of RGCs, the attenuation of autophagy had 52 

initially been observed in the trabecular meshwork and more recently described in RGCs (Hirt et 53 

al., 2018; Porter et al., 2015; Porter et al., 2014). In addition, a subpopulation of glaucoma 54 

patients possess mutations in the autophagy receptor Optineurin (OPTN) or the autophagy-55 

associated protein TANK-binding kinase 1 (TBK1) resulting in glaucoma within a normal range 56 

of intraocular pressure, with the OPTN(E50K) mutation known to induce a severe degenerative 57 

phenotype (Aung et al., 2005; Rezaie et al., 2002; Ritch et al., 2014). Despite this, our 58 

knowledge of how autophagy impairment promotes neurodegeneration within RGCs remains 59 

limited.  60 

The mechanistic target of rapamycin (mTOR) signaling pathway is a ubiquitous 61 

metabolic sensor, and signaling through mTOR complex 1 (mTORC1) is a well characterized 62 

primary modulator that negatively regulates autophagy processing (Boya et al., 2013). In the 63 

central nervous system, mTOR is responsible for neural stem cell proliferation, synaptic 64 

plasticity and neurite outgrowth, among other functions (Casadio et al., 1999; Lipton and Sahin, 65 

2014; Tang et al., 2014; Tavazoie et al., 2005).  In RGCs, activation of mTOR signaling either 66 

through the deletion of Phosphatase and tensin homolog (PTEN), a negative regulator of 67 

mTOR, or through the expression of Osteopontin, has been shown to promote axon 68 
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regeneration after optic nerve injury (Duan et al., 2015; Park et al., 2008). Conversely, ocular 69 

hypertension induces hyperactivation of adenosine monophosphate-activated protein kinase 70 

(AMPK), resulting in dendrite retraction as well as synapse elimination via inhibition of mTORC1 71 

in RGCs (Belforte et al., 2021). However, whether autophagy disruption affects mTOR signaling 72 

in RGCs is poorly understood, including the possibility that a greater demand for autophagy due 73 

to dysfunction of this pathway may negatively influence RGCs through the inhibition of mTOR 74 

signaling.  75 

To address this shortcoming, in this study we have further advanced our hPSC-RGC 76 

neurodegeneration model with an underlying OPTN(E50K) mutation to study how autophagy 77 

disruption contributes to RGC neurodegeneration, and further validated these findings in a 78 

mouse ocular hypertension (OHT) glaucoma model with elevated intraocular pressure 79 

secondary to microbead occlusion. We identified a disruption of OPTN protein processing and a 80 

decrease in autophagic flux in hPSC-RGCs with the OPTN(E50K) mutation. Interestingly, 81 

OPTN(E50K) mutation-induced protein accumulation was observed in RGCs but not in related 82 

cortical neurons when derived from hPSCs, suggesting that dysfunction of OPTN function 83 

disrupts autophagy within OPTN(E50K) RGCs in a neuronal cell type-specific manner. More so, 84 

downregulation of mTORC1 signaling was observed in hPSC-RGCs with the OPTN(E50K) 85 

mutation, suggesting that autophagy disruption adversely affects other cellular pathways. To 86 

validate these results, an analysis of the mouse OHT model demonstrated an increase in the 87 

expression of autophagy proteins was associated with a decrease of mTOR signaling in RGCs, 88 

underscoring the concept that RGC neurodegeneration may be the result of imbalanced activity 89 

of mTOR-dependent autophagy. To test this idea, we found that deprivation of insulin, a positive 90 

regulator of mTOR signaling, exacerbated neurodegenerative phenotypes within hPSC-RGCs, 91 

while treatment with the mTOR-independent autophagy inducer trehalose rescued autophagy 92 

deficits and morphological phenotypes in hPSC-RGCs without affecting mTOR signaling. Thus, 93 

the results of these studies demonstrate that autophagy dysfunction promotes RGC 94 
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neurodegeneration through inhibition of mTORC1 signaling, and that the modulation of these 95 

pathways can rescue neurogenerative phenotypes. 96 

 97 

Results 98 

The OPTN(E50K) mutation altered endogenous protein modification and resulted in 99 

accumulation of OPTN aggregates in hPSC-RGCs  100 

We have previously established hPSC-derived RGCs carrying a BRN3b-tdTomato-101 

Thy1.2 reporter as an in vitro neurodegenerative model through the use of CRISPR/Cas9 102 

genome editing approaches to introduce the OPTN(E50K) glaucoma-associated mutation, 103 

causative for a severe neurodegenerative phenotype, into the otherwise unaffected H7 line of 104 

hPSCs (VanderWall et al., 2020). Similarly, we previously corrected the same mutation from a 105 

patient-specific induced pluripotent stem cell (iPSC) line with an OPTN(E50K) mutation 106 

(VanderWall et al., 2020). In the current study, we approached each set of analyses with these 107 

two isogenic pairs of cell lines including OPTN(E50K) and unaffected control (wild-type) hPSC-108 

RGCs to minimize genetic variability among comparisons, and analyses were typically 109 

performed at stages of RGC maturation at which they had been previously demonstrated to 110 

exhibit morphological and functional disease-associated phenotypes (VanderWall et al., 2020).  111 

To study how the endogenous E50K mutation attenuates RGC homeostasis contributing 112 

to neurodegeneration, we first characterized the expression of the autophagy receptor OPTN. 113 

While the level of OPTN mRNA was not significantly changed among wild-type and 114 

OPTN(E50K) RGCs, there was a 41.1 ± 5.2 % (mean ± S.E.M.) reduction in the level of OPTN 115 

protein in RGCs with the OPTN(E50K) mutation, along with a 28.1 ± 4.3 % increase in the 116 

autophagy receptor p62 (Figure 1A-C), consistent with previous findings that the E50K mutation 117 

decreased the overall abundance of OPTN protein in the mouse eye(Liu et al., 2021). To verify 118 

these results, we also reference our previously obtained RNA-seq data (VanderWall et al., 119 

2020), which confirmed the trends observed in our qRT-PCR results. These results indicated 120 
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that the E50K mutation likely altered OPTN protein during post translational modifications, and 121 

the increased level of p62 may be associated with autophagic accumulation. To rule out the 122 

possibility that the reduction of OPTN protein was due to a decreased ability of the antibody to 123 

recognize and bind to the E50K region, we performed an unbiased proteomics analysis of 124 

isogenic control and OPTN(E50K) RGCs two weeks after purification and identified 154 125 

downregulated proteins as well as 178 upregulated proteins (Figure 1D). Among the 126 

downregulated proteins, OPTN identified with 4 peptides and 5 peptide-spectrum matches 127 

(PSM) was significantly decreased in OPTN(E50K) RGCs, corroborating our western blot 128 

results. Of interest, we identified an additional 7 autophagy-associated proteins whose 129 

expression was also altered, suggesting further disruption of the autophagy pathway due to the 130 

OPTN(E50K) mutation (Figure 1D).    131 

Under homeostatic conditions, the number of autophagosomes is balanced between 132 

autophagic biogenesis and degradation by the lysosome. Wild-type RGCs showed a 133 

predominantly cytosolic pattern with few puncta observed in RGC (Figure 1F) (Ying and Yue, 134 

2012). However, we observed that OPTN(E50K) RGCs displayed a significant increase in 135 

OPTN puncta within RGC somas compared to wild-type RGCs, indicating an abnormal 136 

deposition of the OPTN protein in OPTN(E50K) RGCs, while no difference was observed in p62 137 

puncta abundance between wild-type and OPTN(E50K) (Figure 1E-J and Q-T). To measure any 138 

preliminary changes in autophagic biogenesis without the loss of any autophagosomes due to 139 

lysosome-mediated degradation, we inhibited autophagosome-lysosome fusion by treatment 140 

with chloroquine for 16 hours prior to fixation (Klionsky et al., 2021). In wild-type RGCs, the 141 

number of OPTN and p62 puncta dramatically increased following chloroquine treatment, 142 

suggesting that autophagosome-lysosome mediated degradation was inhibited (Figure 1E-G, K-143 

M, and Q-T). In contrast, the number of OPTN puncta in E50K RGCs did not change after 144 

treatment of chloroquine (Figure N, O, Q, and R), suggesting that autophagosome-lysosome 145 

mediated degradation was already impaired. Similar to wild-type RGCs, the number of p62 146 
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puncta was significantly increased in OPTN(E50K) RGCs after treatment with chloroquine, 147 

indicating that the E50K mutation did not affect p62 recruitment to the autophagosome (Figure 148 

1J, P, S, and T). To rule out the possibility that the genomic background of the cell line caused 149 

this phenotype, including silent mutations introduced during CRISPR/Cas9 genome editing 150 

(VanderWall et al., 2020), we performed the same experiments and observed the same trends 151 

in patient-derived iPSC-derived RGCs harboring the OPTN(E50K) mutation in comparison with 152 

its CRISPR/Cas9-corrected isogenic control line (supplemental figure 1). Collectively, these 153 

findings suggest that the E50K mutation adversely affects RGCs due to the accumulation of 154 

OPTN protein and potentially contributes to RGC neurodegeneration.  155 

 156 

OPTN(E50K) hPSC-RGCs and mouse RGCs subjected to ocular hypertensive stress 157 

display autophagosome accumulation  158 

During the process of autophagy, OPTN is necessary to recruit the microtubule-159 

associated protein light chain 3 (LC3), for the engulfment of protein aggregates and/or damaged 160 

organelles, and for formation of the autophagosome (Evans and Holzbaur, 2020; Wong and 161 

Holzbaur, 2014). To study how the function of the OPTN protein changes due to the E50K 162 

mutation in RGCs, we initially used a GFP-fused-LC3 reporter to visualize the co-localization of 163 

LC3 and OPTN in RGCs. We found that 10.7 ± 1.2% of LC3 puncta co-localized with OPTN in 164 

wild-type RGCs, while only 5.1 ± 0.6% co-localized in RGCs with the OPTN(E50K) mutation 165 

(Figure 2A and B), suggesting that the E50K mutation attenuated OPTN recruitment of LC3. 166 

Inhibition of lysosome-mediated autophagosome degradation by chloroquine similarly 167 

demonstrated a decreased co-localization between OPTN and LC3 in OPTN(E50K) RGCs 168 

(supplemental figure 2). We further verified that the OPTN(E50K) mutation resulted in 169 

autophagy dysfunction by western blot. While there was no difference in the expression of 170 

cytosolic LC3-I in OPTN(E50K) RGCs (Figure 2C and D), significant increases were observed in 171 

the lipidated form of LC3-II, an indicator of autophagy (Kulkarni et al., 2020), as well as in 172 
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autophagic flux as determined by the ratio of LC3-II/LC3-I (Figure 2D and E). Importantly, the 173 

level of the lysosomal protein LAMP1 also increased in OPTN(E50K) RGCs (Figure 2C and D), 174 

indicating that the OPTN(E50K) mutation not only induced autophagosome accumulation but 175 

also changed lysosomal degradation.  176 

Since multiple missense mutations in OPTN or TBK1, known as autophagy regulators, 177 

are known to result in normal tension glaucoma (Ritch et al., 2014; Swarup and Sayyad, 2018), 178 

we hypothesized that the maintenance of autophagy homeostasis plays a key role to maintain 179 

RGC survival and, conversely, impairment of autophagy may contribute to RGC degeneration in 180 

glaucoma. To further determine if RGC neurodegeneration is a consequence of autophagy 181 

dysfunction more broadly in glaucoma, we used a well-established magnetic microbead 182 

occlusion glaucoma model to induce ocular hypertension by injection of magnetic microbeads 183 

into the anterior chamber of the mouse eye. This procedure blocks aqueous humor outflow 184 

resulting in elevated IOP (supplemental figure 3) (Belforte et al., 2021; Ito et al., 2016), a major 185 

risk factor to develop glaucoma. Changes in autophagy markers were examined at 2 weeks 186 

after microbead injection, a time that precedes RGC loss thus avoiding the confounding effect of 187 

overt neurodegeneration (Belforte et al., 2021). In agreement with our findings in hPSC-RGCs, 188 

a significant increase in LC3-II, the LC3-II/I ratio, and LAMP1 were observed in the retina 2 189 

weeks after ocular hypertension induction compared to sham-injected controls (Figure 2F-H). 190 

Immunostaining of retinal sections further showed the increased labeling of LC3 and LAMP1 191 

more specifically in the ganglion cell layer, which co-localized with the RGC-specific marker 192 

RBPMS (Figure 2I and J). Collectively, our findings highlight that the disruption of autophagy is 193 

associated with RGC neurodegeneration not only in hPSC-RGCs with the OPTN(E50K) 194 

mutation, but more broadly in mouse RGCs in an ocular hypertension model, suggesting that 195 

autophagy disruption in RGCs may be a common mechanism across multiple glaucoma 196 

models.  197 

 198 
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Autophagic-lysosomal degradation is impaired in OPTN(E50K) RGCs 199 

A number of neurodegenerative diseases have been associated with a disruption to the 200 

autophagic-lysosomal pathway, including Alzheimer’s disease, Parkinson’s Disease, and ALS, 201 

leading to a deficit in protein degradation (Menzies et al., 2015; Nixon, 2013; Nixon and Yang, 202 

2012). Since we observed a significant increase in the expression of autophagosome and 203 

lysosome proteins in OPTN(E50K) RGCs, as well as an increase in the LC3-II/LC3-I ratio, we 204 

further investigated whether these changes were specifically in response to disruption to the 205 

autophagic-lysosomal pathway by expressing RFP and GFP fused to LC3 in RGCs (Fig 2K), a 206 

widely used probe to determine autophagy flux (Kaizuka et al., 2016). This probe discriminated 207 

between the autophagosome and the acidic autolysosome due to differences in pH sensitivity, 208 

in which both the RFP and GFP signals were expressed in the autophagosome. While the RFP 209 

signal persisted, the GFP was extinguished under the acidic conditions within the autolysosome. 210 

As our previously established hPSC-RGC system included a BRN3-tdTomato reporter, whose 211 

red fluorescence could interfere with imaging using this probe, we used a similar approach to 212 

insert the OPTN(E50K) mutation in the H7 hPSC line lacking the BRN3-tdTomato reporter 213 

(VanderWall et al., 2020), and subsequently identified RGCs by staining with an antibody 214 

against BRN3 when imaging. In wild-type RGCs, 25.5 ± 2.8% of RFP puncta co-expressed 215 

GFP, indicating the remaining 74.5 ± 2.8% of autophagosomes had fused with the lysosome 216 

(Figure 2L-O, and T). However, OPTN(E50K) RGCs exhibited significantly more overlap 217 

between RFP and GFP at 35.8 ± 2.5%, representing an increase of 40.39% (Figure 2P-T), 218 

suggesting that the OPTN(E50K) mutation results in an impaired ability of the autophagosome 219 

to properly fuse with the lysosome for subsequent degradation.  220 

 221 

Selective degeneration of RGCs with the OPTN(E50K) mutation 222 

To evaluate whether autophagy disruption selectively promotes RGC neurodegeneration 223 

rather than other cells that express the OPTN protein, we characterized relevant protein 224 
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expression as well as neuronal morphologies in two projecting neurons including hPSC-RGCs 225 

and hPSC-cortical neurons (supplemental figure 4), respectively. We confirmed that 226 

differentiated wild-type and OPTN(E50K) cells expressed RGC identities based upon 227 

expression of BRN3 and MAP2, as well as cortical neuron identities based upon expression of 228 

CTIP2 and bIII-tubulin, respectively (Figure 3A and D). Concomitant with our previous findings 229 

(VanderWall et al., 2020), RGCs with the OPTN(E50K) mutation exhibited shorter neurites 230 

compared to wild-type, as analyzed by neurite complexity, soma size, number of primary 231 

neurites, and total neurite length (Figure 3B, C, G-I). In contrast, neurites from differentiated 232 

cortical neurons did not exhibit any significant differences between wild-type and OPTN(E50K) 233 

cell lines under the same measured parameters (Figure 3E-I), indicating that neurodegenerative 234 

features due to the OPTN(E50K) mutation were RGC specific. We further compared protein 235 

expression between RGCs and cortical neurons and identified that both neuronal types 236 

displayed a reduction in OPTN protein level due to the E50K mutation (Figure 3J and K). 237 

Interestingly, there was a higher cytosolic LC3-I expression in RGCs compared to cortical 238 

neurons (Figure 3J, lane 1 and 3), and only OPTN(E50K) RGCs exhibited a significant increase 239 

in the lipidated form of LC3-II (Figure 3J, L, and M). More so, unlike RGCs (Figure 1E-J), OPTN 240 

puncta did not accumulate in cortical neurons with the OPTN(E50K) mutation, comparable to 241 

wild-type cortical neurons during steady state conditions (Figure 3N-Q, V, and W). However, 242 

consistent with changes in RGCs (Figure 1K-P), the E50K mutation reduced total OPTN puncta 243 

in cortical neurons under chloroquine treatment in agreement with western blot results (Figure 244 

3R-W), while the abundance of p62 puncta was not affected in cortical neurons with the 245 

OPTN(E50K) mutation (supplemental figure 5). Collectively, our findings suggest that the 246 

OPTN(E50K) mutation selectively renders RGCs more vulnerable to neurodegeneration 247 

because the higher demand for autophagy in RGCs is not met effectively. 248 

 249 

Autophagy dysfunction results in downregulation of mTORC1 signaling 250 
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The mammalian target of rapamycin (mTOR) signaling pathway is a key metabolic 251 

regulator and sensor of stress. Activation of mTOR is known to promote dendritic morphological 252 

complexity as well as induce axonal regeneration in RGCs (Proietti Onori et al., 2021), while 253 

also functioning as a negative regulator of autophagy through the mTORC1 complex 254 

(Agostinone et al., 2018; Duan et al., 2015; Ganley et al., 2009; Hosokawa et al., 2009). Under 255 

cellular stress in neurons, autophagy disruption can activate adenosine monophosphate-256 

activated protein kinase (AMPK) to induce the repression of mTORC1, resulting in 257 

neurodegeneration (Jung et al., 2019; Yang et al., 2020). To determine whether autophagy 258 

disruption promotes RGC degeneration via inhibition of mTORC1 signaling, we used 259 

pS6Ser240/244 as a readout of mTORC1 activity. mTORC1 induces the p70 ribosomal S6 kinase 260 

activation and subsequently phosphorylates the ribosomal protein S6 at Ser240/244 residues 261 

(pS6Ser240/244) (Jefferies et al., 1997). Indeed, RGCs from sham-injected control mice exhibited 262 

robust mTORC1 activity, as visualized by pS6Ser240/244 co-localization with the RGC marker 263 

RBPMS, while decreased mTORC1 activity was observed in RGCs subjected to ocular 264 

hypertensive stress (Figure 4A-E).  This observation is in agreement with previous findings that 265 

mTORC1 signaling is partially inactivated in glaucomatous RGCs through AMPK 266 

phosphorylation resulting in dendritic retraction (Belforte et al., 2021). To evaluate whether the 267 

changes in mTORC1 could be observed in OPTN(E50K) hPSC-RGCs, we first characterized 268 

mTORC1 activity in hPSC-derived retinal cells. We analyzed cells isolated from retinal 269 

organoids after 50 and 80 days of differentiation, respectively, which allowed for the analysis of 270 

the majority of neuroretinal cell types including RGCs (BRN3B-tdTomato), retinal progenitors 271 

(CHX10), and photoreceptors (OTX2) (supplemental figure 6A-C). Immunohistochemistry 272 

detection of pS6Ser240/244 in hPSC-derived retinal cells revealed robust expression within 273 

BRN3B:tdTomato RGCs, but not CHX10-expressing retinal progenitor cells nor OTX2-positive 274 

photoreceptors, indicating a strong role for mTOR signaling specifically within hPSC-RGCs 275 

(supplemental figure 6D and E). Subsequently, we analyzed RGCs that were isolated from 276 
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retinal organoids and allowed to mature for an additional 4 weeks, a timepoint at which we have 277 

previously demonstrated to result in some neurodegenerative phenotypes in OPTN(E50K) 278 

RGCs (Figure 3B), including neurite retraction and hyperexcitability (VanderWall et al., 2020). 279 

These studies revealed that OPTN(E50K) RGCs exhibited a decrease in the expression of the 280 

mTORC1 effector pS6Ser240/244, while no difference was observed in the expression of the 281 

mTORC2 effector pAKTSer473 (Figure 4F and G). More so, OPTN(E50K) RGCs also increased 282 

the expression of the phosphorylated form of AMPK (pAMPKThr172), which is activated under 283 

stress and functions to inactivate mTORC1 (Figure 4H). Immunohistochemistry also revealed a 284 

profound decrease in the expression of pS6Ser240/244 intensity in the somatic area of 285 

OPTN(E50K) RGCs (Figure 4I-O). Taken together, our results suggest that chronic autophagy 286 

deficits in glaucomatous RGCs activate AMPK signaling to suppress mTORC1, leading to 287 

neurodegeneration.  288 

 289 

Inhibition of mTOR signaling results in neurodegenerative phenotypes in otherwise 290 

healthy hPSC-RGCs 291 

We hypothesized that autophagy disruption due to the OPTN(E50K) mutation caused 292 

mTOR suppression, leading to neurodegenerative phenotypes in RGCs. To further evaluate 293 

whether decreased mTOR activity correlates with impaired RGC neurite outgrowth and 294 

autophagy modulation, we treated wild-type hPSC-RGCs with the dual mTORC1/2 inhibitor 295 

KU0063794 for one week (Figure 5A). RGCs exhibited a reduction of pS6Ser240/244 intensity 296 

following treatment with KU0063794 in a dose-dependent manner (Figure 5B and C). When 297 

treated with KU0063794 (1 µM), hPSC-RGCs revealed significant decreases in the expression 298 

of both mTORC1 and mTORC2 effectors pS6Ser240/244 and pAKTSer473, respectively, while the 299 

level of pAMPKThr172 was increased (Figure 5D and E). Furthermore, pharmacological inhibition 300 

of mTOR resulted in increased LC3-I and LC3-II, an indication of autophagy activation (Figure 301 

5F and G). However, the level of autophagic flux (LC3-II/LC3-I) and lysosome protein LAMP1 302 
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did not change under mTOR inhibition when compared to vehicle control, suggesting that wild-303 

type hPSC-RGCs can effectively balance cellular homeostasis between autophagy and acute 304 

mTOR inhibition. Analysis of RGC neurites demonstrated a decrease in neurite complexity that 305 

correlated with an increase in the concentration of KU0063794 (Figure 5H-L). As morphological 306 

features of RGCs were modulated by KU0063794 in a dose-dependent manner, these results 307 

suggest that the pathological hallmarks of neurite retraction observed in OPTN(E50K) hPSC-308 

RGCs may be the result of decreased mTOR signaling. 309 

 310 

Insulin deprivation exacerbates disease pathogenesis in OPTN(E50K) RGCs 311 

Insulin is a canonical mTOR activator and previous studies have demonstrated the 312 

ability of insulin to rescue neurodegenerative phenotypes in dendritic arbors in rodent RGCs 313 

subjected to optic nerve crush (Agostinone et al., 2018). Previously, we have demonstrated that 314 

OPTN(E50K) RGCs exhibit morphological and functional deficits as soon as 4 weeks after the 315 

purification and maturation of RGCs from retinal organoids (Figure 3B) (VanderWall et al., 316 

2020). However, as insulin is a common component of many cell culture media supplements 317 

(such as N2 and B27 supplements), insulin was present to act upon RGCs in these 318 

experiments. Thus, we investigated whether insulin deprivation can lead to a faster disease 319 

phenotype in OPTN(E50K) RGCs through a reduced activity of the mTOR signaling pathway. 320 

RGCs were grown with medium supplemented with either B27 or B27 without insulin, and RGC 321 

neurites were measured from 1 to 4 weeks of maturation following purification (supplemental 322 

figure 7A-C). As soon as 2 weeks following purification, OPTN(E50K) RGCs subjected to insulin 323 

deprivation exhibited neurite deficits, while the neurites from OPTN(E50K) RGCs with insulin 324 

revealed robust outgrowth comparable to wild-type RGCs with or without insulin (Figure 6A-D), 325 

as measured by soma size, neurite length, number of primary neurites and Sholl analysis 326 

(Figure 6E-H). Insulin deprivation also decreased the mTORC1 effector pS6Ser240/244 in 327 

OPTN(E50K) RGCs (Figure 6I-K), as well as significantly increased the level of LC3-II (Figure 328 
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6L-N), suggesting an imbalance of autophagy and mTORC1 in OPTN(E50K) RGCs when 329 

deprived of insulin, resulting in RGC neurite morphological deficits. After a full 4 weeks of RGC 330 

growth, consistent with our previous findings, both OPTN(E50K) RGCs with or without insulin 331 

exhibited neurite shortening (supplemental figure 7). Our results support the idea that insulin 332 

signaling is essential to promote overall RGC neurite outgrowth, and that lack of sufficient 333 

mTOR signaling results in neurite retraction.  334 

 335 

Trehalose rescues neurodegenerative phenotypes in OPTN(E50K) RGCs by inducing 336 

autophagy in an mTOR-independent manner. 337 

We have previously identified that autophagy deficits and the accumulation of 338 

autophagosomes can be cleared after a short term (24 hr) treatment with the autophagy inducer 339 

rapamycin in OPTN(E50K) retinal organoids (VanderWall et al., 2020). However, rapamycin 340 

induces autophagy via mTOR inhibition, and a reduction in mTOR activity abrogates dendritic 341 

outgrowth and maturation in RGCs (Belforte et al., 2021), indicating that long term treatment 342 

with rapamycin is not an ideal approach. Because our data and others suggest that RGC 343 

survival relies upon the homeostatic balance between mTOR and autophagy signaling 344 

(Madrakhimov et al., 2021), we hypothesized that inducing autophagy in an mTOR-independent 345 

manner can rescue neurodegenerative phenotypes in OPTN(E50K) RGCs through sustained 346 

mTOR signaling along with an induction in autophagy. To accomplish this, we used the mTOR-347 

independent autophagy inducer trehalose (25 mM) to stimulate the autophagic-lysosome 348 

degradation pathway in RGCs. Following 2 weeks of trehalose treatment, OPTN(E50K) RGCs 349 

demonstrated a robust protection of neurite morphology, measured by a preservation of soma 350 

size, neurite length, number of primary neurites, and Sholl analysis when compared with wild 351 

type RGCs as well as untreated OPTN(E50K) RGCs (Figure 7A-H). Interestingly, 2 weeks of 352 

trehalose treatment partially reduced OPTN puncta accumulation in OPTN(E50K) RGCs (Figure 353 

7I-P), while no difference in p62 puncta was observed (supplemental figure 8). Moreover, 354 
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trehalose treatment reduced LC3-II expression as well as restored levels of the mTORC1 355 

effector pS6Ser240/244 (Figure 7Q-T). Collectively, these findings demonstrate that treatment with 356 

trehalose can induce autophagy and clear accumulated puncta, while maintaining proper mTOR 357 

signaling, leading to sustained overall health of OPTN(E50K) RGCs comparable to their wild 358 

type counterparts. 359 

 360 

Discussion 361 

The process of autophagy serves as a cellular protective mechanism by clearing 362 

damaged proteins, mitochondria, and organelles within the cells. Ineffective clearance of 363 

aggregated proteins in neurons contributes to neurodegenerative diseases such as Alzheimer’s 364 

disease, Parkinson’s disease, ALS, and Huntington’s disease (Levine and Kroemer, 2008; 365 

Singh et al., 2012). Likewise, recent evidence has demonstrated that dysfunction of the 366 

autophagy degradation pathway may be involved in RGC-associated neurodegenerative 367 

diseases, including glaucoma, optic atrophy, and diabetic retinopathy (Hirt et al., 2018; 368 

Madrakhimov et al., 2021; White et al., 2009). Glaucoma is characterized by the progressive 369 

loss of RGCs, the sole type of projection neuron that connects the retina to the brain. In addition 370 

to age, elevated IOP is a prevalent risk factor for glaucoma, while a subpopulation of patients 371 

develop glaucoma due to monogenic mutations. Importantly, three monogenic risk genes have 372 

been identified in primary open-angle glaucoma (POAG) patients: MYOC, OPTN, and TBK1 373 

(Ritch et al., 2014). While these genes account for approximately 5% of POAG patients(Qassim 374 

and Siggs, 2020), two of them (OPTN and TBK1) play prominent roles in autophagy. Indeed, 375 

mutations in OPTN or TBK1 can lead to glaucomatous neurodegeneration without elevated IOP, 376 

indicating that autophagy dysfunction could contribute to RGC degeneration. Here, we first 377 

examined how the OPTN(E50K) mutation contributes to autophagy deficits, resulting in RGC 378 

neurodegeneration. We used hPSC-derived RGCs because we previously showed that 379 

OPTN(E50K) hPSC-RGCs exhibit morphological and functional deficits compared to isogenic 380 
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controls, supporting the idea that these cells can serve as an appropriate model to explore RGC 381 

neurodegenerative events (VanderWall et al., 2020). We identified that this mutation resulted in 382 

autophagy disruption based upon increased levels of LC3-II as well as changes in autophagic 383 

flux in RGCs with the OPTN(E50K) mutation. Through the use of an LC3-RFP-GFP sensor, we 384 

noted a decreased efficiency in autophagosome and lysosome fusion, suggesting that defective 385 

autophagy leads to an inability to clear protein accumulation, resulting in an elevation of 386 

metabolic stress in RGCs. Significantly, we also explored whether changes in autophagy could 387 

be observed more broadly in a magnetic microbead occlusion mouse model. Interestingly, 388 

similar to our observations in OPTN(E50K) hPSC-RGCs, we also observed increased LC3-II 389 

and changes to autophagic flux in ocular hypertensive retinas, as well as increased levels of 390 

LC3 and LAMP1 specifically within RGCs when compared to sham-operated controls. 391 

Collectively, our findings support the idea that autophagy dysfunction may be broadly applicable 392 

across multiple stressors associated with glaucoma, and highlight the concept that the 393 

maintenance of autophagy homeostasis is critical for RGC health by employing two species 394 

(human and mouse) as well as different risk factors (gene mutation and intraocular pressure) in 395 

glaucoma. 396 

During the process of autophagy, OPTN interacts with LC3 to drive autophagosome 397 

maturation(Wong and Holzbaur, 2014). Multiple studies have suggested that changes to OPTN 398 

are associated with the appearance of inclusion bodies and promotes neurotoxicity in various 399 

neurodegenerative diseases (Anborgh et al., 2005; De Marco et al., 2006; Maruyama et al., 400 

2010; Mori et al., 2012; Osawa et al., 2011; Schwab et al., 2012; Shen et al., 2015; Sirohi and 401 

Swarup, 2016). On the contrary, the knockout of OPTN leads to deficits in ubiquitin binding or 402 

immune failure, resulting in neural damage (Markovinovic et al., 2018; Munitic et al., 2013; 403 

Slowicka et al., 2016). While mutations of OPTN in the LC3-interacting region (LIR) as well as 404 

the ubiquitin binding domain (UBD) are known to alter OPTN-associated autophagy (Qiu et al., 405 

2021; Swarup and Sayyad, 2018), the E50K mutation is neither located in the LIR nor UBD. 406 

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted January 7, 2023. ; https://doi.org/10.1101/2023.01.04.522687doi: bioRxiv preprint 

https://doi.org/10.1101/2023.01.04.522687
http://creativecommons.org/licenses/by/4.0/


Enhanced OPTN binding to TBK1 and increased production of insoluble OPTN has been 407 

previously observed in E50K mutant cells, suggesting that a loss of OPTN function or a gain of 408 

toxic function likely contributes to disease pathogenesis (Li et al., 2016; Minegishi et al., 2013). 409 

In animal models, transgenic mice that express the human OPTN(E50K) transgene exhibited 410 

RGC loss and axonal degeneration (Tseng et al., 2015), while another study using transgenic 411 

mice with OPTN(E50K) overexpression revealed an increased degradation of mitochondria 412 

characterized by greater induced mitophagy, resulting in RGC loss (Shim et al., 2016). While 413 

OPTN(E50K) genetically modified cell lines or animals do share certain disease-responding 414 

mechanisms with human patients, the presence of the wild-type OPTN gene in the genome 415 

cannot be excluded in those models. More so, increased levels of OPTN, with or without the 416 

E50K mutation, can lead to toxic effects suggesting dose-dependent effects (Park et al., 2006). 417 

As a result, the hPSC-RGCs generated through CRISPR/Cas9 gene editing strategies used 418 

here are likely a more suitable model to study the functional effects of the OPTN(E50K) 419 

mutation in RGCs, mimicking the cellular events that are comparable to patient RGCs that 420 

harbor the OPTN(E50K) mutation. To study whether the E50K mutation alters OPTN function, 421 

we first characterized its protein expression and localization. Intriguingly, we identified a 422 

decreased level of OPTN protein in RGCs with the E50K mutation, in contrast to other studies 423 

that overexpressed the mutant protein, suggesting that endogenous OPTN(E50K) protein may 424 

be degraded by the ubiquitin-proteosomal system. This reduction of OPTN protein also seems 425 

to attenuate the recruitment of LC3 during autophagy, suggesting a loss of protein function in 426 

RGCs with the OPTN(E50K) mutation. However, whether the decreased recruitment of LC3 by 427 

OPTN directly contributes to defects in the autophagy pathway, or if this recruitment of LC3 can 428 

be compensated for by other autophagy receptors is still undetermined (Shoemaker et al., 429 

2019). 430 

Functional deficits in RGCs due to the OPTN(E50K) mutation can be due to either a loss 431 

of protein function, or by the mutated protein’s gain of a toxic function through the accumulation 432 
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of OPTN(E50K) protein aggregates. While we observed that the total level of OPTN protein was 433 

decreased in RGCs with the E50K mutation, an accumulation of OPTN aggregates was found in 434 

OPTN(E50K) RGCs, indicating that residual OPTN(E50K) protein can still lead to protein 435 

accumulation that may be toxic to RGCs. Importantly, our results comparing RGCs to cortical 436 

neurons suggests that the accumulation of OPTN(E50K) protein was unique to RGCs, which 437 

may then contribute to selective degeneration of RGCs, despite the fact that OPTN plays a role 438 

in autophagy within many cell types. Furthermore, by comparing wild-type hPSC-derived 439 

neurons, we also observed a higher level of LC3-I in RGCs than in cortical neurons, suggesting 440 

that RGCs seem to have a higher demand for autophagosome formation, and that RGCs with 441 

the OPTN(E50K) mutation cannot satisfy this requirement, leading to neurodegeneration (Figure 442 

3J and L). It is also important to note that the findings of the current study did not compare 443 

RGCs to other types of projection neurons, such as motor neurons. Certain missense mutations 444 

in OPTN can cause glaucoma in RGCs, whereas other mutations in OPTN, including deletions, 445 

missense, or nonsense mutations, lead to motor neuron loss in ALS (Swarup and Sayyad, 446 

2018). The glaucoma associated mutations do not overlap with ALS associated mutations, and 447 

why these mutations selectively promote either RGC or motor neuron degeneration remains 448 

unknown. We speculate that one potential reason that the E50K mutation selectively promotes 449 

RGC loss can be linked to mitophagy. Since OPTN acts as a receptor particularly for mitophagy, 450 

a form of autophagy that selectively degrades unnecessary mitochondria, human RGCs rely 451 

heavily on mitochondria for energy supply in the optic nerve head (ONH) as well as the proximal 452 

axonal regions prior to the ONH, where RGC axons remain unmyelinated (Wareham et al., 453 

2022). Therefore, a decreased efficiency in the removal of damaged mitochondria could induce 454 

metabolic stress, leading to downregulation of metabolic pathways such as mTOR signaling in 455 

OPTN(E50K) RGCs.  456 

Our data show that autophagy-induced stress results in changes to the upstream 457 

regulator of autophagy, mTORC1. mTORC1 serves as a central nutrient sensor that controls 458 
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protein synthesis as well as organelle degradation through autophagy during development as 459 

well as aging(Kim et al., 2002). mTOR inhibition has been shown to only minimally activate 460 

autophagy in primary hippocampal neurons, and tau phosphorylation and Aβ metabolism likely 461 

hyperactivate mTOR in Alzheimer’s disease and Down syndrome, indicating that disruption of 462 

autophagy in Alzheimer’s disease -related neurodegenerations is mTOR-independent (Linda et 463 

al., 2022; Maday and Holzbaur, 2016; Querfurth and Lee, 2021). On the contrary, in RGCs, we 464 

and others have demonstrated that mTOR inactivation not only regulated autophagy, but also 465 

induced neurite shortening during RGC injury, while additional mTOR stimulation can trigger 466 

RGC dendrite and axon regeneration (Agostinone et al., 2018; Belforte et al., 2021; Duan et al., 467 

2015; Madrakhimov et al., 2021; Park et al., 2008; Teotia et al., 2019), suggesting that mTOR 468 

activation is essential for RGC survival. Our previous findings demonstrated neurite retraction in 469 

OPTN(E50K) hPSC-RGCs, an indication of protein synthesis attenuation by reduced mTOR 470 

signaling, as well as downregulation of mTOR associated pathways from our prior RNA-seq 471 

data (VanderWall et al., 2020), suggesting that the OPTN(E50K) mutation altered mTOR activity 472 

in RGCs. To further confirm this finding, we assessed mTOR effectors and found that 473 

OPTN(E50K) hPSC-RGCs selectively downregulated mTORC1 and upregulated AMPK, 474 

another nutrient sensor that is activated by energy stress and serves as a negative regulator of 475 

mTORC1. However, whether AMPK regulates autophagy directly or indirectly through 476 

suppression of mTORC1 still needs to be determined (Inoki et al., 2012; Ji et al., 2015). 477 

Interestingly, the hypoactivation of mTORC1 and upregulation of AMPK was also identified in 478 

the magnetic microbead occlusion mouse glaucoma model (Belforte et al., 2021), further 479 

supporting the idea that RGC viability is mTOR-dependent.  480 

Rapamycin and other mTOR antagonists are well-known autophagy inducers that 481 

promote clearance of protein aggregates through the inhibition of the mTOR signaling pathway, 482 

thereby removing the inhibition upon autophagy (Guertin and Sabatini, 2009). We and others 483 

have demonstrated that short term rapamycin treatment is able to clear accumulated 484 
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autophagosomes and prevent cells from degenerating (Chalasani et al., 2014; VanderWall et 485 

al., 2020). Nevertheless, since mTOR plays a pivotal role in RGC function as discussed above, 486 

long-term exposure to rapamycin may induce adverse effects such as axonal and dendritic 487 

degeneration. In addition, it was critical to identify other means to induce autophagy to degrade 488 

OPTN(E50K) protein accumulation that did not adversely affect mTOR signaling. To this end, 489 

we choose trehalose as a means to modulate autophagy through mTOR-independent means, 490 

as trehalose is thought to induce Transcription Factor EB (TFEB) nuclear translocation and 491 

activation autophagy-associated proteins independent to mTOR (Palmieri et al., 2017; Rusmini 492 

et al., 2019).  We observed that trehalose improved autophagy deficits and also rescued neurite 493 

retraction in OPTN(E50K) hPSC-RGCs, supporting the idea that mTOR-independent autophagy 494 

induction could be a therapeutic target for RGC neurodegeneration by inducing autophagy while 495 

maintaining mTOR signaling to promote RGC survival. Taken together, the results of our studies 496 

demonstrate a strong connection between autophagy disruption and mTORC1 inactivation, 497 

which contributes to neurodegeneration in glaucoma.  498 

 499 

Materials and methods 500 

Human pluripotent stem cell culture and CRISPR/Cas9 gene editing 501 

For all studies, we used both the H7 human embryonic stem cell line (WiCell Research 502 

Institute, RRID: CVCL_9772) as well as a human patient-derived induced-pluripotent stem cell 503 

(iPS) cell line with the OPTN(E50K) mutation. Both of these were previously subjected to gene 504 

editing using CRISPR/Cas9 techniques to either introduce the OPTN(E50K) mutation or correct 505 

the mutation, respectively, as previously described in Vanderwall and Huang et al (VanderWall 506 

et al., 2020). Additionally, for some experiments, hPSC lines used were previously edited to 507 

express a BRN3B-tdTomato-Thy1.2 reporter (VanderWall et al., 2020), based of strategies 508 

developed by Sluch et al (Sluch et al., 2017). Conversely, for experiments related to the use of 509 

the LC3-RFP-GFP sensor in which the tdTomato reporter would interfere with analyses, 510 
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isogenic pairs of cells were edited that lacked the BRN3b-tdTomato-Thy1.2 reporter following 511 

methods previously described(VanderWall et al., 2020), and these cell lines were further verified 512 

by Sanger sequencing. To maintain all lines of hPSCs, cells were grown on a Matrigel (Corning, 513 

cat. no. 354277)-coated plate with mTeSR1 medium (StemCell Technologies, cat. no. 85850). 514 

hPSCs were passaged with dispase (2 mg/mL, Life Technologies, cat. no. 17105041) when 515 

they reached approximately 70%-80% confluency, every 5-7 days.  516 

 517 

Differentiation of human RGCs  518 

Human retinal organoids were differentiated following previously published methods 519 

(Fligor et al., 2020; Meyer et al., 2011; Ohlemacher et al., 2015), and RGCs were subsequently 520 

purified and grown in culture to induce further maturation as described previously (VanderWall 521 

et al., 2020).  Briefly, colonies of undifferentiated hPSCs at 80% confluency were enzymatically 522 

detached from the plate with dispase and cultured in suspension to induce the formation of 523 

embryoid bodies (EBs). EBs were gradually transferred from mTeSR1 to neural induction 524 

medium (NIM), which consisted of DMEM/F12(1:1) supplement with N2 supplement, MEM non-525 

essential amino acids and heparin (2 µg/ml). On day 6, BMP4 (50 ng/mL) was added to 526 

differentiating cultures, and EBs were subsequently plated on day 8 by supplementation with 527 

10% FBS at a density of approximately 100-200 EBs per well of a 6-well plate to induce a 528 

primitive retinal fate. Full medium was changed with NIM on days 9, 12 and 15 and then on day 529 

16, optic vesicle-like structures were lifted and cultured in suspension to induce retinal organoid 530 

formation in retinal differentiation medium (RDM), which consisted of DMEM/F12(3:1) 531 

supplemented with 2% B27, MEM non-essential amino acids, and penicillin/streptomycin. From 532 

day 20-35, half media changes were performed every 2-3 days, and cultures were gradually 533 

supplemented with FBS transitioning from 1% to 10%. On day 35, retinal organoids were 534 

cultured in retinal maturation medium, consisting of DMEM/F12(3:1) supplement with 2% B27 535 
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supplement, MEM non-essential amino acids, penicillin/streptomycin, 10% FBS, 1X GlutaMAX, 536 

and 100 μM Taurine. Half media changes were then performed every 2-3 days.  537 

To isolate RGCs, retinal organoids between 45-55 days of differentiation were 538 

enzymatically dissociated with AccuMax and purified by Magnetic Activated Cell Sorting 539 

(MACS) with CD90.2 (Thy1.2) MicroBeads (Miltenyi Biotec, cat. no. 130-121-278) as previously 540 

described (Sluch et al., 2017). Purified RGCs were plated on either poly-D-ornithine and 541 

laminin-coated glass coverslips or laminin-coated culture plates at a density of 450 cells/mm2 542 

and maintained in Brainphys medium supplemented with 2% B27 (either with or without insulin, 543 

depending on experiment), 20 ng/mL BDNF, 20 ng/mL GDNF, 1 mM dibutyryl cAMP, 200 nM 544 

ascorbic acid and penicillin/streptomycin. Half media changes were performed every 3-4 days 545 

and maintained up to an additional 4 weeks. For chloroquine treatment, 30 nM chloroquine (Life 546 

Technologies, cat. no. P36239B) was added to hPSC-RGCs after 4 weeks of maturation for a 547 

duration of 16 hours prior to fixation and immunohistochemistry. For mTOR inhibition, the dual 548 

mTOR inhibitor KU-0063794 (Tocris, cat. no. 3725) was added at indicated concentrations at 3 549 

days following the isolation of RGCs for an additional week. For RGC protection, 25 mM 550 

trehalose (MP Biomedicals, cat. no. 103097) was dissolved in the medium, filtered, and added 551 

to RGCs from week 2 to week 4 following purification.  552 

 553 

Differentiation of human cortical neurons 554 

To derive cortical neurons from hPSCs, maintenance, passaging, as well as EB 555 

formation were performed as described above for retinal organoids with minor modifications 556 

(Fligor et al., 2020). Primarily, on day 6 of differentiation, 200 nM LDN-193189 (Reprocell, cat. 557 

no. 04-0074-02) was added to EBs instead of BMP4. At day 16, the loosely attached rosettes 558 

were mechanically lifted and cultured in suspension in RDM as cortical organoids. By day 45, 559 

cortical organoids were then enzymatically dissociated with AccuMax and purified by MACS 560 

using anti-PSA-NCAM MicroBeads (Miltenyi Biotec, cat. no. 130-097-859) and plated onto poly-561 
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D-ornithine and laminin-coated coverslips or laminin-coated culture plates and further 562 

maintained in Brainphys medium, as described above. 563 

 564 

Magnetic microbead occlusion mouse glaucoma model 565 

All animal procedures were approved by the University of Montreal Hospital Research 566 

Centre (2021-9727, N18025ADPs) and followed the Canadian Council on Animal Care 567 

guidelines. Experiments were performed in adult female C57B6L/6 mice (2 to 3 months of age, 568 

20.3 to 25.1 g) (Charles River, Strain code:027). All procedures were performed under general 569 

anesthesia (20 mg/kg ketamine, 2 mg/kg xylazine, 0.4 mg/kg acepromazine). Unilateral 570 

elevation of intraocular pressure was performed by a single injection of magnetic microbeads 571 

into the mouse anterior chamber(Ito et al., 2016). Animals were anesthetized and a drop of 572 

tropicamide was applied on the cornea to induce pupil dilation (Mydriacyl, Alcon, Mississauga, 573 

ON, Canada). A custom-made sharpened microneedle attached to a microsyringe pump (World 574 

Precision Instruments, Sarasota, FL) was loaded with a magnetic microbead solution (1.5 µl, 575 

diameter: 4.5 µm, 2.4 x 106 beads, Dynabeads M-450 Epoxy, ThermoFisher Scientific, 576 

Waltham, MA). Using a micromanipulator, the tip of the microneedle was gently pushed through 577 

the cornea to inject the microbeads into the anterior chamber. The microbeads were 578 

immediately attracted to the iridocorneal angle using a hand-held magnet. This procedure 579 

avoided injury to ocular structures including the lens and iris. Sham-operated controls received 580 

an injection of phosphate buffered saline (PBS). Only one eye was operated on and an 581 

antibiotic drop (Tobrex, tobramycin 0.3%, Alcon) was applied immediately after the surgery. The 582 

animal was allowed to recover on a heating pad. Intraocular pressure was measured in awake 583 

animals before and after the procedure, and bi-weekly thereafter always at the same time using 584 

a calibrated TonoLab rebound tonometer (Icare, Vantaa, Finland). For this purpose, a drop of 585 

proparacaine hydrochloride (0.5%, Alcon) was applied to the cornea and a minimum of 10 586 

consecutive readings were taken per eye and averaged. 587 
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 588 

RNA extraction and quantitative real-time PCR (qPCR) 589 

Total RNA was collected from RGCs following purification and subsequent maturation 590 

for 4 weeks using the PicoPure RNA isolation kit (Life Technologies, cat. no. KIT0204). 1 μg of 591 

RNA was used for reverse transcription using the High Capacity RNA-to-cDNA kit (Life 592 

Technologies, cat. no. 4387406), and cDNA samples were diluted with nuclease-free water at a 593 

1:2 ratio. Quantitative PCR was performed using the Applied Biosystems StepOnePlus Real-594 

Time PCR System with SYBR Green PCR master mix (Life Technologies, cat. no. 4364344) 595 

Primer sets used included: OPTN-forward: GACACGTTACAGATTCACGTGA; OPTN-reverse: 596 

ACTGTGCCCGGCCTGTTTTC; β-actin-forward: GCGAGAAGATGACCCAGATC; β-actin-597 

reverse: CCAGTGGTACGGCCAGAGG; GAPDH-forward: CGCTCTCTGCTCCTCCTGTT; 598 

GAPDH-reverse: CCATGGTGTCTGAGCGATGT. In addition, a melt-curve analysis was 599 

performed immediately after the amplification protocol to verify the specificity of amplification. β-600 

actin and GAPDH were used as endogenous controls to normalize the expression levels.  601 

Relative mRNA levels were calculated using the ΔΔCT equation (Livak and Schmittgen, 2001). 602 

 603 

Immunoblotting 604 

hPSC-RGC samples were collected in M-PER Mammalian Protein Extraction Reagent 605 

(Life Technologies, cat. no. 78501) supplemented with protease and phosphatase inhibitor 606 

cocktail (Life Technologies, cat. no. 78440). Alternatively, animals were sacrificed by cervical 607 

dislocation and the retinas were immediately dissected out in cold PBS, snap-frozen, and kept 608 

at -80°C until protein extraction. Proteins were extracted by homogenization of retinas in lysis 609 

buffer (Tris 50 mM, EDTA 1 mM, NaCl 150 mM, NP-40 1% v/v, NaVO3 2mM, NaF 5 mM, Na 610 

Deoxycholate 0.25%). The homogenized protein samples were combined with 4x sample buffer 611 

and 25μM DTT and incubated at 100°C for 10 minutes followed by loading into a 4-15% 612 
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gradient pre-cast gel and transferred onto a nitrocellulose membrane through the Trans-Blot 613 

Turbo system (BioRad). The membrane was blocked in 5% milk in tris buffered saline (TBS) 614 

supplemented with 0.1% Tween-20 (TBS-T) for 30 minutes. The membrane was then incubated 615 

with diluted primary antibodies in TBS-T with 5% BSA overnight at 4°C. The membrane was 616 

washed 3 times with TBS-T on the following day, and the appropriate secondary antibody in 5% 617 

milk in TBS-T was applied for an hour at room temperature, protected from light. The membrane 618 

was then washed 3 times with TBS-T and imaged using the Li-COR Odyssey CLx imaging 619 

system. Protein intensities were quantified for each band and normalized to an internal control 620 

(β-actin) using ImageJ. Detailed information regarding primary antibodies as well as the 621 

respective dilutions are provided in the Supplemental Table. 622 

 623 

Immunostaining 624 

Purified hPSC-RGCs were plated on Poly-D-Ornithine and laminin-coated 12 mm 625 

coverslips at a density between 20,000 to 50,000 cells. RGCs were fixed at indicated timepoints 626 

with 4% paraformaldehyde for 30 min. Alternatively, animals were anesthetized and 627 

transcardially perfused with ice-cold 4% paraformaldehyde (PFA) in PBS. Eyes were 628 

immediately collected, post-fixed in PFA, and processed to generate cryosections as previously 629 

described(Pernet et al., 2007). Briefly, the cornea and the lens were removed, and the eye cup 630 

was incubated in the same fixative for 2h at 4°C. Tissue was further incubated in 30% sucrose 631 

overnight, and then frozen in optimal cutting temperature (O.C.T.) compound (Tissue-Tek, Miles 632 

Laboratories, Elkhart, IN, USA). Retinal cryosections (16μm) were collected onto gelatin-coated 633 

slides for immunostaining. hPSC-RGCs and retinal cryosections were permeabilized with 0.1% 634 

Triton-X for 10 min at room temperature. Following three washes in PBS, RGCs were then 635 

blocked in 10% donkey serum and 1% BSA for 1 hour at room temperature. Primary antibodies 636 

(Supplemental Table) were diluted in PBS supplemented with 10% donkey serum and 1% BSA 637 

and applied overnight at 4°C. On the following day, RGCs were washed three times with PBS 638 
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and incubated with secondary antibodies diluted in 10% donkey serum and 1% BSA for 1 hour 639 

at room temperature. RGCs were then washed three times with PBS and the coverslips 640 

mounted onto slides for imaging. Imaging was performed using either a Nikon A1R Confocal 641 

Microscope or a Leica DM5500 fluorescence microscope.  642 

Quantification of OPTN puncta was performed in Fiji where particles were analyzed with 643 

proper threshold. For LC3 and OPTN colocalization analysis, the LC3B-GFP Sensor (Life 644 

Technologies, cat. no. P36235) was added to hPSC-RGCs for 16 hours. RGCs were then 645 

stained with OPTN and RFP antibodies, with the latter used to enhance the tdTomato signal. 646 

The colocalization between LC3 and OPTN puncta was analyzed within RGC somas by using 647 

Fiji with the JACop plugin with threshold.  648 

 649 

Autophagosome maturation assay 650 

To analyze autophagic flux, hPSCs with the OPTN(E50K) mutation as well as isogenic 651 

controls both lacking the BRN3b-tdTomato-Thy1.2 reporter were used. Differentiated retinal 652 

organoids were enzymatically dissociated with AccuMax and plated on 12 mm coverslips in 653 

Brainphys medium for 4 weeks, as described above. Dissociated cells were treated with 1 μM of 654 

5-fluoro-2′-deoxyuridine (Sigma, cat. no. F0503) for the first 24 hours to remove presumptive 655 

progenitor and/or glial cells. The RFP-GFP-LC3B sensor (Life Technologies, cat. no. P36239) 656 

was added to hPSC-RGCs after 4 weeks of maturation for a duration of 16 hours. 657 

Subsequently, immunohistochemistry was performed to stain the cells with a BRN3 primary 658 

antibody to definitively identify RGCs, followed by an Alexa Fluor 647 anti-goat secondary 659 

antibody. Immunofluorescence images were visualized on a Nikon A1R Confocal Microscope 660 

with Z-stack. To ensure the proper selection of RGCs, only cells expressing BRN3 were 661 

considered for further analysis of RFP-GFP-LC3B expression. Quantification of 662 

autophagosomes (both RFP and GFP puncta) and autolysosomes (RFP positive, GFP negative 663 

puncta) was performed on RGC somas through Fiji by using JACop plugin with appropriate 664 
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threshold. Autophagosomes were calculated as the fraction of RFP puncta overlapping with 665 

GFP puncta. 666 

 667 

Neurite tracing and analysis 668 

hPSC-RGCs or cortical neurons were maintained on 12 mm coverslips. To identify 669 

neurites from individual BRN3-tdTomato (RGCs) or β-III Tubulin (cortical neurons) cells, cultures 670 

were transfected either with a GFP plasmid using Lipofectamine Stem Reagent (Life 671 

Technologies, cat. no. STEM00003) or BacMam GFP (Life Technologies, cat. no. B10383), 672 

which provided a relatively low efficiency of transfection that allowed for facile analysis of 673 

individual neurons within otherwise dense neuronal cultures that allowed for greater viability of 674 

neurons. Transfection was performed two days before fixation, and immunohistochemistry was 675 

then performed on these cultures as indicated. Images were taken using a Leica DM5500 676 

fluorescence microscope. Neurite tracing and Sholl analyses were performed using Fiji and the 677 

neuroanatomy plugin.  678 

 679 

Proteomic analysis by mass spectrometry 680 

Four biological replicates of wild-type and OPTN(E50K) hPSC-RGCs were lysed with 681 

250 µl of 8 M urea in 100 mM Tris HCl, pH 8.5. Following Bradford assay for protein quantitation 682 

(Protein Assay Dye Reagent Concentrate, Bio-Rad, Cat No: 5000006), 40 µg of each protein 683 

sample was reduced with 5 mM tris (2-carboxyethyl) phosphine hydrochloride (TCEP, Sigma-684 

Aldrich, Cat No:  C4706) and then diluted in 50 mM Tris HCl. Samples were then digested 685 

overnight at 35ºC using Trypsin/Lys-C (Trypsin/Lys-C Mix, Mass Spec Grade, Promega, Cat 686 

No: V5072); the enzyme-substrate ratio of 1:70). Digestions were quenched with trifluoracetic 687 

acid (TFA, 0.5% v/v) and desalted on Waters Sep-Pak cartridges, followed by elution in 50% 688 

and 70% acetonitrile containing 0.1% formic acid (FA), and then dried and stored at -20ºC.  689 

Dried peptides were later reconstituted in 50 mM triethylammonium bicarbonate pH 8.0 (TEAB). 690 
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Peptides were labeled for two hours at room temperature with 0.2 mg of Tandem Mass Tag 691 

(TMT) reagent (TMT™ Isobaric Label Reagent Set, Thermo Fisher Scientific, Cat No: 90110, 692 

Lot No: WG320953). Labeled peptides were then pooled and dried, and then reconstituted in 693 

0.1% TFA and half was fractionated using a Waters Sep-Pak cartridge (Waters™, Cat No: 694 

WAT054955) with a wash of 1 mL 0.1% TFA and 0.5% acetonitrile containing 0.1% 695 

triethylamine followed by elution in 10%, 12.5%, 15%, 17.5%, 20%, 22.5%, 25% and 70% 696 

acetonitrile containing 0.1% triethylamine. A tenth of each fraction was separated on a 25 cm 697 

aurora column (IonOpticks, AUR2-25075C18A) at 400 nL/min in the EASY-nLC HPLC system 698 

(SCR: 014993, Thermo Fisher Scientific). Nano-LC-MS/MS data were acquired in Orbitrap 699 

Eclipse™ Tribrid mass spectrometer (Thermo Fisher Scientific) with a FAIMS pro interface. The 700 

data were recorded using Thermo Fisher Scientific Xcalibur (4.3) software (Thermo Fisher 701 

Scientific Inc.). 702 

 703 

Statistical analysis 704 

Data in all experiments is represented as mean ± SEM and n represents the number of 705 

technical replicates across all experiments. Statistical comparisons were conducted by either 706 

Student's t-test or ANOVA with Tukey post hoc test (specified in figure legends) using 707 

GraphPad Prism 9. Statistically significant differences were defined as p < 0.05 in all 708 

experiments including proteomics. For proteomics data analysis, RAW files were analyzed in 709 

Proteome Discover™ 2.5 (Thermo Fisher Scientific, RRID: SCR_014477) with a Homo sapiens 710 

UniProt reviewed FASTA and common contaminants (20417 total sequences). Normalized 711 

abundance values for each sample type, abundance ratio, log2(abundance ratio) values, and 712 

respective p-values (t-test) from Proteome Discover™ were exported to Microsoft Excel. All 713 

processed and raw data are uploaded to ProteomeXchange Accession PXD033173.   714 
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Figures 1006 

 1007 

Figure 1. Modulation of OPTN levels in hPSC-derived OPTN(E50K) RGCs.  1008 

(A) Real-time quantification of OPTN mRNA levels (n=3 for each WT and E50K; t-test, 1009 

p=0.181). (B-C) Western blot and the relative protein expression of OPTN and p62 to β-actin in 1010 

hPSC-RGCs (n=5 for each WT and E50K; t-test, OPTN ****p<0.0001, p62 ***p=0.0002). (D) 1011 

Proteomics analysis demonstrated changes in the expression of autophagy-associated proteins 1012 

in OPTN(E50K) hPSC-RGCs. (E-P) Immunostaining displayed the expression of OPTN and p62 1013 

puncta in BRN3:tdTomato hPSC-RGCs from WT and E50K under steady state (control) (E-J) 1014 

and chloroquine (CQ) treatment (K-P). Scale bar: 10 μm. (Q-T) Quantification of OPTN puncta 1015 

(Q and R) or p62 puncta (S and T) in hPSC-RGCs (n=3 biological replicates using Ctrl-WT 1016 

n=60, Ctrl-E50K n=60, CQ-WT n=57 and CQ-E50K n=48 technical replicates; One-way 1017 
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ANOVA, Tukey post hoc test. ****p<0.0001, ***p<0.001, **p<0.01, *p<0.05, ns= not significant, 1018 

p>0.05). Data are represented as mean values ± S.E.M. 1019 

Figure 1-source data 1. The alternation of OPTN and p62 protein in OPTN(E50K) mutation 1020 

hPSC-RGCs. 1021 
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Figure 2. Disruption in autophagosome and lysosome degradation pathway in 1023 

OPTN(E50K) hPSC-derived RGCs and ocular hypertensive mouse RGCs.  1024 

(A-B) Analysis of protein colocalization between OPTN and LC3 in hPSC-RGCs (n=3 biological 1025 

replicates using WT (n=36) and E50K (n=40); t-test, ****p<0.0001). Yellow arrows label the 1026 

colocalization between OPTN and LC3 puncta. Scale bar: 10 μm. (C-E) Western blot and 1027 

subsequent analysis of relative protein expression demonstrated increased LC3-II, LAMP1 and 1028 

autophagic flux (LC3-II to LC3-I ratio) in OPTN(E50K) hPSC-RGCs (n=6 for each WT and 1029 

E50K; t-test, LC3-I p=0.41, LC3-II *p=0.016, LAMP1 **p=0.0018, LC3-II/I *p=0.039). (F-H) 1030 

Western blot verified changes in protein expression of LC3-I, LC3-II, LAMP1, and LC3-II/I ratio 1031 

in control or glaucoma mouse retinas with ocular hypertension (OHT) (n=6 for each control and 1032 

OHT; t-test, LC3-I p=0.122, LC3-II *p=0.034, LAMP1 ***p=0.0004, LC3-II/I *p=0.042). (I-J) 1033 

Immunostaining displayed the elevation of LC3 and LAMP1 in RBPMS-expressing RGCs after 1034 

ocular hypertension. Scale bar: 25 μm. (K) Schematic of LC3-RFP-GFP probe paradigm. (L-T) 1035 

Using LC3-RFP-GFP probe showed the accumulation of autophagosome (RFP+GFP+) in 1036 

OPTN(E50K) hPSC-RGCs (n=3 biological replicates using WT n=44 and E50K n=45 technical 1037 

replicates; t-test, **p=0.0075). Scale bar: 10 μm. Data are all represented as mean 1038 

values ± S.E.M. 1039 

Figure 2-source data 1. The alternation of LC3 and LAMP1 level in OPTN(E50K) mutation 1040 

hPSC-RGCs. 1041 

Figure 2-source data 2. The alternation of LC3 and LAMP1 level in mouse retina with 1042 

ocular hypertension. 1043 

 1044 

  1045 
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 1046 

Figure 3. OPTN(E50K) mutation-induced phenotypes was tissue specific in RGCs.  1047 

(A) Immunostaining to characterize wild-type and OPTN(E50K) RGCs. Scale bar: 25 μm. (B) 1048 

Representative neurite tracing of wild-type and OPTN(E50K) RGCs after 4 weeks of purification. 1049 
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Scale bar: 150 μm. (C) Sholl analysis revealed the neurite complexity in wild-type and 1050 

OPTN(E50K) RGCs (n=3 biological replicates using WT n=15 and E50K n=17 technical 1051 

replicates; t-test, ****p<0.0001). (D) Immunostaining to characterize wild-type and OPTN(E50K) 1052 

cortical neurons. Scale bar: 25 μm. (E) Representative neurite tracing of wild-type and 1053 

OPTN(E50K) cortical neurons 4 weeks after purification. Scale bar: 150 μm. (F) Sholl analysis 1054 

revealed similar neurite complexity in wild-type and OPTN(E50K) cortical neurons (n=3 1055 

biological replicates using WT n=16 and E50K n=17 technical replicates; t-test, ns=not 1056 

significant, p=0.37). (G-I) Quantitative analysis of neurite parameters displayed neurite deficits 1057 

in OPTN(E50K) RGCs based upon measurements of soma size (n=3 biological replicates using 1058 

RGC-WT n=101, RGC-E50K n=112, cortical-WT n=68, and cortical-E50K n=66 technical 1059 

replicates; t-test, RGC: *** p=0.0003; cortical: ns= not significant, p=0.811) (G), number of 1060 

primary neurites (n=3 biological replicates using RGC-WT n=15, RGC-E50K n=17, cortical-WT 1061 

n=16, and cortical-E50K n=17 technical replicates; t-test, RGC: ** p=0.004; cortical: ns= not 1062 

significant, p=0.626) (H) and total neurite length (n=3 biological replicates using RGC-WT n=15, 1063 

RGC-E50K n=17, cortical-WT n=16, and cortical-E50K n=17 technical replicates; t-test, RGC: 1064 

**** p<0.0001; cortical: ns= not significant, p=0.575) (I), but not in OPTN(E50K) cortical neurons 1065 

when compared with wild-type. (J-M) Western blot and quantified relative protein expression 1066 

demonstrated that the OPTN(E50K) mutation altered LC3-II only in RGCs (n=3 for each WT and 1067 

E50K from RGC or cortical neurons; One-way ANOVA, Tukey post hoc test. ***p<0.001, 1068 

**p<0.01, *p<0.05, ns= not significant, p>0.05). (N-U) Immunostaining displayed the expression 1069 

of OPTN puncta in hPSC-derived cortical neurons from WT and E50K under steady state 1070 

(control) (N-Q) and chloroquine (CQ) treatment (R-U). Scale bar: 10 μm. (V-W) Quantification of 1071 

OPTN puncta in hPSC-derived cortical neurons (n=3 biological replicates using Ctrl-WT n=39, 1072 

Ctrl-E50K n=34, CQ-WT n=37 and CQ-E50K n=37 technical replicates; One-way ANOVA, 1073 

Tukey post hoc test. ****p<0.0001, ***p<0.001, *p<0.05, ns= not significant, p>0.05). Data are 1074 

all represented as mean values ± S.E.M. 1075 
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Figure 3-source data 1. Western blot analysis in OPTN and LC3 proteins in hPSC-RGCs 1076 

and cortical neurons. 1077 

 1078 
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 1080 

Figure 4. Attenuation of mTORC1 signaling in OPTN(E50K) hPSC-derived RGCs and 1081 

ocular hypertension mouse RGCs.  1082 

(A-B) Immunostaining labeled the level of the mTORC1 effector pS6Ser240/244 and exhibited 1083 

robust activity in the ganglion cell layer (GCL), co-labeled with RBPMS in (B), and inner nuclear 1084 

layer (INL) in control mouse retina. Scale bar: 25 μm. (C-E) Under ocular hypertension, 1085 

immunostaining and associated quantification demonstrated that the level of pS6Ser240/244 1086 
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decreased in mouse RGCs (n=3 mice/group, 2 images/mice; t-test, *p=0.011). (F-H) Western 1087 

blot and the relative protein expression of pS6Ser240/244, pAKTSer473 and pAMPKThr172 to its total 1088 

protein, respectively, in hPSC-RGCs (n=6 for each WT and E50K; t-test, pS6Ser240/244 1089 

**p=0.0057; pAKTSer473 ns= not significant, p=0.854; pAMPKThr172 **p=0.0027). (I-O) 1090 

Immunostaining and quantification of pS6Ser240/244 intensity revealed that a subset of RGCs with 1091 

the OPTN(E50K) mutation reduced the expression of pS6Ser240/244 (n=3 biological replicates 1092 

using WT n=96 and E50K n=96 technical replicates; t-test, ***p=0.0009). Scale bar: 25 μm. 1093 

Data are all represented as mean values ± S.E.M. 1094 

Figure 4-source data 1. The level of phosphorylated form S6 (Ser240/244) protein in 1095 

hPSC-RGCs. 1096 

Figure 4-source data 2. The level of phosphorylated form AKT (Ser473) protein in hPSC-1097 

RGCs. 1098 

Figure 4-source data 3. The level of phosphorylated form AMPK (Thr172) protein in 1099 

hPSC-RGCs. 1100 
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Figure 5. mTOR inhibition contributed to neurite shortening in hPSC-derived RGCs.  1104 

(A) Schematic timeline of mTOR inhibitor treatment and methods for neurite analyses. (B-C) 1105 

Quantification and immunostaining revealed that pS6Ser240/244 intensity was dose-dependent in 1106 

response to mTOR inhibition in hPSC-RGCs (n=3 biological replicates using vehicle (DMSO) 1107 

n=162, 10 nM n=143, 100 nM n=128, 500 nM n=121, and 1 μM n=133 technical replicates; 1108 

One-way ANOVA, Tukey post hoc test. ****p<0.0001 for each KU0063794 treatment group 1109 

compared to vehicle treatment). Scale bar: 25 μm. (D-G) Western blot and quantification of the 1110 

relative protein expression displayed a decrease of mTOR signaling and induction of autophagy 1111 

when mTOR was inhibited by KU0063794 treatment in hPSC-RGCs (n=3 for each vehicle 1112 

(DMSO) and 1 μM of KU0063794 treatment, t-test, pS6Ser240/244 ****p<0.0001, pAKTSer473 1113 

**p=0.0033, pAMPKThr172 **p=0.0292, LC3-I ***p=0.0006, LC3-II **p=0.001, LC3-II/I p=0.838, 1114 

LAMP1 p=0.23). (H) Representative neurite tracings of vehicle and KU0063794 treatment in 1115 

hPSC-RGCs. Scale bar: 200 μm. (I-L) Quantitative analysis of neurite parameters displayed 1116 

neurite deficits and decreased neurite complexity following mTOR inhibition in hPSC-RGCs as 1117 

measured by their soma size (n=3 biological replicates using vehicle n=107, 10 nM n=109, 100 1118 

nM n=97, 500 nM n=107, and 1 μM n=93 technical replicates; One-way ANOVA, Tukey post 1119 

hoc test. ****p<0.0001, ***p<0.001) (I), number of primary neurites (n=3 biological replicates 1120 

using vehicle n=16, 10 nM n=16, 100 nM n=16, 500 nM n=17, and 1 μM n=15 technical 1121 

replicates; One-way ANOVA, Tukey post hoc test. ****p<0.0001, ***p<0.001, ns= not significant, 1122 

p>0.05) (J), total neurite length (n=3 biological replicates using vehicle n=16, 10 nM n=16, 100 1123 

nM n=16, 500 nM n=17, and 1 μM n=15 technical replicates; One-way ANOVA, Tukey post hoc 1124 

test. ****p<0.0001, **p<0.01, ns= not significant, p>0.05) (K), and Sholl analysis (n=3 biological 1125 

replicates using vehicle n=16, and 1 μM n=15 technical replicates; t-test, ****p<0.0001) (L). Data 1126 

are all represented as mean values ± S.E.M. 1127 

Figure 5-source data 1. The level of phosphorylated form S6 (Ser240/244), AKT (Ser473), 1128 

and AMPK (Thr172) proteins in hPSC-RGCs under mTOR inhibition. 1129 
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Figure 5-source data 2. The alternation of LC3 and LAMP1 level in hPSC-RGCs under 1130 

mTOR inhibition.  1131 
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 1132 

Figure 6. Insulin deprivation accelerated hPSC-RGCs neurite deficits under OPTN(E50K) 1133 

mutation.  1134 

(A-D) Representative neurite tracings of WT and OPTN(E50K) hPSC-RGCs after 2 weeks of 1135 

growth either with insulin or without insulin. Scale bar: 200 μm. (E-H) Quantitative analysis of 1136 

neurite parameters identified neurite deficits in OPTN(E50K) hPSC-RGCs after insulin 1137 

deprivation for 2 weeks, as measured by their soma size (n=4 biological replicates using 1138 
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WT(+Ins) n=103, E50K(+Ins) n=91, WT(-Ins) n=74, and E50K(-Ins) n=80 technical replicates; 1139 

One-way ANOVA, Tukey post hoc test. **p<0.01, *p<0.05) (E), number of primary neurites (n=4 1140 

biological replicates using WT(+Ins) n=13, E50K(+Ins) n=15, WT(-Ins) n=17, and E50K(-Ins) 1141 

n=12 technical replicates; One-way ANOVA, Tukey post hoc test. **p<0.01, *p<0.05) (F), total 1142 

neurite length (n=4 biological replicates using WT(+Ins) n=13, E50K(+Ins) n=13, WT(-Ins) n=14, 1143 

and E50K(-Ins) n=11 technical replicates; One-way ANOVA, Tukey post hoc test. **p<0.01, 1144 

*p<0.05) (G), and Sholl analysis (n=3 biological replicates using WT(+Ins) n=9, E50K(+Ins) 1145 

n=10, WT(-Ins) n=13, and E50K(-Ins) n=14 technical replicates; t-test, WT(+Ins) vs WT(-Ins): 1146 

ns= not significant, p=0.73; E50K(+Ins) vs E50K(-Ins): ***p=0.0004) (H). (I-J) Immunostaining 1147 

revealed that a subset of OPTN(E50K) hPSC-RGCs reduced their expression of pS6Ser240/244 1148 

when cultured under insulin deprivation, while wild-type RGCs did not change pS6Ser240/244 1149 

expression under these experimental parameters. Scale bar: 25 μm. (K) Quantification of 1150 

pS6Ser240/244 intensity indicated the decrease of mTORC1 levels in OPTN(E50K) hPSC-RGCs 1151 

after insulin deprivation (n=3 biological replicates using WT(+Ins) n=119, E50K(+Ins) n=117, 1152 

WT(-Ins) n=118, and E50K(-Ins) n=126 technical replicates; One-way ANOVA, Tukey post hoc 1153 

test. **p<0.01, *p<0.05). (L-N), Western blot and quantification of the relative protein expression 1154 

demonstrated the increased expression of LC3-II in OPTN(E50K) hPSC-RGCs following insulin 1155 

deprivation for only two weeks (n=5 for each group; One-way ANOVA, Tukey post hoc test. 1156 

**p<0.01, *p<0.05, ns= not significant, p>0.05). Data are all represented as mean 1157 

values ± S.E.M. 1158 

Figure 6-source data 1. The expression of LC3 protein in hPSC-RGCs with or without 1159 

insulin deprivation. 1160 
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 1162 

Figure 7. Trehalose prevented neurite retraction and cleared protein accumulation in 1163 

OPTN(E50K) hPSC-RGCs.  1164 
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(A) Representative images of soma size in wild-type, OPTN(E50K), and trehalose-treated 1165 

OPTN(E50K) hPSC-RGCs. Scale bar 25 μm. (B-D) Representative neurite tracing images of 1166 

wild-type, OPTN(E50K), and trehalose-treated OPTN(E50K) hPSC-RGCs. Scale bar: 200 μm. 1167 

(E-H) Quantitative analysis of neurite parameters demonstrated protection of neurites  in 1168 

OPTN(E50K) hPSC-RGCs after trehalose treatment for 2 weeks, as measured by the soma size 1169 

(n=3 biological replicates using WT n=30, E50K n=30, and E50K-trehalose n=30 technical 1170 

replicates, One-way ANOVA, Tukey post hoc test. ****p<0.0001, ns= not significant, p>0.05) 1171 

(E), number of primary neurites (n=3 biological replicates using WT n=15, E50K n=15, and 1172 

E50K-trehalose n=15 technical replicates; One-way ANOVA, Tukey post hoc test. ****p<0.0001, 1173 

***p<0.001, ns= not significant, p>0.05) (F), total neurite length (n=3 biological replicates using 1174 

WT n=15, E50K n=15, and E50K-trehalose n=15 technical replicates; One-way ANOVA, Tukey 1175 

post hoc test. **p<0.01, ns= not significant, p>0.05) (G), and Sholl analysis (n=3 biological 1176 

replicates using WT n=15, E50K n=15, and E50K-trehalose n=15 technical replicates; One-way 1177 

ANOVA, Tukey post hoc test. WT vs E50K: **p=0.0095; WT vs E50K(trehalose): ns= not 1178 

significant, p=0.81; E50K vs E50K(trehalose): **p=0.0012) (H). (I-N) Immunostaining displayed 1179 

the decrease of OPTN puncta in OPTN(E50K) hPSC-RGCs after trehalose treatment. Scale 1180 

bar: 10 μm. (O-P) Quantification of OPTN puncta in hPSC-RGCs (n=3 biological replicates 1181 

using WT n=51, E50K n=60, and E50K-trehalose n=61 technical replicates; One-way ANOVA, 1182 

Tukey post hoc test. ****p<0.0001, ***p<0.001, **p<0.01, *p<0.05, ns= not significant, p>0.05). 1183 

(Q-T) Western blot and the relative protein expression demonstrated the recovery of changes to 1184 

LC3-II and pS6Ser240/244 expression in OPTN(E50K) hPSC-RGCs after trehalose treatment. (n=5 1185 

for each WT, E50K, and E50K with trehalose treatment; One-way ANOVA, Tukey post hoc test. 1186 

LC3-I: WT vs E50K: p=0.41, WT vs E50K(trehalose): p=0.91, E50K vs E50K(trehalose): p=0.23. 1187 

LC3-II: WT vs E50K: p=0.03, WT vs E50K(trehalose): p=0.99, E50K vs E50K(trehalose): 1188 

p=0.03. pS6: WT vs E50K: p=0.048, WT vs E50K(trehalose): p=0.95, E50K vs E50K(trehalose): 1189 

p=0.029.). Data are all represented as mean values ± S.E.M. 1190 
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Figure 7-source data 1. The level of LC3 and pS6 Ser240/244 alternation in OPTN(E50K) 1191 

hPSC-RGCs under trehalose treatment. 1192 

  1193 

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted January 7, 2023. ; https://doi.org/10.1101/2023.01.04.522687doi: bioRxiv preprint 

https://doi.org/10.1101/2023.01.04.522687
http://creativecommons.org/licenses/by/4.0/


Supporting information 1194 

 1195 

Supplemental Figure 1. Confirmation of changes in OPTN levels in RGC-derived from 1196 

patient-specific iPSCs with OPTN(E50K) mutation compared to corresponding isogenic 1197 

control line. (A-B) Western blot of OPTN relative to β-actin in patient-derived OPTN(E50K) and 1198 

gene-corrected isogenic control iPSC-RGCs (n=5 for each WT and E50K; t-test, ****p<0.0001). 1199 

(C-N) Immunostaining revealed the aggregation of OPTN and p62 puncta in BRN3:tdTomato 1200 

iPSC-RGCs in patient-derived OPTN(E50K) mutant and gene-corrected isogenic control lines 1201 

after steady state (control) (C-H) and chloroquine (CQ) treatment (I-N). Scale bar: 10 μm. (O-R) 1202 

Quantification of OPTN puncta (O and P) or p62 puncta (Q and R) in iPSC-RGC (n=3 biological 1203 

replicates using Ctrl-WT n=42, Ctrl-E50K n=39, CQ-WT n=38 and CQ-E50K n=40 technical 1204 
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replicates; One-way ANOVA, Tukey post hoc test. ****p<0.0001, **p<0.01, *p<0.05, ns= not 1205 

significant). Data are all represented as mean values ± S.E.M.  1206 

Supplemental figure 1-source data 1. The alternation of OPTN protein in gene corrected 1207 

and patient derived-OPTN(E50K) mutation hPSC-RGCs. 1208 
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 1210 

Supplemental Figure 2. Confirmation of reduced recruitment of LC3 by OPTN in patient-1211 

derived OPTN(E50K) iPSC-RGCs after chloroquine treatment. (A) Representative images of 1212 

OPTN and LC3 localization in patient-derived iPSC-RGCs from wild-type and OPTN(E50K) cell 1213 

lines after chloroquine treatment. White arrows identify puncta colocalized with OPTN and LC3. 1214 

(B) Quantification of colocalization between OPTN and LC3 in patient-derived iPSC-RGCs (n=3 1215 

biological replicates using WT n=37 and E50K n=28 technical replicates; t-test, **p>0.005). 1216 

Scale bar: 10 μm. Data are all represented as mean values ± S.E.M. 1217 

 1218 
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 1220 

Supplemental Figure 3. Elevation of intraocular pressure in an ocular hypertension 1221 

glaucoma model. Maintained elevation of intraocular pressure in mouse eyes following the 1222 

injection of magnetic microbeads into the mouse anterior chamber, compared to sham-injected 1223 

controls.  Two-way ANOVA with Tukey’s multiple comparison pos hoc test, ****p < 0.0001, 1224 

n = 12 mice/group. 1225 

 1226 
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 1228 

Supplemental Figure 4. Schematic diagram outlining the differentiation of RGCs and 1229 

cortical neurons from hPSCs. 1230 

 1231 
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 1233 

Supplemental Figure 5. Characterization of p62 expression in hPSC-cortical neurons 1234 

from wild-type and OPTN(E50K) cell lines. (A-H) Representative images of p62 puncta in 1235 

iPSC-derived cortical neurons from WT and OPTN(E50K) cell lines under steady state (control) 1236 

(A-D) and chloroquine (CQ) treatment (E-H). Scale bar: 10 μm. (I-J) Quantification of p62 1237 

puncta in iPSC-derived cortical neurons (n=3 biological replicates using Ctrl-WT n=30, Ctrl-1238 

E50K n=30, CQ-WT n=36 and CQ-E50K n=38 technical replicates; One-way ANOVA, Tukey 1239 

post hoc test. ****p<0.0001, **p<0.01, ns= not significant, p>0.05). Data are all represented as 1240 

mean values ± S.E.M. 1241 
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 1243 

Supplemental Figure 6. mTORC1 activity is preferentially observed within RGCs among 1244 

hPSC-derived retinal cells. (A) Retinal organoids were dissociated and plated onto laminin-1245 

coated coverslips at either day 50 or day 80 of differentiation to acquire the majority of major 1246 

retinal cell types, including RGCs (BRN3:tdTomato), retinal progenitor cells (CHX10), and 1247 

photoreceptors (OTX2), following by analysis of mTORC1 activity based upon co-staining with 1248 

pS6Ser240/244. Scale bar: 25 μm. (B-C) Quantification of results showing the percentage of 1249 

retinal cell types observed at day 50 or day 80 (n=9 images from three technical replicates). (D-1250 

E) Quantification of pS6Ser240/244 expression colocalized with either BRN3B:tdTomato, 1251 

CHX10 or OTX2, suggesting that mTORC1 signaling is highly expressed in RGCs, with little 1252 

expression in retinal progenitor cells or photoreceptors (n=9 images from three technical 1253 

replicates; t-test, BRN3 vs CHX10: p<0.0001,  BRN3 vs OTX2: p<0.0001). Data are all 1254 

represented as mean values ± S.E.M. 1255 

 1256 
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 1258 

Supplemental Figure 7. Insulin deprivation expedites the onset of degenerative 1259 

phenotypes in hPSC-RGCs with the OPTN(E50K) mutation.  (A-C) Quantitative analysis of 1260 

neurite measurements over the course of 4 weeks of differentiation in wild-type and 1261 

OPTN(E50K) hPSC-RGCs grown with or without insulin, as measured by soma size (n≥30 each 1262 

condition with 4 biological replicates; One-way ANOVA, Tukey post hoc test. ***p<0.001, 1263 

**p<0.01, *p<0.05) (A), number of primary neurites (n≥10 each condition with 4 biological 1264 

replicates; One-way ANOVA, Tukey post hoc test. ***p<0.001, **p<0.01, *p<0.05) (B), total 1265 

neurite length (n≥10 each condition with 4 biological replicates; One-way ANOVA, Tukey post 1266 

hoc test. ***p<0.001, **p<0.01, *p<0.05) (C). Data are all represented as mean values ± S.E.M. 1267 

(D-G) Representative neurite tracings of WT and OPTN(E50K) hPSC-RGCs after 4 weeks of 1268 

growth either with or without insulin. Scale bar: 200 μm. 1269 

 1270 
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 1272 

Supplemental Figure 8. p62 expression remains unchanged in hPSC-RGCs comparing 1273 

wild-type, OPTN(E50K) and OPTN(E50K) plus trehalose conditions. (A-C) Representative 1274 

images of p62 puncta in hPSC-RGCs. Scale bar: 10 μm. (D-E) Quantification of p62 puncta in 1275 

hPSC-RGCs (n=3 biological replicates using WT n=51, E50K n=60, and E50K-trehalose n=61 1276 

technical replicates; One-way ANOVA, Tukey post hoc test. ns= not significant, p>0.05). Data 1277 

are all represented as mean values ± S.E.M. 1278 
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Supplemental Table. List of antibodies. 1281 

Antibody Type  Source Catalog RRID WB dilution IF dilution 

AKT Mouse monoclonal Cell Signaling 
Technology 

2920 AB_1147620 1:2000  

AMPK Rabbit polyclonal Cell Signaling 
Technology 

2532 AB_330331 1:1000  

β-actin Mouse monoclonal Sigma A5441 AB_476744 1:10000  

BRN3 Goat polyclonal Santa Cruz SC-6026 AB_673441  1:200 

CHX10 Goat polyclonal Santa Cruz SC-21690 AB_2216006  1:200 

CTIP2 Rat monoclonal Abcam Ab18465 AB_2064130  1:500 

LAMP1 Rabbit monoclonal Cell signaling 
Technology 

9091 AB_2687579 1:1000  

LAMP1 Rat monoclonal  DSHB 1D4B AB_2134500 1:200 1:20 

LC3 A/B Rabbit monoclonal Cell Signaling 
Technology 

12741 AB_2617131 1:1000  

MAP1LC3A Rabbit monoclonal Abcam ab185036 AB_881226  1:200 

MAP2 Mouse monoclonal Synaptic Systems 188011 AB_11042001  1:200 

OPTN Rabbit polyclonal Novus  NBP1-
84682 

AB_11032496 1:1000 1:200 

OTX2 Goat polyclonal R&D Systems AF1979 AB_2157172  1:2000 

p62 Mouse monoclonal Abcam ab56416 AB_945626 1:2000 1:50 

pAKT Rabbit monoclonal Cell Signaling 
Technology 

4060 AB_2315049 1:2000  

pAMPK Rabbit monoclonal Cell Signaling 
Technology 

2535 AB_331250 1:1000  

pS6 Rabbit polyclonal Cell Signaling 
Technology 

2215 AB_331682 1:1000 1:200 

RBPMS Guinea pig 
polyclonal 

PhosphoSolutions 1832-
RBPMS 

AB_2492226  1:500 

RFP Rabbit polyclonal Rockland 600-401-
379 

AB_2209751  1:200 

RFP Goat polyclonal Origene AB1140-
100 

AB_2877097  1:200 

RFP Mouse monoclonal Rockland 200-301-
379 

AB_2611063  1:200 

S6 Rabbit monoclonal Cell Signaling 
Technology 

2217 AB_331355 1:1000  
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Tubulin,β-III Rabbit polyclonal Biolegend 802001 AB_2564645  1:500 
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