
iScience

Article

ll
OPEN ACCESS
O-GlcNAcylation regulates OTX2’s proteostasis
Eugenia Wulff-

Fuentes, Jeffrey

Boakye, Kaeley

Kroenke, ...,

Michaela Pereckas,

John A. Hanover,

Stephanie Olivier-

Van Stichelen

solivier@mcw.edu

Highlights
OTX2 is O-GlcNAcylated

on residues S135, S136,

and T137

O-GlcNAc stabilizes OTX2

by regulating its

autophagy-mediated

degradation

O-GlcNAc aids the

solubility of OTX2

aggregates

O-GlcNAc-depleted OTX2

loses interaction with the

CCT/Chaperonin family of

proteins

Wulff-Fuentes et al., iScience
26, 108184
November 17, 2023ª 2023 The
Author(s).

https://doi.org/10.1016/

j.isci.2023.108184

mailto:solivier@mcw.edu
https://doi.org/10.1016/j.isci.2023.108184
https://doi.org/10.1016/j.isci.2023.108184
http://crossmark.crossref.org/dialog/?doi=10.1016/j.isci.2023.108184&domain=pdf


iScience

Article

O-GlcNAcylation regulates OTX2’s proteostasis

Eugenia Wulff-Fuentes,1 Jeffrey Boakye,2 Kaeley Kroenke,1 Rex R. Berendt,1 Carla Martinez-Morant,1

Michaela Pereckas,1 John A. Hanover,2 and Stephanie Olivier-Van Stichelen1,3,4,5,*

SUMMARY

O-GlcNAcylation is a key post-translational modification, playing a vital role in cell signaling during devel-
opment, especially in the brain. In this study,we investigated the role ofO-GlcNAcylation in regulating the
homeobox protein OTX2, which contributes to various brain disorders, such as combined pituitary hor-
mone deficiency, retinopathy, and medulloblastoma.
Our research demonstrated that, under normal physiological conditions, the proteasome plays a pivotal
role in breaking down endogenous OTX2. However, when the levels of OTX2 rise, it forms oligomers
and/or aggregates that require macroautophagy for clearance. Intriguingly, we demonstrated that
O-GlcNAcylation enhances the solubility of OTX2, thereby limiting the formation of these aggregates.
Additionally, we unveiled an interaction between OTX2 and the chaperone protein CCT5 at theO-GlcNAc
sites, suggesting a potential collaborative role in preventingOTX2 aggregation. Finally, our study demon-
strated that while OTX2 physiologically promotes cell proliferation, anO-GlcNAc-depleted OTX2 is detri-
mental to cancer cells.

INTRODUCTION

O-GlcNAcylation is a nutrient-dependent post-translational modification (PTM) that has shown potential in designing new treatment options

for diseases such as Alzheimer’s and cancers.1,2 Consisting in the addition of a single N-Acetylglucosamine moiety onto serine or threonine

residues, O-GlcNAcylation modifies more than 8,000 human nuclear, cytoplasmic, and mitochondrial proteins.3 The O-GlcNAc Transferase

(OGT) adds the O-GlcNAc moiety onto proteins, thereby regulating their localization, stability, interactions, and activity. The O-GlcNAcase

(OGA) enzyme makes this PTM dynamic by hydrolyzing off the GlcNAc residue. Furthermore, O-GlcNAcylation is regulated, in part, by the

available pools of its donor substrate, UDP-GlcNAc, which directly reflects extracellular glucose levels.4 Hence,O-GlcNAcylation is a nutrient-

sensing PTM. Also, since it modifies identical amino acid residues as phosphorylation, both PTMs often compete or crosstalk to regulate pro-

teins’ functions.5

Importantly,O-GlcNAc is an essential PTM, as evidenced byOgt knockout’s (KO) mice embryonic lethality andOga conditional KO’s peri-

natal lethality.6,7 Efforts to elucidate O-GlcNAcylation’s role in early development have highlighted cellular processes such as epigenetics,

transcription/translation, and cell cycle as critically regulated byO-GlcNAcylation.8–10 In addition, OGT directly modifies transcription factors

(TFs) involved in pluripotency, differentiation, and proliferation,making it a critical regulator of development.11 Additionally,O-GlcNAcylation

plays a key role in cancer development. All cancer studied to date demonstrates increased O-GlcNAcylation levels.1 While it is unclear

whether this is due to the transcriptional upregulation of O-GlcNAc enzymes, the switch in glycolytic metabolism (e.g., Warburg effect) in

cancers,4 or both, hyper-O-GlcNAcylation has become a cancer hallmark that explains the dysregulation of numerous oncogenes such as

b-catenin, c-Myc or Akt.1

O-GlcNAcylation levels are elevated in patient samples with medulloblastoma, the most common malignant brain tumor in children, with

around 1,500 new cases each year.12 In a subset of medulloblastoma, OGT stimulates the Sonic hedgehog proliferation signaling pathway by

modifyingGLI family zinc finger 2 (GLI2).12 In other subclasses, Orthodenticle homeobox 2 (OTX2) is a relevant oncogene inmedulloblastoma

described as O-GlcNAcylated.13 However, the function of O-GlcNAc on this oncogene has yet to be studied.

OTX2 is a transcription factor that establishes the patterning/delineation of the midbrain and forebrain in early development.14 Complete

ablation of theOtx2gene inmice is lethal, and even a heterozygous genotype can lead to loss ormalformations of the brain or head.14 Later in

development, OTX2 forms sensory organs and the pituitary and pineal glands. Consequently, OTX2 mutations are associated with eye

diseases such as microphthalmia and anophthalmia, Combined Pituitary Hormone Deficiencies (CPHD), and developmental delays.15 Addi-

tionally, OTX2 is an oncogene in the two most common subclasses of medulloblastomas, where it is overexpressed.16 OTX2 knockdown in

medulloblastoma cells demonstrated its function in activating cell cycle genes and inhibiting further neuronal differentiation, in line with its
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role as a primed pluripotency transcription factor.17 Studies on how OTX2 coordinates both activation and repression of target genes high-

lighted the regulation of OTX2 activity by phosphorylation in its central region (aa 97–178), e.g., Repression/Retention Domain,18 reinforcing

the regulatory role of OTX2 PTMs for its diverse spatial- and time-dependent functions during development. Thus, we interrogated the role of

O-GlcNAc on OTX2 in a medulloblastoma model.

In this article, we demonstrate that O-GlcNAcylation regulates OTX2. We mapped and validated OTX2’sO-GlcNAc sites and confirmed

that it did not compete with its phosphorylation sites. We demonstrated that both the proteasome and macroautophagy regulated OTX2

turnover. While the proteasome remains the canonical degradation pathway, we showed that OTX2 forms soluble oligomers and deter-

gent-resistant aggregates that require macroautophagy for degradation. We established that the elevated cellular concentration of

OTX2, following the inhibition of proteasomal degradation or overexpression, promotes its aggregation, while O-GlcNAcylation improved

its solubility. We determined that OTX2 interacts with the chaperonin CCT5 and other members of the TriC complex, known to participate in

protein folding and de-aggregation. Furthermore, this interaction is lost whenmutating theO-GlcNAc sites in the retention domain, suggest-

ing a protective role ofO-GlcNAcylation in OTX2 turnover. Finally, while WT OTX2 overexpression enhances cell proliferation, in agreement

with its role as an oncogene, an O-GlcNAc-depleted OTX2 triggers cytotoxicity.

Our discoveries indicate that the process of aggregating and autophagic degradation of OTX2 may act as a defense mechanism against

atypical OTX2 levels, as observed in medulloblastoma. Nonetheless, in the context of cancer marked by excessive O-GlcNAcylation, this

could stabilize OTX2, thereby contributing to the advancement of cancer.

RESULTS

OTX2 is primarily modified in its central retention domain

We first investigated OTX2 O-GlcNAcylation sites. We produced O-GlcNAcylated OTX2 by co-overexpressing human FLAG-tagged

OTX2 and human OGT cloned in the pETDuet bacterial expression plasmid in BL21 E. coli cells (Figure S1A). O-GlcNAc-modified

OTX2-FLAG was then immunoprecipitated and analyzed by electron-transfer/higher-energy collision dissociation–mass spec-

trometry (EThcD-MS) (Figures 1A, 1B, S1B, and S1C; Table S1). Three sites were identified in the central domain of OTX2 with high

confidence (S135, S136, T137) (Figures 1A, 1B, S1B, and S1C). Additionally, up to 7 more sites were found on additional OTX2 peptides

(Figure 1B), as shown by ion masses corresponding to the loss of HexNAc in high collision dissociation (HCD) spectra. However, not

enough ions were obtained in the electron transfer dissociation (ETD) spectra to confidently assign a residue to the modification

site (Weak EThcD, or HCD only) (Figure 1B; Table S1). The various O-GlcNAc sites and peptides mapped were visualized on the

AlphaFold predicted 3D structure of OTX2, emphasizing that OGT prefers unstructured protein domains (Figure 1B), as previously

suggested.19

To observe the abundance of O-GlcNAcylation on OTX2, we used various Myc-tagged-OTX2 constructs, including full length (FL),

Retention Domain only (RD), which contains the O-GlcNAc sites identified previously (S135, S136, T137), and deletion of RD domain (DRD)

constructs (Figure 1C). Following enrichment for O-GlcNAcylated proteins with Wheat Germ Agglutinin (WGA), over 80% of OTX2-FL was

pulled down with WGA, confirming that OTX2 is heavily modified (Figures 1C and S1D), which agrees with the previous analysis of OTX2

O-GlcNAcylation.13 Furthermore, OTX2-DRD showed markedly decreased binding to WGA (�55%). At the same time, OTX2-RD was heavily

pulled down on WGA beads, with a comparable ratio to OTX2-FL (Figure 1C), confirming that most OTX2 O-GlcNAcylation sites are con-

tained in the RD domain.

We then confirmed that OTX2 O-GlcNAcylation was similar in humans by transfecting an OSF (One-STrEP-FLAG)-tagged OTX2 in HeLa

cells (Figure S1E). Cells were additionally treated with Thiamet-G (TG), an OGA inhibitor, to promote O-GlcNAcylation. After pulldown with

Strep-Tactin beads, EThcD-MSmapping of OTX2-OSF confirmed similarO-GlcNAcylated peptides to the previous expression experiment in

bacteria (Table S2). Additionally, we verified the presence ofO-GlcNAcylatedOTX2 in a physiological setting.We immunoprecipitatedOTX2

from medulloblastoma cells, which express OTX2 due to gene duplication, and observed a signal with an anti-O-GlcNAc antibody

(Figure S1F).

We verified the O-GlcNAc sites using site-directed mutagenesis. The three identified amino acids, S135, S136, and T137, were mutated

to alanine, individually or combined. Because OGT is known to move over to adjacent sites when amino acids are mutated,20 we also

mutated S138, individually or combined with the three sites identified. While S135A and S138A mutations did not significantly impact

OTX2 O-GlcNAcylation levels compared to WT, mutations S136A and T137A demonstrated a 50% decrease in O-GlcNAc level

(Figures 1D, 1E, and S1G). Furthermore, OTX2 mutants of three or more residues in that sequence also displayed a significant reduction

of theO-GlcNAc signal compared toWT (Figures 1D and 1E). Thus, we validated that S136 and T137 were themainO-GlcNAcylated residues

of OTX2. To further examine the role of O-GlcNAcylation on OTX2, we elected the triple mutant 3A (S135A/S136A/T137A) for a maximal

depletion of OTX2 O-GlcNAcylation in the retention domain.

Because OTX2’s RD domain is known to be phosphorylated in residues T115, S116, S132, and S158,18 we were intrigued by the prox-

imity of the phospho-S132 residue next to O-GlcNAc sites. Thus, we question whether O-GlcNAc might compete with phosphorylation.

Therefore, protein extract of HeLa cells transfected with the various domain constructs of OTX2 were resolved in a PhosTag SDS-PAGE,

which created mass shifts for OTX2 phosphorylated compared to non-phosphorylated proteins (Figures S1H and S1I). Pre-treatment

with Lambda phosphatase removed the upshifted bands, confirming the phospho-gel’s specificity (Figure S1J). Analysis of Homeodo-

main (HD), RD, and the OTX2-transactivation/dimerization domain (OT) OTX2 protein resolved on PhosTag gel confirmed at least three

phosphorylated forms for OTX2, on the HD, the RD, and the OT domain (Figure S1H and S1I). This was confirmed by three mass
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increments on WT OSF-tagged OTX2 (Figures 1F and 1G). We then treated the cells with TG to promote O-GlcNAcylation and

observed that it did not significantly perturb the levels of the phosphorylated OTX2 domains (Figures S1H and S1I). Similarly, mutation

of the 3 O-GlcNAc residues of OTX2 did not impact the phosphorylation status on Phos-tag gels, suggesting that O-GlcNAcylation

does not compete with phosphorylation on OTX2, nor does it disrupt OTX2’s phosphorylation as a whole (Figures 1F and 1G). There-

fore, we are confident that throughout the article, the utilization of OTX2 mutants solely represents the impact of OTX2 O-GlcNAc

depletion rather than phosphorylation.

O-GlcNAcylation does not affect OTX2 subcellular localization

Given that O-GlcNAcylation sites are in the nuclear retention domain (Figure 1B), we hypothesized that O-GlcNAc regulates OTX2 by

controlling its subcellular localization. Thus, we examined the subcellular localization of Myc-tagged OTX2 constructs treated with TG

(Figure S2A and S2B). TG treatment did not impact OTX2 localization in nuclear vs. cytoplasmic fractions, even when expressing the highly

O-GlcNAcylated RD domain of OTX2 (Figure S2A). Further, the localization of GFP-tagged OTX2 was also observed by confocal microscopy

in HeLa cells after TG treatment and confirmed the nuclear localization of OTX2with or without TG treatment (Figure S2C). Furthermore, GFP-

tagged O-GlcNAc mutants S136A, T137A, and S135A/S136A/T137A (3A) also localized to the nucleus as seen with WT OTX2 in HeLa cells

(Figure S2D), supporting that O-GlcNAcylation at these residues did not regulate OTX2’s nuclear retention.

A B C

D E F G

Figure 1. OTX2 is primarily modified in its central retention domain

(A) Electron-transfer/higher-energy collision dissociation–mass spectrometry (EThcD-MS) spectrum of the m/z 759.0495 3+ precursor of an OTX2 peptide

modified by HexNAc on serine 135 (lowercase).

(B) Table summary of modified peptides. Stars indicate O-GlcNAc sites identified by mass spectrometry. HD, homeodomain; RD, Retention Domain; TF,

transcription factor domain; OT, transactivation domain; NRS, nuclear retention sequence; SIWSPAS, corepressor interaction motif. AlphaFold protein

structure of OTX2 annotated with the O-GlcNAc sites identified (blue spheres), O-GlcNAcylated peptides with no specific residue identified (blue ribbon),

and the homeodomain (maroon).

(C)WGApulldown of outlined constructs in HeLa cells. FL, Myc-taggedOTX2 full length;DRD, Retention Domain deletion; RD, Retention Domain only.Western blot

(WB) bands were quantified as unbound (Non-O-GlcNAc) and WGA-bound (O-GlcNAc) and normalized to the amount of each construct in the total extract WB.

(D) Immunoblot of pulldowns of OTX2 O-GlcNAc site mutants and WT OTX2 transfected into HeLa cells.

(E) Quantification by the optic density of representative blot (D) and biological replicates. One-way ANOVA, p < 0.05 (*), p < 0.01 (**) (n = 3).

(F) HeLa cells transfected with WT or 3A mutant OTX2. Phosphorylated species were visualized by PhosTag SDS-PAGE.

(G) Optical density quantification (n = 3). Data are represented as mean G SEM in panels presenting pooled data.

See also Figures S1, S2, Tables S1, and S2.
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O-GlcNAc depleted OTX2 is less stable

A standard function for O-GlcNAcylation is to regulate protein stability.21 Interestingly, proper OTX2 protein levels are critical in the devel-

opment and cancer progression.17 Thus, we then investigated the impact of O-GlcNAcylation on OTX2 stability by transfecting the

O-GlcNAc-depleted mutants in HeLa cells, treated with Cycloheximide (CHX) to inhibit protein synthesis and analyze OTX2’s degradation

rate (Figures 2A–2C). Both S136A and T137A mutants were less stable than the WT after 3 h of CHX treatment, an effect that was enhanced

when observing the degradation of the triple mutant 3A (S135A/S136A/T137A) compared to WT (Figures 2A–2C). Thus, OTX2’s main sites of

O-GlcNAcmodification are S136 and T137, andmutations of these sites to alanine, individually or in combination, lead to destabilization and

quicker degradation of OTX2. Further supporting that O-GlcNAc enhances OTX2 stability, we observed that increased O-GlcNAc with TG

treatment led to the stabilization of OTX2 evenwith its neo-synthesis blocked byOTX2-shRNA in the endogenousmodel of medulloblastoma

cells (Figure S3A).

OTX2 is degraded by multiple pathways

WhileOTX2’s timely expression and degradation are critical,17 OTX2 degradation’s pathway(s) are unknown.OTX2 is a relatively small nuclear

protein with a predicted molecular weight of 32 kDa. Like many oncogenes with short half-lived proteins, we expected OTX2’s main degra-

dation route to be the Ubiquitin-Proteasome System (UPS).22 However, similar transcription factors critical for proliferation and pluripotency,

such as OCT4, NANOG, and SOX2, utilize UPS and autophagy mediated-degradation.23

A B C D

E F G
H

I J K L

Figure 2. O-GlcNAc prevents OTX2 macroautophagy-dependent degradation

(A) HeLa cells transfected withWTOTX2 orO-GlcNAc deficient mutants S136A, T137A, or 3A (S135A/S136A/T137A), treated with cycloheximide (CHX) or vehicle

for up to 5 h and analyzed by Western Blot (WB).

(B) Optical density (OD) quantification of individual site mutants S136A and T137A. Mutant vs. WT, mixed-effects analysis, p < 0.05 (*) (n = 3).

(C) OD quantification of 3A mutant vs. WT, two-way ANOVA, p < 0.05 (*), p < 0.01 (**) (n = 3).

(D) OTX2 degradation timeline upon Doxycycline (DOX)-triggered OTX2 KD or CHX treatment for A6#20 human medulloblastoma cells, or CHX treatment for

HeLa cells transfected with WT-OTX2. Half-lives were calculated by non-linear regression analysis.

(E) WB of A6#20 cells treated with DOX, MG132, chloroquine (CQ), or vehicle, for up to 20 h.

(F) OD quantification of WB (n = 3). Two-way ANOVA, DOX vs. DOX+MG, p < 0.05 (#); DOX vs. DOX+MG+CQ, p < 0.01 (**), p < 0.001 (***).

(G) A6#20 cells transfected with WT OTX2 were treated with CHX, MG132, CQ, or vehicle overnight.

(H) A6#20 cells transfected with WT OTX2 were treated with MG132, CQ, or vehicles for 2 h.

(I) Western blot of A6#20 medulloblastoma cells treated overnight with MG132, chloroquine (CQ), Thiamet-G (TG), and doxycycline (DOX), individually and in

combination.

(J) Quantification of Western blot (I) and biological replicates. One-way ANOVA, p < 0.05 (*), p < 0.01 (**) (n = 5).

(K and L) HeLa cells transfected with WT (K) or 3A-OTX2 (L) and treated with CHX supplemented with CQ (n = 2), two-way ANOVA, p < 0.01 (**), p < 0.001 (***).

Data are represented as mean G SEM in panels presenting pooled data.

See also Figures S3 and S4.
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To determine OTX2 degradation pathways in a physiological setting, we elected the D425 medulloblastoma cells, which endoge-

nously expressed OTX2, and treated them with CHX to observe the degradation of endogenous OTX2 (Figure 2D). However, OTX2

in D425 cells was surprisingly resistant to CHX treatment compared to HeLa cells (Figure 2D). Therefore, we explored using RNA

silencing to efficiently, and more specifically, knockdown OTX2 expression. We elected the A6#20 clone of D425 cells, stably transfected

with doxycycline (DOX)-inducible OTX2 shRNA.17 Upon DOX treatment, OTX2 half-life was largely diminished (�11 h) compared to CHX

treatment (�33 h) (Figure 2D) and agreed with OTX2’s previously described half-life.17 Because of the efficiency and specificity of DOX

treatment in medulloblastoma cells, we elected to use this more targeted approach to study the mode of degradation of endoge-

nous OTX2.

Thus, A6#20 cells were treated with DOX and conjointly incubated with either the proteasome inhibitor MG132, the macroautophagy in-

hibitor chloroquine (CQ), or both for up to 20 h (Figures 2 E and 2F). The efficiency of MG132 treatment was confirmed with the accumulation

of ubiquitinated proteins and CQ by increased LC3-II (Figure S3B and S3C). Lipidated LC3 (LC3-II) accumulation correlates with autophago-

somes being unable to fuse with lysosomes and complete the macroautophagy flux/degradation (Figure S3B).

While DOX treatment led to a steady degradation of up to 20 h post-treatment, MG132 treatment stabilized OTX2 (Figures 2E and 2F).

Furthermore, while CQ alone did not significantly impact OTX2, there was an additional stabilization of OTX2 when conjointly treated with

MG132 and CQ treatment compared to MG132 alone (Figures 2E and 2F). A similar result was observed when using CHX instead of DOX,

although CHX was less efficient in blocking OTX2 neo-synthesis, as previously noted (Figure S3D–S3H). These observations provided evi-

dence that OTX2 can be degraded not only by proteasomal degradation but also by lysosomal-mediated degradation, and a recent study

supports this by discovering the mechanism of OTX2 trafficking to lysosomes.24

We then aimed to confirm that both endogenous and exogenous OTX2 behaved similarly in response to the various treatments. Thus, we

performed a similar experiment overexpressing WT-OTX2-OSF in A6#20 cells. We first observed that after overnight treatment, overex-

pressed OTX2 was not stabilized by MG132, suggesting that it was being efficiently degraded (Figure 2G). On the other hand, CQ treatment

prevented OTX2 degradation with or without MG132 co-treatment, implying that the lysosome efficiently takes care of overexpressed OTX2

(Figure 2G). Because we observed that exogenous OTX2 was degraded quicker than endogenous (Figure 2D), we wondered if a shorter time

course might allow us to monitor both proteasomal and autophagic degradation of overexpressed OTX2. Expectedly, at 2 h, both endog-

enous and exogenous OTX2 behaved similarly and were stabilized independently by MG132 or CQ (Figure 2H). These observations were not

only made in D425 A6#20 medulloblastoma cells (Figures 2G and 2H) but also in MCF7 breast cancer cells (Figue S4A) and HeLa cells (Fig-

ure S4B), confirming the universality of OTX2 degradation.

In a recent study, chloroquine inhibited the fusion of OTX2-containing nuclear vesicles with the lysosome independently of macroautoph-

agy.24 Thus, we used Rapamycin (RP) to stimulate autophagy while blocking the fusion to lysosomes with CQ (Figure S4C). Rapamycin induced

further degradation of OTX2 transfected in HeLa cells, and a combination of RP and CQ emphasized the accumulation of OTX2, likely in au-

tophagosomes (Figure S4C). We then co-stained OTX2 and P62/SQSTM1 in HeLa cells and confirmed that OTX2 was localized in autopha-

gosomes in our system (Figure S4D).

Before moving on to the role of O-GlcNAcylation in OTX2 proteostasis, we confirmed that the degradation of exogenous OTX2 by

the lysosome was not caused by the overexpression system and/or the tagged construct we used. Thus, we demonstrated that OTX2

degradation was similar to Myc-DDK-tagged OTX2 when using a 6xMyc-Tagged OTX2 and untagged OTX2 (Figures S4E and S4F). We

also observed that blocking the proteasome even triggers OTX2 degradation in a dose-dependent manner and independently of CHX

pre-treatment (Figures S4A and S4E). Another proteasome inhibitor, Bortezomib (BTZ), was tested and confirmed that blocking the pro-

teasome still triggered OTX2 degradation by autophagy (Figure S4B). It was previously reported that blocking the proteasome can

induce autophagy,25 but we did not observe changes in the global autophagy rate upon MG132, measured by LC3B-II levels (Fig-

ure S4G). Conversely, we checked that CQ treatment did not impact the proteasome, as seen with total ubiquitinated proteins (Fig-

ure S4H). We concluded that the effect we observed was specific to OTX2 rather than dependent on the transfection system or the

use of inhibitors.

After this verification, we thus propose that exogenous OTX2 utilizes the same dual regulation of its degradation at a much quicker rate

than endogenous OTX2. Therefore, the timing of future experiments was adapted accordingly.

O-GlcNAcylation regulates autophagy-mediated degradation of OTX2

Because we previously observed that an O-GlcNAc-depleted OTX2 was less stable (Figures 2A–2C), we next wondered whether O-GlcNA-

cylation preventsOTX2 proteasomal ormacroautophagic degradation. In A6#20D425 cells treatedwith DOX,we observed that TG treatment

further stabilized endogenous OTX2 compared to MG132 treatment alone (Figures 2I and 2J), suggesting that O-GlcNAcylation stabilized

OTX2 independently of proteasomal inhibition. In contrast, when CQ inhibited macroautophagy, TG had minimal effect on OTX2 protein

levels (Figures 2I and 2J). In HeLa cells, TG also did not further stabilize exogenous OTX2 in a background of RP + CQ (Figure S4C). While

O-GlcNAcylation has been shown to impact the autophagic process directly,26,27 TG treatment did not directly affect the level of the auto-

phagy marker LC3-II (Figure S3B), suggesting that TG acted on OTX2 in a targetedmanner. Finally, further OTX2 stabilization was seen when

combining MG132 and CQ, but TG did not further stabilize OTX2 (Figure 2I and 2J), confirming the previous observation. OTX2-3A is less

stable in HeLa cells compared to WT OTX2, but it is twice as sensitive to CQ treatment (Figures 2K and 2L). This suggested that mutating

theO-GlcNAcylation sites onOTX2 led to a less stablemutant that underwent autophagy at a higher rate, emphasizing thatO-GlcNAcylation

protects OTX2 from autophagy-mediated degradation.
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OTX2 aggregates

We then wondered why a soluble nuclear transcription factor such as OTX2 requires macroautophagy and hypothesized that OTX2 aggre-

gates. We also believe that these aggregates appear when cellular concentrations of OTX2 are elevated, either in response to proteasome

inhibition or overexpression. Indeed, overexpression can lead to high protein amounts and, added to proteasome inhibition, create aggre-

gates.28–30 Furthermore, such as other members of the paired class of homeodomain-containing proteins, OTX2 is known to form homo-

dimers to perform its functions. Still, there have not been investigations of higher-order oligomers containing OTX2.31

In D425 medulloblastoma cells, we observed that both endogenous and exogenous OTX2 oligomerizes with higher molecular weight

bands appeared in the nucleus in non-denaturing conditions (Figure 3A). In the cytoplasmic fraction, a fraction of OTX2 was also found in

the well, suggesting that they were insoluble aggregates of highmolecular weight. Because proteins were extracted in detergent-containing

lysis buffer, we concluded these aggregates were detergent-resistant.

To stabilize the aggregates, we crosslinked the cells with DSP (dithiobis(succinimidyl propionate))32 before harvesting the protein lysates

(Figures 3B and S5A). However, DSP crosslinking can easily be reversed by adding a reducing agent such as b-mercaptoethanol (BME) (Fig-

ure 3B). Moreover, in addition to the soluble supernatant, the insoluble pellet resulting from lysate centrifugation was also loaded on SDS-

PAGE to observe insoluble detergent-resistant aggregates. Of note, the entire gel, including the wells, was transferred onto nitrocellulose for

western blotting to capture protein aggregate that would not have entered the gel (Figure 3B).

Aggregates were recognized specifically with an OTX2 antibody but not Actin, suggesting that OTX2 formed aggregates with itself

or specific interacting partners (Figures 3B and S5B). As predicted, blocking the proteasome with MG132, thus increasing OTX2 cellular

concentration, promoted OTX2 aggregation (Figure 3B). Additionally, blocking autophagy with CQ further increased aggregation,

suggesting that OTX2 aggregates require macroautophagy for degradation (Figure 3B). This was also reinforced by our previous

A B

C D E

Figure 3. OTX2 aggregation is regulated by O-GlcNAcylation

(A) A6#20 cells transfected with WT OTX2 and resolved on SDS-PAGE in denaturing or non-denaturing conditions.

(B) A6#20 cells treated overnight with MG132, chloroquine (CQ), or vehicle and crosslinked with DSP. Samples in either reducing (b-mercaptoethanol, +BME) or

non-reducing (-BME) sample buffer were analyzed by WB.

(C andD) HeLa cells were transfected with eitherWTOTX2 or empty vector (EV-OSF) and treated overnight with theO-GlcNAc inhibitors OSMI4, Thiamet-G (TG),

or DMSO vehicle. Proteins were crosslinked with DSP at 100 mM (C) or 1 mM (D), lysates separated by soluble and pellet fractions. All samples were run under

reducing conditions (+BME), (n = 3), one-way ANOVA, p < 0.05 (*). In (D), OTX2 was pulled down with Strep-Tactin beads. Pie charts graph the OD quantification

of WB bands in each fraction for each treatment condition.

(E) HeLa cells were transfected with WT or mutant 3A-OTX2. Cells were crosslinked with DSP (100 mM) before harvest, and the soluble and pellet lysates were run

under reducing conditions (+BME). Student’s t test, (n = 2). Data are represented as mean G SEM in panels presenting pooled data.

See also Figures S5A–S5F.
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experiment in which OTX2 colocalized with p62/SQSTM1, an essential receptor to target protein aggregates to autophagosomes

(Figure S4D).

O-GlcNAcylation prevents OTX2 aggregation

We then wondered whetherO-GlcNAcylation might prevent OTX2 aggregation, as shown for other proteins.33,34 We used a low (Figure 3C,

100 mM) and high concentration (Figure 3D, 1 mM) of DSP to crosslink OTX2 aggregates. We observed that 100 mM of DSP resulted in mostly

solubleOTX2 oligomers/aggregates while 1mM concentratedOTX2 in the insoluble/pellet fraction (Figure 3C/D, S5A). Nevertheless, in both

DSP concentrations, the solubility of OTX2 was increased by treatment with TG and decreased when subjected to OSMI4, an OGT inhibitor

that prevented O-GlcNAcylation (Figures 3C and 3D; Figure S5C).

In silico analysis of aggregation suggested that 3A-OTX2 aggregated more than WT OTX2, with the introduction of a hot spot with the

three amino acid mutation (Figures S5D and S3E). Thus, we observed experimentally a slight increase in OTX2-3A in the insoluble/pellet frac-

tion compared to that seenwithWT, supporting that theO-GlcNAc-depletedmutantOTX2-3A formedmore aggregates thanWT (Figure 3E),

confirming thatO-GlcNAcylation assists OTX2 solubility. Finally, we demonstrated that increasingO-GlcNAcylation on WT prevented OTX2

aggregation, as evidenced by a lighter signal in the highmolecular weight smear with TG. At the same time, it did not impact the aggregated

OTX2-3A mutant (Figure S5F), confirming that the O-GlcNAcylation of OTX2 S135/S136/T137 facilitates its solubility.

O-GlcNAc-depleted OTX2 loses interaction with the CCT5/Chaperonin family of proteins

We thenwondered ifO-GlcNAcpreventedOTX2 aggregation by regulating its interaction with key partners. Thus, the interactomeofWT and

3A-OTX2 was analyzed by mass spectrometry after Strep-Tactin pulldown, and changes were measured by label-free quantification normal-

ized to total OTX2 peptides (Figure 4A). Significant gain or loss of interaction was defined as an absolute log2FoldChange>2 and an adjusted

p value <0.05. A total of 436 proteins were pulled down as the OTX2 interactome (Table S3). In the individual mutant pulldowns, 39 proteins

were significantly dislodged fromOTX2by S136Amutation, while only DNAJC13 bound significantly better to thismutant. On the other hand,

35 interacting partners were lost by mutating T137A on OTX2. We see a consistent loss of protein interactants with all O-GlcNAc mutants,

including 3A-OTX2, suggesting that both S136 and T137 O-GlcNAc modifications perform a similar role (Figure 4A).

To better understand the OTX2 interactome, we built a physical interaction network with the STRING database35 using all significantly

different interactants for each mutant (Figures 4B, S5G and S5H). The common proteins lost by mutating either or all O-GlcNAc sites acted

in varied biological processes (Figures 4B, S5G, and S5H). Due to our previous demonstration of the impact of O-GlcNAc on OTX2 degra-

dation and the convergence of interaction in the STRING network, we identify the Chaperonin Containing TCP1 Subunit 5 (CCT5) protein

as a key partner dependent on the 3 O-GlcNAcylation sites. Indeed, CCT5 is the central constituent of a node involving protein folding

and metabolism amongst the OTX2 interactants (Figure 4B). Interestingly, CCT5 is a member of the T-complex protein Ring Complex

(TRiC), also known as the Chaperonin Containing TCP-1 (CCT) complex, which mediates protein folding in the cell. Other members of the

TRiC complex also showed decreased interaction with OTX2 mutants (Figure 4C).

Furthermore, CCT5 has also been shown to regulate protein aggregation36 and would be an excellent candidate to explain the regulation

of OTX2 aggregation. Thus, we experimentally confirmed a 40% reduction in CCT5 interaction in 3A-OTX2 pulldown compared to WTOTX2

(Figure 3D). Additionally, we only saw a CCT5/OTX2 interaction in the soluble fraction, suggesting that the TriC complex might help maintain

OTX2 solubility rather than de-aggregating OTX2 (Figure 3E).

O-GlcNAcylation in the retention domain does not impact OTX2 transcriptional activity

We then further investigated the functional consequences of OTX2’sO-GlcNAcylation. Next to OTX2’sO-GlcNAc sites is an SWISPAS motif

(aa 150–159) that determines OTX2’s interaction with the corepressor Tle4.37 To test whetherO-GlcNAc could impact OTX2’s transcriptional

activity, we used a SEAP (Secreted alkaline phosphatase) reporter plasmid in which the OTX2-binding IRBP promoter was cloned.38 As ex-

pected, treatment with the transcriptional inhibitor DRB (5, 6-dichloro-1-beta-d-ribofuranosylbenzimidazole) diminished reporter activity

compared to the transfection of OTX2 WT alone, confirming that this was due to the neo-transcription of SEAP following OTX2 promoter

binding (Figure 5A). Because O-GlcNAcylation impacts transcription, notably through RNA polymerase II,39 independently of OTX2 (Fig-

ure S6A), each OTX2 transfected condition was normalized to its corresponding EV-treated condition. However, OTX2 normalized transcrip-

tional activity was unchanged in WT or 3A-OTX2 transfected cells (Figures 5A and S6A). Furthermore, treatment of cells with OSMI4 did not

impact WT OTX2 transcriptional activity. We did observe an increase in transcriptional activity in 3A supplemented with TG that might be

linked to other O-GlcNAcylation sites on OTX2 (Figure 1B).

OTX2 O-GlcNAcylation promotes cell proliferation

Because we know that O-GlcNAcylation impacts OTX2 aggregation, we then questioned the impact of OTX2 O-GlcNAcylation on cytotox-

icity. Thus, we performed an MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) cell viability assay using OTX2 WT and 3A

mutants combined with O-GlcNAc drugs as previously performed. We first observed that the sole transfection of WT OTX2 was sufficient

to induce a slight increase in cell viability (Figure 5B), which aligns with the role of OTX2 as an oncogene in medulloblastoma.40 Because

O-GlcNAcylation impacts overall cell proliferation,41 independently of OTX2 (Figure S6B), each OTX2 transfected condition was normalized

to its corresponding EV-treated condition. Thus, supplementing the media with OSMI4 further decreased the viability of HeLa cells in an
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OTX2-dependent manner (Figures 5C and S6B). Furthermore, transfecting theO-GlcNAc-depletedmutant OTX2-3A led to a decrease in cell

viability, which was not rescued by the addition of Thiamet-G (Figure 5C). We thus propose that the 3O-GlcNAc sites in the retention domain

are essential to prevent cytotoxicity (Figure 5D).

DISCUSSION

Over the years, the key role of O-GlcNAcylation in pluripotency is emphasized by the (peri-) lethality of the O-GlcNAc enzymes’ deletion

models in mice, as well as the absence of viable humanO-GlcNAc enzyme deletions.7,42 Nevertheless, the discovery of OGTmutations lead-

ing to X-linked intellectual disabilities8 and themeta-analysis of theO-GlcNAcome3 stressed oncemore the critical role ofO-GlcNAcylation in

early development, particularly in the brain and neighboring structures. Consequently, knocking outOga in the mouse brain leads to severe

developmental delays, evident in the brain and pituitary gland.43 This previous study further emphasized the regulatory differences in the

early developmental genes Sox2, Oct4, and Otx2. While the impact of O-GlcNAcylation on Sox2 and Oct4 had been previously studied,

we pursued the investigation of OTX2/O-GlcNAcylation interplay due to OTX2’s involvement in early development as well as various pathol-

ogies such as retinopathies, CPHD, and medulloblastoma.

OTX2 O-GlcNAc modification in the central region

The original discovery ofO-GlcNAcylation on OTX2 by Ortiz-Meoz et al. highlighted its surprisingly high modification level.13 Indeed, OTX2

has a high proportion of S/T residues similar to theO-GlcNAc semi-consensus sequence,3 especially in the central domain.We confirmed that

OTX2 strongly binds anti-O-GlcNAc antibodies in Western blot analysis and binds WGA with high affinity, particularly in the central domain,

which seems to contain most O-GlcNAc sites. The mapping of O-GlcNAcylation sites by mass spectrometry and subsequent mutations of

A C

D

B E

Figure 4. OTX2 O-GlcNAc-site mutants lose interactions with the chaperonin CCT5

(A) Volcano plot of proteins commonly lost or gained as OTX2 interactors in WT and mutant constructs (n = 2).

(B) STRING network analysis of the 19 common proteins dislodged from OTX2 when one or all O-GlcNAc sites found were mutated to alanine.

(C) Interactome analysis of the TriC complex.

(D) HeLa cells transfected with OTX2 WT or mutant 3A. OTX2 was pulled down and analyzed by Western Blot. Optical density quantification of Western Blot

bands. One-way ANOVA, p < 0.05 (*) (n = 2).

(E) HeLa cells transfected with OTX2 WT or empty vector EV-OSF, lysates were crosslinked with DSP. OTX2 was pulled down by Strep-Tactin beads from both

soluble and pellet fractions and analyzed by Western Blot. Data are represented as mean G SEM in panels presenting pooled data.

See also Figures S5G, S5H and Table S3.
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identified residues confirmed that OTX2 is stronglymodified at residues S136 and T137. Other regions of OTX2 are alsoO-GlcNAcylated, but

while weak EThcD-MS spectra do not allow for the precise identification ofO-GlcNAc sites, they seem to evade/flank the homeodomain and

reside in disordered regions of this protein. This supports the field-known preference of O-GlcNAcylation to modify intrinsically disordered

proteins/domains.3 Overall, we estimate that at least eight sites of O-GlcNAcylation are present on OTX2.

The heavily modified unstructured central domain of OTX2 contains sequences that (1) retain OTX2 to the nucleus through an unknown

mechanism (Nuclear Retention Sequence, NRS)38; (2) interact with the corepressor TLE/Groucho using SIWSPAS motif to repress the tran-

scription of target genes44; (3) are subjected to phosphorylation (T115, S116, T132 and S158) that change OTX2 activity to either activate

or repress the transcription of specific target genes.18 Despite a nuclear retention domain and phosphorylation residues proximal to

OTX2 O-GlcNAcylation residues, O-GlcNAcylation does not impact OTX2 cellular distribution or phosphorylation level.

OTX2 is degraded by the proteasome and, when aggregated, by autophagy

Literature supports our findings in medulloblastoma cells that OTX2 is principally degraded by the Ubiquitin Proteasome System (UPS),

as suggested briefly by a previous study in mESCs.45 However, the ubiquitin ligase and regulation of ubiquitination of OTX2 are un-

known. Previous literature and our findings provide a few candidates worth pursuing. First, a study by Vriend and Rastegar analyzed

publicly available gene expression databases to identify E3 ligases or adaptors as genetic markers of medulloblastoma subtypes.46

They identified E3 ligase DCUN1D2 and adaptor PPP2R2C as negatively correlated with the expression of OTX2.46 Other candidates

include the E3 ligase-related proteins CUL4A and UBR4 from our OTX2 interactome and the E3 ligase Trip12 from adult neural mouse

retina.47

While the proteasome degrades OTX2, we also demonstrate that additional stabilization is obtained by blocking the macroautophagy

pathway, suggesting that OTX2 uses both degradation modes. Instances of cooperation between these systems to regulate the same target

proteins is an established yet little-known phenomenon.48 Interestingly, similar pluripotency proteins SOX2, OCT4, and NANOG are

degraded with different kinetics by the UPS and macroautophagy according to nutrient levels in human ESCs.23

A C

B D

Figure 5. O-GlcNAc depleted OTX2 overexpression leads to cytotoxicity

(A) OTX2 transcriptional activity assay of WT- and 3A-OSF constructs in HeLa cells. Activity measured after treatment with TG, OSMI4, or vehicle (NT) (n = 9). Each

value was normalized to their corresponding Empty Vector (EV) treated sample. Welch ANOVA, p < 0.01 (**), p < 0.0001 (****).

(B) MTT assay of HeLa cells transfected with OTX2 WT or 3A mutant for up to 48 h. Each time point value was normalized to the corresponding EV sample (EV:

n = 3, WT/3A: n = 6). Multiple unpaired t-tests, p < 0.05 (*), p < 0.01 (**), p < 0.0001 (****).

(C) MTT assay of HeLa cells transfected with OTX2 WT or mutant 3A and treated with OSMI4, TG, or vehicles (NT) for 24 h (n = 6). Each value was normalized to

their corresponding EV treatment sample. Welch ANOVA, p < 0.01 (**), p < 0.0001 (****).

(D) Proposedmodel of OTX2 turnover regulation byO-GlcNAcylation. Created with BioRender.com. Data are represented as meanG SEM in panels presenting

pooled data.

See also Figure S6.
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In our hands, endogenous OTX2 only utilizes macroautophagy as a secondary degradation when the proteasome is inhibited, which leads

to an increased cellular concentration of OTX2. This effect was accentuated when exogenously expressing OTX2 due to the excessive

amounts of protein produced by the CMV-driven plasmid promoter. Indeed, the high concentrations of proteins due to overexpression

can overload specific biological pathways, disrupt protein regulation, or create aggregates.28 In addition, protein overexpression can also

exhaust cell resources to make and transport proteins.49

We have demonstrated that OTX2 forms oligomers and/or aggregates resistant to proteasomedegradation and requiremacroautophagy

for clearance. A study onOTX2 transport via nuclear budding to the lysosome has recently supported this concept.24 This study also observed

OTX2 stabilization upon overexpression and treatment with lysosomal degradation inhibitors. However, co-localization of OTX2 with auto-

phagosomes was not observed. Our unique experimental setup included using Rapamycin to stimulate autophagy and CQ to block lyso-

somal fusion, enabling the visualization of OTX2 in autophagosomes. Therefore, in addition to the previously described direct route from

the nucleus to the lysosome, our study provides evidence that OTX2 can also utilize macroautophagy for transport to the lysosome for degra-

dation when it is in an aggregated state.Additionally, the OTX2 sequence does contain a poly-glutamine stretch (PolyQ) (102–109aa) at the

junction of the homeodomain and the central repression/retention domain, providing a possible avenue for oligomerization/aggregation.

Besides the pluripotency factors mentioned above, several oncogenic transcription factors are degraded by macroautophagy, such as

p53, b-catenin, p65, and HIF2a.50–53 However, there are variations in whether these degradation substrates are ubiquitinated or not, in their

native form or aggregated. Nevertheless, it is the norm for soluble single proteins to be degraded by the UPS. In contrast, macroautophagy

selectively degrades protein aggregates through receptor recognition and the rest of the process, termed aggrephagy in this context.54 In

this context, we provide evidence that OTX2 does colocalize with p62/SQSTM1 (sequestosome 1), a receptor that shuttles aggregating pro-

teins to autophagosomes to be degraded by the lysosome. In summary, OTX2 aggregates, partly due to its centralO-GlcNAcylated domain,

driving the requirement for macroautophagy.

O-GlcNAcylation participates in regulating OTX2 turnover

O-GlcNAc regulates bulk protein turnover by acting on the main degradation machinery. The proteasome is inhibited by increased

O-GlcNAc levels, and subunits of the proteasome itself are modified by O-GlcNAcylation.55 On the other hand, low O-GlcNAc levels stim-

ulate autophagic flux in mammalian cells,26 while decreasing O-GlcNAc levels in mouse astrocytes increased autophagy.27 Considering

these broad effects of O-GlcNAc on protein degradation pathways, it is challenging to assess how O-GlcNAc explicitly impacts the degra-

dation of OTX2. By using a targeted approach to mutate O-GlcNAcylated sites on OTX2, we demonstrated that losing O-GlcNAc sites

leads to the destabilization of OTX2 and rapid degradation, suggesting that O-GlcNAc directly protects OTX2 from degradation. There

are examples of this protection that have been elucidated. The tumor suppressor p53 is stabilized when O-GlcNAcylated by reducing its

phosphorylation-dependent ubiquitination.56 The ubiquitous Sp1 transcription factor is deglycosylated under nutrient starvation and is

promptly degraded by the proteasome,57 and the oncogene beta-catenin degradation sequence is inhibited by O-GlcNAcylation.58 Simi-

larly, based on our findings, O-GlcNAcylation protects OTX2 from aggregation and subsequent macroautophagy. A similar effect of pro-

tein O-GlcNAcylation is deeply studied, as it can decrease aggregation and cytotoxicity generated by Tau-containing neurofibrillary tan-

gles and fibrillar a-Synuclein.34

CCT5 and the TRiC complex facilitate the solubilization of OTX2 through the retention domain

By mutatingO-GlcNAcylation sites, critical interactants of OTX2 are displaced, including the chaperonin complex member CCT5 and other

members of the chaperonin-containing T-complex (TRiC). It consists of 8 subunit proteins, and although it was first considered to onlymediate

the folding of the cytoskeleton proteins actin and tubulin, it is now known to assist the folding of various cytosolic proteins, such as the tran-

scription factor p53.59 Importantly, CCT can lower aggregation and toxicity of Huntingtin (HTT) in Huntington’s Disease.36 Because this com-

plex is required for autophagosome degradation, the clearance of accumulated HTT proteins promoted by CCT is through autophagy.60

Thus, we imagine that OTX2 will be similarly managed, interacting with CCT mainly through the interaction of CCT5 with the central domain

of OTX2 to prevent OTX2 aggregation.

OTX2 O-GlcNAcylation promotes cell proliferation

OTX2 overexpression is a key factor in the development of medulloblastoma, where the duplication of its gene renders this protein onco-

genic.16 As previously demonstrated, all cancers present with increasedO-GlcNAcylation levels, including medulloblastomas.12 We showed

that increased O-GlcNAcylation impacts OTX2 proteostasis, leading to its stabilization, which promotes cell proliferation. In normal and

healthy cells, we suggest that the aggregation and degradation of OTX2 by macroautophagy is a protective measure to prevent abnormal

cell proliferation. However, we propose that, in medulloblastoma cells the metabolic switch happening in cancer development known as the

Warburg effect would naturally promote andmaintain highO-GlcNAcylation levels, thus enhancing the solubility of OTX2 and promoting cell

viability. This phenomenon can explain how, without further genomic alteration, cells might increase cell proliferation based on metabolic

cues. However, when O-GlcNAc is absent or cannot be added due to point mutations, OTX2 becomes cytotoxic.

The OTX2 sequence between humans and mice differs in one amino acid residue (T115->S115). This high conservation emphasizes the

essential nature of this protein throughout evolution/across organisms.61 Complete knockout of this gene is embryonic lethal, and heterozy-

gous mice suffer craniofacial malformations that vary in severity.14 Thus, Otx2 is essential for developing the brain, pituitary gland, and eyes,

and consequently, human mutations often lead to microphthalmia, anophthalmia, combined pituitary hormone deficiency, learning
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difficulties, and retinal dystrophies.62 Interestingly, there appears to be a threshold of OTX2 expression or activity that tips a specific transcrip-

tional landscape toward diseases.63,64 These previous observations and our findings can explain previously unknowndiseasemechanisms. For

example,most patientmutations concentrate in themiddle region ofOTX2, proximal toO-GlcNAcylation sites, whichwould normally prevent

OTX2 aggregation (Figure S6C).

Additionally, several mutant variants mutate Proline P133 and P134 residues,38 which are advantageous for theO-GlcNAc modification of

S/T (P at�2 and�3) based on the semi-consensus sequence3 (Figures S6D and S6E). In summary, we suggest that in OTX2-related diseases,

gene duplication and mutations in the central domain preventing O-GlcNAcylation or interaction with the CCT complex increase the OTX2

aggregation and cytotoxicity. Further research is required to investigate this mechanism in vivo and explore new avenues in diagnosing and

treating OTX2-driven diseases.

Limitations of the study

Some limitations of the study are as follows: (1) we are yet to explore the precise mechanisms through which O-GlcNAcylation affords pro-

tection against OTX2 aggregation, as well as the nature and dimensions of the aggregates formedbyOTX2; (2) In this study, we validated that

CCT5 interacts with OTX2, and there is a decrease in that interaction with the 3A mutant, however, howO-GlcNAc mediates this interaction

and how the CCT complex cooperates tomaintainOTX2 levels is yet to be determined; (3)While we observed cytotoxicity following the trans-

fection ofO-GlcNAc-depleted OTX2, we did not investigate whether this a direct consequence of OTX2 aggregation; (4) The consequences

of clinically relevant mutation of OTX2 on its O-GlcNAcylation still need to be explored.
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STAR+METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit polyclonal anti-OTX2 Proteintech Cat# 13497-1-AP; RRID:AB_2157176

Mouse monoclonal anti-O-Linked N-Acetylglucosamine

antibody (RL2)

Abcam Cat# ab2739; RRID:AB_303264

Rabbit polyclonal anti-Actin Millipore Sigma Cat# A2066; RRID:AB_476693

Mouse monoclonal anti-b-Actin Millipore Sigma Cat# A5441; RRID:AB_476744

Mouse monoclonal anti-Ubiquitin (eBioP4D1 (P4D1)) Thermo Fisher Scientific Cat# 14-6078-82; RRID:AB_837154

Rabbit polyclonal anti-LC3B Proteintech Cat# 18725-1-AP; RRID:AB_2137745

Rabbit polyclonal anti-c-Myc Millipore Sigma Cat# C3956; RRID:AB_439680

Mouse monoclonal anti-DYKDDDDK (FLAG) Tag (FG4R) Thermo Fisher Scientific Cat# MA1-91878; RRID:AB_1957945

Mouse monoclonal anti-alpha-Tubulin (961258) Novus Biologicals Cat# MAB93441; RRID:AB_2938603

Rabbit polyclonal anti-Lamin A/C Novus Biologicals Cat# NB100-56649; RRID:AB_838524

Mouse monoclonal anti-GAPDH Abcam Cat# ab9484; RRID:AB_307274

Rabbit polyclonal anti-CCT5 Bethyl Laboratories Cat# A303-481A; RRID:AB_10952578

Rabbit polyclonal anti-SQSTM1/p62 Abcam Cat# ab91526; RRID:AB_2050336

Bacterial and virus strains

One Shot� BL21 Star� (DE3) Chemically Competent

E. coli cells

Invitrogen Cat# C601003

Chemicals, peptides, and recombinant proteins

Thiamet G Millipore Sigma Cat# SML0244

Chloroquine diphosphate salt Chem Impex Cat# 22113

MG-132 Millipore Sigma Cat# 474790

Bortezomib Millipore Sigma Cat# 504314

Cycloheximide Millipore Sigma Cat# 01810

PUGNAc Millipore Sigma Cat# A7229

Doxycycline TCI Chemicals Cat# D4116

OSMI4 MedChemExpress Cat# HY-114361

DRB Millipore Sigma Cat# D1916

Rapamycin Cell Signaling Cat# 9904

DSP Pierce Cat# A35393

Phos binding reagent acrylamide ApexBio Cat# F4002

Lambda Protein Phosphatase New England BioLabs Cat# P0753S

Critical commercial assays

In-Fusion Snap assembly Takara Cat# 638947

QuikChange II Site-Directed Mutagenesis Kit Agilent Technologies Cat# 200523

Pierce Glycoprotein Isolation Kit, WGA Thermo Fisher Scientific Cat# 89805

Phospha-Light SEAP Reporter Gene Assay System Invitrogen Cat# T1017

Renilla Luciferase Assay System Promega Cat# E2810

MTT Cell Proliferation/Viability Assay R&D Systems Cat# 4890-050-K

Strep-Tactin� HRP conjugate IBA Lifesciences Cat# 2-1502-001

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Pierce� Anti-DYKDDDDK Magnetic Agarose (Anti-Flag) Thermo Fisher Scientific Cat# A36797

Strep-Tactin� Sepharose� resin IBA Lifesciences Cat# 2-1201-002

Deposited data

Mass spectrometry proteomics ProteomeXchange PXD040353

Experimental models: Cell lines

A6#20 D425 human medulloblastoma Dr. Veersteg and Dr. Kool (University

of Amsterdam)

HeLa Dr. B Smith (MCW)

MCF7 Dr J.A. Hanover (NIH)

Oligonucleotides

Primer: Actb-F ACCATGGATGATGATATCGC

Primer: Actb-R TCATTGTAGAAGGTGTGGTG

Primer: Otx2-F GAAAATCAACTTGCCAGAATCCA

Primer: Otx2-R GCGGCACTTAGCTCTTCGAT

Recombinant DNA

pETDuet-hOGT-hOTX2-FLAG Sigma-Aldrich, 71146

pDEST47-Empty This paper

pDEST47-OTX2-FL This paper

pDEST47-RD This paper

pDEST47-DRD This paper

pDEST47-HD This paper

pDEST47-OT This paper

pDEST47-TFT This paper

OTX2-Myc-DDK Origen(#rc207479)

OTX2 Origen(#rc207479)

pCAG-OTX2-OSF This paper

pCAG-OTX2(S135A)-OSF This paper

pCAG-OTX2(S136A)-OSF This paper

pCAG-OTX2(T137A)-OSF This paper

pCAG-OTX2(S138A)-OSF This paper

pCAG-OTX2(S135A/S136A/T137A)-OSF This paper

pCAG-OTX2(S135A/S136A/T137A/S138A)-OSF This paper

OTX2-GFP T. Lamonerie, PHD (IBV, France)

OTX2(S136A)-GFP T. Lamonerie, PHD (IBV, France)

OTX2(T137A)-GFP T. Lamonerie, PHD (IBV, France)

OTX2(S135A/S136A/T137A)-GFP T. Lamonerie, PHD (IBV, France)

IRBP-SEAP T. Lamonerie, PHD (IBV, France)

pRL Promega, E2231

Software and algorithms

AlphaFold

PyMOL

Cytoscape

STRING

AGGRESCAN

(Continued on next page)
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Stephanie Olivier-

Van Stichelen (solivier@mcw.edu).

Materials availability

Plasmids are available upon request.

Data and code availability

Themass spectrometry proteomics data have been deposited to the ProteomeXchangeConsortium via the PRIDE partner repository with the

dataset identifier PXD040353 and are publicly available as of the date of publication. This paper does not report original code. Any additional

information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL

Cell culture

All cell lines weremaintained at 37�C in a 5% (v/v) CO2-enriched humidified atmosphere, and tested regularly for mycoplasma contamination.

Authenticated A6#20 D425 Human Medulloblastoma Cells were gifted from Dr. Versteeg and Dr. Kool.17 They possess a doxycycline-induc-

ible shRNA against OTX2. A6#20 cells were cultured in Minimum Essential Medium (MEM) supplemented with 10% newborn calf serum, 1%

penicillin/streptomycin, 200 nM L-glutamine, as well as the antibiotics Blasticidin S hydrochloride, and Zeocin (Alfa Aesar, 4 mg/mL and

25 mg/mL routine concentration, respectively), for maintenance of the doxycycline-inducible OTX2 shRNA.

HeLa and MCF7 cells were maintained in DMEM supplemented with 10% fetal bovine serum and 1% Penicillin/Streptomycin.

Recombinant protein expression in E. coli

One Shot BL21 Star (DE3) Chemically Competent E. coli (Invitrogen) cells were transformed with 5–10 ng of plasmid DNA (pETDuet-hOGT-

hOTX2-FLAG) according to the manufacturer’s instructions. For protein expression, transformants were inoculated into LB media containing

ampicillin (100 mg/mL) and grown overnight at 37�C, shaking at 225 rpm. The culture was then diluted to reach optical density at 600 nm

(OD600) of 0.1 and incubated with shaking at 37�C until OD600 reached 0.6. To induce protein expression, 0.5 mM isopropyl b-D-1-thioga-

lactopyranoside (IPTG) was added to the culture media for 2 h shaking and incubated at 30�C.

METHOD DETAILS

Drugs and inhibitors

Drugs were resuspended in sterile distilled water unless otherwise stated and used at the following concentration: Thiamet G (Millipore

Sigma) at 100 nM, Chloroquine diphosphate salt (Chem-Impex) at 50 mM,MG-132 (Millipore Sigma) at 2 mM (DMSO), Bortezomib (BTZ) (Milli-

pore Sigma) at 330 nM, Cycloheximide (Millipore Sigma) at 50 mg/mL, doxycycline (DOX) (TCI Chemicals) at 100 ng/mL, OSMI4

(MedChemExpress) at 5 mM (DMSO); 5,6-dichlorobenzimidazole 1-beta-D-ribofuranoside (DRB) (Millipore Sigma) at 50 mM (DMSO), and Ra-

pamycin (Cell Signaling) at 1mM.

Plasmids and transient transfections

All constructs were cloned into the pE3n cloning vector before expression plasmids. Gateway technology (LifeTechnologies) was used to

insert the constructs into the pDEST47 backbone for mammalian expression. Alternatively, InFusion cloning (Takara Bio) was used to create

protein domain deletions and insert constructs into every other plasmid backbone. Point mutations were inserted using the QuickChange II

kit (Agilent Technologies). Sequences were verified by Sanger sequencing. Myc-DDK-tagged-OTX2 (Origene) was used as a template for

OTX2 cloning. Transfection of plasmids was done using Lipofectamine 2000 or Lipofectamine 3000 reagents according to manufacturer

instructions (ThermoFisher Scientific). Cells were transfected with corresponding plasmids 24 h before treatments with inhibitors.

Continued
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Biorender

GraphPad Prism

Spectrum annotator web tool

Proteome Discoverer 2.4
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RNA extraction, cDNA synthesis, and quantitative PCR

Total RNAs were purified with the RNeasy mini kit (Qiagen) according to the manufacturer’s instructions. On-column DNAse digestion (Qia-

gen) was additionally performed to remove genomic DNA. RNA concentration was measured using a nanodrop dosage spectrophotometer,

and quality was checked by running RNA on an agarose gel and analyzing the integrity of ribosomal RNA (28 S and 18 S). RNA extract (500 mg)

was converted to cDNAwith qScript cDNA Supermix (Quanta Bioscience) according to the manufacturer’s instructions. Total cDNA was then

quantified using a nanodrop spectrophotometer. Gene Expression was measured using fast SYBR Green Master Mix (Applied Biosystems),

1 mg of cDNA, and the specific primer pair. Quantitative PCR was run on an AB 7900HT fast real-time PCR system (Applied Biosystems). Each

experiment was performed in triplicate and analyzed by calculating the 2�DDCT (Livak and Schmittgen65) relative to actin expression.

Primers

For endogenous control, Actb-F (ACCATGGATGATGATATCGC) and Actb-R (TCATTGTAGAAGGTGTGGTG). ForOtx2 expression, Otx2-F

(GAAAATCAACTTGCCAGAATCCA) and Otx2-R (GCGGCACTTAGCTCTTCGAT).

Cell lysis

For mammalian cells, samples were lysed for 5–10 min in radioimmunoprecipitation assay lysis buffer (RIPA) (10-mM Tris-HCl, 150-mMNaCl,

1% Triton X-100 [v/v], 0.5% NaDOC [w/v], 0.1% sodium dodecyl sulfate [w/v], 10 mM PUGNAc, and protease inhibitors; pH 7.5), vortexed and

centrifuged 20 min at 18000 3 g at 4�C.
To extract protein from the bacterial preparation, the culture was centrifuged at 3220 x g for 10 min at 4�C. The pellet was either stored at

�80�C if not used immediately or resuspended in RIPA buffer for protein purification (see Cell lysis for buffer composition). DNAwas sheared

by sonicating lysates for 5 cycles of 5-s pulses on ice, and lysates were cleared by centrifugation for 20 min at 18000 3 g at 4�C.

Nuclear and cytosol fractionation

Protocol adapted from.66 Cells were incubated in ice-cold hypotonic buffer (5 mM Tris pH 7.5, 100 mM dithiothreitol (DTT), 50 mM ethylene-

diaminetetraacetic acid (EDTA), and 0.5%Nonidet P-40) for 15min and centrifuged at 34003 g for 3min at 4�C. The supernatant was retained
as the cytosolic fraction, and the pellet was washedwith PBS and centrifuged again at 34003 g for 3min at 4�C. To obtain the nuclear fraction,

the pellet was incubated in RIPA buffer on ice for 10 to 15 min and centrifuged at 18000 3 g for 10 min at 4�C. The supernatant of the lysed

pellet was collected as the nuclear fraction.

Immunoprecipitation (IP) and pulldowns

O-GlcNAcylated proteins were pulled down using the Pierce Glycoprotein Isolation Kit, WGA (ThermoFisher Scientific), according to the

manufacturer’s protocol. Flowthrough lysate was saved as the unbound sample, while the beads were saved as the WGA sample.

Pierce Anti-DYKDDDDK Magnetic Agarose (Anti-Flag) (Thermo Scientific) was used according to manufacturer instructions. Beads were

washed 4 times with RIPA and 3 times with PBS. After washes with lysis buffer and PBS, beads were either boiled in 1X Laemmli buffer (50 mM

Tris-HCl pH6.8, 2% SDS, 10% glycerol, 5% 2-mercapto-ethanol (BME), and 0.005% Bromophenol Blue) for SDS-PAGE or processed for mass

spectrometry analysis.

Strep-Tactin Sepharose resin (IBA Lifesciences) was used to purify OTX2-OSF (and site mutants) produced in HeLa cells. Used 25 mL of

slurry per lysate sample (from a 6-well plate). Equilibrated beads in RIPA buffer were incubated with protein lysates at 4�C overnight with rota-

tion in a Biomixer 3DNutating Shaker (Benchmark Scientific). Beads were processed for further analysis after washes with lysis buffer and PBS.

SDS-PAGE and western blotting

Laemmli Buffer was added to each protein lysate and boiled at 95�C for 5 min before separation by SDS-PAGE. Samples were resolved on

12% or 4–20% Tris-glycine gels and transferred onto nitrocellulose. Membranes were blocked for 45 min with 5% [w/v] nonfat milk in Tris-buff-

ered saline-Tween 20 (0.1% [v/v]) buffer (TBS-T). Primary antibodies were incubated overnight at 4�C with gentle agitation in milk/TBST.

Following primary incubation, blots were washed 3 times with 10 mL of TBS-T for 10 min and incubated with anti-mouse and anti-rabbit fluo-

rescent-conjugated secondary antibodies (LICOR) in a 1:10000 dilution for 1 h at room temperature. Three additional TBS-T washes with

10 mL in 10 min were performed. One final PBS wash for 5 min was performed, and the blot was imaged on the Odyssey Fc imager (LI-COR).

PhosTag gels

Phos binding reagent acrylamide (ApexBio), labeled as PhosTag in the text, was used when mentioned as instructed by manufacturers for

phosphorylation assessment. PhosTag SDS-PAGEgels were preparedwith 10%acrylamide, 0.1mMMnCl2, 0.1%SDS, and 50mMPB-A (phos-

bind reagent). After electrophoresis, gels were soaked in 10 mMEDTA solution 3 times for 10 min each wash before soaking in transfer buffer

for Western blot as outlined above. A phosphatase treatment was performed in a 50ul reaction using 400 units of Lambda Protein Phospha-

tase (New England BioLabs), incubatedwith protein lysate at 30C for 30min, according to themanufacturer’s instructions, prior to loading in a

PhosTag gel.
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SEAP gene reporter assay

HeLa cells were co-transfectedwith 3 plasmids—1)One containing the region�66 to +68 of the IRBPpromoter cloned into the pSEAP2-basic

vector to assay OTX2 transcriptional activity,38 2) One plasmid coding for either WT OTX2-OSF, 3A OTX2-OSF, or empty vector EV-OSF, 3)

One plasmid containing the pRL Renilla luciferase gene under the control of a CMV promoter to normalize for transfection efficiency (Prom-

ega). Sixteen hours after transfection, culture media was changed, and initial treatment with inhibitors was started (TG, OSMI4, DRB, or

DMSO). Eight hours post-treatment, culture media was stored for further analysis, and cells received fresh media with inhibitors. Seventeen

hours after the second treatment, a culture media sample was taken, and cells were incubated for 4 more hours. Finally, the rest of the culture

media was stored, and the cells were harvested in 250ul of Renilla Luciferase Assay Lysis Buffer. Secreted alkaline phosphatase (SEAP) activity

in the culture media samples was measured with the Phospha-Light SEAP Reporter Gene Assay System (Invitrogen) according to the man-

ufacturer’s protocol. Renilla luciferase levels in the cell lysates were measured using the Renilla Luciferase Assay System (Promega). SEAP ac-

tivity values were normalized to the corresponding cell lysate’s Renilla levels.

Protein aggregation assay

Themembrane-permeable thiol-cleavable Dithiobis (succinimidyl Propionate) (DSP) compound was used to preserve intracellular oligomers.

DSP (Pierce) was dissolved in DMSO for the stock solution and further diluted in warm PBS to a working concentration (crosslinker solution,

1mMunless stated otherwise). A6#20 cells were treated overnight with degradation inhibitors, andHeLa cells were transfectedwithOTX2WT

and 3A plasmids 24 h before DSP treatment. Cells were then washed twice with warm PBS before incubation with the crosslinker solution for

30min at room temperature. The crosslinking reactionwas stoppedby adding 1MTris HCl pH 7.4 to the cells to a final concentration of 10mM

and incubating for 15 min at room temperature. Cells were washed twice with cold PBS and lysed in 200ul RIPA buffer. Lysates were vortexed

and cleared by centrifugation at 18000xg for 30 min at 4�C. The supernatant was saved as soluble proteins, while the pellet was lysed in 100ul

RIPA buffer and sonicated (10 3 1 s pulses) to break apart the pellet and decrease viscosity. Both the soluble protein lysate and the pellet

lysate were prepared in Laemmli buffer, with or without BME, and heated at 65C for 5 min. Samples in Laemmli were not further centrifuged

before loading on 4–20% gels. When transferring proteins to the nitrocellulose membrane, we ensured the bottom of the loading wells were

present for transfer.

Antibodies

Antibodies for Western blotting were used as follows, diluted 1:1000 unless noted otherwise: Anti-OTX2 (Proteintech); Anti-O-GlcNAc (RL2,

Abcam); Anti-actin produced in rabbit (Sigma Aldrich), 1:2000; Anti-b-actin produced in mouse (Sigma Aldrich), 1:2000; Anti-ubiquitin (P4D1,

ThermoFisher Scientific), 1:250; Anti-LC3B (Proteintech); Anti-c-Myc (Millipore Sigma), 1:2000; Anti-DYKDDDDK tag (FLAG, FG4R, Invitrogen);

Anti-a-tubulin (Novus Biologicals); Anti-lamin A/C (Novus Biologicals); Strep-Tactin HRP conjugate (IBA Lifesciences) used as instructed in

manufacturer’s protocol; GAPDH (Abcam); CCT5 (Bethyl Laboratories); SQSTM1/p62 (Abcam).

Confocal microscopy

Cells transfected with GFP-tagged protein were washed with PBS and fixed in freshly made 4% formaldehyde/PBS for 15 min at room tem-

perature. After three PBS washes (5 min each), mounted in DAPI/fluoromount G (Electron Microscopy Sciences) and observed under a

confocal microscope (Cytation10).

For immunofluorescent staining, cells transfected with OTX2-Myc-DDK were cultured in chamber slides. First, cells were washed with PBS

and fixed as outlined above. Then, cells were permeabilized for 10 min with 0.1% Triton X-100 in PBS (PBS-T) and subsequently blocked with

1% BSA in PBS-T solution for 30 min. Slides were incubated with primary antibodies in 1% BSA in PBS-T in a humidified chamber overnight at

4�C, then the cells were washed three times in PBS-T for 5 min each, incubated with secondary antibodies in 1% BSA for 1 h at room temper-

ature protected from light, and finally washed three times with PBST for 5 min each in the dark. The nuclei were then stained with DAPI for

3 min, rinsed with PBS-T, and coverslips were mounted using a water-soluble mounting media.

MTT cell proliferation assay

Proliferation assays were performed using the Cell Proliferation Kit I (MTT) (R&D systems) according to the manufacturer’s protocol. Briefly,

HeLa cells were seeded at 2.5 3 104 cells/well in a 96-well plate and transfected with either WT, 3A, or empty vector EV-OSF. Sixteen hours

after transfection, cells were treated with inhibitors for 24 h. Each condition was performed in 6 replicates, andmeasurements were averaged.

A total of 10 mL of the MTT reagent was added to each well for 3 h. Then, 100 mL of the solubilization solution was added overnight before

measuring absorbance at 570 nm.

Mass spectrometry

The pulldown beads were resuspended in 100 mL of 40% Invitrosol and 100 mM ammonium bicarbonate. Cysteines were reduced in 5 mM

TCEP for 30min at 37�C and alkylated with 10mM iodoacetamide for 30min at 37�C. The bead-bound proteins were then digested overnight

with 5 mg of trypsin at 37�C followed by cleanup using the SP2 method. Thermo Scientific Pierce Peptide Retention Time Calibration Mixture

added at 4 nM concentration during dilution of the samples to 25 ng/mL. ForO-GlcNAc site mapping of recombinant OTX2, each sample was

analyzed on a Thermo Scientific Orbitrap Fusion LumosMS via two technical replicate injections in each of two methods, one using HCD and
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product ion triggered EThcD, the other HCD and EThcD for all MS2 spectra. To obtain the OTX2 interactome by mass spectrometry, each

sample was analyzed on a Orbitrap Fusion LumosMS via 3 technical replicate injections using a data-dependent acquisition (DDA) HCDMS2

instrumentmethod. The technical replicates were blocked, and each block was randomized. PooledQCs, which is a mixture of all the samples

being analyzed, was analyzed at the start, end, and in between each sample. Protein identifications were filtered to include only those proteins

identified by two or more unique peptides identified. All MS data were analyzed using Proteome Discoverer 2.4 (Thermo) platform. See

Table S4 for further details regarding themethods used and data analysis performed. Graphs with annotated peptides were generated using

the spectrum annotator web tool.67

In silico analysis

The predicted full-lengthOTX2 protein structure was obtained from the AlphaFold protein structure database68 and annotated using PyMOL.

Aggregation analyses were performed on the AGGRESCAN software.69 Interaction networks were generated with Cytoscape using the

STRING database.35 Network color-codes were performed by grouping manually according to similarities in molecular function, biological

process, and subcellular localization.

QUANTIFICATION AND STATISTICAL ANALYSIS

Blot quantification was performed byOptical Density (OD)measurement. Each qPCR experiment was performed in triplicate and analyzed by

calculating the 2-DDCT65 relative to actin expression. Statistical analyses were performed on Prism 9 (GraphPad). Error bars represent the

mean G standard error of the mean (SEM). A classic Student’s t test (unpaired, parametric) or one-way/two-way ANOVA was performed

to assess significance, as specified in figure legends. Statistical significance was always represented as follows: ns R 0.05, *p < 0.05,

**p < 0.01, ***p < 0.001, ****p < 0.0001.
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