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Purrosk. Glaucoma is the leading cause of irreversible blindness worldwide and is char-
acterized by progressive retinal ganglion cell (RGC) death and optic nerve degeneration.
Axonal transport deficits are the earliest crucial pathophysiological changes in glaucoma.
Genetic variation in the TANK-binding kinase 1 gene (TBK1) plays a role in the patho-
genesis of glaucoma. This study was designed to investigate intrinsic factors underlying
RGCs’ damage and to explore the molecular mechanism of 7BK1 involvement in glauco-
matous pathogenesis.

MetHODS. We established a mouse model of acute ocular hypertension and used 7TBK1
conditional knockdown mice to investigate the role of TBK1 in glaucoma. CTB-Alexa
555 was utilized to evaluate axonal transport in mice. To observe the efficiency of gene
knockdown, we performed immunofluorescence staining. Immunoblotting and immuno-
precipitation assays were performed to examine protein—protein colocalization. RT-qPCR
was performed to measure the mRNA levels of Tbk1.

Resurrs. In this study, we found that conditional TBK1 knockdown in RGCs resulted in
increased axonal transport and protection against axonal degeneration. Through mecha-
nistic studies, we found that TBK1 inhibited mTORC1 pathway activation by phosphory-
lating RAPTOR at Ser1189. Phosphorylation of RAPTOR at Ser1189 abrogated the inter-
action of RAPTOR with the deubiquitinase USP9X, leading to an increase in RAPTOR
ubiquitination and a subsequent decline in protein stabilization.

Concrusions. Our study identified a novel mechanism involving an interaction between
the glaucoma risk gene TBK1 and the pivotal mTORC1 pathway, which may provide new
therapeutic targets in glaucoma and other neurodegenerative diseases.
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laucoma is the leading cause of irreversible blindness

worldwide and is characterized by progressive retinal
ganglion cell (RGC) death and optic nerve degeneration.!
Elevated intraocular pressure (IOP) is currently considered
the most important and only controllable risk factor for
glaucoma.? However, glaucoma is a multifactorial disease
involving age, sex, genetics, and other factors.?> Treatments
aimed at lowering IOP are not always effective in prevent-
ing the progression of vision loss, and some patients present
with glaucomatous optic nerve damage without elevated
IOP2%5 Intrinsic factors underlying RGC damage are worth
investigating. Neuronal injury in glaucoma can be mediated
by multiple mechanisms, such as oxidative stress, axonal
transport impairment, and neuroinflammation.® Molecu-
lar and cellular events associated with these pathological
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processes may be targets for inducing neuroprotection in
glaucoma.

Genetic variation plays a role in the pathogenesis of glau-
coma and indicates critical molecules associated with the
disease. Gene copy number variation in the TANK-binding
kinase 1 (TBK1) gene has been reported in normal tension
glaucoma (NTG) cases.””® TBK1 gene duplication and tripli-
cation mutations on chromosome 12q14 results in a signif-
icant increase in the transcription level of TBK1, indicat-
ing its involvement in the progression of glaucoma pathol-
ogy.” Transgenic TbkI mice have been reported to exhibit
features of glaucoma.” TBKI1 is a serine-threonine kinase
that phosphorylates and regulates the activity of multi-
ple substrate proteins.!’ TBK1 regulates neuroinflammation
and autophagy, the pathological processes associated with
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neurodegenerative diseases.!!'!? Although TBK1 expression
has been detected in the retinal ganglion cell layer,"® the
molecular mechanism of TBK1 involvement in glaucomatous
pathogenesis is not yet fully understood.

The mammalian target of rapamycin (mTOR) pathway
is the hub of intracellular metabolism and protein synthe-
sis and thus plays an essential role in neural develop-
ment and neuronal survival.'*'> Dysfunction of the mTORC1
pathway is associated with many ocular neurodegenera-
tive diseases.!"'® A proteomic analysis of retina samples
from patients with ocular hypertension and normotensive
controls revealed significant proteomic alterations in the
mTORCI1 pathway of the patients.!” Moreover, studies have
suggested that activation of mTORC1 in RGCs may promote
visual function, axonal transport, synaptic integrity, and
axonal regeneration in glaucomatous mouse models.?’~22
These studies indicate a potential role for mTORC1 in neuro-
protection against glaucoma.

The mTORC1 pathway is regulated by multiple mech-
anisms and engages in crosstalk with many other path-
ways. There is evidence that TBK1 interacts with mTORC1
in different ways in multiple cell types.?>-?* However, links
between these two factors in neurodegenerative diseases,
especially glaucoma, have not yet been explored. Consider-
ing the regulatory role and the potential relationship of these
two proteins in glaucoma, we speculate that TBK1 may be
involved in the pathogenesis of glaucoma by affecting the
mTORC1 pathway activity.

In this study, we established a mouse model of acute
ocular hypertension (AOHT) and used TBK1-conditional-
knockdown mice to investigate the role of TBK1 in RGC
damage. Our data suggested that TBK1 conditional knock-
down in RGCs resulted in increased axonal transport and
protection against axonal degeneration. Through mech-
anistic experiments, we found that TBK1 inhibited the
mTORC1 pathway via the phosphorylation of RAPTOR,
the key component of mTORC1, at Ser1189. Phosphory-
lation of RAPTOR on Serl189 abrogated the interaction
of RAPTOR with the deubiquitinase USP9X, leading to an
increase in RAPTOR ubiquitination and a decline in subse-
quent protein stabilization. These findings reveal a novel
association between TBK1 and mTORC1 and provides new
insights into the involvement of TBK1 in glaucoma patho-
genesis.

MATERIALS AND METHODS
Animals

Tbk1"" and Rptor /" mice were obtained from the Jack-
son Laboratory. Adult male C57BL/6 mice were purchased
from Gempharmatech (Nanjing, Jiangsu, China). All animals
were housed in a specific pathogen-free (SPF) environment
in the Animal Center of the Tongji Medical College. All these
mice were maintained under a 12-hour light/dark cycle in
a temperature and humidity-controlled room. All the animal
operations were in accordance with ARVO Statement for the
Use of Animals in Vision and Ophthalmic Research and the
institutional JACUC committees of Huazhong University of
Science and Technology.

Reagents and Antibodies

CTB-Alexa 555 was bought from BrainVTA (Wuhan,
Hubei, China). Degrasyn and Amlexanox were purchased
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from MedChemExpress (Monmouth Junction, NJ, USA).
Proteasome inhibitor MG132 (Calbiochem), cyclohex-
imide (CHX; Sigma-Aldrich). Antibodies: anti-NAK/TBK1
(ab40676; Abcam); anti-NAK/TBK1 (ab109272; Abcam); anti-
USP9X (ab180191; Abcam); anti-synaptophysin (ab14692;
Abcam); anti-p70S6k (2708T; Cell Signaling Technol-
ogy); anti-p-p70S6k (9234T; Cell Signaling Technology);
anti-GAPDH (10494-1-AP; Proteintech);anti-HA (TT0008;
Abmart); anti-GFP (M20004; Abmart); anti-MYC (M20002;
Abmart); anti-His (M20001; Abmart); anti-Flag (TT0003;
Abmart); anti-Flag (66008-4-1g; Proteintech); anti-B-actin (sc-
47778; Santa Cruz); anti-RAPTOR (20984-1-AP; Proteintech);
anti-Tujl (801201; Biolegend); anti-Ibal (ab48004; Abcam);
anti-GAFP (ab4674; Abcam); and anti-pS6(Ser240/244)
(5364T; Cell Signaling Technology).

Adeno-Associated Virus Administration

AAV2-hsyn-Cre-EGFP-WPRE-PA  and  AAV2-hsyn-EGFP-
WPREPA were produced by GeneChem (Shanghai, China).
Using a Hamilton microsyringe (Hamilton, Reno, NV, USA)
with a 35G needle, each eye was intravitreally injected
with 2 pL of AAV virus (approximately 2.0 x 10'* genome
copies/mL). To allow for IOP equilibration, we kept the
needle in place for 60 seconds before the withdrawal. Four
weeks later, the mice were used for further experiments.

Animal Model of Acute Ocular Hypertension

The acute high IOP model was conducted according to
previously described methods.”” Briefly, the mice were
deep anesthetized by intraperitoneal injection of 5% chlo-
ral hydrate (9 mL/kg). The pupils were dilated with 1%
tropicamide followed by 0.5% tetracaine hydrochloride
ophthalmic topical anesthetic solution. We used a 30-gauge
needle, which was connected to a silicone infusion line of
balanced salt solution to cannulate the anterior chamber
of the eye under microscopic guidance; avoiding injury to
the corneal endothelium, iris, and lens. We elevated the
saline reservoir to a height of 1.2 m for 1 hour. We treated
the left eye of the mouse with the AOHT/AAV model and
the contralateral eye of each animal with a sham procedure
served as a non-ischemic control. After removing the needle,
antibiotic ointment was applied topically to prevent infec-
tion. The animals were euthanized at different time points
after acute ocular hypertension.

Immunofluorescence

The eyes and optic nerve were fixed in 4% paraformaldehyde
(PFA) at room temperature for 2 days and processed either
for paraffin or frozen sectioning. For paraffin sections, the
tissues were dehydrated, embedded in paraffin, and serial
sections (4 ym) were generated. For frozen sections, the
optic nerve was isolated from a distance of 1.5 mm from
the proximal end of the globe, and then dehydrated in 30%
sucrose for 24 hours, followed by being frozen with optimal
cutting temperature compound (OCT) and produced 4 pm
sections in a Leica CM1950 cryostat microtome.

The sections were gently washed three times with
phosphate-buffered saline (PBS), permeabilized with 0.1%
Triton X-100 for 30 minutes, blocked in 5% donkey serum
albumin for 1 hour, and then incubated with primary anti-
bodies at 4°C overnight, followed by appropriate secondary
antibodies. Cells grown on glass coverslips were fixed with
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4% paraformaldehyde for 15 minutes at room tempera-
ture, and immunofluorescence was prepared using the same
protocol as for the sections (as above).

For retinal flat mount, eyes were dissected and fixed in
4% PFA for 2 hours at room temperature. Cutting the poste-
rior segments of the eyes into a “petal” shape with four to
five radial incisions, and then detaching the retinas carefully.
We left the retinas in cold methanol for at least 20 minutes
to facilitate permeabilization. The retinas were rinsed in
PBS, blocked in normal donkey serum for 1 hour, and then
incubated for 48 to 72 hours at 4°C with primary antibod-
ies, followed by appropriate secondary antibodies at room
temperature for 90 minutes. After that, the retinas were trans-
ferred onto slides and mounted with glycerol.

Images were captured using an inverted confocal micro-
scope (Zeiss LSM 710; Zeiss, Oberkochen, Germany). Each
optic nerve was selected 10 grids (200 pm * 200 pm)
randomly, and the number of axonal swellings per unit area
was measured using Image] software. Only those swellings
over 5 um in diameter were analyzed.?® Colocalization analy-
sis was performed by calculating Pearson’s correlation coef-
ficient using ImageJ software.

Evaluation of Anterograde Axon Transport by
Cholera Toxin $-Subunit

Animals were anesthetized with 5% chloral hydrate and
mydriatic with 1% tropicamide. CTB-Alexa 555 was intrav-
itreally injected, 1.5 uL for one eye. Forty-eight hours later,
the mice were anesthetized, and the hearts were perfused
with 0.9% NaCl and 4% PFA in sequence, by cardiac intra-
ventricular canalization. Then, the brains and eyes were
post-fixed for 48 hours with 4% PFA, dehydrated with 30%
sucrose overnight, followed by embedding in OCT (Tissue-
Tek, Sakura Finetek Inc, Tokyo, Japan). Superior colliculus
was continuously sliced into 30 pm sections. The eyes were
sectioned into 8 pm with optic nerve head (ONH). Using
a fluorescent microscope (Olympus, Tokyo, Japan) to get
images. The distance of CTB labeling in ONH sections and
the area of the CTB signal in each superior colliculus (SC)
section were measured using Image] software.

Cell Culture and Transfection

HEK-293T cells were purchased from Boster Biologic Tech-
nology. SH-SY5Y cells were a gift from the Department of
Neurobiology, Tongji Medical College, Huazhong University
of Science and Technology. HEK-293T and SH-SY5Y cells
were cultured in high-glucose DMEM (Hyclone Laborato-
ries, Logan, UT, USA) supplemented with 10% FBS (Gibco,
Anaheim, CA, USA) at 37°C with 5% CO2.

HEK-293T and SH-SY5Y cells were transfected with
GFP-TBK1 (WT/K38A), Flag-RAPTOR (WT/1189A/1189D),
Myc-USP9X plasmid/vehicle, and siTBK1 using Lipofec-
tamine 3000 (Thermo Fisher Scientific) according to the
transfection protocol. Cells were harvested for further
analyses 48 hours after transfection. Sequence (5 to
3’) of siTBK1: #1 5-TCAAGAACTTATCTACGAA-3'; #2 5'-
GACAGAAGUUGUGAUCACA-3'.

Neurite Outgrowth Assay

We used retinoic acid (RA; all-trans-retinoic acid; Sigma) to
induce cell differentiation and neurite outgrowth. SH-SY5Y
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cells were seeded in 6-well plates, and exposed to 100 pM
hydrogen peroxide for 8 hours to inhibit neurite outgrowth.
After recovered in normal medium for another 12 hours,
the cells were fixed in 4% PFA for 15 minutes, and then
rinsed with PBS. Randomized images were acquired on a
IX71 microscope (Olympus, Tokyo, Japan), mean neurite
outgrowth was quantified in ImageJ software. The average
length of the neurites was analyzed.

Protein Extraction, Immunoblot, and
Immunoprecipitation

Cells and retina were lysed in RIPA buffer (Applygen
Technologies, Beijing, China) supplemented with protease
and phosphatase inhibitors (Boster Biologic Technology).
The protein concentrations of lysates were determined
with the BCA Protein Assay Reagent. Protein lysates were
boiled with loading buffer (Boster Biologic Technology) for
5 minutes. The equivalent amounts of protein lysates were
resolved by SDS-PAGE and transferred to polyvinylidene
difluoride (PVDF) membranes (MilliporeSigma). Membranes
were blocked with 5% non-fat dry milk in Tris-buffered
saline-Tween 20 (TBST) and treated with primary anti-
body overnight at 4°C. For immunoprecipitation, the same
amounts of whole-cell lysate were incubated with the
primary antibodies (0.5—2 pg) overnight at 4°C, followed
by added protein A/G sepharose beads (P2012; Beyotime
Biotechnology) into the incubation tubes and then being
incubated together at 4°C for 3 hours. The precipitated
complexes were washed five times with RIPA buffer before
being resolved by SDS-PAGE followed by immunoblot anal-
ysis with indicated antibodies.

Drug Administration

Retinoic acid (R2625; Sigma) powder was dissolved in DMSO
at 3 mg/mL (0.01 M) as stock solution and stored at —80°C
with light-protected vials. To induce differentiation of SH-
SY5Y cells, we diluted the stock solution with a tissue culture
medium at a final concentration of 10 pM.

For the construction of damage models in cellular exper-
iments, we treated SH-SY5Y cells with H,O, (50 pM). Cells
were harvested and followed by subsequent experiments
after being treated with H,O, for 8 hours.

For cells, Amlexanox and Degrasyn were diluted in DMSO
according to the manufacturer’s instructions and then further
diluted in complete cell culture media at a final concen-
tration of 100 pM (Amlexanox) or 5 uM (Degrasyn). For
animals, mice are randomly assigned to 2 groups: one group
received Degrasyn (40 mg/kg, intraperitoneally) in 100 pL
DMSO every 2 days (7 injections); and the other received
DMSO (vehicle) every other day (7 injections). CHX (100
pg/mL) was used for protein stability assay and cells were
harvested at different time points for the preparation of WCL
and subsequent Western blot analysis.

RNA Isolation and Real-Time Quantitative PCR

RNA was extracted using RNAiso plus (Takara Biomed-
ical Technology, Beijing, China), followed by the deter-
mination of RNA concentration. The reverse-transcription
(RT) reaction was performed with PrimeScript RT reagent
Kit (RR047A; Takara Biomedical Technology). The real-
time quantitative PCR reaction was performed with TB
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Green-Premix Ex Taq (RR420A; Takara Biomedical Technol-
ogy) and a 7300 Real-Time PCR System (Applied Biosys-
tems). All samples were run in triplicate with blank controls.
The relative gene expression was calculated by the 2744¢T
method with normalization against the Gapdh level.

Primer sequences were designed as follows:

Raptor: forward 5'-ACTGGAACCTACCTTTGGCTT-3/,
Reverse 5-ACTGTCTTCATCCGATCCTTCA-3,

Gapdh: forward 5-GGAGTCCACTGGCGTCTTCA-3/, and
reverse 5'- GTCATGAGTCCTTCCACGATACC-3'.

Statistical Analysis

The experiments were repeated at least three times unless
stated otherwise. The results were presented as mean £ SD
of at least three biologically independent experiments or
samples. Statistical analyses were performed in GraphPad
Prism 7 and Excel. Statistical significance within the experi-
mental groups was assessed by Student’s -test or 1-way anal-
ysis of variance (ANOVA). Any P value less than 0.05 was
considered significant.

REsuLTS

Axon Transport Deficits Characterized Early
Disease and the TBK1 Expression Pattern in the
Retina in the AOHT Model

Axonal transport deficits have been implicated in axonal
dysfunction and neurodegeneration in glaucoma.? First, we
detected anterograde transport by intravitreal injection of
the cholera toxin S-subunit (CTB), which is a neural tracer
taken up by RGCs and transported along the optic nerve
to the visual cortex. CTB signals in the optic nerve head
(ONH) and SC were measured. The distance that the CTB
label moved in the ONH (Fig. 1A) and the CTB projection in
the SC (Fig. 1B) were clearly decreased on day 2. Synap-
tophysin, a marker of endogenous cargo transport, accu-
mulated in the ONH after model establishment (Fig. 10).
These results indicated that axonal transport was blocked
after AOHT was induced. Furthermore, immunofluorescence
measurement of Tujl was performed to detect changes in
axon morphology 0, 1, 3, 5, and 7 days after AOHT induc-
tion. Focal axonal swelling, characterized by the aggrega-
tion of organelles and cargo in axons, is generally regarded
as an early sign of axonal degeneration.®® The results of
our experiment clearly showed increased axonal swelling on
days 5 and 7 (Figs. 1D, 1E). Similarly, RGCs’ evident loss was
observed on day 7 (Figs. 1F, 1G). The axonal swelling and
the number of RGCs in the sham-operated group are shown
in the supplementary material (Supplementary Figs. S1A-
D). In conclusion, axon transport impairment was the earli-
est crucial pathophysiological changes underlying axonal
degeneration in the glaucoma model.>!

As shown in Figure 1H, immunofluorescence staining
showed that TBK1 expression was increased in the retina
following AOHT induction. Moreover, a Western blot anal-
ysis revealed that TBK1 protein levels in the retina were
increased (Figs. 11, 1J). Protein levels of TBK1 were consis-
tently elevated at 5 days after treatment in the AOHT model
(see Supplementary Figs. 1E, 1F). To explore the cellular
localization of TBK1 in the retina, we labeled both TBK1
with markers of RGCs (Tuj1), microglia (Ibal), and astrocytes
(GAFP) with immunofluorescence dye (Figs. 1IK-M). TBK1
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colocalized with Tujl, Ibal, and GFAP, but TBK1 expression
was upregulated significantly only in the RGCs and microglia
after AOHT induction. Therefore, we assumed that TBK1
might function mainly in RGCs and microglia during glau-
coma pathogenesis.

TBK1 Knockdown in RGCs Prevented
AOHT-Induced Axonal Transport Deficits and
Neuronal Degeneration

To study the specific role played by TBK1 in RGCs, we
generated TBK1-conditional knockdown mice by injecting
AAV-hsyn-cre-EGFP into the vitreous body of Tk mice
(Fig. 2A). A schematic representation of the experimental
results is shown in Supplementary Figure S2. To verify the
efficiency and specificity of virus transfection, immunofluo-
rescence staining of RBPMS and EGFP tags was performed.
EGFP was clearly expressed in the AAV-Cre-EGFP and AAV-
EGFP groups and was mainly localized in RGCs (Fig. 2B).
TBK1 expression was significantly downregulated in the
AAV-Cre-EGFP group (Fig. 2C). In an ONH tissue section, the
CTB signal was clearly observed to have been recovered and
the accumulation of synaptophysin was reduced after AOHT
in the TBK1-knockdown mice (Figs. 2D, 2F, 2H). Moreover,
TBK1 knockdown significantly increased the CTB signal in
the SC after AOHT (see Figs. 2E, 2G). In addition, the axonal
swelling induced by AOHT was effectively alleviated follow-
ing TBK1 knockdown (Figs. 2I, 2]). The loss of RGCs caused
by the AOHT model was also ameliorated by knocking down
TBK1 within the RGCs (Fig. 2K). In summary, TBK1 knock-
down in RGCs exerted neuroprotective effects on the AOHT
model.

TBK1 Knockdown Protected Against Axonal
Transport Deficits and Neuronal Degeneration
Through an mTORC1-Dependent Mechanism

The mTOR signaling pathway is crucial for regulating
neuronal function??> Evidence suggests that TBK1 and
mTORCI establish a mechanical link.?> TBK1 can promote
the phosphorylation of RAPTOR Ser877 and then inhibit
mTORC1 activity.?* These data suggest a potential inter-
action between mTORC1 and TBK1. To explore whether
mTORCI1 is involved in TBK1-mediated effects in AOHT, we
examined mTORCI1 activity. As shown in Figure 3A, phos-
phorylated S6 (p-S6) expression was decreased in the AOHT
group, whereas TBK1 knockdown prevented this decline.
To further explore the role of TBK1 in nerve cells, we
treated SH-SY5Y cells, a neuroblastoma cell line, with H,O,
to imitate cell injury similar to that in retinal degenera-
tion.3> A Western blot analysis illustrated that the phospho-
rylated pS6K (p-pS6K) level was reduced after H,O,-induced
injury (Figs. 3B-D). Furthermore, to verify the relationship
between mTORC1 and TBK1, TBK1 siRNA was used, and
the interference efficiency is shown in Figure 3E. The levels
of p-pS6K were restored after TBK1 interference even after
H,0, treatment (Figs. 3F, 3G). In addition, we found that
the neurite outgrowth inhibited by H,O,-induced injury
was restored after TBK1 interference (Figs. 3H, I). Hence,
the neuroprotective effect induced by TBK1 knockdown is
mediated by an mTORC1-dependent mechanism.

An mTORC1 consists mainly of mTOR, mLST8, and
RAPTOR. To identify the downstream targets of TBKI,
we compared the protein levels of mMTORC1 components



Investigative Ophthalmology & Visual Science

TBK1 Knockdown Improves Axonal Transport IOVS | July 2023 | Vol.64 | No. 10 | Article1 | 5

A B Cc

| R [ orrzd ] | Rostral i Middle Il Caudal | |

CTR |[ AOHT2d

CTR

[ AoHT2d ||

1500

i

o
o
=]

% &

T
CTR 1d 3d 54 7d

o

Number of axon swellings/mm?

Number of RGCs/mm?

CTR 1d 3d 5d 7d

TBK1 | Dapi /| | CTR AOHT 2d

TBK1 - — w— e = 80kd
GAPDH| = e o - | 35

CTR K

|
o
%

AOHT 2d

AOHT 2d oot i
f T T T T .
0 02 04 06 08 10
TBK1/GAPDH
K L
[ TBK1/ Tuj1/ Dapi | Enlarged | [ TBK1/ Iba1/ Dapi |[ Enlarged | [ TBK1/ / Dapi I[ Enlarged
14
5 5 £
K| & &
= = =
T oy I
2 e 2

Ficure 1. TBK1 expression was upregulated in retina after acute ocular hypertension (AOHT). (A) Representative images showing
anterograde transport of CTB-555 in ONH and proximal ON in CTR and 2-day groups post-AOHT, n = 6 eyes/group. Scale bar = 50 pm.
(B) Representative images of CTB-555 transported to SC in CTR and 2-day groups post-AOHT, 3 layers: rostral, middle, and caudal are
shown, 7 = 6 brains. Scale bar = 200 pm. (C) Immunostaining of synaptophysin in ONH in the same groups as in B. Scale bar = 50 pm.
White arrowbeads indicate the accumulation of synaptophysin protein. (D) Immunostaining of Tujl in optic nerves in groups of CTR,
1 day, 3 days, 5 days, and 7 days post AOHT. White arrowbeads indicate the axon swellings, 7 = 6 optic nerves/group. Scale bar = 20 pm.
(E) Statistical analysis of the number of axon swellings indicated in D, n = 6 optic nerves, 1-way ANOVA. (F) Immunostaining of RBPMS
in the retinal flat mounts in the same groups as in D, n = 5 eyes/group. Scale bar = 100 um. (G) Statistical analysis of the data shown in
F, n =5 eyes. (H) Immunofluorescence staining of TBK1 in retina of CTR and 2-day groups post-AOHT. Nuclei were detected by DAPI staining,
n = 6 eyes/group. Scale bar = 50 pm. (I) Western blot analysis showing the protein level of TBK1 in mouse retina at 2 days after AOHT,
n = 4 eyes/group. (J) Statistical analysis of the data shown in I, n = 4 eyes/group. (K-M) Co-immunofluorescent staining of TBK1 (red) with
RGC marker Tujl (green) K, microglia marker Ibal (green) L, astrocyte marker (GFAP) M in mouse retina of CTR and 2d groups following
AOHT, n = 5 eyes/group. Scale bar = 50 pm. The data in E, G, and J were expressed as mean £ SD, 1-way ANOVA *P < 0.05, **P < 0.001,
P < 0.0001.
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Ficure 2. Knockdown of TBK1 prevented axonal transport deficits and neuronal degeneration from AOHT. (A) A schematic repre-
sentation of the recombined adeno-associated virus (rAAV) construction and AAV injection into the transgenic mouse. (B) Representative
images showing the transfection efficiency of the rAAV in retina. RGCs were marked with RBPMS (red). The expression of the EGFP tag was
induced by hsyn promoter. Nuclei were detected by DAPI staining, 7 = 4 eyes/group. Scale bar = 50 nm. (C) Representative images showing
the knockdown efficiency of TBK1 in retina. RGCs and nerve fibers were marked with Tujl (green). Nuclei were detected by DAPI staining,
n = 4 eyes/group. Scale bar = 50 um. (D) Representative images showing anterogradely transported of CTB-555 in ONH and proximal ON
with or without TBK1 knockdown after AOHT, in the vehicle group n = 4 eyes, in the other groups n = 5 eyes/group. Scale bar = 50 pm.
(E) Representative images of CTB-555 signal in SC in vehicle and 2 day groups with or without TBK1 knockdown post-AOHT, 3 layers: rostral,
middle, and caudal were shown, # = 5 brains/group. Scale bar = 200 pm. (F) Statistical analysis of the CTB labeling distance shown in D,
in the vehicle group n = 4 eyes, in the other groups n = 5 eyes/group. (G) Statistical analysis of CTB area shown in E, # = 5 brains/group.
(H) Immunostaining of synaptophysin in ONH in the same groups as in D, n = 5 eyes/group. Scale bar = 50 ym. (I) Immunostaining of
Tujl in the optic nerve at 7 days after AOHT, n = 6 optic nerves/group. White arrowbeads indicate the axon swellings. Scale bar = 20 pm.
() Statistical analysis of the number of axon swellings indicated in I, n = 6 optic nerves/group. (K) Statistical analysis of the number of
RGCs, n = 4 RGCs/group. The data in F, G, J, and K were expressed as mean £ SD, 1-way ANOVA, **P < 0.01, **P < 0.001, **P < 0.0001.

in H,O,-treated cells. Interestingly, the protein levels of
RAPTOR were downregulated in the H,O;-treated cells
but were restored after siTBK1 transfection (Figs. 3], 3K).
Furthermore, the RAPTOR protein levels clearly declined
after TBK1 was overexpressed (Figs. 3M, 3N). Moreover,
the reduction in the RAPTOR level in RGCs resulting from
AOHT was restored in TBK1-knockdown mice. (Fig. 3L).
As shown in Figure 3M, mTORC1 activity was suppressed
following TBK1 overexpression, and this effect was blocked
after RAPTOR supplementation (Figs. 30, 3P). These results

indicated that mTORCI1 inactivation by TBK1 overexpression
was due to the downregulation of RAPTOR.

The Neuroprotective Effect of TBK1 Knockdown
Was Mediated by RAPTOR

To confirm that the mTORCl-dependent mechanism of
TBK1 knockdown was mediated by RAPTOR, we gener-
ated TBK1-/RAPTOR-double-knockdown mice (Fig. 4A).
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Ficure 3. Knockdown of TBK1 protected against axonal transport deficits and neuronal degeneration through mTORC1-dependent
mechanism. (A) Co-immunofluorescent staining of p-S6 (red) and Tujl (green) in Thk1"f mice with AAV-vehicle or AAV-Cre injection at
2 days after AOHT, nuclei were detected by DAPI staining, n = 6 eyes/group. Scale bar = 50 pm. (B) Western blot analysis of TBK1 and
p-pSOK in SH-SY5Y cells with or without HO2 (50 or 100 uM) treatment. (C, D) Statistical analysis of the data shown in B. (E) Western
blot analysis of TBK1 with small interfering RNA (siRNA) transfection in SH-SY5Y cells. (F) Western blot analysis of p-pS6K with or without
TBK1 siRNA after H;O, (50 pM) treatment in SH-SYS5Y cells. (G) Statistical analysis of the data shown in F. (H) Representative images
showing neurite outgrowth of SH-SY5Y cells. Cells were treated with 50 uM H,O; with or without TBK1 siRNA. Scale bar = 20 ym. (I)
Statistical analysis of the neurite length shown in H. Twenty nonoverlapping fields were selected for analysis in each group from at least
three experiments, n = 200 cells. (J) Western blot analysis of mTOR, RAPTOR, and mLST8 in SH-SY5Y cells. Cells were treated with 50
uM H;O;, with or without TBK1 siRNA. (K) Statistical analysis of RAPTOR [Protein level shown in J. (L) Representative images showing
co-immunofluorescent staining of RAPTOR (red) and Tujl (green) in Thk1"f mice with the injection of AAV-vehicle or AAV-Cre at 2 days
after AOHT, n = 6 eyes/group. Scale bar = 50 pm. (M) Western blot analysis of RAPTOR and p-pS6K in HEK-293T cells transfected with
TBK1-GFP overexpression plasmids. (IN) Statistical analysis of RAPTOR protein levels in M. (O) Western blot analysis of p-pSOK in HEK-293T
cells co-transfected with TBK1-GFP and RAPTOR-Flag. (P) Statistical analysis of the data shown in O. Statistical tests in C, D, G, I, K, N, and
P using 1-way ANOVA, *P < 0.01, **P < 0.001, ***P < 0.0001, ns, not statistically significant.
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Ficure 4. Knockdown of RAPTOR attenuated the neuroprotective effect of TBK1 knockdown. (A) Schematic diagram showing the
generation of the TBK1/RAPTOR conditionally double-knockdown (dKD) mice. (B) Co-immunofluorescent staining of RAPTOR (red) and
Tujl (green) showing the knockdown efficiency of RAPTOR in retina of TbkV%" Rptor"/" mice with injection of AAV-vehicle or AAV-Cre.
Scale bar = 50 pm. (C) Representative images showing anterogradely transported CTB-555 in ONH and proximal ON in TBK1 and RAPTOR
double-knockdown (dKD) mice after AOHT, n = 6 eyes/ group. Scale bar = 50 pym. (D) Representative images of CTB-555 signal in SC in
the same groups as in C, 3 layers: rostral, middle, and caudal were shown, n» = 5 brains/ group. Scale bar = 200 um. (E) Immunostaining
of synaptophysin in ONH in the same groups as in C, n = 6 eyes/ group. Scale bar = 50 pm. (F) Statistical analysis of the CTB labeling
distance shown in C. The data were expressed as mean + SD, n = 6 eyes/ group, 1-way ANOVA, ***P < 0.0001. (G) Statistical analysis of
the CTB area shown in D. Data were expressed as mean £ SD, n = 5 brains/ group, 1-way ANOVA, **P < 0.01. (H) Immunostaining of Tujl
in the optic nerve at 7 days following AOHT, n = 5 optic nerves/ group. White arrowbeads indicate the axon swellings. Scale bar = 20 pm.
(D) Statistical analysis of the number of axon swellings indicated in H. (J) Statistical analysis of the number of RGCs. The data were expressed
as mean *+ SD, n = 5 optic nerves/ group, 1-way ANOVA, *P<0.05, **P < 0.01, ***P < 0.0001.



Investigative Ophthalmology & Visual Science

TBK1 Knockdown Improves Axonal Transport

The knockdown efficiency of RAPTOR in RGCs is shown
in Figure 4B. The facilitation of axonal transport by
TBK1 knockdown was blocked after RAPTOR knockdown
(Figs. 4C-G). In addition, axonal integrity was disrupted, the
number of swollen axons and the loss of RGCs was increased
in the TBK1-/RAPTOR-double-knockdown mice compared
with that in the TBK1-knockdown mice (Figs. 4H-J). Thus,
RAPTOR was found to be necessary for the neuroprotective
effect exerted by TBK1 knockdown.

TBK1 Suppressed mTORC1 by Inducing the
Ubiquitination and Degradation of RAPTOR

Because the mRNA levels of RAPTOR did not change after
TBK1 overexpression (Fig. 5A), the TBK1-induced decrease
in RAPTOR protein levels may have been due to its reduced
synthesis or increased degradation. Next, we performed a
half-life experiment and found that TBK1 overexpression
promoted the degradation of RAPTOR after cyclohexane
treatment, which can inhibit protein synthesis (Figs. 5B, 50C).
Autophagy and the proteasome system are two critical
protein degradation systems in cells. We used the protea-
some inhibitor MG132 and the lysosome inhibitor chloro-
quine to identify possible degradation pathways. Western
blot assays showed that RAPTOR downregulation induced
by TBK1 overexpression was prevented by MG132 treat-
ment but did not respond to chloroquine treatment (Fig. 5D).
Moreover, the levels of ubiquitinated RAPTOR were substan-
tially increased after TBK1-GFP transfection (Fig. 5E) but
were reduced after TBK1 siRNA transfection (Fig. 5F). These
data demonstrated that the degradation of RAPTOR induced
by TBK1 was related to the ubiquitin—proteasome degrada-
tion pathway.

Because TBKI1 is a serine-threonine kinase, we wondered
whether TBK1-mediated RAPTOR degradation is associated
with its kinase activity. The phosphokinase activity of TBK1
was suppressed by amlexanox. As shown in Figure 5G, the
downregulation of RAPTOR induced by H,O, was restored
with increasing doses of amlexanox. Furthermore, we found
that transfection of wild-type TBK1-GFP, but not kinase-
dead mutant TBK1(K38A), resulted in RAPTOR downregula-
tion (Figs. SH, 5I). Additionally, the ubiquitination levels of
RAPTOR were abolished after TBK1-K38A overexpression
(Fig. 5]), and its stability in the TBK1-K38A transfection
group was better than that in the TBK1-WT transfection
group (Figs. 5K, 5L). Collectively, these results empha-
sized the essential role of TBK1 kinase activity in the
ubiquitination-mediated degradation of RAPTOR.

RAPTOR Ubiquitination-Related Degradation Was
a Result of TBK1-Mediated RAPTOR Ser1189
Phosphorylation

Considering the role of TBK1 kinase activity in RAPTOR
degradation, we explored whether phosphorylation was crit-
ical to the degradation of RAPTOR. Co-immunoprecipitation
experiments were performed to evaluate the interaction of
TBK1 and RAPTOR. The data showed that binding of the
endogenous TBK1 and RAPTOR proteins (Figs. 6A, 6B).
The phosphorylation levels of RAPTOR were increased
after TBK1 overexpression (Figs. 6C, 6D). This result
suggested that RAPTOR might be phosphorylated by TBK1.
Next, we predicted the potential phosphorylation sites
of RAPTOR that aligned with the TBK1 substrate motif
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using Group Based Prediction System 5.0 and PhosphoSite
(www.phosphosite.org). The intersection of the predicted
results is shown in Figure GE. Considering these results,
we constructed point-mutated plasmids via the site-directed
mutation to replace an Ser residue with an Ala residue,
which prevented phosphorylation. The RAPTOR-S1189A
mutant abrogated the downregulation of RAPTOR that had
been induced by TBK1 overexpression (Figs. 6F, 6G). Addi-
tionally, RAPTOR-S1189A diminished the TBK1-mediated
phosphorylation of RAPTOR (Figs. 6H, 61). The degrada-
tion of RAPTOR caused by TBK1 overexpression was not
evident in the RAPTOR-S1189A mutant (Figs. 6], 6K), as the
mutation prevented the ubiquitination of RAPTOR mediated
by TBK1 overexpression (Fig. 6L). In contrast, the phos-
phomimetic mutation S1189D promoted RAPTOR degra-
dation (Figs. 6M, 6N) by increasing RAPTOR ubiquitina-
tion (Fig. 60). In summary, TBK1 phosphorylates RAPTOR
at Ser1189 and reduces RAPTOR protein stability via the
ubiquitin—proteasome pathway.

RAPTOR Phosphorylation Increased RAPTOR
Ubiquitination by Decreasing Its Interaction With
USP9X

We next explored the molecular mechanisms underly-
ing phosphorylation-dependent RAPTOR ubiquitination. A
previous study had indicated that USP9X acted as a deubiq-
uitylating enzyme and stabilized RAPTOR in neural progen-
itors.>* In addition, USP9X was also reported to regulate
axonogenesis®® and neurodevelopment.®® To explore the
role of UAP9X in RAPTOR stabilization, we conducted co-
immunoprecipitation experiments and confirmed the inter-
action between RAPTOR and USP9X (Figs. 7A, 7B), which
was impaired by TBK1 overexpression (Figs. 7C, 7D).
Furthermore, a colocalization analysis showed that the inter-
action between USP9X and RAPTOR was weaker after
TBK1 was overexpressed (Figs. 7E, 7F). Subsequently,
we found that the interaction USP9X and RAPTOR was
not affected by a kinase-inactivation mutation in TBK1
(K38A) (Figs. 7G, 7H). In addition, the dephosphorylated
mutant RAPTOR-S1189A bound more strongly to USP9X-
Myc, whereas the phosphomimetic mutant RAPTOR-S1189D
showed a weaker interaction with USP9X-Myec. (Figs. 71, 7).
These results were confirmed via a colocalization analysis
(Figs. 7K, 7L). To further explore the relationship between
USP9X and RAPTOR degradation, degrasyn, which can
suppress USP9X deubiquitinase activity, was used in an
experiment. The reduction in RAPTOR degradation caused
by interference with TBK1 activity was clearly inhibited by
degrasyn (Figs. 7M, 7N). Furthermore, differences in ubiq-
uitination levels in different states of RAPTOR-S1189 phos-
phorylation disappeared after degrasyn treatment (Fig. 70).
These data suggested that the phosphorylation status of
RAPTOR S1189 affects the binding of USP9X to RAPTOR
and thus reduces the stability of RAPTOR.

The Neuroprotection Conferred by TBK1
Knockdown Was Reversed by a USP9X Inhibitor

To evaluate the role of USP9X in vivo, degrasyn was used
to treat TBK1-knockdown mice. Immunofluorescence stain-
ing revealed that USP9X was stably expressed in mouse
RGCs (Fig. 8A). We found that RAPTOR upregulation caused
by TBK1 knockdown was clearly attenuated by degrasyn
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Ficure 5. TBK1 suppressed mTORC1 via inducing the ubiquitination degradation of RAPTOR. (A) RT-PCR analysis of RAPTOR
mRNA levels in HEK-293T cells. Cells were transfected with GFP or TBK1-GFP, n = 4. (B) Western blot analysis of RAPTOR protein half-
life. HEK-293T cells were transfected with GFP or TBK1-GFP under CHX (protein synthesis inhibitor, 100 pg/mL) treatment. (C) Statistical
analysis of the data indicated in B, n = 3. (D) Western blot analysis of RAPTOR protein levels (upper panels) in HEK-293T cells treated by
DMSO, CHQ (lysosomal inhibitor, 10 uM), or MG132 (proteasomal inhibitor, 10 pM) with or without TBK1-GFP transfection. Lower panels
showing statistical analysis of the data, » = 3. (E) Immunoprecipitation of ubiquitination with RAPTOR. HEK-293T cells were transfected
with GFP or TBK1-GFP, n = 3. (F) Immunoprecipitation of ubiquitination with RAPTOR in SH-SY5Y cells under H,O; (50 pM) treatment
with or without TBK1 siRNA. (G) Western blot analysis of RAPTOR protein levels in SH-SY5Y cells treated with H,O, (50 pM) and TBK1
inhibitor Amlexanox (gradient concentrations). (H) Western blot analysis of RAPTOR-Flag protein levels in HEK-293T cells. The cells were
co-transfected with RAPTOR-Flag and TBK1 wild-type or TBK1 K38A (a kinase dead mutant). (I) Statistical analysis of the data indicated in
H. (J) Immunoprecipitation of HA-ubiquitination with RAPTOR-Flag. The cells were treated as in H. (K) Western blot analysis of RAPTOR
protein half-life. HEK-293T cells were transfected with TBK1 wild-type or TBK1 K38A under CHX treatment. (L) Statistical analysis of the
data indicated in K. Data are presented as mean £ SD. Statistical tests for these data were performed using independent samples f-tests or
1-way ANOVA, *P < 0.01, **P < 0.001, ***P < 0.0001, ns, not statistically significant.
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Figure 6. RAPTOR ubiquitination degradation resulted from RAPTOR Ser1189 phosphorylation mediated by TBK1. (A, B) Endoge-
nous interaction between RAPTOR and TBK1 in mouse retina tissue lysates. (C) Immunoprecipitation of phosphorylated serine/threonine
(p-S/T) with RAPTOR. HEK-293T cells were transfected with or without TBK1-GFP. (D) Statistical analysis of RAPTOR phosphorylation levels
as shown in C. (E) Prediction of the potential sites in RAPTOR phosphorylated by TBK1 through intersection analysis of multi data base.
(F) Western blot analysis of RAPTOR-Flag protein levels in HEK-293T cells transfected with RAPTOR-Flag wild-type or plasmids containing
dephosphorylated mutation of Ser to Ala (S792A, S855A, S877A, and S1189A) with or without TBK1-GFP. (G) Statistical analysis of the
data indicated in F. (H) Immunoprecipitation of phosphorylated serine/threonine (p-S/T) with RAPTOR-Flag. HEK-293T cells were trans-
fected with RAPTOR-Flag wild-type or RAPTOR-Flag (S1189A) with or without TBK1-GFP. (I) Statistical analysis of the data indicated in H.
(J) Western blot analysis of RAPTOR-Flag protein half-life. HEK-293T cells were co-transfected with TBK1-GFP and RAPTOR-Flag wild-type,
or RAPTOR-Flag (S1189A). (K) Statistical analysis of the data indicated in J. (L) Immunoprecipitation of HA-ubiquitin with RAPTOR-Flag.
HEK-293T cells were treated with MG132 following transfection of RAPTOR-Flag wild-type or RAPTOR-Flag (S1189A) with or without
TBK1-GFP. (M) Western blot analysis of RAPTOR-Flag protein half-life. HEK-293T cells were transfected with RAPTOR-Flag wild-type or
the phosphomimetic mutation S1189D. (N) Statistical analysis of the data indicated in M. (O) Immunoprecipitation of HA-ubiquitin with
RAPTOR-Flag. HEK-293T cells were treated in MG132 following transfection of RAPTOR-Flag wild-type or RAPTOR-Flag (S1189D). Data
were presented as mean =+ SD. Statistical tests for these data were performed using independent samples #-tests or 1-way ANOVA, *P < 0.01,
#*P < 0.001, ns, not statistically significant. **P < 0.001.



Investigative Ophthalmology & Visual Science

TBK1 Knockdown Improves Axonal Transport IOVS | July 2023 | Vol. 64 | No. 10 | Article 1 | 12

A » B C oo = D s G _mowe = - H
g - TBK1 K38A OE - - e
& & & & f o — — oo 81 s
= = = e g
e ) R == (W & 05 . ]
Input RAPTDREL’)DM = usPox| s dum o | o0k & 02
<
= o
awvon[ = — — Jsss or L . I S —r——_- g
GAPDH | e e e 35kd TBK1WT OE B * N
TBK1 K38A OE - - [ 5
USP9X RAPTOR | Werge ][ Enlarged F I
5
S RAPTOR Fla o« & E
) - e

1B:Flag - — | 150k

1P:Myc-USPOX
e IBMYC | s e e | 2000

25 8 9
> » o

i
ES

Flag —— - | 150k

1B:Flag/ 1B:Myc

Pearson’ s coeficient
°
N

Lo VG | e o s s | 200

TBK1-OF o] = = = =]

0
RAPTORFlag & o %
BN

w
o
<
@
[

vehicle

LS M . (0] b mm ke g
skt - - - s .
Degasn - - - - 4 4 - N
RAPTOR| == === == === == =~ |150d i o
g BHA :
é xEx TBK1| == - —-— -~ |80kd 130kd
;
) 100k
i < GAPDH a5kd
w €
@
— g N Y S—
8
é o
o (2]
é - E g 300kd
g g CLLLLLLL
2 4 ] s 4 1 23
- 3 g A -
e & ] -
5 Input
o
: g
‘?E o
> Briag | G G N e e (10
)
. H,0, T T T 5 57 o
+2 & & P TS P
SITBK1 T RAPTORFlag S &L
Degrasyn - - - - * + DMSO Degrasyn
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(A, B) Endogenous interaction between RAPTOR and USP9X in mouse retina tissue lysates. (C) Co-immunoprecipitation of USP9X and
RAPTOR in HEK-293T cells transfected with or without TBK1-GFP. (D) Statistical analysis of the data indicated in C. (E) Representative
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(51189A) or RAPTOR-Flag (S1189D) with or without Degrasyn (5 pM). Data are presented as mean + SD, 1-way ANOVA, *P < 0.05, *P <

0.01, **P < 0.001, ***P < 0.0001, ns, no statistically significant.

after AOHT induction (Fig. 8B). The improvement of axonal
transport by TBK1 knockdown was significantly abrogated
by degrasyn (Figs. 8C-G). Moreover, swollen axons were
observed after degrasyn treatment (Figs. 8H, 8D. In addi-
tion, the number of RGCs was significantly reduced after
treatment with the USP9X inhibitor degrasyn, that is, the
protective effect against axonal degeneration produced by
knockdown of TBK1 within RGCs was lost (Fig. 8]). These
results indicated the involvement of USP9X in controlling
RAPTOR stabilization mediated by TBK1 knockdown and in
conferring neuroprotective effects.

DISCUSSION

Genetic studies have revealed that TBK1 gene duplication is
associated with NTG.3” This copy number variation results in
an elevated TBK1 transcript level, suggesting a TBK1 gain-of-
function mutation underlying glaucoma.”-*® This mechanism
was found to be independent of IOP, indicating that TBK1
might be associated with an intrinsic factor in RGCs during

the pathogenesis of glaucoma. In our study, we measured
TBK1 expression levels in the retina following AOHT induc-
tion and found a specific increase in the TBK1 expression
of RGCs and microglia. This expression pattern indicated a
possible multiregulatory function of TBK1 in different cells.
TBK1 is considered to play a key role in neuroinflamma-
tion.!13 Mathur et al. showed that the STING-TBK1 pathway
regulated microglial activity and neuroinflammation.®* Xu et
al. reported that TBK1 deficiency resulted in microglial acti-
vation and promoted neuroinflammation.*! Considering the
potential involvement of neuroinflammation in glaucoma,
we suggest that TBK1 might play a role in microglia and
indirectly participate in the pathogenesis of glaucoma. Thus,
we established a conditional knockdown mouse model to
explore the specific role of TBK1 in RGCs without affect-
ing the level of TBK1 in microglia. The results showed that
specific downregulation of TBK1 expression in RGCs via
genetic methods effectively mitigated the development of
the glaucoma phenotype.

The exact mechanism of TBK1 involvement in glaucoma
pathogenesis has been extensively explored but has not
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Ficure 8. The neuroprotection effect of TBK1 knockdown was reversed by USP9X inhibition. (A) Representative images showing
USP9X in mouse retina, nuclei were detected by DAPI staining. Scale bar = 50 ym. (B) Immunofluorescent staining of RAPTOR in mouse
retina following TBK1 knockdown with or without Degrasyn (USP9X inhibitor) treatment after AOHT, nuclei were detected by DAPI staining,
n = 5 eyes/group. Scale bar = 50 um. (C) Representative images showing anterogradely transported CTB-555 in ONH and proximal ON
following TBK1 knockdown with or without Degrasyn treatment after AOHT model, 7z = 6 eyes/group. Scale bar = 50 uym. (D) Representative
images of CTB-555 transported to SC in the same groups as in C, 3 layers: rostral, middle, and caudal were shown, 7 = 5 brains/ group.
Scale bar = 200 pm. (E) Immunostaining of synaptophysin in ONH in the same group as in C, n = 6 eyes/group. Scale bar = 50 pm.
(F) Statistical analysis of the CTB labeling distance shown in C. The data were expressed as mean + SD, 7 = 6 eyes/group, 1-way ANOVA,
#pP < 0.0001. (G) Statistical analysis of CIB area shown in D. Data were expressed as mean £ SD, n = 5 brains/group, 1-way ANOVA,
P < 0.01. (H) Immunostaining of Tujl in the optic nerve at 7 days following AOHT, 7 = 6 optic nerves/group. White arrowbeads indicated
the axon swellings. Scale bar = 20 pm. (I) Statistical analysis of the number of axon swellings indicated in H. (J) Statistical analysis of the
number of RGCs. The data were expressed as mean + SD, n = 6 optic nerves/group, -way ANOVA, *P < 0.01, **P < 0.001, ***P < 0.0001.
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FiGure 9. Schematic illustrating the mechanism that TBK1 knockdown improved RGCs axonal transport by activating mTORC1
signaling. In response to acute ocular hypertension, the expression levels of TBK1 in RGC are upregulated. TBK1 increases the phospho-
rylation of RAPTOR on Ser1189, which hinders the combination of RAPTOR and USP9X, leading to an increase in RAPTOR ubiquitination
and the decline of protein stabilization. Subsequently, RAPTOR degradation inhibits the mTORCI1 signaling pathway, resulting in axonal
transport deficits and neurodegeneration. Thus, TBK1 knockdown might alleviate neuronal injury via the activation of mTORC1 signaling

pathway in glaucoma.

yet been elucidated. Many studies have focused on the
recognized interaction between TBK1 and OPTN, another
glaucoma-associated protein, which mediates autophagy-
dependent pathological processes.*>*> The M98K-OPTN
mutation has been reported to activate TBK1, which in
turn enhances OPTN phosphorylation at Ser177 and induces
autophagic flux and retinal cell death.* Another study
reported that the ESOK-OPTN mutation strongly interacts
with TBK1 and mediates glaucomatous phenotypes.?> In
addition to OPTN-related mechanisms, TBK1 has been
reported to participate in other mechanisms of neural
injury. For example, TBK1 regulated the expression of p16
and induced RGC senescence in retinal ischemic injury.
TBK1 also phosphorylates tau and enhances its neuro-
toxicity, which induces subsequent neurodegeneration in
Alzheimer’s disease.’® Here, we identified an interaction
between TBK1 and mTORC1, which is a crucial signaling
hub related to neural function.!> Our experimental results
showed that TBK1 is a negative regulator of mTORC1 and
that inhibition of mMTORC1 counteracts the neuroprotective
effect exerted by TBK1 knockdown.

The role of mTORCI1 in retinal development and optic
nerve protection has been widely investigated.”-* An
immunohistological study confirmed that the components
of the mTORC1 pathway were predominantly distributed
in RGCs and their axons.* The mTORCI1 regulates mRNA
translation and protein synthesis in neurons, which controls
neuronal development, synaptic plasticity and axon guid-
ance.>> The mTORC1 also participates in autophagy,
which underlies neurodegenerative diseases, such as glau-
coma.>>>® Multiple signals and molecules exerting neuro-

protective effects depend on mTORC1 activation. For exam-
ple, HDAC5 promotes optic nerve regeneration by acti-
vating the mTORC1 pathway.’’ Lin28a attenuates cere-
bral ischemia/reperfusion injury through Sirt3-mediated
mTORC1 activation.®® In our study, we demonstrated
mTORC1-dependent neuroprotective effects downstream of
knocked down TBKI1 in a retinal damage model.

Several studies have reported an interaction between
TBK1 and mTORC1. However, the results of these studies
were not identical, as they depended on different cellu-
lar contexts. Antonia et al. found that TBK1 suppressed
mTORC1 activity through phosphorylation of RAPTOR at
Ser877.2* However, this study did not elucidate how phos-
phorylation of RAPTOR at Ser877 inhibited mTORC1 acti-
vation. In the present study, we identified a degradation-
related phosphorylation site of RAPTOR at Ser1189, which
was phosphorylated by TBK1 and negatively influenced
the stability of RAPTOR, leading to mTORC1 inactivation.
In our study, we used two post-translational modification
databases to predict potential sites of TBK1 phosphorylation
of RAPTOR. The Group Based Prediction System identified
a characteristic motif of TBK1 phosphorylation substrates in
RAPTOR, whereas the PhosphoSitePlus database provided
phosphorylation sites of RAPTOR that had been reported in
mass spectrometry studies. The intersection of the results of
these two databases ensured the kinase specificity as well as
confirmed the authenticity of the predicted sites. The results
included the Ser877 site reported in the abovementioned
article, which might be partially involved in TBK1-mediated
inhibition of the mTORC1 pathway. Notably, our study
identified another phosphorylation site in RAPTOR and
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demonstrated a novel mechanism underlying the negative
regulation of mTORC1 by TBK1. Moreover, TBK1 has been
previously reported to inhibit mTORC1 signaling in prostate
cancer (PCa) cells and the regulate the dormancy and
drug resistance in PCa.”” TBK1 also suppressed mTORC1
activity in an autoimmune/autoinflammatory disease mouse
model, leading to dysregulated cellular metabolism.?® These
studies support the results indicating that TBK1 func-
tions as an upstream negative regulator of mTORC1 but
do not shed light on the specific mechanisms. Our study
might help provide insights to explain these phenotypes.
In contrast, some other studies have reported that TBK1
promoted mTORC1 activation. Cagri Bodur et al. found
that TBK1 phosphorylated mTOR at Ser2159 and activated
mTORCI1 in response to growth factors and innate immune
agonists.”> Another study reported that TBK1 mediated
growth factor-stimulated mTORC1 activation in a mouse
model of lung cancer.’® These different outcomes may
have been due to different cellular states and pathological
processes, and different molecular mechanisms are probably
mutually balanced.

We showed that the phosphorylation-dependent degra-
dation of RAPTOR was associated with the deubiquitinating
enzyme USP9X. A previous study had reported that USP9X
maintains the RAPTOR protein level during neural devel-
opment.>* The mechanism of this modulatory effect and
its significance under pathological conditions have not yet
been elucidated. USP9X plays an important role in regulating
neural function and development.®'-% As a substrate-specific
deubiquitylating enzyme, USP9X deubiquitinates neuromod-
ulators to maintain their stability and is indirectly involved
in neural function modulation.%>% In addition, a study has
reported that mTORC2 activity is regulated by the USP9X-
mediated deubiquitination of RICTOR,” but the interac-
tion between USP9X and mTORC1 had not been discussed
to date. Post-translational modifications (PTMs) are gener-
ally involved in the regulation of mTORC1 activity. AMPK
mediates RAPTOR phosphorylation at Ser722 and Ser792,
leading to suppressed mTORC1 activity combination with
14-3-3.% PKA phosphorylates RAPTOR at Ser791, inhibit-
ing mTORC1.® In this study, we found another phospho-
rylation site in RAPTOR that negatively regulated mTORCI.
Ser1189 is an evolutionally conserved residue located in the
WD40 region of RAPTOR, and it has been reported to be
associated with ubiquitin-dependent proteolysis.”® We found
that phosphorylation of RAPTOR at Ser1189 impeded the
binding of RAPTOR to USP9X, possibly due to conforma-
tional changes induced by phosphorylation. However, to
identify the precise binding sites in these two proteins and
the specific regulatory mechanisms involved, further explo-
ration is needed.

Because of the difficulties in the extraction and culture
of primary RGCs, this study used SH-SY5Y cells, which have
some similarity to RGCs, to mimic cultured neurons in vitro
to perform phenotypic experiments to verify the neuropro-
tective effects of the molecule. This is a limitation of the
present study.

CONCLUSIONS

We demonstrated that TBK1 knockdown in RGCs increased
axonal transport and protected against axonal degeneration
in a mouse model of glaucoma induced by AOHT. Loss of
TBK1 led to neuroprotective effects mediated through acti-
vation of the mTORC1 pathway. We elucidated a novel mech-
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anism by which TBK1 phosphorylates RAPTOR at serine
residue 1189 and mediates its degradation via the ubiquitin—
proteasome, thus impeding mTORC1 activation. In depth,
phosphorylation of RAPTOR at Ser1189 blocked its inter-
action with the deubiquitinating enzyme USP9X, leading
to increased ubiquitination and reduced protein stability
(Fig. 9).

The mechanisms and interventions of RGC damage have
been extensively explored. Our study identified a novel
mechanism involved in the interaction between the glau-
coma risk gene TBK1 and the pivotal mTORC1 pathway and
may lead to the identification of new therapeutic targets in
glaucoma and other neurodegenerative diseases.
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