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Abstract

Pathological TDP-43 aggregation is characteristic of several
neurodegenerative diseases, including amyotrophic lateral sclerosis
(ALS) and frontotemporal lobar degeneration (FTLD-TDP); however,
how TDP-43 aggregation and function are regulated remain poorly
understood. Here, we show that O-GIcNAc transferase OGT-medi-
ated O-GlcNAcylation of TDP-43 suppresses ALS-associated protei-
nopathies and promotes TDP-43’s splicing function. Biochemical
and cell-based assays indicate that OGT’s catalytic activity
suppresses TDP-43 aggregation and hyperphosphorylation, whereas
abolishment of TDP-43 O-GlcNAcylation impairs its RNA splicing
activity. We further show that TDP-43 mutations in the O-GIcNAcy-
lation sites improve locomotion defects of larvae and adult flies
and extend adult life spans, following TDP-43 overexpression in
Drosophila motor neurons. We finally demonstrate that O-GIcNAcy-
lation of TDP-43 promotes proper splicing of many mRNAs, includ-
ing STMN2, which is required for normal axonal outgrowth and
regeneration. Our findings suggest that O-GlcNAcylation might be a
target for the treatment of TDP-43-linked pathogenesis.
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Introduction

Transactive response DNA-binding protein 43 (TDP-43) is a multi-
functional nuclear protein that plays diverse roles in transcription,
alternative splicing, RNA stability, and gene regulation (Buratti &
Baralle, 2008; Lee et al, 2011). TDP-43 pathology is a disease
hallmark identified in most amyotrophic lateral sclerosis (ALS)
and ~ 50% of frontotemporal lobar degeneration (FTLD) patients
(Arai et al, 2006; Neumann et al, 2006; Ling et al, 2013). Muta-
tions in the encoding TDP-43 gene are associated with familial
and sporadic ALS and rare cases of FTLD and confer toxicity
(Sreedharan et al, 2008). While TDP-43 is mainly localized in
nucleus, pathological TDP-43 and TDP-43 truncated fragments are
primarily found in the cytoplasm with the morphology of abnor-
mal aggregates in the diseased brain and spinal cord (Neumann
et al, 2006). The cytoplasmic aggregates of TDP-43 in motor
neurons could exhibit a toxic gain-of-function with acquirement
of abnormal protein—protein and/or protein-RNA interactions,
along with defective clearance (Neumann et al, 2006; Barmada
et al, 2010; Kabashi et al, 2010). However, a growing body of
evidence support that TDP-43 mutations or aggregation induce
loss of functions by producing aberrant RNA splicing or seques-
tering nuclear soluble TDP-43 into cytoplasmic inclusions, thereby
loss of splicing and transcription activities (Igaz et al, 2011; Poly-
menidou et al, 2011; Arnold et al, 2013). Regardless, the mecha-
nism underlying the regulation of TDP-43 function remains poorly
understood.
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Post-translational modifications have been extensively studied to
be involved in TDP-43 aggregation, stability, and clearance. TDP-43
contains two RNA-recognition motifs (RRMs) participated in DNA
or RNA binding, nuclear import and export signals, as well as a C-
terminal glycine-rich domain, which harbors the majority of the
ALS-linked mutations (Buratti & Baralle, 2001; Pesiridis et al, 2009;
Cohen et al, 2011). Particularly, hyperphosphorylation of S409/5410
sites on TDP-43 is identified as a marker of disease pathology and is
commonly found in ALS and FTLD patients, associated with ubiqui-
tinated forms as well as cleaved C-terminal fragments of ~ 35 kDa
and ~ 25 kDa (Neumann et al, 2006; Zhang et al, 2007; Hasegawa
et al, 2008; Liachko et al, 2013; Choksi et al, 2014). Phosphorylation
of S409/S410 sites might enhance the half-life of TDP-43 and inhibit
the proteasome system-mediated degradation, contributing to the
formation of aggregates (Zhang et al, 2009). Recently, Cohen et al
(2015) identified that TDP-43 can be acetylated within the RRM
domains upon oxidative stress conditions, which results in the loss
of function of TDP-43 binding RNA and promotes accumulation of
the TDP-43 aggregates in cultured cells. These findings highlight a
new pathological mechanism underlying the regulation of post-
translational modifications of TDP-43.

O-GlcNAcylation, a type of protein O-glycosylation by which the
monosaccharide N-acetylglucosamine (GIcNAc) attached to Ser/Thr
residues via an O-linked glycosidic bond, has been reported to regu-
late diverse cellular metabolisms and involved in neurodegenerative
diseases (Khidekel et al, 2007; Yuzwa & Vocadlo, 2014). In verte-
brate, O-GlcNAcylation is added to proteins by a sole enzyme,
named as OGT (O-linked N-acetylglucosamine transferase) and
removed it from proteins by a sole enzyme, termed OGA (O-GIcNA-
case) (Slawson & Hart, 2011). One of well-known examples related
to neurodegenerative diseases is tau O-GlcNAcylation, which exten-
sively occurs in bovine and human brains (Arnold et al, 1996; Liu
et al, 2004). Increasing O-GlcNAc levels can block phosphorylation
of tau and attenuate the formation of tau aggregates, common
pathological features of tau-associated neurodegenerative disorders
(Lefebvre et al, 2003; Yuzwa et al, 2008; Yuzwa et al, 2012). Since
hyperphosphorylation and abnormal aggregation of TDP-43 are
implicated in ALS and FTLD, we hypothesize that TDP-43 is able to
be O-GlcNAcylated, which regulates TDP-43-related proteinopathies
and functions.

Results
TDP-43 can be O-GlcNAcylated by OGT in vivo

To test our hypothesis, we first examined whether TDP-43 is O-
GlcNAcylated. Thus, endogenous TDP-43 was immunoprecipitated
from the human SH-SY5Y neuroblastoma cells, and the O-GlcNAcy-
lation of TDP-43 was detected (Fig 1A). Alternatively, immunopre-
cipitation assays were performed using a specific O-GlcNAcylation
recognition antibody, and the O-GlcNAcylated TDP-43 was also
detected by immunoblotting (Fig 1B). To verify the specificity of the
detected O-GlcNAcylated species, we applied thiamet-G (TMG) and
PUGNAC, inhibitors of OGA, and OSMI-1, an inhibitor of OGT, to
treat HEK 293T cells expressing GFP-tagged TDP-43 (Fig 1C) or
Flag-tagged TDP-43 (Fig 1D). As expected, inhibition of OGA
increased O-GIcNAc levels of exogenous TDP-43, whereas inhibition
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of OGT decreased its O-GIcNAc level (Fig 1C and D). The global O-
GIcNACc levels of cell lysates served as a detection control. Consis-
tently, the O-GIcNAcylation levels of TDP-43 were gradually
increased when cells treated with different amounts of uridine
diphosphate-N-acetylglucosamine (UDP-GIcNAc), a biochemical
precursor of synthesizing glycosylated proteins, in a dose-dependent
manner (Fig 1E and F). In addition, overexpression of wild-type
(WT) OGT, but not the catalytic-inactive mutant of OGT (H498N),
substantially increased the O-GIcNAcylated level of TDP-43 (Fig 1G
and H). Conversely, overexpression of the WT OGA, but not the
catalytic-inactive mutant of OGA (D174/175N), significantly
decreased the O-GlcNAcylated level of TDP-43 (Fig 1I and J). To
determine the extent of O-GlcNAcylated TDP-43 in cellular context,
cells were treated with TMG with different times, and the global O-
GlcNAcylation levels of cellular proteins were compared
(Fig EV1A). We noticed that the O-GlcNAcylation levels remain
constant since 12 h treatment. Thus, we supposed the O-GlcNAcyla-
tion extent of TDP-43 with 48-h treatment as 100%, and the relative
O-GlcNAcylation levels of TDP-43 in untreated cells were compared
and quantified with the signal intensity in treated cells. It turns out
that ~ 20% TDP-43 was modified with O-GlcNAcylation, suggesting
the importance of this modification (Fig EV1B and C). Of note, the
inhibitor of OGA could not completely block the removal of O-
GlcNAc moieties, the modified percentage of TDP-43 by OGT was
most likely less than we examined above. Nevertheless, we certainly
can draw a conclusion that TDP-43 is O-GIlcNAcylated by OGT
in vivo.

OGT suppresses TDP-43-induced cellular toxicity and aggregate
formation

We wondered if OGT affects TDP-43-associated proteinopathies.
Thus, a well-established yeast TDP-43 system was used to recapit-
ulate some salient features of human TDP-43 (hTDP-43) proteino-
pathies, including cellular toxicity and protein aggregation
(Johnson et al, 2008). In line with previous studies, galactose-
inducible high levels of hTDP-43 in yeast cells led to dramatic
inhibition of growth compared with cells transformed with empty
vectors with epitopic tag alone (Fig 2A, row 2 vs. row 1). Strik-
ingly, co-expression of OGT in yeast predominantly alleviated the
suppression of cell growth caused by TDP-43 overexpression. This
impact is dependent on the enzymatic activity of OGT, as co-
expression of the catalytic-inactive mutant of OGT could not
comparably recue the slow growth defects (Fig 2A, row 3 vs. 4).
Of note, constitutive overexpression of OGT in the absence of
TDP-43 (lacking galactose induction) would not affect cell toxicity
(Fig 2A, left panel, row 3 vs 1). Intriguingly, co-expression of OGT
with ALS-linked Q331K mutant of TDP-43 also compromised the
growth defect, suggesting the potential implication of OGT in
preventing TDP-43-associated proteinopathy (Fig 2A, row 6 vs. 5).
The compromised growth defects by OGT overexpression did not
result from dramatic reduction of TDP-43 levels, but from reduced
TDP-43 aggregates in cells (Fig 2B and C). Quantitation analysis
showed that the cell population containing >3 GFP foci were
markedly decreased upon overexpression of WT OGT, but not
catalytic inactive mutant (Fig 2D). Therefore, the results indicated
the role of OGT in suppression of cellular toxicity and inhibition of
TDP-43 aggregation.
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OGT represses TDP-43 hyperphosphorylation and insoluble pellet
formation

Next, we test if OGT could relieve TDP-43 proteinopathy by prevent-
ing TDP-43 hyperphosphorylation. Indeed, cells treated with
GlcNAc, increased O-GlcNAcylation level of TDP-43, accompanied
with decreased phosphorylation level of TDP-43 (Fig 3A and B).
Consistent with previous results, cells treated with ethacrynic acid
(EA) resulted in an increase of phosphorylation levels (Iguchi et al,

EMBO reports

GlcNAcylation levels of TDP-43, examined by Western blotting and
immunofluorescence staining (Fig 3C-E). By contrast, when cells
were treated with a combination of GIcNAc and EA, the phosphory-
lation levels of TDP-43 dropped down to a comparable level of
mock-treated cells, accompanied with a recovery of O-GlcNAc levels
of TDP-43 (Fig 3C). Accordingly, immunofluorescence analysis
showed an increased cell population with positively staining with
phosphorylated TDP-43 in EA-treated cells, but not in cells treated
with either GIcNAc only or a combination of EA and GlcNAc

2012), whereas we also observed a significant decrease of O- (Fig 3D and E). Furthermore, solubility assays showed that
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Figure 1. TDP-43 is O-GIcNAcylated by OGT in mammalian cells.

Meng-Jie Zhao et al

A O-GlcNAcylation signals of TDP-43 were examined by immunoblotting with immunoprecipitated TDP-43 from SH-SY5Y cells. IgG immunoprecipitation served as a

negative control.

B The O-GlcNAcylated TDP-43 was immunoprecipitated by the RL2 antibody and examined by immunoblotting against a TDP-43 antibody.

o 0O

(exo0.) TDP-43 were indicated.

— — T o mTmm

HEK 293T cells were treated with the indicated compounds for 36 h, and the O-GIcNAc levels of TDP-43 were examined.
SH-SYSY cells expressing Flag-TDP-43 constructs were treated with TMG, and the O-GIcNAc levels of TDP-43 were examined. Endogenous (endo.) and exogenous

Cells overexpressing Flag-TDP-43 were treated with increasing doses of UDP-GIcNAc, and the O-GlcNAcylation levels of TDP-43 were detected.

Quantification of (E). Mean =+ SD, unpaired two-tailed t-test, n = 4 biological replicates.

Overexpression of WT OGT, but not catalytic-inactive OGT mutant, increased the O-GIcNAc levels of TDP-43. OGT protein levels were examined by immunoblotting.
Quantification of (G). Mean =+ SD, unpaired two-tailed t-test, n = 3 biological replicates.

Overexpression of WT OGA, but not catalytic-inactive OCA mutant, abated the O-GIcNAc levels of TDP-43. OGA protein levels were examined by immunoblotting.
Quantification of (G). Mean & SD, unpaired two-tailed t-test, n = 3 biological replicates.

Data information: The black arrows in different panels indicate O-GlcNAcylated TDP-43 bands; the asterisks in different panels indicate heavy-chain bands. **P < 0.01,

****P <10 4A
Source data are available online for this figure.

overexpression of the WT OGT, but not the catalytic-inactive
mutant, apparently reduced the SDS-insoluble fractions of endoge-
nous TDP-43 (Fig 3F and G, lane 2 vs. 3), but less significant in the
presence of EA (Fig 3F and G, lane 5 vs. lane 6). The results indi-
cated that OGT may only play a minor role in suppression of TDP-
43 aggregation under stress conditions, and alternative indirect
mechanisms may operative that protect cells against TDP-43-associ-
ated proteinopathies. Interestingly, overexpression of OGT was also
capable of preventing EA-induced TDP-43 fragmentation (35 kDa
and 25 kDa) detected in the SDS-insoluble fraction (Fig 3H, lane 5
vs. lane 6), which is also a disease hallmark of TDP-43 proteinopa-
thy. Quantitative analysis showed that insoluble moieties of the full-
length TDP-43 increased with EA treatment, whereas reduced upon
OGT expression (Fig 3I). Collectively, these data imply that OGT-
mediated O-GlcNAcylation of TDP-43 represses TDP-43-associated
pathology.

OGT directly O-GlcNAcylates TDP-43 primarily at the T199 and
T233 sites

We next investigate whether OGT modify TDP-43. We first con-
firmed that endogenous TDP-43 can co-immunoprecipitate with
OGT in SH-SYSY cells (Fig 4A). In vitro O-GlcNAcylation assay
showed that OGT directly GlcNAcylated recombinant TDP-43
(Fig 4B). Next, the potential OGT-modified sites on TDP-43 are iden-
tified. HEK 293T cells expressing Flag-TDP-43 in the presence of
GlcNAc were immunoprecipitated with o-Flag resins, and enriched
TDP-43 elutes were subjected to mass spectrometry (MS) analysis.
The MS data showed that threonine 199 (T199), serine 212 (S212),
and threonine 233 (T233) residues were the candidate glycosylation
sites of TDP-43 (Fig EV2A and B). Noticeably, T199 and T233 are
conserved in higher eukaryotic organisms, and both sites are located
at the second RRM domain (RRM2) (Fig 4C). The solved structure
of TDP-43 showed that both sites in RRM2 domain do not directly
interact with nucleic acids, indicating that mutations of these resi-
dues may not influence the high-order structure of TDP-43 (Fig 4D).
To determine whether these two conserved residues represent the
major O-GlcNAcylated sites in TDP-43, T199A, T233A, and T199A/
T233A double mutant (2TA) were generated, and the O-GIlcNAcyla-
tion levels of TDP-43 were examined. Given that bacterial expres-
sion of the full-length TDP-43 is insoluble, GST-tagged TDP-43
fragments (a.a. 102-269) bearing the two O-GlcNAcylation sites
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were constructed. Immunopurified Flag-tagged OGT from HEK 293T
cells was incubated with various recombinant GST-TDP-43 frag-
ments in the presence of the donor of UDP-GIcNAc. The in vitro
assay showed that the T199A or T233A mutant exhibited reduced O-
GlcNAcylation signals, whereas the 2TA mutant abolished O-
GlcNAcylation signal (Fig 4E and F). Moreover, we found that the
O-GlcNAcylation level of exogenous expressed T199A or T233A
mutant of GFP-tagged TDP-43 was obviously reduced, while that of
the 2TA mutant barely detected compared with the WT (Fig 4G and
H). Of note, S212A mutation of TDP-43, which is also located in the
RRM2, did not markedly affect its O-GlcNAcylation level, suggesting
the importance of the other two conserved O-GlcNAcylation sites
(Fig 4G). Interestingly, the O-GIcNAc level of ALS-linked Q331K
mutant did not evidently change, suggesting other unknown mecha-
nism involved in ALS pathogenesis (Fig EV3). Altogether, these
results indicate T199 and T233 are the main O-GlcNAcylation sites
of TDP-43.

0-GlcNAcylation of TDP-43 affects locomotion and longevity
of Drosophila

Drosophila melanogaster has been widely used as a powerful tool
for studying neurodegenerative diseases, including ALS (Bilen &
Bonini, 2005; Li et al, 2010). It has been shown that overexpression
of either hTDP-43 or the fly homolog of TDP-43 (TBPH) in Droso-
phila recapitulates several ALS features, such as neuronal loss, life
span shorten, and locomotor dysfunction (Estes et al, 2011; Wang
et al, 2011). Thus, we decided to utilize Drosophila as a model to
study the effect of O-GlcNAcylation of TDP-43 in ALS features.
hTDP-43 or its O-GlcNAcylation-deficient mutants were specifically
expressed in motor neurons using a neuronal expression (C155-
GAL4) system, and locomotor behavior was examined by quantita-
tive video tracking of either larval crawling speed or adult fly climb-
ing speed (Fig SA-C). Consistently, the locomotive ability of
overexpressing WT hTDP-43 was remarkably impaired at both late
third instar larvae (62.2% decrease, P < 0.0001) and adult stages
(0.09 cm/s vs. 2.15 cm/s) relative to the control, indicative of TDP-
43-dependent dysfunction (Fig SA-C). In addition, the majority of
WT-overexpressed adult flies were unable to fly, walked slowly,
and fell over frequently (Movie EV1 and 2). In contrast, overexpres-
sion of any O-GlcNAcylation-deficient mutants of hTDP-43, with dif-
ferent extent, rescued slow locomotive defects compared with WT

© 2021 The Authors
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Figure 2. OGT suppresses TDP-43-induced cellular toxicity and protein aggregation in budding yeast.

A Yeast cells that express galactose-inducible GFP-tagged hTDP-43 only or co-expressing mCherry-tagged WT or catalytic-inactive mutant of OGT, were spotted onto

plates containing glucose or galactose. Cell growth was assessed after 2 days.

B Yeast cells expressing the indicated constructs were induced in galactose-containing medium, and representative images were shown using fluorescence microscopy
to visualize TDP-43 aggregates. DIC: Differential interference contrast. Scale bar: 2 pm.

C Expression levels of TDP-43 in strains of (B) were examined by immunoblotting.

D TDP-43 aggregate foci numbers from individual cell of (B) were quantified from over 50 cells each of the indicated yeast strains. The foci numbers in individual
cell > 3 were labeled with yellow, and the foci numbers in individual cell < 3 are labeled with blue. Mean + SD, unpaired two-tailed t-test, n = 3 for each samples,

biological replicates. **P < 0.01.

Source data are available online for this figure.

overexpression, suggesting that they partially compromised the toxi-
city of WT TDP-43 (Fig 5A-C, and Movie EV3-5). Noticeably, we
observed that the 2TA mutant completely restored the larval crawling
ability (P > 0.85), but still exhibited slower adult locomotor speed
(1.49 cm/s vs. 2.15 cm/s, P = 0.0002), when compared to the control,
which suggests that the 2TA mutant possesses neuronal toxicity in adult
flies (Fig. 5C). The divergent phenotypes did not result from different
expression levels of TDP-43, but probably from different O-GIcNAc
levels, implying the role of this modification on TDP-43 (Fig 5D).

A recent study indicated that high glucose diet can improve loco-
motion and life span defects caused by TDP-43 overexpression in
motor neurons (Manzo et al, 2019). Therefore, we fed the hTDP-43
expressing flies either a regular (4% sucrose) or high sugar (16%

© 2021 The Authors

sucrose) diet. Since sucrose can be broken down to form glucose
and directly enter the hexosamine biosynthesis pathway and serve
as the substrate for O-GlcNAc, we assumed that higher sucrose diet
can improve the fly locomotor dysfunction, likely similar to the
previous phenotype shown in larval turning assays (Manzo et al,
2019). Indeed, we observed that high sucrose diet alleviated the
adult locomotive deficit caused by neuronal expression of WT
hTDP-43 (Movie EV6). In addition, overexpression of WT, T199A,
or T233A hTDP-43, but not of the 2TA mutant, in neurons signifi-
cantly reduced fly life spans compared with that in control flies,
suggestive of their higher neuronal toxicity (Fig SE). Interestingly,
we observed that high sucrose diet apparently extended fly life
spans, to a certain extent, in the WT, T199A, or T233A hTDP-43
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Figure 3. OGT suppresses TDP-43-associated proteinopathies in mammalian cells.

A SH-SYSY cells overexpressing Flag-TDP-43 were treated with GIcNAc, and the O-GlcNAcylated and phosphorylated (pTDP-43) levels of TDP-43 were examined by

immunoblotting.

B Relative O-GIcNAcylation levels (top) and phosphorylation levels (bottom) of TDP-43 shown in (A) were quantified. Mean + SD, unpaired two-tailed t-test, n = 3

biological replicates.

C SH-SYSY cells overexpressing Flag-TDP-43 were treated with either 20 uM EA or 2 mM GIcNAc or a combination. The O-GlcNAcylated or phosphorylated levels of
TDP-43 were examined by immunoblotting. The asterisks indicate heavy-chain bands.

D SH-SYSY cells treated with the indicated compounds were immunostained with TDP-43 or pTDP-43 and observed by immunofluorescence. Scale bar: 10 pum.

E Quantification of signal intensities of pTDP-43 staining (left) or foci numbers per cell (right). Cell number counted: left panel, “Mock” n = 58, “GIcNAc” n = 35, “EA”
n = 45, “GIcNAc + EA” n = 52; right panel, “Mock” n = 1167, “GIcNAc” n = 1051, “EA” n = 542, “GIcNAc + EA” n = 815. Mean =+ SD, unpaired two-tailed t-test.

F SDS-soluble and insoluble fractions were isolated from SH-SY5Y cells expressing WT or catalytic-inactive mutant OGT treated with 20 uM EA, and the fractions were

analyzed by immunoblotting.

G Quantification of (F). Mean £ SD, unpaired two-tailed t-test, n = 3 biological replicates.

H SDS-soluble and insoluble fractions were isolated from SH-SY5Y cells expressing WT OGT and/or Flag-TDP-43 in the presence or absence of EA, and the truncated
TDP-43 fragments were examined by immunoblotting. L.E.: long exposure; S.E.: short exposure.

| Quantification of (H). Mean + SD, unpaired two-tailed t-test, n = 3 biological replicates.

Data information: *P < 0.05, ***P < 0.001, ****P < 10™*,
Source data are available online for this figure.

overexpressed flies. Specifically, the average life span of WT
expressed flies fed with regular sucrose diet was 10 days, with a
60% increase of life span fed with high sucrose diet (16 days). The
life spans of T199A and T233A expressed flies were longer than that
of WT, and their average life spans increased 13% or 3.7% after fed
with high sucrose diet, respectively. Of note, flies expressing the
2TA mutant of TDP-43 showed no difference of life span even fed a
higher sugar diet, suggesting the importance of O-GlcNAylation
occurred on these two sites (Fig 5E). The difference of life span in
the same fly strain fed with different sugar diets apparently did not
result from the impact of protein expression, as the similar hTDP-43
protein levels in each pair of samples were detected (Fig 5F).

Next, we want to validate whether the alleviated ALS features in
these indicated TDP-43 overexpressed larvae or adult flies upon
high sugar availability come from O-GlcNAcylated modification on
these two sites. Thus, hTDP-43 and OGT were co-expressed in
motor neurons, which alleviated the locomotor deficits compared to
hTDP-43 expression alone (Fig 5G and H). In contrast, co-expres-
sion of OGT and the 2TA mutant could not further enhance its loco-
motor deficits compared to hTDP-43 expression alone (Fig 5I and J).
We also observed that expression of OGT alone decreased locomo-
tor ability of adults, which might result from OGT-mediated other
functions. It should point out that a catalytic activity-independent
role of OGT might be involved, and further investigation would be
useful to answer this question. Regardless, these results suggest that
0O-GlcNAcylation of hTDP-43 by OGT can partly relieve those pheno-
types including locomotor deficits and shorter life span in Droso-
phila, and the two identified O-GlcNAcylation sites are important to
relieve ALS-linked neurodegeneration.

0O-GlcNAcylation of TDP-43 regulates mRNA splicing

Regulation of alternative splicing is one of the most important functions
of TDP-43. High-throughput sequencing approaches have shown that
downregulation of TDP-43 in mouse brain led to distinct splicing alterna-
tions of mRNAs (Polymenidou et al, 2011; Tollervey et al, 2011). To test
whether O-GlcNAcylation regulates mRNA splicing function of TDP-43,
a cell-based nuclear CFTR (cystic fibrosis transmembrane conductance
regulator) splicing assay was performed (Buratti et al, 2001; Che et al,
2011). We employed a previously reported TDP-43-specific siRNA

© 2021 The Authors

(Tollervey et al, 2011), which significantly reduced endogenous TDP-43
levels, without interfering with expression of co-transfected RNAi-resis-
tant WT or other indicated TDP-43 mutants (Fig 6A). As expected, TDP-
43 knockdown resulted in the accumulation of the exon 9 unspliced
transcript and a marked reduction in the spliced/unspliced ratio, while
adding back WT TDP-43 rescued this phenotype by enhancing the
spliced/unspliced ratio, compared to the control. However, the 2TA, but
not T199A or T233A mutant, lost the mini-CFTR alternative splicing
ability, suggesting the importance of O-GlcNAcylation on these sites
(Fig 6A). We confirmed that loss of RNA splicing abilities in these O-
GlcNAc defective mutants did not result from the loss of RNA-binding
abilities using the RNA electrophoretic mobility shift assay (RNA-
EMSA). We found that the interactions of the WT or mutants of TDP-43
with biotinylated synthetic RNA sequence of IL-6 intron 2 are equivalent
(Fig EV4). By contrast, the RNA-binding-deficient 4FL mutant also lost
its splicing activity, whereas ALS-linked Q331K mutant still retained,
which is accordance with previous reports (Fig 6A) (Daigle et al, 2013).

To directly link the influence of OGT on RNA splicing with O-
GlcNAcylation of TDP-43 but not other substrates, two combined
experiments were performed. First, knockdown of OGT itself was suffi-
cient to attenuate TDP-43-dependent CFTR exon 9 splicing, and double
knockdown of OGT and TDP-43 displayed a comparable splicing signal
with that by knockdown of TDP-43 alone, suggesting the relation of
OGT to TDP-43 on CFTR splicing (Fig 6B). Furthermore, we found that
only overexpression of WT OGT, but not the catalytic-inactive mutant
of OGT, promoted CFTR exon 9 spliced, implying a potential role of O-
GlcNAcylation (Fig 6C, lane 1-3). We also observed that, in the
absence of TDP-43, overexpression of OGT failed to promote CFTR
splicing (Fig 6C, lane 4 vs. 5). Introduction of WT TDP-43 but not O-
GlcNAc-defective 2TA mutant into siTDP-43 cells was able to rescue
CFTR splicing ability, which indicates that the effect of OGT on CFTR
splicing mainly relies on TDP-43, but not other substrates (Fig 6C, lane
7-12). The unchanged splicing levels upon overexpression of OGT are
probably due to the existence of endogenous OGT (Fig 6C, lane 7-9).

It is known that OGT genes are highly conserved in all meta-
zoans but has multiple splice variants, but how those variants are
generated has poorly investigated (Slawson & Hart, 2011). Based
on previous CLIP-Seq dataset, we found that that TDP-43 displayed
a stronger binding at several intron regions, but was only proven
to silence exon 7 expression as described previously (Fig EV5A)
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Identification of O-GlcNAcylation sites of TDP-43.

A TDP-43 interacts with OGT examined by immunoblotting.

B

C

D

E

F

G
H

In vitro glycosylation assay was performed using immunoprecipitated OGT incubated with recombinant His-tagged TDP-43 in the presence of UDP-GIcNAc. The O-
GlcNAcylated TDP-43 protein was detected by immunoblotting.

Sequence alignment of TDP-43 segments containing the identified O-GIcNAcylation sites in different species. The amino acids with red color display the conserved O-
GlcNAcylated sites.

Structural modeling of the RRM2 domain bound to a single strand DNA illustrates the O-GIcNAcylation sites T199 (pink) and T233 (red) of TDP-43 with surrounded
DNA (light orange).

In vitro glycosylation assays were performed using immunoprecipitated Flag-OGT incubated with recombinant GST-tagged TDP-43 fragments (a.a. 102-269) in the
presence of UDP-GIcNAc. The O-GlcNAcylated TDP-43 proteins were detected by immunoblotting.

Quantification of (E). Mean + SD, unpaired two-tailed t-test, n = 4 biological replicates. ****P < 10~*.

Cells expressing the indicated forms of GFP-TDP-43 were subjected to immunoprecipitation, and the O-GlcNAcylated levels of TDP-43 were examined.
Quantification of (G). Mean =+ SD, unpaired two-tailed t-test, n = 3 biological replicates. *P < 0.05, ****P < 10~*, n.s. not significant.

Source data are available online for this figure.

(Tollervey et al, 2011). To test whether O-GlcNAcylation of TDP-43
is necessary for OGT mRNA splicing, various Flag-TDP-43
constructs were individually expressed in HEK 293T cells and pre-
mRNA splicing events were assessed by PCR analysis. We found
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that overexpression of WT TDP-43 promoted exclusion of exon 7
of OGT. In addition, the O-GlcNAcylation-deficient T199A and
T233A mutants displayed a partial reduction in the spliced/un-
spliced ratio, while exon 7 exclusion was entirely abolished in the

© 2021 The Authors
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2TA, Q331K, and 4FL mutants, relative to the control (Fig EV5B).
These results indicate that the nuclear factor TDP-43 may partici-

pate in OGT s

Since TDP-43 targets multiple RNAs that are essential for proper
neuronal development and synaptic function, we analyzed the
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ability of the O-GlcNAcylation-deficient TDP-43 mutants in regulat-
ing mRNA splicing of several known target genes in mouse Neuro-
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TDP-43 or Q331K mutant resulted in more exclusion of the exons in
Dnajc5 (DnaJ homolog subfamily C member 5) and Sort! (Sortilin
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Figure 5. O-GlcNAcylation of TDP-43 regulates locomotion and longevity of Drosophila.

A Crawling trajectories of control and neuronal TDP-43 expressed larvae as indicated. Scale bar: 1 c¢m.
B Relative crawling mobility of larvae was quantified from the indicated genotypes. Mean £ SD. Unpaired two-tailed t-test, biological replicates: n = 8 in each group.
C Walking speed of 10-day-old adult male flies of the indicated genotypes was calculated Mean + SD. Unpaired two-tailed t-test, biological replicates: Control, n = 63;

WT, n = 45; T199A, n = 70; T233A, n = 87; 2TA, n = 43.

D O-GlcNAc and protein levels of TDP-43 in fly head extracts from (C) were examined by immunoblotting. The asterisks in different panels indicate heavy-chain bands.
E Adult flies were fed with regular sucrose diet (RS) or high sucrose diet (HS), and survival percentage of adult flies of the indicated genotypes were examined. Kaplan—

Meier survival analysis, n > 40 for each group.

F The same group samples of (E) were subjected to immunoblotting and TDP-43 protein levels were examined.
Walking speed of 10-day-old adult male flies of the indicated genotypes was calculated. Mean + SD. Unpaired two-tailed t-test, biological replicates: Control,

n = 185; OGT, n = 148; TDP-43, n = 177; TDP-43/0GT, n = 187.

H Expression levels of OGT and TDP-43 of (G) were examined by immunoblotting. The asterisk represents a non-specific band. The black arrow indicates the HA (OGT) bands.
| Walking speed of 10-day-old adult male flies of the indicated genotypes was calculated. Mean £ SD. Unpaired two-tailed t-test, biological replicates: Control,

n = 186; OGT, n = 150; TDP-43 2TA, n = 207; TDP-43 2TA/OGT, n = 207.

] Expression levels of OGT and TDP-43 2TA mutant of (I) were examined by immunoblotting.

Data information: *P < 0.05, **P < 0.01, ****P < 0.0001, n.s., not significant.
Source data are available online for this figure.

1). However, the O-GlcNAcylation-deficient mutants exhibited a
reduced exclusion of the exons in these transcripts (Fig 6D and E).
In addition, rescue experiments showed that the splicing defects
induced by knockdown of endogenous TDP-43 could be restored by
expressing WT hTDP-43 and the T199A mutant, but not by the
T233A and 2TA mutants, which indicates that O-GlcNAcylation of
TDP-43 is required for functioning in mRNA splicing (Fig 6F and G).

More recently, Cleveland and Eggan groups identified that
STMN2 (a neuronal growth-associated factor Stathmin-2) is neces-
sary for normal axonal outgrowth and regeneration, which is regu-
lated by TDP-43. Reduced nuclear TDP-43 levels link with aberrant
production of a spliced exon (called exon 2a) and decreased expres-
sion of STMNZ2, which may be as a disease hallmark of TDP-43-
dependent ALS patients (Klim et al, 2019; Melamed et al, 2019). To
test whether O-GlcNAcylation of TDP-43 could affect STMNZ,
endogenous TDP-43 was knockdown and various TDP-43 mutants
were co-expressed in SH-SYSY cells, and expression of exon-2a was
examined by PCR. Consistently, reduction of TDP-43 induced exon
2a production. Expression of WT TDP-43, as well as the T199A and
Q331K mutants, in the TDP-43 depletion cells compromised exon 2a
expression. By contrast, expression of the T233A or 2TA mutants
still exhibited exon 2a products (Fig 6H and I). As expected, knock-
down of endogenous TDP-43 remarkably reduced STMNZ expres-
sion levels, but co-expression of WT, T199A or T233A mutants
rescued its levels (Fig 6J). Strikingly, co-expression of 2TA mutant
could not enhance STMN?Z levels, emphasizing the importance of O-
GlcNAcylation of TDP-43 on mRNA splicing. Taken together, these
results indicate that O-GIcNAcylation of TDP-43 is required for
proper mRNA splicing, thereby functioning in neurite growth and
axon regeneration.

Discussion

In this study, we have provided both in vitro and in vivo evidence
that TDP-43 can be O-GlcNAcylated, which is a novel modification
occurred on TDP-43 and that positively regulates its RNA splicing
function and suppresses TDP-43-associated proteinopathies. Upreg-
ulation of OGT activities would attenuate many of the pathological
hallmarks including protein aggregation, cellular toxicity, and
hyperphosphorylation. Mechanistically, TDP-43 is primarily O-
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GlcNAcylated at the T199 and T233 sites by OGT. Abolishment of
O-GlcNAcylation results in its loss of the toxicity in locomotor deficit
and the shorter life spans caused by overexpression of hTDP-43 in
Drosophila, which likely comes from its altered splicing activity.
Indeed, mutations in the O-GlcNAcylation of TDP-43 compromise,
to different extent, its alternative splicing function, particularly
affecting proper splicing of a microtubule regulator-coding gene
STMNZ, which may lead to TDP-43-linked neurodegeneration. Over-
all, using yeast, cultured neuron cells, and Drosophila models, we
provide strong evidence that O-GlcNAcylation of TDP-43 is critical
for RNA splicing function as well as blocking TDP-43 pathogenesis.

Regulation of alternative splicing is one of the most important
functions of TDP-43. CLIP-Seq data in the previous study indicated
that TDP-43 showed a stronger binding at the intron regions
between exon 3 and exon 4, as well as exon 6 and exon 7 of OGT
transcript (Tollervey et al, 2011). Based on previous study that exon
7 was silenced by OGT, we confirmed that TDP-43 is capable of
regulating exon 7 splicing of OGT. It is known that OGT genes are
highly conserved in all metazoans but has multiple splice variants,
but how those variants are generated has poorly investigated. Our
results pinpoint that one type of OGT spliced forms may be medi-
ated by TDP-43. In turn, disruption of TDP-43 O-GlcNAcylation by
mutating the two modified sites compromised the pre-mRNA splic-
ing of multiple genes, which exhibits a new role of O-GlcNAcylation
beyond modulating signaling, transcription, and cytoskeletal func-
tions (Slawson & Hart, 2011).

The abundance of O-GlcNAc is sensitive to glucose availability.
One hallmark of Alzheimer’s disease is the impaired glucose uptake
and metabolism in patient brains, which has been demonstrated to
be a cause, rather than a consequence, of neurodegeneration (Heiss
et al, 1991; Hoyer, 2004). Agreed with these, glycolysis upregulation
can also improve locomotor and life span defects caused by TDP-43
proteinopathy in ALS-linked Drosophila model, in which glucose
uptake pathway is activated and may protect neuron degeneration
(Manzo et al, 2019). However, a line of evidence also suggests that
O-GlcNAcylation of the key regulatory factors, such as tau protein,
is critical for protecting tauopathies and extending longevity in
mouse model. For instance, starvation would reduce O-GlcNAcyla-
tion levels and consequent hyperphosphorylation of tau in the
mouse brains (Liu et al, 2004). In addition, it has been found that O-
GlcNAcylation of tau is reduced accompanied with abnormal

© 2021 The Authors
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Figure 6. TDP-43 O-GlcNAcylation regulates mRNA splicing.

Meng-Jie Zhao et al

A CFTR splicing assay was examined in cells expressing various TDP-43 constructs by PCR analysis. The numbers represented the relative ratios of exon 9 exclusion (—)
vs. inclusion (+) (top panel). Both endogenous (endo.) and exogenous (exo.) TDP-43 protein levels in the indicated samples were examined by immunoblotting

(bottom panel).

B CFTR splicing assay was performed in cells with knockdown of either OGT, TDP-43, or combination. ACTB levels served as loading controls (top panel). The indicated

protein levels were examined by immunoblotting (bottom panel).

C CFTR splicing assay was examined in siTDP-43 cells overexpressing the WT or mutant OGT by PCR analysis. ACTB levels served as loading controls (top panel). Various

protein levels were examined by immunoblotting (bottom panel).

D Representative gel images for alternative exons in Dnajc5 and Sort1 genes in Neuro 2a cells expressing the indicated Flag-TDP-43 constructs were shown (top panel).

TDP-43 protein levels were examined by immunoblotting (bottom panel).

E The relative ratios of exclusion to inclusion (—/+) were quantified. Mean + SD, unpaired two-tailed t-test, n = 3 biological replicates.

F Neuro-2a cells expressing doxycycline-inducible shRNA knockdown of TDP-43 were transfected with the indicated TDP-43 constructs, and the alternative exons in Dnajc5
and Sort1 genes were examined by PCR. Representative gel images were shown (top panel). TDP-43 protein levels were examined by immunoblotting (bottom panel).

G The relative ratios of exclusion to inclusion (—/+) were quantified. Mean & SD, unpaired two-tailed t-test, n = 3 biological replicates.

H Representative PCR analysis to examine expression levels of the spliced mRNA isoform containing exon 2a of STMN2 in SH-SY5Y cells with the indicated constructs
(top panel). TDP-43 protein levels were examined by immunoblotting (bottom panel).

| Quantification of the relative levels of truncated STMN2. Mean =+ SD, unpaired two-tailed t-test, n = 3 biological replicates.

] Quantification of the relative mRNA levels of STMN2. Results were normalized to expression of the gene encoding ACTB and were quantified by the change-in-
threshold method (AACT). Mean =+ SD, unpaired two-tailed t-test, n = 6 biological replicates.

Data information: *P < 0.05, **P < 0.01, ***P < 0.001, n.s., not significant.
Source data are available online for this figure.

hyperphosphorylation of the tau protein in AD brain, which causes
neurofibrillary degeneration (Liu et al, 2004). Moreover, the OGA
inhibitor TMG treatment blocks tau phosphorylation in rat brain
(Yuzwa et al, 2008) and decreases tau aggregation and attenuates
tauopathies in the tau transgenic mice (Yuzwa et al, 2012). In this
study, we showed that abolishment of TDP-43 O-GlcNAcylation
resulted in the loss of toxic gain-of-function of pathologies
compared to the WT overexpression in Drosophila model, suggest-
ing the importance of O-GlcNAcylation in regulating TDP-43 func-
tions. Unfortunately, we failed to generate catalytic-inactive mutant
of OGT overexpressed flies, which would provide a better approach
to examine that the attenuated locomotion defects in TDP-43 over-
expressed files arises from the O-GlcNAcylation on TDP-43. Alterna-
tively, generating flies or mice model bearing the O-GlcNAcylation
sites mutated TDP-43 would allow us to explore whether the O-
GlcNAcylation on T199 and T233 of TDP-43 is necessary to prevent
ALS-like symptoms.

How does TDP-43 O-GlcNAcylation block TDP-43 pathogenesis?
One plausible explanation could be that TDP-43 is a RNA splicing
factor which regulates multiple neuron-related mRNA splicing
events. Indeed, compared to the normal role of WT TDP-43 in alter-
native splicing, mutations of O-GlcNAcylation sites compromised
the ability of proper mRNA splicing in many target genes. It is
important to dissect the mechanism underlying how the O-GlcNAcy-
lated TDP-43 executed its appropriate splicing activity, thereby
preventing aberrant neurite growth and axon regeneration.
Although it is still unclear whether low levels of TDP-43 O-GlcNAcy-
lation are associated with ALS or FTLD pathogenesis, our data over-
all support O-GlcNAc modification on TDP-43 is functionally
connected to pre-mRNA splicing and related neuronal pathology.

In summary, we propose that O-GlcNAcylation of TDP-43 can
modulate its splicing function and prevent TDP-43 proteinopathies.
The dynamic glucose metabolism might be a switch to modulate
TDP-43 O-GlcNAc levels and its function under some defined condi-
tions. Previous studies have shown that elevated O-GlcNAc levels in
spinal motor neurons protect age-dependent oxidative stress and
improve cell survival, and decreased O-GIcNAC levels are found in
the spinal cords of ALS model animals (Ludemann et al, 2005; Shan
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et al, 2012; Hsieh et al, 2019). In addition, neuron-specific depletion
of OGT leads to impaired mobility or progressive neurodegeneration
in mice (O’Donnell et al, 2004). Future studies are needed to deter-
mine whether dynamic changes of TDP-43 O-GlcNAcylation are
linked to neurodegenerative disorders, which may establish a clini-
cal and therapeutic relevance of TDP-43 O-GlcNAcylation.

Materials and Methods

Cell culture and reagent treatment

HEK 293T cells (from ATCC), SH-SY5Y cells (from China Center for
Type Culture Collection), and Neuro-2a cells (from ATCC) were
grown in Dulbecco’s modified Eagle’s medium (DMEM, Gibco,
#12800-017), or Minimum Essential Medium Eagle (MEM, Hyclone,
# AC10249345) supplemented with 10% fetal bovine serum (FBS,
Bio-one, #P30-3302) at 37°C under humidified 5% CO,/air. DNA
transfections were performed with lipofectamine 2000 (Invitrogen,
#11668-019) according to manufacturer’s instruction. To increase
protein O-GIcNAc levels, a final concentration of 10 uM TMG
(MedChemExpress HY-12588) and 50 uM PUGNAc (Sigma, A7229)
were added into SH-SYSY cells, respectively. To inhibit OGT activ-
ity, a final concentration of 10 pM OSMI-1 (Sigma, SML1621) was
added. For O-GlcNAcylation assay, cells grown in 6-well culture
dishes were treated with 5 mM GlcNAc (Sigma, A3286) for 24 h or
treated with different doses of UDP-GIcNAc (Sigma, U4375) for
24 h. For EA treatment, cells were exposed to 60 uM EA (MedChem-
Express, HY-B1640) for 24 h. Cells were harvested and lysed with
buffer containing 25 mM Tris—HCI pH 7.4, 150 mM NaCl, 5% glyc-
erol, 1% NP-40 plus protease inhibitors, then analyzed by
immunoblotting using the indicated antibodies, as described below.

Plasmids construction and antibodies
TDP-43 and OGT constructs were cloned into pCS2-3xFlag vectors,

and the indicated mutants were created by site-directed mutagenesis
using primers listed in Table EV1. The OGA constructs were cloned
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into the pCS2-3xHA vectors using EcoRI and Xholl restriction
enzymes. To generate UAS-TDP-43 WT and mutant transgenics,
human TDP-43 WT and mutants were cloned into the Gateway
compatible pBID-UAS-G vector by LR reaction. pBID-UAS-G was
constructed by cloning the Gateway cassette into the Xhol/Xbal sites
of pBID-UAS. The antibodies were obtained from commercial
sources: oa-TDP-43 (ProteinTech, 10782-2-AP, 1:1,000 for immuno-
blotting; 12892-1-AP for immunoprecipitation; Abcam, ab10423,
1:500 for immunostaining), a-OGT (Santa Cruz, sc-32921, 1:1,000),
o-OGA (also named MGEAS, ProteinTech, 14711-1-AP, 1:1,000), o-
Flag (Sigma, F7425, 1:2,000), o-HA (Santa Cruz, sc-805, 1:3,000), o-
Myc (Sigma, M4439, 1:3,000), a-O-GlcNAc (CTD 110.6) from Santa
Cruz (sc-59623, 1:1,000; Sigma, MABS1254, 1:500), a-O-GIcNAc
(RL2) from Abcam (ab2739, 1:1,000), a-phospho-TDP-43 409/410
(Cosmo Bio, 425-4, 1:2,000), and o-GFP (Sungen, KM8009, 1:3,000),
o-GAPDH (ABclonal, AC002, 1:5,000), o-B-Actin (ProteinTech,
60008-1-Ig, 1:5,000).

Yeast transformation and spotting assays

Yeast stains used in this study are based on the W303 background.
For spotting assays, yeast cells expressing empty vector, various
hTDP-43 constructs, indicated OGT constructs or both as indicated
were grown overnight at 30°C in liquid media containing raffinose
until they reached to mid-log phase. Cultures were normalized, seri-
ally diluted, and spotted onto synthetic solid media containing 2%
glucose or 0.25% galactose plus 1.75% sucrose lacking uracil and
leucine. The images were photographed after grown at 30°C after 2—
3 days.

Biochemical separation of TDP-43 from cells

Cells from 6-well culture dishes were harvested and homogenized in
lysis buffer (10 mM HEPES-NaOH pH 7.9, 10 mM KCIl, 1.5 mM
MgCl,, 1% B-ME) supplemented with the protease inhibitor cock-
tails (Bimaker, B1401). SDS were then added into the lysates with
the final concentration of 0.5% and rinsed on ice for 2 min and
centrifuged at 15,000 g for 15 min at 4°C to deplete the soluble
protein pool. The insoluble fractions were then washed by phos-
phate-buffered saline (PBS) and centrifuged at 15,000 g at 4°C for
three times, or extracted in 200 pl urea buffer (7 M urea, 4%
CHAPS, 30 mM Tris, pH 8.5) for 30 min at room temperature. All
soluble and insoluble fractions were subsequently analyzed by
Western blotting.

Immunofluorescence, immunocytochemistry, and quantification

GFP-TDP-43 and/or mCherry-OGT plasmids were transformed into
yeast cells, and an Olympus BX51 microscope (Tokyo, Japan) and a
Retiga 2000R CCD camera (QImaging Corporation, Canada) were
used to visualize cell morphology by differential interference
contrast and fluorescent microscopy. 100 x oil immersion objective
was used. The aggregate foci numbers in each cell were counted,
and over 100 cells of each sample from three biological replicates
were quantified. HEK 293T cells were seeded on Poly-L-Lysine-
coated coverslips, transfected as described above, and cultured in
appropriate medium. After drug treatment, the cells were fixed in
4% paraformaldehyde (PFA) for 10 min, rinsed in PBS for 3 times,
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and permeabilized once with 0.3% Triton X-100 in PBS for 10 min.
Fixed cells were then blocked in 2% BSA for 30 min and incubated
with specified primary antibodies for 2 h at room temperature or
overnight at 4°C. Cells were washed in PBS and incubated with
Alexa-488 (Dylight) or Cy3 (ProteinTech Company) conjugated
secondary antibody. Nuclei were counterstained with 4’,6-diami-
dino-2-phenylindole (DAPI, Beyotime). Cells were analyzed using a
confocal laser microscope (FV10-ASWJ). The relative aggregation
foci counts were normalized to that of cells co-transfected with
control vector, and > 4 fields and a minimum of 100 transfected
cells in each field were used.

Protein digestion and LC-MS/MS analysis

Flag-TDP-43 was overexpressed in HEK 293T cells, and TDP-43
protein was immunoprecipitated and then separated in SDS-PAGE
gel. The gel was stained with Coomassie blue, cut into slices and
subjected to typical in-gel trypsin (Promega, V5071) digestion. The
peptides were ejected into liquid chromatography followed by mass
spectrometry (LC-MS/MS) as described previously (Liu et al, 2018).
Briefly, the eluted peptides were analyzed with an Orbitrap Fusion
mass spectrometer (Thermo Fisher Scientific, San Jose, CA)
equipped with an online-electrospray ion source. Samples were
detected with combination of higher-energy collisional dissociation
(HCD) and electron transfer dissociation (ETD).

Mass spectra data analysis

Tandem mass spectra were searched against the hTDP-43 sequence
using Peaks Studio 7.5. Cysteine carbamidomethylation
(+57.021 Da) was set as the fixed modification. Serine/threonine O-
GlcNAcylation (+203.079 Da), N-terminal acylation (+42.001 Da),
and methionine oxidation (+15.995 Da) were set as the variable
modifications. Tandem mass spectra corresponding to the putative
O-GlcNAc-modified peptides and sites were verified by manual
inspection of their fragmentation pattern. The O-GlcNAcylation sites
were identified and manually confirmed using PEAKS studio soft-
ware (Bioinformatics Solutions Inc.).

In vitro O-GlcNAcylation assay

Human TDP-43 cDNA fragment (a.a.102-269) and its mutants were
ligated into bacterial pGEX6p-1 plasmid, and the plasmids were
transformed into BL21 competent cells to induce protein expression
at room temperature for 4-6 h. The TDP-43 fragments were purified
using GST beads. Flag-tagged OGT was immunoprecipitated from
HEK 293T cells by M2 Flag resins (Sigma), and the resins were incu-
bated with the purified GST-TDP-43 fragments in the reaction buffer
(100 mM Tris-HCl pH 7.6, 25 mM MgCl,, 2 mM DTT), in the pres-
ence of 2 mM UDP-GIcNAc. The reactions were performed at 30°C,
for 5 h with vibration. The GlcNAcylation levels of TDP-43 were
analyzed by immunoblotting with an o-O-GlcNAc antibody.

Drosophila genetics
All flies were maintained at 25°C on standard media unless other-

wise indicated. The WT and mutant hTDP-43 transgenes, UAS-TDP-
43WT UAS-TDP-43T'194 UAS-hTDP-437233A) and UAS-TDP-432T#
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were integrated into the attP40 site on chromosome III using
phiC31-mediated transgenesis (Groth et al, 2004). The fly strain
UAS-HA-OGT was from the Bloomington Drosophila Stock Center.
The GAL4 driver used in this study was elav-GAL4 (Lin & Goodman,
1994).

Fly food supplementation

For 11 regular sugar (RS) medium, 40 g sucrose (4%), 25 g yeast
extract, 65 g corn powder, and 6 g agar powder were heated and
mixed with 7 ml propionic acid and 0.25 g paraben were added into
medium at 55-60°C. For high sugar (HS) medium, additional
sucrose was added to reach a final concentration of 160 g/l (16%).
Supplemented food was dispensed into vials and allowed to cool.

Larval crawling assays

The third instar larvae of the indicated genotypes stocks were trans-
ferred onto the surface of agar plates filled with 2% sucrose and 2%
agar and allowed to acclimate. Video was recorded for 60 s of the
moving tracks of each larva. During video capture, the moving larva
was kept in the field of view under the microscope. At least 8 dif-
ferent larvae from each strain were recorded and larval locomotion
data were analyzed by ImageJ and quantified using GraphPad Prism
7.0.

Locomotor assays

All experiments were performed at the same time of day to avoid
variation caused by circadian rhythm. 5-day-old adult flies were
tapped into glass cylinder without anesthesia. After 10-min acclima-
tion, flies were gently tapped to the bottom of the cylinder. After
using camera to record the fly crawling distance for over 60 s, the
locomotion data were analyzed using GraphPad Prism 7.0. At least
40 adult flies were used for one sample. The test was repeated three
times, and results were averaged. The data are the mean of three
trials and are expressed as mean + SD. Statistical comparisons were
performed using one-way ANOVA followed by Tukey’s multiple
comparison test.

Life span assays

Adult flies were cultivated in vials with fresh food at 25°C, and flies
were transferred to vials with fresh food every 3-4 days to avoid
unnatural death. The number of living flies was counted every day,
and the Kaplan-Meier survival curve was plotted and analyzed
using GraphPad Prism 7.0, and the log-rank test was used to deter-
mine statistical significance for survival curve. At least 30 adults for
each group were assayed for survival.

RNA extraction, real-time PCR, and RNA splicing assay

Total RNAs from Neuro-2a cells were extracted using TRIzol (Life
Technology) according to the manufacturer’s instructions. Comple-
mentary DNA was generated from the total RNA using oligo dT
primers and reverse transcriptase (Thermo Scientific) as instructed
by the manufacturer’s instruction. Candidate TDP-43 splicing targets
were examined by PCR amplification with specific primers
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(Table EV1) using PCR mix (TSINGKE Company). PCR reaction
products were analyzed on 2% DNA agarose gel staining with Super
GelRed (Cat No. S-2001, US Everbright Inc.). Real-time PCR was
performed using qPCR mix (SYBR Green, YeaSen Company) and
CFX96 Real-Time PCR Detection System (Bio-Rad). In vitro CFTR
exon 9 skipping assay was performed as described previously (Che
et al, 2011). TDP-43 was knocked down by transfected with a
synthetic siRNA in SH-SY5Y cells or stably transfected with a doxy-
cycline-induced shRNA targeting TDP-43. The oligo. siRNA was
synthesized by GenePharma Company (Shanghai), and siRNA
targeting TDP-43 is 5-GGCUCAAGCAUGGA-UUCUA-3’, which has
been used previously (Tollervey et al, 2011). The shTDP-43
sequence is 5-CCGGAGGAATCAGCGTGCATA-TATTCTCGAGAA
TATATGCACGCTGATTCCTTTTTTG-3’. The intensities of different
splice isoforms were quantified using ImageJ software, and the rela-
tive ratios between the isoform with exon exclusion (—) vs. the
isoform with exon inclusion (+) were quantified.

RNA-EMSA

This assay was performed as described previously (Chen et al,
2019). Briefly, 10 ug of total cell lysate in RIPA (10 mM HEPES pH
7.3, 20 mM KCl, 1 mM MgCl,, 1 mM DTT, 5% glycerol) containing
RNase inhibitor (Thermo Scientific, EO0381) was mixed with
2.5 nM of biotin-labeled RNA for IL-6 intron 2 (biotin-5’-AUGC
CUCCCAGCACUUGG-GAGGCAC-3’) (Lee et al, 2015) and the 20 pul
reaction mixer was incubated for 30 min at room temperature. The
binding reactions were run on a 6% non-denaturing polyacrylamide
gel in 0.5x TBE buffer and subjected to Nylon membrane (Thermo
Scientific, prod#77016) transferring and UV crosslinking. RNA
signals were detected by horseradish peroxidase-conjugated strepta-
vidin (Beyotime, A0303).

Statistical analysis

Unless otherwise indicated, data are presented as the mean + SD
from three biological replicates, and the differences between any
two groups were compared by unpaired two-tailed t-tests. A value
of P < 0.05 was considered to be statistically significant. *P < 0.05,
**P < 0.01, ***P < 0.001, ****P < (0.0001 and n.s. indicates “not
significant”.

Data availability
This study includes no data deposited in external repositories.
Expanded View for this article is available online.
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