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Oxidative stress, which can be activated by a variety of environmental risk factors,
has been implicated as an important pathogenic factor for inflammatory bowel dis-
ease (IBD). However, how oxidative stress drives IBD onset remains elusive. Here, we
found that oxidative stress was strongly activated in inflamed tissues from both ulcer-
ative colitis patients and Crohn’s disease patients, and it caused nuclear-to-cytosolic
TDP-43 transport and a reduction in the TDP-43 protein level. To investigate the
function of TDP-43 in IBD, we inducibly deleted exons 2 to 3 of Tardbp (encoding
Tdp-43) in mouse intestinal epithelium, which disrupted its nuclear localization and
RNA-processing function. The deletion gave rise to spontaneous intestinal inflam-
mation by inducing epithelial cell necroptosis. Suppression of the necroptotic path-
way with deletion of MIkl or the RIP1 inhibitor Nec-1 rescued colitis phenotypes.
Mechanistically, disruption of nuclear TDP-43 caused excessive R-loop accumulation,
which triggered DNA damage and genome instability and thereby induced PARP1
hyperactivation, leading to subsequent NAD" depletion and ATP loss, consequently acti-
vating mitochondrion-dependent necroptosis in intestinal epithelial cells. Importantly,
restoration of cellular NAD" levels with NAD" or NMN supplementation, as well as sup-
pression of ALKBH?7, an a-ketoglutarate dioxygenase in mitochondria, rescued TDP-43
deficiency-induced cell death and intestinal inflammation. Furthermore, TDP-43 pro-
tein levels were significantly inversely correlated with y-H2A.X and p-MLKL levels in
clinical IBD samples, suggesting the clinical relevance of TDP-43 deficiency-induced
mitochondrion-dependent necroptosis. Taken together, these findings identify a unique
pathogenic mechanism that links oxidative stress to intestinal inflammation and provide
a potent and valid strategy for IBD intervention.
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Inflammatory bowel disease (IBD), a chronic inflammatory disorder in the intestines,
includes ulcerative colitis (UC) and Crohn’s disease (CD) (1). Oxidative stress is a common
feature of inflamed tissues from IBD patients. Oxidative stress can be activated by a variety
of environmental risk factors, such as psychological stress, cigarette smoking, and alcohol,
all of which contribute to IBD. Mutations in antioxidant/biotransformation enzyme genes,
including NOQ1, SOD2, GST, PON, and NRF2, are associated with IBD progression
(2-4). Oxidative stress and redox signaling up-regulate inflammatory cytokines by regu-
lating the proinflammatory NF-kB signaling pathway (5). Oxidative stress also contributes
to IBD pathogenesis by regulating lipid peroxidation and oxidative DNA damage (6).
Despite significant efforts to understand the role of oxidative stress in IBD pathogenesis,
whether it is a critical driver of the onset of intestinal inflammation remains elusive.
Necroptosis is a caspase-independent form of programmed cell death that can be

Significance

Inflammatory bowel disease (IBD)
is a chronic inflammatory
disorder in the intestines. As the
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activated by excessive DNA damage or exposure to virus-derived Z-DNA (7). It is mainly
considered as a type of proinflammatory cell death due to the release of damage-associated
molecular patterns (8), which can activate immune response and promote inflammation.
Increasing evidence indicates that necroptosis plays important role in the pathogenesis
of IBD. Aberrant necrotic cell death activation and upregulation of the key necroptosis
effector RIPK3 have been observed in both pediatric and adult IBD (9, 10). Necroptosis
in intestinal epithelial cells induces spontaneous ileitis and/or colitis (9, 11). Furthermore,
hyperactivation of mammalian target of rapamycin or Setd1 loss-induced genome insta-
bility can trigger necroptotic activation that drives intestinal inflammation and cancer
(12, 13). Targeting necroptotic pathway might represent a promising therapeutic strategy
for IBD. Various inhibitors of necroptosis have been suggested to alleviate intestinal
inflammation (14-16). Although the importance of necroptosis in IBD has been realized,
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it remains unknown whether and how necroptosis is activated
upon environmental risk factor-induced oxidative stress and
thereby induces intestinal inflammation.

The R-loop is a three-stranded nucleic acid structure consisting
of the RNA:DNA hybrid that occurs in association with transcrip-
tion and replication. It has been linked to several human diseases,
including autoimmune diseases and human neurological disorders
(17). Excessive R-loops give rise to DNA damage and genome
instability, which contribute to the development of the above dis-
eases (18). Interestingly, TDP-43 dysfunction results in R-loop
accumulation and links amyotrophic lateral sclerosis (ALS) with
R-loop-mediated DNA damage (19-21). However, the pathogenic
functions of TDP-43-mediated R-loop accumulation in IBD have
not been investigated. Here, we demonstrate that nucleus-to-cytosol
TDP-43 mislocalization causes excessive R-loops to activate epi-
thelial cell necroptosis, mediating oxidative stress-driven intestinal
inflammation.

Results

TDP-43 Exhibits Nucleus-to-Cytosol Mislocalization in Inflamed
IBD Epithelial Cells upon Oxidative Stress. To study potential
causative roles of oxidative stress in driving IBD pathogenesis,
we first examined oxidative status of inflamed tissues from IBD
patients. Immunohistochemical staining for COX2 and NOX2,
biochemical markers for oxidative stress, showed both markers
broadly upregulated in inflamed epithelium from both UC and
CD patients (Fig. 14 and S/ Appendix, Fig. S1 A-C). G3BP1 is a
stress granule marker, and its immunostaining showed extensive
formation of stress granules in the inflamed epithelium from both
UC and CD patients, while stress granules were prominently
absent in normal intestinal epithelium (Fig. 1B and SI Appendix,
Fig. S1D).

It has been reported that TDP-43 becomes transported from
nucleus to cytosol upon oxidative stress and participates in stress
granule formation (22). Indeed, TDP-43 colocalized with G3BP1
to form stress granules in inflamed epithelium from IBD patients
and exhibited nuclear clearance (Fig. 1B and S Appendix, Fig. S1
D and E). Upon oxidant H,O, treatment, nuclear TDP-43 was
markedly reduced in abundance in colorectal epithelial cell
NCM460 and became exported to the cytosol, where it colocalized
with stress granule marker G3BP1 (Fig. 1 Cand D and S Appendix,
Fig. S1F). Simultaneously, the protein levels of both overall and
nuclear TDP-43 gradually decreased with increasing H,O, con-
centration, while cytosolic TDP-43 became mildly up-regulated
(Fig. 1E and SI Appendix, Fig. S1G). Furthermore, we found that
insoluble TDP-43 decreased in a dose-dependent manner, while
soluble TDP-43 increased only mildly (S7 Appendix, Fig. S1H).
In contrast, mRNA levels of ZARDBP did not alter upon H,O,
(81 Appendix, Fig. S11). Consistently, TDP-43 was absent in nuclei
of many epithelial cells from both UC (n = 20) or CD (n = 21)
patients, accompanied by reduction in protein levels of overall
and insoluble TDP-43, while mRNA levels of TARDBP were not
altered (Fig. 1F and SI Appendix, Fig. S1 J and K). In addition,
we generated acute DSS-induced colitis mouse model, which
mimics UGC; chronic and acute TNBS-induced experimental coli-
tis, which mimic CDj; and spontaneous colitis model in 7/7 0"
mice. Tdp-43 was absent in nuclei of intestinal epithelial cells
from experimental colitis of all four mouse models and partially
colocalized with stress granule marker G3BP1 (Fig. 1 G-M and
SI Appendix, Fig. S2). Tdp-43 nuclear clearance became more
pronounced in chronic TNBS-induced colitis. Consistently, the
protein levels of overall and nuclear Tdp-43 decreased over the
course of colitis development (Fig. 1 G-M and SI Appendix,
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Fig. S2). These findings indicate that TDP-43 exhibits nuclear
clearance and becomes reduced at the protein level in both human
and mouse colitis induced by oxidative stress.

Intestinal Epithelium-Specific Disruption of Nuclear TDP-
43 Drives Severe Spontaneous Intestinal Inflammation.
Considering the importance of TDP-43 in genomic stability
and RNA processing, we sought to investigate whether TDP-43
nuclear clearance is involved in IBD pathogenesis. We generated
Villin™™ "% Tardbp™™ (Tardbp™ -“°) mice, in which exons 2
to 3 of Zardbp can be inducibly deleted in intestinal epithelium
upon Tamoxifen (TAM) treatment. This deletion disrupts Tdp-43
nuclear localization and RNA-processing function but does not
influence its cytosolic localization (Fig. 24 and S/ Afpendz’x, Fig. §3
A-C). The gross body weight of the Ysz’bp’[EC—K mice dropped
markedly after 7 dpi. Approximately 30% of Zardbp™“-*© mice
died at 8 dpi (Fig. 2 B and (). Intestinal barrier dysfunction
was observed in Tardbp™“-*° mice, accompanied by decreased
body temperature (SI Appendix, Fig. S3 D and E). Four out of
twelve Zardbp™“-© mice developed obvious leaky gut at 7 dpi
(SI Appendix, Fig. S3F). Many degenerated cells with large and
round nuclei were present in Zardbp™ -0 crypts (SI Appendix,
Fig. S3G), while the number of Paneth cells was markedly reduced
(SI Appendix, Fig. S3H). These findings indicate that Tdp-43 is
important for maintaining intestinal epithelial homeostasis.

Interestingly, all Zzrdbp™ “-*© mice started to exhibit colitis
phenotypes at 10 dpi. Their colons were characterized by disor-
ganized epithelium, reduced colonic epithelial cells, and immune
cell infiltration (Fig. 2D). Colitis phenotypes became more robust
at 11 and 12 dpi (Fig. 2D). Consistently, numbers of both prolif-
erative epithelial cells and differentiated goblet cells decreased in
Tardbp™-*° mice over time after TAM induction. Damaged epi-
thelium had largely recovered at 13 dpi, most likely attributed to
epithelial regeneration by cells that escaped Yerd/?Ip deletion
(Fig. 2D). In line with these colitis phenotypes, Tardbp' FC KO mice
showed higher colonoscopy scores (Fig. 2E), specifically in gran-
ular intestinal lumen surfaces, the presence of blood, ulcerations
and abundant inflammatory fibrin exudation, and higher bio-
chemical scores in serum (Fig. 2F). Inflammatory response was
markedly activated in Tardbp™“*° mice (Fig.2 G-K and
SI Appendix, Fig. S31). In addition, upon DSS treatment,
Ysz/bp’IEC-KO mice developed more severe inflammation in the
colon, and colitis could not be abrogated after DSS removal
(SI Appendix, Fig. S4). Taken together, these findings demonstrate
that TDP-43 mislocalization drives spontaneous colitis and
enhances susceptibility to DSS-induced colitis.

Tdp-43 Mislocalization Induces Epithelial Cell Necroptosis in the
Colon. To understand how Tdp-43 mislocalization drives colitis,
we first examined cell death in the colon from Zardbp™“-"°
mice at 10 dpi, when inflammation starts. Many epithelial cells
in the colon were dead in Ysz’bpiIEC-KO mice (Fig. 3 A and B).
Interestingly, dead cells had undergone nonapoptotic cell death
(Fig. 3 A and B). To understand which type of cell death was
induced by Tdp-43 mislocalization, we performed genome-wide
transcriptome an‘aElysis of colonic epithelial cells from control (n
= 3) and Ysz’bp’[ €X0 (1 = 3) mice at 9 dpi, ahead of colonic
inflammation. Then, 1,468 down-regulated genes and 1,457 up-
regulated genes were identified in Zardbp™ " cells (SI Appendix,
Fig. S5A4). KEGG pathway analysis revealed that the TNF pathway
was most enriched based on up-regulated gene pattern (Fig. 3C).
Gene set enrichment analysis (GSEA) and heatmap assays further
confirmed TNF signaling activation in Yerdbp'IEc—KO mice (Fig. 3
D and E). Notably, TNF signaling is critical for necroptotic cell
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nuclear export was quantified. n =12.
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treatment. n = 12. (Scale bar: 25 ym.)
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different concentrations of H,0,.
Histone H3 and GAPDH were used
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death (8). In agreement, expression of key necroptosis regulators
was markedly elevated in Yerdbp’[EC-Ko mice (Fig. 3 F and G).
Expression of necroptosis executioner MIkl in 10 dpi Zardbp™“-*°
colonic epithelium was strong and increased with time after TAM
induction (Fig. 3H). Furthermore, Tardbp™“-*? colonic epithelial
cells exhibited necrosis-like features, including fragmented nuclei
and swollen mitochondria (Fig. 31). Consistently, 4-OHT-induced
Tdp-43 loss suppressed intestinal organoid growth, accompanied
by a decrease in cell viability (Fig. 3 / and K). Tardbp™“-*°
organoids took up PI more rapidly than control organoids
(Fig. 3L). Moreover, knockdown of ZARDBP in NCM460 cells
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decreased their viability and increased cytotoxicity and necrotic
cells (SI Appendix, Fig. S5 B-G). Collectively, these findings
demonstrate that Tdp-43 mislocalization induces necroptotic
death in colonic epithelium.

Tdp-43 Mislocalization Causes Loss of Lgr5+ Intestinal Stem Cells
(1SCs). Considering that ISCs are critical for the homeostasis and
regeneration of intestinal epithelium, we sought to understand the
direct effect of Tdp-43 mislocalization on ISCs. We s/};eciﬁcally‘deleted
Tardbp in Lgr5* ISCs using Lg7’5GFP—mERT2; Tardbp f (Ykrdbpl[‘gy 5 KOy
mice. Tdp-43 mislocalization led to a remarkable reduction in Lgr5"
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p-MIkl, and MKl in colon from Tardbp™" and Tardbp™“*© mice at 11 dpi. p-Tubulin was used as loading control. (H) Immunohistochemical staining for Mkl in colon
from Tardbp™“© mice at indicated time points. n = 6. (Scale bar: 100 um.) (/) Electron microscopy images of necrotic-like colon crypt cells in 10-dpi Tardbp™*© mice.
Arrowheads indicate fragmented nuclei, dotted red lines encircle the swelling mitochondria, and a red asterisk marks low electronic condensation of cytoplasm. n
= 4. TEM, transmission electron microscopy. (Scale bar: 1 um.) (/) Representative images of organoids from Tardbp™" and Tardbp™© mice before and after 4-OHT
induction. Red lines mark cells that are undergoing anoikis. n = 6. (Scale bar: 100 um.) (K) Cell viability analysis of organoids from Tardbp™" and Tardbp™*° mice 48
h after 4-OHT induction. n = 8. (L) Time-series images of organoids from Tardbp™ and Tardbp™*° mice 48 h after 4-OHT induction in the presence of Pl (red). n = 6.
Data are presented as the mean + SD. ***P < 0.001.
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and Olfm4" cells (ST Appendix, Fig. S6 A—F). Lgr5" ISCs were largely
absent in 4-OHT-induced organoids from Ysz’bp’Lgr K0 mice
(ST Appendix, Fig. S6G). Furthermore, lineage tracing assay showed
that LgrS-labeled cells  gave rise to fully labeled crypt-villus ribbons in
Lagr5“" 7RI, Ro6™ T Tardhp™* mice 4 d after three pulses of TAM.
In comlparison, far fewer labeled crypt-villus ribbons were found in
LgrSG F >CrCERT2;R26* ST Tardbp W mice (81 Appendix, Fig. S6 H and
]). These findings demonstrate that Tdp-43 mislocalization causes
loss of Lgr5" ISCs.

Blocking Necroptosis Rescues Tdp-43 Mislocalization-Induced
Spontaneous Colitis. Next, we investigated whether nech})tosis
functionally caused spontaneous colitis observed in Zardbp™ -
mice. Since Mkl is the key necroptosis effector (23), we generated
Ykrdbp’]EC—KO;Ml/ef/* mice, in which necroptotic activation
is blocked (SI Appendix, Fig. S7 A and B). Body weight of
Tardbp™ " mice dropped rapidly with time after TAM
induction, while it continued to increase in Ysz’bpl[EC-KO;Ml/e[' -
mice, matching the trend exhibited by control mice (S/ Appendix,
Fig. S7C). Over 30% of Tardbp™"“*° mice died after 7 dpi,
while 100% of Ybrdbp’]EC—KO;Ml/e[/* mice survived (S] Appendix,
Fig. S7D). The clinical score for colitis restored to near-normal
levels in TerdbpdEC-KO;MZ/e[_/_ mice (SI Appendix, Fig. STE).
Morphology of colonic epithelium from Ysz’bpl[EC-K MUk
mice became organized and similar to that of littermate controls
(81 Appendix, Fig. S7F). Numbers of proliferative epithelial cells
per crypt in Tardbp™ - C;Mlkl”™ mice were higher than these
in control mice but lower than these in Zardbp™-*° mice
(81 Appendix, Fig. S7 G and H). Inflammatory response was also
suppressed in Drdbp’[EC-KO;Mlkl_ " mice (SI Appendix, Fig. S7
I-L). These findings demonstrate that blocking necroptosis rescues
colitis phenotypes of Tardbp™“-*© mice.

DNA Damage-Induced NAD* Depletion Activates Mitochondria-
Dependent Necroptosis. Zbpl can trigger RIPK3-dependent
necroptosis upon Z-form nucleic acids (24, 25). To test whether
Tdp-43 mislocalization activates necroptosis in a Zbp1-dependent
manner, we deleted Zbp1 from Tardbp™“-© mice. Deletion of
Zbp1 in intestinal epithelium could not rescue colitis phenotypes
of Tardbp™-*C mice (SI Appendix, Fig. $8). This suggests
that Tdp-43 mislocalization-induced necroptotic activation is
independent of Zbp1.

Necroptosis can be activated by DNA damage-induced
PARylation overactivation in a mitochondria-dependent manner
(26, 27). Considering that TDP-43 is critical for maintaining
genome stability (20, 21), we thus investigated whether Zardbp
deficiency triggers necroptosis by inducing genome instability.
Gene Ontology analysis showed that intrinsic apoptotic signaling
pathway in response to DNA damage was enriched among
up-regulated genes in Tardbp™ “-*° mice (Fig. 44 and SI Appendix,
Fig. S94). Upon Tdp-43 mislocalization, intestinal epithelial cells
displayed euchromatin state (Fig. 4B and S Appendix, Fig. S9B).
vy-H2A.X, a marker for DNA double-strand break (DSB) foci,
was significantly increased in both jejunum and colon upon
Tardbp deficiency (Fig. 4B and SI Appendix, Fig. S9C), and num-
bers of y-H2A.X" cells increased with time after TAM induction
(Fig. 4 Cand D and ST Appendix, Fig. S9D). Furthermore, silenc-
ing TARDBP caused 3.4-fold increase in average olive tail moment
in NCM460 cells, suggesting enhancement of DNA damage
(Fig. 4E). Poly(ADP-ribose) (PAR) is rapidly synthesized at sites of
DNA damage, including both DSBs and single-strand breaks, by
the enzyme PARP1 using NAD', which facilitates repair of damaged
DNA (28). Consistently, PARP1 activity, represented by the ratio
of PAR to PARPI1, dramatically increased in ZARDBP-deficient
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NCM460 cells, which was accompanied by increase in y-H2A.X
levels (Fig. 4 ~1). In contrast, transfection with 1 pg of TDP-43-
overexpressing vector, which was selected as a safe dose (ST Appendix,
Fig. S10 A-D), resulted in nuclear localization of TDP-43 and sig-
nificantly rescued 7ARDBP knockdown-induced increase in
y-H2A X and PAR (87 Appendix, Fig. S10 E-G). This suggests that
nuclear TDP-43 is important for genome stability. Furthermore,
y-H2A X and PAR signals were specifically present in TDP-43"
epithelial cells in human IBD tissues, while no such signals were
observed in TDP-43" epithelial cells (Fig. 4 /and K). These findings
demonstrate that TDP-43 nuclear clearance causes DNA damage
in IBD tissues.

The hyperactivation of PARP1 and excessive PAR synthesis lead
to intracellular NAD" pool depletion and ATP loss, consequently
promoting cell death (26). In agreement with this idea, suppres-
sion of ZARDBP significantly reduced both NAD" and ATP levels
(Fig. 5 A-D). It has been reported that NAD" consumption upon
DNA damage triggers metabolic shift to oxidative phosphoryla-
tion over glycolysis (29). Consistently, mitochondrial NAD" levels
become elevated due to the increase of oxidative phosphorylation
(Fig. 5E), suggesting compromised mitochondrial metabolism and
impaired antioxidant capacity (30). The addition of exogenous
NAD" significantly reduced protein levels of y-H2A.X and par-
tially rescued ZARDBP knockdown cell viability. This was accom-
panied by an increase in PAR without a change in PARP1 (Fig. 5
Fand G). ALKBH7, an a-ketoglutarate dioxygenase in mitochon-
dria, prevents recovery of cellular NAD" levels after DNA
damage-induced PARP hyperactivation, mediating necroptosis
(31). To further test this mechanism, we generated ALKBH-
deficient 293 T cells (Fig. 5H and SI Appendix, Fig. S11 A and B).
NAD" was restored to normal baseline levels in ZARDBP knock-
down cells upon ALKBH7 deletion (Fig. 5/). Consequently, delet-
ing ALKBH?7 rescued reduced cell viability and increase cytotoxicity
caused by TARDBP deficiency (Fig. 5 / and K and SI Appendix,
Fig. S11C) and restricted opening of MPT pores (Fig. 5 L and M).
Taken together, our data indicate that DNA damage-induced
NAD" depletion mediates necroptosis caused by TDP-43 nuclear
clearance.

Furthermore, both y-H2A X and p-MLKL signals were strongly
present in samples from both UC and CD pathological tissues
but were barely detectable in paired nonpathological tissues
(SI Appendix, Fig. S12 A—F). TDP-43 levels were negatively asso-
ciated with y-H2A. X and p-MLKL in both UC and CD patients
(Fig. 5 NV and O). NAD" levels were markedly reduced in the
inflamed epithelium from both UC patients and CD patients
(Fig. 5P). Considering that oxidative stress induces TDP-43 mis-
localization and reduction, we concluded that ZARDBP deficiency-
induced mitochondria-dependent epithelial cell necroptosis medi-
ates oxidative stress-driven IBD pathogenesis.

TDP-43 Mislocalization-Induced DNA Damage Is Caused by
Excessive Accumulation of R-Loops. TDP-43 plays critical roles
in RNA-processing pathways (32), and abnormally processed RNAs
lead to excessive R-loops that trigger genome instability and DNA
damage (33). To understand how TDP-43 mislocalization induces
DNA damage, we first analyzed accumulation of genomic R-loops
in NCM460 cells using anti-DNA:RNA hybrid $9.6 antibody and
found that 7ARDBP inhibition markedly increased nuclear $9.6
signal intensity. To further examine whether increased $9.6 signal
was due to the accumulation of R-loops, we treated NCM460
epithelial cells with RNase H endonuclease to specifically digest
RNA:DNA hybrids. RNase H treatment dramatically reduced
S§9.6 signal intensity (Fig. 6 A and B), suggesting that TDP-43

dysfunction leads to excessive accumulation of R-loops. TDP-43
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and Tardbp™*° mice at 8 dpi. Arrowheads indicate nuclei with light hematoxylin staining of Tdp-43~ cells. n = 7. (Scale bar: 25 ym.) Right panel: Western blotting
for Tdp-43 and y-H2A.X in colon from Tardbp™" and Tardbp™*® mice at 8 dpi. p-Tubulin was used as loading control. (C and D) Double immunofluorescence for
Tdp-43 and y-H2A.X in colon from Tardbp™*© mice at indicated time points (C). The number of y-H2A.X * cells per field was quantified (D). n = 30 fields from six
mice. (Scale bar: 100 um.) (E) DNA damage levels of NCM460 cells infected with sh-NC or sh-TDP43 were evaluated by the comet assay. Representative images
(Left) and quantification of mean olive tail moment (Right) (n = 104 nuclei) are shown. (Scale bar: 50 um.) (F) Western blotting for TDP-43, y-H2A.X, PARP-1, and
PAR in NCM460 cells infected with sh-NC or sh-TDP43. g-Tubulin was used as loading control. (G) Double immunofluorescence for TDP-43 and y-H2A.X in
NCMA460 cells infected with sh-NC or sh-TDP43. Dotted white lines encircled locations of the hidden nuclei. (Scale bar: 25 um.) (H) Double immunofluorescence
for TDP-43 and PAR in NCM460 cells infected with sh-NC or sh-TDP43. Dotted white lines encircled locations of hidden nuclei. (Scale bar: 25 um.) (/) Number of
y-H2A X" foci per cell in panel G (n = 65 cells for sh-NC and n = 83 cells for sh-TDP43) and relative mean fluorescence intensity of PAR per field in panel H (n = 21
fields for sh-NC and n = 23 fields for sh-TDP43) were quantified. (/) Double immunofluorescence for TDP-43 and y-H2A.X in colon from healthy people and IBD
patients. Arrowheads indicate TDP-43™ and y-H2A.X" intestinal epithelial cells. n = 20. (Scale bar: 50 um.) (K) Double immunofluorescence for TDP-43 and PAR
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as the mean + SD. ***P < 0.001.
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dysfunction-induced R-loop accumulation was further confirmed
in genomic DNA isolated from NCM460 cells. Furthermore,
we performed $9.6 dot blot assay with colonic epithelial cells
isolated from Zardbp™“-*© mice at 7 dpi, immediately before the
emergence of y-H2AX signal. Consistent with the in vitro data,
R-loop intensity was significantly enhanced in Zardbp™*“-*© mice
(Fig. 6 C-F). Moreover, TARDBP inhibition significantly enhanced
enrichment of R-loops (Fig. 6G). Consistently, R-loop intensity was
markedly enhanced in inflamed tissues from IBD patients (Fig. 6 H
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and /). Taken together, these findings provide compelling evidence
that TDP-43 dysfunction causes significant excessive R-loops that
can induce DNA damage in colonic epithelial cells.

Supplementation with NAD' and NMN Alleviates Tardbp
Deficiency-Induced Spontaneous Colitis. Our findings indicate
that excessive R-loop-induced NAD" depletion is critical for
IBD onset. We thus asked whether supplementation with NAD*
could alleviate Zardbp deficiency-induced spontaneous colonic
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inflammation. Indeed, NAD" treatment rescued spontaneous
colitis phenotypes, as evidenced by slower loss of body weight,
higher survival rate, reduced inflammation, enhanced epithelial
cell proliferation, as well as lower colonoscopic and biochemical
scores (Fig. 7 A-G), and reduced levels of y-H2A.X, downstream
target genes of the STAT3 and TNF signaling pathways and
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proinflammatory chemokines (Fig. 7 H-/). Therapeutic efficacy
of NAD" was similar to that of RIP1 inhibitor Nec1 (Fig. 7), while
NAD" treatment had no obvious side effects on the intestine, colon,
liver, or kidney (SI Appendix, Fig. S13). Furthermore, ex vivo
experiments showed that both NAD" and Necl supplementation
rescued Tardbp deficiency-induced cell death (S Appendix,
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induced spontaneous colitis.
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Tardbp™" or Tardbp™*° mice
with NAD" or Nec-1 treatment
at 11 dpi.n=10.(Scale bar: 100
um.) (F) Quantification of the
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Fig. S14 A-C). Taken together, NAD" supplementation can
alleviate Zardbp deficiency-induced spontaneous colitis.
Analogous NAD" supplementation, its precursor NMN also res-
cued spontaneous colitis caused by Tardbp deficiency (SI Appendix,
Fig. S15). Moreover, supplementation with NMN alleviated DSS-

Discussion

0.01; ***p <0.001.

array of key physiological functions (34), our findings indicate that
NMN can be used for treating IBD.

induced experimental colitis (57 Appendix, Fig. S16). Considering that
NMN is the most efficient and stable form of NAD" supplementation
without obvious toxic effects and has beneficial effects on a diverse
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In this study, our findings demonstrate that oxidative stress-induced
TDP-43 mislocalization causes excessive R-loops that activate intes-
tinal epithelial cell necroptosis, resulting in spontaneous intestinal

pnas.org


http://www.pnas.org/lookup/doi/10.1073/pnas.2307395120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2307395120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2307395120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2307395120#supplementary-materials

inflammation. It provides compelling pieces of evidence in support
of the notion that oxidative stress is a critical driver for the onset
of intestinal inflammation. Consistent with our findings, oxida-
tive stress is a common feature of inflamed tissues from IBD
patients. Mutations in antioxidant enzyme genes, including
NOQI, SOD2, GST, PON, and NRF2, contribute to the risk of
IBD via activation of oxidative stress (2—4). A variety of IBD
environmental risk factors, such as psychological stress and ciga-
rette smoking, can activate oxidative stress in intestinal epithelial
cells (35). Thus, it turns out that oxidative stress is critical for the
onset of IBD. As such, natural antioxidant compounds that
exhibit ROS scavenging and inhibit pro-oxidative enzymes may
be useful for IBD treatment.

It is well known that multiple TDP-43 mutations occur in ALS
patients (36-38). Interestingly, both gain-of-function and
loss-of-function of TDP-43 mutations can cause ALS phenotypes.
In TDP-43¥'"™* knock-in mice, in which the n.991C>A
(p-Q331K) mutation was introduced into murine Tardbp gene
(39), TDP-43 does not undergo nuclear-to-cytosolic mislocaliza-
tion (40) and, instead, leads to a gain of TDP-43 function due to
impaired TDP-43 autoregulation. In contrast, homozygous
p-A382T TARDBP variant (A382T TDDP-43) is one of the most
common missense mutation in familial ALS patients (36-38).
Similar to our findings, this mutation can result in TDP-43 accu-
mulation in the cytoplasm, TDP-43 nuclear clearance, R-loop
accumulation, and compromised mitochondria (19, 41), linking
R-loop-induced DNA damage to ALS pathogenesis. iPSC-derived
motor neurons with TDP-43 A382T mutation are vulnerable to
oxidative stress (42). TDP-43 undergoes nuclear clearance, cyto-
solic sequestration/aggregation, and fragmentation in motor neu-
rons of nearly 95% of sporadic ALS patients (43, 44). Thus, the
changes in motor neurons caused by TDP-43 A382T mutation
are similar to the features of intestinal epithelial cells from
Tardbp’lf mice, suggesting a potential genetic connection between
ALS and IBD. To validate this goint, further investigation on gut
phenotypes in TDP-43"%1""3521 knock-in mouse model or ALS
patients bearing A382T mutation will be required in the future.

While correlation might exist between IBD and ALS, it would
require further investigation. On the one hand, negative genetic
correlation between ALS and IBD has been identified (45, 46). On
the other hand, emerging evidence indicates that ALS associates
with symptoms in the gut, characterized by elevated intestinal
inflammation, gluten sensitivity, dysbiosis, and gut immotility (47).
Sessible polyp and phosphorylated TDP-43 aggregates have been
observed in the gut of ALS patients (48). It is worth noting that
phosphorylated TDP-43 aggregates are visualized in immune cells
and neuronal cells within lamina propria of intestine, while they
are not present in intestinal epithelial cells. This could explain why
gut symptoms are relatively mild in ALS patients. Taken together,
this merits deeper investigation of whether loss-of-function TDP-43
mutations can increase susceptibility to intestinal inflammation.

Another interesting finding was the accumulation of excessive
R-loops in Tardbp-deficient intestinal epithelial cells, which conse-
quently caused necroptosis-mediated intestinal inflammation. It has
been reported that TDP-43 nuclear clearance causes genome insta-
bility by impairing DNA DSB repair (21) and that TDP-43 nucleic
acid binding and self-assembly activities are important for inhibiting
R-loop accumulation, while cytosolic TDP-43 aggregation increases
R-loop accumulation and DNA damage in neurons (20).
Mislocalization of mutated TDP-43 (A382T) induced R-loop accu-
mulation and R-loop-dependent increase in DNA damage, con-
tributing to ALS pathogenesis (19). Thus, TDP-43 mislocalization-
induced R-loop accumulation could be a common pathogenic con-
tributor to IBD and ALS. Aberrant R-loop structures have been
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increasingly recognized as important contributors to a number of
human diseases, including autoimmune diseases, human neurolog-
ical disorders, and cancer (17). Particularly, loss of ddx41 leads to
R-loop accumulation, triggering NFkB-mediated inflammation via
activation of cyclic GMP-AMP synthase-stimulator of interferon
genes (STING) signaling pathway (49). This means that excessive
R-loops can activate inflammatory response via distinct pathways.

Here, we found that TDP-43 mislocalization drives spontane-
ous intestinal inflammation by activating NAD" exhaustion-
induced necroptosis. Consistent with our findings, NAD" dynam-
ics balanced by PARP1-dependent consumption and NAMPT-
dependent production are important for determining the form of
cell death activated under oxidative stress. When the consumption
of intracellular NAD" does not recover upon oxidative stress, it
induces necroptotic activation (50). Oxidative stress can also
induce cell death by decreasing Nicotinamide phosphoribosyl-
transferase (51). In agreement, NAD" depletion alone triggers
necroptosis in macrophages by directly activating RIPK3 and
MLKL (52). Moreover, it has been recognized that necroptotic
activation drives spontaneous ileitis and/or colitis (9, 11-13).
Thus, it appears that NAD" exhaustion-induced necroptosis upon
TDP-43 mislocalization-induced DNA damage is critical for the
onset of intestinal inflammation. In agreement with this notion,
levels of NAD" were reduced in inflamed tissues from UC patients
(53). Thus, supplementation of NAD" or blocking necroptotic
pathway with small molecules might represent a promising ther-
apeutic strategy for IBD. Indeed, it has been reported that NMN
treatment improved intestinal inflammation, reduced intestinal
mucosal permeability, and restored gut flora dysbiosis in
DSS-induced colitis (54). Therefore, supplementation with NMN
could be an attractive future therapeutic strategy for IBD.

Materials and Methods

Additional information is provided in S/ Appendix, Supplementary Materials and
Methods.

Ethics Statement. All mouse experimental procedures and protocols were
evaluated and authorized by Beijing Laboratory Animal Management and were
performed in strict accordance with the guidelines of the Institutional Animal
Care and Use Committee of China Agricultural University (approval number:
AW81212202-3-1).

Patients and Clinical Specimens. Colonoscopic biopsies for use as pathological
and paired nonpathological samples were obtained from the colons of 20 UCand
21 CD patients. All patients were from Xiangya Hospital Central South University
(Changsha, China). Each subject provided written informed consent.The diagnosis
of UC and CD was based on clinical, radiological, endoscopic, and pathological
examinations. Use of clinical samples, as well as review of all pertinent patient
records, were approved by the Ethical Committee and Institutional Review Board
of Xiangya Hospital Central South University in compliance with ethical standards
and patient confidentiality.

Mouse Strains. The Tardbp-floxed mouse has been described previously (55).
Villin“*F" mice (stock number: 020282), Lgr5®®™ " mice (stock number:
008875), and R26"-" mice (stock number: 007914) were obtained from the
Jackson Laboratory. Mkl KO mice were obtained from Zhengxing Ying's labo-
ratory at China Agricultural University. Zbp7 KO mice and //70 KO mice were
purchased from the Shanghai Model Organisms Center (stock number: NM-
K0-2112761; NM-KO-190426). Mice were housed under SPF conditions with
14-h light/10-h dark cycle, and fed with a regular diet. Housing temperature
is 22 °C. Tardbp™" littermates with corn oil treatment were used as controls for
Tardbp™™? mice.

Statistical Analysis. At least three biologically independent experiments were
performed unless stated otherwise. All data are presented as the mean = SD.The
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Pvalue was obtained by unpaired two-tailed Student's t test, and asterisks denote
statistical significance (*P < 0.05; **P < 0.01; ***P < 0.001).

Data, Materials, and Software Availability. Raw fastq files for RNA-seq from
this study have been submitted to the Gene Expression Omnibus (GEO; https:/
www.ncbi.nIm.nih.gov/geo) underaccession number GSE227532 (56). All other
data are included in the manuscript and/or S/ Appendix.
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