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TAR-DNA-binding protein-43 (TDP-43) is a member of hnRNP family and acts as both
RNA and DNA binding regulator, mediating RNA metabolism and transcription regulation
in various diseases. Currently, emerging evidence gradually elucidates the crucial role of
TDP-43 in human cancers like it is previously widely researched in neurodegeneration
diseases. A series of RNA metabolism events, including mRNA alternative splicing,
transport, stability, miRNA processing, and ncRNA regulation, are all confirmed to be
closely involved in various carcinogenesis and tumor progressions, which are all partially
regulated and interacted by TDP-43. Herein we conducted the first overall review about
TDP-43 and cancers to systematically summarize the function and precise mechanism of
TDP-43 in different human cancers. We hope it would provide basic knowledge and
concepts for tumor target therapy and biomarker diagnosis in the future.
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INTRODUCTION

TAR-DNA-binding protein-43 (TDP-43, also named TARDBP) was first cloned (43 kDa) in 1995,
and its name was derived from the characteristics of binding to human immunodeficiency virus type
1 (HIV-1) TAR DNA sequence motifs (1). With the profound recognition of molecular structure,
the RNA binding role of TDP-43 was gradually uncovered in addition to its DNA binding function.
As a member of hnRNP family, TDP-43 has been confirmed to regulate mRNA splicing, mRNA
transport, mRNA stability, and pri-miRNA processing (2–7). Emerging evidence has demonstrated
that TDP-43 was one of the crucial RNA binding proteins to be involved in diverse diseases by
mediating the RNA metabolisms. The best-studied disease about TDP-43 is neurodegeneration:
abnormal RNA processing induced by gains of toxic properties and losses of normal TDP-43
functions leading to neurodegeneration (8–10). Numerous researches have confirmed that RNA
metabolisms and non-coding RNA (ncRNA) regulations are closely involved in carcinogenesis and
tumor progressions (11–15). As the important intermediate regulator, RNA binding protein (RBP)
TDP-43 has been widely researched and well recognized. Recently, accumulating studies have
indicated the crucial regulatory mechanisms of TDP-43 in various cancers. Herein we will focus on
the specific role of TDP-43 in different human cancers to provide an in-depth understanding of
TDP-43 in tumor mechanism research, clinical detection, and therapy.
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STRUCTURE OF TDP-43 AND
MUTATIONS

Domain Structure of TDP-43 for RNA
Binding Function

Human TDP-43 is located in chromosome 1p36.22, belonging to
a member of hnRNP family (16). As illustrated in Figure 1A, 414
amino acid composed the TDP-43 protein that contains an N-
Frontiers in Oncology | www.frontiersin.org 2
terminal domain (NTD), two DNA/RNA recognition motif
(RRM1 and RRM2) domains, a glutamine/asparagine-rich (Q/
N) and glycine-rich C-terminal region, and two signals (bipartite
nuclear localization signal, NLS, and nuclear export signal, NES).
For the cellular expression pattern, TDP-43 is frequently
relatively less expressed in the cytoplasm than in the nucleus,
which indicates the nuclear RNA binding regulatory role (17).
Two RRMs are d i r e c t RNA-b ind ing doma ins by
characteristically recognizing UG repeats of single-stranded
A

B C

D E

FIGURE 1 | Schematic diagram of TAR-DNA-binding protein-43 (TDP-43) domain structure and molecular mechanisms mediated by TDP-43. (A) TDP-43 protein
contains 414 amino acids, an N-terminal domain (NTD), two RNA recognition motif (RRM1 and RRM2) domains, a glutamine/asparagine-rich (Q/N) and glycine-rich
C-terminal region, and two singles (bipartite nuclear localization signal and nuclear export signal). (B) In the nucleus, TDP-43 is essential for messenger RNA (mRNA)
splicing and transport. In the cytoplasm, TDP-43 regulates mRNA stability, including mRNA stabilization and mRNA decay. (C) TDP-43 participates in microRNA
(miRNA) processing as well as interacts with mature miRNAs to influence RNA-induced silencing complex (RISC) efficiency. (D) TDP-43 could interact with long non-
coding RNA (lncRNA) or miRNA to regulate transcription. TDP-43 could also bind lncRNA to regulate target proteins. (E) Model of TDP-43 function in DNA damage
repair. In normal cells, TDP-43 helps in the nuclear import of double-strand break (DSB) repair proteins and stimulates DSB repair. The mutant TDP-43 (Q331K,
A382T) reduces mislocalization in the cytoplasm and abrogates the nuclear localization of DSB repair proteins, resulting in the accumulation of DSBs and
upregulated DNA damage response.
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RNA, and the binding affinity increases with the number of
repeats (18–20). However, non-UG repeat sequences were also
reported, which broadened the RNA binding targets and
complexity of regulations (21). As previous individual
nucleotide resolution CLIP (iCLIP) sequencing data revealed, a
large proportion of transcriptomes was detected; most binding
sites are mapped to introns, lncRNAs, and intergenic transcripts,
which had greatest enrichment of UG-rich motifs (4, 22). In
terms of the glycine-rich C-terminal region, it provides the
region spanning residues 321 to 366 to act as the interaction
site with other RBPs, including hnRNP family like hnRNPA2B1
and Ubiquilin-2 (23, 24).

Pathogenic TDP-43 Mutations
More than 50 disease-associated mutations of TDP-43 gene have
been identified in amyotrophic lateral sclerosis (ALS) or
frontotemporal lobar degeneration (FTLD) patients, which are
mainly concentrated in the glycine-rich C-terminal region,
indicating that the ability of TDP-43 for cooperative assembly
on RNA binding sites plays a role in disease mechanisms. TDP-
43 mutation (Q331K) resulted in cytosolic mislocalization,
impairing the nuclear localization of XRCC4–DNA ligase 4,
which contributed to persistent DNA damage accumulation
(25). TDP-43 mutation (A382T) disrupted the dynamics of
stress granules (SGs), reducing the ability of cells to respond to
stress (26). Additionally, mislocalization of A382T mutation
resulted in transcription-dependent R-loop accumulation and
DNA replication defects (27). A recent study demonstrated that
TDP-43 ALS-associated mutants (A315T, Q331K, M337V)
resulted in DNA damage through inducing cytoplasmic
mislocalization and SG formation (28). In addition, mutations
in NTD (L27A, L28A, V31R, and T32R) reduced the splicing
activity of TDP-43 and induced mislocalization and
accumulation through destabilizing the NTD (29). Mutations
are also quite frequent in various types of cancer and have been
recognized as the driving force for carcinogenesis and
progression. However, the mutation condition of TDP-43 in
tumors is still unelucidated. More attention is needed to focus on
the connection between TDP-43 mutation and dysregulation
in tumors.
TUMOR-ASSOCIATED RNA
METABOLISMS MEDIATED BY TDP-43

Generally, TDP-43 is well confirmed by previous studies to
mainly regulate RNA metabolism, like biogenesis, processing,
decay, and transport, in various diseases. Here we stated these
tumor-associated molecular mechanisms with several parts in
detail as discussed in the following paragraphs (Figures 1B–D).

TDP-43-Mediated mRNA Splicing
Tollervey et al. used iCLIP sequencing to identify the TDP-43-
mediated mRNA splicing events in ALS and FTLD (4). Total
splicing changes in 158 alternative cassette exons were identified
in TDP-43 knock-down experiments, and among all the splicing
Frontiers in Oncology | www.frontiersin.org 3
events, several proteins encoded by the alternative mRNA
isoforms regulated by TDP-43 were found to be involved in
the development of various tumors, such as TFAP2A (30),
BCL2L11 (31), CNTFR (32), MADD (33), MEF2D (34), and
CTNND1 (35). TDP-43 was also reported to bind to CFTR pre-
mRNA promoting the skipping of exon 9 (19), which functions
as a tumor suppressor in colorectal cancer (36). In another study,
De Conti et al. identified six bona fide splicing events directly
induced by TDP-43 through high-throughput sequencing and
HTS-based splicing junction analysis, and they found that the
isoform expression levels of four genes were changed
significantly (37). Previous studies showed that these four
genes [MADD (38), STAG2 (39), FNIP1 (40), and BRD8 (41)]
were potentially important for tumors. In mice models,
abnormal TDP-43 function, owing to aggregation or disease-
associated mutation, induced the wrong splicing of trafficking
receptor sortilin (42), the loss of which promoted cell
proliferation of lung cancer cells (43). Similarly, TDP-43 also
regulated lncRNA expression. Tollervey et al. also found that
tumor-associated lncRNA NEAT1 and MALAT1 were
significantly enriched by TDP-43, indicating the importance of
TDP-43 in lncRNA expression (4). Further confirmation was
reported in a recent research; TDP-43 enhanced the
polyadenylated short isoform of NEAT1 to promote cell
pluripotency (44). In contrast to the splicing promotion of
TDP-43 on conserved exons, TDP-43 repressed the splicing of
non-conserved cryptic exons to maintain intron integrity (45).
Consistently, another recent study also found that TDP-43-
mediated splicing repression protected the transcriptome by
preventing aberrant splicing (46) (Figure 1B).

TDP-43-Mediated mRNA Transport
The mRNA transport process is critical for physiological
processes as well as cancer genesis and maintenance. TDP-43
was reported to bind and transport G-quadruplex-containing
mRNAs into neurites for local translation (47). G-quadruplex
(G4) was known to influence RNA post-transcriptional
mechanisms, thereby impacting neurodegenerative disease and
cancer (48). In addition, TDP-43 tended to regulate mRNA
transport with other RBPs. Freibaum et al. identified 126
proteins that were exclusively in association with TDP-43 to
co-regulate mRNA transport and stability in HEK-293 cells (49),
including HNRNPA2B1 and IGF2BPs. A recent study revealed
that TDP-43 regulated the anterograde and retrograde transport
of Rac1 messenger ribonucleoprotein with two other RNA-
binding proteins, FMRP and Staufen1, respectively, in mouse
neuronal dendrites (50) (Figure 1B). As reported recently, a
novel miR-NID1 (miR-8485) transcribed from NRXN1 intron 5
could interact with AGO and together transported by TDP-43 to
the nucleus for further regulation (see the details in Figure 1C)
(51). These genes have been confirmed by previous studies to be
crucial for various cancers.

TDP-43-Mediated mRNA Stability
The 3′ UTR binding capability of TDP-43 accounts for mRNA
stability regulation (Figure 1B). Moreover, 34% 3′ UTR binding
in the cytoplasm, 3.2% in the nuclear fraction, and 3.8% in total
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cell extract of SH-SY5Y cell were identified in the iCLIP analysis
of RNAs bound by TDP-43, which indicated the mRNA stability
potential regulation of TDP-43 (4). TDP-43 accumulation was
recognized to contribute to RNA instability. A finding from
recent research indicated that TDP-43-EGFP overexpression
altered the RNA stability of 1,330 transcripts with at least
≥1.5-fold change, and 75% (1,002 transcripts) were destabilized
(52). That means TDP-43 can regulate stability balance in two
aspects: maintain mRNA stability or promote mRNA decay. In
the aspect of stability maintenance, a case reported that TDP-43
stabilizes G3BP1 transcripts by targeting a highly conserved cis-
regulatory element in the 3′ UTR (53). Another report also
illustrated that TDP-43 mediated MTORC1-TFEB signaling by
partially stabilizing RPTOR/RAPTOR to regulate autophagy
(54). TDP-43 also regulated b-adducin (Add2) expression
levels by increasing Add2 mRNA stability in the brain (55). By
contrast, in the aspect of mRNA decay, CDK6 expression at
mRNA and protein levels was both inhibited by TDP-43 via
regulating the pRb cell cycle pathway. At the molecular level,
larger introns and the 3′ UTR of CDK6 pre-mRNA contained a
(GU)25 sequence. However, the precise mechanism of TDP-43
and CDK6 mRNA was not elucidated at that time (56).
Afterward, a report confirmed that UV-induced lncRNA gadd7
directly interacted with TDP-43 and promoted CDK6 mRNA
decay (57) (Figure 1D). All the above-mentioned genes have
been demonstrated to play crucial roles in cancers.

TDP-43-Mediated miRNA Processing
As an important class of ncRNAs in cancers, miRNA biogenesis
and processing are complex processes involved with various
RBPs, including TDP-43 (Figure 1C). TDP-43 was found to
promote miRNA biogenesis in both pri-miRNA processing
(nucleus, pri-miRNA to pre-miRNA) and pre-miRNA
processing (cytoplasm, pre-miRNA to mature miRNA) steps
(6). To be specific, in cellular nucleus, TDP-43 directly bound to
Drosha to compose the miRNA processor together and mediated
the transfer from pri-miRNA to pre-miRNA, and in the
cytoplasm TDP-43 continuously promoted the processing of
these pre-miRNAs to mature miRNAs via interacting with
Dicer complex and binding to their terminal loops (6).
Previous studies showed that TDP-43 processed a lot of
tumor-associated miRNAs. The first report of miRNA changes
in Hep‐3B cells after TDP-43 depletion indicated that TDP‐43
has the potential to affect the levels of four miRNAs (let‐7b, miR‐
663, miR‐574‐5p, and miR‐558 ) by potentially binding to their
sequence and/or precursor element (58). Several studies reported
altered miRNA expressions corresponding with dysregulated
TDP-43. Significantly dysregulated microRNAs (miR-922,
miR-516a-3p, miR-571, miR-548b-5p, and miR-548c-5p) in
frontotemporal lobar degeneration with TDP-43 pathology
were caused by progranulin mutations (59). The levels of miR-
9 and its precursor pri-miR-9-2 decreased in downregulated
TDP-43 of FTD/ALS patients (60). Recently, the TDP-43-
processed miRNAs in tumors were also uncovered (see details
below) (15). Interestingly, this research reported additional
functions mediated by TDP-43, like the regulatory role of
TDP-43 in isoforms of miRNA (isomiR) pattern and miRNA
Frontiers in Oncology | www.frontiersin.org 4
arm selection, which needs further investigation for
precise mechanisms.

The Interaction Between TDP-43 and
Mature miRNA and lncRNA
In contrast to RNA metabolism like mRNA splicing and miRNA
processing, more research proposed the direct interaction between
TDP-43 and mature miRNAs or lncRNA to cooperatively regulate
downstream, which further extends the function and mechanism
complexity of TDP-43. Several tumor-associated miRNAs and
lncRNAs have been confirmed to interact with TDP-43. To be
specific, TDP-43 selectively disrupted miRNA-1/206
incorporation into the RNA-induced silencing complex to
dampen the miRNA target decay efficiency, suggesting a
processing-independent mechanism for the differential
regulation of miRNA activity (61) (Figure 1C). A novel miR-
NID1 (miR-8485) transcribed from NRXN1 intron 5 could
interact with AGO and be transported by TDP-43 to the
nucleus and combined together to directly bind to the promoter
region of NRXN1, reversely inhibiting its linear production (51)
(Figure 1D). As reported in lung cancer cells, TDP-43 could also
directly interact withmature miRNAs (miR-423-3p, miR-500a-3p,
and miR-574-3p) (15). Recently, Hawley et al. found a negative
feedback network between TDP-43 and miR-27b-3p/miR-181c-
5p, which is dependent on TDP-43 nuclear localization (62). In
addition, Fu et al. revealed that TDP-43 could selectively bind a
large group of miRNAs via RRM1 in N2a cells, such as let-7c,
miR-669c, miR-744, miR-342, and miR-871 (63) (Figure 1C).

In terms of lncRNA, interaction with RBPs is a well-studied
mechanism for scaffold lncRNAs. As mentioned above, TDP-43
combined with lncRNA gadd7 promotes CDK6 decay under UV
treatment (57). Recently, a study revealed that the short
interspersed nuclear element (SINE)-deleted Malat1 will bind
stronger with TDP-43 and cause nuclear TDP-43 depletion and
subsequent TDP-43 aggregation (64). Another study showed
that the lncRNA Xist-TDP-43 assembly is essential to the
anchoring of Xist to the inactive X (Xi) compartment and
heritable gene silencing (65) (Figure 1D). All these indicated
the complicated regulation network of TDP-43 with ncRNAs,
which needs further investigation.

The Interaction Between TDP-43 and
Other RBPs
The glycine-rich C-terminal region of TDP-43 is regarded as the
structural basis for the interaction between TDP-43 and other
RBPs (66), which improved the regulation complexity of TDP-
43. As a member of hnRNP family, TDP-43 was well confirmed
to cooperate with other hnRNP family proteins like
HNRNPA2B1 (23, 67). Among the co-immunoprecipitation of
TDP-43 in HEK-293 cells, 126 proteins were identified
exclusively to be in association with TDP-43, which were
enriched in two clusters (nuclear splicing cluster and
cytoplasmic translation cluster) (49). Another study also
reported similar results; hnRNP L, PTB/nPTB, and hnRNP
A1/A2 interacted with TDP-43 to inhibit the production of a
truncated human SORT1 receptor in neurodegenerative diseases
October 2021 | Volume 11 | Article 755096
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(68). Recent tumor-associated research found that the TDP-43/
SRSF3 complex controlled specific splicing events of downstream
genes PAR3 and NUMB to promote the progression of triple-
negative breast cancer (69). Concerning the significance of RNA
metabolisms in tumor progression, the network mediated by
TDP-43 combined with other RBPs has potential influence.
THE CELLULAR BIOLOGICAL EVENTS
INDUCED BY THE TDP-43 NETWORK

Through literature review and the context presented above, the
cellular biological events mediated by the TDP-43 network
mainly include cell cycle, apoptosis, and autophagy (37, 54, 57,
70). It mainly depends on the target RNAs of TDP-43 in various
diseases. All the above-mentioned biological events were vital for
carcinogenesis and tumor progressions. In addition, other
biological events induced by TDP-43 also deserve attention.

Liquid–Liquid Phase Separation
Recently, the liquid–liquid phase separation (LLPS) of TDP-43
revealed a novel mechanism by regulating RNA stability and
ribonucleoprotein assembly in certain diseases. For structure
basis, a-helical component in the center (residues 320–340) of
the C-terminal domain is related to the self-association of the
protein and LLPS (71, 72); another research found that
phosphomimetic substitution at S48 of NTD disrupted
TDP-43 LLPS (73). In addition, a recent study revealed
acetylation and HSP70-regulated TDP-43 phase separation and
conversion into solid phase (74). LLPS has been found to be
involved in several diseases, especially neurodegenerative
diseases. It is an emerging area for LLPS in tumors, and its
important regulatory role comes to the realization of scientists.
One recent paper suggested that mutations in the tumor
suppressor SPOP were linked to specific phase separation
defects, which induced the upregulation of various proto-
oncogenic proteins targeted by normal SPOP-mediated protein
proteasomal degradation (75).

DNA Damage and Nonhomologous DNA
End Joining
The role of TDP-43 in DNA damage and repair could also not be
neglected (Figure 1E). Neurodegenerative diseases are known to
harbor the accumulation of damaged DNA as well as impairment
in DNA repair mechanisms. Mislocalization of TDP-43 impairs
the nuclear localization of DNA double-strand break (DSB)
repair proteins (such as HDAC1 and APEX1) and contributes
to the accumulation of DNA damage, thus promoting cell death
(76–78). In addition, TDP-43 deletion and mislocalization of
mutated TDP-43 (A382T) induced transcription-dependent R-
loop accumulation and resulted in DNA replication defects (27,
79). Nonhomologous DNA end joining (NHEJ) is one of the
major DSB repair pathways in eukaryotes. TDP-43 has recently
been found to function as an accessory factor during NHEJ (28,
80). In a proteomics study in 2010, TDP-43 was found to interact
with Ku70, a core factor initiating the NHEJ pathway (49). Mitra
Frontiers in Oncology | www.frontiersin.org 5
et al. observed a direct interaction between recombinant TDP-43
and purified XRCC4–DNA ligase IV complexes, even in the
absence of DNA (81), which helps in the nuclear transport of the
XRCC4–DNA ligase IV complex. Their subsequent study
revealed that TDP-43 mutation (Q331K) enhanced cytosolic
mislocalization, preventing the nuclear translocation of
XRCC4–DNA ligase IV and thus resulting in persistent DSBs
and upregulated DNA damage response (25). These results
established TDP-43 as a new regulating factor for NHEJ in
neuronal cells. However, further investigations are required to
examine whether TDP-43 has a potential role in DNA damage to
regulate carcinogenesis and tumor progression.
THE POTENTIAL ROLE OF TDP-43 IN
CANCERS

By reviewing all the literature about TDP-43 and cancers, we
totally found 11 types of cancers involved. In this part, we will
review this topic by cancer type in detail (Table 1).

Breast Cancer
Breast cancer is the most and best investigated cancer on TDP-43
function and mechanism. The role of TDP-43 in breast cancer
was first mentioned in curcumin therapy research. Investigators
found that the anticancer agent curcumin could effectively
inhibit breast cancer cell proliferation (cell cycle arrest and
apoptosis); further proteomic analysis suggested that TDP-43
was significantly downregulated after curcumin treatment (82),
but the specific molecular mechanism of how TDP-43 is involved
was not explained. In another similar research, this issue was
solved to some degree. In this study, the authors found that the
cleaved TDP-43 (35-kDa fragment) mediated by caspase 3 was
cytotoxic and promoted breast cancer cell apoptosis, which can
serve as a therapeutic target to treat breast cancer (83). Another
study revealed that TDP-43 was required for TRIM16-induced
cell growth inhibition of breast cancer and neuroblastoma and
suggested TDP43 as a good prognosis indicator (84). Ke et al.
found that TDP-43 was significantly upregulated in triple-
negative breast cancer (TNBC) compared with normal tissue.
Further biofunction assay and mRNA sequencing analysis
confirmed that TDP-43 regulated TNBC unique alternative
splicing events to promote tumor progression. Through
immuno-precipitation and mass spectrometry analysis, SRSF3
was finally identified as the co-regulator with TDP-43 to mediate
the alternative splicing of several targets, including genes PAR3
and NUMB (69).

Lung Cancer
Two studies suggested that TDP-43 regulated lung cancer
progression involving miRNAs and lncRNA. To investigate the
mechanism of TDP-43 in regulating lung cancer-associated
miRNA biogenesis, Chen et al. used miRNA sequencing after
knocking down TDP-43 and found that TDP-43 knockdown
affected the expression of many miRNAs and altered the patterns
of different isoforms of miRNAs (isomiRs) and miRNA arm
October 2021 | Volume 11 | Article 755096
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selection. In addition, TDP-43 was also confirmed to directly
interact with some mature miRNAs like miR-423-3p and miR-
500a-3p. Further analysis showed that miR-423-3p was
responsible for the cell migration induced by TDP-43, and
miR-500a-3p may serve as a prognostic marker of lung cancer
(15). All the above-mentioned findings indicated the crucial
miRNA regulating role of TDP-43 in lung cancer progression.
In terms of lncRNA, TDP-43 could also bind the 3′ UTR of
MALAT1 to maintain its stability in lung cancer; the knock-
down of TDP-43 significantly suppressed cell proliferation and
migration by downregulating the MALAT1 level (85). One
Frontiers in Oncology | www.frontiersin.org 6
recent report proposed a little controversy in the aspect of
TDP-43 and apoptosis, and it suggested that TDP-43 restored
the sensitiveness of lung cancer cells to cisplatin or
lipopolysaccharide by protecting the apoptotic inducer FasL
mRNA from decay (86). Maybe the different cell biological
processes vary in the different targets of TDP-43.

Glioblastoma and Neuroblastoma
It is not hard to understand the role of TDP-43 in nerve system
tumors like glioblastoma and neuroblastoma, considering the vital
pathological factor role of TDP-43 in neurodegenerative diseases. In
TABLE 1 | The potential role of TDP-43 in cancers.

Tumor Dysregulation Associated
factor

Downstream Mechanism Biological function Function Ref./
PMID

Breast cancer – Curcumin - - Promoted cell apoptosis Tumor
suppressor

21239154

Breast cancer – – – TDP-43 35 kDa fragment Promoted cell apoptosis Tumor
suppressor

29421661

Breast cancer Downregulated TRIM16 CDK6, E2F1,
pRb

mRNA stability Inhibited cell cycle Tumor
suppressor

26902425

Triple-negative
breast cancer

Upregulated SRSF3 PAR3, NUMB mRNA splicing Promoted proliferation and
metastasis

Oncogenic
factor

29581274

Lung cancer – miR-423-3p CRK, LCP2,
ITGA9

miRNA interaction Promoted cell migration Oncogenic
factor

28952053

– miR-500a-3p LIF, PAPPA miRNA processing and interaction Inhibited tumors Tumor
suppressor

28952053

Non-small cell
lung cancer,
NSCLC

Upregulated MALAT1 ABCA1,
LPHN2

lncRNA stability Promoted cell proliferation
and migration

Oncogenic
factor

26265046

Lung cancer Downregulated FasL – mRNA stability Promoted cell apoptosis Tumor
suppressor

31978067

Glioblastoma Upregulated HDAC6 – mRNA stability Activated autophagy,
suppressed stress-induced
apoptosis

Oncogenic
factor

28915616

Neuroblastoma Downregulated TRIM16 CDK6, E2F1,
pRb

mRNA stability Inhibited cell cycle Tumor
suppressor

26902425

Neuroblastoma – – – – – Good
prognosis
indicator

30394813

Neuroblastoma – b-N-
methylamino-
L-alanine

– TDP-43 truncated forms (C-terminal
fragments), phosphorylated and high
molecular weight forms of TDP-43

– – 23665941

Hepatocellular
carcinoma

Upregulated miR-520
family

PFKP Transcription inhibition Promoted glycolysis and
proliferation

Oncogenic
factor

23389994

Hepatocellular
carcinoma

Upregulated GSK3b Wnt/b-catenin
signaling
pathway

mRNA translation Promoted proliferation and
metastasis

Oncogenic
factor

33163270

Melanoma Upregulated – GLUT4 – Promoted proliferation and
metastasis

Oncogenic
factor

27786596

Cervical cancer
(Hela cell)

– p53 – – Induced p53-dependent
G2/M arrest and p53-
independent cell death

Tumor
suppressor

22133803

Cervical cancer
(Hela cell)

– – – DNA damage Prevented R loops
accumulation and DNA
damage

– 33301444

Ewing sarcoma – – – Mutation rs9430161 Higher tumor susceptibility – 22327514
Leukemic (pre-B-
ALL cell line MHH-
CALL3 cell)

Upregulated – – – – – 21783252

Prostate cancer Downregulated – – – – Tumor
biomarker

31404106

Colon cancer – 1,25(OH)2D3 – – – Tumor
suppressor

21864731
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glioblastoma, TDP-43 overexpression, induced by tumor cell
nutrition deprivation, promoted tumor progression. The elevated
TDP-43 could stabilize HDAC6 by binding to 3′UTR, consequently
promoting survival via activating autophagy (87). In terms of
neuroblastoma, two studies have regarded TDP-43 as a beneficial
prognosis predictor, and a high expression of TDP-43 indicated a
good prognosis in neuroblastoma patients (84, 88). For molecular
mechanism, scientists speculated that TDP-43 combined with
tumor suppressor TRIM16 to regulate CDK6 stability and,
consequently, the E2F1/pRb cell cycle pathway (84). However,
regardless of the total amount of TDP-43, another paper also
proposed the importance of altered TDP-43 truncated forms (C-
terminal fragments), phosphorylated and high molecular weight
forms of TDP-43, in the carcinogenesis of neuroblastoma. These
forms of TDP-43 could be induced by neurotoxic amino acid b-N-
methylamino-L-alanine, which was produced by most
cyanobacteria and extensively distributed in different
environments all over the world (89).

Hepatocellular Carcinoma
The upregulation of TDP-43 was confirmed to act as a glycolysis
regulator in hepatocellular carcinoma (HCC). Knockdown of TDP-
43 significantly inhibited HCC cell proliferation; through mRNA
sequencing and bioinformatic sequence analysis, TDP-43 could
directly bind to the promoter of miR-520 family to inhibit the
expression. In addition, PFKP was further identified as the direct
target of the miR-520 family. Consequently, the TDP-43/miR-520s/
PFKP regulatory axis was established to explain the HCC glycolysis
mechanism (90). Recently, another study confirmed the significance
of TDP-43 in promoting HCC cell proliferation and metastasis by
suppressing GSK3b protein translation and subsequent Wnt/b-
catenin pathway activation (91).

Melanoma
Similar to the regulatory role of TDP-43-mediated glycolysis in
HCC, TDP-43 was also confirmed to be a novel oncogene
promoting melanoma cell proliferation and migration, which
was also a poor prognosis indicator for overall survival. For
mechanism investigation, TDP-43 regulated the GLUT4
expression in an indirect way; however, the specific mechanism
needed further investigation (92).

Cervical Cancer
A preliminary influence test of TDP-43 on cervical cancer was
also reported. In HeLa cells, overexpression of TDP-43 caused
partially p53-dependent G2/M arrest and p53-independent cell
death (93). Another study revealed that TDP-43 depletion
increased the R-loop accumulation and associated genome
instability in HeLa cells (27). More investigations of TDP-43 in
cervical cancer are needed.

Other Cancers
Several cancers only reported a few about the expression pattern of
TDP-43, which indicates a potential regulatory function in
tumorigenicity. Mutation rs9430161 [P = 1.4 × 10−20; odds
ratio = 2.2), located 25 kb upstream of TDP-43, was associated
with susceptibility to Ewing sarcoma. The variant was associated
Frontiers in Oncology | www.frontiersin.org 7
with TDP-43 expression levels (94). To screen the differentially
expressed nucleolar proteins in leukemic cell lines with
dimensional difference gel electrophoresis analyses, TDP-43 was
found to be strongly expressed in the nucleoli of the leukemic pre-
B-ALL cell line MHH-CALL3, suggesting that its identification
effect differentiates various leukemia subtypes (95). The biomarker
value of TDP-43 was also reported in prostate cancer. TDP-43, as
a member of the detection panel, improved the detection rate with
a magneto-nanosensor assay for serum circulating autoantibodies.
Human serum samples from 99 patients (50 with non-cancer and
49 with clinically localized prostate cancer) were evaluated in this
study. The area under the curve of TDP-43 receiver operating
characteristic curves was 0.793 (95%CI, 0.512–1.00) (96). 1a,25-
Dihydroxyvitamin D3 [1,25(OH)2D3] was reported to be a
potential anticancer agent for various cancers, including colon
cancer. To explore the mechanism of 1,25(OH)2D3 action on
human colon cancer cells, a proteomic analysis was conducted,
and it revealed that a large group of identified proteins, including
SFPQ, SMARCE, KHSRP, TDP-43, and PARP1, were involved in
RNA processing or modification in colon tumorigenicity (97).
CONCLUSION

As a member of hnRNP family RBP, TDP-43 plays a significant role
in RNA metabolism in various diseases, especially the cancers
discussed here. The complex regulation network composed of
mRNA active splicing, transport, stability, miRNA processing, and
lncRNA interaction comes into focus and is realized by scientists for
investigating the mechanisms of carcinogenesis and tumor
progression. All the above-mentioned reviews indicate us the
important role of TDP-43 involved in various cancers. We can
conclude it in several aspects: (1) TDP-43-mediated important
oncogene or tumor suppressor mRNA splicing and stability
regulation, (2) the interaction between TDP-43 and miRNAs
(miRNA processing or co-regulation), and (3) regulating
downstream targets that interacted with lncRNA or other RBPs.
We hope that this conclusion would provide some research
experience or any ideas for other researchers who want to
investigate this field. However, a small shortcoming is that only
some preliminary findings indicate that TDP-43 is rather important
in certain tumors, and the precise molecular mechanisms mediated
by TDP-43 are still unclear, which need further investigation in the
future. Considering the dysregulated expression pattern, it is also
promising to find the target drug or translate it into a sensitive and
specific biomarker for tumor therapy and diagnosis. To conclude,
we hope that this review could provide detailed and systematic
concepts and knowledge of cancer-associated TDP-43.
AUTHOR CONTRIBUTIONS

XM, YY, and HX performed literature search and reviewed the
literature. XM drafted the manuscript. JL, XW, and XL revised
and finalized the manuscript. All authors contributed to the
article and approved the submitted version.
October 2021 | Volume 11 | Article 755096

https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Ma et al. TDP-43 in Cancer
FUNDING

This study was supported by the National Natural Science
Foundation of China (nos. 81802564 and 82103243), the
Frontiers in Oncology | www.frontiersin.org 8
Zhejiang Province Medical and Health Scientific Research
Project (2019RC033), the Zhejiang Provincial Natural Science
Foundation of China (LY20H160022), and the China
Postdoctoral Science Foundation (2020M681885).
REFERENCES

1. Ou SH, Wu F, Harrich D, Garcia-Martinez LF, Gaynor RB. Cloning and
Characterization of a Novel Cellular Protein, TDP-43, That Binds to Human
Immunodeficiency Virus Type 1 TAR DNA Sequence Motifs. J Virol (1995)
69(6):3584–96. doi: 10.1128/jvi.69.6.3584-3596.1995

2. Buratti E, Baralle FE. The Multiple Roles of TDP-43 in pre-mRNA Processing
and Gene Expression Regulation. RNA Biol (2010) 7(4):420–9. doi: 10.4161/
rna.7.4.12205

3. Colombrita C, Onesto E, Megiorni F, Pizzuti A, Baralle FE, Buratti E, et al.
TDP-43 and FUS RNA-Binding Proteins Bind Distinct Sets of Cytoplasmic
Messenger RNAs and Differently Regulate Their Post-Transcriptional Fate in
Motoneuron-Like Cells. J Biol Chem (2012) 287(19):15635–47. doi: 10.1074/
jbc.M111.333450

4. Tollervey JR, Curk T, Rogelj B, Briese M, Cereda M, Kayikci M, et al.
Characterizing the RNA Targets and Position-Dependent Splicing
Regulation by TDP-43. Nat Neurosci (2011) 14(4):452–8. doi: 10.1038/
nn.2778

5. Polymenidou M, Lagier-Tourenne C, Hutt KR, Huelga SC, Moran J, Liang
TY, et al. Long pre-mRNA Depletion and RNA Missplicing Contribute to
Neuronal Vulnerability From Loss of TDP-43. Nat Neurosci (2011) 14
(4):459–68. doi: 10.1038/nn.2779

6. Kawahara Y, Mieda-Sato A. TDP-43 Promotes microRNA Biogenesis as a
Component of the Drosha and Dicer Complexes. Proc Natl Acad Sci USA
(2012) 109(9):3347–52. doi: 10.1073/pnas.1112427109

7. Highley JR, Kirby J, Jansweijer JA, Webb PS, Hewamadduma CA, Heath PR,
et al. Loss of Nuclear TDP-43 in Amyotrophic Lateral Sclerosis (ALS) Causes
Altered Expression of Splicing Machinery and Widespread Dysregulation of
RNA Splicing in Motor Neurones. Neuropathol Appl Neurobiol (2014) 40
(6):670–85. doi: 10.1111/nan.12148

8. Yu CH, Davidson S, Harapas CR, Hilton JB, Mlodzianoski MJ,
Laohamonthonkul P, et al. TDP-43 Triggers Mitochondrial DNA Release
via mPTP to Activate cGAS/STING in ALS. Cell (2020) 183(3):636–49.e18.
doi: 10.1016/j.cell.2020.09.020

9. de Boer EMJ, Orie VK,Williams T, BakerMR, DeOliveira HM, Polvikoski T, et al.
TDP-43 Proteinopathies: A New Wave of Neurodegenerative Diseases. J Neurol
Neurosurg Psychiatry (2020) 92(1):86–95. doi: 10.1136/jnnp-2020-322983

10. Tziortzouda P, Van Den Bosch L, Hirth F. Triad of TDP43 Control in
Neurodegeneration: Autoregulation, Localization and Aggregation. Nat Rev
Neurosci (2021) 22(4):197–208. doi: 10.1038/s41583-021-00431-1

11. Paschalis A, Sharp A, Welti JC, Neeb A, Raj GV, Luo J, et al. Alternative
Splicing in Prostate Cancer. Nat Rev Clin Oncol (2018) 15(11):663–75.
doi: 10.1038/s41571-018-0085-0

12. Lee SC, Abdel-Wahab O. Therapeutic Targeting of Splicing in Cancer. Nat
Med (2016) 22(9):976–86. doi: 10.1038/nm.4165

13. Salton M, Misteli T. Small Molecule Modulators of Pre-mRNA Splicing in
Cancer Therapy. Trends Mol Med (2016) 22(1):28–37. doi: 10.1016/
j.molmed.2015.11.005

14. Slack FJ, Chinnaiyan AM. The Role of Non-Coding RNAs in Oncology. Cell
(2019) 179(5):1033–55. doi: 10.1016/j.cell.2019.10.017

15. Chen X, Fan Z, McGee W, Chen M, Kong R, Wen P, et al. TDP-43 Regulates
Cancer-Associated microRNAs. Protein Cell (2018) 9(10):848–66.
doi: 10.1007/s13238-017-0480-9

16. Krecic AM, Swanson MS. hnRNP Complexes: Composition, Structure, and
Function. Curr Opin Cell Biol (1999) 11(3):363–71. doi: 10.1016/s0955-0674
(99)80051-9

17. Lagier-Tourenne C, Polymenidou M, Cleveland DW. TDP-43 and FUS/TLS:
Emerging Roles in RNA Processing and Neurodegeneration. Hum Mol Genet
(2010) 19(R1):R46–64. doi: 10.1093/hmg/ddq137

18. Ayala YM, Pantano S, D'Ambrogio A, Buratti E, Brindisi A, Marchetti C, et al.
Human, Drosophila and C.elegans TDP43: Nucleic Acid Binding Properties
and Splicing Regulatory Function. J Mol Biol (2005) 348(3):575–88.
doi: 10.1016/j.jmb.2005.02.038

19. Buratti E, Baralle FE. Characterization and Functional Implications of the
RNA Binding Properties of Nuclear Factor TDP-43, a Novel Splicing
Regulator of CFTR Exon 9. J Biol Chem (2001) 276(39):36337–43.
doi: 10.1074/jbc.M104236200

20. Lukavsky PJ, Daujotyte D, Tollervey JR, Ule J, Stuani C, Buratti E, et al.
Molecular Basis of UG-Rich RNA Recognition by the Human Splicing Factor
TDP-43. Nat Struct Mol Biol (2013) 20(12):1443–9. doi: 10.1038/nsmb.2698

21. Buratti E, Brindisi A, Pagani F, Baralle FE. Nuclear Factor TDP-43 Binds to
the Polymorphic TG Repeats in CFTR Intron 8 and Causes Skipping of Exon
9: A Functional Link With Disease Penetrance. Am J Hum Genet (2004) 74
(6):1322–5. doi: 10.1086/420978

22. Lee EB, Lee VM, Trojanowski JQ. Gains or Losses: Molecular Mechanisms of
TDP43-Mediated Neurodegeneration. Nat Rev Neurosci (2011) 13(1):38–50.
doi: 10.1038/nrn3121

23. D'Ambrogio A, Buratti E, Stuani C, Guarnaccia C, Romano M, Ayala YM,
et al. Functional Mapping of the Interaction Between TDP-43 and hnRNP A2
In Vivo. Nucleic Acids Res (2009) 37(12):4116–26. doi: 10.1093/nar/gkp342

24. Cassel JA, Reitz AB. Ubiquilin-2 (UBQLN2) Binds With High Affinity to the C-
Terminal Region of TDP-43 and Modulates TDP-43 Levels in H4 Cells:
Characterization of Inhibition by Nucleic Acids and 4-Aminoquinolines.
Biochim Biophys Acta (2013) 1834(6):964–71. doi: 10.1016/j.bbapap.2013.03.020

25. Guerrero EN, Mitra J, Wang H, Rangaswamy S, Hegde PM, Basu P, et al.
Amyotrophic Lateral Sclerosis-Associated TDP-43 Mutation Q331K Prevents
Nuclear Translocation of XRCC4-DNA Ligase 4 Complex and is Linked to
Genome Damage-Mediated Neuronal Apoptosis. Hum Mol Genet (2019) 28
(15):2459–76. doi: 10.1093/hmg/ddz062

26. Orrù S, Coni P, Floris A, Littera R, Carcassi C, Sogos V, et al. Reduced Stress
Granule Formation and Cell Death in Fibroblasts With the A382T Mutation
of TARDBP Gene: Evidence for Loss of TDP-43 Nuclear Function. Hum Mol
Genet (2016) 25(20):4473–83. doi: 10.1093/hmg/ddw276

27. Giannini M, Bayona-Feliu A, Sproviero D, Barroso SI, Cereda C, Aguilera A.
TDP-43 Mutations Link Amyotrophic Lateral Sclerosis With R-Loop
Homeostasis and R Loop-Mediated DNA Damage. PloS Genet (2020) 16
(12):e1009260. doi: 10.1371/journal.pgen.1009260

28. Konopka A, Whelan DR, Jamali MS, Perri E, Shahheydari H, Toth RP, et al.
Impaired NHEJ Repair in Amyotrophic Lateral Sclerosis is Associated With
TDP-43 Mutations. Mol Neurodegener (2020) 15(1):51. doi: 10.1186/s13024-
020-00386-4

29. Mompeán M, Romano V, Pantoja-Uceda D, Stuani C, Baralle FE, Buratti E,
et al. Point Mutations in the N-Terminal Domain of Transactive Response
DNA-Binding Protein 43 kDa (TDP-43) Compromise its Stability,
Dimerization, and Functions. J Biol Chem (2017) 292(28):11992–2006.
doi: 10.1074/jbc.M117.775965

30. Cao L, Wang S, Zhang Y, Wong KC, Nakatsu G, Wang X, et al. Zinc-Finger
Protein 471 Suppresses Gastric Cancer Through Transcriptionally Repressing
Downstream Oncogenic PLS3 and TFAP2A. Oncogene (2018) 37(26):3601–
16. doi: 10.1038/s41388-018-0220-5

31. Zhang H, Duan J, Qu Y, Deng T, Liu R, Zhang L, et al. Onco-miR-24 Regulates
Cell Growth and Apoptosis by Targeting BCL2L11 in Gastric Cancer. Protein
Cell (2016) 7(2):141–51. doi: 10.1007/s13238-015-0234-5

32. Kim JW, Marquez CP, Kostyrko K, Koehne AL, Marini K, Simpson DR, et al.
Antitumor Activity of an Engineered Decoy Receptor Targeting CLCF1-
CNTFR Signaling in Lung Adenocarcinoma. Nat Med (2019) 25(11):1783–95.
doi: 10.1038/s41591-019-0612-2

33. Saini S, Sripada L, Tulla K, Kumar P, Yue F, Kunda N, et al. Loss of MADD
Expression Inhibits Cellular Growth and Metastasis in Anaplastic Thyroid
Cancer. Cell Death Dis (2019) 10(2):145. doi: 10.1038/s41419-019-1351-5

34. Su L, Luo Y, Yang Z, Yang J, Yao C, Cheng F, et al. MEF2D Transduces
Microenvironment Stimuli to ZEB1 to Promote Epithelial-Mesenchymal
October 2021 | Volume 11 | Article 755096

https://doi.org/10.1128/jvi.69.6.3584-3596.1995
https://doi.org/10.4161/rna.7.4.12205
https://doi.org/10.4161/rna.7.4.12205
https://doi.org/10.1074/jbc.M111.333450
https://doi.org/10.1074/jbc.M111.333450
https://doi.org/10.1038/nn.2778
https://doi.org/10.1038/nn.2778
https://doi.org/10.1038/nn.2779
https://doi.org/10.1073/pnas.1112427109
https://doi.org/10.1111/nan.12148
https://doi.org/10.1016/j.cell.2020.09.020
https://doi.org/10.1136/jnnp-2020-322983
https://doi.org/10.1038/s41583-021-00431-1
https://doi.org/10.1038/s41571-018-0085-0
https://doi.org/10.1038/nm.4165
https://doi.org/10.1016/j.molmed.2015.11.005
https://doi.org/10.1016/j.molmed.2015.11.005
https://doi.org/10.1016/j.cell.2019.10.017
https://doi.org/10.1007/s13238-017-0480-9
https://doi.org/10.1016/s0955-0674(99)80051-9
https://doi.org/10.1016/s0955-0674(99)80051-9
https://doi.org/10.1093/hmg/ddq137
https://doi.org/10.1016/j.jmb.2005.02.038
https://doi.org/10.1074/jbc.M104236200
https://doi.org/10.1038/nsmb.2698
https://doi.org/10.1086/420978
https://doi.org/10.1038/nrn3121
https://doi.org/10.1093/nar/gkp342
https://doi.org/10.1016/j.bbapap.2013.03.020
https://doi.org/10.1093/hmg/ddz062
https://doi.org/10.1093/hmg/ddw276
https://doi.org/10.1371/journal.pgen.1009260
https://doi.org/10.1186/s13024-020-00386-4
https://doi.org/10.1186/s13024-020-00386-4
https://doi.org/10.1074/jbc.M117.775965
https://doi.org/10.1038/s41388-018-0220-5
https://doi.org/10.1007/s13238-015-0234-5
https://doi.org/10.1038/s41591-019-0612-2
https://doi.org/10.1038/s41419-019-1351-5
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Ma et al. TDP-43 in Cancer
Transition and Metastasis in Colorectal Cancer. Cancer Res (2016) 76
(17):5054–67. doi: 10.1158/0008-5472.Can-16-0246

35. Tang B, Tang F, Wang Z, Qi G, Liang X, Li B, et al. Overexpression of
CTNND1 in Hepatocellular Carcinoma Promotes Carcinous Characters
Through Activation of Wnt/b-Catenin Signaling. J Exp Clin Cancer Res
(2016) 35(1):82. doi: 10.1186/s13046-016-0344-9

36. Scott P, Anderson K, Singhania M, Cormier R. Cystic Fibrosis, CFTR, and
Colorectal Cancer. Int J Mol Sci (2020) 21(8):2891. doi: 10.3390/ijms21082891

37. De Conti L, Akinyi MV, Mendoza-Maldonado R, Romano M, Baralle M,
Buratti E. TDP-43 Affects Splicing Profiles and Isoform Production of Genes
Involved in the Apoptotic and Mitotic Cellular Pathways. Nucleic Acids Res
(2015) 43(18):8990–9005. doi: 10.1093/nar/gkv814

38. Mulherkar N, Ramaswamy M, Mordi DC, Prabhakar BS. MADD/DENN
Splice Variant of the IG20 Gene is Necessary and Sufficient for Cancer Cell
Survival. Oncogene (2006) 25(47):6252–61. doi: 10.1038/sj.onc.1209650

39. Lelo A, Prip F, Harris BT, Solomon D, Berry DL, Chaldekas K, et al. STAG2 Is
a Biomarker for Prediction of Recurrence and Progression in Papillary Non-
Muscle-Invasive Bladder Cancer. Clin Cancer Res (2018) 24(17):4145–53.
doi: 10.1158/1078-0432.Ccr-17-3244

40. Hasumi H, Baba M, Hasumi Y, Lang M, Huang Y, Oh HF, et al. Folliculin-
Interacting Proteins Fnip1 and Fnip2 Play Critical Roles in Kidney Tumor
Suppression in Cooperation With Flcn. Proc Natl Acad Sci USA (2015) 112
(13):E1624–31. doi: 10.1073/pnas.1419502112

41. Yamada HY, Rao CV. BRD8 is a Potential Chemosensitizing Target for
Spindle Poisons in Colorectal Cancer Therapy. Int J Oncol (2009) 35(5):1101–
9. doi: 10.3892/ijo_00000425

42. Tann JY, Wong LW, Sajikumar S, Ibanez CF. Abnormal TDP-43 Function
Impairs Activity-Dependent BDNF Secretion, Synaptic Plasticity, and
Cognitive Behavior Through Altered Sortilin Splicing. EMBO J (2019) 38
(5):e100989. doi: 10.15252/embj.2018100989

43. Al-Akhrass H, Naves T, Vincent F, Magnaudeix A, Durand K, Bertin F, et al.
Sortilin Limits EGFR Signaling by Promoting its Internalization in Lung
Cancer. Nat Commun (2017) 8(1):1182. doi: 10.1038/s41467-017-01172-5

44. Modic M, Grosch M, Rot G, Schirge S, Lepko T, Yamazaki T, et al. Cross-
Regulation Between TDP-43 and Paraspeckles Promotes Pluripotency-
Differentiation Transition. Mol Cell (2019) 74(5):951–65.e13. doi: 10.1016/
j.molcel.2019.03.041

45. Ling JP, Pletnikova O, Troncoso JC, Wong PC. TDP-43 Repression of
Nonconserved Cryptic Exons is Compromised in ALS-FTD. Science (2015)
349(6248):650–5. doi: 10.1126/science.aab0983

46. Donde A, Sun M, Ling JP, Braunstein KE, Pang B, Wen X, et al. Splicing
Repression is a Major Function of TDP-43 in Motor Neurons. Acta
Neuropathol (2019) 138(5):813–26. doi: 10.1007/s00401-019-02042-8

47. Ishiguro A, Katayama A, Ishihama A. Different Recognition Modes of G-
Quadruplex RNA Between Two ALS/FTLD-Linked Proteins TDP-43 and
FUS. FEBS Lett (2021) 595(3):310–23. doi: 10.1002/1873-3468.14013

48. Herdy B, Mayer C, Varshney D, Marsico G, Murat P, Taylor C, et al. Analysis
of NRAS RNA G-Quadruplex Binding Proteins Reveals DDX3X as a Novel
Interactor of Cellular G-Quadruplex Containing Transcripts. Nucleic Acids
Res (2018) 46(21):11592–604. doi: 10.1093/nar/gky861

49. Freibaum BD, Chitta RK, High AA, Taylor JP. Global Analysis of TDP-43
Interacting Proteins Reveals Strong Association With RNA Splicing and
Translation Machinery. J Proteome Res (2010) 9(2):1104–20. doi: 10.1021/
pr901076y

50. Chu JF, Majumder P, Chatterjee B, Huang SL, Shen CJ. TDP-43 Regulates
Coupled Dendritic mRNA Transport-Translation Processes in Co-Operation
With FMRP and Staufen1. Cell Rep (2019) 29(10):3118–33.e6. doi: 10.1016/
j.celrep.2019.10.061

51. Fan Z, Chen X, Chen R. Transcriptome-Wide Analysis of TDP-43 Binding
Small RNAs Identifies miR-NID1 (miR-8485), a Novel miRNA That
Represses NRXN1 Expression. Genomics (2014) 103(1):76–82. doi: 10.1016/
j.ygeno.2013.06.006

52. Tank EM, Figueroa-Romero C, Hinder LM, Bedi K, Archbold HC, Li X, et al.
Abnormal RNA Stability in Amyotrophic Lateral Sclerosis. Nat Commun
(2018) 9(1):2845. doi: 10.1038/s41467-018-05049-z
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