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ABSTRACT
TDP-43 is a ubiquitously expressedRNA-binding protein that aggregates in the brains of patients suffering fromneurodegenerative
diseases, such as amyotrophic lateral sclerosis (ALS), frontotemporal dementia (FTD) and Alzheimer’s disease. Aggregated
TDP-43 in these diseases is hyperphosphorylated in its C-terminal intrinsically disordered region, while physiological TDP-43
is normally unphosphorylated. Whether TDP-43 phosphorylation is a pathological driver, or rather a protective antagonist of
TDP-43 aggregation and consequently neurodegeneration, is still debated and a matter of ongoing research. Here, we review
current knowledge about TDP-43 phosphorylation in disease and the kinases and phosphatases that regulate this post-translational
modification. We discuss how TDP-43 phosphorylation is thought to shape TDP-43’s phase separation, aggregation and toxicity in
neurodegenerative diseases. We highlight recent research that provides evidence that hyperphosphorylation antagonizes TDP-43
phase separation and aggregation, and speculate about a potential role of condensates in TDP-43 phosphorylation.

1 Introduction

Neurodegenerative Diseases, such as Alzheimer´s disease (AD),
Parkinson disease (PD), amyotrophic lateral sclerosis (ALS) and
various forms of dementia, lead to a range of cognitive and
physical impairments and pose significant challenges for the
elderly. These conditions often feature inclusion bodies made of
aggregated proteins in neuronal cells, which can spread through
prion-like mechanisms across the nervous system [1].

A key protein that gets deposited in inclusions in some of these
diseases is TDP-43 (TAR DNA binding protein of 43 kDa). TDP-
43 aggregates are prevalent in more than 90% of ALS patients,
∼50% of frontotemporal dementia (FTD) patients, up to 60%
of AD cases, as well as a more recently recognized dementia

called limbic-predominance age-related TDP-43 encephalopathy
(LATE) [2–4]. TDP-43 is a DNA/RNA-binding protein normally
found in the nucleus of all cells. It plays important roles in
DNA/RNA processing, such as the regulation of transcription,
alternative splicing, microRNA biogenesis, translation, mRNA
transport and DNA damage repair [5–7]. In the above mentioned
diseases, however, TDP-43 redistributes from the nucleus to the
cytoplasm and forms cytoplasmic aggregates in neurons and
glial cells [4, 8]. These aggregates, composed of full-length TDP-
43 and truncated C-terminal fragments, are harmful as they
trap TDP-43 away from the nucleus, impairing its vital roles
in RNA processing and regulation [5–7]. This nuclear loss-of-
function, possibly combined with direct toxic gain-of-functions
of the cytoplasmic aggregates, impairs neuronal function and
eventually leads to neurodegeneration.
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How TDP-43 forms pathological aggregates is still a very cur-
rent research topic. ALS and FTD patients feature mixtures of
amorphous, non-amyloid TDP-43 aggregates as well as amyloid-
like filaments whose ordered core structures have recently been
resolved by cryo-electron microscopy (cryo-EM) [9–13]. Through
which pathway(s) these amorphous and amyloid-like filaments
form is still unclear. TDP-43 has extended intrinsically disordered
regions (IDRs), which make the protein inherently prone to self-
assembling into oligomers or larger protein droplets through
the process of phase separation [14–16]. These self-assembly
pathways may play important roles in the formation of both
the amorphous TDP-43 aggregates and the amyloid-like TDP-
43 fibers [17, 18]. Phase separation refers to a condensation
process where a homogenous solution of molecules separates
into two distinct phases—a dense phase and a dilute phase,
reminiscent of oil droplets forming in water [19]. Proteins with
IDRs of low sequence complexity have a high tendency to
undergo phase separation, as these regions mediate multivalent
interactions, which are critical for phase separation. TDP-43
contains a long C-terminal low complexity region (LCR), which
is largely disordered but harbors a conserved α-helical element
[15, 16]. In particular, aromatic and aliphatic residues in the
LCR, as well as the α-helix, contribute to TDP-43’s phase
separation into droplet-like structures [15, 16, 20]. While phase
separation is a regulated and reversible process under normal
conditions, various factors, such as increased protein concentra-
tion or disease-linked mutations, can enhance the propensity of
proteins within condensates to misfold and give rise to solid,
aggregated or amyloid-like states [14, 21, 22]. Moreover, the
condensate surface can promote transitions to misfolded cross-
beta structures and nucleate amyloid fibers of various disease-
linked proteins [23–26]. Understanding how cells regulate such
aberrant phase transitions from a dynamic, liquid-like condensed
state to a solid, aggregated state is crucial for developing ther-
apeutic strategies to prevent or reverse pathological protein
aggregates.

Post-translational modifications (PTMs), such as phosphoryla-
tion, acetylation, SUMOylation andubiquitination, often regulate
protein-protein interactions, and hence they can influence the
propensity of proteins to undergo phase separation and transition
to aggregates [27–29]. TDP-43 aggregates inALS andFTDpatients
show significant phosphorylation and poly-ubiquitination [4],
unlike TDP-43 in healthy individuals. Therefore, these PTMs are
heavily researched for their role in disease.

This essay will discuss TDP-43 phosphorylation, examining
various hypotheses about its occurrence in disease, by which
kinases it is introduced, and, in particular, what consequences
it has on TDP-43 aggregation. By this, we pick up some of the
ongoing debates in the scientific community about the relevance
of TDP-43 phosphorylation andTDP-43 kinases for pathology and
potential treatment of neurodegenerative disorders.

2 TDP-43 Hyperphosphorylation in
Neurodegenerative Diseases

TDP-43 contains numerous potential phosphorylation sites (41
serines, 15 threonines, and 8 tyrosines), among them many
serines in the LCR. TDP-43 Western blots on insoluble brain

material from ALS or FTD patients show, in addition to a 43 kDa
band, a 45 kDa band, which by dephosphorylation collapses
into the 43 kDa band [4]. This migration behavior indicates
the presence of multiple phospho-groups on at least a portion
of the TDP-43 molecules in the disease state. Hence, TDP-
43 was described early on as being “hyperphosphorylated” in
disease conditions. Phospho-specific antibodies have identified
a few key sites that are typically phosphorylated in TDP-43
aggregates in neurodegenerative conditions, these include C-
terminal serines S369, S379, S403/S404, and S409/S410 [30–32]
(Figure 1, orange lines). Such phospho-specific antibodies, in
particular those specific to phospho-S409/S410, are routinely
used to detect TDP-43 pathology in post-mortem tissue of patients
[33]. Most studies of patient tissue show phosphorylated TDP-43
at S403/S404 and S409/S410 in neuronal and glial cytoplasmic
inclusions in FTD and AD patients [31, 34], as well as in motor
neurons in ALS patients [31, 35]. Furthermore, phosphorylated
TDP-43 has also been detected in non-neuronal cells, such as
astrocytes, in FTD, AD and LATE patients [36–38]. In addition,
unbiasedmass spectrometry (MS)-based phospho-proteomics has
revealed multiple phosphorylation sites in the C-terminal LCR
as well as more N-terminal regions in a small cohort of ALS
and FTD patients [39, 40] (Figure 1, dark red lines), expanding
the view of TDP-43’s phosphorylation landscape. However, only
small patient numbers (two ALS [40], five FTD-TDP type A
and two FTD-TDP type B cases [39]) have been examined so
far, and these studies did not reveal the total phosphorylation
level across TDP-43 molecules, hence it is still unclear which
fraction of TDP-43 molecules is truly “hyperphosphorylated”
in disease, since phosphosite occupancy can only be quantita-
tively determined through targeted proteomics. Moreover, there
is very limited information on the phosphorylation status of
TDP-43 in cellular or animal models, such as iPSC-derived
neurons or mouse models of TDP-43 proteinopathy—typically
only the presence of S409/S410 is probed, while comprehen-
sive information on TDP-43 phospho-sites (number, location,
stoichiometry) is largely missing. Non-demented control brains
(without TDP-43 pathology) usually show no signal with any
of the phospho-specific antibodies [30–32], and in three exam-
ined control cases, no phospho-peptides were identified by
MS [39].

Nevertheless, various studies have identified phosphorylation
sites in TDP-43 under different experimental conditions, as evi-
dent from public databases, such as PhosphoSitePlus or dbPTM,
which list additional phosphorylation sites so far not linked to
disease but detected by MS-based phospho-proteomics or other
methods in human cancer cell lines (Figure 1, green stars).
For example, T153/Y155 phosphorylation was found upon heat
shock in HEK293T and SH-SY5Y cells [41], and T88, S91/S92
phosphorylation in TDP-43’s nuclear localization signal (NLS)
in HeLa cells upon EGF stimulation, in breast cancer cell lines
as well as melanoma cells upon MKK1/2 inhibitor treatment,
possibly to regulate TDP-43’s nuclear import [31, 42–45]. More-
over, additional phospho-sites were found byMS on recombinant
TDP-43 phosphorylated in vitro by purified Casein kinase 1 (CK1)
[47, 48] (Figure 1, blue stars), however, it is unclear to what
extent such in vitro kinase reactions reflect the physiological or
pathological situation. The fact that several phosphorylation sites
were reported in different human cell lines under normal con-
ditions suggests that phosphorylation may be a dynamic signal
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FIGURE 1 TDP-43 phosphorylation sites identified in post-mortem tissue of patients or cell culture studies. TDP-43 contains a folded N-terminal
domain (NTD), a short disordered region harboring a nuclear localization signal (NLS), two tandemRNA recognitionmotif (RRM) domains and an LCD
enriched in serine, glycine, asparagine, and glutamine (SGNQ) residues. The shaded region indicates the protease-resistant amyloid-like core of TDP-43
aggregates identified by recent cryo-EM structures [11–13]. Phospho-sites identified in patients are shown below the scheme, the length of the lines
indicates in how many patients they were identified. Dark red lines represent phospho-sites identified from unbiased MS [39, 40], whereas orange lines
represent phospho-sites identified through antibody-based immunohistochemistry (IHC) or Western blot (WB) [4, 30–32]. Phospho-sites identified in
various cell culture studies aremarkedwith a green asterisk [41–46], and the ones identified in in vitro kinase experiments aremarkedwith blue asterisks
[30, 47, 48] (from PhosphoSitePlus [49]). Created in BioRender. Dormann, D. (2025) https://BioRender.com/pyomoev.

to regulate TDP-43’s function. Hence, it is possible that disease-
specific phospho-sites may arise from aberrant cellular processes
that involve TDP-43 phosphorylation as part of physiological
regulatory mechanisms.

Interestingly, different disease subtypes show differential recog-
nition by a pS369-specific antibody in immuno-histochemistry
(ALS-TDP, FTD-TDP type B and C cases showed strong
immunoreactivity, while FTD-TDP type A cases were negative)
[32]. In contrast, under denaturing conditions, all subtypes
were recognized by the same antibody, suggesting that TDP-
43 inclusions in different subtypes of TDP-43 proteinopathies
adopt different structural conformations [32]. This is in line
with the recent cryo-EM structures of brain-derived TDP-43
aggregates, which revealed that the protease-resistant core of
the extracted TDP-43 aggregates has a different amyloid-like
fold in ALS and FTD-TDP type B cases than in FTD-TDP
type A cases [12, 13]. Interestingly, most serine residues in the
amyloid-like core of TDP-43 are buried; hence, it remains to
be determined whether disease-associated phosphorylation of
these sites would even be compatible with the formed struc-
tures. Notably, most phospho-sites detected in ALS and FTD
patients reside outside the amyloid-like core region (in the NLS-
RRM1-RRM2 regions or very C-terminal region (aa. 361-414)

(Figure 1). It would be highly informative to extend studies
of TDP-43 phosphorylation to larger patient cohorts, as well
as all disease subtypes (ALS, FTD-TDP-43 type A, B, C and
D, AD with TDP-43 pathology and LATE), and to correlate
them with structural approaches, such as cryo-EM or structural
proteomics approaches. In a related class of neurodegenerative
disorders caused by the deposition of the Tau protein (AD and
corticobasal degeneration, CBD), different Tau structures have
indeed been correlated with different PTM patterns, suggesting
that PTMs influence the Tau filament structure [50]. Similarly,
it can be speculated that the TDP-43 phosphorylation pattern
may influence the TDP-43 amyloid-like fold.Moreover, it remains
to be investigated whether TDP-43 phosphorylation influences
the formation of amorphous, non-amyloid TDP-43 aggregates
that have also been observed in ALS and FTD patient brains
[9, 10].

How could different TDP-43 phosphorylation patterns arise? It
seems possible that different kinases/phosphatases and signaling
pathways become activated under different conditions or in
different cell types. This raises the question of which kinases
and phosphatases act on TDP-43 and under which conditions
they start phosphorylating the protein, in particular in disease-
relevant cell types.
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3 Kinases and Phosphatases Linked to TDP-43
Phosphorylation and Their Potential Misregulation
in Disease

In the last 15 years, various kinases and phosphatases have
been shown to act on TDP-43 and regulate its phosphory-
lation status (Tables 1 and 2). They have been identified
through various experimental approaches, most notable over-
expression of candidate kinases or phosphatases and use of
kinase/phosphatase inhibitors in cell or animalmodels, as well as
in vitro phosphorylation/dephosphorylation assays with purified
enzymes.

Amajor kinase family known to phosphorylate TDP-43 is the CK1
family (Figure 2). In multiple different studies, CK1 kinases have
been reported as potent regulators of TDP-43 phosphorylation [51,
52], and they have been intensively studied as therapeutic targets
in recent years [31, 45, 47, 48, 51–59]. Specifically, CK1δwas found
to induce disease-related phosphosites both in vitro and in cells
[45, 47, 59]. Overexpression of CK1ε at both the transcript and
protein level was found in cases of sporadic ALS and AD [55, 60,
61], and elevated levels of CK1δ, TTBK1 and TTBK2 were found
in the affected brain regions of AD, FTD-Tau, FTD-TDP-43, and
ALS cases [56, 62, 63]. CK1δ and CK1ε were found to interact
with TDP-43 in pull-down experiments [55, 59], and elevatedCK1ε
expression in AD brain correlated with high phospho-S409/S410
TDP-43 levels [55]. Additionally, TTBK1 andTTBK2were found to
co-localize with phosphoS409/S410 TDP-43 aggregates in spinal
cord neurons from ALS patients [57].

Other kinase families remain more poorly characterized as
potential TDP-43 kinase, and most of them have been reported
to phosphorylate TDP-43 in only one publication (Figure 2,
Table 1), hence, their relevance for TDP-43 phosphorylation
requires further validation.

To date, one comprehensive siRNA screen has aimed to identify
kinases of S409/S410 TDP-43 phosphorylation in Caenorhabditis
elegans, leading to the identification of the worm orthologs
of TTBK1, TTBK2, and Cdc7 [57, 64]. Similarly, a Yeast Two-
Hybrid screen identifiedCalcineurin as a phosphatase interacting
with TDP-43, which was subsequently validated in vitro and in
cell models to dephosphorylate TDP-43 [65]. More recently, Ko
et al. compared the effects of seven different kinase inhibitors
(specific for CK1δ, CK1ε, p38α/MAPK14, TTBK1, Cdc7, and CK2)
on pS409/S410-TDP-43 levels and toxicity in SH-SY5Y-cells [52].
They concluded that CK1δ and CK1ε are the primary TDP-43
kinases that affect TDP-43 phosphorylation and aggregation in
cellular models and thus should be considered as therapeutic
targets.

Beyond these screens, no systems-wide approaches or com-
prehensive kinase inhibitor screens have been performed so
far to identify relevant TDP-43 kinases or phosphatases. Given
advancements in screening technologies and systems to model
TDP-43 pathology in human neurons [66, 67], a comprehen-
sive screen to identify TDP-43 kinases or phosphatases in a
human pathology-relevant systemwould be a desirable next step.
Possible approaches could include CRISPR screens, large-scale
inhibitor screens andMS-based approaches. For example, Kinase-

Catalyzed Crosslinking and Immunoprecipitation (K-CLIP) fol-
lowed by MS is emerging as a powerful tool for identifying novel
kinase-substrate interactions and would be well-suited for this
purpose [68]. Alternatively, BioID coupled with MS could be a
method to identify kinases or phosphatases in proximity to TDP-
43, offering the advantage of detecting transient interactions that
might be missed by traditional immunoprecipitation methods
[69].

Identifying the kinases responsible for TDP-43 phosphorylation
in disease seems critical, as it might give us hints about the
signaling pathways that are active in neuronal cells during disease
progression. These kinases may not only act on TDP-43, but also
on many other proteins, that is, they may change the phospho-
proteome and thus change numerous interactions, structural
conformations, activities and regulation of proteins. Thesemolec-
ular changes jointly could elicit, exacerbate or ameliorate disease
progression.

Interestingly, some signaling pathways regulated by the most
established TDP-43 kinases (CK1 family kinases and CK2), such
as the Wnt signaling pathway, circadian clock or FoxO signaling,
were found to be misregulated in several neurodegenerative
diseases, including ALS, AD, FTD, and HD [91–100]. Thus, TDP-
43 hyperphosphorylationmight be the result of a dysregulation in
kinase signaling pathways in the brain, for example, caused by a
faulty expression of certain kinases. Indeed, such a misregulated
kinase expression has been reported for CK1ε, overexpressed both
at the transcript and protein level in ALS and AD cases [55,
60, 61], and CK1δ, TTBK1, and TTBK2 at the protein level in
AD, FTD and ALS cases [56, 62, 63]. Other kinases, such as
Glycogen synthase kinase-3 beta (GSK3β) and Protein kinase
C alpha (PKCα) were found to be overexpressed in ALS and
AD cases, respectively, and TANK binding kinase 1 (TBK1)
and NIMA-related kinase 1 (NEK1) loss-of-function mutations
were identified in ALS patients, however these kinases have
no direct link to TDP-43 phosphorylation [61, 101–103]. Only a
few studies have characterized the signaling networks in patient
brains at the phospho-proteome level [61], hence, we have little
information on what downstream effects the misregulated or
mutated kinases have on the proteome. Thus, more phospho-
proteome and proteome-wide studies in diseased brains would
be needed to better understand the cellular consequences of
dysregulated kinase networks across different neurodegenerative
diseases. This is not an easy task, as we are faced with the
challenge that after death, ATP molecules are rapidly depleted,
which immediately halts kinase activity, while phosphatase activ-
ity remains unaffected [104]. This introduces a significant bias
and high variability between patients, as the remaining phospho-
sites strongly depend on the post-mortem delay and protocols
used for brain tissue preparation and conservation.

Overall, it can be speculated that hyperphosphorylation of TDP-
43 could reflect a general misregulation of kinases/phosphatases,
that is, TDP-43 hyperphosphorylation may just be the “tip of
the iceberg” in the sea of a much wider misregulation of the
(phospho)proteome.

Beyond the kinases that introduce the phospho-sites on TDP-
43, another long-standing question that researchers only recently
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TABLE 2 Overview of proposed TDP-43 phosphatases. Columns provide details on their links to TDP-43 pathology, their subcellular localization
and expression profile according to the Human Protein Atlas (www.proteinatlas.org) [70, 71], their protein abundance according to the PaxDb [72, 73]
protein abundance database was integrated among multiple datasets in the brain [74–78], experimental evidence for their activity towards TDP-43, and
their links to phase separation and localization in membrane-less organelles (MLOs) according to the RNA granule database [79].

TDP-43
Phosphatases

Links to TDP-43
pathology in
AD/ALS/FTD

patients

Localization/expression
[protein abundance
in the brain in parts
per million (ppm)
and abundance rank
position out of all the
identified proteins]

Experimental evidence
for activity towards

TDP-43

Links to phase
separation and

MLOs

Protein phosphatase 3
catalytic subunit
gamma (PPP3CC,
Calcineurin)

∙ Calcineurin
co‑localizes with
pTDP‑positive
inclusions in
FTLD‑TDP and
ALS patient neurons
[65]

Localized to the cytosol
in addition localized to
the nucleoplasm in
most tissues with low
tissue specificity

[26.4 ppm, 2401. out of
13366, top 25%]

∙ Identified through a
Two-hybrid screen in
Yeast [65]

∙ in vitro
dephosphorylation
assay with
recombinant proteins
(with S409/S410
phospho-ab in WB)
[65]

∙ In C. elegans and in
HEK293 cells (with
S409/S410 phospho-
abs in WB and with
S409/S410 phospho-ab
in IF) [65]

/

Protein Phosphatase 1
catalytic subunit
alpha and gamma
(PP1A and PP1G)

/ Subunit alpha:
Localized to the

nucleoplasm, plasma
membrane, cytosol in
several tissues with low

tissue specificity
[131 ppm, 1045. out of

13366, top 10%]
Subunit gamma:

Localized to the cytosol
in several tissues with
low tissue specificity
[105 ppm, 1223. out of

13366, top 10%]

∙ Identified from a can-
didate approach after
an IP experiment [89]

∙ In HEK-293FT cells
(with S379, S403/S404
and S409/S410
phospho-abs in WB)
[89]

∙ Found as
stress granule
(SG) interac-
tor/CAPRIN1
interactors
identified in
sodium arsenite
stressed HeLa
cells [90]

started to address is: What are the consequences of altered TDP-
43 phosphorylation observed in disease? Does it contribute to
TDP-43 aggregation or TDP-43 loss-of-function? Does it con-
trol TDP-43’s subcellular localization? Does it tune TDP-43’s
interactions with other proteins or RNA/DNA molecules, or
modulate its biophysical features, such as its ability to phase
separate?

In the next paragraph, we will discuss what is known about
the consequences of TDP-43 hyperphosphorylation, in particu-
lar, how it affects TDP-43’s aggregation and phase separation
behavior.

4 Effects of TDP-43 Hyperphosphorylation on
TDP-43 Aggregation

Since TDP-43 aggregates in post-mortem brains of ALS/FTD
patients appear to be hyperphosphorylated and consistently are
positive for pS409/S410 by immunohistochemistry, it has been
assumed early on that TDP-43 phosphorylation might be a driver
of its aggregation. Interestingly, there is experimental evidence
for and against this hypothesis (Figure 3). The first approach
was to overexpress or inhibit various TDP-43 kinases in cell
or animal models. This showed that overexpression of TDP-43
kinases often promotes TDP-43 aggregation and neurodegenera-
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FIGURE 2 Kinase tree indicating the identified TDP-43 kinases.
Classification of kinase families based on sequence similarity and struc-
tural features. Kinase families represented are: Protein kinase A, G,
and C families (AGC), Ca2+/calmodulin-dependent kinases (CAMK),
Casein kinase 1 family (CK1), CDK, MAPK, GSK, and CLK kinases
(CMGC), Sterile 20-like kinases (STE), Tyrosine kinases (TK), Tyrosine
kinase-like (TKL), Guanylate Cyclase kinases (GYC). Kinases reported
to phosphorylate TDP-43 in more than one publication are labeled with
a red circle. Kinases reported to phosphorylate TDP-43 in only one
publication are labeled with an orange circle. The kinase tree vector
image was obtained from KinMap (http://www.kinhub.org) [27] and
adapted/reproduced with permission.

tive phenotypes (Figure 3, left): for instance, overexpression of the
kinase domain of CK1δ in SH-SY5Y cells increases the amount
of sarkosyl-insoluble TDP-43 and TDP-43 aggregation in cul-
tured cells [45]. Similarly, co-expression of the CK1ε orthologue
Doubletime in drosophila increases S409/S410 phosphorylation
and TDP-43 aggregation in flies [105]. Finally, TTBK1 (but not
TTBK2) overexpression in C. elegans carrying a human TDP-
43 transgene causes a reduction in animal motility, that is, a
neurodegenerative phenotype [62]. In line with these findings,
pharmacologic inhibition of various TDP-43 kinases was shown
to have protective effects and to suppress TDP-43 aggregation and
toxicity (Figure 3, left): for example, pharmacological inhibition
of TTBK1 rescues TDP-43-overexpression-induced toxicity in
iPSC-derivedneurons [56], and inhibition of p38α reduces TDP-43
aggregation, cytoplasmic accumulation and toxicity in SH-SY5Y
cells [106]. Similarly, in C. elegans, a small molecule inhibitor
of Cdc7 prevents TDP-43–dependent neurodegeneration in TDP-
43–transgenic animals [64]. However, in all of these studies, the
observed effects on TDP-43 aggregation and/or toxicity cannot
be unequivocally attributed to altered TDP-43 phosphorylation,
since kinases have numerous target proteins and regulate various
cellular processes, such as signal transduction, metabolism and
apoptosis. Thus, pharmacological inhibition of a specific kinase
could well be beneficial, while overexpression of a kinase may

be detrimental/toxic, however, these effects are not necessarily
directly caused by changes to TDP-43 phosphorylation, but may
merely correlate with altered TDP-43 phosphorylation. For mak-
ing such a direct connection, one has to find ways to specifically
alter phospho-sites on TDP-43, but no other phosphorylation
events in the cell.

This has so far been attempted by phospho-mimetic mutations
(serine-to-aspartic acid or serine-to-glutamic acid exchanges) in
the TDP-43 sequence, which mimic the negative charges of
phosphorylated serine/threonine residues (Figure 3, right). This
approach demonstrated that introducing 2–12 phosphomimetic
mutations in the C-terminal region of TDP-43 increases TDP-43
solubility and decreases its aggregation propensity in drosophila
as well as HEK293T cells [82, 107], and suppresses recruitment of
TDP-43 into stress-induced condensates, such as stress granules,
in HeLa cells and primary neurons [48, 108]. Additionally, using
purified proteins, it was shown that increasing numbers of
phospho-mimetic residues in the TDP-43 C-terminus enhance
the liquid-like properties of TDP-43 condensates and antagonize
TDP-43 aggregation in vitro [48]. Likewise, in vitro phosphory-
lation of TDP-43 with CK1δ suppresses TDP-43 phase separation
and elevates its solubility [48] (Figure 3, right). Moreover, systems
biology and computational simulations approaches furthermore
support the hypothesis that TDP-43 phosphorylation promotes
its solubility: TDP-43 was identified as one of the proteins that
decreases in the soluble fraction and increases in the insoluble
fraction upon phosphatase treatment in a proteome-wide MS
analysis [109]. Additionally, atomistic and coarse-grained molec-
ular dynamics simulations revealed that phosphomimetic and
phosphorylated serines in the TDP-43 LCR are more strongly
solvated with water molecules and show reduced protein-protein
self-interactions [48], and that phosphorylation of the TDP-43
LCR with CK1δ causes dissolution of TDP-43 LCR condensates
[110].

One caveat of using phosphomimetic mutations is that they do
not perfectly mimic phosphorylated serine or threonine residues,
as they introduce only one negative charge, whereas a phosphate
group carries two negative charges. Moreover, even if a certain
phospho-site on TDP-43 is identified based on antibodies orMS, it
does notmean that 100%of TDP-43molecules are phosphorylated
in this position, as simulated by a phosphomimetic mutation.
However, so far, we have a poor quantitative understanding of
TDP-43 phosphorylation in the disease state, as quantitative MS
studies in larger patient cohorts are still missing.

An alternative approach could be to specifically recruit a TDP-43
kinase using chemical inducers of proximity [111, 112]. An analo-
gous approach has been recently successfully used to SUMOylate
TDP-43 in cells, by recruiting the SUMO ligase PIAS4 to TDP-43
via the FKBP-FKR dimerization system [113]. Applying such an
approach to kinases in order to specifically hyperphosphorylate
TDP-43 could potentially allow to validate or disprove the above-
mentioned hypotheses on how TDP-43 phosphorylation impacts
its solubility, aggregation propensity and neurotoxicity.

Overall, considering the above-mentioned caveat of the kinase
overexpression/inhibition approach (Figure 3, left), it seemsmore
likely that hyperphosphorylation promotes TDP-43 solubility and
antagonizes its aggregation (Figure 3, right), as this scenario
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FIGURE 3 Scheme representing two alternative approaches used to study the effects of TDP-43 phosphorylation on its aggregation behavior. For
details, see the text. Created in BioRender. Dormann, D. (2025) https://BioRender.com/11b72n7.

is supported by a combination of in vitro, in cell, simulations
and systems biology data. Accordingly, it has been proposed
that TDP-43 phosphorylation could be a response to cellular
stress or to TDP-43 insolubility [107, 114, 115] and could be a
protective cellular mechanism to keep the protein in a soluble,
dynamic and functional state [48]. In line with this model, it
has recently been proposed that in FUS, another aggregation-
prone ALS/FTD-linked RNA-binding protein, phosphosites are
more strongly enriched close to amyloidogenic protein regions, in
order to prevent aberrant liquid-to-solid phase transitions of the
protein in primates [116]. What remains to be addressed is how
and by what trigger TDP-43 phosphorylation is induced in cells.
Another key question is whether kinases can still phosphorylate
TDP-43 in the condensed state, in amorphous aggregates or in the
amyloid-like state, and whether this can lead to the dissolution of
TDP-43 condensates or the amorphous or amyloid-like aggregates
observed in disease.

5 Effects of TDP-43 Hyperphosphorylation on
TDP-43 Localization and RNA Regulatory Functions

A small number of studies reported how phospho-mimetic
mutations or kinase overexpression impact TDP-43’s nuclear
localization, RNA binding and splicing activity. Multi-site phos-
phomimetic substitution of 18 serine residues in the C-terminal
region (aa. 331–414, 18S→E) was shown to impair TDP-43’s
splicing function, increase its nuclear retention and reduce
mRNA binding and thus recruitment into stress granules under
oxidative stress conditions [108]. Another study reported that
phosphomimetic substitutions at residues S379, S403/404 or
S409/410 enhance Tau exon 10 inclusion [117], whereas kinase
overexpression (PKAcα, CK1δ, CK1ε) produced the opposite
effect, suppressing Tau exon 10 inclusion [55, 59, 88]. In contrast,
another study found that 12 phosphomimetic substitutions in
the C-terminal region (aa. 370–414, 12S→D) had no impact on
RNA binding, autoregulation, splicing of several target RNAs or
nuclear import of TDP-43 [48]. These discrepancies may come

from differences in the chosen phospho-mimetic mutations or
RNA targets analyzed. What is still missing is a systematic inves-
tigation of how phospho-mimeticmutations alter TDP-43’s global
RNA- and protein-interactome as well as transcriptome-wide
alternative splicing or other DNA/RNA regulatory processes.

6 Potential Role of Condensates in TDP-43
Phosphorylation

When looking over the list of potential TDP-43 kinases (Table 1),
it is notable that many of the candidate kinases localize to
membrane-less organelles (MLOs) that form by phase separa-
tion and have regions predicted to be intrinsically disordered
(Figure 4). Thus, it can be speculated that TDP-43 meets its
kinases in condensates and that the pattern or rate of phosphory-
lationmight be influenced by the condensate environment. Inter-
estingly, it was recently shown that kinases and substrates that are
co-recruited into synthetic model condensates show an increase
in phosphorylation efficiency by 3-fold in vitro and by 100-fold in
vivo in budding yeast, while simultaneously showing decreased
kinase specificity [118]. Tau was also phosphorylated ∼3-fold
more efficiently upon crowding-induced phase separation in
vitro, suggesting that the disease-linked hyperphosphorylation
pattern on Tau may stem from a combination of increased kinase
efficiency and decreased kinase specificity in the condensate
environment [118].

Whether TDP-43 and its kinases indeed meet in cellular con-
densates, such as stress granules or other cytosolic or nuclear
RNP granules, and to what extent the TDP-43 phosphorylation
rate and/or pattern in cells is influenced by the condensate envi-
ronment remains to be addressed. Condensates may potentially
influence kinase activity by concentrating and physically orga-
nizing enzymes and substrates and by providing distinct effective
local environments compared to the surrounding solution [119,
120]. In support of this view, various nuclear condensates were
recently shown to have different pH values [121, 122].
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FIGURE 4 Disorder prediction scores for all putative TDP-43 kinases grouped by kinase family. Scores are based on PONDR [123, 124], IUPred3
[125] and Alphafold2.0 [126, 127] databases and the information was retrieved in January 2025. A disorder prediction score above 0.5 indicates a
disordered region. Protein domain cartoons are based on Uniprot annotation retrieved in January 2025 and visualized using the Bioconductor R package
drawProteins [128]. *Alphafold pLDDT scores were recalculated with the formula new_score = 1 − (pLDDT score/100) for illustration purposes.

7 Open Questions Related to TDP-43
Phosphorylation and Recommendations for Future
Research

So far, research on TDP-43 phoshorylation has been relatively
unsystematic and a more comprehensive understanding of the
mechanisms underlying TDP-43 phosphorylation and its conse-
quences is still required. This is surprising, given how relevant
the topic is for many neurodegenerative diseases, including ALS,
FTD, AD and LATE, and potentially even related degenerative
conditions. One key question that urgently needs to be addressed
is what stimuli/signals trigger TDP-43 phosphorylation in cells
and animal models, as this would allow us to model and
further study this disease-associated PTM in tractable model
systems. Moreover, it will be interesting to study the role of
condensates in TDP-43 phosphorylation, that is, whether TDP-
43 phosphorylation is accelerated or suppressed in condensates
andwhether the condensates environment or their physicochem-
ical properties influence TDP-43 phosphorylation. Another key
question is which kinases can phosphorylate TDP-43 in the
aggregated state, and whether this can lead to the dissolution
of TDP-43 aggregates and could be harnessed as a therapeutic
strategy.

Additionally, we do not yet know if phosphorylation induces
any conformational/structural changes to TDP-43, as can be
speculated from the fact that TDP-43 has a neutrally charged IDR,
for which multi-site phosphorylation is expected to increase its
radius of gyration, thus potentially creating a hub for multiple
different interactors [129]. Along the same lines, it remains
to be investigated how disease-linked TDP-43 phosphorylation
influences its interaction with other proteins and/or nucleic
acids. For example, it can be speculated that phosphorylation
on TDP-43 enhances interaction with the class of 14-3-3 proteins
that bind to a precise phosphorylation consensus motif and were
shown to bind to pathological TDP-43 [130]. Other altered protein
interactors could include E3 ligases, as phosphorylated TDP-43 is

consistently found to be polyubiquitinated in disease, raising the
possibility that the two modifications could be linked.

In general, the interplay of TDP-43 phosphorylation with other
PTMs, such as methylation, SUMOylation, ubiquitinylation, cit-
rullination and acetylation [131], is a highly relevant topic for
future research. It has already been shown thatmonomethylation
of R293 is antagonized by p38α-mediated phosphorylation [86],
and that SUMO2ylation at K408 directly competes with phospho-
rylation of residues S409/S410 [132]. However, this is just the tip of
the iceberg, and much more cross-regulation between PTMs is to
be expected. Interesting PTMs for further investigations include
SUMOylation and Ubiquitination, which mostly occur on multi-
ple lysines in the NLS or RRM regions [133, 134]. Interestingly,
SUMO2/3ylation is largely restricted to RNA-free TDP-43 and
suppresses TDP-43 aggregation, but also regulates its subcellular
localization [133, 135, 136]. Another interesting PTM, which co-
occurs with phospho-S409/S410 in patient tissues and mouse
models, is citrullination within the RRMs or C-terminal LCR [12,
137]. Citrullination removes arginine’s positive charge and slows
the amyloidogenic nucleation phase and reduces RNA-binding
of TDP-43 [137]. Finally, acetylation is an interesting PTMs, as
acetylation in the RRM regions compromises RNA binding and
promotes the build-up of phosphorylated and ubiquitinated TDP-
43 aggregates [138–140]. Together, these studies paint a picture
of remarkable PTM complexity. The PTM landscape of TDP-43
is likely highly dynamic, with modifications competing with or
reinforcing one another, thus, a broad interplay among PTMs at
overlapping or neighboring residues is to be expected. It would
be highly desirable to gain a better understanding of this complex
modification crosstalk and how it impacts TDP-43 biology and
pathology.

Answering these questions will be a fundamentally important
step in further disentangling the role of TDP-43 phosphory-
lation in disease and to finally clarify whether targeting this
modification could be a promising disease-modifying strategy.
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