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ABSTRACT

The aggregation, cellular mislocalization and dysfunction of TDP-43 are hallmarks of multiple
neurodegenerative disorders. We find that inducing TDP-43 aggregation through prion-like
seeding gradually diminishes normal TDP-43 nuclear localization and function. Aggregate-
affected cells show signature features of TDP-43 loss of function, such as DNA damage and
dysregulated TDP-43-target expression. We also observe strong activation of TDP-43-
controlled cryptic exons in cells, including human neurons treated with proteopathic seeds.
Furthermore, aggregate seeding impairs TDP-43 autoregulation, an essential mechanism
controlling TDP-43 homeostasis. Interestingly, proteins that normally interact with TDP-43 are
not recruited to aggregates, while other factors linked to TDP-43 pathology, including Ataxin 2,
specifically colocalize to inclusions and modify seeding-induced aggregation. Our findings
indicate that TDP-43 aggregation, mislocalization and loss of function are strongly linked and
suggest that disruption of TDP-43 autoregulation establishes a toxic feed-forward mechanism
that amplifies aggregation and may be central in mediating this pathological connection.

INTRODUCTION

The Transactive Response DNA binding protein (TDP-43) is an essential RNA binding protein
that regulates gene expression through RNA processing and is strongly linked to multiple
neurodegenerative disorders, collectively referred to as TDP-43 proteinopathies. TDP-43
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pathology is characterized by protein aggregation, most often in the cytoplasm of neurons and
glial cells, and depletion from its normal nuclear distribution'. TDP-43 is an RNA binding
protein most well-characterized for regulating alternative splicing and alternative
polyadenylation? 34 58, Recent findings have underscored the involvement of loss of TDP-43
function in disease, as dysregulation of TDP-43 target genes is observed in patients affected
by TDP-43 proteinopathies” & 9 10.11.12_Collectively, these observations strongly suggest that
TDP-43 misfolding and aggregation are correlated with the loss of protein function. However,
the mechanisms connecting these two major components of TDP-43 pathology remain

unclear.

TDP-43 pathology is hallmark feature of neurotoxicity and neurodegeneration in almost all
amyotrophic lateral sclerosis (ALS) and ~50% of frontotemporal lobar degeneration (FTLD-
TDP) and the ensuing frontotemporal dementia (FTD)" 3. TDP-43 inclusions also characterize
an Alzheimer’s disease (AD)-associated disorder, limbic-predominant age-related TDP-43
encephalopathy (LATE), that affects nearly a quarter of individuals over 85 years of age'. In
addition, TDP-43 is a comorbid feature of greater than 50% of AD cases, correlated with more
aggressive memory loss and brain atrophy'® 16.17.18_Similarly, TDP-43 aggregates are major
components upon traumatic brain injury and chronic traumatic encephalopathy’® 2°. A common
feature among TDP-43-linked pathologies and other neurodegenerative proteinopathies is the
propagation of protein toxicity through prion-like aggregate seeding. This process is mediated
by a self-perpetuating mechanism, where misfolded protein induces the aggregation of its
soluble form. Clinicopathological data shows the progressive spread of TDP-43 pathology in
patient brain and spinal cord'* 17:2'.22 supporting cell-to-cell transmission of TDP-43
aggregates. TDP-43 aggregate seeding has been demonstrated experimentally by showing
that aggregates generated from purified TDP-43 are seeding competent in cell culture?? 24,
Additionally, insoluble extracts rich in phosphorylated TDP-43 (pTDP-43) initiate de novo
aggregation in the brain of a TDP-43 mouse model?®. Aggregate seeding efficiency is
enhanced by exposing the fibrillar C-terminal domain (CTD) following limited proteolysis of
TDP-43 aggregates?®. This is a mostly disordered domain referred to as the prion-like domain
for its sequence similarity to yeast prion proteins?’. The CTD forms the core filament structure
derived from FTD patient brain, specifically between amino acids 282-36028 (Fig. 1A).
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Collectively, these observations underscore the critical role of this region during misfolding and
transmission of disease-relevant aggregates. The mechanisms of proteopathic seed uptake,
propagation and the consequences of aggregate seeding on TDP-43 cellular function remain
poorly understood. Yet, elucidation of these processes is critical to define mechanisms
underlying disease and to identify potential therapeutic strategies.

Experimental methods to recapitulate TDP-43 aggregation and loss of function in the same
model have been challenging to develop and remain rare. To induce TDP-43 aggregation,
common models rely on overexpression of wild-type or mutant TDP-43 or chemical treatment
to induce oxidative stress or other proteotoxic conditions. These models trigger generalized
disruption of cell function and undermine insight into disease-relevant mechanisms.
Furthermore, these experimental conditions rarely lead to TDP-43 depletion, and their effect on
TDP-43 function has not been widely reported. Other assays to investigate TDP-43
dysfunction rely on knocking-out/down TDP-43 expression, however, these conditions lack the
contribution of TDP-43 mislocalization and aggregation. Thus, to establish cellular models
combining both TDP-43 aggregation and loss of protein function mechanisms that overcome
the limitations of previous methods, we explored systems based on TDP-43 prion-like
aggregate seeding. Using FTD brain-derived seeds, we find that aggregate seeding greatly
impacts TDP-43 localization and leads to gradual loss of function. Importantly, aggregate
seeding disrupts TDP-43 autoregulation, increasing TDP-43 expression. Our model
recapitulates key features of TDP-43 pathology and provides evidence that aggregation,

mislocalization and loss of function mechanisms are interconnected.

RESULTS

TDP-43 aggregate seeding triggers de novo aggregation and gradual TDP-43 mislocalization—
To quantify, isolate and characterize cells affected by TDP-43 aggregates induced by
intracellular seeding, we employed a human embryonic kidney cell line (HEK293) that reports
TDP-43 aggregation based on Férster resonance energy transfer (FRET)?°. This cell line
stably expresses the TDP-43 C-terminal domain (CTD, amino acids 263-414) fused N-
terminally to FRET pairs mClover3 and mRuby3 (HEK293FRET) (Fig. 1A). To investigate TDP-
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43 aggregate seeding in the context of disease-derived proteopathic seeds, we isolated the
insoluble fraction of autopsy brain from FTLD-TDP patients subtypes A and B30: 31 32, 33, 34,35, 36,
37 We prepared sarkosyl-insoluble fractions upon sequential extraction based on previously
established methods38. Herein, we refer to this extract as FTD seeds. These samples were
enriched for total TDP-43 and a marker of pathological inclusions, phosphorylated TDP-43
(pTDP-43, Ser409/410)*° (Fig. S1). As control, we processed brain tissue from neurologically
unaffected patient, which did not show significant accumulation of pTDP-43. Treatment of
HEK293FRET cells with FTD seeds induced the formation of cytoplasmic inclusions composed
of mClover and mRuby-CTDs that were detected by antibodies specific for pTDP-43 (Fig. 1B)
and the ubiquitin binding protein 62/sequestosome 1 (p62/SQTM1) (Fig. 1C), which is often
associated with TDP-43 inclusions in disease3® 4%, The seeding-induced aggregates often
showed filamentous morphology, as seen by high-resolution microscopy (Fig. 1D). Analogous
cell lines expressing only mClover- or mRuby-fused CTD showed similar aggregate seeding
behavior (Fig. S2). We quantified the number of cells that developed aggregates upon seeding
by flow cytometry and determined the ratio of FRET-positive cells relative to the total number
of cells. Treatment with FTD seeds resulted in an average of 13% FRET-positive cells,
compared to <1% for control tissue extract (Fig. 1E). These findings are consistent with the
previously observed sensitivity of this reporter cell line to seeding with pre-formed aggregates
of purified TDP-43 and aggregates derived from a mouse model of TDP-43 pathology in
skeletal muscle?® 41, The significant increase in FRET activity upon treatment with FTD seeds,
compared to control-treated cells in which this signal is nearly absent, suggests that homotypic
reversible CTD interactions, such as phase separation*? 43, do not significantly contribute to
the FRET signal detected in our analyses. Alternatively, the concentration of the CTD
fragments in HEK293FRET cells is not sufficient to generate these assemblies under the
conditions tested. Intriguingly, while FTD seeds triggered aggregates with characteristic fibrillar
structure, pre-formed aggregates from purified TDP-43 resulted in smaller and more compact
de novo inclusions (Fig. 1D, S3).

We next investigated changes in the localization of endogenous TDP-43 following seeding-
induced aggregation. To specifically detect endogenous TDP-43, we used an antibody
recognizing an N-terminal domain epitope absent in mClover- and mRuby-CTD constructs.
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Despite the accumulation of cytoplasmic aggregates three days post-treatment with FTD
seeds, endogenous TDP-43 localization remained largely unaffected (Fig. 2A, arrows). In
contrast, by six days post-seeding, we observed colocalization of endogenous TDP-43 with
CTD cytoplasmic inclusions, accompanied by marked reduction of its nuclear localization (Fig.
2B). To quantify depletion of nuclear TDP-43 distribution in cells treated with FTD seeds, we
measured the mean fluorescence intensity of endogenous TDP-43 in the region of interest
defined as the nucleus, based on DAPI staining. From this analysis we found that endogenous
TDP-43 nuclear levels decreased significantly by approximately 86% percent in cells affected
by cytoplasmic aggregates, compared to cells lacking cytoplasmic aggregates (Fig. 2C). These
findings indicate that cytoplasmic CTD aggregation initiated by seeding sequesters
endogenous TDP-43, leading to its gradual depletion from the nucleus, and recapitulates key

features of neuronal TDP-43 pathology in patients’.

Aggregate seeding results in loss of TDP-function in affected cells — Upon observing the loss
of nuclear TDP-43 in aggregate-affected cells (Fig. 2B, C), we examined whether this
correlates with loss of TDP-43 function. First, we compared the impact on genomic stability, as
TDP-43 downregulation increases accumulation of DNA breaks in human cells and neurons,
according to well-established data** 45 4. Six days post-seeding, phosphorylated yH2AX, a
marker of DNA breaks, increased and was detected in 50 + 7% of TDP-43 aggregate-positive
cells (>15 yH2AX foci per nucleus) (Fig. 3A). In contrast, control-treated cells showed 4%
yH2AX-positive nuclei. These observations were consistent with reduced nuclear TDP-43
levels and indicated impaired protein function cells accumulating aggregates. To further
examine TDP-43 activity in these cells, we measured mRNA transcript expression and
processing of TDP-43-regulated targets. Based on previous studies in human cells, we
selected transcripts controlled by TDP-43 through different posttranscriptional processing
mechanisms. TDP-43 binds to the 3'UTR of SMCA1 and GXYLT1 controlling the usage of
alternative polyadenylation poly(A) sites, inhibiting gene expression® (Fig. 3B). We sorted
FRET-positive cells to separate them from FRET-negative cells via FACS at six days post-
seeding with FTD seeds (Fig. 1D). Using quantitative PCR, we measured mRNA expression in
cells treated with FTD seeds, control-derived extracts and non-treated control. FRET-positive
cells showed approximately 2-fold or greater significant increase in mMRNA expression,


https://doi.org/10.1101/2025.02.11.637743
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.02.11.637743; this version posted February 12, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

compared to FRET-negative cells (Fig. 3B). Cells treated with control tissue extract or non-
treated control were also sorted, resulting in mostly FRET-negative cells. Actin B mRNA
(ACTB) was used as reference for a transcript not regulated by TDP-43 and this showed no
significant differences in expression between groups. Similar analysis at earlier time points,
three days post-seeding, when approximately 4% of cells treated with FTD seeds were FRET-
positive, showed no significant changes in SMCA1, GXYLT1 expression between FRET-
positive and negative groups (not shown).

In addition to regulating constitutive splicing of hundreds of genes, TDP-43 controls splicing of
cryptic exons (CEs)—which constitute untranslated/intronic regions that are normally excluded
from mature MRNA- by enhancing or inhibiting their inclusion’. Recent studies show the
inclusion of TDP-43 target CEs in ALS-FTD cases and AD, consistent with loss of TDP-43
function® 10.11. 12,47, 48,49,50 Thys, impaired regulation of CE splicing is viewed as a salient
feature of TDP-43 dysfunction and disease, and abnormal mRNA products may be used as
sensitive markers of TDP-43 pathology in patients. We investigated activation of CEs upon
TDP-43 aggregate seeding in cases where TDP-43 inhibits CE inclusion, HDGFL2 and
ARHGAP32 (Fig. 4A)"-51. We observed CE activation in cells treated with FTD seeds starting
at three days post-treatment, in which ARHGAP32 CE splicing was significantly upregulated
and HDGFL2 showed an increasing trend. These non-sorted cells showed nearly two-fold
greater CE inclusion compared to control. Strikingly, FRET-positive cells isolated six days post-
seeding showed 150 and 1,000-fold greater HDGFL2 and ARHGAP32 CE inclusion,
respectively, compared to FRET-negative and control-treated cells (Fig. 4B). This significant
activation of CE inclusion starting at early timepoints after aggregate seeding, which
dramatically increases in aggregate-affected cells, indicates that CE regulation of these
targets, and perhaps others, are highly sensitive to decreasing TDP-43 levels.

Next, we investigated whether TDP-43 aggregate seeding elicits loss of function in human
neurons, as a more disease-relevant model. Induced pluripotent stem cells (iPSCs) with a
doxycycline-inducible neurogenin-2 transgene integrated at the AAVS1 locus were
differentiated into neurons (iNeurons)®? and treated with FTD seeds or control one week post-
differentiation. iNeurons incubated for two to three weeks post-treatment with FTD seeds
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showed significant upregulation of ARHGAP32 CE inclusion, relative to control treatment (Fig.
4C). Both treatment groups showed equivalent MAP2AB expression, a marker of neuronal
differentiation and maturation. In all, our findings suggest that seeding-induced TDP-43
aggregation initiates a gradual loss of TDP-43 function, triggering defects in genomic stability
and dysregulation of multiple targets that require protein activity.

Aggregate seeding inhibits TDP-43 autoregulation impairing protein homeostasis— \We next
investigated whether TDP-43 functional defects triggered by aggregate seeding impact TDP-43
autoregulation, a critical process controlling TDP-43 homeostasis. TDP-43 regulates its own
MRNA (TARDBP) and protein levels through a negative feedback loop that requires TDP-43
recruitment to the TARDBP 3'UTR within exon 6% 53(Fig. 5A). This binding downregulates
TARDBP mRNA expression by activating alternative poly(A) site usage, splicing and mRNA
sequestration, which, combined, decrease protein expression® %3 %4, Decreasing TDP-43 levels
enhances usage of the proximal poly(A) site (pA1) and inhibits removal of alternative introns 6,
7 and 8 through splicing, overall increasing Short 3’UTR transcript expression and protein
synthesis®. On the other hand, excess of TDP-43 protein levels increases the accumulation of
multiple transcript isoforms that are targets of nonsense-mediated decay (NMD), as well as the
Long 3'UTR which is a product of distal poly(A) site (pAs) selection and becomes sequestered
in nuclear particles % %* %556, Maintaining physiological TDP-43 proteostasis through this
evolutionarily conserved process is important for cell function as both diminished TDP-43 and
elevated protein levels result in misregulated target expression. Moreover, abnormally
increased TDP-43 concentration disrupts self-assembly and promotes aggregation (°’for
review). To determine whether aggregate seeding alters TDP-43 autoregulation, we compared
TARDBP mRNA expression in FRET-positive and FRET-negative HEK293FRET cells treated
with FTD seeds. We also sorted cells treated with control tissue extract as well as non-treated
control. We found significant, greater than two-fold upregulation of TARDBP mRNA expression
in FRET-positive, compared to FRET-negative cells treated with FTD seeds (Fig. 5B). This
significant increase was also observed relative to the control cells, which were almost all
FRET-negative. Similar results were obtained using probes that are common to Short and
Long 3'UTR mRNA isoforms, Ex 2-3, and a probe found in Short 3’UTR but absent in the
NMD-sensitive isoforms, which captures the TDP-43 3’'UTR binding region (TDPBR) upstream
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of pA1 (Ex 6). In contrast, a probe detecting the region closely upstream of the polyAs, specific
for the Long 3’ UTR isoform, did not show significant differences in expression. These results
suggest that aggregate seeding specifically upregulates pAi usage and expression of the
Short 3'UTR isoform, consistent with a loss of active TDP-43 levels. Moreover, this expression
profile is consistent with that observed in FTD/ALS patient-derived cells devoid of nuclear
TDP-438 %4 and previous evidence showing specific upregulation of Short 3’'UTR upon TDP-43
knockdown®*. Based on these observations, we postulate that TDP-43 aggregate seeding
blocks autoregulation and initiates a toxic feed-forward loop, amplifying aggregation due to
uncontrolled protein synthesis and greater aggregate seeding.

TDP-43 aggregates specifically colocalize with modulators of aggregate seeding—Our findings
showing strong co-localization of endogenous TDP-43 with cytoplasmic aggregates upon
seeding (Fig. 2B) led us to explore whether this recruitment is specific to TDP-43 and whether
these inclusions act as sinks for proteins that interact with TDP-43 under normal and
pathological conditions. We focused on RNA binding proteins with disordered or prion-like
domains that interact with TDP-43 during RNA processing, stress granule assembly, or
disease-associated conditions: hnRNP A2/B1, hnRNP C1/C2, hnRNP H1, FUS, matrin 3,
SFPQ, G3BP1, TIAR, HSPB1, and Ataxin 258 59.60.61.62_gGjx days after treatment with FTD
seeds we observed no significant colocalization of most proteins tested (Figs. 6, S4A, B).
These findings suggest that seeding-induced aggregates in HEK293FRET cells do not recruit
proteins indiscriminately, even if these interact with TDP-43 under physiological conditions or
during stress granule assembly. In contrast, ataxin 2 (Atxn2) and the small heat shock protein
HSPB1 (Hspb1) strongly colocalized with de novo cytoplasmic aggregates (Figs. 7A, S4C
arrows). Notably, Atxn2 alters TDP-43 aggregation and toxicity in disease-relevant models®3: 64
and upon induction of cytoplasmic TDP-43 misfolding in cells®®. To test whether Atxn2
expression influences seeding-induced TDP-43 aggregation, we reduced AtxnZ2 expression by
siRNA-mediated knockdown in HEK293FRET cells, following treatment with FTD seeds.
Decreasing Atxn2 expression significantly reduced the accumulation of FRET-positive cells six
days after treatment with FTD seeds (Fig. 6B, S5). We did not observe significant changes in
the number of FRET-positive cells upon treatment with control, which accounted for <1% of all
cells. These results suggest that Atxn2 knockdown decreases seeding-induced TDP-43
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aggregation, consistent with previous studies showing that Atxn2 enhances TDP-43
aggregation and neurotoxicity in human cells and animal models®3 6. Overall, our findings
suggest that TDP-43 prion-like aggregate seeding in our model triggers homotypic misfolding
and co-aggregation with specific proteins. Moreover, the colocalization observed in our
aggregation model may be linked to pathological interactions that impact disease progression.

DISCUSSION

TDP-43 aggregate accumulation combined with mislocalization and loss of function are
hallmark features of TDP-43 proteinopathies. However, evidence linking these processes
remains insufficient and the mechanisms mediating these connections are ill-defined. Our
findings support a model linking these processes, whereby cytoplasmic aggregation gradually
sequesters cellular TDP-43, reducing its nuclear localization and function (Fig. 8). We
demonstrate that TDP-43 prion-like seeding is sufficient to impair autoregulation (Fig. 5),
consistent with a decrease in active TDP-43 levels (Figs. 3, 4). Our data suggest that this
aberrant process establishes a toxic feed-forward loop, which may lead to uncontrolled protein
expression and contribute to cytoplasmic TDP-43 aggregation. The importance of TDP-43
autoregulation in maintaining physiological proteostasis has been postulated since the
discovery of this negative feedback loop® %. Its critical role in disease is further supported by
data obtained from ALS/FTD patient-derived cells that lack nuclear TDP-43 and exhibit
dysregulated TARDBP transcript expression®. Notably, the TARDBP mRNA expression profile
in these cells resembles that observed in our TDP-43 aggregation model. Our findings
underscore a critical role of TDP-43 autoregulation in linking aggregate accumulation with the

loss of functional TDP-43, highlighting its potential as a key target in disease pathology.

Dysregulation of TDP-43 target expression in ALS/FTD patients strongly supports the idea that
loss of TDP-43 function significantly contributes to neurodegeneration. Several TDP-43
regulated genes are connected to essential neuronal function and their aberrant expression
may underlie disease mechanisms (e.g., STMN2, UNC13A, KCNQ2)® 10.11.48.49 |n some
cases, these mis-splicing events may serve as sensitive markers for TDP-43 dysfunction and
disease (e.g., HDGFL2)'> % We surveyed the effect of aggregate seeding in the expression of
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mMRNA transcripts regulated by TDP-43 through 3'UTR processing/alternative polyadenylation
and cryptic exon splicing. Changes in cryptic exon inclusion are highly sensitive compared to
alternative polyadenylation, as CE activation is detected at earlier timepoints after seeding,
even when cytoplasmic CTD aggregates are observed in only 4% of cells (Fig. 4A). This great
difference indicates that some RNA processing events regulated by TDP-43 may be more
sensitive to changes in TDP-43 expression. Our findings that aggregate seeding impacts TDP-
43 function are also observed in human neurons (Fig. 4C), indicating that this process is not
cell-type specific and may be observed in disease-relevant cell types. Overall, our findings
support the notion that toxic gain of function caused by TDP-43 misfolding and the loss of
TDP-43 function are tightly connected processes. Importantly, this evidence strongly suggests
that inhibiting TDP-43 misfolding and aggregate accumulation could mitigate TDP-43 loss of

function and neurotoxicity.

By comparing the seeding properties of brain derived proteopathic seeds and aggregates
generated from the full-length purified protein, we made the intriguing observation that de novo
aggregates induced distinct structures suggesting that unique characteristics of nucleating
seeds strongly impact the properties of the resulting aggregates. Possibly additional factors
present in the brain-derived extract may also influence the structure of de novo aggregates.
These are outstanding questions relevant to elucidating mechanisms regulating TDP-43

aggregate biogenesis and toxicity, which should be addressed in future studies.
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MATERIALS AND METHODS
All chemicals and reagents were obtained from Millipore Sigma unless otherwise specified.
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Cell culture and aggregate seeding assays—Material for aggregate seeding was obtained
following sequential extraction from frontal cortex brain matter, according to previously
established protocols for sequential fractionation to obtain a sarkosyl insoluble pellet®. Brain
specimens were obtained from the Knight Alzheimer’s Disease Research Center Pathology
Core at Washington University in St. Louis. Briefly, approximately 100 mg of tissue was
homogenized using a mini homogenizer (Pro-PK-01200S- ProScientific) in 0.5 mL of 1% Trixon
X-100 (v:v) in high salt buffer (HS, 10 mM Tris—HCI, pH 7.4, 0.5 M NaCl, 2 mM EDTA, 10%
sucrose (w:v), 1 mM DTT, and protease/phosphatase inhibitor cocktail). As in all fractionation
steps, the first pellet was obtained upon ultracentrifugation, 180,000g for 30 min at 4 °C. The
first pellet was resuspended in 0.5 mL of 1% Trixon X-100 (v:v), 20% sucrose (w:v), 10 mM
Tris—HCI, pH 7.4, 0.5 M NaCl, 2 mM EDTA, 1 mM DTT, protease/phosphatase inhibitors. The
second pellet was solubilized in 0.1 mL of 50 mM Tris—HCI, pH 8.0, 20 mM NaCl, 2 mM MgCiI2,
and Benzonase (500 U/g tissue) and incubated for 20 min on ice. The third pellet was
extracted with 2% sarkosyl (w:v), HS buffer and washed twice in 0.3 mL twice with phosphate
buffered saline (PBS) and sonicated (Bioruptor Pico B0O160010-Diagenode). The final pellet
was resuspended in PBS to obtain approximately 0.1 uL/ mg of initial tissue. The amount of
TDP-43 in the extracts was estimated by immunoblotting using recombinant TDP-43 as

control.

HEK293FRET cells were generated as previously described?®, maintained in DMEM (Dulbecco’s
Modified Eagle’s Medium — High Glucose, Corning) supplemented with 10% FBS (Fetal Bovine
Serum) and incubated in a humid atmosphere at 37 °C and 5% CO:.. For the seeding assays,
cells were plated in a 6-well plate at a density of 1 x 10° cells per well to achieve approximately
50% confluence after 24 h. Cells were then transfected with 0.5 pL of brain-derived sarkosyl-
insoluble fraction and 5 pL of Lipofectamine 2000 transfection reagent (11668-019, Invitrogen)
per well in OPTI-MEM medium. After 24 hours, cells were trypsinized and replated for the

indicated incubation time points.

iNeuron differentiation, culture and seeding assays— Isogenic iPSCs derived from the
KOLF2.1J parental line, obtained from the iPSC Neurodegenerative Disease Initiative (iNDI),
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with a stably integrated tetracycline-inducible promoter, were cultured for 3 days in the
presence of doxycycline (2ug/ml). Cells were seeded at a density of 2x10° cells/well in six-well
plates coated with Matrigel in Dulbecco’s modified Egle’s medium (DMEM/F12) containing N2
supplement, Non-essential amino acids (NEAA), Glutamax and Y-27632. Medium was
changed daily, and Y-27632 was removed after day 1. At day 4, pre-differentiated iNs were
dissociated using Accutase, counted and plated at 1.5X10° cells/well in 6-well plates coated
with Poly-L-ornithine (0.1mg/ml) and Lamin (10ug/ml) in maturation media. Maturation media
consisted of 50% DMEM/F12, 50% Brainphys neural basal media, N21Max, GDNF (10ng/ml),
BDNF (10ng/ml), NT-3 (10ng/ml), Lamin (1ug/ml), doxycycline (2ug/ml). Half of the medium
was replaced on day 7 and media changes were performed every 3 days thereafter using
BrainPhys as the base medium. iNs were treated in 6-well plates (n=6 per condition) on day 7
with 1l of brain-derived sarkosyl-insoluble fraction, either control or FTD seeds per well. Half
of the media was replaced 3 days post-treatment, and neurons were maintained in culture for
2-3 weeks.

Immunofluorescence microscopy— Proteins detection, visualization of mClover3 and mRuby3
signal and indirect immunofluorescence were performed according to previous methods 44
using the antibodies in Supplementary Table 2. Microscopy was carried out using a Keyence
fluorescence microscope BZ-X series and confocal images were obtained using a Leica TCS
SP8 microscope. High resolution images were obtained by stimulated emission depletion
(STED) microscopy in a Leica SP8 TCS STED 3X Point Scanning Confocal microscope.

Cell sorting and FRET quantification— Cells were rinsed and resuspended in phenol red-free
DMEM for FRET quantification and FACS. FRET-positive cells were quantified using a
FACSSymphony A3 flow cytometer (BD Biosciences), equipped with 405 nm, 488 nm and 633
nm lasers. The gating strategy for FRET quantification and sorting was based on analyses of
stable HEK293 cells expressing mClover3-CTD or mRuby3-CTD only. This allowed us to
establish the detection parameters. To measure mClover3 and FRET, cells were excited with
the 488 nm laser and fluorescence was detected with a 530/30 nm and 610/20 bandpass filters,

respectively. mRuby3 was excited the 561 nm laser, while emission was taken the 610/20
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bandpass filter. FRET-positive cells were detected with a 610/20 bandpass filter. For each
sample, we evaluated at least 30,000 cells. Data analysis was performed using FlowJo software,
which quantified the percentage of FRET-positive cells based on the FRET signal intensity.
FACS was performed on a FACSSymphonyA3 (BD Biosciences). Sorted cells were collected
into 15 mL tubes containing DMEM; High Glucose, Corning, supplemented with 10% fetal bovine
serum (FBS).

RNA transcript expression analysis— RNA extraction was carried out using Invitrogen Purelink
RNA mini kit (12183018A). RNA was treated with DNase | (EN0521-Thermo Scientific) to
remove genomic DNA. RNA was extracted from iNs using the RNAeasy Mini Kit (7410-Qiagen),
and genomic DNA was removed with RNase-Free DNAse set (79254-Qiagen), following the
manufacturer’s instructions. cDNA synthesis and quantitative PCR were performed as previously
described®” using primers listed in Supplementary Table 1. Glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) was used as housekeeping gene to normalize expression levels

across samples.

SsiRNA-mediated knockdown— ATXN2 was downregulated in HEK293FRET cells 48 h post-
treatment with control or FTD seeds using ON-TARGETplus Human ATXNZ2 siRNA-SMARTpool
(Horizon Discovery L-011772-00-0005), and Non-Targeting control siRNA #1. siRNA was

transfected using RNAimax (Invitrogen) according to manufacturer instructions.

Supplementary Table 1: qPCR primers sequences

Target Primers Sequence Reference

hTARDBPx2-3 FW 5- ATCTGGTGTATGTTGTCAACTATCC-3 53
RV 5'- GAACTTCTCCAAAGGTACTAAAATACTC -3’

hTARDBPdistalpA | FW 5- ACTCAGCAGCAGTAACATGGTAAC-3 53
RV 5- GCCACTCAACATTGAAAGCCTTC -3

hTARDBPx6 FW 5-TGAACTGCTGTTTGCCTGATTG-3’ 53
RV 5- GTGGGGTTCAAATTAAAACAAGGG-3’

GXYLT1 APA FW 5-AGGGTCCCTGGTCAGACATT -3’ 6
RV 5- ACAAGAGGTTGCTATAGTGTGCT -3’

SMCA1 PAS FW 5- GTTCTACACCAAGGCCGAGA-3 6
RV 5- TCGAAGGTCAGGACTTTGCT -3’

GAPDH FW 5- AAGGTGAAGGTCGGAGTCAA -3 53
RV 5- AATGAAGGGGTCATTGATGG -3’
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ARHGAP32 FW 5- CACCTTCTAAATTCTGGTTTTGAAG -3’ 68
RV 5'- CAGATACAGACGAAAAAGCTGAGTT -3’

HDGFL2 FW 5’- TCACACCTGAGAAGAAAGCAG-3 12
RV 5- TCCTCTCTTCTGTGTCCCTCT -3’

STMN2 FW 5- AGCTGTCCATGCTGTCACTG-3’ 68
RV 5- GGTGGCTTCAAGATCAGCTC -3’

ACTB FW 5- CGTGATGGTGGGCATGGGTC-3'’ 69
RV 5- ACGGCCAGAGGCGTACAGGG -3

MAP2AB FW 5-AAACTGCTCTTCCGCTCAGACACC-3 70
RV 5-GTTCACTTGGGCAGGTCTCCACAA-3

ATXNZ2 FW 5-AAGATATGGACTCCAGTTATGCAAA-3' 71
RV 5-CAAAGCCTCAAGTTCCTCAT-3'

Supplementary Table 2: List of antibodies used for immunoblotting and microscopy

antibodies
Antibody Reactivity | Dilution Company Catalog Number
TDP-43 Rabbit IB 1:5000 | Proteintech 10782-2-AP
TDP43 (C-terminal) | Rabbit IB 1:5000 | Proteintech 12892-1-AP
pTDP-43 (S409/410) | Rabbit IF 1:1000 | Proteintech 22309-1-AP
pTDP-43 (S409/410) | Mouse IB 1:10000 | CosmoBio TIP-PTD-MO1
TDP-43 (N-terminal) | Mouse IF 1:50 R&D Systems MAB7778

IB 1:1000

gH2AX Rabbit IF 1:200 Cell signaling 25775
hnRNP A2B1 Rabbit IF 1:1000 | Abcam Ab259894
hnRNP C1/C2 Rabbit IF 1:250 Abcam Ab133607
hnRNP H Rabbit IF 1:250 Abcam Ab154894
Matrin3 Rabbit IF 1:100 Abcam Ab151739
Ataxin 2 Rabbit IF 1:900 Proteintech 21716-1-AP
SFPQ Rabbit IF 1:50 Abcam Ab177149
FUS Mouse IF 1:20 Santa Cruz Biotechnology | Sc-47711
G3BP1 Rabbit IF 1:200 Proteintech 13057-2-AP
p62 Rabbit IF 1:500 Enzo Life Sciences BML-PW9860
GAPDH Mouse IB 1:10000 | Proteintech 60004-1-Ig
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Figure 1. Disease-derived extract strongly activates TDP-43 aggregate seeding in a
sensitive FRET-based biosensor. A) HEK293 cells stably expressing the C-terminal prion
like, disordered domain of TDP-43 (CTD) fused to mClover3 and mRuby3 FRET pairs
(HEK293FRET) used as a reporter of TDP-43 aggregation upon seeding with FTD extract
prepared as in Fig. S1. B) Visualization of de novo CTD aggregation in HEK293FRET treated
with FTD seeds or neurological unaffected tissue extract, used as control. Antibodies for
phosphorylated TDP-43 (pTDP-43) and p62, shown in (C), were used as markers of
pathological TDP-43 aggregates. Images were obtained by confocal microscopy. DAPI staining
is shown to highlight nuclei in the overlay image. Scale, 10 ym. D) High resolution images of
FTD-treaded cell aggregate showing z-stacks with DAPI| overlay generated with stimulated
emission depletion (STED) microscopy. E) Flow cytometry to quantify FRET-positive and
FRET-negative HEK293FRET cells six days after treatment with FTD seeds and control extract.
The proportion of FRET-positive cells in each group was quantified as percent FRET-positive
cells compared to total, n>3.
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Figure 2: Aggregate seeding induces co-aggregation and gradual depletion of nuclear
endogenous TDP-43. A) Immunofluorescence of HEK293RET cells treated with control and
FTD-derived extract, probed with a TDP-43 antibody targeting an N-terminal domain epitope to
detect endogenous protein only. Cells were imaged three and six days post-treatment in (B),
using confocal microscopy. Arrows indicate cytoplasmic aggregates. DAPI staining highlights
nuclei in the overlay (merge) image. The nuclei of aggregate-affected cells treated with FTD
seeds are outlined with white dashed lines. C) Fluorescence intensity of endogenous TDP-43
was measured in the nuclear compartment of cells six days post-treatment with FTD seeds,
defined by DAPI staining. ImagedJ was used to quantify pixel intensity per area of >200 cells
from n>3. Calculated median values are shown, ****p<0.0001, Mann-Whitney test.
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Figure 3: Seeding-induced aggregation causes loss of TDP-43 function. A)
Immunofluorescence obtained by confocal microscopy to detect phosphorylated yH2AX, a
marker of DNA breaks, in cells six days post-treatment with control of FTD-seeds. Arrow points
to the accumulation of phosphorylated yH2AX in aggregate-affected cells. Scale, 10 um. B)
TDP-43 regulates 3' UTR processing and polyadenylation choice via direct recruitment to
transcripts, as illustrated, where TDP-43 binding inhibits mRNA expression of SMC1A and
GXYLT1. HEK293FRET cells were collected six days post-treatment with FTD seeds, control
extract and non-treated control, and sorted via FACS into FRET-positive (FRET+) and FRET-
negative (FRET-) cells. Relative SMC1A and GXYLT1 mRNA levels were measured by
quantitative real-time PCR (qPCR). ACTB served as non-TDP-43-regulated transcript control.
Graphs represent mean values, SEM of n>3. **p<0.005, ****p<0.0001, ns, non-significant,
Mann-Whitney test.
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Figure 4: Aggregate seeding activates cryptic exon splicing of TDP-43-controlled

targets. A) Cryptic exon (CE) splicing is normally suppressed by TDP-43 in HDGFL2 and
ARHGAP32. Relative CE inclusion was quantified by gqPCR from HEK293FRET cells collected
three days post-treatment with FTD seeds, control-derived extract, or non-treated control. B)
Relative HDGFL2 and ARHGAP32 CE inclusion quantified in cells sorted into FRET-positive
(FRET+) and FRET-negative (FRET-) cells via FACS, six days post-seeding. C) Brightfield
image of neurons derived from neurogenin-2 (Ngn2) inducible human induced pluripotent stem
cells (iNeurons) 2-3 weeks after treatment with FTD seeds. Relative ARHGAP32 CE inclusion
was measured by gPCR. MAP2AB expression was measured to compare the abundance of

microtubule-associated protein 2AB (MAP2AB)-positive neurons in FTD seed and control-

treated samples. All graphs show mean values, SEM, n>3, *p<0.02, ****p<0.0001, ns, non-

significant, Mann-Whitney test.
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Figure 5: Aggregate seeding impairs TDP-43 autoregulation. A) Diagram illustrating
mechanisms involved in TDP-43 autoregulation. TDP-43 protein binds to the TDP-43 Binding
Region (TDPBR) within the 3'UTR of its own transcript, upstream of the proximal

polyadenylation site (pA1) and near exon 6 splice sites (dashed lines indicate splicing events).
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TDP-43 recruitment promotes exon 6 splicing and distal polyadenylation site (pAs) usage. In
the absence of TDP-43 binding, the Short 3’UTR isoform is upregulated, resulting in increased
protein expression. gPCR probes are indicated. B) The relative expression of endogenous
TARDBP mRNA was quantified by qPCR in FRET-positive (FRET+) and negative (FRET-) cells
sorted via FACS, probing three regions of the transcript, as indicated. Mean values and SEM
are shown for n>3, ***p<0.0002, ****p<0.0001, ns, non-significant, Mann Whitney test.
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Figure 6. Protein partners that normally bind TDP-43 are not recruited to seeding-
induced aggregates. Representative immunofluorescence images, obtained by confocal
microscopy, of HEK293FRET cells treated with FTD seeds or control extract. The antibodies
probed RNA binding proteins that form complexes with TDP-43 under physiological conditions.

Scale, 10 ym, n>3. DAPI staining was used to highlight nuclei in the overlay image.
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Figure 7. Ataxin 2 specifically colocalizes with TDP-43 aggregates triggered by seeding
and promotes their accumulation. A) Representative immunofluorescence images, obtained
by confocal microscopy, of HEK293FRET cells treated with FTD seeds or control extract to
detect ataxin 2 colocalization with TDP-43 aggregates (arrows). Scale bar, 10 ym, n>3. DAPI
staining highlights nuclei in the overlay image. B) HEK293FRET cells treated with FTD seeds or
control extract transfected with non-targeting control or Atxn2 siRNA after 48 hours. Cells were
collected six days post-seeding, and the ratio of FRET-positive to total number of cells was
quantified by flow cytometry. Values show the mean average and SEM from n>3, **p=0.009,

ns, Mann Whitney test.
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Figure 8. TDP-43 aggregate seeding and loss of function are linked via a toxic positive
feed forward loop. Prion-like misfolding triggered by the uptake of aggregate seeds
sequesters functional TDP-43, initiating a cascade of toxic events that results in progressive
nuclear TDP-43 depletion, loss of function, and dysregulation of TDP-43-regulated targets.
This cascade includes impaired TDP-43 autoregulation, which we propose contributes to the

accumulation of misfolded protein through dysregulated protein synthesis.
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Supplemental figure 1: Preparation of aggregate extracts for seeding assays.
Representative immunoblots of samples following fractionation?® 38 of brain tissue derived from
control and FTD frontal cortex. Lanes were loaded with samples from each fractionation step:
1) Total tissue homogenate in high salt and Triton X-100 (HS-TX); 2) HS-TX and sucrose
supernatant; 3) Supernatant of HS-TX after nuclease treatment; 4) Sarkosyl soluble samples;
5, 6) Phosphate buffered saline washes; 7) Sarkosyl-insoluble pellet.
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Supplemental figure 2: Aggregate seeding in HEK293 cells expressing only mClover or
mRuby-CTD. Representative images of stable HEK293 cells expressing TDP-43 CTD N-

terminally fused to mClover or mRuby treated with FTD seeds or control extract. DAP| was
used to highlight nuclei. Scale, 10 um, n>3.
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Seeding HEK293FRET cells with FTD seeds or pre-formed
purified TDP-43 aggregates
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Supplemental figure 3: Seeds derived from patient extracts and aggregates from
purified protein induce de novo aggregates with distinct morphologies. Representative
images of HEK293FRET cells treated with FTD seeds or pre-formed aggregates of purified full-
length TDP-43%3, imaged six days post-treatment. DAPI was used to highlight nuclei. Scale, 20

Mm, n>3.
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Supplemental figure 4: G3BP1 and TIAR, stress granule proteins, do not significantly
colocalize with seeding-induced TDP-43 aggregates. Representative immunofluorescence
of HEK293FRET cells treated with FTD seeds or control extract, imaged six days post-treatment,
using confocal microscopy. The antibodies probed for RNA binding proteins associated with
stress granules G3BP1 in (A) and TIAR in (B). Arrows point to cytoplasmic TDP-43
aggregation. C) Colocalization of the small chaperone HSPB1 with TDP-43 aggregates is
highlighted (arrows). Scale bar, 10 um, n>3. DAPI staining highlights nuclei in the overlay

image.

30


https://doi.org/10.1101/2025.02.11.637743
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.02.11.637743; this version posted February 12, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

available under aCC-BY-NC-ND 4.0 International license.

siRNA Knockdown of Atxn2 Expression
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Supplemental figure 5: Knockdown of Atxn2 expression. Downregulation of Atxn2
expression measured by qPCR upon siRNA treatment, compared to treatment with non-
targeting siRNA control. Values show the mean average of relative mRNA expression and
SEM from n>3, **p=0.009, Mann Whitney test.
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