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Abstract:

Nuclear exclusion and cytoplasmic accumulation of the RNA-binding protein TDP43 are
characteristic of amyotrophic lateral sclerosis (ALS) and frontotemporal lobar degeneration
(FTLD). Despite this, the origin and ultrastructure of cytosolic TDP43 deposits remain unknown.
Accumulating evidence suggests that abnormal RNA homeostasis can drive pathological TDP43
mislocalization, enhancing RNA misprocessing due to loss of nuclear TDP43 and engendering a
cycle that ends in cell death. Here, we show that adding small monovalent oligonucleotides
successfully recapitulates pathological TDP43 mislocalization and aggregation in iPSC-derived
neurons (iNeurons). By employing a multimodal in situ cryo-correlative light and electron
microscopy pipeline, we examine how RNA influences the localization and aggregation of TDP43
in near-native conditions. We find that mislocalized TDP43 forms ordered fibrils within lysosomes
and autophagosomes in iNeurons as well as in patient tissue, and provide the first high-resolution
snapshots of TDP43 aggregates in situ. In so doing, we provide a cellular model for studying initial
pathogenic events underlying ALS, FTLD, and related TDP43-proteinopathies.
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Main Text:

Trans-active response DNA/RNA binding protein of 43 kDa (TDP43) is a ubiquitously expressed
nuclear protein responsible for RNA splicing, transport, and stability that is integrally linked with
amyotrophic lateral sclerosis (ALS) and frontotemporal lobar degeneration (FTLD)(1-4). Nearly
95% of individuals with ALS and ~50% of FTLD patients exhibit nuclear exclusion and cytosolic
aggregation of TDP43 within affected neurons and glia(5). TDP43 mislocalization and cytosolic
aggregation are not limited to ALS and FTLD; TDP43 pathology is increasingly recognized as a
common event in elderly patients with slowly progressive cognitive decline, termed limbic
predominant age-related TDP43 encephalopathy (LATE-NC)(6). Once excluded from the nucleus,
TDP43 primarily accumulates within hyperphosphorylated and ubiquitinated aggregates in the
cytoplasm(7, 8). Within cortical regions, these deposits contain amyloidogenic C-terminal TDP43
fragments(9-11), while spinal cord inclusions are rich in full-length TDP43(12). These
observations suggest that the TDP43 aggregate composition, the mechanisms underlying their
formation, and downstream consequences may differ depending on the brain region involved.

Despite its prevalence and increasingly recognized connection with disease pathogenesis, the
origin of TDP43 mislocalization and the architecture of native TDP43 inclusions within intact
neurons remain mysterious. Engineered mutations disrupting the nuclear localization signal of
TDP43(13-15), application of exogenous stressors(16, 17), or the use of artificial aggregation-
promoting domains can all elicit TDP43 mislocalization(18), yet these circumstances are
disconnected from the pathophysiology of the disease. More recent discoveries suggest that RNA
is one of the most significant determinants of TDP43 localization(19-21). In light of the extensive
and widespread abnormalities in RNA processing identified in ALS/FTLD patient material and
models(22-24), this observation raises the intriguing possibility that RNA dysregulation may
underlie TDP43 mislocalization and aggregation in these conditions. Even so, all previous studies
were performed over short time scales (~hours) and in transformed cell lines.

Here, we show that prolonged application of RNA oligonucleotides leads to TDP43
mislocalization and the formation of cytosolic TDP43 inclusions in human neurons that resemble
ubiquitinated and phosphorylated pathological TDP43 aggregates characteristic of human disease.
Notably, cytosolic TDP43 aggregates accumulate primarily within lysosomes and
autophagosomes, suggesting that these organelles are critical for the formation and/or clearance of
mislocalized TDP43. Combining cryogenic-correlative light and electron microscopy (cryo-
CLEM) and cryo-electron tomography (cryo-ET), we demonstrate that lysosomal and
autophagosomal TDP43 adopts filamentous morphologies mirroring those isolated from
ALS/FTLD patients with TDP43 pathology (FTLD-TDP)(25, 26). Based on these observations,
we propose that RNA dyshomeostasis, in conjunction with ineffective autophagy or lysosomal
turnover — processes often impaired in aging(27-34) — contribute to nuclear TDP43
mislocalization and the accumulation of pathogenic fibrillar aggregates characteristic of TDP43
proteinopathies such as ALS and FTLD-TDP.
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Results

Establishing an in vitro neuronal model to recapitulate TDP43 pathology

Short oligonucleotides (oligos) bearing GU motifs recognized by TDP43 effectively promote
TDP43 nuclear efflux in transformed cell lines(19-21). To test whether this is true in mature
neurons, we applied fluorescently-labeled short monovalent GU-rich RNA (5’-Cy5-
GUGUGUGUGUGU-3’, Cy5-(GU)s hereafter) to rodent primary mixed cortical neurons. We
assessed TDP43 localization and oligo uptake by immunofluorescence (Fig. S1A). Cy5-(GU)s
oligos elicited a clear time-dependent reduction in the nuclear/cytoplasmic ratio of TDP43,
modeled through generalized estimating equations (Fig. S1B-D) (35). In contrast to cultured cells,
where TDP43 mislocalization was highly prevalent and rapid (i.e., occurring within 6h of oligo
treatment) (19-21), maximal displacement of TDP43 in primary neurons required up to 24h, with
only ~20% of treated neurons showing a >50% reduction in the nuclear/cytoplasmic ratio of
TDP43 (Fig. S1B-E).

Given the species-specific differences in TDP43 substrates(36—-39) and the presence of distinct
TDP43 isoforms in rodent vs. human brains(40), we next confirmed these findings in human
induced pluripotent stem cell (iPSC) derived neurons (iNeurons). A customized cassette encoding
the master transcription factors NGN1 and NGN2, under the control of a doxycycline (dox)-
inducible promoter, was integrated into the CLYBL safe harbor locus of iPSCs, facilitating robust
and rapid differentiation of iPSCs into glutamatergic, forebrain-like iNeurons (Fig. 1A)(23, 41—
46). These cells were treated with (GU)s oligos prior to the assessment of TDP43 localization by
immunostaining and fluorescence microscopy. We observed punctate cytoplasmic accumulations
of TDP43 in iNeurons as early as 4h after (GU)s application (Fig. S2A-D), with more pronounced
puncta after prolonged (24h) treatment (Fig. 1B-E), confirming RNA-induced TDP43 nuclear
egress and cytoplasmic deposition in human neurons.

Loss of nuclear TDP43 results in characteristic splicing changes, including the abnormal inclusion
of unannotated and non-conserved (cryptic) exons. We, therefore, assessed whether treatment with
(GU)s oligos was associated with cryptic splicing and downregulation of UNC13A, a TDP43
substrate that is consistently misspliced in ALS and FTLD-TDP(47, 48). Cryptic UNC13A
products were dramatically upregulated in U20S cells treated with (GU)e for 24h, consistent with
reductions in nuclear TDP43 and the formation of cytosolic TDP43 puncta in these cells (Fig.
S3A, C, D). Significant differences in cryptic UNC13A products could not be confirmed in (GU)e-
treated iNeurons by gRT-PCR, likely due to the relatively low prevalence of TDP43
mislocalization in treated neurons (Fig. S1E, Fig. S3B) in combination with the instability of
UNC13A cryptic splice products(47). However, we detected significant reductions in canonical
UNC13A transcripts by hybridization chain reaction fluorescence in situ hybridization (HCR-
FISH) in treated iNeurons, suggesting that GU-rich oligos induce TDP43 loss of function (Fig.
S3E, F).
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To determine the composition of cytosolic TDP43 puncta induced by (GU)s application, we
systematically examined oligo-treated iNeurons for markers of TDP43 post-translational
modifications, as well as cytosolic membrane-bound and membrane-less organelles through
immunostaining. Similar to pathological TDP43 aggregates(3, 7, 8, 49), cytoplasmic TDP43
puncta are phosphorylated (S409/S410) and ubiquitinated (Fig. S2E, F). Strikingly, cytosolic
TDP43 puncta also overlapped with markers of autophagosomes (LC3B, p62, Fig. 1B, C),
lysosomes (LAMP2, Fig. 1D), and stress granules (G3BP1, Fig. 1E). We also found evidence for
the recruitment of Galectin-3, indicating membrane rupture in a fraction of lysosomes (Fig. S4A)
and ESCRT machinery (CHMP4B, Fig. S4B). Taken together, these findings suggest that RNA-
induced perturbation of TDP43 localization in iNeurons recapitulates key features of ALS/FTLD-
TDP pathology, including TDP43 nuclear egress, UNC13A downregulation, and the formation of
ubiquitinated and phosphorylated cytosolic TDP43 deposits(7, 47, 48, 50).

Mislocalized TDP43 accumulates within lysosomes and autophagosomes

To verify that TDP43 accumulates within autophagosomes and lysosomes upon oligo treatment,
we utilized an engineered line of HEK293T cells in which the endogenous MAP1LC3B gene was
fused to an open reading frame encoding the photoconvertible fluorescent protein Dendra2(43).
These Dendra2-LC3B HEK?293T cells were treated with (GU)s for 4h. To isolate Dendra2-positive
autophagosome-rich and lysosomal-rich fractions (hereafter autophagosomes and lysosomes,
respectively), we lysed Dendra2-LC3B HEK?293T treated cells, isolated the autophagic membrane
fraction, and separated organelles by density gradient centrifugation (Fig. S5A). In accordance
with our prior results in iNeurons, we observed a significant shift in the distribution of TDP43
upon (GU)s treatment towards lysosomal and autophagosomal fractions (Fig. 2B). The application
of Torinl, a potent mTOR inhibitor that effectively induces bulk macroautophagy, also shifts
TDPA43 into autophagosomal and lysosomal fractions, albeit to a lesser extent than (GU)s (Fig.
2B). We next confirmed that the shift of TDP43 towards lysosomal and autophagosomal fractions
was due to the sequence specificity of RNA. We observed that treating HEK293T cells with A13
oligos did not yield any significant migration of TDP43 into autophagosomes and lysosomes in
our fractionation experiments (Fig. 2B).

Given this result, we next asked if the accumulation of TDP43 within autophagosomes was
secondary to a global induction of autophagy upon (GU)s application. To answer this question, we
used an engineered iPSC line in which HaloTag was fused to the endogenous MAP1LC3B gene
(encoding the autophagy marker and substrate LC3B) on one allele. These lines provide an
accessible and quantitative means of measuring autophagy flux through the cleavage of HaloTag
from LC3 within mature autophagosomes(51). We observed a single band for HaloTag-LC3B, and
no significant change in the levels of LC3B-I1, TDP43, or p62 in treated HaloTag-LC3B iNeurons,
arguing against induction of macroautophagy via application of oligos (Fig. S6A-D).

Next, we prepared ultrathin sections of high-pressure frozen and freeze-substituted Dendra2-LC3B
HEK293T cells, allowing us to examine RNA-induced TDP43 mislocalization by immuno-
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electron microscopy (immunoEM). Gold-labeled anti-TDP43 antibodies reaffirmed the presence
of TDP43 within single membrane-bound endolysosomes (Fig. 2C, Fig. S7). Membrane-bound
vesicles exhibited significantly more gold beads in (GU)s-treated cells in comparison to untreated
(control) cells (Fig. 2C), indicative of greater endolysosomal TDP43 immunoreactivity following
RNA application.

We also isolated the sarkosyl-insoluble fractions from control and (GU)s-treated Dendra2-LC3B
HEK?293T cells to probe whether (GU)s oligos led to the formation of amyloidogenic aggregates.
Negative stain transmission electron microscopy (TEM) of these samples revealed the presence of
fibrils only in the (GU)s-treated samples, reminiscent of TDP43 filaments obtained from post-
mortem brain tissue(25, 26). Immunogold labeling with TDP43-specific antibodies once again
confirmed that these fibrils are comprised of TDP43 (Fig. 2D). To probe if fibrils are already
present in isolated organelles and to verify that they are not an artifact of sarkosyl extraction, we
performed cryo-correlative light and electron microscopy (cryo-CLEM) on plunge-frozen
lysosomal and autophagosomal fractions isolated from Dendra2-LC3B HEK293T cells treated
with (GU)s oligos (Fig. S5B). In these samples, Dendra2-LC3B fluorescence enabled the precise
localization of autophagosomes and lysosomes. Subsequent cryo-electron tomography (cryo-ET)
tilt-series data collection at these areas, followed by tomogram reconstruction, revealed multiple
filaments ensconced within membrane-bound vesicles (white arrows, Fig. 2E, Movie 1). These
filaments displayed a mean width of 4.9 £ 0.79 nm, mirroring the amyloidogenic C-terminus of
TDP43 obtained by limited proteolysis of the protein(52) (Fig. S10A). Three-dimensional
segmentation of the tomograms revealed that a majority of these filaments are stacked and rarely
appear as individual fibrils (Fig. 2E).

A custom cryo-CLEM workflow confirms lysosomal and autophagosomal TDP43 mislocalization
in situ

To obtain high-resolution insights into the native architecture of mislocalized TDP43 in human
neurons, we established an in situ cryo-correlative light and electron microscopy (cryo-CLEM)
workflow and adapted it for use with iNeurons (Fig. 3). Initial experiments took advantage of
iNeurons derived from human iPSCs that express native LC3B fused with an enhanced green
fluorescent protein (EGFP), obtained from the Allen Cell Collection(42). mEGFP-LC3B iPSCs
were differentiated into iNeurons as described (Fig. 1A), but on micropatterned gold electron
microscopy grids (Fig. 3A). Next, we applied Cy3 labeled (GU)s, plunge-froze the cells after 24h,
and collected cryo-confocal Z-stacks of candidate iNeurons (Fig. 3B). Autogrids containing cells
were transferred to a dual beam cryo-focused ion beam scanning electron (cryo-FIB/SEM)
microscope, and cryo-confocal images were used to precisely target the region of interest (Fig. 3B,
C). Following cryo-focused ion beam (cryo-FIB) milling, the grids were assessed by cryo-TEM,
allowing for a second correlation of the maximum intensity projection image obtained from cryo-
confocal Z-stack with the medium magnification cryo-TEM image (6500x, Fig. 3D). Tilt-series
data collection followed by tomogram reconstruction on areas guided by the fluorescence signal
revealed the presence of long filaments within lysosomes and autophagosomes selectively in Cy3-
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(GU)e-treated cells (Fig. 3D, white arrowheads). These filaments were identical, in shape and
width, to TDP43-immunopositive structures observed in Dendra2-LC3B HEK293T cells,
confirming lysosomal localization of fibrillar TDP43 upon treatment with (GU)s oligos (Fig.
S10A).

In situ TDP43 architecture at molecular resolution

To verify TDP43 accumulation within lysosomes of (GU)e-treated neurons, we employed
CRISPR/Cas9 to insert the HaloTag open reading frame just downstream of the endogenous
TARDBP start codon in human iPSCs, thereby generating a fusion of HaloTag with the N-terminus
of native TDP43 (Fig. S8A). Correct positioning of HaloTag was confirmed by Sanger sequencing,
and an appropriate shift in the molecular weight of TDP43 was observed on immunoblotting (Fig.
S8B). After integrating the NGN1/NGN2 cassette, HaloTag-TDP43 iPSCs were differentiated into
iNeurons and labeled using cell-permeable and photostable HaloTag-compatible dye (JF635)(53).
We then applied Cy3-labeled (GU)s oligos for 24h and employed our cryo-CLEM workflow to
visualize mislocalized, JF635-positive HaloTag-TDP43 puncta within the cytoplasm in greater
detail (Fig. S8C-E). Some of these HaloTag-TDP43 foci appeared to have very little organized
ultrastructure, instead forming amorphous accumulations that were notable for their spherical
appearance and the exclusion of ribosomes and other cellular organelles (Fig. 4A, Movie 2).
Fluorescence signals from Cy3-(GU)s often overlapped with these spherical puncta, suggesting
that these structures may represent phase-separated ribonucleoprotein condensates. Notably, such
‘ribosome-excluded zones’ frequently localize to the surface of endolysosomes, where they adopt
the curvature of the adjacent membrane (Fig. 4A, Movie 2).

We also observed several larger cytoplasmic TDP43 foci located within double membrane-bound
structures reminiscent of autophagosomes (Fig. 4B, Movie 3, Fig. S8C-E). In some cases, multiple
sheets of TDP43 fibrils span the entirety of autophagosomes. As in our cryo-ET analysis of isolated
organelles, most of the filaments form stacked sheets (Fig. 2E, Fig. 4D). TDP43-containing
autophagosomes rarely exhibited other cellular debris or material, implying selective rather than
bulk (macro) autophagy of TDP43 fibrils.

The large majority of mislocalized TDP43 was fibrillar rather than amorphous and present within
single membrane-bound endolysosomes (Fig. 4C, Movie 4). Within these structures, the density
of TDP43 filaments was less than that found in double membrane-bound autophagosomes (Fig.
4B). In fact, we rarely found TDP43 filaments outside of acidified membrane-enclosed organelles
such as lysosomes and autophagosomes, suggesting that fibril formation may be enhanced by
changes in pH, molecular crowding, and/or partial cleavage of TDP43 within these organelles.

We computationally extracted these filaments and performed subtomogram averaging (Fig. S9),
obtaining a low-resolution Coulombe potential map of TDP43 within lysosomes (Fig. S9B). Our
analysis revealed that the length and width of the TDP43 filaments within lysosomes in HEK293T
cells and iNeurons are remarkably similar (Fig. S10A, B). PDB models of insoluble TDP43 fibrils
from both FTLD-TDP type A and ALS/FTLD-TDP type B(25, 26), consisting of C-terminal
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residues 272-360 (PDB ID: 8CG3), 281-360 (PDB ID: 8CGH), 281-360 (PDB ID: 8CGG) and
282-360 (PDB ID: 7PY2), fit very well to maps of fibrillar TDP43 from iNeurons, with
ALS/FTLD-TDP type B showing an overall better fit, suggesting misfolding and reorganization
of the TDP43 C-terminus within individual filaments (Fig. 4E, Fig. S10C), similar to what is
observed in post-mortem material.

TDP43 mislocalizes to autophagosomes and lysosomes in ALS patient tissue

Our observations of TDP43 fibrils within lysosomes and autophagosomes suggested that the
earliest stages of pathological TDP43 deposition may occur within these organelles. To pursue this
possibility, we performed dual immunohistochemistry for TDP43 and LAMP1 or LC3B in ALS
patient spinal cord sections. Unaffected spinal neurons within the anterior horn displayed nuclear
TDP43 and the expected distribution of lysosomal (LAMP1) and autophagosomal (LC3B) signals
within the cytosol (Fig. 5A, B). However, spinal neurons with pathological nuclear exclusion of
TDP43 instead displayed marked overlap of cytosolic TDP43 puncta with lysosomes and less so
autophagosomes, confirmed by color deconvolution of dual stained tissue (Fig. 5C). As with
unaffected neurons, we did not observe colocalization between TDP43 and lysosomes or
autophagosomes in spinal neurons from control subjects (Fig. S11A, B). The overlap between
TDP43 and these organelles was further confirmed by immunofluorescence microscopy. We
observed clear colocalization of TDP43 with lysosomal (LAMP1) and autophagosomal (LC3B)
markers in affected neurons displaying TDP43 mislocalization, but not unaffected cells or those
from controls (Fig. 5D, E, Fig. S11C, D). To verify the lysosomal accumulation of mislocalized
TDP43 and the formation of fibrillar TDP43 within these organelles, we adapted the method we
previously used for isolating lysosomes and autophagosomes from cultured cells and used it to
fractionate ALS/FTLD-TDP prefrontal cortex (Fig. S5A). In lysosome-rich fractions, we detected
full-length phosphorylated TDP43 (S409/S410) as well as truncated species of ~35 and 25kDa
(Fig. S11E). Cryo-ET analysis of these lysosomes revealed filamentous inclusions within
membrane-bound structures that were remarkably similar to what we observed in iNeurons (Fig.
5F, Movie 5). The widths of filaments in patient-derived lysosomes displayed a bimodal
distribution, with thinner filaments having a mean width of 4.4 £ 0.46 nm and thicker filaments
with a mean width of 6.7 £ 0.7 nm (Fig. S11F, G). Together, these findings validate and extend
our observations from (GU)s-treated iNeurons, suggesting that RNA dysregulation may similarly
foster TDP43 mislocalization and aggregation in disease.

Discussion

TDP43 recognizes almost %5 of transcribed genes(54, 55) and is crucial for diverse aspects of RNA
metabolism. Loss of this protein from the nucleus and its cytosolic accumulation are closely tied
with neurodegeneration in cellular and animal ALS/FTLD-TDP models, as well as in human post-
mortem samples(14, 38, 56, 57). Indeed, TDP43 knockdown leads to dramatic and widespread
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changes in RNA splicing and stability(22, 36, 37, 47, 48, 58), implying that RNA misprocessing
in ALS/FTLD-TDP is downstream of TDP43 mislocalization. Our data, together with recent
studies illustrating the significance of RNA for TDP43 localization(19-21), are consistent with an
alternative possibility: RNA dyshomeostasis may precede and drive TDP43 mislocalization,
eliciting a self-perpetuating positive feedback loop that further facilitates and enhances RNA
misprocessing. The end result is a spiral of RNA dysfunction and TDP43 mislocalization that
expedites neuronal toxicity and degeneration in disease.

RNA misprocessing may originate from genetic and/or acquired means. For instance, mutations
in genes encoding RNA binding proteins such as FUS, hnRNPA2B1, MATR3, and TDP43 itself
lead to ALS and FTLD-TDP(59-65). Co-transcriptional RNA modifications, including
methylation at the N°® position of adenosine (mfA), may also affect TDP43 binding affinity and/or
the fate of transcribed RNA(23, 66-69). Abnormal patterns and extent of RNA methylation are
characteristic of not just ALS and FTLD-TDP but also other conditions, such as Alzheimer’s
disease, that display TDP43 pathology(23, 24, 70, 71). RNA-based sequestration of TDP43 into
cytosolic granules is also observed during skeletal muscle regeneration in mice and humans(72).
These myo-granules are rich in fibrillar TDP43, suggesting common misfolding events upon
cytosolic TDP43 mislocalization. Here, we used TDP43 substrate, GU-rich RNA oligonucleotides,
to initiate the efflux of TDP43 from the nucleus. Mislocalized TDP43 overlaps with bona fide
markers of autophagosomes, lysosomes, stress granules, and ESCRT machinery (Fig. 1, Fig. S4),
and biochemical gradient centrifugation experiments reveal the presence of full-length TDP43
within lysosomes and autophagosomes (Fig. 2). This is consistent with the appearance of full-
length TDP43 within pathological aggregates in ALS spinal motor neurons(12), the overlap
between TDP43 inclusions and lysosomal/autophagosomal markers in post-mortem ALS samples
(Fig. 5A, B, and Fig. S11E) and the appearance of fibrillar material in purified lysosomes from
ALS/FTLD-TDP brain (Fig. 5F).

Structural studies on purified protein fragments or fibrils extracted from patient samples are
invaluable for deriving small molecule ligands or tracers specific for protein inclusions;
nevertheless, these investigations are limited in their ability to uncover molecular mechanisms of
TDP43 aggregation. To address this, we established an in situ cryo-CLEM platform (Fig. 3) that
provides the first visual snapshots of endogenous TDP43 mislocalization and aggregation within
human neurons. Application of short GU-rich oligos leads to the appearance of amorphous
‘condensate-like’ TDP43 inclusions within the cytosol (Fig. 4A, Movie 2), whose material
properties may depend on chaperones (i.e., HSPB1)(73) and/or RNA length, size, modifications,
and motif valency. Cytosolic TDP43 condensates were often found in association with lysosomal
membranes, but within these organelles, TDP43 adopted filamentous and sheet-like structures
(Fig. 4C, Movie 4). The acidified environment of lysosomes may promote the demixing of TDP43
from condensates, leading to its misfolding and filament formation(74-76). The appearance of
TDP43 within autophagosomes argues against chaperone-mediated autophagy in the clearance of
cytosolic TDP43(77) but would be consistent with selective autophagy that would require an as-
yet-unknown adapter. Prior studies identified a single LC3-interacting region (LIR) containing
protein in association with TDP43—TATA-box binding protein (TBP)(78) - but further studies
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are required to determine whether this factor is required for the delivery of cytosolic TDP43 to
lysosomes and/or autophagosomes.

The TDP43 C-terminal low complexity domain (LCD) is critical for forming pathological
amyloid-like aggregates in vitro. Within this region, amino acid stretches 286-331 in primary
cortical neurons(79) , and 341-367 in neuronal cell lines are sufficient for fibril formation(9, 10).
Here, we show that introducing GU-rich oligos reproduces TDP43 mislocalization and aggregation
within human neurons and other commonly established model cell lines. Mislocalized TDP43
forms fibril-like structures reminiscent of patient-derived fibrils, mainly in autophagosomes and
lysosomes, underscoring the importance of these acidified organelles in the formation and/or
clearance of nascent TDP43 aggregates (Fig. 4, Movie 3-4). The presence of the N-terminus of
TDP43 and whether the GU-rich RNA is bound to the two RRM domains of TDP43 within these
organelles remains to be investigated. We believe these features are dynamic and lost during
averaging, as observed in TDP43 cryo-EM maps(25, 26). Similarly, we could not detect specific
structures assumed by RNA in our reconstruction.

Our data are consistent with disease-associated mutations in autophagy-related genes (i.e.,
UBQLNZ2, CO90RF72, OPTN, SQSTM1)(80-84), age-related declines in the efficiency of neuronal
autophagy, and the broad neuroprotection afforded by autophagy-inducing strategies in
ALS/FTLD-TDP models(43, 56, 85, 86). Based on this, we propose a model for TDP43
mislocalization, clearance, and its aggregation in disease (Fig. 6). External stressors (i.e., injury)
or internal events (i.e., RNA dyshomeostasis) may trigger nuclear TDP43 egress. In the cytosol,
TDP43 undergoes RNA-dependent liquid-like condensation, as observed for other RNA-binding
proteins in similar environments(87). At this stage, at least two scenarios are possible. If the
stressors are self-limited and autophagy is functional, mislocalized TDP43 is degraded via
autophagy, and nuclear TDP43 levels are restored by new protein synthesis. Alternatively, if the
stressors persist, both existing and newly synthesized pools of TDP43 are mislocalized and
targeted to autophagy, leading to TDP43 accumulation within autophagosomes and lysosomes
(Fig. 6D). Eventually, TDP43 forms fibrils in these acidified organelles, and it can no longer
repress cryptic exons due to its continued mislocalization from the nucleus. These events culminate
in neurotoxicity and subsequent neurodegeneration.

Taken together, we establish a model of TDP43 mislocalization and cytoplasmic aggregation, a
signature pathologic event in ALS/FTLD-TDP. Using this model, we provide the first visual
snapshots of TDP43 aggregates within neuronal lysosomes and autophagosomes in situ,
highlighting the critical connection between autophagy and the pathogenesis of ALS/FTLD-TDP.
We expect this platform to be invaluable for investigating not just the pathogenesis and origins of
TDP43 pathology but also for developing the means to detect and even reverse TDP43
mislocalization in ALS/FTLD-TDP and related TDP43-proteinopathies.
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Fig. 1. TDP43 mislocalizes to autophagosomes, lysosomes, and stress granules upon
treatment with GU-rich oligonucleotides. (A) Schematic of iPSC differentiation into forebrain-
like neurons and subsequent (GU)es oligonucleotide treatment. (B-E) Representative confocal
microscopy images with xz and yz orthogonal views of (GU)¢-treated DIV 10 iNeurons fixed and
immunostained for MAP2 (gray), TDP43 (magenta), and (B) LC3B, (C) p62, (D) LAMP2, or (E)
G3BP1 (cyan). Scale bar, Sum. Insets provide ~4.8x magnification; scale bar, lum. White
arrowheads in xz and yz orthogonal views indicate TDP43 puncta present in inset.
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Fig. 2. GU-rich oligonucleotides induce the formation of TDP43 fibrils in autophagosomes

and lysosomes. (A) Schematic of Nycodenz density gradient fractionation protocol to isolate
autophagosomes (AP) and lysosomes (Lyso) from HEK293T cells. (B) (i) Representative

5 immunoblots of fractions 2-12 and membrane fraction input (in) isolated from oligonucleotide-
treated Dendra2-LC3B HEK293T cells, detected with anti-TDP43, -LAMPI1, and -LC3B
antibodies. n=3. Quantification of TDP43 in fractions 4 (ii) and 6 (iii) (mean +: SEM, ANOVA,

Tukey’s test, *p < 0.05). (C) Anti-TDP43 immunogold labeling on an ultrathin section of (GU)e

treated Dendra2-LC3B HEK293T cells (left). n=6. Quantification of TDP43 positive vesicles in

10 oligonucleotide-treated Dendra2-LC3B HEK293T cells (right). (Welch’s t-test, **p <0.005). Scale
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bar, 100nm. (D) Representative negative stain EM images of immunogold labeled detergent
insoluble TDP43 fibrils from Dendra2-LC3B HEK293T cells using anti-TDP43 antibodies. Scale
bar, 50nm. (E) Correlative cryo-ET of lysosome enriched fraction from (GU)¢-treated Dendra2-
LC3B HEK293T cells. Cryo-EM micrograph of lysosome overlaid with the Dendra2-LC3B cryo-
fluorescence signal (left). Slice through the tomogram of the lysosome shown in the left panel
(middle). White arrowheads highlight TDP43 fibrils. TDP43 fibrils and lysosome membranes in
left/middle panels are segmented (right). Color scheme: red - TDP43; blue - lysosome membrane.
Scale bars, 200nm.
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Fig. 3. Cryo-correlative workflow to study aggregates and probe proteinopathies in situ.
Representative images appear below each step of the workflow, with a schematic on the left. (A)
Micropatterning and vitrification: doxycycline-inducible mEGFP-LC3B iPSCs are differentiated
to iNeurons on micropatterned EM grids. Scale bar, 40um. (B) Cryo-confocal microscopy: Cryo-
confocal z-stacks with mEGFP fluorescence (green) and reflected light (grey) are collected of
mEGFP-LC3B iNeurons (green) on grid squares for precise correlative cryo-FIB/SEM milling.
Scale bar, 20um. (C) Correlative cryo-focused ion beam milling (cryo-FIB): Cryo-confocal
maximum intensity projection (MIP) of mEGFP-LC3B (green) overlaid on cryo-FIB image (grey)
of mEGFP-LC3B iNeuron before milling (top). 3D-correlation toolbox (3DCT) was used to
correlate the cryo-confocal and cryo-FIB data. Scale bar, 20um. Bottom: Final lamella from cryo-
FIB (grey) with MIP of mEGFP-LC3B (green) correlated fluorescence. Scale bar, Spum. (D) In situ
cryo-CLEM: Correlation of MIP of mEGFP-LC3B (green) and 6500x cryo-EM montage of cryo-
lamella guides tilt-series positioning. Tilt-series were collected at the region of cryo-lamella
highlighted with an orange box. Scale bar, 2um. Slice through a tomogram of lysosome with
TDPA43 fibrils (bottom). White arrowheads indicate individual TDP43 fibrils. Scale bar, 200 nm.
(E) Analysis: 3D segmentation corresponding to the volume represented in panel (D). Scale bar,
200 nm.
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Fig. 4. In situ structural analysis of mislocalized TDP43 in (GU)¢-treated human iNeurons.
Slice through tomograms and corresponding segmentation of the volumes (images with solid black
outlines on the left) highlighting TDP43 inclusion architecture in DIV10 iNeurons treated with
(GU)s RNA for 24h, within an amorphous organelle excluded zone (A), within autophagosomes
(B), or lysosomes (C), respectively. Cellular features are labeled and colored as: ribosome (grey)
TDP43 (red), endoplasmic reticulum (ER, pink), mitochondria (mito, yellow), microtubules (MT,
green), lysosome (lyso, blue), autophagosome (AP, purple), degraded membranes (lilac), and
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endosome/multivesicular bodies (MVB, sky blue). Scale bars, 200nm. TDP43 shows amorphous
condensate-like morphology in the cytosol (A) but fibril-like morphology in autophagosomes (B)
and lysosomes (C). The two right panels in (A-C, dotted black outline) are enlarged views of the
slices through tomogram and segmentation on the left, highlighting TDP43 specifically. White
arrowheads indicate individual TDP43 fibrils. Scale bars, 200nm. (D) Slice through a tomogram
of the autophagosome with TDP43 fibrils (left panel). TDP43 forms sheets (cyan arrowheads) and
individual filaments (red arrowheads). 3D segmentation of TDP43 sheets (cyan) and single
filaments (red) en face and rotated 90° around the y-axis (right panel). Scale bar, 50nm. (E) Fit of
TDP43 Type B variant 1 (PDB: 7PY2) atomic model to the subtomogram averaged map of TDP43
fibrils in iNeurons. Scale bar, 5 nm.
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Fig. 5. TDP43 mislocalizes to lysosomes and autophagosomes in patient tissue. (A-B)
Immunohistochemistry for TDP43 (magenta) and (A) LAMP1 or (B) LC3B (green) in spinal cord
of two patients with sporadic ALS show unaffected (top row) and diseased (bottom row) neurons.
(C) Diseased neurons (outlined in black) in deconvolved immunohistochemistry images for
TDP43 (magenta) and LAMP1 (green) in the spinal cord of two patients with sporadic ALS show
colocalization of TDP43 and LAMPI. Scale bars, 20um. (D-E) Immunofluorescence for TDP43
(magenta) and (D) LAMP1 or (E) LC3B (cyan) in the spinal cord of two patients with sporadic
ALS show unaffected (top row) and diseased (bottom row) neurons. Diseased neurons show
colocalization of LAMP1 or LC3B (cyan) with mislocalized, cytosolic TDP43 (magenta). Scale
bars, 10pum. (F) Slice through tomogram and corresponding segmentation of the volume (images
with solid black outlines on the left) highlighting TDP43 (red) within lysosomes (blue) isolated
from ALS/FTLD patient postmortem brain tissue. Cellular features are labeled and colored as
lysosome (lyso, blue), autophagosome (AP, purple), and vesicle (grey). The two right panels
(dotted black outline) are enlarged views of the slices through tomogram and segmentation on the
left, highlighting TDP43 specifically. Yellow arrowheads highlight thinner filaments and white
arrowheads highlight thicker filaments. Scale bars, 100nm.
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Fig. 6. An autophagy-centric model of TDP43 pathology. (A) TDP43 (red) primarily localizes
to the nucleus in healthy neurons. RN A misprocessing, genetic mutations, or environmental factors
may trigger TDP43 nuclear egress and cytosolic accumulation. (B) Increasing amounts of
mislocalized TDP43 leads to the accumulation of mislocalized TDP43 in autophagosomes and
lysosomes. (C) Increased burden of mislocalized TDP43 leads to the loss of TDP43 splicing
activity and cytosolic TDP43 fibrilization, as seen in ALS, FTD, and other TDP43
proteinopathies. (D) TDP43, LC3B, and LAMP1 immunohistochemistry (left) and
immunofluorescence (right) of ALS patient tissue. Scale bars, 20um (left) and Sum (right). (E)
Restoring TDP43 nuclear localization has pharmacotherapeutic potential to prevent TDP43
pathology.
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Movie 1. Cryo-ET of isolated lysosome from HEK293T cells. Sequential sections of a tomogram
of lysosomes obtained from fraction 4 of gradient fractionation reveal ensconced TDP43 filaments.
Accompanies Fig. 2.

Movie 2. In situ cryo-ET of TDP43 condensate. Sequential sections of a tomogram of cryo-FIB
milled human neurons reveal amorphous TDP43 in the cytosol. Accompanies Fig. 4.

Movie 3. In situ cryo-ET of TDP43 engulfed within autophagosome. Sequential sections of a
tomogram of cryo-FIB milled human neurons reveal TDP43 filaments engulfed by an
autophagosome. Accompanies Fig. 4.

Movie 4. In situ cryo-ET of TDP43 engulfed within the lysosome. Sequential sections of a
tomogram of cryo-FIB milled human neurons reveal lysosomal engulfment of TDP43 filaments.
Accompanies Fig. 4.

Movie 5. Cryo-ET of isolated lysosomes from ALS/FTLD patient brain tissue. Sequential
sections of lysosomes obtained from fraction 1 of gradient fractionation reveal ensconced TDP43
filaments. Accompanies Fig. 5.
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