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Abstract

TAR DNA-binding protein 43 (TDP-43) inclusions are a pathological hallmark of frontotemporal
dementia (FTD) and amyotrophic lateral sclerosis (ALS), including cases caused by G4C, repeat
expansions in the C9orf72 gene (cOFTD/ALS). Providing mechanistic insight into the link
between C9orf72 mutations and TDP-43 pathology, we demonstrated that a glycine-arginine
repeat protein [poly(GR)] translated from expanded G4C, repeats was sufficient to promote
aggregation of endogenous TDP-43. In particular, toxic poly(GR) proteins mediated sequestration
of full-length TDP-43 in an RNA-independent manner to induce cytoplasmic TDP-43 inclusion
formation. Moreover, in GFP-(GR),go mice, poly(GR) caused the mislocalization of
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nucleocytoplasmic transport factors and nuclear pore complex proteins. These mislocalization
events resulted in the aberrant accumulation of endogenous TDP-43 in the cytoplasm where it co-
aggregated with poly(GR). Last, we demonstrated that treating G4C, repeat—expressing mice with
repeat-targeting antisense oligonucleotides lowered poly(GR) burden, which was accompanied by
reduced TDP-43 pathology and neurodegeneration, including lowering of plasma neurofilament
light (NFL) concentration. These results contribute to clarification of the mechanism by which
poly(GR) drives TDP-43 proteinopathy, confirm that G,C,-targeted therapeutics reduce TDP-43
pathology in vivo, and demonstrate that alterations in plasma NFL provide insight into the
therapeutic efficacy of disease-modifying treatments.

INTRODUCTION

Frontotemporal dementia (FTD) is characterized clinically by changes in personality,
behavior, and/or language, whereas amyotrophic lateral sclerosis (ALS) is characterized by
motor neuron signs. Nevertheless, these two fatal neurodegenerative diseases share
pathologic features and genetic causes, and frequently co-occur within the same individuals.
FTD and ALS exist on the same disease spectrum and are caused by common pathogenic
mechanism(s). A hallmark feature of the vast majority of ALS cases and about half of FTD
cases is TAR DNA-binding protein 43 (TDP-43) pathology. TDP-43, a predominantly
nuclear DNA/RNA-binding protein with a prion-like domain, plays many roles in RNA
metabolism. In patients with FTD/ALS-TDP-43, however, TDP-43 forms cytoplasmic
aggregates, which result in its nuclear depletion (1, 2). The underlying factors that initiate
these events are unknown, but the discovery of a G4Co repeat expansion in chromosome 9
open reading frame 72 (C90rf72) as the most common genetic cause of FTD and ALS
(cO9FTD/ALS) (3, 4) has provided important insight into potential mechanisms that drive
TDP-43 pathology.

In addition to the aggregation of TDP-43, pathological features uniquely derived from the
C9orf72 repeat expansion are observed in cOFTD/ALS. These include C9orf72
haploinsufficiency, as well as the accumulation of nuclear RNA foci composed of sense
G4C, and antisense G,C,4 repeat transcripts (3, 5, 6) and dipeptide repeat (DPR) proteins
[poly(GA), poly(GP), poly(GR), poly(PR), or poly(PA)] translated from these transcripts
through unconventional means (7-11). Several lines of evidence suggest that TDP-43
pathology in c9FTD/ALS results from repeat expansion products rather than loss of
C9orf72. For instance, knockout of C90rf72in mice does not lead to TDP-43 pathology,
neurodegeneration, or motor deficits (12). In contrast, mice that express G4C, repeat
expansions not only develop RNA foci and express DPR proteins but also exhibit
phosphorylated and aggregated endogenous TDP-43 (13-16), indicating that the TDP-43
pathology is likely triggered by repeat RNA and/or DPR proteins produced from the
expanded G4C, repeats. Repeat expansion products, especially arginine-rich poly(GR) and
poly(PR) proteins, have been implicated in causing nucleocytoplasmic transport defects (17—
22) and impairing stress granule (SG) dynamics (13, 23-26), two pathomechanisms linked
to TDP-43 mislocalization and aggregation, in c9FTD/ALS. For instance, poly(GR)
immunoprecipitates with TDP-43, nucleocytoplasmic transport factors, and SG-associated
proteins (26, 27). These findings, along with evidence that essential protein components and
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key regulators of SG assembly, such as ataxin-2 and T cell intracellular antigen-1 (TIA-1),
colocalize with poly(GR) and phosphorylated TDP-43 (pTDP-43) in (G4C2)149 mice (13),
suggest that poly(GR) plays a key role in inducing TDP-43 pathology through the disruption
of nucleocytoplasmic transport and SG biology. That poly(GR) colocalizes with TDP-43
inclusions in the motor cortex of patients with c9ALS supports this notion (28). Nonetheless,
the mechanistic links between poly(GR) and TDP-43 remain unclear. Here, we used pure
protein biochemistry, cell and animal models, as well as human postmortem brain tissue to
investigate the relationship between poly(GR) and TDP-43 proteinopathy.

RESULTS

Poly(GR) accelerates and enhances TDP-43 aggregation

To investigate the relationship between poly(GR) and TDP-43, we first assessed their
behavior at the pure protein level. Thus, we incubated purified recombinant maltose-binding
protein (MBP)-tagged TDP-43 with or without (GR),q (a protein with 20 GR repeats) or
(GA)yo (a protein with 20 GA repeats). When tagged with MBP, wild-type TDP-43
(TDP-43\7) remained soluble in the absence or presence of (GR),q or (GA)yq (Fig. 1A).
However, after selective removal of the MBP tag by tobacco etch virus (TEV) protease,
TDP-43\7 formed aggregates in a time-dependent manner (Fig. 1A). Sedimentation
analysis at the end point of the turbidity measurements confirmed that the increased
absorbance in our aggregation assay is due to the formation of TDP-43\T aggregates (fig.
S1A). Upon near completion of MBP cleavage, TDP-43y7 in the absence or presence of
(GR),g or (GA),q fully sedimented into the pellet fraction, whereas free MBP remained
soluble (fig. S1A). Of note, co-incubation with (GR)sg, but not (GA)», significantly
accelerated and enhanced TDP-43yyT aggregation (P < 0.0001), although (GR)»q and (GA)g
alone did not aggregate (Fig. 1, A and B). More specifically, (GR),q elicited the rapid
formation of visible, solid-like TDP-43 aggregates at times where no TDP-43 aggregates
formed in the presence of buffer or (GA),g (Fig. 1, A and C). Transmission electron
microscopy (TEM) revealed that whereas uncleaved TDP-43yt showed no aggregate
formation in the absence or presence of (GR)g or (GA)yg (fig. S1B), (GR),q induced the
formation of very dense TDP-43,y aggregates upon MBP cleavage (Fig. 1D). In contrast,
(GA),0 had no obvious effect on TDP-43, which displayed a typical granulo-filamentous
morphology (Fig. 1D). Quantitative analysis revealed that the total area and intensity of
TDP-43 aggregates induced by (GR),q are significantly higher compared to TDP-43 alone
(P<0.05) or with (GA)9 (P=10.0027) (Fig. 1E). Collectively, our pure protein studies
established that (GR),g enhances and accelerates the aggregation of TDP-43 into dense
condensates, whereas (GA),qg has no effect.

Poly(GR) recruits cytoplasmic TDP-43 and SG-associated proteins to inclusions

To investigate the effects of poly(GR) aggregates on TDP-43, we first examined the
morphology of poly(GR) aggregates using immuno-electron microscopy (IEM). We
observed gold labeling of poly(GR) antibody on both granular and filamentous materials
within cytoplasmic aggregates (Fig. 2A). Following confirmation that poly(GR) forms
filaments and granular deposits in transfected cells, human embryonic kidney (HEK) 293T
cells expressing green fluorescent protein (GFP) or GFP-tagged (GR)1q Were cotransfected
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with various Myc-tagged TDP-43 constructs. Consistent with our previous findings (29), we
observed that cytoplasmic GFP-(GR)1qq inclusions were immunopositive for the SG markers
TIA-1, eukaryatic translation initiation factor 3n (elF3n), and ataxin-2 (Fig. 2B and fig.
S2A). TDP-43\yT, however, was absent from poly(GR)/TIA-1-positive inclusions, instead
remaining in the nucleus (Fig. 2, B and C). In contrast, TDP-43 with a mutated nuclear
localization signal (TDP-43y_sm) was confined to the cytosol where it co-aggregated with
poly(GR) and TIA-1 (Fig. 2, B and C). To confirm that co-aggregation was not merely
caused by TDP-43y_sm Overexpression, we examined the distribution and expression of
TDP-43NLsm in the absence of poly(GR) (fig. S2BD). TDP-43y_sm remained diffusely
distributed throughout the cytosol in GFP-transfected cells (Fig. 2C and fig. S2B), despite
the fact that TDP-43y_sm expression was higher in GFP—expressing cells than in GFP-
(GR)100—expressing cells (fig. S2, C and D) [likely because poly(GR) inhibits translation
(26, 29)]. Unlike poly(GR), poly(GA) inclusions in GFP-(GA)igg—expressing cells failed to
sequester cytoplasmic TDP-43y sm (fig. S2E). Together, these data indicate that both the
cytoplasmic localization of TDP-43 and its specific recruitment to poly(GR) inclusions
promote TDP-43 aggregation.

Given that TDP-43 is an RNA-binding protein, we examined whether cytoplasmic TDP-43
recruitment to GFP-(GR)1qg inclusions was RNA dependent by mutating five phenylalanine
residues within the RNA-binding motifs of TDP-43y_sm to leucine residues
(TDP-43n1sm-5FL)- Although these mutations disrupt the RNA-binding ability of TDP-43
(30), TDP-43ysm-seL nonetheless colocalized to poly(GR) aggregates (Fig. 2, B and C).
Next, because the C-terminal prion-like domain of TDP-43 is prone to aggregate (31, 32),
we co-expressed TDP-43 C-terminal fragments (CTFs) or TDP-43ysm lacking the C-
terminal domain (TDP-431.973.nLsm) With GFP-(GR)1gg. Whereas TDP-431_273-NLSm
maintained the ability to be recruited to poly(GR) inclusions (Fig. 2, B and C), TDP-43 CTF
formed cytoplasmic aggregates devoid of poly(GR) (fig. S2F). To study the poly(GR)-
TDP-43 interaction in more detail, we used a proximity ligation assay (PLA) in which a
fluorescent PLA signal is indicative of GFP-(GR)1g binding to a given Myc-tagged TDP-43
species. Consistent with a lack of colocalization, no PLA signal was detected in cells
expressing GFP-(GR)1gg and TDP-43yy. In contrast, poly(GR) did interact with
cytoplasmic TDP-43Nsm, TDP-43N1sm-5FL, and TDP-431.573.nLsm as revealed by the
positive PLA signal within cytoplasmic poly(GR) inclusions (Fig. 2, D and E). Collectively,
our results indicate that poly(GR) interacts with and recruits TDP-43 into inclusions,
independent of RNA-binding ability or the aggregation-prone C-terminal prion-like domain
of TDP-43.

Poly(GR) aggregates sequester endogenous TDP-43 and SG-resident proteins in vivo

Our cell culture studies indicate that poly(GR) inclusions sequester TDP-43y sm but not
TDP-43\7. This difference raises the possibility that the short experimental period of this
cell culture system fails to meet the temporal requirement for poly(GR)-mediated
recruitment of TDP-43,y1. We therefore examined whether the extended time frame that in
vivo studies permit would allow for TDP-43yy7 to be recruited to poly(GR) aggregates. We
recently demonstrated that GFP-(GR)1qg expression in the brains of mice causes
neurodegeneration and translational repression through the binding of poly(GR) to

Sci Transl Med. Author manuscript; available in PMC 2021 March 24.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Cook etal.

Page 5

ribosomal subunits and translation initiation factors (29). However, no inclusions of
endogenous mouse TDP-43 were observed, which we speculate was due to the lack of GFP-
(GR)100 aggregation in this model. To overcome this issue, we generated an adeno-
associated viral (AAV) construct encoding 200 GR DPRs, which was injected into the lateral
ventricles of postnatal day 0 mice. Although poly(GR) predominantly showed a diffuse
intracellular distribution in the brains of these mice, poly(GR) aggregates were nonetheless
observed in about 7.9 and 3.5% of poly(GR)-positive cells in 2-week-old and 3-month-old
mice, respectively (Fig. 3, A and B, and fig. S3A). We detected a significant reduction in the
number of diffuse (63.1% decrease, A< 0.0001) and aggregated (90.4% decrease, P=
0.0001) poly(GR)-positive cells in the cortex from 2 weeks to 3 months of age (Fig. 3B),
likely attributed to toxicity of poly(GR) expression and subsequent neuronal loss. Ataxin-2
and TDP-43 aggregates were also observed in brains of GFP-(GR),qg mice, but not in GFP
mice (Fig. 3, C and D, and fig. S3B). Furthermore, we found that poly(GR) aggregates, but
not diffuse poly(GR), colocalized with ataxin-2, elF3r, TDP-43, and pTDP-43 (Fig. 3, E to
G). Of note, about 95.2 and 78.1% of poly(GR) inclusions in GFP-(GR),qg mice were
positive for TDP-43 and pTDP-43, respectively (Fig. 3H and fig. S3C). Moreover, consistent
with the nuclear depletion of TDP-43 in cells bearing cytoplasmic TDP-43 inclusions in
patients with FTD and ALS, significant (£ < 0.0001) nuclear depletion of TDP-43 was
observed in cells containing poly(GR) aggregates compared to nontransduced and diffuse
poly(GR)-positive cells (Fig. 3, B, F, and H). Quantitative analysis revealed that about
30.9% of cells containing TDP-43—positive inclusions display TDP-43 nuclear reduction
(Fig. 3H), likely reflecting different stages of inclusion formation. We observed poly(GR)
inclusions immunopositive for TDP-43 and elF3r in cOFTD/ALS patient tissues (Fig. 31 and
fig. S3D), and these were accompanied by varying degrees of nuclear TDP-43 depletion.
Unlike poly(GR) inclusions in GFP-(GR),gg mice, poly(GA) inclusions formed in GFP-
(GA)s5p mice were negative for TDP-43 and elF3n (Fig. 3J), which is consistent with the
inability of poly(GA) alone to stimulate TDP-43 aggregation in vitro (Fig. 1) or in cultured
cells (fig. S2C). Although poly(GA) is detected within TDP-43 inclusions in cO9FTD/ALS
postmortem brain tissue (fig. S3E), there is greater colocalization between TDP-43 and
poly(GR) (fig. S3F). These results might suggest that poly(GA) colocalizes with TDP-43 in
the presence of other G4Co-associated pathologies, whereas poly(GR) alone exhibits a
unique ability to recruit TDP-43 to inclusions. Together, our data demonstrate that poly(GR)
aggregation, in the absence of other G4Cy-associated pathologies, is sufficient to promote
the aggregation of endogenous, wild-type TDP-43 in vivo.

Poly(GR) aggregates sequester nucleocytoplasmic transport factors and nuclear pore
complex proteins in vivo

Because the cytoplasmic localization of TDP-43 is required for its sequestration to poly(GR)
inclusions, we next determined how endogenous TDP-43 becomes mislocalized in GFP-
(GR)200 mice. Given that poly(GR) disrupts nucleocytoplasmic transport in yeast, flies, and
cultured cells (17, 18, 20), which could disrupt TDP-43 transport to and from the nucleus,
we evaluated whether poly(GR) influences nucleocytoplasmic transport factors. We first
examined importin a5 and karyopherin a2 (KPNAZ2), two nuclear import factors that
mediate TDP-43 nuclear import (33). Co-immunofluorescence staining demonstrated that
the colocalization of poly(GR) and importin a5 or KPNA2 was observed in both diffuse and

Sci Transl Med. Author manuscript; available in PMC 2021 March 24.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Cook etal.

Page 6

aggregated poly(GR)-positive cells (Fig. 4A). However, compared to nontransduced cells,
aggregated but not diffuse poly(GR) affected the distribution pattern of importin a5 and
KPNAZ2 by recruiting these proteins in poly(GR) inclusions (Fig. 4, A and B). We next
assessed various components of the nuclear pore complex (NPC), which consists of about 30
nucleoporins. Using an NPC antibody that detects four nucleoporins (NUP62, NUP153,
NUP214, and NUP358), we observed that NPCs were homogeneously distributed
throughout the nuclear envelope in nontransduced and diffuse poly(GR)-positive cells (Fig.
4C). In contrast, in poly(GR) inclusion—bearing cells, NPCs were irregularly distributed
around the nuclear envelope and partially colocalized with poly(GR) aggregates, and this
was similarly observed for the NPC components NUP98 and pore membrane protein of 121
kDa (POM121) (Fig. 4C and fig. S4). Quantitative analysis revealed that more than 90% of
poly(GR) inclusion—bearing cells contained abnormal KPNA2 and NUP98 staining (Fig. 4,
B and D). Last, we evaluated whether TDP-43 or elF3n distribution was altered in
poly(GR)-positive cells with NPC abnormalities. As anticipated, aggregated poly(GR) was
associated with aberrant NPC distribution, loss of nuclear TDP-43, and recruitment of
cytoplasmic TDP-43 and elF3n to poly(GR) inclusions (Fig. 4, E to H). These results
provide in vivo evidence that poly(GR) expression alone is sufficient to disturb
nucleocytoplasmic transport factors and NPC proteins, contributing to the mislocalization of
endogenous, wild-type TDP-43 and ultimately driving TDP-43 proteinopathy.

A G4C,-targeted therapeutic mitigates poly(GR) and TDP-43 aggregation and rescues
neurodegeneration in vivo

We previously reported that expressing expanded G4C, repeats in the brain of mice leads to
the accumulation of repeat-containing transcripts, DPR proteins, and pTDP-43 pathology
(13, 14). Data from the present study strongly suggest that poly(GR) is directly responsible
for inducing the TDP-43 pathology detected in (G4C5)gg and (G4C»)149 mice, and this role
of poly(GR) is further supported by our previous observation that poly(GR) aggregates in
(G4C5)149 mice are immunopositive for pTDP-43 and TIA-1 (13). Although we have shown
that treating (G4C,)gg mice with antisense oligonucleotides targeting G4C, repeats (C9ASO)
decreases G4C, repeat RNA and DPR protein expression (34), it remains unclear whether
c9ASOs, which are currently being tested in clinical trials, will also alleviate pTDP-43
pathology. This issue is critical as it is likely imperative to combat TDP-43 proteinopathy
and restore functional TDP-43 to the nucleus to rescue degenerating neurons. To investigate
this issue, c9ASOs were injected into the brain of 3-month-old (G4C5)149 mice, which
develop robust RNA foci and DPR protein pathology by this age (13). As anticipated, G4C»
repeat—containing RNA expression, assessed by both fluorescence in situ hybridization
(FISH) and quantitative reverse transcription polymerase chain reaction (QRT-PCR), was
reduced 3 months after treatment (Fig. 5A and fig. S5, A and B). To assess DPR burden, we
used both immunohistochemistry of fixed brain tissue and immunoassays of cortical brain
lysates, which confirmed that poly(GR) was reduced by c9ASO treatment, along with the
other sense DPR proteins poly(GA) and poly(GP) (Fig. 5B and fig. S5C). Moreover, the
number of inclusions immunopositive for pTDP-43 or ataxin-2 was also significantly
reduced (Fig. 5, C to E; £<0.0001 and 2= 0.0407 for pTDP-43 and ataxin-2, respectively),
validating that reduced poly(GR) and other G4Cy-associated pathologies are associated with
diminished TDP-43 pathology.

Sci Transl Med. Author manuscript; available in PMC 2021 March 24.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Cook etal.

Page 7

To assess the neuroprotective effect of c9ASO-mediated alleviation of the abovementioned
pathologies, we examined both neuronal number and amount of plasma neurofilament light
(NFL), a biomarker of neuronal injury (35-37). cQASO treatment prevented the reduction in
NeuN-positive cortical neurons otherwise observed in (G4C2)149 mice (Fig. 5F). In addition,
we observed increased plasma NFL concentrations in (G4C5)149 mice compared to control
(G4C5), mice, which were attenuated in cQASO-treated (G4C5)149 mice (Fig. 5G). To
examine the pathological meaning of alterations in plasma NFL in the (G4C5)149 model, we
evaluated the relationship between plasma NFL and neuronal counts, as well as TDP-43
pathology. Of note, plasma NFL negatively correlated with the number of NeuN-positive
neurons (Fig. 5H) and positively correlated with pTDP-43 pathology (Fig. 51) in (G4C5)149
mice, suggesting that plasma NFL concentrations are reflective of neuronal viability and
TDP-43 burden in the brain. Together, these findings demonstrate that c9ASO treatment
mitigates TDP-43 proteinopathy, which is associated with a reduction in neuronal loss and
stabilization of plasma NFL concentrations in vivo.

DISCUSSION

In this study, we uncovered a key role for G4C, repeat—derived poly(GR) in promoting
TDP-43 proteinopathy in vitro and in vivo. Specifically, we established that poly(GR)
directly accelerates and enhances TDP-43 aggregation. Moreover, poly(GR) sequesters
cytoplasmic full-length TDP-43 through an RNA-independent mechanism. In doing so,
poly(GR) induces the formation of dense TDP-43 aggregates in vitro. The formation of
poly(GR) inclusions immunopositive for TDP-43 and SG-resident proteins in GFP-(GR)2qg
mice demonstrates that poly(GR) aggregation, in the absence of other G,C,-associated
pathologies, is sufficient to induce endogenous TDP-43 aggregation. Combined with
corroborating findings of inclusions containing both poly(GR) and TDP-43 in patients with
CIOFTD/ALS, these results provide in vivo validation in both mouse and human postmortem
brain tissues that poly(GR) accumulation directly induces TDP-43 proteinopathy.

A key feature of TDP-43 pathology in humans is that TDP-43 inclusions are accompanied
by the loss of nuclear TDP-43. Thus, our observation that a subset of neurons with
cytoplasmic poly(GR)/TDP-43—positive inclusions exhibited reduced nuclear TDP-43 in
GFP-(GR)2p mice increases pathological meaning. Given that importins and NPC proteins
interact with poly(GR) (20, 26, 27), we asked whether the aberrant cytoplasmic distribution
of endogenous TDP-43 in poly(GR)-positive cells might be caused by poly(GR)-induced
nucleocytoplasmic transport defects. In support of this idea, we present evidence that several
importins and nucleoporins are abnormally distributed in poly(GR)-positive cells and
partially colocalize with poly(GR) inclusions in GFP-(GR),gg mice. These features were
accompanied by both the loss of nuclear TDP-43 and its recruitment to cytoplasmic
poly(GR) inclusions. These results support a temporal mechanism in which poly(GR)
impairs nucleocytoplasmic transport by sequestering key nucleocytoplasmic transport
factors and nucleoporins, which subsequently drives cytoplasmic accumulation and
ultimately co-aggregation of TDP-43 with poly(GR) through protein-protein interactions.

Given our observations that poly(GR) alone is sufficient to induce endogenous TDP-43
mislocalization and aggregation, it is noteworthy that both TDP-43 and poly(GR) burden
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correlate with neurodegeneration in patients (28, 38, 39). Consistent with this notion, we
observed an age-dependent loss of poly(GR)-positive cells in GFP-(GR),qg mice, suggesting
that expression of poly(GR) is toxic to neurons. Moreover, the more marked reduction in
aggregated poly(GR) compared to diffuse poly(GR) is likely due to the combination of
poly(GR) and TDP-43 abnormalities in cells with poly(GR) inclusions. Therefore,
therapeutics targeting poly(GR), TDP-43, or both may be needed to modulate neurotoxicity
in COFTD/ALS. Although the current study demonstrates that c9ASOs reduce TDP-43
pathology in an AAV model of cOFTD/ALS, future studies will be needed to explore the
benefit of therapeutic strategies specifically targeting poly(GR) rather than all G4C, repeat—
associated pathologies. Although our results indicate that poly(GA) alone does not cause
TDP-43 aggregation at either the pure protein level, in cultured cells, or in the mouse brain,
it remains possible that additional products generated from the C9orf72 repeat expansion
(RNA foci and other DPR proteins), either on their own or in combination, contribute to
disease pathogenesis. TDP-43 has been shown to colocalize with poly(GA) and poly(GP)
inclusions in patients with c9ALS, albeit less frequently than with poly(GR) (28). These
findings are consistent with our observations in patients with cOFTD/ALS, suggesting that
poly(GR) plays a more direct role in driving TDP-43 inclusion formation. In contrast to
poly(GR), poly(GA)-induced TDP-43 pathology may require the presence of other C9orf72-
associated pathology. It also bears mentioning that because poly(PR) shares similar
biophysical properties and functions as poly(GR) (26), it too may also cause TDP-43
aggregation. However, poly(PR) inclusions are rare in patients with cO9FTD/ALS (10, 40)
and thus unlikely to be a major driver of TDP-43 pathology.

Although our findings reveal a new mechanism to explain TDP-43 pathology in poly(GR)-
positive cells, it is important to note that there are other mechanisms underpinning TDP-43
proteinopathy. For example, our results indicate that the aggregation of pathological TDP-43
CTFs is independent of poly(GR) in cultured cells. Moreover, despite the abundance of
TDP-43 pathology in the spinal cord of patients with c9ALS, poly(GR) aggregates in this
region are rare (41). In addition, two recent studies provide insight into the underlying
causes of TDP-43 pathology in sporadic ALS and FTD and/or poly(GR)-negative cells by
demonstrating that cytoplasmic TDP-43 aggregation is mediated by aberrant phase
transitions and occurs independently of SGs (42, 43). These data suggest that the observed
recruitment of SG proteins to poly(GR) aggregates in GFP-(GR),q9 mice occurs through
their direct interaction with poly(GR) rather than by binding TDP-43. This mechanism is
also consistent with the identification of the SG proteins RasGAP SH3 domain binding
protein 1 (G3BP1) and ataxin-2 as poly(GR)-interacting proteins (26, 27), and with our
finding that endogenous TIA-1 is recruited to poly(GR) inclusions in cultured cells
expressing nuclear TDP-43y7. Confined to the nucleus, TDP-43y, remains absent from
these poly(GR) aggregates. Last, the fact that blocking the RNA-binding ability of TDP-43
disrupts its interaction with ataxin-2 (44) and its localization to SGs (43), but does not
prevent its sequestration to poly(GR)-induced aggregates immunopositive for SG proteins,
provides compelling evidence that the recruitment of TDP-43 to poly(GR) inclusions is
mediated by a direct interaction, rather than its co-aggregation, with cytoplasmic SGs.

Considering that c9ASOs targeting G4C» repeat transcripts are currently being tested in
clinical trials, our data showing that c9ASO treatment in (G4C5)149 mice mitigates poly(GR)
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burden, TDP-43 pathology, the aberrant SG response, and neurodegeneration are especially
relevant. Moreover, we demonstrate that plasma NFL, which is abnormally elevated in
(G4C»)149 mice and reduced with c9ASO treatment, also correlates with neuronal loss and
TDP-43 pathology in (G4C2)149 mice. These results indicate that alterations in plasma NFL
concentrations are both reflective of the severity of endogenous TDP-43 pathology in the
(G4C»)149 model and responsive to treatment.

Along with the insights provided by our findings, it is important to acknowledge the
limitations of the current study. Although we and others have observed substantial
colocalization between TDP-43 and poly(GR) in patients with cQFTD/ALS using TDP-43
antibodies targeting the N-terminal region and phosphorylated serine-409/410 sites (28),
additional studies using an array of antibodies targeting different epitopes of the TDP-43
protein in multiple brain regions from a large cohort of c9FTD/ALS patients are warranted.
Next, we demonstrated the promising effects of c9ASO treatment in (G4Cy)149 Mice.
However, as all G4C, repeat—associated pathologies are decreased by c9ASO treatment,
additional studies are needed to determine whether the protective effect is mediated by
reductions in poly(GR), poly(GA), or G4C, repeat—containing RNA transcripts. In addition,
considering that c9ASOs were administered relatively early in the disease course, before
substantial pTDP-43 deposition in the (G4C2)149 mouse model (13), it is unclear whether
similar treatment efficacy would be observed if c9ASOs were delivered at a later time point.

In conclusion, we established that poly(GR) potently promotes TDP-43 aggregation through
protein-protein interactions (independent of RNA binding and its C-terminal region),
sequesters SG-resident proteins and nucleocytoplasmic transport factors, and thus drives
TDP-43 proteinopathy in vivo. These pathological features, as well as neuronal loss, can be
alleviated by c9ASO treatment. Together, the results of this study establish poly(GR) as a
mechanistic link between the C9orf72 repeat expansion and TDP-43 proteinopathy, and
show that decreasing poly(GR) with G4C,-targeted therapeutics is associated with reduced
TDP-43 pathology and neurodegeneration in vivo. Moreover, our discovery that plasma NFL
in (G4C5)149 mice correlates with neuronal loss, combined with our previous findings that
NFL concentrations in patients with cOFTD correlate with disease severity and brain atrophy
(35), indicates that plasma NFL might be used to predict the degree of neurodegeneration. It
may also be used to assess efficacy of disease-modifying therapeutics in preclinical models
to ultimately guide and facilitate the successful translation of future therapies to humans.

MATERIALS AND METHODS

Study design

The goals of this study were to (i) investigate the role of poly(GR) in driving the cytosolic
mislocalization and aggregation of TDP-43 and (ii) determine whether antisense
oligonucleotides targeting the G4C, repeat would affect TDP-43 pathology and
neurodegeneration in a cO9FTD/ALS mouse model. To thoroughly evaluate the mechanistic
relationship between poly(GR) and TDP-43, we included in vitro experiments to
demonstrate a direct interaction at the pure protein level, cell culture experiments to
interrogate cytosolic co-aggregation and the recruitment of SG-associated proteins, and in
vivo experiments to assess the ability of poly(GR) to drive accumulation of endogenous

Sci Transl Med. Author manuscript; available in PMC 2021 March 24.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Cook et al. Page 10

mouse TDP-43. To determine whether a therapeutic strategy targeting the G4C, repeat
would alleviate TDP-43 proteinopathy and neurodegeneration, we used an AAV-based
model that expresses either 2 or 149 G4C, repeats, which we previously demonstrated
recapitulates key pathologic features of cOFTD/ALS. At 3 months of age, (G4C5)149 mice
were randomly assigned to either the phosphate-buffered saline (PBS) or c9ASO group, with
littermates being assigned to separate groups, and also controlling for gender between
groups. Poly(GR) aggregates, TDP-43 inclusions, and C9orf72-associated pathologies, as
well as nucleocytoplasmic transport factors and NPC protein abnormalities were examined
by biochemistry, electron microscopy, immunochemistry, immunofluorescence, FISH, PLA,
and immunoassays. Mouse and human samples were randomly selected for analyses. Image
analysis was performed in a blinded or unblinded fashion, as detailed in individual
experiments. Quantification was performed in a blinded manner. Data from cell culture
studies are based on three independent experiments. Group sizes for in vivo studies vary, but
are noted in the figure legend. Sample sizes were adequately powered to observe the effects
based on previous reports (13, 14, 45-47).

Statistics

All statistical analyses were performed in GraphPad Prism. Data are presented as mean +
SEM. Data were analyzed by one-way or two-way analysis of variance (ANOVA) followed
by Tukey’s post hoc analysis, except analyses with two groups were analyzed with two-
tailed unpaired #test (Figs. 3B and 5E and fig. S3F), and association analyses were
performed by determining the Pearson’s correlation coefficient (Fig. 5, H and I). Specific
tests are also noted in each figure legend. £< 0.05 is considered statistically significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Poly(GR) directly accelerates and enhances TDP-43 aggregation.

(A) TDP-43-MBP (5 pM) was incubated with buffer, 2 uM poly(GR), or 2 uM poly(GA) in
the presence or absence of TEV protease (1 pg/ml). Aggregation was assessed by turbidity
measured at an absorbance of 395 nm. Values are normalized mean £SEM (7= 6). (B)
Quantification of the area under the curve in turbidity for each condition in the in vitro
aggregation assay (7= 6). (C) TDP-43 aggregation was initiated as described above, with
the addition of TEV protease (10 pg/ml) with or without co-incubation with poly(GR) or
poly(GA) for 30 min. Aggregation was visualized by differential interference contrast
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microscopy. Scale bars, 10 pm. (D) Representative electron micrographs of TDP-43 with or
without poly(GR) or poly(GA). Samples were processed for EM at the end point of the
turbidity assay. Scale bars, 2 um (top) and 0.4 um (bottom). (E) EM quantification of
TDP-43 aggregate area and intensity per aggregate area with or without poly(GR) or
poly(GA) (n=9). Data shown are the mean + SEM, one-way ANOVA, Tukey’s post hoc
analysis. In (B), **P=0.0027 and ****P < 0.0001. In (E), * (left to right) #=0.0300 and P
=0.0263, ** (left to right) A= 0.0027 and A= 0.0027, NS (not significant; left to right) P=
0.5707 and P=0.6080. a.u., arbitrary units.
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Fig. 2. Poly(GR) mediates sequestration of cytosolic full-length TDP-43 into the inclusions.
(A) IEM using an anti-poly(GR) antibody labeled with gold particles (18 nm) in HEK293T

cells expressing GFP(GR)1gg. The selected region in the low-magnification image (left) is
shown at high magnification (right). Scale bars, 1 um (left) and 0.1 pm (right). (B) Triple-
immunofluorescence staining for poly(GR), TDP-43, and TIA-1 in HEK293T cells
expressing GFP-(GR)1qg and various Myc-tagged TDP-43 species. Scale bars, 5 um. (C)
Quantification of the number of cytoplasmic TDP-43 aggregates in HEK293T cells co-
expressing various Myc-tagged TDP-43 constructs with either GFP or GFP-(GR)1gg (/7= 3
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independent experiments). (D) Proximity ligation assay (PLA) for GFP-(GR)1gg and Myc-
tagged TDP-43 species in HEK293T cells, with the PLA signal being indicative of their
interaction. Scale bars, 5 um. (E) Quantification of the PLA signal in HEK293T cells
expressing GFP-(GR)1pg and Myc-tagged TDP-43 species (1= 14 to 18 images). Data
shown are the mean + SEM. In (C), ****P< 0.0001 and NS P=0.9959, two-way ANOVA,
Tukey’s post hoc analysis. In (E), ****£ < 0.0001, one-way ANOVA, Tukey’s post hoc
analysis. WT, wild type.
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Fig. 3. Poly(GR) aggregation is sufficient to induce mislocalization and aggregation of
endogenous TDP-43in vivo.

(A) Representative images of immunohistochemical analysis of poly(GR) in the cortex of 2-
week-old GFP mice or GFP-(GR) 200 mice (diffuse labeling noted by black arrows,
aggregates indicated by black arrowheads). Scale bars, 20 um. (B) Quantification of the
number of poly(GR)-positive cells with either diffuse or aggregated poly(GR) in 2-week-old
(n=18) or 3-month-old (7= 7) GFP-(GR),gg mice. (C) Representative images of
immunohistochemical analysis of ataxin-2 (inclusions indicated by black arrowheads) in the
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cortex of 2-week-old GFP or GFP-(GR),qg mice. (D) Representative images of
immunohistochemical analysis of TDP-43 in the cortex of 2-week-old GFP-(GR),gg mice.
Arrowheads in GFP-(GR),q9 mice indicate cells with TDP-43-positive inclusions and either
normal (left panel) or reduced (right panel) nuclear TDP-43. Scale bars, 20 um. (E) Double-
immunofluorescence staining for poly(GR) and ataxin-2 in the cortex of 2-week-old GFP-
(GR)20p mice (n7=6). Scale bars, 5 pm. (F) Triple-immunofluorescence staining for elF3n,
TDP-43, and poly(GR) in the cortex of 2-week-old GFP-(GR),qg mice (/7= 6). Scale bars, 5
um. (G) Double-immunofluorescence staining for poly(GR) and pTDP-43 in the cortex of 2-
week-old GFP-(GR),gg mice (/7= 6). Scale bars, 5 um. (H) Quantification of the percentage
of cells that are either nontransduced (NT) cells or transduced cells with either diffuse or
aggregated poly(GR) that contain TDP-43 inclusions and exhibit depleted nuclear TDP-43
in 2-week-old GFP-(GR)ygg mice (n=6). (I) Triple-immunofluorescence staining for
poly(GR), elF3n, and TDP-43 in the hippocampus of patients with c9FTD/ALS [case #1
(top), case #2 (bottom); see table S3 for patient information]. (J) Triple-
immunofluorescence staining for poly(GA), elF3n, and TDP-43 in the cortex of 3-month-
old GFP-(GA)sg mice (/7= 3). Scale bars, 5 pm. Data shown are the mean + SEM. In (B),
***p=0.0001 and ****P < 0.0001, two-tailed unpaired ftest. In (H), **** P< 0.0001, one-
way ANOVA, Tukey’s post hoc analysis.
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Fig. 4. Poly(GR) aggregates sequester nucleocytoplasmic transport factorsand NPC proteinsin
vivo.
(A) Double-immunofluorescence staining for poly(GR) and importins in nontransduced

(NT), diffuse, or aggregated poly(GR) cells, including importin a5 (top three panels) and
karyopherin a2 (KNPA2; bottom three panels) in the cortex of 2-week-old GFP-(GR)2qg
mice (7= 6). Scale bars, 5 um. (B) Quantification of the percentage of NT cells or of
transduced cells with either diffuse or aggregated poly(GR) that contain abnormal KPNA2 in
2-week-old GFP-(GR)2qg mice (1= 6). (C) Double-immunofluorescence staining for
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poly(GR) and several NPC proteins, including NPC (top three panels) and NUP98 (bottom
three panels) in the cortex of 2-week-old GFP-(GR)2qp mice (7= 6). Scale bars, 5 um. (D)
Quantification of the percentage of NT cells or of transduced cells with either diffuse or
aggregated poly(GR) that contain abnormal NUP98 in 2-week-old GFP-(GR)2qp mice (1=
6). (E) Triple-immunofluorescence staining for NPC, poly(GR), and TDP-43 in the cortex of
GFP-(GR)2qp mice (1= 6). Scale bars, 5 um. (F) Quantification of the percentage of NT
cells or of transduced cells with either diffuse or aggregated poly(GR) that contain abnormal
NPC and TDP-43 in 2-week-old GFP-(GR)ygo mice (1= 6). (G) Triple-immunofluorescence
staining for NPC, poly(GR), and elF3n in the cortex of 2-week-old GFP-(GR),qg mice (7=
6). Scale bars, 5 um. (H) Quantification of the percentage of NT cells or of transduced cells
with either diffuse or aggregated poly(GR) that contain abnormal NPC and elF3r in 2-week-
old GFP-(GR),pg mice (7= 6). Data shown are the mean =+ SEM; **** P < 0.0001, one-way
ANOVA, Tukey’s post hoc analysis.
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Fig. 5. A G4Co-targeting therapeutic reduces poly(GR) and alleviates TDP-43 aggregation and
neurodegeneration in vivo.

(A) Representative images of RNA FISH for the detection of sense RNA foci in (G4C5)149
mice treated with PBS or c9ASO. Scale bars, 10 um. (B) Immunohistochemical labeling of
poly(GA), poly(GP), and poly(GR) in PBS- or c9ASO-treated (G4C5y)149 mice. Scale bars,
20 um. (C and D) Representative images of immunohistochemical analysis of ataxin-2 (C)
and pTDP-43 (D) in PBS- or c9ASO-treated (G4C>)149 mice, with inclusions indicated by
black arrowheads. Scale bars, 20 um. (E) Quantitative analysis of the number of ataxin-2 or
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pTDP-43 inclusions per square millimeter of cortex in (G4C2)149 Mice treated with PBS (7=
18) or c9ASO (n=12). (F) Quantitative analysis of the number of NeuN-positive neurons
per square millimeter of cortex in (G4C5)149 Mice treated with PBS (149R-PBS, n=18) or
C9ASO (149R-c9ASO, n= 12) relative to (G4Cy), control mice treated with PBS (2R-PBS,
n=15). (G) Plasma neurofilament light (NFL) concentrations in mice measured using the
Simoa HD-1 Analyzer (2R-PBS, n= 17; 149R-PBS, n=18; 149R-c9ASO, n=12). (H) The
number of NeuN-positive neurons per square millimeter of cortex negatively correlated with
plasma NFL concentrations in (G4C»)149 mice (PBS- and c9ASO-treated mice indicated by
black and red squares, respectively). (1) The number of pTDP-43 inclusions per square
millimeter of cortex positively correlated with plasma NFL concentrations in (G4C2)149
mice. Data represent the mean + SEM. In (E), *P=0.0407 and ****P < 0.0001, unpaired
two-tailed ¢test. In (F), * (left to right) £~=0.0293 and P=0.0426, one-way ANOVA, Tukey’s
post hoc analysis. In (G), *P=0.0166 and ***£~=0.0009, one-way ANOVA, Tukey’s post hoc
analysis.
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