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Abstract

Recent research has highlighted widespread dysregulation of alternative polyadenylation in amyotrophic lateral
sclerosis (ALS) and frontotemporal lobar degeneration with TDP-43 pathology (FTLD-TDP). Here, we identify
significant disruptions to 3° UTR polyadenylation in the ALS/FTLD-TDP mouse model rNLS8 that correlate with
changes in gene expression and protein levels through the re-analysis of published RNA sequencing and
proteomic data. A subset of these changes are shared with TDP-43 knock-down mice suggesting depletion of
endogenous mouse TDP-43 is a contributor to polyadenylation dysfunction in rNLS8 mice. Some conservation
exists between alternative polyadenylation in rNLS8 mice and human disease models including in disease relevant
genes and biological pathways. Together, these findings support both TDP-43 loss and toxic gain-of-function
phenotypes as contributors to the neurodegeneration in rNLS8 mice, nominating its continued utility as a
preclinical model for investigating mechanisms of neurodegeneration in ALS/FTLD-TDP.
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Insoluble inclusions of the RNA binding protein TDP-43
in neurons and glia are pathological hallmarks of several
neurodegenerative diseases, including amyotrophic lat-
eral sclerosis (ALS) and frontotemporal lobar degenera-
tion with TDP-43 pathology (FTLD-TDP) [1]. In disease,
TDP-43 is most commonly mislocalized into cytoplas-

*Correspondence: K ..
Brian C. Kraemer mic aggregates and depleted from the nucleus, driving
kraemerb@uw.edu neurodegeneration through both gain-of-function and
'Graduate Program in Neuroscience, University of Washington, Seattle, . .
WA 98195 USA loss-of-function mechanisms [1]. TDP-43 regulates sev-
“Division of Gerontology and Geriatric Medicine, Department of eral aspects of RNA metabolism including RNA splicing
gged‘d”er UTV‘?VGS‘W OfWasshingtonb Séatt'?/t WAf?/sm;‘; USA ot and alternative polyadenylation, which recent work has
epartment of Genome Sciences, University of Washington, Seattle, .
WA ’;81 95 USA Y E highlighted as relevant to ALS/FTLD-TDP [2-6]. Polyad-
“Division of Medical Genetics, Department of Medicine, University of enylation is the process of adding poly(A) tails to RNA to
Washington, Seattle, WA 98195, USA ensure stability, transport, and translation [7]. Alternative
>Geriatrics Research Education and Clinical Center, Veterans Affairs Puget lvad lati APA t 1 sit ithi
Sound Health Care System, Seattle, WA 98108, USA polya er}y ation ( ) can Of:Cur a . several sl e? wi l.n
Department of Laboratory Medicine and Pathology, University of three prime untranslated regions (3 UTR) and intronic
Washington, Seattle, WA 98195, USA regions generating mRNA isoforms with preserved cod-
’"Department of Psychiatry and Behavioral Sciences, University of . . but ied lat 1 ts. affecting RNA
Washington, Seattle, WA 98195, USA ing regions but varied regulatory elements, affecting

This is a U.S. Government work and not under copyright protection in the US; foreign copyright protection may apply 2025. Open Access This
article is licensed under a Creative Commons Attribution 4.0 International License, which permits use, sharing, adaptation, distribution and
reproduction in any medium or format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Creative

Commons licence, and indicate if changes were made. The images or other third party material in this article are included in the article’s Creative
Commons licence, unless indicated otherwise in a credit line to the material. If material is not included in the article’s Creative Commons licence
and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/. The Creative Commons Public Domain
Dedication waiver (http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise
stated in a credit line to the data.


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://orcid.org/0000-0002-2252-7634
http://crossmark.crossref.org/dialog/?doi=10.1186/s13041-025-01174-1&domain=pdf&date_stamp=2025-1-13

Eck et al. Molecular Brain (2025) 18:1

stability, localization, and protein isoform expression
across diverse tissues and in tissue-specific programs [7].
In ALS/FTLD-TDP, polyadenylation at cryptic APA sites
can disrupt coding regions; for example, polyadenylation
of a cryptic exon in STMN2 reduces Stathmin-2 levels
contributing to motor neuropathy [8]. This cryptic exon
in Stathmin-2 is not conserved in mice [9]. Since disrup-
tions to 3" UTR APA likely also contribute to RNA dys-
regulation in disease, we sought to determine if mouse
models of ALS/FTLD-TDP display changes to APA.

rNLS8 mice are a widely used transgenic mouse model
of ALS/FTLD-TDP that express inducible cytoplasmic
localized human TDP-43 (hTDP-43ANLS) through-
out the central nervous system [10]. rNLS8 mice exhibit
rapid and progressive motor and behavioral deficits,
robust formation of cytoplasmic phosphorylated deter-
gent insoluble TDP-43 aggregates, and substantial neu-
rodegeneration in the brain and spinal cord. Endogenous
nuclear mouse TDP-43 is also depleted in rNLS8 mice
allowing for the study of both loss and gain-of-function
disease mechanisms [1, 10].

Utilizing the computational package APAlyzer [11] (see
Additional File 1 for Methods), we identified 217 genes
with altered 3’ UTR APA (DEXseq: p adj<0.05, RED >
|0.1]) in the neocortex of rNLS8 mice three weeks post-
induction of hTDP-43ANLS (an early disease stage)
compared to controls by reanalyzing RNA sequencing
from a study developing TDP-43 targeting peptides [12]
(mixed gender, 28 week old, n=27, pair-end reads of 200
bps, read depth of ~20,000,000 bps) (Fig. 1A, Table S1,
Additional File 1). REPAC [13], an alternative site-spe-
cific computational package and database, identified 309
significantly differentially utilized APA sites (p adj<0.05,
cFC > |0.1|) and 199 genes with consistent evidence of 3’
UTR lengthening or shortening between sites, 8 shared
with APAlyzer (Fig. 1A, Table S2). We also observed simi-
lar 3" UTR APA changes in an independent nuclear local-
ization signal (NLS) deficient human TDP-43 transgenic
mouse which also depletes endogenous mouse TDP-
43 (ANLS-hTDP-43) (49 significant APA genes shared
by APAlyzer and 10 by REPAC with rNLS8) (Table S3
& S4) [14]. Gene ontology analysis by DAVID [15] sug-
gests these polyadenylation changes identified by APA-
lyzer and REPAC in rNLS8 mice occur in genes found in
disease-relevant pathways including cytoplasmic trans-
lation, synapse organization, mRNA splicing, and phos-
phorylation (Fig. 1B, Table S5). Bulk RNA sequencing is
limited when evaluating APA and identifying novel or
cryptic APA sites as it cannot capture individual cell-
specific regulation and is less sensitive than specialized
transcriptomic methods, such as 3'-end sequencing [7].
Nevertheless, rNLS8 and ANLS-hTDP-43 mice exhibit
disruptions to alternative polyadenylation.
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To evaluate the contribution of TDP-43 loss and
gain-of-function mechanisms to these polyadenylation
changes, we first compared polyadenylation changes
in rNLS8 mice with those in the striatum of non-trans-
genic C57BL/6] mice depleted of endogenous TDP-43
with anti-sense oligonucleotides (ASOs) from [16] with
APAlyzer and REPAC (female, 8-10 week old, n=21,
single end reads of 72 bps, read depth ~ 20,000,000 bps)
(Fig. 1C, Table S6 & S7). Of the 217 genes with signifi-
cant differential 3 UTR APA identified by APAlyzer
in rNLS8 mice, 39 were shared in TDP-43 ASO mice
(19 were shared by REPAC). TDP-43 ASO mice differ-
entially APA 1,503 3° UTRs by APAlyzer suggesting a
dose-dependent relationship between TDP-43 depletion
and 3 UTR APA. Second, we utilized CLIP-seq data
of mouse TDP-43 to identify polyadenylation changes
in genes known to be targeted by TDP-43 [16]. Mouse
TDP-43 binds 75.6% of significant APA genes at one or
more sites. 6.5% of significant APA genes have direct evi-
dence of TDP-43 3" UTR binding (Table S8). Third, we
compared rNLS8 APA with changes in the spinal cord
of transgenic mice expressing wildtype human TDP-43
under the Thyl.2 promoter [17] to evaluate the contri-
bution of gain-of-function mechanisms to APA (male,
6 week old, n=4, pair end read length 200 bps, read
depth ~ 75,000,000 bps). We found that rNLS8 mice share
30 differential APA 3’ UTRs with TDP-43 transgenic (Tg)
mice by APAlyzer (8 shared by REPAC) (Fig. 1D, Table
S9 & $10). Lastly, we compared rNLS8 APA with changes
found in primary cortical microglia isolated from rNLS8
mice two weeks post-transgene induction from [18] to
evaluate the contribution of non-neuronal cell types
to the APA we observed in whole rNLS8 brains (mixed
gender, >20 week old, n=21, pair end reads of 100 bps,
read depth ~ 5,000,000 bps). We found that rNLS8 mice
microglia display many fewer changes in 3 UTR APA
compared to whole rNLS8 brains, sharing only 2 APA 3’
UTRs by APAlyzer, likely due to the absence of TDP-43
pathology in rNLS8 mice microglia (5 shared by REPAC)
(Fig. 1E, Table S11 & S12). Taken together, these results
suggest that both depletion of endogenous mouse TDP-
43 from the nucleus and toxic transgenic TDP-43 in
neurons are contributors to polyadenylation changes in
rNLS8 mice (Fig. 1F).

APA can change 3’ UTR length to influence the local-
ization and stability of mRNA transcripts, with longer 3’
UTRs associated with reduced gene expression thanks to
additional microRNA and RNA binding protein binding
sites [7]. To determine the functional relevance of 3’ UTR
APA in rNLS8 mice, we examined the contribution of
APA to differential gene expression. Changes in 3" UTR
length in rNLS8 mice explain approximately 2% (r*=0.02,
p=1.09¢73% of differential gene expression in all APA
genes examined, with longer 3 UTRs associated with
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Fig. 1 (See legend on next page.)
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Fig. 1 Characterization of alternative polyadenylation in mouse models of ALS/FTLD-TDP. a Volcano plot of differential 3" UTR APA in rNLS8 mice. DEXseq
p adjusted values of 0 were set to 1.00e™2 for the purposes of graphing. b Dot plot of top 10 enriched biological process GO terms of APA genes in
rNLS8 mice. ¢ Volcano plot of 3’ UTR APA in non-transgenic mice targeted with a TDP-43 ASO. DEXseq p adjusted values of 0 were set to 1.00e™ % for the
purposes of graphing. d Volcano plot of 3’ UTR APA in TDP-43 Tg mice. DEXseq p adjusted values of 0 were set to 1.00e~%° for the purposes of graphing.
e Volcano plot of 3" UTR APA in rNLS8 mice microglia. f Venn diagram of significantly APA genes between the rNLS8, TDP-43 ASO, hTDP-43, and rNLS8
microglia mouse models. g Plot of the correlation between relative expression difference of rNLS8 3" UTR APA and gene expression. h Plot of the cor-
relation between relative expression difference of significant rNLS8 3’ UTR APA and protein level changes in an rNLS8 proteomic database four weeks
post-transgene induction. i Volcano plot of 3" UTR APA in TDP-43(M337V) iPSC motor neurons. j Volcano plot of 3" UTR APA in TDP-43(K263E) iPSC cortical
neurons. DEXseq p adjusted values of 0 were set to 1.00e~?° for the purposes of graphing. k Volcano plot of 3’ UTR APA in TDP-43 knock-down in human

motors neurons

reduced gene expression (Fig. 1G, Table S13). When just
considering those genes with significant APA, approxi-
mately 38% (r*=0.38, p=3.29¢"?*) of differential gene
expression can be linked to changes in 3" UTR length
(Fig. 1G, Table S13). As gene expression is only a proxy
for alterations in protein levels, we examined the protein
levels of significant APA genes in a proteomic database
of 14-week-old rNLS8 mice four weeks post-transgene
induction representing an early stage of disease [19].
We found that 55 of the 217 genes with altered 3" UTR
APA were significantly differentially abundant (p <0.05),
with the lengthening or shortening of 3" UTR correlated
(r*=0.14, p=7.72¢"°) with changes in protein levels in
the 137 significant APA genes for which proteomics data
exists (Fig. 1H, Table S14). Altered 3' UTR APA poorly
correlated with protein levels for these genes at one
week (r?=0.03) and two weeks post-transgene induc-
tion (r?=0.04), likely because 3' UTR APA was measured
three weeks post-transgene induction (Table S14). This
relationship was strengthened for protein levels mea-
sured at six weeks post-transgene induction (r*=0.18)
and subsequently decreased following a two week recov-
ery period without transgene expression (r>=0.14) (Table
S14). Overall, these data support a progression of and
functional impact for polyadenylation changes in rNLSS,
but additional experimental validation is required to
draw conclusive claims.

Lastly, we compared APA in rNLS8 mice to APA in
human cell culture models of ALS. Familial ALS (fALS)
patient-derived motor neurons with mutant TDP-
43(M337V) from [20] significantly differentially alterna-
tively polyadenylate the 3" UTRs of 70 genes compared
to healthy, age-matched controls (n=5, N=10, pair-
end reads of 300 bps, read depth of ~10,000,000 bps)
(Fig. 11, Table S15). Of the 217 genes significantly APA
in rNLS8 mice by APAlyzer, only 2 have human homo-
logs with APA changes shared in TDP-43(M337V) motor
neurons. By REPAC, 2 of 199 mouse genes have human
homologs with similar significant APA site usage differ-
ences in TDP-43(M337V) motor neurons (Table S16).
In fALS TDP-43(K263E) iPSC-derived cortical neurons,
no significant APA genes by APAlyzer and 1 gene by
REPAC are shared with rNLS8 mice [21] (Fig. 1], Table
S17 & S18) (n =6, pair-ends reads of 300 bps, read depth

of ~ 25,000,000 bps). rINLS8 mice and human motor neu-
rons with knock-down of TDP-43 with RNAi [22] share
no homologous significant APA genes by APAlyzer and 3
genes by REPAC (Fig. 1K, Table S19 & S20) (n =12, pair-
end reads of 150 bps, read depth of ~20,000,000 bps).
Finally, we compared APA genes in rNLS8 mice from
APAlyzer with a list of published genes with altered APA
in TDP-43 knock-down iNeurons by 3’-end sequenc-
ing, a more specialized transcriptomic method [3]. 18
APA genes in INLS8 were shared (Table S21). Altogether,
23 genes or approximately 10% of significantly APA 3’
UTRs identified by APAlyzer in rNLS8 mice are also sig-
nificantly and similarly disrupted in at least one human
cell culture model of ALS (Table S22). These include
disease-relevant genes (e.g. Uspl4 and Rital) as well as
genes in disease relevant pathways (Dnajal: chaperone-
mediate protein folding and Tmem184b: synaptic activ-
ity) [23-26].

In summary, rNLS8 Tg mice exhibit ALS/FTLD-TDP
features including both toxic gain-of-function and TDP-
43 loss-of-function phenotypes, including the accumula-
tion of phosphorylated TDP-43 containing lesions (the
most consistent neuropathology of ALS/FTLD-TDP)
[10, 27] and loss-of-function changes in RNA regulation
related to nuclear depletion of TDP-43. Here, we iden-
tify dysregulation of 3’ UTR APA in rNLS8 mice which
correlate with gene expression and protein level changes,
have some conservation with human disease models, and
show signatures of a TDP-43 loss-of-function mecha-
nism, providing additional evidence endogenous nuclear
TDP-43 activity is reduced in rNLS8 mice (Table S23).
Taken together, the evidence for both TDP-43 loss-of-
nuclear function and toxic gain-of-cytoplasmic function
suggest the continued use of rNLS8 mice as a robust
model for preclinical testing of interventions for ALS/
FTLD-TDP.

Abbreviations
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FTLD-TDP  Frontotemporal lobar degeneration with TDP-43 pathology
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RED Relative expression difference

bps Base pairs
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