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Abstract
Variants within the UNC13A gene have long been known to increase risk of amyotrophic lateral sclerosis
(ALS) and frontotemporal dementia (FTD), two related neurodegenerative diseases defined by
mislocalization of the RNA-binding protein TDP-43. Here, we show that TDP-43 depletion induces robust
inclusion of a cryptic exon (CE) within UNC13A, a critical synaptic gene, resulting in nonsense-mediated
decay and protein loss. Strikingly, two common polymorphisms strongly associated with ALS/FTD risk
directly alter TDP-43 binding within the CE or downstream intron, increasing CE inclusion in cultured cells
and in patient brains. Our findings, which are the first to demonstrate a genetic link specifically between
loss of TDP-43 nuclear function and disease, reveal both the mechanism by which UNC13A variants
exacerbate the effects of decreased nuclear TDP-43 function, and provide a promising therapeutic target
for TDP-43 proteinopathies.

One-sentence Summary
Shared ALS/FTD risk variants increase the sensitivity of a cryptic exon in the synaptic gene UNC13A to
TDP-43 depletion.

Introduction
Amyotrophic lateral sclerosis (ALS) and frontotemporal dementia (FTD) are devastating adult-onset
neurodegenerative disorders with shared genetic causes and common pathological aggregates1–3.
Genome-wide association studies (GWASs) have repeatedly demonstrated a shared risk locus between
ALS and FTD within the crucial synaptic gene UNC13A, although the mechanism underlying this
association has remained elusive4.

ALS and FTD are pathologically defined by cytoplasmic aggregation and nuclear depletion of TAR DNA-
binding protein 43 (TDP-43) in the vast majority (> 97%) of ALS cases and in 45% of FTD cases (FTLD-
TDP)5. TDP-43, an RNA-binding protein (RBP), primarily resides in the nucleus and plays key regulatory
roles in RNA metabolism, including acting as a splicing repressor. Upon TDP-43 nuclear depletion – an
early pathological feature in ALS/FTLD-TDP – non-conserved intronic sequences are de-repressed and
erroneously included in mature RNAs. These events are referred to as cryptic exons (CEs) and can lead to
premature stop-codons/polyadenylation and transcript degradation6, 7. Recently, TDP-43 loss was found
to induce a CE in the Stathmin 2 (STMN2) transcript, which can serve as a functional readout for TDP-43
proteinopathy, as it appears selectively in affected patient tissue and its level correlates with TDP-43
phosphorylation8–10.

In this study, we report a novel CE in UNC13A which promotes nonsense-mediated decay, and is present
at remarkably high levels in patient neurons. Strikingly, we find that ALS/FTD risk-associated SNPs within
UNC13A promote increased inclusion of this CE. We thus elucidate the molecular mechanism behind one
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of the top GWAS hits for ALS/FTD, and provide a promising new therapeutic target for TDP-43
proteinopathies.

Results
TDP-43 knockdown leads to inclusion of a cryptic exon in UNC13A

To discover novel CEs induced by TDP-43 depletion, we performed RNA-seq on human induced
pluripotent stem cell (iPSC)-derived cortical-like i3Neurons in which we reduced TDP-43 expression
through CRISPR inhibition (CRISPRi)10–13. We identified 179 CEs, including several previously reported,
such as AGRN, PFKP and STMN26–9 (Fig. 1A; data S1) (Fig. 1B; data S2). Interestingly, we observed
robust mis-splicing in two members of the UNC13 synaptic protein family, UNC13A and UNC13B (Fig. 1C-
F). Notably, UNC13A polymorphisms modify both disease risk and progression in ALS and FTLD-TDP 4,

14–21 pointing towards a potential functional relationship between TDP-43, UNC13A, and disease risk.

Inspection of the UNC13A gene revealed a previously unreported CE after TDP-43 knockdown (KD), with
both a shorter and longer form, between exons 20 and 21 (Fig. 1C), and increased IR between exons 31
and 32 (fig. S1B). One ALS/FTLD-TDP risk SNP – rs1297319217 – lies 16 bp inside the CE (henceforth
referred to as the CE SNP). Another SNP – rs126089324 – is located 534 bp downstream of the donor
splice site of the CE inside the same intron (henceforth referred to as the intronic SNP) (Fig. 1D). While
there are five polymorphisms associated with ALS risk along UNC13A, they are all in high linkage
disequilibrium (LD) in European populations with both the CE and intronic SNPs, and are present in 35%
of individuals (Fig. 1G)17. The close proximity of the disease-associated SNPs to the UNC13A CE
suggests that the SNPs may influence UNC13A splicing. In UNC13B, TDP-43 KD led to the inclusion of an
annotated frame-shift-inducing exon between exons 10 and 11, henceforth referred to as the UNC13B
frameshift exon (fsE), and increased intron retention (IR) between exon 21 and 22 (Fig. 1E,F; fig. S1A).

In support of a direct role for TDP-43 regulation of UNC13A and UNC13B, we found multiple TDP-43
binding peaks both downstream and within the body of the UNC13A CE (Fig. 1D) and IR (fig. S1B)22, and
UNC13A CE inclusion negatively correlated with TARDBP RNA levels (rho = -0.43, p = 0.077, Fig. 1H).
Additionally, TDP-43 binding peaks were present near both splice events in UNC13B (Fig. 1F; fig. S1A)22.
We also detected these splicing changes in RNA-seq from TDP-43 depleted SH-SY5Y and SK-N-DZ
neuronal lines, as well as in publicly available iPSC-derived motor neurons (MNs)8 and SK-N-DZ
datasets23(Fig. 1I-L; fig. S1C), and validated them by PCR in SH-SY5Y and SK-N-DZ cell lines (fig. S1D,E).
UNC13A and UNC13B RNA and protein are downregulated by TDP-43 knockdown

Next, we examined whether incorrect splicing of UNC13A and UNC13B affected transcript levels in
neurons and neuron-like cells. TDP-43 KD significantly reduced UNC13A RNA abundance in the three cell
types with the highest levels of cryptic splicing (FDR < 0.1; Fig. 2A, Fig. 1I). Likewise, UNC13B RNA was
significantly downregulated in four datasets (FDR < 0.1) (Fig. 2B). We confirmed these results by qPCR in
SH-SY5Y and SK-N-DZ cell lines (fig. S2A). The number of ribosome footprints aligning to UNC13A and
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UNC13B was reduced after TDP-43 KD (Fig. 2C; fig. S2B, data S3). TDP-43 KD also decreased expression
of UNC13A and UNC13B at the protein level, as assessed by quantitative proteomics with liquid
chromatography tandem-mass spectrometry and western blot (Fig. 2D,E). These data suggest that the
mis-splicing in UNC13A and UNC13B after TDP-43 KD reduces their transcript and protein abundance in
neurons.

The UNC13A CE contains a premature termination codon (PTC) and is thus predicted to promote
nonsense-mediated decay (NMD). Cycloheximide (CHX) treatment, which stalls translation and impairs
NMD, increased CE inclusion in UNC13A after TDP-43 KD. Conversely, CHX did not alter levels of the
aberrant STMN2 transcript, which is not predicted to undergo NMD (Fig. 2F). Taken together, our data
suggests that TDP-43 is critical for maintaining normal expression of the presynaptic proteins UNC13A
and UNC13B by ensuring their correct pre-mRNA splicing.
UNC13A cryptic exon is highly expressed in TDP-43-depleted patient neurons

To explore whether the UNC13A CE could be detected in patient tissues affected by TDP-43 pathology, we
first analysed RNA-seq from neuronal nuclei sorted from frontal cortices of ALS/FTLD patients24. We
compared levels of UNC13A CE to levels of a CE in STMN2 known to be regulated by TDP-43. Both
STMN2 and UNC13A CEs were exclusive to TDP-43-depleted nuclei, and, strikingly, in some cases the
UNC13A CE percent spliced in (PSI) reached 100% (Fig. 3A). This suggests that in patients there will be a
significant loss of UNC13A expression within the subpopulation of neurons with TDP-43 pathology.

Next, we quantified UNC13A CE inclusion in bulk RNA-seq from the NYGC ALS Consortium, a dataset
containing 1,349 brain and spinal cord tissues from a total of 377 ALS, FTLD, and control individuals.
The UNC13A CE was detected exclusively in FTLD-TDP and ALS-TDP cases (89% and 38% respectively),
with no detection in ALS-non-TDP (SOD1 and FUS mutations), FTLD-non-TDP (FTLD-TAU and FTLD-FUS),
or control cases. The lower detection rate in ALS versus FTLD is likely due to the lower expression of
UNC13A in the spinal cord (fig. S3A). Thus, pathological UNC13A CEs occur in vivo and are specific to
neurodegenerative disease subtypes in which mislocalization and nuclear depletion of TDP-43 occurs.

UNC13A CE expression mirrored the known tissue distribution of TDP-43 aggregation and nuclear
clearance25: it was specific to ALS-TDP spinal cord and motor cortex, as well as FTLD-TDP frontal and
temporal cortices, but absent from the cerebellum in disease and control states (Fig. 3B). Despite the CE
PSI being diluted by both the presence of unaffected cells and NMD in bulk RNA-seq, we were still able to
detect CE above 20% in some samples. Furthermore, although, unlike the STMN2 CE, the UNC13A CE
induces NMD, it was detected at similar levels to STMN2 CE in cortical regions, whilst STMN2 CE was
more abundant in the spinal cord (Fig. 3C). We next investigated whether UNC13A CEs could be
visualised by in situ hybridisation (ISH) in FTLD patient brains. Using a probe targeting the UNC13A CE on
frozen frontal cortex tissue, we detected staining significantly above background in 4 out of 5 tested
FTLD-TDP cases, but in none of the FTLD-Tau (n = 3) or control (n = 5) cases (Fig. 3D; fig. S3B).
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To assess if UNC13A CE levels in bulk tissue was related to the level of TDP-43 proteinopathy, we used
STMN2 CE PSI as a proxy, as it correlates with the burden of phosphorylated TDP-43 in patient
samples10. As expected, across the NYGC ALS Consortium samples we observed a significant positive
correlation between the level of STMN2 CE PSI and UNC13A CE PSI (rho = 0.55, p = 3.0e-4) (Fig. 3E).
Combined, our analysis reveals a strong relationship between TDP-43 pathology and UNC13A CE levels,
supporting a model for direct regulation of UNC13A mRNA splicing by TDP-43 in patients.
rs12973192(G) and rs12608932(C) combine to promote cryptic splicing

To test whether the ALS/FTD UNC13A risk SNPs promote cryptic splicing, which could explain their link to
disease, we assessed UNC13A CE levels across different genotypes, and found significantly increased
levels in cases homozygous for CE rs12973192(G) and intronic rs12608932(C) SNPs (fig. S4A-B). To
ensure that this was not simply due to more severe TDP-43 pathology in these samples, we normalised
by the level of STMN2 cryptic splicing, and again found a significantly increased level of the UNC13A CE
in cases with homozygous risk variants (Wilcoxon test, p < 0.001) (Fig. 4A; fig. S4C,D). Next, we performed
targeted RNA-seq on UNC13A CE from temporal cortices of ten heterozygous risk allele cases and four
controls. We detected significant biases towards reads containing the risk allele (p < 0.05, single-tailed
binomial test) in six samples, with a seventh sample approaching significance (Fig. 4B), suggesting that
the two ALS/FTLD-linked variants promote cryptic splicing in vivo.

To specifically examine whether the CE or the intronic SNP of UNC13A promote CE splicing, we generated
four variants of minigenes containing UNC13A exon 20, intron 20, and exon 21, featuring both risk alleles
(2R), both non-risk alleles (2H), the risk allele within the CE (rs12973192) (RE), or the risk allele in the
intron (rs12608932) (RI) (Fig. 4C). We then expressed these minigenes in SH-SY5Y cells with doxycycline-
inducible TDP-43 knockdown. We found that both the CE SNP and, to a lesser extent, intronic SNP
independently promoted CE inclusion, with the greatest overall levels detected for the 2R minigene
(Fig. 4D,E).

To explore how these two SNPs might act to enhance CE splicing, we analyzed a dataset of in vitro RNA
heptamer/RBP binding enrichments, and examined the effect of the SNPs on relative RBP enrichment26.
Strikingly, when investigating which RBPs were most impacted in their RNA binding enrichment by the CE-
risk SNP, TDP-43 had the third largest decrease of any RBP, with only two non-human RBPs showing a
larger decrease (Fig. 4F,G; fig. S4E,F). To test whether the CE SNP directly inhibited in vitro TDP-43
binding, we performed isothermal titration calorimetry using recombinant TDP-43 and 14-nt RNAs. As
predicted, we observed an increased Kd for RNA containing the CE risk SNP (Fig. 4H; fig. S4G,H; Data S4).
Together these data predict that the UNC13A CE SNP may directly inhibit TDP-43 binding.

To directly study the impact of the SNPs on TDP-43 binding to UNC13A pre-mRNA, we performed TDP-43
iCLIP with cells expressing either the 2R or 2H minigene. We observed a striking enrichment of crosslinks
within the ~ 800nt UG-rich region containing both SNPs in intron 20 (Fig. 4I). When comparing the 2R with
the 2H minigene, the peaks with the largest fractional changes were in close proximity of each SNP;
similarly, we detected a 21% decrease in total TDP-43 crosslinks centred around the CE SNP and a 73%
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increase upstream of the intronic SNP (Fig. 4I, J, fig. S4I; 50 nucleotide windows). These data
demonstrate that these two disease-risk SNPs distort the pattern of TDP-43/RNA interactions, decreasing
TDP-43 binding near the CE donor splice site, thus exacerbating UNC13A CE inclusion upon nuclear TDP-
43 depletion.

Discussion
Our results support a model wherein TDP-43 nuclear depletion and the intronic and CE SNPs in UNC13A
synergistically reduce expression of UNC13A, a gene that is critical for normal neuronal function. In this
model, when nuclear TDP-43 levels are normal in healthy individuals, TDP-43 efficiently binds to UNC13A
pre-mRNA and prevents CE splicing, regardless of UNC13A SNPs. Conversely, severe nuclear depletion of
TDP-43 in end-stage disease induces CE inclusion in all cases. However, the common intronic and CE
SNPs in UNC13A alter TDP-43 binding to UNC13A pre-mRNA and may make UNC13A CE more sensitive
to partial TDP-43 loss that occurs early in degenerating neurons, explaining their associated risk effect.
Strikingly, we found that both risk alleles for these SNPs independently and additively promoted cryptic
splicing in vitro. Intriguingly, when the two variants are not co-inherited, as seen in East Asian individuals
with ALS, an attenuated effect is observed20. A similar phenomenon wherein SNP pairs both contribute to
risk has been widely studied at the APOE locus in Alzheimer’s disease27.

UNC13-family proteins are highly conserved across metazoans and are essential for calcium-triggered
synaptic vesicle release28. In mice, double knockout of UNC13A and UNC13B inhibits both excitatory and
inhibitory synaptic transmission in hippocampal neurons and greatly impairs transmission at
neuromuscular junctions29,30. In TDP-43-negative neuronal nuclei derived from patients, the UNC13A CE
is present in up to 100% of transcripts, suggesting that expression of functional UNC13A is greatly
reduced, which could impact normal synaptic transmission.

TDP-43 loss induces hundreds of splicing changes, a number of which have also been detected in patient
brains. However, it has remained unclear whether these events – even those that occur in crucial neuronal
genes – contribute to disease pathogenesis. That genetic variation influencing the UNC13A CE inclusion
can lead to changes in ALS/FTD susceptibility and progression strongly supports UNC13A
downregulation to be one of the critical consequences of TDP-43 loss of function. Excitingly, UNC13A
provides a generalizable therapeutic target for 97% of ALS and approximately half of FTD cases. These
findings are also of interest to other neurodegenerative diseases, such as Alzheimer’s disease, Parkinson’s
disease and chronic traumatic encephalopathy, in which TDP-43 depletion is also observed in a
significant fraction of cases.
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TDP-43 depletion in neurons leads to altered splicing in synaptic genes UNC13A and UNC13B. (A)
Differential splicing and (B) expression in control (N=4) and CRISPRi TDP-43 depleted (N=3) iPSC-derived
cortical-like i3Neurons. Each point denotes a splice junction (A) or gene (B). (C) Sashimi plots showing
cryptic exon (CE) inclusion between exons 20 and 21 of UNC13A upon TDP-43 knockdown (KD). (D,F)
Schematics showing intron retention (IR, lower schematic, orange), TDP-43 binding region (22)(green),
and two ALS/FTLD associated SNPs (red). (E) Sashimi plot of UNC13B showing inclusion of the
frameshifting exon (fsE) upon TDP-43 KD. (G) LocusZoom plot of the UNC13A locus in the latest ALS
GWAS. Lead SNP rs12973192 plotted as purple diamond, other SNPs coloured by linkage disequilibrium
with rs12973192 in European individuals from 1000 Genomes. (H) Correlation between relative TARDBP
RNA and UNC13A CE PSI across five TDP-43 knockdown datasets (I,K) PSI of TDP-43 regulated splicing
in UNC13A and UNC13B across neuronal datasets. (J,L) Intron retention ratio of TDP-43 regulated
retained introns in UNC13A and UNC13B across neuronal datasets.

Figure 2
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UNC13A and UNC13B are downregulated after TDP-43 knockdown due to the production of NMD-
sensitive transcripts. Relative gene expression levels for UNC13A (A) and UNC13B (B) after TDP-43
knockdown across neuronal cell lines. Normalized RNA counts are shown as relative to control mean.
Numbers show log2 fold change calculated by DESeq2. Significance shown as adjusted p-values from
DESeq2. (C) Ribosome profiling of TDP-43 knockdown in i3Neurons shows reduction in ribosome
occupancy of STMN2, UNC13A and UNC13B transcripts. (D) Mass spectrometry-based proteomic
analysis shows reduction in protein abundance of UNC13A, UNC13B and TDP-43 upon TDP-43
knockdown in i3Neurons. Numbers refer to log2 fold change of unique peptide fragments, P-values from
Wilcoxon test. (E) Western blot analysis of protein lysates from untreated and TDP-43 knockdown SH-
SY5Y cells show a significant reduction in UNC13A and UNC13B proteins levels after TDP-43 depletion.
Graphs represent the means ± S.E., N=3, One sample t-test, (F) Transcript expression upon CHX treatment
suggests UNC13A but not STMN2, are sensitive to nonsense-mediated decay. HNRNPL (heterogeneous
nuclear ribonucleoprotein L) is a positive control. Significance levels reported as * (p<0.05) ** (p<0.01) ***
(p<0.001) **** (p <0.0001).

Figure 3
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UNC13A CE is highly expressed in ALS/FTLD patient tissue and correlates with known markers of TDP-43
loss of function. (A) UNC13A and STMN2 CE expression in ALS/FTLD patient frontal cortex neuronal
nuclei from24 sorted according to the expression of nuclear TDP-43. (B) UNC13A CE expression in bulk
RNA-seq from NYGC ALS Consortium normalized by library size across disease and tissue samples. ALS
cases stratified by mutation status, FTLD cases stratified by pathological subtype. (C) CE expression
throughout ALS/FTLD-TDP cases across tissue (D) BaseScope detection of UNC13A CE (red foci) in
FTLD-TDP but not control or FTLD-Tau frontal cortex samples. (E) Correlation in ALS/FTLD-TDP cortex
between UNC13A and STMN2 CE PSI in patients with at least 30 spliced reads across the CE locus.
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Figure 4

UNC13A ALS/FTD risk variants enhance UNC13A CE splicing in patients and in vitro by altering TDP-43
pre-mRNA binding. (A) Ratio UNC13A / STMN2 CE PSI, split by genotype for UNC13A risk alleles. (B)
Unique cDNAs from targeted RNA-seq in ten CE SNP heterozygous FTLD-TDP patients. p-values from
single-tailed binomial tests. FTD1, 5, and 7 are C9orf72 hexanucleotide repeat carriers (C) Illustration of
UNC13A minigenes containing exon 20, intron 20, and exon 21 with both risk SNPs (2R), both healthy
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SNPs (2H), or risk SNP in CE (RE) or intron (RI). (D) Representative image of RT-PCR products from
UNC13A minigenes in SH-SY5Y ± TDP-43 KD. (E) Quantification of (D) plotted as means ± S.E. N=3, One-
way ANOVA analysis; (F) Average change in E-value (measure of binding enrichment) across proteins for
heptamers containing risk/healthy CE SNP allele; red - TDP-43. (G) Each CE SNP heptamer’s TDP-43 E-
value. (H) Binding affinities between TDP-43 and 14-nt RNA containing the healthy or risk sequence
measured by ITC; 4 replicates. (I) TDP-43 iCLIP of 2R and 2H minigenes: top - average crosslink density;
bottom - average density change 2R - 2H (rolling window = 20 nt, units = crosslinks per 1,000). Cartoon -
predicted TDP-43 binding footprints (UGNNUG motif). (J) Fractional changes at iCLIP peaks for 2R versus
2H minigene (mean and 75% confidence interval shown). Peaks that are within 50nt of each SNP are
highlighted. *** (p<0.001) ** (p<0.01) * (p<0.05).
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