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Mis-spliced transcripts generate de novo proteins in TDP-43—
related ALS/FTD
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Abstract

Functional loss of TDP-43, an RNA binding protein genetically and pathologically linked to
amyotrophic lateral sclerosis (ALS) and frontotemporal dementia (FTD), leads to the inclusion

of cryptic exons in hundreds of transcripts during disease. Cryptic exons can promote the
degradation of affected transcripts, deleteriously altering cellular function through loss-of-function
mechanisms. Here, we show that mRNA transcripts harboring cryptic exons generated de novo
proteins in TDP-43—depleted human iPSC—derived neurons in vitro, and de novo peptides were
found in cerebrospinal fluid (CSF) samples from patients with ALS or FTD. Using coordinated
transcriptomic and proteomic studies of TDP-43—depleted human iPSC—derived neurons, we
identified 65 peptides that mapped to 12 cryptic exons. Cryptic exons identified in TDP-43—
depleted human iPSC—derived neurons were predictive of cryptic exons expressed in postmortem
brain tissue from patients with TDP-43 proteinopathy. These cryptic exons produced transcript
variants that generated de novo proteins. We found that the inclusion of cryptic peptide sequences
in proteins altered their interactions with other proteins, thereby likely altering their function. Last,
we showed that 18 de novo peptides across 13 genes were present in CSF samples from patients
with ALS/FTD spectrum disorders. The demonstration of cryptic exon translation suggests new
mechanisms for ALS/FTD pathophysiology downstream of TDP-43 dysfunction and may provide
a potential strategy to assay TDP-43 function in patient CSF.
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INTRODUCTION

Cytoplasmic inclusions of the TAR DNA binding protein 43 (TDP-43) occur in the brains
and spinal cords of approximately 97% of amyotrophic lateral sclerosis (ALS), 45%

of frontotemporal dementia (FTD), and 40% of Alzheimer’s disease (AD) cases (1, 2).
Mutations in TARDBP, the gene encoding TDP-43, cause familial forms of FTD and

ALS, further supporting a central role of TDP-43 in disease pathogenesis (3, 4). TDP-43
mislocalization involves both its clearance from the nucleus and the formation of cytosolic
aggregates (1, 2, 5), and both of these events appear to play causal roles in disease
pathogenesis. Nuclear clearance of TDP-43 can occur before symptom onset and precedes
the formation of cytosolic aggregates (6-8), suggesting that loss of normal TDP-43 function
is an early disease mechanism.

TDP-43 has two RNA recognition motifs and directly regulates RNA metabolism by acting
as a potent splicing repressor. When TDP-43 splicing repression is lost, the erroneous
inclusion of intronic sequences called cryptic exons (CEs) occurs (9). Because CEs are
nonconserved intronic sequences, they often introduce frameshifts, premature stop codons,
or premature polyadenylation sequences. Such splicing errors can reduce the expression

of affected transcripts via nonsense-mediated decay (NMD) or other RNA degradation
pathways (10, 11). In turn, the expression of proteins derived from these transcripts often
declines in parallel. One such example is the well-characterized CE in stathmin-2 (STMN2),
which causes loss of STMN2 mRNA and protein in the cortex and spinal cord of patients
with ALS or with frontotemporal lobar degeneration (FTLD; a subset of FTD) (12-14). We
and others recently found that TDP-43 also normally represses a CE in UNCI13A, a critical
synaptic gene (15, 16). ALS-linked and FTD-linked risk variants in UNC13A reduce the
affinity of TDP-43 for UNC13A transcripts, thereby promoting CE expression and UNC13A
loss in neurons with TDP-43 insufficiency (15). These two examples demonstrate that mis-
splicing due to TDP-43 mislocalization can reduce the expression of critical downstream
genes, likely affecting neuronal biology during disease.

TDP-43 loss causes widespread CE expression and other related pathological splicing events
that affect hundreds of transcripts (9, 13, 14). Certain genes exhibit reduced expression

after CE inclusion, but it is also possible that de novo proteins could be synthesized from

CE transcripts. Expression of de novo proteins downstream of TDP-43 loss of function
could have several important ramifications. Translation of CEs could alter the functions of
proteins or induce toxic gain of function with pathophysiological implications. Alternatively,
de novo proteins could trigger an autoimmune response, akin to previous observations in
autoimmune encephalitis and cancer (17, 18).

Here, we systematically address whether the loss of the TDP-43 function leads to the
expression of CE-encoded de novo polypeptides. Using a TDP-43—depleted human induced
pluripotent stem cell (iPSC)—derived neuron model of nuclear TDP-43 loss of function,

we developed a neuronal CE atlas. We cross-referenced these CEs against a ribosome
sequencing (Ribo-seq) dataset from TDP-43—-depleted human iPSC—-derived neurons and
observed extensive ribosome-CE interactions that suggested their active translation. We then
developed an unbiased proteogenomic pipeline, using coordinated short-read and long-read
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transcriptomic and proteomics analyses of TDP-43-depleted human iPSC—derived neurons,
that identified 65 peptides that mapped to 12 CE coding frames. We identified these CEs

in postmortem cortex samples from patients with ALS/FTD, validating the physiological
relevance of our in vitro cellular models. Through Western blot and proteomic strategies,

we confirmed the presence of de novo peptide expression in TDP-43-depleted human iPSC-
derived neurons and showed that they can alter the biology of proteins in which they are
expressed. Last, we developed a targeted proteomics assay to identify 18 de novo “cryptic”
peptides across 13 distinct proteins in cerebrospinal fluid (CSF) samples from patients with
ALS/FTD.

Ribosomes bind to intronic regions of mis-spliced transcripts in TDP-43—deficient human
iPSC—-derived neurons

Ribo-seq provides a map of the position and density of ribosomes on individual mMRNAs and
a proxy for protein translation. If TDP-43—deficient human iPSC—derived neurons translate
CEs into de novo proteins (Fig. 1A), then we reasoned that Ribo-seq may reveal ribosome-
bound CEs. Using short-read total RNA sequencing (RNA-seq) in TDP-43—depleted human
iPSC—derived glutamatergic neurons (fig. S1, A and B, and data file S1), we identified 340
cryptic splicing events across 233 genes out of a total of 498 alternative splicing events

(Fig. 1B, fig. S1C, and table S1A). These splicing events included previously identified
targets of TDP-43-related splicing repression, such as CEs in STMNZ2and UNC13A (13,
15). The majority (70%) of cryptic splicing events were cassette exons, with the remainder
comprising exon extension (12%), intron retention (9%), and exon skipping (9%) (fig. S1, C
and D, table S1A, and data file S3).

We then queried Ribo-seq data from TDP-43—-depleted human iPSC—derived neurons (15)
for evidence of changes in ribosome binding within all intronic regions upon TDP-43
knockdown. We identified 30 genes featuring introns with significantly increased footprints
in the TDP-43 knockdown Ribo-seq dataset (Fqj < 0.1; table S1B). When we cross-
referenced these sequences with cryptic splicing events identified in Fig. 1B, we found that
more than half of these were CE-containing genes (Fig. 1C). By contrast, only five genes
had introns with significant decreases in ribosome footprints (Pgj < 0.1), and none was
annotated as containing CEs (table S1B). Next, we selected CEs predicted to generate in-
frame peptides and investigated the periodicity of their ribosome footprints. These showed
periodicity that was similar to what we observed in annotated exons, suggesting that the
signal in CEs was derived from translating ribosomes (Fig. 1D). Overall, TDP-43—depleted
human iPSC—derived neurons had roughly nine times more ribosome footprints within CEs
than did control human iPSC—derived neurons with normal amounts of TDP-43 (Fig. 1E and
data file S1).

Using total RNA-seq and proteomics, we characterized the impact of neuronal TDP-43 loss
on CE gene expression at the transcript and protein level (Fig. 1, F to H; fig. S1, E to G;
and table S1, C and D). Consistent with prior observations that CEs can reduce mRNA
stability (12-16), 37% of CE gene transcripts were reduced in TDP-43—depleted human
iPSC—derived neurons (Fig. 1F). We found evidence of additional instability of mis-spliced
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genes at the protein level, where 80% of proteins from CE genes displayed decreased
expression (Fig. 1G). Analysis of the transcript and peptide abundance of CE-harboring
genes at the same time point revealed that whereas some genes (e.g., SY77and KALRN)
contained out-of-frame CEs and had unstable transcript and protein products, others (e.g.,
DNM1 and MYO18A) contained in-frame CEs and remained highly expressed (Fig. 1H).
Collectively, these data show that whereas CEs often reduce the expression of CE genes,
certain CEs and other abnormally spliced transcripts do not affect expression and might be
translated into de novo proteins.

TDP-43—depleted human iPSC—derived neurons express cryptic exons that generate de
novo proteins

To identify potential CE-associated de novo proteins at a large scale, we developed an
unbiased proteogenomic pipeline that combined proteomics and transcriptomics to identify
new peptides (Fig. 2A). Using RNA-seq data from TDP-43—-depleted human iPSC—derived
neurons, the pipeline returned in-frame amino acid sequences from mis-spliced junctions,
henceforth referred to as cryptic peptides. We then added these in silico translated protein
sequences of CEs to a standard human proteome reference (data file S2), allowing us to
search for trypsin-digested cryptic peptides in shotgun proteomic datasets from TDP-43-
depleted human iPSC—derived neurons. This pipeline identified 65 putative trypsin-digested
cryptic peptides across 12 genes in TDP-43—depleted human iPSC—derived neurons (Fig. 2B
and table S2, A and B), consistent with the possibility that certain CEs are translated into
proteins.

More than half of the identified cryptic peptides were predicted to be in frame—and
therefore would not cause a premature stop codon—when mapped to short-read RNA-seq of
pathologically spliced transcripts (Fig. 2B). One such example is a 46—amino acid, in-frame
cryptic peptide in hepatoma-derived growth factor-related protein 2 (HDGFL2) that mapped
to a CE in intron 6 (Fig. 2C and fig. S2A). We detected five distinct trypsin-cleaved peptides
for HDGFL2 in TDP-43-depleted human iPSC—derived neurons (Fig. 2C). Twenty-three
trypsin-cleaved cryptic peptides mapped to out-of-frame CEs in RSF1, KALRN, and SYT7
(table S2A). On the basis of the frame of these out-of-frame cryptic peptides, the parent
transcripts were predicted to harbor a premature stop codon in the downstream exon. Two
additional trypsin-cleaved cryptic peptides mapped to retained introns, whereas four were
due to exon skipping (Fig. 2B).

Short-read RNA-seq relies on informatic approaches to stitch together individual reads into
full-length transcripts. Errors in predicted full-length sequences can arise when multiple
transcript isoforms are coexpressed, particularly in settings of pathological splicing. To
unequivocally determine the frame of translation for each cryptic peptide, we performed
Nanopore long-read sequencing of control and TDP-43—depleted human iPSC—derived
neurons (Fig. 2, D to G; fig. S2, B to D; and table S2C). Mapping all putative cryptic
peptides against long-read data from which we could extract the frame, we confirmed four
genes (i.e., HDGFLZ, AGRN, MYO18A, and CAMKZB) with in-frame CEs and two genes
(i.e., MYOICand KCNQ2) with in-frame exon skipping events in TDP-43—depleted human
iPSC—derived neurons (Fig. 2G). An example of an in-frame cryptic peptide from CAMKZ2B
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is shown in Fig. 2 (D to F), demonstrating the improved fidelity of long-read sequencing
over short-read sequencing in mapping cryptic peptides to complex, pathologically spliced
transcripts.

TDP-43—depleted human iPSC—derived neurons predict mis-splicing in postmortem brain
tissue from patients with ALS/FTD

Previously, TDP-43-depleted human iPSC neurons successfully predicted individual CEs
that were later validated in patients with ALS/FTD (13-15). Most of the putative cryptic
peptides that we observed mapped to CEs that have not been previously described. We
therefore tested the fidelity of our TDP-43—depleted human iPSC—derived neuron model

in the global prediction of ALS/FTD-associated CEs using three separate approaches.

First, we cross-referenced CEs found in TDP-43—-depleted human iPSC—-derived neurons
against a published RNA-seq dataset of fluorescence-activated cell sorting (FACS)-sorted
neuronal nuclei from postmortem cortex samples from patients with ALS/FTD (19). Of the
340 cryptic splice junctions that we identified in TDP-43—-depleted human iPSC—derived
neurons, 230 were detected in FACS-sorted neuronal nuclei from postmortem cortical
samples. Some cryptic splice junctions were highly expressed in both TDP-43—positive
and TDP-43-negative nuclei, possibly reflecting the cell-type-specific nature of TDP-43-
dependent splicing events. Of these, 122 junctions were enriched in nuclei lacking TDP-43.
Neuronal nuclei from ALS/FTD postmortem cortex samples clustered according to TDP-43
nuclear presence, rather than by patient demographics (Fig. 3A and table S3, A and B).
Using dimensionality reduction analysis of all 230 CEs predicted by TDP-43—depleted
human iPSC—-derived neurons and detected in FACS-sorted postmortem cortical neuronal
nuclei, we found that TDP-43—positive and TDP-43—negative nuclei could be separated on
the basis of the first principal component, accounting for 47% of the variability in the dataset
(Fig. 3B and data file S1). These data indicate that many cryptic splicing events observed
in TDP-43—depleted human iPSC—derived neurons also occur in TDP-43-negative cortical
neuronal nuclei derived from ALS/FTD patient brain tissue.

Second, we tested whether cryptic splicing predicted by our TDP-43—depleted human iPSC-
derived neuron data could identify cases with TDP-43 pathology in postmortem cortical
brain samples. We analyzed bulk RNA-seq datasets from the New York Genome Center
(NYGC), comprising 168 frontal and temporal cortex samples from 82 non-neurological
disease controls, 20 FTLD-non-TDP cases, and 66 FTLD-TDP cases and 304 motor cortex
samples from 49 non-neurological disease controls, 11 ALS non-TDP cases, and 244 ALS-
TDP cases. Despite the anticipated low expression and degradation of many CEs by NMD,
and the limits of bulk RNA-seq in which only a small proportion of cells have TDP-43
pathology, we detected 298 of the 340 pathologically spliced junctions with at least one
spliced read across all the samples (Fig. 3C and table S3, A and B). Next, we tested
whether CE expression could predict cases with TDP-43 proteinopathy. Many CE junctions
identified in TDP-43-depleted human iPSC—derived neurons had positive prediction power
in the FTLD (69) and ALS postmortem samples (25) (Fig. 3C and table S3, A and C to E).
We then generated meta-scores by combining expression data from individual or multiple
cryptic junctions. We created three different meta-scores: one using the expression of all
cryptic events, one using only those junctions with a high predictive power [area under the
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curve (AUC) > = 0.6], and one with all predictive cryptic junctions excluding the STMNZ
junction. In the FTLD and ALS postmortem samples, STMNZ2, KCNQZ, and all predictive
cryptic junctions had the highest power to distinguish cases from controls (Fig. 3D and table
S3, A, D, and E).

Third, we used quantitative polymerase chain reaction with reverse transcription (RT-gPCR)
to assess CE expression in an independent cohort of 89 FTLD-TDP postmortem cortex
samples versus 27 healthy control cortex samples focusing on eight transcripts associated
with potential cryptic peptide expression (table S3F). We observed substantially higher
expression of each of these CEs in patients with FTLD compared with controls (Fig. 3E,
fig. S3A, and data file S1). Thus, we validated our TDP-43—-depleted human iPSC—derived
neuron data in three independent human datasets.

Expression of cryptic exons alters protein interactomes

To validate the existence of a de novo protein sequence identified by proteogenomics,

we assayed HDGFL 2, a protein only modestly reduced in expression in TDP-43—depleted
human iPSC-derived neurons (table S1D) and predicted to express an in-frame cryptic
peptide (Figs. 2C and 4A). A commercially available polyclonal antibody against canonical
HDGFL2 detected a single band on Western blot at the predicted molecular weight in
control neurons (Fig. 4B). However, this antibody detected an additional higher molecular
weight protein in TDP-43—depleted human iPSC—derived neurons and TDP-43—-depleted
SH-SY5Y cells, matching the predicted molecular weight of HDGFL2 expressing a CE
(HDGFL2-CE) (Fig. 4, B and C; fig. S4, A and B; and data files S1 and S4). We developed
an antibody specific to the HDGFL?2 cryptic peptide (Fig. 4, A and B, and data file

S4) and used a MesoScale Discovery (MSD)-based sandwich immunoassay to accurately
quantify this cryptic peptide in TDP-43—-depleted human iPSC—derived neurons (fig. S4C
and data file S1). We used immunofluorescence staining to confirm that the expression of
the HDGFL2-CE peptide was restricted to cells with loss of nuclear TDP-43 expression
(Fig. 4D). We next used small interfering RNAs (siRNAs) to knock down TDP-43 in human
embryonic kidney (HEK) 293 cells harboring a doxycycline-inducible, siRNA-resistant
green fluorescent protein (GFP)-TDP-43 transgene (20). Induction of siRNA-resistant GFP-
TDP-43 prevented HDGFL2 cryptic-peptide production, confirming that the expression of
the cryptic protein was due to TDP-43 loss of function (fig. S4, D and E, table S4A, and data
file S1).

We developed an additional antibody against an in-frame cryptic peptide in MYO18A (fig.
S5, A and B). Using this antibody in a Western blot assay, we detected a protein of the
anticipated molecular weight of MYO18A expressing a CE (MYO18A-CE) in TDP-43—
depleted human iPSC—derived neurons but not in control human iPSC—derived neurons or
those depleted of fused in sarcoma (FUS), an ALS/FTD-associated RNA binding protein
that does not cause loss of TDP-43 function (Fig. 4, E and F; fig. S5, C and D; and data files
S1 and S4). These data validate our predictions that some CEs are translated into de novo
proteins expressed highly enough to be detected by standard immunoassays and are specific
to loss of TDP-43 function.
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We reasoned that the inclusion of a 46—amino acid cryptic peptide in HDGFL2—a protein
thought to regulate chromatin and DNA repair in non-neuronal cells (21)—might alter

its interacting partners and thus its biology. We performed affinity purification mass
spectrometry of HDGFL2 in control and TDP-43—depleted human iPSC—derived neurons,
using an anti-HDGFL2 antibody to immunoprecipitate HDGFL2 and its associated proteins.
We identified 178 HDGFL2-interacting proteins that were significantly enriched in anti-
HDGFL2 antibodies compared to control immunoglobulin G (1gG) pull-down assays (Pygj
< 0.05; Fig. 4G and table S4, B and C). Gene Ontology (GO) term analysis of HDGFL2-
interacting proteins in neurons revealed strong enrichments in the ribosome, spliceosome,
actin, and neurodegeneration-related pathways (fig. S6, A and B). Unexpectedly, MYO18A
was a top interacting protein of HDGFLZ2, clustering with other actin-regulating HDGFL2
interactors (fig. S6C). We then analyzed how TDP-43 loss—which causes expression of
HDGFL-CE—altered the HDGFL2 interactome. Sixteen proteins increased their relative
interactions with HDGFL2 upon TDP-43 loss, a large fraction of which regulate mRNA
splicing, chromatin remodeling, and DNA repair (Fig. 4, G and H). In contrast, 13

proteins decreased their relative interactions with HDGFL2 upon TDP-43 loss. Most of
these proteins play roles in cytoskeleton organization, with five comprising core regulators
of Arp2/3 actin nucleation (Fig. 4H). We next directly tested whether the interactomes

of CE-HDGFL2 and full-length native HDGFL2 (FL-HDGFL?2) differed by expressing
CE-HDGFL2-myc-flag or FL-HDGFL2-myc-flag in HEK293 cells followed by affinity
purification mass spectrometry using an anti-flag antibody. We observed substantial
differences in the interactomes of CE-HDGFL2-myc-flag and FL-HDGFL2-myc-flag (fig.
S6, D to G, and table S4, D and E). CE-HDGFL2 displayed increased interactions with
RNA binding proteins, including a small number of splicing-regulating proteins, consistent
with our observation from endogenous HDGFL2 pull-down assays of TDP-43—depleted
human iPSC—derived neurons (fig. S6, E and G). As expected, CE-HDGFL2 had reduced
interactions with proteins that regulated the actin cytoskeleton (fig. S6, F and H). These
observations demonstrate that the inclusion of CE sequences in a translated protein can alter
its protein-protein interactome downstream of TDP-43 loss of function.

Validation of cryptic peptides by targeted proteomics

Because antibody development against new peptides is a time- and resource-intensive
endeavor, we developed a targeted mass spectrometry—based approach to validate

and measure additional cryptic peptides predicted by proteogenomics. By co-injecting
endogenous cryptic peptides and a panel of their stable isotope (SIL) heavy peptide
standards coupled with parallel reaction monitoring (PRM) mass spectrometry proteomics,
we quantified dozens of peptides in a single sample run (Fig. 5A). We designed PRM
assays for the 65 cryptic peptides predicted by our proteogenomic pipeline (table S5A).
Of these, we successfully quantified 12 endogenous trypsin-digested cryptic peptides across
four genes in TDP-43—-depleted human iPSC—derived neurons (Fig. 5, B to D, and fig.
S7A) that were precisely co-eluted with their SIL counterparts (Fig. 5B and fig. S7A) and
displayed nearly identical fragmentation spectra to the corresponding heavy peptides (Fig.
5C and fig. STA). The spectral plot and corresponding mass spectra for an SY77cryptic
peptide are shown in Fig. 5 (B and C); peptides from CAMKZB, MYO18A, and RSF1
could also be detected (fig. S7A). Consistent with CE mRNA expression, we found that
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cryptic peptides from all four genes were highly increased in TDP-43—-depleted human
iPSC—derived neurons, with almost no expression in control human iPSC—derived neurons
(Fig. 5E, table S5B, and data file S1). These experiments suggest that multiple genes express
cryptic peptides in the setting of functional TDP-43 loss and demonstrate that proteomics
can detect and measure the expression of cryptic peptides in complex biological samples.

Identification of cryptic peptides in human CSF samples

We next asked whether patients with ALS/FTD spectrum disorders associated with TDP-43
mislocalization express cryptic peptides. Because most CE genes encode intracellular
proteins, it was unclear whether proteins encoded by these genes were present in clinically
relevant biofluids, such as CSF. We compared a shotgun proteomics dataset from ALS CSF
samples and our CE dataset from TDP-43-depleted human iPSC—derived neurons (table
S6A). Canonical proteins from 47 CE genes were present in ALS CSF samples, including
several that expressed cryptic peptides in TDP-43-depleted human iPSC—derived neurons
(Fig. 6, A and B, and table S6C). We searched two additional ALS CSF proteomics datasets
from independent patient cohorts and identified four additional CE genes with canonical
proteins expressed in human CSF (Fig. 6B; fig. S8, A and B; and table S6, B to F). These
observations provided a rationale for developing assays that could detect cryptic peptide
variants of these proteins in ALS/FTD CSF samples.

We augmented our previous list of SIL peptide standards with these additional candidates
and used data-independent acquisition (DIA) proteomics to co-measure 65 endogenous and
heavy peptide standards in ALS/FTD patient CSF in a single mass spectrometry run (fig.
S8C and table S5A). We successfully detected 18 tryptic peptides across 13 genes that
mapped to CEs in the CSF of patients with ALS/FTD spectrum disorders (Fig. 6, C to E;

fig. S9A; and table S6, G to I). These endogenous tryptic-cryptic peptides co-eluted with
their heavy peptide standards (Fig. 6C and fig. S9A) and had matching mass spectra (Fig.
6D). We monitored the expression of these peptides in CSF from 15 patients with ALS/FTD.
Most peptides were unequivocally observed in multiple patients, with 10 peptides across
eight genes detectable in >80% of patients (Fig. 6E and table S6, H and I). Cryptic peptides
were also detected in healthy control individuals, but variation across mass spectrometry
runs and limited sample sizes precluded quantitative comparison between control individuals
and patients with ALS/FTD (table S6J). These data indicate that, as in TDP-43—depleted
human iPSC—-derived neurons, CEs are expressed and translated in the CNS of patients with
ALS/FTD.

DISCUSSION

TDP-43 loss of function causes widespread cryptic splicing that can reduce the expression
of mRNA transcripts. Here, we demonstrate that such mis-splicing can also generate de
novo proteins from pathological transcripts. Our studies indicate that the inclusion of

CEs in proteins can, in certain instances, alter their interacting protein partners. We show
that TDP-43—depleted human iPSC—derived neurons can be used to model CEs found

in ALS/FTD brains, enabling the prediction of cryptic peptides and the development of
antibody and mass spectrometry—based methods for their detection. Last, we demonstrate
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the presence of TDP-43-related de novo peptides in CSF samples from patients with
ALS/FTD spectrum disorders.

These findings are relevant to ALS/FTD pathophysiology. In addition to the well-described
loss-of-function mechanisms downstream of cryptic splicing, new possibilities of altered
protein function should now be considered. For example, we found that TDP-43 loss
increased HDGFL2 interaction with splicing regulators while decreasing its interaction with
other protein networks, such as those that regulate actin dynamics. This suggests both the
gain and the loss of function of HDGFL2 occur as a direct consequence of CE expression.
Although these observations hint at the possibility that TDP-43 loss of function may alter the
biology of functionally inter-related proteins, further studies are needed to address whether
CE-harboring proteins play a direct role in disease pathogenesis or are an epiphenomenon.

In addition to TDP-43 loss of function, cytoplasmic aggregation of TDP-43 is a known
driver of toxic gain of function that can induce cell death and may exacerbate functional
TDP-43 loss by modulating its capacity to regulate RNA biology (22—-24). Because transient
mislocalization and formation of aggregate-like inclusions of TDP-43 occur in settings

of cell stress (e.g., after axotomy or oxidative stress), these findings also imply that CE
expression downstream of TDP-43 mislocalization could play a regulatory role in settings
outside of disease pathophysiology (25-27). We additionally found that HDGFL?2 interacts
with two other targets of TDP-43-related splicing regulation: MYO18A, a CE-harboring
member of the actin regulatory network, and POLDIP3, which exhibits exon skipping in
settings of TDP-43 loss. Whether functional relationships exist between genes that form CEs
upon TDP-43 mislocalization will need to be explored.

Our data suggest that only a small fraction of CE-harboring transcripts produce stable
polypeptides, whereas most undergo degradation at the RNA or protein level. Of 154 CE-
harboring genes, only 27 contained in-frame insertions, which are less likely to trigger RNA
degradation pathways such as NMD. Additional quality control pathways may regulate the
degradation of misfolded proteins translated from CEs. Despite high ribosome occupancy of
STMNZ intronic sequences, no STMNZ2 de novo peptides were identified in our proteomic
studies, suggesting that any proteins produced from the STMNZ2 CE are highly unstable or
poorly detectable by mass spectrometry.

Our findings also provide a rationale for future evaluation of the potential role of cryptic
peptides in autoimmune dysregulation in neurodegenerative disorders. It is conceivable
that cryptic peptides could be presented by MHCs for recognition by cytotoxic T cells.
Infiltration of cytotoxic CD8* T cells has been previously reported in the brain and

spinal cord of patients with ALS (28-30). The possibility that cryptic peptides could
elicit the expression of autoantibodies warrants further consideration. Neo-antigens are
now well described for other neurodegenerative disorders, including Lewy body dementia
and Parkinson’s disease, and suggest the possibility of searching for T cell or antibody-
based responses against such antigens (31, 32). Retrospective analysis of stored serum
samples recently led to the seminal discovery of Epstein-Barr virus as the viral etiology of
multiple sclerosis (33, 34). Similar approaches may be fruitful for the study of CE-related
autoantibodies in ALS.
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To accurately map putative cryptic peptides to mMRNA transcripts, we generated a
transcriptome-wide database of long-read sequences in TDP-43—depleted human iPSC-
derived neurons. Whereas informatics methods to analyze long-read data for splicing
abnormalities are still in development, we anticipate that these datasets will be of
immediate use to the community. Peptide libraries can be generated from our proteomic
datasets and used to probe for autoreactive B or T cell populations and antibodies

in patient biospecimens. The expanded identification of CE-harboring transcripts within
patient postmortem brain tissue may prove useful in understanding the pathophysiology
of ALS/FTD and could be leveraged in the development of mRNA-based diagnostics.
We provide validated amino acid sequences for cryptic peptides, which could serve as
the basis for designing high-sensitivity antibody-based or mass spectrometry—based assays
[e.g., SIMOA (single molecular array), SRM (selected reaction monitoring), and IP-MS
(immunoprecipitation followed by mass spectrometry)].

Currently, there are no methods that enable the identification of living patients with TDP-43
pathology nor any means to monitor responses to TDP-43—directed therapies that are

in development for ALS/FTD spectrum disorders. Approximately 20 to 50% of patients
with AD—and 75% of patients with severe AD—also have TDP-43 co-pathology and
may represent an additional patient subpopulation that could benefit from drugs targeting
pathogenic TDP-43 (35-37). Identification of imaging-based techniques to detect TDP-43
or its pathological forms has proven challenging. Antibody-based strategies to monitor the
abundance and biochemical properties (e.g., phosphorylation and solubility) of TDP-43
have been attempted, but the interpretability and theragnostic utility of these assays in
clinical settings are uncertain. A critical unmet need to develop molecular readouts of
TDP-43 pathology therefore exists, both to guide disease stratification and to enable better
deployment of TDP-43—directed therapies.

Given that mis-splicing is a direct consequence of TDP-43 dysfunction, assays that
monitor cryptic peptides in biospecimens could be useful for monitoring therapeutic
responses. Targeted mass spectrometry—based approaches could be optimal for developing
ultrasensitive bioassays for clinical application. An example of this is SRM, wherein
synthetic stable isotope-labeled peptides are used as internal standards to enable the
quantification of trace analytes (38). Alternate strategies may leverage high-sensitivity
antibodies or aptamers against native proteins expressing cryptic peptides. Such tools could
subsequently enable SIMOA assays that can measure analytes at the single-molecule level
(39). New methods to enrich brain-derived exosomes in plasma and paired single-molecule
detection strategies (e.g., SMAC) are being developed and open exciting possibilities for
noninvasive disease profiling in the blood (40). Ultimately, a multi-analyte panel for cryptic
peptides may be an effective diagnostic strategy. This is consistent with our findings of
improved disease predictability in postmortem brain tissue upon consideration of multiple
CEs over any single mis-spliced junction (except for STMNZ2 CE, which cannot yet be
detected at the protein level).

Our study has several limitations. We were unable to conclusively determine whether cryptic
peptides are expressed more highly in cases compared with healthy controls and therefore
cannot conclude that these peptides are specific for diseases involving TDP-43 pathology.
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Our mass spectrometry assays were designed to enable specific detection of target peptides;
however, in their current form, they are only semiquantitative and subject to technical
artifacts when analyzing the absolute abundance of peptides in biofluid samples with

high dynamic ranges and low peptide abundances. Future development of more sensitive,
quantitative proteomic, and antibody-based assays will enable reliable comparisons of
cryptic peptide abundances across patients with ALS/FTD and non-disease controls, as

well as across different patient populations, such as those with AD, dementia with Lewy
bodies, and Parkinson’s disease with coexistent TDP-43 pathology. Our assays also require
the depletion of the top 14 contaminants in CSF, which introduces additional technical
variability to sample preparation. SRM assays are the gold standard for absolute protein
quantification and enable target peptides to be measured without immunodepletion, but

the development and optimization of such assays are laborious and specialized. The
development of specific cryptic peptide assays is further challenged by the current lack

of a definitive antemortem TDP-43 assay. Perceived “healthy” controls could harbor

early TDP-43 pathology. Approximately 20 to 50% of all AD cases exhibit concomitant
TDP-43 pathology before the onset of overt symptoms (35, 36). In addition, there are no
clearly defined antemortem pathological markers of limbic predominant age-related TDP-43
encephalopathy (LATE). These challenges underscore a need for careful selection of control
populations. Genetic markers, such as C9orf72 repeat expansion, can be used to predict

the presence of TDP-43 aggregates or suggest their absence in the setting of rare genetic
markers, such as FUS and SODI mutations. As a pure tauopathy, progressive supranuclear
palsy may represent a superior control population to age-matched “healthy” individuals.
With the current datasets at hand, our hope is that multiple efforts to develop either mass
spectrometry— or antibody-based methods for absolute quantification of cryptic peptides can
ensue in parallel.

In summary, we show de novo cryptic peptides occurring downstream of TDP-43
dysfunction in cellular models and ALS/FTD patient CSF samples. These findings should
guide new discoveries on the role of cryptic peptides in diseases involving TDP-43
pathology and provide a framework for the development of clinical-grade tests to measure
TDP-43 function in biospecimens.

MATERIALS AND METHODS

Study design

The objective of this study was to determine whether CEs generate de novo peptides in

the setting of TDP-43 deficiency. To develop a neuronal CE catalog, we performed total
RNA-seq and differential splicing analyses on human iPSC—derived neurons with TDP-43
depleted by CRISPRI. We used these cells to examine transcriptional and splicing changes
due to loss of nuclear TDP-43 function. We then designed an unbiased proteogenomic
pipeline, using parallel RNA-seq and shotgun proteomics in the TDP-43—depleted human
iPSC—derived neurons, to identify peptides that map to CE coordinates. Next, we cross-
referenced these predicted CEs against datasets from ALS/FTD postmortem brain tissue to
test the fidelity of our in vitro model in predicting TDP-43 pathology in human brains. We
used Western blot and targeted proteomics to validate the presence of de novo peptides in
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TDP-43-depleted human iPSC—-derived neurons. We then examined the impact of de novo
peptides on the biology of the proteins in which they were expressed via affinity purification
mass spectrometry. Last, we developed a targeted proteomics assay to demonstrate the
presence of de novo “cryptic” peptides in CSF samples from patients with ALS/FTD
spectrum disorders. The sample size was determined empirically in accordance with field
standards to ensure sufficient power for detecting statistical differences. The number of
experimental replicates is provided in each figure legend. Only RNA and proteins of low
abundance or quality were excluded. All ALS/FTD CSF samples that were provided to us
by the Mayo Clinic were analyzed, and none was excluded. Written informed consent was
obtained from all participants or their family members to collect and analyze CSF samples.

CRISPRIi knockdown experiments

CRISPRI knockdown experiments were performed in the WTC11 human iPSC line
harboring stable TO-NGN2 and dCas9-BFP-KRAB cassettes at safe harbor loci (41).
CRISPRI knockdown of TDP-43 was achieved by infecting iPSCs with a lentiviral-
expressed single guide RNA (sgRNA) targeting the transcription start site of TARDBP

(or nontargeting control sgRNA) (15). Neurons were differentiated from TDP-43—depleted
human iPSCs as described previously (42, 43) and harvested 17 days after differentiation for
all experiments.

Short-read RNA sequencing, differential gene expression, and splicing analysis

RNA was extracted from day 17 TDP-43—depleted human iPSCs using the Direct-zol RNA
Miniprep Kit (Zymo Research R2051) and sequenced on a NovaSeq 6000 (2 x 150-base
pair paired-end). Sequencing files were trimmed for adapters (cutadapt v2.5) (44), quality
checked (FastQC v0.11.6) (45), and aligned to GRCh38 reference genome (STAR v2.7.33a)
(46). Differential expression analysis was performed using the standard DESeq2 workflow
(47). For differential splicing analysis, all samples were run through MAJIQ (48) in the
same manner using a custom Snakemake pipeline (https://github.com/frattalab/splicing). An
additional pipeline was developed to visualize and categorize each mis-spliced junction as
CE, exon skipping, intron retention, or canonical junction (https://github.com/NIH-CARD/
proteogenomic-pipeline).

Long-read sequencing and data processing

Sequence-specific and regular cONA-PCR libraries were prepared using the Oxford
Nanopore Technologies sequencing kit (SQK-PCS109) and sequenced on a PromethlON
device. Sequencing data were basecalled (Guppy v3.4.5) and mapped to GRCh38 reference
genome (minimap2) (49). Basecalled reads were also independently aligned against the
human transcriptome (Ensembl version 92). Transcript identification and quantification were
performed with Bambu at maximum sensitivity (50). Only reads overlapping mis-spliced
genes were used.

Ribosome profiling

Ribosome profiling libraries from three biological replicates both of control and TDP-43-
depleted human iPSC—derived neurons were obtained from a previous study (15) but
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underwent Cas9-based rRNA depletion using Ribocutter (51), followed by resequencing
on an Illumina Hi-Seq 4000 machine to improve read depth. Multi-mapping reads were
discarded, and reads 28 to 30 nucleotides in length were selected for analysis.

De novo peptide sequence prediction

Dasper was used to classify each mis-spliced junction as a novel acceptor, novel donor,

or exon skipping event (52). Exonic regions were identified using Gencode v31 reference
annotation and two different transcript assembly tools, Scallop (53), and Stringtie2 (54). All
novel exonic regions were mapped back to coordinates that overlapped cryptic junctions.
Transcripts overlapping with cryptic events were identified as “backbone transcripts” and
used to insert the novel cryptic event. The resulting genomic regions were used to extract
nucleotide sequences. For each nucleotide sequence, the amino acid sequence of all possible
open reading frames (ORFs) between every methionine and stop codon was extracted.

Protein structure prediction

To assess the potential impact of the inclusion of an additional coding exon to HDGFL2
(Q7Z4V5) and MYO18A (Q92614) protein structures, we exploited Alphafold2 (10.1038/
s41586-021-03819-2) using the monomer settings. The input sequences for the two proteins
were computed by adding the cryptic peptide sequences to the canonical sequences from
UniProt. The resulting structure files were visualized on https://molstar.org/viewer/.

Liquid chromatography and mass spectrometry

Protein tryptic digestion was performed using a fully automated sample preparation
workflow as previously described (55). For human CSF samples, the top 14 most abundant
proteins were depleted with a High Select depletion spin column and resin (Thermo

Fisher Scientific, A36369). Three data acquisition approaches (DDA, DIA, and PRM) were
used in liquid chromatography—tandem mass spectrometry (LC-MS/MS) analyses. TDP-43—
depleted human iPSC—derived neuron samples were separated on a Waters AQUITY UPLC
M_Class system and injected into an Orbitrap Exploris 480 for DIA proteomics. All

other samples were separated on an UltiMate 3000 RSLCnano system and injected into

a high-resolution Orbitrap Eclipse MS. Protein tryptic digestion was performed using a
fully automated sample preparation workflow as previously described (55). For human CSF
samples, the top 14 most abundant proteins were depleted with a High Select depletion spin
column and resin (Thermo Fisher Scientific, A36369). Three data acquisition approaches
(DDA, DIA, and PRM) were used in LC-MS/MS analyses. See Supplementary Materials
and Methods for additional details.

Proteomics database search and statistical analysis

DDA-based discovery proteomics was performed using a custom database of de novo
peptides (data file S2) in PEAKS studio v10.6 (56). Skyline software (57) was used for
the quantification and visualization of PRM and DIA targeted proteomics data. Statistical
analyses were conducted in R studio, using a two-sided #test and Benjamini-Hochberg
adjustment for multiple comparisons. Differential expression analysis was carried out in
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the Spectronaut software (58), generating log fold changes and ¢ values for volcano plot
analysis. See Supplementary Materials and Methods for additional details.

Splicing analysis of postmortem brain tissue

Data from FACS-sorted frontal cortex neuronal nuclei were obtained from the Gene
Expression Omnibus database (GSE126543) and aligned to the GRCh38 reference genome
as previously described (15). The splice junction output tables were then clustered and
converted into PSI metrics using Dasper (52). Because splicing tools can be prone to one-off
errors for exact splice junction coordinates, the 340 bona fide splicing events from MAJIQ
were manually curated against the automated splice junctions from STAR to confirm the
absence or presence of each event in the FACS-sorted nuclei.

The analysis of postmortem brain tissue from NYGC contained 472 neurological tissue
samples from 286 individuals in the NYGC ALS dataset, including non-neurological disease
controls, FTLD, ALS, FTD with ALS (ALS-FTLD), and ALS with suspected AD (ALS-
AD). The NYGC dataset was analyzed for the 340 bona fide splicing events from MAJIQ
using a modified splice junction parsing pipeline. Junctions from NYGC samples that
overlapped with the 340 events were manually curated to ensure accuracy. Read counts for
each splice junction were normalized and converted to z-scores to calculate AUC scores for
TDP-43 pathology classification performance using the pROC package (59). Meta-scores
were created using z-scores across all cryptic junctions, junctions with a positive predictive
value above 0.6, and predictive junctions excluding STMN2. See Supplementary Materials
and Methods for additional details.

qRT-PCR validation of cryptic exons

Quantitative real-time PCR (gRT-PCR) was conducted using SYBR GreenER gPCR
SuperMix (Invitrogen) for all samples in triplicates. gRT-PCR was run in a QuantStudio 7
Flex Real-Time PCR system (Applied Biosystems). Relative quantification was determined
using the AACt method and normalized to the endogenous controls GAPDH and RPLPO.
Primer efficiency was verified for each CE before running the gRT-PCRs. See table S3E for
a list of primers. Additional details are provided in Supplementary Materials and Methods.

Western blot

MYO18A-CE antibody was generated by LabCorp by immunizing rabbits with a peptide
including the complete 20-residue neoepitope (VKEEDKTLPKPGSPGKEEGA). Equal
amounts of protein were loaded into 10-well 3 to —8% tris-acetate (MYO18A and
MYO18A-CE) or 10-well 10% tris-glycine gels (HDGFL2, HDGFL2-CE, TDP-43, FUS,
and GAPDH) (Thermo Fisher Scientific) and transferred to membranes. The primary
antibodies used for the MYO18A-CE experiment were anti-rabbit MYO18A-CE antibody
(1:500), anti-rabbit TDP-43 antibody (1:1000; Proteintech, 12892-1-AP), and anti-mouse
GAPDH antibody (1:5000; Meridian Life Science, H86504M). For the quantification of
total HDGFL2 protein, equal amounts of protein were loaded in 7% bis-tris gels and run
with Mops buffer (Thermo Fisher Scientific) and transferred to membranes (Amersham GE
Healthcare). Primary antibodies used were rabbit anti-HDGFL2 (1:1000; Sigma-Aldrich,
HPA 044208), mouse anti-TDP-43 (1:5000; Abcam, ab104223), and rat anti-tubulin

Sci Transl Med. Author manuscript; available in PMC 2024 August 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Seddighi et al.

MSD assay

Page 15

(1:5000; Millipore, MAB1864). For FUS studies, an anti-mouse FUS antibody (1:500; Santa
Cruz Biotechnology, SC-47711) was used. Western blots were developed on a Bio-Rad
ChemiDoc and quantified with ImageJ. See Supplementary Materials and Methods for
additional details.

HDGFL2 cryptic protein quantification in TDP-43—depleted human iPSC—derived neuron
lysates was carried out using an MSD-based sandwich immunoassay. Briefly, TDP-43-
depleted human iPSC—derived neuron lysates were diluted in TBS. Serial dilutions of
TDP-43—depleted human iPSC—derived neuron lysates (0, 0.5, 1, 2, 4, and 8 jg) were
tested in duplicate wells. The wild-type HDGFL?2 antibody at a concentration of 4 pg/ml
(Proteintech, #15134-1-AP) was used as the capture antibody. The Sulfo-tagged—-HDGFL2-
CE antibody at a concentration of 4 ug/ml was used as the detection antibody. Response
values corresponding to the intensity of emitted light on electrochemical stimulation of the
assay plate using the MSD QUICKPLEX SQ120 were acquired.

TDP-43 GFP rescue experiments

GFP TDP-43 inducible cell lines were previously generated as previously described (20).
Briefly, Flp-In HEK293 was transfected with siRNA against TARDBP for 72 hours. In the
rescue experiments, 24 hours before the collection of cells and protein lysates, the medium
was replaced with Dulbecco’s modified Eagle’s medium with doxycycline to induce the
siRNA-resistant N-terminally GFP-tagged TDP-43.

Immunofluorescence staining of HDGFL2 cryptic peptide in TDP-43—-depleted human
iPSC—derived neurons

Three days after differentiation, TDP-43—depleted human iPSC—derived neurons were
dissociated using Accutase and then seeded on poly-L-ornithine—coated glass coverslips

in a 24-well plate at a density of 2 x 10* cells per well in maturation medium. Fourteen
days later, the neurons were fixed with 4% paraformaldehyde. The fixed neurons were
permeabilized with 0.5% Triton X-100 for 10 min, blocked with 10% normal goat serum in
phosphate-buffered saline (PBS) for 1 hour, then incubated with the anti-rabbit HDGFL2-CE
antibody (1:500) and anti-mouse TDP-43 antibody (1:500) overnight at 4°C. After washing,
sections or cells were incubated with corresponding Alexa Fluor 488—conjugated donkey
anti-rabbit antibody (1:500) and Alexa Fluor 568—conjugated donkey anti-mouse antibody
(1:500) for 2 hours. One percent normal goat serum in PBS was used to dilute the primary
and secondary antibodies. Hoechst 33258 was used to stain cellular nuclei. Images were
obtained on a Zeiss LSM 980 laser scanning confocal microscope.

Affinity purification mass spectrometry

Anti-lIgG or anti-HDGFL2-CE antibodies were added to cell lysates and incubated
overnight. Sample protein concentrations were evaluated using a detergent compatible
protein assay (Bio-Rad, Hercules, CA, catalog no. 5000111). Automated affinity purification
mass spectrometry was performed using an automated protocol on the KingFisher Flex
purification system, followed by overnight incubation. Peptides were dried and reconstituted
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in a 2% acetonitrile and 0.4% trifluoroacetic acid solution. Peptide concentrations were
evaluated on a Denovix DS-11 FX spectrophotometer/fluorometer and normalized for
analysis by LC-MS/MS. Precursor matching, protein inference, and quantification were
performed in the Spectronaut software (58) using the DirectDIA workflow in default
settings. Differential abundance analysis was carried out in the Spectronaut software 16.2
(58), generating log fold changes and g values by using a two-sided ¢test and Benjamini-
Hochberg adjustment for multiple comparisons. R software version 4.2.3 was used for data
visualization, and ShinyGo was used for GO analysis. See Supplementary Materials and
Methods for additional details.

STRING analysis

GO analysis was performed on significantly enriched HDGFL2-interacting proteins (Pygj
< 0.05), compared with control IgG pulldowns, or HDGFL2-interacting proteins that were
significantly changed in their interactions depending on TDP-43 knockdown (P,gj < 0.05).
GO term analysis was performed in ShinyGo v0.76.3 (60). String analysis was performed
using String v11.5 (61), and resulting networks were downloaded and visualized using
Cytoscape (v3.9.1) (62).

CSF samples

CSF samples were collected through the Neurological Disease Biorepository and Biomarker
Initiative at the Mayo Clinic’s campus in Jacksonville, Florida (IRB #13-004314 and IRB#
11-002986). Our cohort of cases consisted of nine males and six females (Caucasian, and
not of Hispanic ethnicity), with a median age at CSF collection of 64 years (range: 50 to 78)
and a median age of ALS onset of 59 years (range: 49 to 79 years).

Statistical analysis

Graphs were generated using GraphPad Prism version 9.3.1. Data are displayed as means

+ SEM; individual data points are also shown. Statistical testing was performed using
GraphPad Prism version 9.3.1 and R statistical programming language. Shapiro-Wilk test
was used to assess normality. P values for normally distributed datasets were determined

by unpaired ttest, with Benjamini-Hochberg adjustment for multiple comparisons. For
nonnormally distributed data, nonparametric analysis was carried out using the Mann-
Whitney test or one-way analysis of variance (ANOVA). P< 0.05 was considered significant
for two-tailed tests, whereas £< 0.1 was considered significant for one-tailed tests. The
number of biological replicates and details of statistical analyses are provided in the figure
legends.
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Fig. 1. Transcriptional and proteomic analysis of TDP-43-depleted human iPSC—derived

neurons.

(A) Overview of CE RNA and potential de novo protein production due to pathological
mis-splicing in TDP-43-depleted human iPSC—derived neurons. (B) Shown is differential
splicing in TDP-43—depleted human iPSC—derived neurons compared with human iPSC-
derived control neurons expressing normal amounts of TDP-43. CE genes are shown

in red. (C) Differential ribosome footprint density of intronic

mRNA is shown for

TDP-43—depleted human iPSC—derived neurons compared with human iPSC—derived
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control neurons. CE genes are shown in red. (D) Shown is the percentage abundance

of each footprint type, defined by length and sub-codon position, for annotated coding
sequences (positive Yaxis) and a subset of high-confidence CEs, which are predicted to

be translated (negative Yaxis). Pearson’s correlation between the values for annotated and
cryptic transcripts is shown. Data are from one TDP-43-depleted human iPSC—derived
neuronal cell line. (E) Shown is the percentage of footprints aligning to the subset of CEs
used in (C) for three TDP-43—depleted and three control human iPSC—derived neuronal
samples. (F) Differential transcript abundance was quantified in TDP-43—depleted and
control human iPSC—derived neurons using total short-read RNA-seq. CE genes are shown
in red. (G) Differential protein abundance in TDP-43—-depleted and control human iPSC-
derived neurons was quantified using mass spectrometry proteomics. CE genes are shown
in red. (H) Quantification of mMRNA (RNA-seq) and protein by data-independent acquisition
(DIA) proteomics of TDP-43—depleted and control human iPSC—derived neurons is shown.
CEs are shown in red.
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Fig. 2. Formation of de novo cryptic peptides from mis-spliced transcripts in TDP-43-depleted

human iPSC-derived neurons.

(A)

Proteogenomic pipeline used to identify de novo cryptic peptides caused by RNA

mis-splicing in TDP-43-depleted human iPSC—derived neurons. (B) Proteogenomic analysis
of TDP-43—depleted human iPSC—derived neurons identified 65 putative trypsin-digested
cryptic peptides across 12 genes. The outer circle of the pie chart represents genes. The
inner circle represents the number of putative trypsin-digested cryptic peptides that were
identified for each gene. (C) Representative sashimi plots showing the inclusion of an
in-frame CE (purple) in HDGFL2 transcripts in TDP-43—depleted human iPSC—derived

Sci Transl Med. Author manuscript; available in PMC 2024 August 15.



1duosnue Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Seddighi et al.

Page 27

neurons. The amino acid sequence of the putative translation of this CE is shown below

the sashimi plot, with trypsin cleavage sites and proteogenomic-identified cryptic peptides
annotated. (D) Representative sashimi plots comparing Illumina short-read RNA-seq versus
Nanopore long-read sequencing of the CAMKZB transcript in control and TDP-43-depleted
human iPSC—-derived neurons. The CE expressed in TDP-43—depleted human iPSC—derived
neurons is highlighted in purple. (E) Precise mapping of CAMKZB exon junctions and
splice isoforms of transcripts in TDP-43—depleted human iPSC—derived neurons using
Nanopore long-read sequencing. (F) Tryptic-cryptic peptides (green) identified using the
proteogenomic pipeline are mapped to an in-frame CE in CAMKZB identified using
Nanopore long-read sequencing. (G) Graphical representation of proteogenomic-identified
cryptic peptides mapped to transcripts from Nanopore long-read sequencing. Two genes,
MYOI1Cand KCNQZ, contained an in-frame exon skipping event upon TDP-43 loss. Four
genes, HDGFL2, AGRN, MYO18A, and CAMKZB, contained in-frame CEs. An out-of-
frame CAMKZB CE was also identified. Canonical upstream and downstream exons are in
dark gray. CEs are in light gray. Cryptic peptide locations are overlaid in green.
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Fig. 3. TDP-43 cryptic exons in TDP-43-depleted human iPSC-derived neurons predict TDP-43

pathology in postmortem brain tissue.
(A) Heatmap showing the relative abundance of CEs predicted from TDP-43—depleted

human iPSC—derived neurons in FACS-sorted TDP-43—positive and TDP-43-negative
neuronal nuclei preparations from postmortem ALS/FTD cortical samples (7= 7) (17).
The “percent spliced in” (PSI) value represents the ratio of transcripts that include a

splicing event versus the total number of transcripts. We defined enriched junctions as those
with PSI in TDP-43-negative nuclei greater than twice the PSI in TDP-43—positive nuclei

(mean TDP-43-negative PSI > 0.10). The top 50 most expressed cryptic splice junctions
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in TDP-43-negative nuclei, compared with TDP-43—positive nuclei, are shown, and cases
were organized by unsupervised hierarchical clustering based on CE PSI. (B) Principal
components analysis (PCA) on PSI of 230 predicted TDP-43 CEs in TDP-43-positive

and TDP-43-negative neuronal nuclei from ALS/FTD postmortem cortical samples. (C)
Bar plot showing the number of predicted CEs detected in bulk RNA-seq of ALS/FTD
postmortem brain tissue samples from the NYGC biobank. CEs were classified by whether
they were observed in postmortem brain tissue and were detected/nonpredictive or detected/
predictive of TDP-43 pathology versus non—TDP-43 pathology. (D) AUC is shown for
predicted CEs that identified TDP-43 pathology in FTLD frontal/temporal cortex and ALS
motor cortex postmortem tissue from patients with ALS/FTLD patients. Meta-expression
scores for all CEs, only predictive exons (AUC > = 0.6), and predictive exons excluding
STMNZ expression are shown. (E) Shown is quantitative RT-PCR-based validation of eight
CEs in an independent set of postmortem frontal cortex brain samples from patients with
FTLD-TDP (n=89) and age-matched controls with non-neurological disease (/7= 27). Data
are presented as means + SEM. Pvalues are from the Mann-Whitney test: *~< 0.05 and
**%%P<0.0001.
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Fig. 4. Cryptic peptides in TDP-43-depleted human iPSC—-derived neurons alter the protein
interactome.

(A) Predicted structure of HDGFL2 (using AlphaFold), annotated with the predicted cryptic
peptide induced by TDP-43 depletion highlighted in red. (B) Antibody-based detection of an
HDGFL2 cryptic peptide in TDP-43-depleted human iPSC—derived neurons. Representative
Western blot shows a band of the expected molecular weight of HDGFL2-CE specifically

in TDP-43—depleted but not control human iPSC—derived neurons. (C) Quantification of
HDGFL2-CE and total HDGFL?2 in Western blot from (B) (n7= 3, two-sample ftest, **P
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< 0.01 and ****P< 0.0001; Shapiro-Wilk test for normality, £> 0.05 not significant). (D)
Immunofluorescence staining highlights the selective expression of the HDGFL2 cryptic
peptide in TDP-43-depleted human iPSC—derived neurons (scale bar,10 um). (E) Antibody-
based detection of a MYO18A cryptic peptide in TDP-43—-depleted human iPSC—derived
neurons. Representative Western blot shows a band of the expected molecular weight

of the MYO18A-CE specifically in TDP-43—depleted human iPSC—derived neurons. (F)
Quantification of MYO18A-CE and TDP-43 protein expression (1= 3, two-sample ¢

test, **P < 0.01; Shapiro-Wilk test for normality, 2> 0.05 not significant). (G) Affinity
purification mass spectrometry analysis of HDGFL2 protein-protein interactions in TDP-43—
depleted and control human iPSC—derived neurons. A volcano plot of coimmunoprecipitated
proteins using anti-HDGFL2 antibody versus control IgG is shown. The dot color reflects
log fold change (LFC) in TDP-43—depleted versus control human iPSC—derived neurons,
and the dot size reflects the adjusted Pvalue (g value). (H) STRING diagram of proteins
whose interactions with HDGFL2 were significantly altered by TDP-43—-depleted versus
control human iPSC~derived neurons (P,gj < 0.05). The dot color reflects LFC in TDP-43-
depleted versus control human iPSC—derived neurons.
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Fig. 5. Scalable cryptic peptide validation in TDP-43-depleted human iPSC—-derived neurons by

targeted proteomics.

(A) Schematic of PRM-MS. Co-elution of SIL peptides allows for sensitive measurement
of corresponding endogenous peptides. (B) PRM-MS assay using a synthetic SIL peptide
internal standard identifies a cryptic peptide in SYT7 in TDP-43—depleted but not in control
human iPSC—derived neurons. The spectral plot of heavy standards and light (endogenous)
y ions from an SYT7 cryptic peptide is shown, with accompanying dot product (dotp),
which indicates the correlation between the peptide fragment-ion peak areas and theoretical
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spectra. (C) Corresponding mass spectra of endogenous and heavy peptide standards of
the SYT7 cryptic peptide in TDP-43—depleted human iPSC—derived neurons. (D) The
detection of 12 trypsin-digested cryptic peptides across four genes using single-shot PRM
assays in TDP-43—-depleted human iPSC—derived neuronal lysates is shown. The outer
circle represents the gene, and the inner circle represents the number of cryptic peptides
detected by PRM per gene. Hatched color signifies the successful detection of one to two
y ions; solid color signifies the detection of three or more y ions. (E) Quantification of
cryptic peptide expression in TDP-43—depleted and control human iPSC—derived neurons
using PRM assays. 77 = 4 replicates per sample. Mann-Whitney Utest. *£< 0.05, ns, not
significant.
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Fig. 6. Cryptic peptides are present in CSF samples from patients with ALS.
(A) Rank plot of proteins detected in CSF samples from 24 patients with ALS. Forty-seven

CE genes that were predicted in TDP-43—depleted human iPSC—derived neurons are shown
in red. PRM-validated cryptic peptides expressing genes (from human iPSC—derived neuron
studies) are annotated in blue text. (B) Euler diagram of three CSF proteomics datasets
versus CEs predicted in TDP-43-depleted human iPSC—derived neurons. (C) Representative
spectra of three heavy (standard) and light (endogenous) cryptic peptides detected in CSF
from patients with ALS/FTD spectrum disorders (n=13 ALS, n=1 ALS/FTD, n=1 ALS/
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mild cognitive impairment). Also shown is the dotp, which indicates the correlation between
the peptide fragment-ion peak areas and theoretical spectra. The spectra for 15 additional
cryptic peptides in ALS/FTD CSF samples are shown in fig. SOA. (D) MS/MS spectrum of
a cryptic peptide in HDGFL2 that corresponds to the reference peptide (top) and endogenous
peptide (bottom) detected in ALS/FTD CSF samples. (E) Heatmap of AUC intensities of 18
cryptic peptides from 13 different proteins in CSF samples from 15 patients with ALS/FTD.
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