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Abstract

Potential biomarkers for ALS/FTD as a consequence of TDP-43 loss of function

Background: Amyotrophic lateral sclerosis (ALS) and frontotemporal dementia (FTD) are two
distinct yet frequently intersecting neurodegenerative disorders that share common pathological
mechanisms. The linkage of ALS and FTD is supported by a shared pathological, the
cytoplasmic aggregation and nuclear clearance of a DNA/RNA binding protein called transactive
response DNA binding protein 43 kDa (TDP-43, TARDBP) (Ling, S. et al.,2013). TDP-43 has
been proven to suppress the incorporation of cryptic exons during splicing. The resulting
mRNASs may be subjected to nonsense-mediated decay (NMD) if there is a premature stop
codon, leading to loss of regular expression (Brown et al., 2022; Klim et al., 2019; Ma et al.,
2022; Melamed et al., 2019). On the other hand, the abnormal mRNAs with cryptic exon
inclusions can produce a new stretch of amino acids in the encoding protein only in most
ALS/FTD patients with loss of nuclear TDP-43, but not in healthy humans. Such novel peptides
represent better biomarker candidates because the signal-to-noise ratio will be high.

Obijectives: This project aims to identify potential ALS/FTD biomarkers based on our
understanding of the recently revealed TDP-43 function in cryptic exon repression.

Methods: Alternative splicing analysis and differential gene expression analysis were applied to
find the cryptic exons and related genes. We used the IPSCN cell with TDP-43 knockdown
model compared with the control group.

Results: We identified 67 genes with alternative splicing events in both MAJIQ and LeafCutter,
among those genes 33 with detectable gene expression changes (Log2Folder change > 0.2).
Confirmed genes can be identified in CSF or as a secreted protein. There were 12 genes that met
the conditions, reconfirmed their expression among tissues. Finally, 6 potential genes can be our
candidate biomarkers.

Conclusions: In this study, we used bioinformatics tools to build a pipeline to find biomarker
candidates from RNA-seq data. We found 6 potential genes that can be our candidate
biomarkers. This way improves the progress in developing new biomarkers.
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1. Introduction

Amyotrophic lateral sclerosis (ALS) and frontotemporal dementia (FTD) are two distinct yet
frequently intersecting neurodegenerative disorders that share common pathological
mechanisms. ALS predominantly affects motor neurons, leading to gradual muscle weakness,
whereas FTD is characterized by alterations in behavior, language, and executive functioning.
The linkage of ALS and FTD is supported by a shared pathological feature in patient postmortem
tissues, i.e., the cytoplasmic aggregation and nuclear clearance of a DNA/RNA binding protein
called transactive response DNA binding protein 43 kDa (TDP-43, TARDBP) (Ling, S. et
al.,2013). Approximately 97% of ALS patients and 50% of FTD patients display the deposition
of TDP-43 aggregates accompanying nuclear mis-localization (Scotter et al.,2015; Jo. M., et

al.,2020).

Diagnosis of ALS and FTD is primarily based on physician observations together with some
neurophysiological examinations such MRI scans. However, it is difficult to diagnose patients in
the early stage. Nuclear clearance of TDP-43, in the absence of TDP-43 inclusions, has been
associated with early neuronal atrophy in ALS/FTD patients [(Nana etal., 2019)]. In addition,
ALS/FTD disease severity correlates with the abundance of TDP-43 pathology (Cathcart et al.,
2021; Mackenzie et al., 2015). These observations suggest that molecular consequences resulting
from TDP-43 loss of function may represent robust disease biomarkers for diagnosing and/or

tracking disease progression.

Several prior studies have established that one of the roles of TDP-43 is to suppress the
incorporation of cryptic exons during the splicing process. Cryptic exons are located in introns
and are normally excluded from the mature mRNAs (Ma, X.R. et al., 2022). In instances where

TDP-43 is absent from the nucleus, these cryptic exons are spliced into the messenger RNA. The
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resulting mMRNAs may be subjected to nonsense-
mediated decay (NMD) if there is a premature stop
codon, leading to loss of normal expression.
Alternatively, they may produce truncated proteins in the
absence of premature termination or larger proteins if no
frameshifting (Fig. 1.1). Several key RNA targets of
TDP-43, including STMN2 and UNC13A, are shown to
include cryptic exons and induce NMD in ALS/FTD
patients (Brown et al., 2022; Klim et al., 2019; Ma et al.,
2022; Melamed et al., 2019). Restoring the expression of

normal STMN2 and UNC13A may represent novel
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Figure 1.1 Proteins with new peptides
resulting from cryptic exon inclusions when
TDP-43 is lost may serve as novel disease
biomarkers. One normal function of TDP-43 is
to suppress the splicing of cryptic exons located
in introns. Nuclear depletion of TDP-43 results in
the inclusion of these cryptic exons in mature
mRNAs, which can produce truncated or larger
proteins with novel peptides.

therapeutic approaches. However, TDP-43 interacts with and regulates the splicing of thousands

of target mRNAs. It remains to be seen whether correcting the expression level of one or two

target mRNA s is sufficient to offer tangible clinical benefits while many other downstream

pathways remain dysfunctional. On the other hand, the abnormal mRNAs with cryptic exon

inclusions can produce a new stretch of amino acids in the encoding protein only in the majority

of ALS/FTD patients with loss of nuclear TDP-43, but not in healthy humans. Such novel

peptides represent better biomarker candidates because the signal-to-noise ratio will be high.

This project aims to identify potential ALS/FTD biomarkers based on our understanding of the

recently revealed TDP-43 function in cryptic exon repression. Given the commonality of TDP-

43 pathology in ALS/FTD, loss of TDP-43 in early disease, and its correlation with disease

severity, this study has great promise to fill the gap in the current research of ALS biomarkers.



2. Methods

2.1 RNA-Seq data

In this study, publicly RNA-sequencing dataset was downloaded from using Gene Expression
Omnibus (GEO). This dataset is generated from TDP-43 knockdown model to explore common
and unique transcriptional patterns as the result of TDP-43 loss. An IPSC neuronal line was used
to detect CE inclusion in TDP-43 knockdown model. Remarkably, TDP-43-deficient human
iPSC neuronal models effectively imitate CE events, which were subsequently confirmed in
individuals afflicted with frontotemporal dementia/amyotrophic lateral sclerosis (Maize C. Cao

etal., 2022).

2.2 Preparing of RNA-seq data

FASTQ files were downloaded from NCBI using Sequence Read Archive (SRA) Toolkit
(version 2.9.6) and quality control was conducted using FastQC(version 0.12.1)(Mary E. Piper
et al., 2022). Samples were assessed based on per base sequence quality, with the threshold set at
Phred score of at least 30. Samples were excluded from analysis if they had no reads that
survived trimming. If data still contained adapter sequence content were trimmed with
Fastp(version 0.23.2)(Shifu Chen et al., 2018) aligned to the GRCh38 genome building using
STAR (version 2.7.10a) with gene models from GENCODE V40, samtools (version 1.15.1)( Petr

Danecek et al., 2021) was used to sort BAM files.

2.3 Differential gene expression analysis
Data was quantified using Feature Counts (version 2.0.3) with gene model from GENCODE

V40. Differential expression analysis was performed using DESeq2(version 1.36.0) workflow in

R (version 4.2.0) (Michael | Love et al., 2014).



2.4 Alternative splicing analysis

We utilized two pipelines for splicing analysis, MAJIQ and Leafcutter.

MAJIQ (version 2.4) (Vaquero-Garcia, J. et al., 2016) was used to identify junction-spanning
reads. Distinct local splice variations (LSVs) were identified and estimated the fraction of each
junction in each LSV providing precent spliced in (PSI). The PSI changes between TDP-43

negative samples and TPD-43 positive samples, was calculated with delta PSI(APSI)

LeafCutter (version 0.2.9) (Li, Y et al., 2018) reads span exon—exon junctions. Intron clustering
was performed using the default settings. Differential excision of the introns between the two
conditions (TDP-43-positive neuronal nuclei versus TDP-43-negative neuronal nuclei) were
calculated using leafcutter_ds.R. Result graph was generated using Shinyapp.io and

prepare_results.R.

2.5 Statistical analysis

DESeq?2 p-values were calculated using Wald tests and corrected for multiple testing using the

Benjamini-Hochberg method. Genes with Padj < 0.05 were considered significantly changed.

Log2fold change was calculated to show the ratio of gene expression compared with TDP-43] [Commented [QZ2]: 43?

negative to TDP-43 positive. [The value of log2fold > 0.2 was defined as detectable expression
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3. Results

3.1 Alternative splicing events include cryptic exons in TDP-43 knockdown model

To identify potential cryptic exons regulated by depletion of nuclear TDP-43, we utilized IPSC-
neuron RNA-seq datasets. This data set includes 3 TDP-43 knockdown samples and 4 control
samples. Two pipelines were used to find the cryptic exons, MAJIQ and LeafCutter. We
identified 106 alternative splicing events (abs (APSI)>0.2, Confidence >0.95) with MAJIQ. And
identified 341 alternative splicing events and 109 events marked as cryptic exons with
LeafCutter (abs (APSI)>0.2, P<0.05). There were 67 genes identified in both analyses, including
STMNZ2, and UNC13A that have been validated as subject to regulation by TDP-43 with regards

to alternative splicing (Ma, X.R. et al., 2022).

Figure 3.1.1 The overlap gene number between LeafCutter and MAJIQ

The two pipelines use different definitions for transcript variations and different criteria to

control for false positive. The overlap part has at least one region of genes that both pipelines



identified as cryptic exons. The top 25 genes with the most significant p-value were shown in

Table 3.1.1.
Table 3.1.1 Top 25 genes in alternative splicing
Index Gene Symbol  Gene Name Annotation*  p-value**
1 ACTL6B Actin like 6B Cryptic 2.00E-09
Cryptic 3.87E-02
2 ATG4B Autophagy related 4B cysteine Cryptic 2.02E-09
peptidase
3 CAMK2B Calcium/calmodulin dependent Cryptic 6.74E-10
protein kinase Il beta Cryptic 4.41E-06
4 CBARP CACN subunit beta associated Cryptic 7.29E-09
regulatory protein Annotated 5.58E-03
5 CELF5 CUGBP Elav-like family member  Cryptic 9.72E-09
5
6 DDR1 Discoidin domain receptor tyrosine  Annotated 2.64E-11
kinase 1
7 FAM66C Family with sequence similarity 66 Cryptic 4.36E-09
member C
8 G2E3 G2/M-phase specific E3 ubiquitin ~ Cryptic 3.91E-09
protein ligase
9 G3BP1 G3BP stress granule assembly Annotated 7.29E-09
factor 1
10 GOLGATB Golgin A7 family member B Cryptic 2.41E-08
11 GRAMD1A GRAM domain containing 1A Cryptic 5.21E-08
12 KALRN Kalirin RhoGEF kinase Cryptic 5.49E-10
Annotated 3.47E-03
Annotated 3.89E-02
13 KLHL18 Kelch like family member 18 Annotated 7.29E-09
14 MAST1 Microtubule associated Cryptic 2.95E-09
serine/threonine kinase 1
15 MIAT Myocardial infarction associated Cryptic 1.44E-16
transcript Annotated  3.04E-02
16 MYO18A Myosin XVIIIA Cryptic 2.64E-11
17 NECAB?2 N-terminal EF-hand calcium Cryptic 8.88E-08
binding protein 2
18 POLDIP3 DNA polymerase delta interacting ~ Annotated 2.31E-07

protein 3



19 PSD Pleckstrin and Sec7 domain Cryptic 1.10E-07

containing
20 SEMA4D Semaphorin 4D Cryptic 3.67E-08
Annotated 4.08E-03
21 SETD5 SET domain containing 5 Cryptic 9.78E-10
Annotated 4.08E-03
22 SHANK1 SH3 and multiple ankyrin repeat Cryptic 2.42E-07
domains 1
23 SMARCA4 SWI/SNF related, matrix Annotated 6.96E-11
associated, actin dependent
regulator of chromatin, subfamily
a, member 4
24 SPEG Striated muscle enriched protein Cryptic 2.15E-09
kinase
25 TRAPPC12 Trafficking protein particle Cryptic 1.15E-07

complex subunit 12

*Annotation: shows the alternative splicing event happen in cryptic exon or annotated in normal
regulation.

**p-value: Benjamini-Hochberg p-value

As observed in Table 3.1.1, a single gene may undergo multiple alternative splicing events. To
effectively narrow down the pool of candidate genes, it is imperative to validate the target genes
via gene expression analysis, with the aim of identifying those that exhibit detectable changes

between the TDP-43 knockdown group and the control group.

3.2 Confirm gene expression changes in TDP-43 knockdown model

To confirm the gene expression differences were determined by TDP-43 knockdown, a principal
component analysis was performed. From Figure 3.2.1, the first principal component shown on
the x-axis indicates 63.31% variation, which distinguishes the TDP-43 knockdown and control

groups.
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Figure 3.2.1 Principal component analysis of IPSCN cell

We examined differential gene expression between TDP-43 negative samples and TDP-43
positive samples. From Figure 3.2.2 there were 33 genes with significant and detectable gene

expression changes, 19 lower-level expression and 14 genes had high-level expression in

TDP43-negative samples. | Commented [QZ4]: Should sort this list.
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Figure 3.2.2 Gene expression difference TDP-43 knockdown vs control group



The gene expression levels of STMN2 and LINC01503 demonstrate significant differences
between the groups under investigation. The STMN2 gene encodes a protein that exerts
regulatory effects on neuronal growth and is also implicated in osteogenesis. Previous studies
have linked decreased expression of STMN2 with Down’s syndrome and Alzheimer's disease. In
contrast, LINC01503 is a gene that has been associated with Squamous Cell Carcinoma and does
not generate any peptides. Next, we need to consider whether the gene can transcribe peptides

and proteins and whether the proteins can be detected in cerebrospinal fluid or other body fluids.

3.3 Confirm peptide in CSF and Secretome datasets

ALS and FTD are characterized by the selective loss of neurons. In the early stages of the
disease, the detection of genes in the brain is challenging. This is primarily due to the limited
accessibility of most genes, which are exclusively expressed in brain tissue and are not readily
detectable while the patient is alive. Therefore, it is imperative to identify candidate genes that
can be detected in brain tissue, as well as secreted proteins or those that can be measured in

cerebrospinal fluid, to facilitate early diagnosis and disease monitoring.

In order to select candidate genes that are potentially secreted from the cell or detectable in
cerebrospinal fluid (CSF), we performed validation of the previously identified candidate genes
in two separate datasets (Macron, C. et al.,2018; Chen et al., 2019). Following this validation, a

total of 12 genes were selected that were at least identified in one of the datasets.

Table 3.3.1 12 Genes can be detected in CSF or Secretome

Index  Gene Synbol  CSF Proteome* Secretome** Related Diseases or Biological
Functions***

1 STMN2 Yes No Down's syndrome and Alzheimer's
disease

2 NYNRIN Yes No Hereditary Wilms' Tumor



3 CBARP

4 WASL

5 UNC13A
6 DDR1

7 CACNALE
8 MYO18A
9 SPEG

10 SEMASF
11 LRRC27
12 NADSYN1

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes
Yes

Yes

No

No

No

Yes

No

No

No

Yes
No

No

Spinal Muscular Atrophy, Type li and
Rapp-Hodgkin Syndrome

WASL include Wiskott-Aldrich
Syndrome and Buruli Ulcer

Amyotrophic Lateral Sclerosis and
Autism

Spondylometaepiphyseal Dysplasia,
Short Limb-Hand Type and Breast
Cancer

Developmental And Epileptic
Encephalopathy and Van Der Woude
Syndrome

Atypical Chronic Myeloid Leukemia,
Ber-Abll Negative and Chronic Tic
Disorder

Myopathy, Centronuclear and
Myopathy, Centronuclear

Neuroma and Megacolon

An important paralog of this gene is
SCRIB

Vertebral, Cardiac, Renal, And Limb
Defects Syndrome and Congenital
Vertebral-Cardiac-Renal Anomalies
Syndrome

*CSF preteome constructed in PRIDE database.

**Secretum in the SPRomeDB searchable database.

*** Related Diseases or biological functions for each gene was gotten from GeneCards websit.

To validate the gene expression of the 12 proposed genes across diverse tissues, we turned to the

GTEX portal, TPM>=15 was considered as high expression in this tissue. The neurological

features of ALS typically involve the degeneration of both upper and lower motor neurons, as

well as the brain stem and corticospinal tracts. In contrast, FTD is characterized by a progressive

decline in the temporal and frontal cortex. As illustrated in Figure 3.3.1, the expression profiling

revealed that most of the candidate genes were primarily expressed in brain tissue, while

MYO18A and SPEG displayed relatively high expression in muscle tissue. Additionally,



MYO18A and NASYN1 were found to exhibit high expression levels in whole blood.
Conversely, LRRC27 and SEMAS3F were disregarded due to their inadequate expression levels

in brain and muscle tissue.

Figure 3.3.1 Gene expression in different tissue for 12 candidate genes

Ideally, in control samples, the occurrence of cryptic exons should either be negligible or
completely absent. In this study, we have carefully chosen six specific genes as targets for
investigation. As illustrated in Figure 3.3.2, among these genes, namely, WASL, UNC13A, and
SPEG, no evidence of alternative splicing events with cryptic exon was observed in the control
group but was observed in the TDP-43 knockdown group. In contrast, MYO18A, NADSYNZ1and
STMNZ2 exhibited a minimal number of alternative splicing events in the control group but
showed a significant increase in the TDP-43 knockdown group. These genes can be candidates

biomarkers in diagnosing ALS/FTD patients.
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4. Discussion

Loss of nuclear TDP-43 and cytoplasmic aggregation is a common feature in ALS/FTD and
several other neurodegenerative diselses (De Boer et al., 2020). Increasing evidence confirmed
loss of nuclear TDP-43affects gene expression and splicing events, especially including cryptic
exons. Nevertheless, the precise mechanisms underlying how the repertoire of TDP-43 mRNA
targets contributes to pathogenesis and phenotypic changes remain poorly understood. Further
investigations are warranted to identify differences in TDP-43 mRNA targets across different
cell types and model systems, with a specific focus on the validation of candidate genes,

peptides, and splicing events in human neurons affected by ALS/FTD.

4.1 Peptides stability in patients

In order to ensure the stability of biomarkers, it is imperative to reliably detect peptides
originating from genes that are associated with the particular disease in patients. Both
amyotrophic lateral sclerosis (ALS) and frontotemporal dementia (FTD) are characterized by a
progressive decline in cognitive function and motor control, which may be linked to the
accumulation of TDP-43 protein. While it is often assumed that more advanced stages of
pathology are associated with greater diagnostic accuracy, the earliest stages of disease offer the
greatest opportunity for timely intervention. Specifically, the presence of TDP-43 deposition
follows a four-stage progression in ALS and FTD, with initial deposition occurring in the
prefrontal cortex (Brettschneider, J. et al., 2013). Genes that are expressed in this region may

therefore serve as early diagnostic markers for these conditions, like STMN2, UNC13A.



4.2 Alternative splicing event also change in annotated exons

The TDP-43 knockdown involves not only the cryptic exons but also alterations in annotated
exons, as evidenced by the expression patterns of certain genes, depicted in the F1igure|4.2.1.
Specifically, in the control group, these four genes exhibit small splicing changes within

annotated exons, whereas in the TDP-43 knockdown group, splicing events are more frequent in
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exons. Such changes have the potential to result in downstream peptide loss, as the knockdown

group exhibits additional exons within the affected genes.

Figure 4.2.1 Genes with alternative splicing event in exon skipping parrtons but not including cryptic
exon. a) LRRC27, b)SEMAS3F, c)CACNALE

LRRC27,CACNALE and SEMAG3F show the same alternative splic subtype, exon skipping
which was the most frequent subtypes in all tissues(Ito, D. et al., 2020). This finding suggests

that TDP-43 deposition may have a specific impact on the regulation of mMRNA splicing events.

4.3 Limitations

Our study has several limitations that should be acknowledged. Specifically, the IPSC neuronal

model utilized in our experiments resulted in a substantial knockdown of TDP-43, potentially

[Commented [JJ5]: Which figure?




leading to differential gene expression changes that are not reflective of the pathophysiological
conditions occurring in ALS/FTD patients, especially at the early disease stage. Additionally, our
selection of a log2-fold change not equal to zero as a criterion for gene differential expression
analysis may have included genes with minimal expression changes. Lastly, while the use of
CSF database searching provided some evidence for peptide identification, further investigations
are required to establish its utility as a stable and detectable biomarker in patients. As such,
additional studies utilizing various methods and approaches are necessary to further elucidate the

clinical implications of our findings.
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