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Abstract: The microtubule associated protein tau (MAPT) and TAR DNA binding protein (TARDBP)
genes play crucial roles in neurodegeneration. The tau protein encoded by MAPT is the main
component of tau tangles, a pathologic hallmark of “tauopathies” such as Alzheimer’s disease (AD).
Cytosolic accumulations of TDP-43, encoded by TARDBP are characteristic for LATE (Limbic-
predominant age-related TDP-43 encephalopathy) and other TDPopathies. In addition to the well-
characterized mRNA splicing isoforms, both genes generate a multitude of circular RNAs
(circRNAs). Both MAPT and TARDBP express circular RNA-specific exons characterized by
suboptimal splice sites and lengths and are frequently derived from Alu-elements. Most circMAPT
and likely all circTARDBP RNAs expressed in brain are human-specific, suggesting a possible unique
contribution to human brain disease. TARDBP and MAPT circRNAs harbor open reading frames and
circTau RNAs were shown to be translated into polypeptides in cell. Thus, circRNAs from the MAPT
and TARDBP genes should be considered in molecular analysis of AD, LATE and other neurological
diseases.

Highlights

e The genes for microtubule associated protein tau (circTau) and TADBP (circTARDBP) generate
107 and 73 circular RNAs

®  Most of the circular RNAs from MAPT and TARDBP are human-specific

e CircTau and circTARDBP contain 28 and 17 circRNA-specific exon

e CircTau RNA can express proteins that might contribute to disease

1. Pre-mRNAs Generate a Large Number of Circular RNAs in Addition to
mRNAs

1.1. Circular RNAs Largely Increase Transcript Diversity

Almost all human genes undergo pre-mRNA splicing that removes introns by connecting a 5
splice site of an exon to an downstream 3’ splice site, which generates mRNAs (Figure 1A). Exons
can be alternatively used, allowing humans to use 22,180 genes (Lee and Rio 2015) to generate an
estimated 320,000 mRNA isoforms (Mudge, Carbonell-Sala et al. 2025).
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Figure 1
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Figure 1. Pre-mRNA splicing and backsplicing. A. Pre-mRNA splicing leading to mRNA formation. An
alternative exon (black) is indicated, arrows depict Alu elements. A red box indicates an exon that is only present
in circular RNAs. B. Circular RNA generation. Pre-mRNA structures imposed by base-pairing between
complementary repetitive elements, such as Alu elements (arrows, dots) bring putative backsplice sites in close

vicinity leading to circularization.

In addition to mRNAs, pre-mRNAs can generate circular RNAs (circRNAs). CircRNAs are
covalently closed RNAs that are found in all kingdoms of life (Wang, Bao et al. 2014, Patop, Wust et
al. 2019, He, Xu et al. 2023). In humans, most circRNAs are generated through backsplicing (Yang,
Wilusz et al. 2022), i.e. the connection of a 5 splice site with an upstream 3’ splice site, which creates
a backsplice junction (BS]J) (Figure 1B). CircRNAs are cytosolic, and highly expressed in brain, where
they are enriched in synaptosomes (Hanan, Soreq et al. 2017, Akhter 2018, Meng, Zhou et al. 2019,
Mehta, Dempsey et al. 2020). The expression levels of 14 circRNAs were associated with Braak stages
and explained 31% of the clinical dementia rating, compared to 5% of the APOE4 alleles (Dube, Del-
Aguila et al. 2019). Although circRNAs have been discovered more than 34 years ago (Nigro, Cho et
al. 1991), only recent advances in next generation sequencing showed their abundant expression
(Jeck, Sorrentino et al. 2013). The collection of human circRNAs in databases indicate that there are
more than 1.8 million circRNA isoforms in humans, which is more than the currently estimated
320,000 mRNA isoforms annotated in Genecode (Mudge, Carbonell-Sala et al. 2025). Previous studies
showed that 3.2% of the circRNAs contain specific exons, i.e. exons that occur only in circRNAs and
5.3% of circRNAs contain novel splicing patterns (Rahimi, Veno et al. 2021).

A recently released circRNA database, FL-circAS, identified 884,636 backsplice junctions in
1,853,692 full-length circRNA isoforms in humans. From these 1.8 million circRNAs, 195,802 isoforms
were supported by at least five long reads identified in one full-length circRNA isoform. The recent
sequencing efforts extended the large number of novel, circRNA-specific exons. Compared with the
linear transcripts in the current genome annotations (Ensembl annotation version 113), 2,259,591
circRNA splice sites did not match any annotated exon boundaries and 397,438 circRNA exons did
not overlap with any annotated exons, i.e. are specific for circRNAs. More than 12% (51,503) of the
397,438 circRN A-specific exons were supported by at least five long reads. Thus, although they show
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much lower expression levels than mRNAs, circRNAs strongly increase the readout of the human
genome.

1.2. Circular RNA Biogenesis Is Influenced by Alu Elements

circRNAs can be generated by a number of mechanisms, including tRNA splicing (Noto,
Schmidt et al. 2017), group I (Puttaraju and Been 1992) and group II intron splicing (Murray,
Mikheeva et al. 2001) and through lariat formation (Barrett, Wang et al. 2015). In humans almost all
circRNAs are generated through backsplicing mechanism (Figure 1B). This pathway contrasts the
generation of mMRNAs, where a 5 splice site is connected to the downstream 3’ splice site. In general,
splice sites leading to circular RNA formation are thousands of nucleotides apart. The correct
backsplice site can be brought into close vicinity necessary for splicing by two major mechanisms:
pre-mRNA structures and bridging by hnRNPs. Pre-mRNA structures can be imposed by
complementary regions in the mRNAs that are usually introduced by repetitive elements in intronic
sequences. In humans, these structures are often imposed by Alu elements (Figure 1B) (Jeck,
Sorrentino et al. 2013).

Alu elements are primate-specific retrotransposons (Batzer, Deininger et al. 1996, Batzer and
Deininger 2002, Deininger 2011, Chen and Yang 2017) that are about 300 nt in length and compose
10.7% of human DNA, making the presence of Alu-elements the major difference between humans
and non-primate genomes. Alu elements originated from the non-coding 7SLRNA and expanded
through primate evolution. Alu elements can lead to exon formation but are mainly found in
intergenic and intronic regions.

Due to their sequence similarity, Alu elements can form double-stranded regions when inserted
into pre-mRNAs and could thus generate a defined, primate-specific structure, especially when they
are arranged in opposite orientation. The existence of these pre-mRNA structures is supported by
RNA in situ conformation sequencing showing that Alu elements promote more than 37% of all
RNA-RNA interactions across enhancers (Liang, Cao et al. 2023). It is thus likely that Alu elements
could similarly promote backsplicing, which could explain the association of human backsplice sites
with Alu-elements (Jeck, Sorrentino et al. 2013).

Alu elements are a major substrate for ADAR enzymes (Adenosine deaminase acting on RNA),
that catalyze the conversion of adenosines to inosines (Bazak, Haviv et al. 2014). Almost all human
Alu elements are modified by ADAR activity, making Alu-elements the preferred substrate of ADAR
enzymes in humans (Bazak, Levanon et al. 2014). Likely reflecting the acquisition of novel Alu-
elements, there is more A>I editing in humans than in other primate species like chimpanzee or
rhesus, which is most apparent in genes expressed in brain (Paz-Yaacov, Levanon et al. 2010). In
contrast to primates, the related rodent-specific Bl elements are much less frequently modified
(Neeman, Levanon et al. 2006).

A second general mechanism that aligns backsplice sites is mediated by protein interaction
where hnRNPs bind to regions flanking the backsplice sites and facilitate circularization. More than
15 RNA-binding proteins were shown to promote circRNA formation, among them QKI (Conn,
Pillman et al. 2015), RBM20 (Khan, Reckman et al. 2016), hnRNP L (Fei, Chen et al. 2017), FUS
(Ashwal-Fluss, Meyer et al. 2014), NFOO/NF110 (Li, Liu et al. 2017), and muscleblind protein (MBL)
(Ashwal-Fluss, Meyer et al. 2014), (reviewed in (Huang, Zheng et al. 2020)). Conversely, the helicase
DHX9 unwinds Alu-element mediated structures and reduces circRNA expression (Aktas, Avsar Ilik
et al. 2017). The recognition sites of most hnRNPs have been experimentally determined and their

mapping based on bioinformatic predictions to sites flanking the backsplice sites are available in
databases (Chiang, Jhong et al. 2024).

2. CircRNA Are Metabolically Stable and Undergo Base Modifications

CircRNAs are metabolically stable with half-lives of over 20 hours (Enuka, Lauriola et al. 2016),
allowing them to accumulate RNA modifications. The best understood modifications are m6A
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modification (N6-methyl adenosine) present in 13% of circRNAs (Fan, Yang et al. 2022) and
adenosine deamination leading to inosine formation. The m6A modification is catalyzed by an
enzyme complex of Mettl3/Mettl14. Mettl3 (Methyltransferase 3) is the catalytic subunit and Mettl14
(Methyltransferase 14) positions the catalytic subunit near the 5'- [G/A/U][G>A]m°AC[U>A/C]-3'
sequence that contains the adenosine to be modified. It is possible that similar to tRNAs and other
stable RNAs, more RNA modifications exist in circRNAs.

Due to intramolecular base pairing, circRNAs form rod like structures with extended double
stranded RNA sequences (Sanger, Klotz et al. 1976), and are thus prone to undergo modifications by
ADAR enzymes that recognize these double stranded RNA structures and convert adenosines into
inosines (A>I editing) (Samuel 2019). Humans express three ADAR enzymes: ADARI1 expressed in
all tissues with an induced cytosolic (p150) and a constitutive nuclear (p110) isoform; ADAR2
showing weak expression in brain; and the catalytic inactive ADAR3 showing strong expression in
brain. The induction of ADAR1-p150 is caused by cytokines, especially interferon alpha and gamma
(George, Gan et al. 2011). Interferon stimulated genes are highly upregulated in Alzheimer’s disease
(AD) (Roy, Wang et al. 2020), correlating with a two-fold increase of interferon alpha in AD brains
(Taylor, Minter et al. 2014). The cytosolic ADAR1-p150 stimulates A>I modification of circTaul2->7
RNA 3-10-fold stronger than the nuclear ADAR1-p110 or the related ADAR2 (Welden, Margvelani
et al. 2022), suggesting that circRNA modification can take place in the cytosol. Mapping of the
circTau RNA A>] editing sites showed that they are influenced by the flanking Alu elements (Welden,
Margvelani et al. 2022), suggesting that the intronic sequencing context influences the modification
of circular RNAs. ADARI mRNA is unchanged in AD (Ma, Dammer et al. 2021) and there is a
reduction of ADAR2 and an increase of ADAR3 (Ma, Dammer et al. 2021) in AD. However, the
activity of ADAR enzymes is regulated by post-translational modifications that include SUNOlation
and phosphorylation (Vesely and Jantsch 2021). Only five editing sites in mRNA-UTRs were
associated with AD (Ma, Dammer et al. 2021), but the editing of Alu elements in AD has not been
determined.

3. Emerging Functions of circRNA

Despite their frequent occurrence, the function of most circRNAs is not clear. CircRNAs could
act by interacting with other RNAs and proteins and/or by being translation templates to generate
proteins.

3.1. Interaction with miRNAs

Binding to miRNAs was the first function identified for circRNAs. It was found that the
unusually abundant circRNA ciRS-7/CDRlas (HUGO name LINC00632) binds to miR-7. ciRS-
7/CDR1 mediated sequestration of miR-7, called ‘sponging’, repressed miR-7 action (Hansen, Jensen
et al. 2013). This interaction is physiologically relevant, and ciRS-7/CDR1as was identified as a part
of a network of non-coding RNAs that likely controls spatial and temporal miR-7 availability in
neurons, which regulates synaptic transmission (Piwecka, Glazar et al. 2017). Numerous interactions
between circRNAs and miRNAs have been reported and were validated in cellular assays. However,
often the amount of circRNA is low compared to the miRNA, which questions the physiological
relevance (Memczak, Jens et al. 2013, Hsiao, Sun et al. 2017, Panda 2018, Jarlstad Olesen and L 2021).

3.2. circRNAs as Templates for Translation

Most circRNAs contain open reading frames (ORF). Since circRNAs are lacking a 5’ tri-methyl
guanosine cap, they need to use cap-independent translational mechanisms. Following the first
description of internal ribosomal entry sites (Chen and Sarnow 1995, Chen, Cheng et al. 2021), the
modification of adenosines to N6-methyl adenosines (m6A) was shown to promote circRNA
translation. m6A binds to its reader YTHDF3, which recruits the 40S rRNA through interaction with
elF4G and elF3 (Yang, Fan et al. 2017, Di Timoteo, Dattilo et al. 2020). Since only an estimated 13%
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of circRNAs contain m6A modifications (Fan, Yang et al. 2022), it is likely that other translational
mechanisms exist.

A second mechanism to translate circRNA depends on proteins deposited on the splice sites
during circRNA formation. circRNAs generated by backsplicing contain at least one splice-site
junction. This and other splice junctions can bind to an exon-junction complex that contains
elF4A3, which can recruit the 40S rRNA through elF3 mediated interaction, leading to elF4A3-
dependent translation, that was found for some circRNAs (Chang, Shin et al. 2023, Lin, Chang et al.
2023, Xiong, Liu et al. 2023). A third recently discovered mechanism uses adenosine to inosine (A>I)
RNA modifications that strongly promote translation of circtau RNAs (Welden, Margvelani et al.
2022, Arizaca Maquera, Welden et al. 2023). The modification-dependent translation of circRNAs has
been mainly studied in cancer and more than 30 circRNA encoded proteins confirmed by mass-
spectroscopy have been reported (Margvelani, Maquera et al. 2024). In addition, mass-spectrometry
identified over 1,600 backsplice junction-peptides in pachytene spermatocytes (Tang, Xie et al. 2020),
a developmental stage where the expression of mRNAs is strongly reduced. In general, circRNA
translation occurs under conditions that favor cap-independent translation, like hypoxia, viral
infection, and heat shock.

Here, we summarize circular RNAs from the MAPT and TARDP genes and their possible
contributions to brain pathologies.

4. Microtubule Associated Protein tau (MAPT)

4.1. MAPT and Human Disease

The neuropathologic hallmarks of Alzheimer’s disease (AD) (AD neuropathologic changes, or
ADNC) are intracellular neurofibrillary tangles (NFTs) and amyloid plaques (Alzheimer 1911). Of
these two microscopic lesions, particularly strong associations have been described between NFTs
and cognition (Williams 2006, Delacourte 2008, Abisambra and Scheff 2014). The molecular and
ultrastructural makeup of NFTs have also been well characterized with the protein Tau at the core of
the fibrillar, insoluble, and protease-resistant material that seems to extrude and causes death of some
of the cells that harbor them. Further, many other diseases in addition to ADNC (collectively referred
to as “tauopathies”) are characterized by Tau pathology. Excellent prior reviews have been written
on tauopathies (Williams 2006, Takashima 2008, Spillantini and Goedert 2013). These diseases span a
broad range of pathogenetic paradigms including developmental, age-related degenerative,
traumatic, inflammatory, neoplastic, and combinatorial mechanisms, many of which are only
incompletely understood (Chornenkyy, Fardo et al. 2019). A critical insight is that some mutations of
the MAPT gene itself lead to frontotemporal lobar degeneration (FTLD-MAPT) (Baker, Kwok et al.
1997, Hutton, Lendon et al. 1998, Goedert, Ghetti et al. 2000, Cairns, Bigio et al. 2007) and thus the
gene/protein itself can drive dementia. What is also clear is that in the course of tauopathic diseases,
common disease-driving pathologic cascades are downstream of many different primary causes,
while clinical symptoms are referent to the anatomic location of the Tau pathology, rather than to the
upstream antecedents (Chornenkyy, Fardo et al. 2019).

4.2. Structure of the Human MAPT Gene

The human MAPT gene spans 133,781 nt and is located on chromosome 17. The human gene
contains at least 16 exons, around half of which are alternatively spliced (Figure 2A), which generates
a multitude of mRNA isoforms. The MAPT locus contains three internal transcripts: STH (saitohin),
the MAPT intronic transcript 1, and a gene for Metazoan Signal Recognition Particle RNA. In
addition, the gene locus generates an antisense transcript that partially overlaps with the MAPT pre-
mRNA in intron 1.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 2. mRNAs and circRNAs generated by the MAPT gene. A. Domain structure of the longest 2N4R CNS
protein isoforms. The N-terminal alternative structures (N1, N1), the proline-rich domain and the microtubule
binding and C-terminal domain are indicated. MTBD: microtubule binding domain. B. Exon structure of the
mRNA encoding the 2N4R protein isoform. C. Schematic exon structure of the MAPT gene. Constitutive exons
and in blue, alternative exons are in green. Red lines indicate novel circRNA-specific exons. D. Splicing patterns
leading to the formation of the most abundant circTau RNAs. The circTau 12->10 and circTau 12->7 RNAs were
shown to be translated after adenosine to inosine RNA editing and the protein structures after different rounds

of rolling circle translation observed in HEK293 cells are shown (Welden, Margvelani et al. 2022).

Two major haplotypes of MAPT exist, with the more common H1 haplotype overrepresented in
subjects with progressive supranuclear palsy. The haplotype was first discovered using polymorphic
markers in intron 9 (Conrad, Amano et al. 1998) and later shown to include the whole MAPT locus
(Baker, Litvan et al. 1999), including a 238 nt deletion in intron 9.

The protein encoded by the resulting MAPT mRNAs contains an N-terminal region, a proline-
rich region, the microtubule binding domain (MTBD) and a C-terminal domain. This composition is
changed by alternative splicing of the MAPT-pre-mRNA (Figure 2A).

Exons 2 and 3 encode part of the N-terminal projection domain and exon 10 encodes the second
microtubule binding domain. Alternative splicing of exon 2, 3 and 10 generates six major tau
isoforms, termed 4R (including exon 10), and 3R (skipping exon 10) and 0, 1, 2 N containing 0-2 N
terminal domains. (Figure 2). Other isoforms contain exon 4a (‘big tau 4a+’) or stop at exon 6 and thus
lack the microtubule binding sites. The isoforms have been extensively reviewed (Andreadis 2005,
Corsi, Bombieri et al. 2022, Buchholz and Zempel 2024).

The human MAPT gene contains several repetitive elements that could influence the pre-mRNA
structure. Notably, MAPT contains at least 83 Alu elements, with 56 on the sense strand and 27 on
the antisense strand. In addition, there are CpG islands in intron 1 and internal CpG islands upstream
of exon 4A and within exon 9 and 13 that could possibly interact and contribute to pre-mRNA
structures (Caillet-Boudin, Buee et al. 2015).

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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4.3. MAPT Circular RNA Isoforms

The MAPT gene generates numerous circular RNAs. Analysis of 67 libraries (33 human and 34
mouse from various cells and tissues) using full-length circRNA sequencing approaches identified
75 backsplice junction sites (BJSs), giving rise to 107 circMAPT isoforms. 69 of the observed 75 BS]Js
are found only in humans and only six BSJs are conserved between mouse and human indicating
species-specific expression (Table 1, Figure 2).

Compared to other circRNAs, circMAPT isoforms are low abundant: the most frequent isoform
circTau 7-4 has 56 reads, compared to 273987 reads of CDR1-AS9 (LINCO00632) that represents the
highest expressed circRNA.

RT-PCR analysis identified further circMAPT isoforms that were not annotated in the most
recent database, indicating that more circMAPT isoforms could exist. These isoforms were generated
by backsplicing from exon 12 to either exon 10 or exon 7. The expression of these circTau RNAs was
validated by RNase protection analysis using radioactive probes against the backsplice sites,
demonstrating the existence of these circRNAs (Welden, van Doorn et al. 2018, Welden, Margvelani
et al. 2022). The pre-mRNA region involved in their formation contains 47/53 of the FTLD- MAPT
(previously FTDP-17) mutations (Margvelani, Welden et al. 2024) and the 238 nt deletion in intron 9
that is characteristic for the H2 MAPT haplotype (Baker, Litvan et al. 1999). There was no detectable
association between and circTau 12->10 expression and Braak stages (Welden, van Doorn et al. 2018).

Table 1. The most abundant circTau RNAs.

Splicing ~ eads
location exons P 8 (CIRI/iso mouse ORF Mb6A
pattern .
Circ)

chr17145987040145996664 | + 9->5 5-7-9 3/4 + + +
chrl7145962321145996664 | + 9->1 1-x-2-3-4-7-9 0/1 - + +
chr17145978375145996664 | + 9->4 4-5-7-9 2/4 + + +
chr17145962321 145978440 | + 4->1 1-x-2-4 0/2 - + +
chr17145978375145991586 | + 7->4 4-5-6-7 36/20 + + +
chr17146010310146018730 | + 12->10 10-11-12 RPA - + -
chr17145991445146018730 | + 12->7 7-9-10-11-12 RPA - + +

The location of the circRNA indicates the genome coordinated of the flanking exons in Hg38.
Exons and splicing pattern indicate the literature numbers of the exons. ORF and m6A indicated that
presence of predicted ORFs and m6A sites. Reads indicate the number of reads from the CIRI-long
and isoCirc libraries.

Xis a short exon found in one EST (Supplemental Table S1).

In total, there are 28 novel exons found only in circTau -RNAs that are listed in Supplemental
Table 1. The exons are cassette exons that are characterized by suboptimal length and being flanked
by very weak splice sites. Three circRNA-specific exons C10, C23 and C27 are flanked by AT-AC
intron and C5 contains a gc-5" splice site. Thus, these circRNA-specific exons are very weak, which
explains why they are not included in the MAPT-mRNA. Exon C16, C24, partially overlap with one
and, C19, C21, C28 partially overlap with two Alu-elements, showing that circRNA can contribute to
the exonization of Alu elements. The presence of partial Alu-elements in these circRNAs-exons can
possibly promote their A>I editing and translation.

4.4. Translation of circTau RNAs

The circTau 12->7 and 12->10 circRNAs are 681 and 288 nt long and harbor open reading frames
without stop codons. CircTau 12->7 is 681 nt long and contains one start codon. circTau 12->10 is 288
long and lacks a start codon. Since 681 and 288 can be divided by three, repeated rolling circle
translation will lead to repeats of the MAPT-protein regions in an indefinite ORF (iORF), which was
confirmed using transfection assays of reporter genes in HEK293 cells (Welden, Margvelani et al.
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2022). Importantly, under normal transfection conditions, these circRNAs are hardly translated.
However, when their RNA editing is induced using transfection of ADAR1 or ADAR2 expression
constructs, strong translation is observed. The circTau 12->10 RNA lacks a start codon, but two FTLD-
MAPT (previously FTDP-17), K317M (Zarranz, Ferrer et al. 2005) and V337M (Spina, Schonhaut et al.
2017) located in exons 11 and 12 introduce start codons and lead to translation (Welden, Margvelani
et al. 2022). Unexpectedly, even in the absence of these mutation, editing of the circTau 12->10 RNA
causes translation, likely by changing an AUA to AUI codon through editing, which was supported
by mutational analysis (Welden, Margvelani et al. 2022). In vitro studies using reporter cells suggest
that translated circTau proteins promote aggregation of mRNA-encoded tau proteins (Welden,
Margvelani et al. 2022). Circtau 12->7 encoded proteins bind to elF4B, a translational initiation factor
that does not bind to mRNA-encoded tau proteins. Since the circTau 12->7 encoded proteins is
identical to C-terminal of the mRNA encoded protein, it is not clear why circTau 12->7 encoded
proteins have such a specific interaction (Margvelani, Welden et al. 2024).

The pre-mRNA regions involved in circTau 12->7 formation harbor 47/53 of the FTLD-MAPT
mutations and the 238 nt deletion in intron 9 that defines the MAPT haplotypes. The FTDP-17
mutations allowed to determine the influence of point mutations on circRNA translation. For most
mutations the amount of circRNA does not correlate with the amount of protein formed, which
underlines that circRNA translation depends on RNA modifications. Some mutations, like 1260V,
L266V, G303V, K317M and V337M promote circRNA formation and three mutations P301S, S305N
and V3671 promote translation of the circTau 12->7 RNAs (Margvelani, Welden et al. 2024). It is thus
possible that in general, the amount of circRNAs does not correlate with the amount of proteins
formed.

Collectively, these data suggest that circTau encoded proteins could contribute to tauopathies
and that some FTLD-MAPT mutations could act through circTau RNAs. However, at this stage, the
analysis of circTau encoded proteins is limited to in vitro systems and the physiological roles needs
further confirmations.

5. TARDBP

5.1. TARDP and Human Disease

The gene name TARDBP stands for TAR DNA Binding Protein, TAR abbreviates transactivation
response RNA structure. Whereas there is relatively longstanding appreciation that many different
conditions are associated with Tau pathology (Delacourte 2008, Abisambra and Scheff 2014), the
study of TDP-43 proteinopathic conditions (TDPopathies) is a younger area of research. TDP-43
proteinopathy was discovered as a pathologic marker in 2006 in the context of amyotrophic lateral
sclerosis (ALS) and frontotemporal lobar degeneration with TDP-43 inclusions (FTLD-TDP)
(Neumann, Sampathu et al. 2006). Interestingly, some of the paradigms associated with tauopathic
disease also seem to apply to TDP-43 proteinopathies, including the tendency of specific genetic
modifiers (Ramanan and Saykin 2013, Jain and Chen-Plotkin 2018) to apparently increase the
proteinopathy that was caused by different primary upstream causes. Indeed, the mutation of
TARDBP by itself can cause neurological disease including dementia (Sreedharan, Blair et al. 2008,
Van Deerlin, Leverenz et al. 2008, Gitcho, Bigio et al. 2009).

Further, along with the relatively well-known diseases with TDP-43 proteinopathy (ALS and
FTLD-TDP), other TDPopathies include Alexander disease (Walker, Daniels et al. 2014), Perry
syndrome (Mishima, Koga et al. 2017), Cockayne syndrome (Sakurai, Makioka et al. 2013),
neurodegeneration with brain iron accumulation (Haraguchi, Terada et al. 2011), inclusion body
myositis (Weihl, Temiz et al. 2008), Huntington’s disease (Davidson, Amin et al. 2009) and other
conditions. However, by far the most common TDPopathy condition is termed limbic-predominant
age-related TDP-43 encephalopathy (LATE) and its defining substrate that is recognized at autopsy,
LATE neuropathologic changes (LATE-NC) (Nelson, Dickson et al. 2019). LATE-NC affects ~1/3¢
of individuals beyond age 85 and is strongly associated with cognitive impairment (Nelson, Abner
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et al. 2010, Nelson, Brayne et al. 2022, Nag and Schneider 2023). In LATE-NC and other TDPopathies,
as in tauopathies, the affected protein becomes hyperphosphorylated and fibrillar, with toxic gains
of function and also deleterious loss-of-normal-functional changes (Gao, Wang et al. 2018, Nelson,
Schneider et al. 2023). However, the pathogenetic mechanisms underlying TDPopathies are only
beginning to be understood.

5.2. Structure of the TARDBP Gene

The TDP-43 gene spans 12.9 kb on chromosome 1 and contains six exons that create the major
full-length fITDP-43 isoform which encodes a mainly nuclear protein (Figure 3A,B). The fITDP-43
protein binds to UG-rich RNA sequences (Tollervey, Curk et al. 2011). At high cellular concentrations,
the fITDP-43 protein binds to its own pre-mRNA and causes usage of an alternative splice site within
exon 6 that connects an exon in the UTR, which due to alternative splicing in the UTR generates new
3’ ends (Wang, Wang et al. 2004, Weskamp, Tank et al. 2020, Shenouda, Xiao et al. 2022). The resulting
mRNAs encode shorter sTDP-43 proteins that contain a C-terminal nuclear export sequence and are
predominantly cytosolic (Weskamp, Tank et al. 2020). In total at least six sSTDP-43 protein isoforms
with slightly different C-termini are generated (Shenouda, Xiao et al. 2022). sTDP-43 is subject to
nonsense-mediated decay and proteasomal degradation. sTDP-43 can heterodimerize with fITDP-43,
which inhibits the nuclear splicing activity of fITDP-43 (Dykstra, Weskamp et al. 2025).
Overexpression of sTDP-43 leads to neuronal death, suggesting that disruption of this autoregulation
could lead to disease (Dykstra, Weskamp et al. 2025). TDP-43 represses the transcription of genes rich
in Alu elements, preferring Alu S elements, which are the most frequent Alu subclass in humans
(Morera, Ahmed et al. 2019).
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A Figure 3
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Figure 3. mRNAs and circRNAs generated by the TARDBP gene. A. Structure of the major protein isoforms
generated by the TARDBP gene. Only one of the six sSTDP-43 isoforms is shown that have slightly different C-
termini (Shenouda, Xiao et al. 2022). B. Schematic gene structure of TARDBP. C. Overview of the major circRNAs
generated by TARDBP. C1-C12 are novel circRNA-specific exons.

5.3. circRNAs Formed by the TARDBP Gene

Visual inspection of the human TARDBP gene using the UCSF genome browser showed that the
TDP-43 gene contains 18 Alu-elements. In humans, the pre-mRNA contains 60 backsplice junctions
which generate 73 circTARDBP isoforms. Surprisingly no circTARDBP-RNAs have been detected in
mice brain, suggesting that the TARDBP gene generates potentially human-specific circRNAs in
brain. Mice use 16 BS]s generating 16 circRNA isoforms in other tissues. Several of the human
circRNAs contain ORFs, but their translation has not been confirmed. Highly expressed TARDBP
circRNAs supported by more than 5 reads that are present in at least two libraries are summarized
in Table 2.

Table 2. Highly expressed TDP-43 circRNAs.

Splicin Reads
name P 8 exons (CIRI/iso mouse ORF M6A
pattern Circ)
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chr1111016844111020599 |+ 5->3 3,4,5 5/9 -
chr1111016844111018873 1+ 4->3 4,3 0/6 - + +
chr1111023193111025208 1 + Newexonsin ) 5 - - +

UTR
chr1111018733111020599 |+ 5->4 4,5 3/7 - + +
chr11110208121110212651+  Cr¢ intron Cireularized exon ) ) - + ;
5 in intron 5
Circularized from
last exon to exon
chr1111013716111025208 1+  circUTR-2 2 5/2 - - +
Testes-specific of
TDP43 sequence
-> A i
chrl111016123111017007 1+ 21w REWEXORI ¢ - + -
exon intron 2

The location of the circRNA indicates the genome coordinated of the flanking exons in Hg38.
Exons and splicing pattern indicate the literature numbers of the exons. ORF and m6A indicated that
presence of predicted ORFs and m6A sites. Reads indicate the number of reads from the CIRI-long
and isoCirc libraries.

The circRNAs of the human TARDBP gene use at least 12 novel exons that have not been
detected in mRNAs or ESTs. Eight of these novel exons partially overlap with human Alu-elements.
Most of the novel circRNA exons are in intron 2 that contains seven Alu elements. Intron 2 expresses
three circRNA-specific cassette exons that can utilize four internal splice sites, which generates at
least seven circRNA-specific exons from intron 2. The circTARDBP-specific exons are flanked by
weak splice site, including one AT-AC intron and atypical gg and ct at the 5’ splice site. It remains to
be determined whether the atypical nucleotides are recognized via backsplicing or through another
mechanism.

Although the human specific circTARDBP exons and circTARDBP RNAs are the major
difference between mouse and human their physiological relevance remains to be determined.

6. Discussion

6.1. circRNAs Increase Significantly the Read-Out of the Genetic Information Stored in the MAPT and
TARDBP Genes

Most of the circRNAs from the MAPT and TARDBP are human-specific and contain so far
unknown exons. The circRNA-specific exons are flanked by very weak and often atypical splice sites
and have a suboptimal length (mean length 315 nt, median: 243). The dependency of backsplicing on
pre-mRNA structure likely allows the usage of suboptimal exons. 5/28 of the MAPT and 8/12
TARDBP circRNA-specific exons overlap with Alu-elements, suggesting the exonization of Alu
elements is frequent in circRNAs. Since Alu-elements are the major target for A>I RNA editing, which
promotes circRNA translation, the presence of these exons could lead to translation of some circRNAs
from the MAPT and TARDBP genes. Recent studies showed that some of the translated circTau
proteins promote aggregation of the mRNA-encoded tau protein in vitro. It is thus possible that
translated circRNAs from the MAPT and TARDBP gene could contribute to AD or LATE.

6.2. circRNAs Often Encoded Misfolded Proteins that Are Prone to Aggregation

The analysis of experimentally validated circRNA-encoded proteins shows that they are often
misfolded and adopt to new binding proteins (Margvelani, Maquera et al. 2024). For example, circtau
12->7 encoded proteins bind to elF4B (eukaryotic initiation factor 4B). EIF4B does not interact with
the mRNA encoded tau protein(Margvelani, Welden et al. 2024). Overall, the A>I editing of circular
RNAs increases during AD progression in entorhinal cortex (Arizaca Maquera, Welden et al. 2023),
suggesting that some circRNAs will be translated, generating novel proteins.
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6.3. Do circTau and circTARDBP-Encoded Proteins Contribute to Pathologic Synergy?

The accumulation of one species of disease-associated misfolded protein can affect cellular
processes and ultimately trigger misfolding of different proteins in the same cells (Trojanowski and
Lee 2000, Hardy 2006, Irwin, Lee et al. 2013, Nelson, Trojanowski et al. 2016, Spires-Jones, Attems et
al. 2017, Nelson, Abner et al. 2018), a process termed “pathologic synergy” (Nelson, Abner et al. 2018).
Tau and TDP-43 proteinopathies appear to have the potential for pathologic synergy. The possibility
of pathologic synergy is illustrated by brain conditions with Tau pathologies that often demonstrate
comorbid TDP-43 pathology. These diseases include argyrophilic grain disease (Arnold, Dugger et
al. 2013), Huntington’s disease (Davidson, Amin et al. 2009), anti-IgLONb5 tauopathy (Cagnin,
Mariotto et al. 2017), corticobasal degeneration (CBD) and progressive nuclear palsy (PSP) (Yokota,
Davidson et al. 2010, Kouri, Oshima et al. 2013, Kertesz, Finger et al. 2015). Several studies have
demonstrated co-localization of Tau and TDP-43 pathologic aggregates in the same cells (Nelson,
Abner et al. 2018). For example confocal microscopy and double-label immunostaining against TDP-
43 and Tau showed that TDP-43 and Tau-positive NFT co-localize in amygdala in AD patients
(Higashi, Iseki et al. 2007) and a study of 247 subjects found that a subset of cells with colocalized
hippocampal Tau/TDP-43 pathology was seen in advanced ADNC (Smith, Bachstetter et al. 2018)

Since circRNAs from the MAPT and TARDBP genes could encode misfolded proteins that are
formed during AD progression they could contribute to pathological synergy and should be included
in molecular studies of AD and LATE.
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