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Summary

The pre-mRNA life cycle requires intron processing; yet, how intron processing defects
influence splicing and gene expression is unclear. Here, we find TTDN1, which is frequently
mutated in non-photosensitive trichothiodystrophy (NP-TTD), functionally links intron lariat
processing to the spliceosome. The conserved TTDN1 C-terminal region directly binds lariat
debranching enzyme DBR1, while its N-terminal intrinsically disordered region (IDR) binds the
intron binding complex (IBC). The IDR forms condensates in vitro and is needed for IBC
interaction. TTDN1 loss causes significant intron lariat accumulation, as well as splicing and
gene expression defects, mirroring phenotypes observed in NP-TTD patient cells. Ttdn144 mice
recapitulate intron processing defects and neurodevelopmental phenotypes seen in NP-TTD. A
DBR1-IDR fusion recruits DBR1 to the IBC and circumvents the requirement for TTDN1,
indicating this tethering role as its major molecular function. Collectively, our findings unveil key
functional connections between lariat processing, splicing outcomes, and NP-TTD molecular

pathology.
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Introduction

Eukaryotic gene expression involves the recruitment of transcriptional machinery to the
transcriptional start site followed by the release of RNA Polymerase Il (Pol Il), leading to Pol Il
elongation and the subsequent synthesis of pre-mRNA. While the removal of introns from a
nascent pre-mRNA molecule can occur as a post-transcriptional regulatory step, co-
transcriptional splicing is an essential feature of many highly-expressed genes (Merkhofer et al.,
2014; Naftelberg et al., 2015; Wissink et al., 2019). The ability of cells to undergo co-
transcriptional splicing centers on the idea that spatiotemporal organization of splicing and
transcription not only protects nascent RNAs from degradation, but also enhances local
substrate concentration, thereby increasing reaction efficiencies (Neugebauer, 2019). This
subnuclear coordination is facilitated by interactions between the RNA Pol Il carboxy-terminal
domain (CTD) and a host of factors that regulate transcription, pre-mRNA splicing, mRNA
capping, polyadenylation, and downstream steps such as mRNA export (Custodio and Carmo-
Fonseca, 2016; Harlen and Churchman, 2017; Hirose and Manley, 1998; Hirose et al., 1999; Ho
and Shuman, 1999; Zaborowska et al., 2016). Aside from physically promoting splicing,
changes in Pol Il elongation rate can broadly influence alternative splicing patterns. Studies
examining elongation rate in response to UV damage, chromatin state, and Pol || mutation have
found that abnormal elongation rates caused by altered Pol Il function reduced splicing
efficiency and resulted in aberrant alternative splicing patterns (Dujardin et al., 2014; Fong et al.,
2014; Hnilicova et al., 2013; Luco et al., 2011; Munoz et al., 2009; Schor et al., 2013).

While most research on Pol Il elongation has centered on the downstream effects on
splicing, multiple studies provide evidence for a positive feedback mechanism between early-
stage spliceosome assembly and efficient Pol Il elongation. Rapid inactivation of the U2 snRNP,
an essential spliceosomal component, via small-molecule inhibition was found to largely prevent
the release of paused Pol Il into the gene body for active transcription elongation, resulting in a

global decrease in mRNA biogenesis (Caizzi et al., 2021). In S. cerevisiae, blocking pre-


https://doi.org/10.1101/2022.11.03.515106

bioRxiv preprint doi: https://doi.org/10.1101/2022.11.03.5151086; this version posted November 4, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

spliceosome complex formation via depletion of the RNA helicase Prp5p leads to Pol Il
accumulation on introns and decreased elongation within intron-containing genes, while
transcription of intronless genes is unaffected (Chathoth et al., 2014). In a similar fashion,
depletion of the serine/arginine-rich (SR) protein SC-35 in mouse embryonic fibroblasts results
in gene-specific Pol Il elongation defects (Lin et al., 2008). That RNA Pol Il physically interacts
with early components of the spliceosome (Zhang et al., 2021) further suggests an intricate
interplay between nascent RNA production and its downstream processing.

Although early inhibition of splicing has a demonstrated influence on nascent
transcription, whether late-stage splicing inhibition may result in similar alterations is unknown.
Notably, a largely understudied terminal step in splicing occurs upon exon ligation, as introns
that are removed from the pre-mRNA transcript form a circular RNA fragment known as a lariat.
The intron lariat circularizes via a 2',5'-phosphodiester bond, and the lariat is subsequently
linearized by the highly conserved RNA debranching metalloenzyme (DBR1) (Cheng and
Menees, 2011; Clark et al., 2016; Montemayor et al., 2014). Human genes have an average of
7-8 introns, and spliceosome assembly occurs de novo on each intron of a pre-mRNA
transcript, necessitating an efficient and accurate method of intron removal (Sakharkar et al.,
2005; Wahl et al., 2009). Known as the intron lariat turnover pathway, this late-stage step is
critical for the release and processing of a subset of regulatory microRNAs (Okamura et al.,
2007; Ouchane et al., 1995), as well as for the recycling of spliceosome-associated small
nuclear ribonucleoproteins (snRNPs) (Hirose et al., 2003). In the absence of efficient lariat
processing, retention of snRNPs in lariat-containing, late-stage splicing complexes has been
reported to reduce the efficiency of subsequent spliceosome assembly (Han et al., 2017).
Differential regulation of spliceosome-associated snRNP levels influences alternative splicing
during normal development and across cancer subtypes (Dvinge et al., 2019). Yet how the rate
at which released and recycled intron-associated splicing factors and snRNPs influence gene

expression is largely unstudied. Importantly, the consequences of disrupted lariat complex
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processing, including pleiotropic developmental defects and increased susceptibility to viral
infection, imply that this end-stage splicing step has key homeostatic roles in the cell (Li et al.,
2016; Zhang et al., 2018). However, it has yet to be determined whether these are a direct
effect of increased RNA lariats or an indirect impact on transcription or RNA processing.

Here, we identify the uncharacterized protein TTDN1 as an unappreciated physical and
functional link between intron metabolism and gene expression. We show that TTDN1 tethers
DBR1 to active splicing complexes to promote the processing of nascent intron lariats, and that
lariat accumulation in the absence of TTDN1 coincides with length-dependent gene expression
changes. Mutations to the gene encoding TTDN1 constitute a majority of non-photosensitive
trichothiodystrophy (NP-TTD) cases, which feature broad neurological and developmental
abnormalities thought to be associated with transcriptional defects (Botta et al., 2007; Faghri et
al., 2008; Kuschal et al., 2016). We validate our in vitro findings by developing a Ttdn1%4 mouse
model, which recapitulates the RNA processing defects seen in NP-TTD patient cell lines, as
well as the neurodevelopmental phenotypes seen in NP-TTD patients. Collectively, our work
connects disrupted lariat processing to downstream consequences on gene expression

outcomes in the context of the molecular pathology underlying NP-TTD.
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Results
TTDN1 contains a highly disordered prion-like domain

We recently characterized a link between alkylation damage responses and RNF113A, a
gene associated with NP-TTD (Brickner et al., 2017; Corbett et al., 2015; Mendelsohn et al.,
2020; Tessarech et al., 2020; Tsao et al., 2021). We were curious about the molecular
mechanism of pathology associated with TTDN1, which is the most commonly altered gene
associated with repair-proficient TTD (Faghri et al., 2008). While little is known about the
structure of TTDN1, previous work defined two C-terminal regions of TTDN1 conserved in
metazoans, conserved regions 1 and 2 (CR1 and CR2) (Nakabayashi et al., 2005), the latter of
which is the site of a common mutation, M144V, associated with trichothiodystrophy (Figure 1a,
asterisk). Upon closer inspection of the TTDN1 sequence, we noticed the N-terminal region
consists of a 122-residue aromatic-rich prion-like domain with evenly spaced aromatic residues
(Figure 1a, aromatics in orange). Aromatic-rich prion-like domains have been implicated as
drivers of biomolecular condensates in vitro and in vivo (Kato et al., 2012; Wang et al., 2018).
As such, we sought to develop molecular insight into how TTDN1 might behave in solution. All-
atom Monte Carlo simulations of this N-terminal disordered region (TTDN1""??) revealed a
heterogeneous and broad distribution of conformations consistent with a disordered protein that
engages at most in transient intramolecular interactions (Supplemental Figure S1a). With the
possible exception of low levels of transient helicity in residues 90-110, secondary structure
analysis confirmed the disordered nature of the N-terminus (Supplemental Figure S1b and
Supplemental Video S1). Given the similarity of TTDN1'"?2 to other disordered regions studied
using similar approaches (Martin et al., 2020), the simulation results support a model in which
TTDN1""2 s entirely unstructured. Despite the absence of persistent residual structure, we
wondered if distinct residues played an outsized role in the conformational ensemble of TTDN1'-
122 We performed contact analysis to quantify the extent to which each residue engages in

intra-molecular interactions, and identified aromatic residues as the mediators of transient but
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well-defined intramolecular contacts (Figure 1b, yellow circles). We calculated that the natural
patterning of these aromatic residues in TTDN1""2? is more evenly distributed than almost all
possible patterns of aromatic residues obtained by random chance, implying strong evolutionary
pressure for their uniform spacing, in line with prior work on prion-like domains that undergo
phase separation (Martin et al., 2020) (Figure 1c).

Well-distributed aromatic residues that engage in transient intramolecular interactions
have been shown to undergo phase separation in vitro and in vivo (Martin et al., 2020; Wang et
al., 2018). To explore the idea that the N-terminal aromatics residues may function in liquid-
liquid phase separation (LLPS) by TTDN1, we applied a previously-developed simple stickers-
and-spacers coarse-grained model to quantify the phase behavior of TTDN1""2? (Martin et al.,
2020). These simulations predicted that TTDN1''%2 can undergo phase separation in a
temperature-dependent manner (Figure 1d). Intriguingly, the driving force for phase separation
in TTDN1''?2 s predicted to be weaker than that of low-complexity disordered regions studied
using the same approach (Supplemental Figure S1c, (Martin et al., 2020)). While TTDN1'-122
shows many of the molecular features one might associate with a protein that robustly drives
phase separation (a ‘scaffold’ protein), our simulation data suggest it may behave more as a
‘client’, partitioning into pre-existing biomolecular condensates, as opposed to driving the
formation of de novo condensates through homotypic interactions. In agreement with this,
intramolecular scaling map simulations revealed polymeric behavior more consistent with a self-
avoid random walk than a compact chain poised to undergo self-assembly (Supplemental
Figure S1d). This suggests the N-terminus acts as a relatively expanded chain that, in spite of
the transient intra-molecular contacts mediated by its aromatic residues, would not be expected

to engage extensively in long-range attractive interactions.

TTDN1 forms condensates in vitro
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To evaluate the ability of TTDN1 to form condensates in vitro, we generated and purified
a TTDN1-mCherry fusion protein (TTDN1-mCherry) from insect cells (Supplemental Figure
S1e). We initially analyzed condensate formation in the presence of polyethylene glycol (PEG)
which readily demonstrated spherical droplet formation of ~0.5-1 um size at lower protein
concentrations (2.5 uM) (Figure 1e-f). These droplets were dynamic, demonstrating both fusion
and fission properties during live imaging (Figure 1g). Higher concentrations of TTDN1-
mCherry permitted condensate formation without PEG (Figure 1h-i). To determine the
contribution of the N-terminal aromatic residues in droplet formation, we generated an aromatic
to alanine TTDN1-mCherry fusion (TTDN1°>A2.mCherry), targeting all 14 aromatics residues in
this domain. This led to a ~50% reduction in droplet formation (Figure 1j-k). Together with the
simulations data, these findings indicate that TTDN1 is able to undergo phase separation in
vitro, and this function relies at least in part on the contribution of intra-molecular contacts
mediated by its aromatic residues. While one extrapolation of these data is that TTDN1 drives
condensates in vivo through homotypic interactions, an alternative interpretation is that the
transient aromatic-mediated interactions identified in silico and in vitro may contribute to
heterotypic interactions with other binding partners. As such, we sought to better understand the
TTDN1 binding partners to examine if and how these IDR-mediated interactions might

contribute to its function.

TTDN1 interacts directly with DBR1 and promotes RNA lariat processing in cells

To identify the proteomic network with which TTDN1 may interact, we used mass
spectrometry analysis of tagged TTDN1 immunopurified from HelLa-S nuclear extracts, as HA-
TTDN1 localizes to the nucleus (Supplemental Figure S2a). From two independent
purifications, the intron lariat debranching enzyme, DBR1, was isolated with TTDN1

(Supplemental Table 1 and Supplemental Figure S2b). We confirmed this interaction by
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immunoprecipitation of HA-TTDN1, which bound to endogenous DBR1 (Figure 2a), as well as
reciprocal immunoprecipitation of endogenous DBR1 (Figure 2b). To determine whether
TTDN1 and DBR1 could interact directly, we immobilized recombinant GST-TTDN1 and tested
the ability to bind recombinant His-Flag-DBR1. While GST-TTDN1 was able to pull down His-
Flag-DBR1, two negative controls (GST alone and GST-ASCC1) did not (Figure 2c).

To identify the region of TTDN1 required for interaction with DBR1, we performed a
deletion analysis of TTDN1. The N-terminus of TTDN1 was dispensable for this interaction,
while the CR1-2 domain was both necessary and sufficient for binding DBR1 (Figure 2d-e). The
M144V patient mutation, located within the CR2 domain, modestly affected the interaction with
DBR1 (Supplemental Figure S2c¢). Additional site-directed mutagenesis demonstrated that
specific charged residues within this domain, in particular E146 and D147, were important for
the DBR1 interaction (Figure 2e-f, Supplemental Figure S2c).

Because of the direct interaction between TTDN1 and DBR1, we reasoned that TTDN1
may play a role in lariat processing by DBR1. Therefore, we generated CRISPR/Cas9 clonal
knockouts of TTDN1 in HeLa-S and U20S cells (Figure 2g). To quantify lariat processing, we
performed RNA-seq at high depth (>200 million reads/sample), then applied a modified version
of a previously described branchpoint annotation algorithm (Pineda and Bradley, 2018). Using
this approach, we found that loss of TTDN1 increased total lariat abundance ~8.2 and ~23.7-
fold over controls in HeLa-S and U20S cells, respectively (Figure 2h-i). This was not due to
loss of DBR1 protein (Supplemental Figure S2d and Figure 6 below). Our RNA-Seq analysis
also revealed that loss of TTDN1 led to aberrant splicing events, which were found to be
primarily exon skipping (Supplemental Figure S2e-f). A similar phenotype has been previously
observed in cells expressing lower levels of DBR1 (Han et al., 2017). We corroborated this by
depleting DBR1 and performing RNA-Seq to assess splicing event alterations (Supplemental
Figure S2g-h). Since the processing of small nucleolar RNAs (snoRNAs) also depends on

DBR1 (Hirose et al., 2003), we performed RNA-seq after small RNA isolation using the TTDN1
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KO and control HeLa-S lines to determine misregulated expression of this class of small RNAs.
Virtually none of the snoRNAs were significantly altered in TTDN1 KO cells as compared to WT
controls, suggesting that introns encoding snoRNAs may not be affected by TTDN1 loss

(Figure 2j).

TTDN1 links DBR1 to the intron binding complex

One way in which TTDN1 could be promoting DBR1 activity was to serve as a tether for
association with higher-order RNPs. To test this, we performed size exclusion chromatography
on nuclear extracts from control and TTDN1 KO cells (Supplemental Figure S3a). Most of the
endogenous DBR1 from both extracts eluted at a lower molecular weight (~150 kDa). However,
in WT nuclear extract, a small amount of DBR1 co-eluted with earlier fractions, suggesting
DBR1 may associate with larger complexes, which appeared lost in TTDN1 KO extracts
(Supplemental Figure S3a, fractions 26-30). Interactome analysis of DBR1 immunopurified
from HelLa-S nuclear extracts revealed that a majority of DBR1-interacting proteins were
associated with the spliceosome (Supplemental Table 2), consistent with previous reports
(Masaki et al., 2015). Enriched among these were all five members of the intron binding
complex (IBC), composed of the RNA helicase Aquarius (AQR), XAB2, ISY1, ZNF830, and
PPIE), which incorporates upstream of the intron branch point into catalytically active
spliceosomes (Supplemental Figure S3b) (De et al., 2015; Hirose et al., 2006). Notably, many
of these interaction partners appeared reduced or lost in the DBR1 IP-MS performed in parallel
from TTDN1 KO cells (Figure 3a and Supplemental Table 3). IP-Western analysis of tagged
DBR1 confirmed interaction with IBC members in WT extract, but strikingly, the IBC interaction
with DBR1 was lost in TTDN1 KO cells (Figure 3b), indicating that TTDN1 may function to
tether DBR1 and the IBC.

We reasoned that tagging TTDN1 at the N-terminus with Flag and HA interfered with the

ability of TTDN1 to bind the IBC, thus explaining the lack of IBC peptides in our original TTDN1
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interactome analysis. Indeed Flag-only tagged TTDN1 repeatedly co-immunoprecipitated XAB2
and AQR, two of the IBC components (Figure 3c). While deletion of the first N-terminal 20
amino acids of TTDN1 had a modest effect on this interaction, deletion of 60 amino acids from
this region abrogated XAB2/AQR co-immunoprecipitation without impacting DBR1 binding. In
addition, the TTDN1°>* condensate-deficient mutant lost its ability to interact with AQR and
XAB2 (Figure 3d). Thus, the capacity of TTDN1 to form condensates may be linked to its
interaction with the IBC.

In this context, we wondered whether condensate formation by TTDN1 might be relevant
to its function with DBR1, which is predicted to have a disordered region in its C-terminus
(Supplemental Figure S3c). We generated and purified a DBR1-GFP fusion protein from
insect cells (Supplemental Figure S3d) to determine whether DBR1 can incorporate into
TTDN1 droplets. Relative to mCherry alone, droplets formed by DBR1-GFP increased
significantly (~13-fold) with TTDN1-mCherry, and substitution of TTDN1¢>*-mCherry reduced
incorporation by approximately 50% (Figure 3e-f). Consistent with our results showing the N-
terminus of TTDN1 is dispensable for interacting with DBR1, binding of DBR1-GFP to
immobilized TTDN19>~2-mCherry appeared equal to TTDN1-mCherry (Supplemental Figure
S3e). We conclude that DBR1 and TTDN1 can co-localize within phase-separated droplets,
mediated at least in part by the N-terminal aromatic residues of TTDN1 in vitro. Collectively, our
data support a model in which the C-terminus of TTDN1 functions to recruit DBR1, while the
condensate-forming N-terminus of TTDN1 promotes IBC interaction, bringing DBR1 to nascent

RNA lariats (Figure 3g).

Lariat processing defects influence gene expression in a length-dependent manner

How might disruption of this RNP-DBR1 interaction cause TTD? In transcription-coupled

repair defective disorders, long genes are thought to accumulate a higher total lesion load, or

11
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increased number of lesions, than short genes. Over time, this results in biased misexpression
of genes in a length-dependent manner due to RNA Pol |l stalling (Vermeij et al., 2016a). While
patients with TTDN1 alterations are repair-proficient, they exhibit severe developmental and
neurological phenotypes that are consistent with what is seen in TC-NER defective TTD
patients; yet whether or how TTDN1 loss correlates with any of these transcriptional defects is
unclear (Faghri et al., 2008). Strikingly, we found that the average genomic length of
downregulated transcripts in the absence of TTDN1 was significantly longer than the length of
unaffected genes in both the U20S and HelLa-S cell lines (Figure 4a and Supplemental Figure
S4a). A similar inverse correlation was observed when analyzing the number of exons and gene
expression changes (Supplemental Figure S4b-c). Plotting gene expression change compared
to transcript genomic length consistently revealed an inverse relationship between these two
parameters in the TTDN1 KO cells relative to controls (Figure 4b and Supplemental Figure
S4d). We confirmed that three long genes (TLL1, BCR, and POUG6F2) which were significantly
downregulated in our RNA-Seq data sets were similarly reduced by gRT-PCR in the TTDN1 KO
cells versus WT controls (Figure 4c).

The effect of DBR1 loss on length-dependent gene expression was even more striking
(Figure 4d-e), suggesting the downstream effects of aberrant lariat processing in the absence
of TTDN1, albeit not as severe as DBR1 loss, are sufficient to result in similar gene expression
changes. We then extended this analysis to patient fibroblasts from three siblings with NP-TTD
— all homozygous for a two base pair deletion at nucleotides 187-188 in exon 1 of TTDN1
resulting in an early frameshift (Nakabayashi et al., 2005). Consistent with the prediction that
these patients are genetically null, we could not detect TTDN1 protein by Western blot in all
three patient fibroblasts (Figure 4f). Again, using high-depth RNA-seq, we found an increase in
RNA lariat accumulation in each NP-TTD fibroblast line, validating increased lariat abundance
observed in our engineered KO cells reflects the molecular defect in NP-TTD patients (Figure

4g). When assessing gene misexpression in the patient fibroblast RNA-Seq data, we saw more
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modest alterations with respect to gene length, although shorter genes were consistently
upregulated in the NP-TTD patient cells compared to controls (Figure 4h and Supplemental
Figure S4e, S4g). This could be an artifact of mismatched patient age, or that the control
fibroblasts were from unrelated individuals. Notably, these patient fibroblasts had similar altered
splicing patterns seen in our TTDN1 KO cell lines (Figure 4i and Supplemental Figure S4f,

S4h, S2e-f), suggesting a similar defect in mMRNA processing in these patient cells.

Loss of Ttdn1 in mice recapitulates RNA processing defects and NP-TTD pathology

Our in vitro findings support a model in which lariat accumulation leads to splicing
disruption and defects in length-dependent gene expression. We next asked how loss of TTDN1
in vivo could lead to downstream consequences on development and neurological function.
While there are multiple NER-deficient mouse models (Vermeij et al., 2016b), to date none of
these models recapitulate phenotypes resulting from repair-proficient TTD. As such, we created
a mouse model for the common TTDN1 allele found in NP-TTD patients (TTDN1M744V/M144Vy
(Nakabayashi et al., 2005). Using CRISPR/Cas9, we produced the corresponding homozygous
mouse (Ttdn1M4V/M143Vy " a5 well as a large end-joining mediated deletion that resulted in a
premature stop codon, leading to truncation of the Ttdn1 transcript and lack of detectable
protein expression (hereon referred to as Ttdn1%4; Supplemental Figure S5a-b). We saw
significant defects in weight gain over time in both female and male Ttdn1¥ mice (Figure 5a
and Supplemental Figure S5c), consistent with what is seen in most NP-TTD patients (Faghri
et al., 2008). However, we failed to see this phenotype in the Ttdn1"#3VM43V mjce compared to
littermate controls (Supplemental Figure S5d). Indeed, patients with M144V substitution
appear to have a less severe phenotype than other TTDN1 alleles (Nakabayashi et al., 2005),
likely reflecting the modest reduction in its ability to interact with DBR1 (Supplemental Figure

S2c). From heterozygous matings, Ttdn1%4 mice were born at less than expected Mendelian
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ratios, likely reflecting a modest reduction in overall fitness (Supplemental Figure S5e). A
hallmark phenotype in TTD is the presence of sparse, sulfur-deficient hair, and while this was
not overtly apparent in younger Ttdn1%4 mice (Figure 5b, left), we observed a significant
decrease in cysteic acid content as a percentage of total hair protein in these mice (Figure 5c).
This reduction is on par with decreased levels of total cysteine content observed in hair samples
from both TTD patients and a previously-characterized NER-defective TTD mouse model (de
Boer et al., 1998). While most TC-NER deficient mice die prematurely due to symptoms of
premature aging, Ttdn1%4 mice did not appear to grossly deteriorate or die early, as aged
Ttdn1%4 mice are still alive beyond 15 months, reflecting the lack of progeroid phenotypes in
NP-TTD patients. However, the presence of sparse hair became more apparent in the aged
Ttdn1¥4 mice (Figure 5b, right), while defects in weight gain as compared to littermate controls
were maintained over time (Supplemental Figure S5f).

To determine whether the Ttdn1¥4 mice recapitulated the RNA processing defects we
saw in our cell lines and patient fibroblasts, we performed RNA-seq from the cortex of Ttdn144
and wildtype littermate controls. In choosing a tissue to sequence, we considered that the cortex
is frequently connected with neurodevelopmental disorders (Chen et al., 2015; Gabel et al.,
2015). RNA lariat abundance in these samples was increased ~4.1-fold compared to WT
samples, as were alternative splicing events (Figure 5d and Supplemental Figure S5g). Gene
set enrichment analysis of pathways significantly differentially dysregulated in the cortex of
Ttdn174 revealed molecular signatures associated with neurological and developmental defects
in humans (Figure 5e). Male Ttdn144 brains were smaller than controls, whereas female brains
were not significantly different (Supplemental Figure S5h). Together, these data suggest a

connection between molecular defects in the Ttdn144 mice and the pathology seen in NP-TTD.

Behavioral Assessment of Ttdn1¥2 Mice
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To further characterize their phenotypes, Ttdn144 mice and Ttdn1** controls from two
different cohorts were evaluated on several behavioral tasks including a 1-hour locomotor
activity test, a marble-burying test, and a battery of sensorimotor measures (walking initiation,
ledge platform; pole, 60° and 90° inclined screens, inverted screens). All of the mice were
assessed on the same behavioral testing procedures and test sequence. Except for a modest,
but significant reduction in distance traveled in the peripheral zone, Ttdn1¥4 and control mice
were not significantly different on variables related to locomotor activity (Figure 5f and
Supplemental Figures S6a-c). Many NP-TTD patients have autistic-like behaviors, thus mice
were also evaluated on the marble-burying test, an often-used measure for assessing models of
autism (Heller et al., 2015). However, Ttdn1%4 and control groups did not differ in terms of
compulsive digging, as measured by the number of marbles buried during the test
(Supplemental Figure S6d). Out of the total seven measures within the sensorimotor battery, a
significant genotype effect was found for only the walking initiation test in terms of the time
taken to move out of a small circumscribed area, suggesting fear of moving in an open, novel
environment or a slowed motor response in the Ttdn14“ mice (Figure 5g, Supplemental Table
3). Fine-motor coordination was assessed using the rotarod test. Significant performance
deficits were found in the Ttdn 144 mice for the time they were able to remain on the accelerating
rotarod (Figure 5h), but not for the stationary or constant speed components of the rotarod
procedure (Supplemental Figures S6e-f). Together, these data suggest that while loss of
Ttdn1 contributes to defects in fine-motor coordination, several basic sensorimotor functions are
largely unaffected.

Spatial learning and memory capabilities were assessed next in the mice using the
Morris Water Maze (MWM), followed by an evaluation of associative memory performance
using a Pavlovian fear conditioning procedure. While there were no significant deficits in spatial

learning and memory in the Ttdn14“ mice (Supplemental Figures S6g-j), we observed
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significantly reduced swimming speeds in the Ttdn1¥ mice during the cued and place trials
(Figure 5i-j), suggesting impaired coordination and/or motivational disturbances. Analysis of the
conditioned fear data showed that the Ttdn1¥ mice exhibited significantly reduced freezing
levels on the auditory cue component (day 3) of the procedure (Figure 5k and Supplemental
Figures S6k-l). Importantly, no significant differences between knockout and control mice were
found in freezing levels during the following: baseline or tone-shock training (day 1); the
contextual fear test (day 2); altered context baseline (day 3); or shock sensitivity. Moreover, no
significant effects were observed on measures of acoustic startle or pre-pulse inhibition (only
tested in cohort 2; Supplemental Figures S6m-o0). We conclude that the deficit in auditory cue
conditioning exhibited by Ttdn14* mice is a selective cognitive impairment not likely due to
deafness or extreme auditory deficits. Altogether, our results suggest that the Ttdn744 mice
likely have impaired fine motor coordination and/or motivational disturbances, as well as specific

fear (auditory cue) conditioning deficits.

U2 snRNP inhibition mirrors TTDN1/DBR1 loss in altering length-dependent gene
expression

Determining a unified basis for how NP-TTD shares molecular pathology with
photosensitive TTD has remained obscure due to the genetic heterogeneity of the disease.
Mutations in TF,EB (Theil et al., 2017), aminoacyl-tRNA synthetases (Botta et al., 2021; Kuo et
al., 2019; Theil et al., 2019), and the splicing protein RNF113A (Corbett et al., 2015;
Mendelsohn et al., 2020; Tessarech et al., 2020) have all been linked to NP-TTD. We reasoned
that the molecular defect between the latter and TTDN1 may both be explained by a common
spliceosomal defect; indeed, RNF113A joins the activated spliceosome just prior to the first
transesterification step in splicing (Haselbach et al., 2018), and alterations in RNA Pol Il

elongation are seen upon loss of the ASCC complex, which is recruited downstream of
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RNF113A (Brickner et al., 2017; Williamson et al., 2017). Therefore, we reasoned that inhibiting
the spliceosome upstream of TTDN1 and DBR1 may result in similar length-dependent gene
expression changes. We tested the effect of the early-stage spliceosome inhibitor pladienolide-
B (Pla-B), which inhibits the U2-associated SF3B complex (Cretu et al., 2018), on gene
expression and RNA processing in WT and TTDN1 KO cells using RNA-seq. We first assessed
RNA lariat accumulation and found that Pla-B treatment does not have a significant effect on
lariat levels at steady state (Figure 6a). However, Pla-B treatment leads to a similar length-
dependent gene expression change as TTDN1/DBR1 loss, increasing the expression of shorter
genes and negatively affecting longer ones (Figure 6b and Supplemental Figure S7a). This
effect of Pla-B was also observed in TTDN1 KO cells (Supplemental Figure S7b-c), although
we noticed a significantly stronger impact of Pla-B on WT cells versus those deficient for TTDN1
(i.e., a greater number of transcripts were affected by Pla-B in WT cells) (Figure 6c-d). Indeed,
there was a significant overlap between genes significantly downregulated in TTDN1 KO cells
versus Pla-B treated WT cells (Figure 6e), which indicates that SF3B inhibition is at least
partially epistatic with TTDN1 loss. These data suggest that reduced spliceosomal function,
whether early or late in the spliceosome cycle, may lead to a common deficit in length-

dependent gene expression.

The TTDN1 IDR is critical for long gene expression

Because TTDN1 forms condensates in vitro through its N-terminal IDR, and appears to
promote DBR1 condensate formation and function, we wished to test whether this capacity of
TTDN1 was important for its role in maintaining long gene expression. We targeted the human
TTDNT1 locus in U20S cells using CRISPR/Cas9 and substituted its entire exon 1 with the N-

terminal aromatics mutant (TTDN1¢>*2, see Figure 1). Although we were only able to obtain

hemizygous TTDN12>4%4 clones, TTDN1 protein levels in two independent mutant clones were
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similar to the WT counterpart (Figure 6f). We evaluated expression of the same three long
genes from Figure 4c in these cells using gRT-PCR. Strikingly, the significant reduction in
expression of these genes in TTDN1 KO cells was mirrored in the TTDN12>4%4 clones (Figure
6f). We should note that reduction of TTDN1 protein levels to <50% of WT levels resulted in
very modest gene expression changes (Supplemental Figure S7d-e), arguing against a simple
dosage effect in our TTDN12>4%4 clones. Together, these results suggest that the aromatic
residues in the TTDN1 IDR are important for its function in mediating long gene expression,

possibly in the context of recruitment to and/or formation of TTDN1-associated condensates.

A DBR1"™N*NTD fsion rescues IBC interaction, lariat processing, and length-dependent
gene expression

Despite the above experimental results, our data do not sufficiently prove that the
function of the TTDN1 IDR in relation to DBR1 and the DBR1-IBC interaction is critical for lariat
processing and length-dependent gene expression. To determine whether restoring DBR1
association with the IBC would be sufficient to rescue these phenotypes, we generated a fusion
of the N-terminal IDR of TTDN1 with the C-terminus of full-length DBR1 (DBR1T™N'"N™0) (Figure
7a). We reasoned that this would bypass the requirement for the TTDN1 C-terminal domain in
bridging DBR1 and the IBC. This fusion protein was indeed capable of interacting with IBC
components in TTDN1 KO cells (Figure 7b). Strikingly, RNA-seq analysis revealed that it also
rescued lariat levels in TTDN1 KO cells to that of WT controls (Figure 7c). Finally, we profiled
gene expression in TTDN1 KO cells expressing DBR1TPN'™NTD and found that relative to control
TTDN1 KO cells, expression of the fusion protein rescued gene length phenotypes to near-WT
levels (Figures 7d-g and Supplemental Figures S7f-g). Together, these data strongly support

the idea that a primary function of TTDN1 is to serve as a molecular tether between DBR1 and
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the IBC in order to promote efficient lariat processing, which in turn affects length-dependent

gene expression.
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Discussion

Here we identify TTDN1 as a novel molecule involved in RNA processing, and delineate
the connections between aberrant lariat processing upon its loss to gene expression defects in
relation to NP-TTD. Notably, we find that the highly conserved C-terminus of TTDN1 functions
as an anchor in binding DBR1, whereas aromatic residues within the N-terminal IDR mediate
interactions with the IBC. In the absence of TTDN1, we find that the association of DBR1 with
active splicing complexes is lost, and that the resulting lariat accumulation consistently
coincides with splicing disruption and defects in gene expression across models for TTDN1
deficiency. We observe reduced expression of long genes in particular, which may be a
consequence of high intronic burden. In the absence of efficient intron lariat processing, a
higher localized requirement for intron lariat debranching at long genes may interfere with
splicing, thus inhibiting Pol Il elongation. Thus, disruption of early as well as late stages of
splicing may significantly alter length-dependent gene expression, suggesting that multiple
routes of splicing disruption can have similar consequences for transcriptional outcomes. Our
mouse model for NP-TTD phenocopies the hallmark patient hair phenotype, and recapitulates
aspects of the developmental and neurological defects seen in patients with TTDN1 deficiency.
That expression of a DBR1T™N'™NTP fsion in TTDN1 KO cells rescues defects associated with
TTDN1 loss strengthens the idea that increased coordination between DBR1 and the IBC
promotes nascent lariat debranching by DBR1, promoting proper splicing and gene expression.

Photosensitive TTD arises from defects in the transcription-coupled NER pathway.
When a bulky adduct, often a result of UV irradiation, is encountered within a transcriptionally
active gene, elongating RNA Pol |l cannot bypass the lesion and stalls (Egly and Coin, 2011).
This triggers the sequential recruitment of various transcription-coupled repair (TCR) proteins
that ultimately target TF,H to the lesion (Gregersen and Svejstrup, 2018; van der Weegen et al.,
2020). The combined action of both the helicase and translocase subunits of TFyH, XPD and

XPB, contribute to the eventual displacement of the stalled RNA Pol Il (Kokic et al., 2019;
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Sarker et al., 2005). Photosensitivity in TTD cases results from mutations within genes encoding
various subunits of TFIIH, affecting UV damage repair, as well as the transcriptional response
during such damage. While TFyH has important DNA repair functions, it is also associated with
multiple stages of transcription, including transcription initiation and re-initiation after Pol Il
pausing (Henderson et al., 2017; Yudkovsky et al., 2000). This dual function is thought to be
responsible for the compound phenotypes seen in TTD patients, specifically as related to tissue-
specific transcriptional impairments (Bergmann and Egly, 2001; Dubaele et al., 2003).
TTDN1-mutated patients are non-photosensitive and NER proficient (Botta et al., 2007;
Heller et al., 2015), as are patients with mutations in TF,Ep (Kuschal et al., 2016; Theil et al.,
2017), in the only X-linked TTD-associated gene, RNF113A (Corbett et al., 2015; Tessarech et
al., 2020), and in genes encoding aminoacyl-tRNA synthetases (aaRS) (Botta et al., 2021; Kuo
et al., 2019; Theil et al., 2019). However, non-photosensitive cases retain the severe
neurological and developmental phenotypes seen in photosensitive patients. While TF,Ef has
roles in transcription initiation, RNF113A functions in RNA splicing and recruitment of the ASCC
complex, which in turn may affect nascent transcription (Tsao et al., 2021; Williamson et al.,
2017). Although seemingly diverse, this heterogeneity may at least partially converge on gene
expression, which has led to the hypothesis that the hallmark features of TTD are a
consequence of disturbed gene expression and protein instability, although these explanations
do not satisfy the seemingly specific phenotypes in TTD, such as brittle, sulfur deficient hair.
(Botta et al., 2021). Here, we show that TTDN1 affects the lariat processing activity of DBR1 in
vivo, which suggests NP-TTD cases can arise from indirect consequences of aberrant splicing
culminating in altered nascent transcription and aberrant length-dependent gene expression.
Intron lariat formation begins during two transesterification reactions downstream of
spliceosome assembly and catalytic activation. During the first transesterification step, the

phosphodiester bond of the 5’ splice site undergoes nucleophilic attack by the 220OH group of a
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bulged branch adenosine. This releases the 5" exon and results in a 2’-5’ phosphodiester
linkage between the 5’ splice site and branch adenosine. The second transesterification step
results in exon ligation and intron lariat release after the 3'OH of the released 5’ exon attacks
the phosphodiester bond of the 3’ splice site (Konarska et al., 1985; Ruskin et al., 1984). The
released lariat intron is contained within the Intron Large complex (ILC; (Yoshimoto et al.,
2009)), containing U2, U5, and U6 snRNPs, along with several splicing factors. The ATP-
dependent DExH box RNA helicase hPrp43 is subsequently recruited and disassembles the ILC
to allow DBR1 debranching activity to linearize the intron lariat (Yoshimoto et al., 2009). In
Saccharomyces cerevisiae, DBR1 is not essential for viability, and despite increased levels of
lariat intron RNAs, there is little growth defect (Chapman and Boeke, 1991). In contrast, the
Schizosaccharomyces pombe dbr1™" mutant has overt growth defects that coincide with cellular
elongation and increased lariat intron RNAs (Nam et al., 1997). That introns occupy 95% of
protein-coding transcripts in humans may explain why DBR1 is essential (Findlay et al., 2014;
International Human Genome Sequencing, 2004; Lander et al., 2001). Thus, while DBR1 is
evolutionarily well-conserved, the increasing consequences of DBR1 deficiency correlate with
increased intronic burden, and therefore a higher demand for intron turnover.

Yet, it is likely that toxicity associated with DBR1 deficiency is multi-faceted. DBR1
deficiency in humans coincides with intron lariat accumulation concurrent with retention of
snRNPs in IL complexes (Han et al., 2017). The limited recycling of snRNPs is thought to
reduce interactions between active splicing complexes and introns containing weak U2-binding
sites, resulting in exon skipping, an alternative splicing (AS) event in which exons following
introns with weak branch sites are omitted from mature transcripts. In addition, the role of DBR1
in debranching intron lariats has been connected with the release and processing of various
non-canonical regulatory microRNAs (Okamura et al., 2007; Ruby et al., 2007) and intronic
small nucleolar RNAs (snoRNAs), which function in modification of ribosomal RNAs (Hirose et

al., 2003). snoRNA deficiency is associated with the production of unmodified rRNAs and
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reduced ribosome processivity. However, while loss of TTDN1 does not appear to affect all
functions of DBR1, such as snoRNA levels, the degree to which lariat accumulation occurs in
the absence of TTDN1 is less than that of DBR1. This correlates with the degree of gene
expression changes seen upon loss of TTDN1 versus DBR1.

Why is TTDN1 required to tether DBR1 and the IBC? The TTDN1 N-terminus has
several putative phosphorylation sites, and previous studies indicate that TTDN1 interacts with
the kinases Polo-like Kinase 1 (Plk1) and Cdk1 in a phosphorylation-dependent manner during
mitosis (Zhang et al., 2007). Thus, the state of TTDN1 phosphorylation may regulate its
interactions with DBR1 or the IBC. However, while TTDN1 phosphorylation is restricted to M
phase, TTDN1 expression is maintained throughout the cell cycle (Zhang et al., 2007). While
DBR1 and IBC members have homologs in S. pombe, TTDN1 conservation is restricted to
metazoans. Increased intronic burden is a well-characterized phenomenon that coincides with
the evolution of higher eukaryotes. Therefore, coordinating lariat processing and intron splicing
by TTDN1 may represent a key adaptive strategy to regulate genomic demands seen in

multicellular eukaryotes (Frumkin et al., 2019; Verta and Jacobs, 2022).

Limitations of study

While we provide evidence that TTDN1 forms phase separated droplets in vitro, how this
promotes DBR1 enzymatic activity is unclear. In addition, the mechanistic basis of how loss of
either TTDN1 or DBR1 leads to transcriptional alterations in a length-dependent manner is not
fully elucidated. In a related question, whether lariat accumulation is itself potentially toxic to the
splicing or transcriptional machineries is unknown. Future studies will test implications of the
role of TTDN1 to tether DBR1 and the IBC and further elucidate these mechanistic questions

and their connections to TTD pathology.
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Figure Legends

Figure 1. TTDN1 N-terminal domain contributes to condensate formation in vitro. (a)
Schematic of human TTDN1 highlighting its prion-like domain and its conserved CR2 region. (b)
Contact order analysis was used to quantify the percentage of the simulation in which a given
residue is in direct intramolecular contact with any other residue. (¢) Aromatic patterning was
quantified as described previously, generating 10° random sequence permutations to build the
null-model distribution (grey histogram) (Martin et al., 2020). (d) Coarse-grained simulations
were run as a function of temperature and the resulting phase boundaries show good
agreement with a hypothetic phase diagram generated using Flory-Huggins theory.
Temperature is converted from simulation temperature to Celsius using a previously defined
scaling factor. Error bars are the standard error of the mean as calculated over three
independent simulations. (e) Fluorescence microscopy images of TTDN1-mCherry droplets (2.5
uM) under the indicated conditions. Scale bar, 10 um. (f) Droplet quantification per high
powered field (HPF) from (e). N = 3 independent replicates per condition. (g) Examples of
fusion (top) and fission (bottom) of TTDN1-mCherry condensates. Scale bar, 20 um. (h)
Microscopy of TTDN1-mCherry droplets at the indicated protein concentrations (200 mM NacCl,
no PEG). Scale bar, 10 um. (i) Droplet quantification of (h) as in (f). (j) Fluorescence
microscopy images of TTDN1-mCherry and TTDN1°>A2-mCherry (2.5 uM) under identical
conditions (300 mM NacCl, 5% PEG). Scale bar, 10 um. (k) Droplet quantification of (j) as in (f).
N = 3 independent replicates per condition. Scale bar, 10 um. For all droplet quantifications, * p

<0.05, "™ p <0.01, **** p < 0.0001, n.s., not significant, by unpaired t-test.

Figure 2. TTDN1 interacts directly with the lariat debranching enzyme DBR1 and

promotes RNA debranching in cells. (a) HA IP was performed from 293T cells expressing

HA-GFP or HA-TTDNA1. IP and input material were analyzed by Western blot as shown, with
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positions of molecular weight (Mw) markers shown on the left. Figure representative of three
independent experiments. (b) Whole cell extracts from 293T cells were immunoprecipitated with
control IgG or DBR1 antibody. IP and input material were analyzed by Western blot as shown.
Figure representative of three independent experiments. (¢) GST, GST-ASCC1, and GST-
TTDN1 were immobilized and binding with full-length recombinant His-Flag-DBR1 was tested.
Bound and input material were analyzed by Western blot (top) or Coomassie Blue staining
(CBB; bottom). Figure representative of three independent experiments. (d) Flag IP was
performed from 293T cells expressing the indicated Flag proteins. IP and input material were
analyzed by Western blot as shown. Figure representative of three independent experiments.
(e) Schematic of TTDN1 and summary of DBR1 binding analysis. CR1 and CR2 refer to
“conserved region 1” and “conserved region 2” (Nakabayashi et al., 2005). Bottom shows C-
terminal sequence alignment of human TTDN1 with orthologues from other species. Red square
indicates site of NP-TTD associated point mutation (Met144->Val). Grey squares indicate
residues targeted for mutagenesis. (f) Flag IP was performed as in (d) using the indicated
vectors. IP and input material were analyzed by Western blot as shown. Figure representative of
three independent experiments. (g) TTDN1 was targeted using CRISPR/Cas9 in HeLa-S and
U20S cells. Individual clones were isolated and analyzed by Western blot using antibodies
against TTDN1 and GAPDH. (h) and (i) RNA-Seq was performed in the indicated cell lines, and
stable lariat species were identified and quantified using a branchpoint detection algorithm in
HeLa-S (h) and U20S cell lines (i). N = 3 RNA-Seq replicates and lariat analysis per cell line;
**** p < 0.0001 by unpaired t-test. (j) Bland-Altman plot comparing snoRNA expression in
control and TTDN1 KO HelLa-S cells. Red and blue lines indicate Log. fold-change of +/-0.585,

corresponding to linear fold change of +/- 1.5.

Figure 3. TTDN1 bridges DBR1 to the intron binding complex. (a) Peptide plots depicting

normalized sum intensities (averaged from two independent experiments) for proteins
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associated with DBR1 in control or TTDN1 KO HeLa-S cells expressing Flag-HA-DBR1, as
determined by mass spectrometry. (b) Flag-HA-DBR1 or vector control was expressed in WT or
TTDN1 KO HelLa-S cells. Flag immunoprecipitation was performed from nuclear extract and
Western blotted as shown. Figure representative of three independent experiments. (¢) and (d)
Flag-tagged vectors were transiently expressed and immunoprecipitated from 293T cells, then
Western blotted as shown. Each figure representative of three independent experiments. (e)
Condensate formation of GFP-DBR1 (0.15 pM) in the presence of mCherry, TTDN1-mCherry or
TTDN1>*2-mCherry (2.5 uM each). Scale bar, 10 ym. (f) Quantification of GFP-DBR1 droplet
formation from (e). N = 3 independent replicates per condition; * p < 0.05, ** p <0.01, n.s., not
significant, by unpaired t-test. (g) Model for the tethering of DBR1 to the IBC via TTDN1. See

text for details.

Figure 4. Length-dependent gene expression changes upon loss of TTDN1 and DBR1. (a)
Box plots of transcript genomic length of DEGs (<-0 log2 fold-change (Downregulated), >0 log2
fold-change (Upregulated), and not differentially expressed genes (Not significant)) from TTDN1
KO and control U20S cells. p values were determined by Wilcoxon rank-sum tests. (b) Inverse
relationship between transcript genomic length and changes in expression (log2 fold-changes)
upon loss of TTDN1 in U20S cells. (¢) mRNA levels of indicated genes were assessed by RT-
gPCR in U20S WT and TTDN1 KO cells. Internal expression control was f-actin. Genomic
transcript length and Log» fold change values from corresponding RNA-Seq results are
displayed below graph. Error bars represent standard deviation of data from two independent
experiments. **** p < 0.0001 by unpaired t-test. (d) and (e) Analysis as in (a) and (b),
respectively, was performed using DEGs from RNA-Seq analysis of pooled DBR1 KO and
control HeLa-S cells. (f) Whole cell lysates from two control (C1 and C2) and three NP-TTD (P1,
P2, and P3) patient fibroblast lines with known TTDN1 mutations were used for Western blot

analysis with the indicated antibodies. (g) Stable lariat species were identified and quantified

28


https://doi.org/10.1101/2022.11.03.515106

bioRxiv preprint doi: https://doi.org/10.1101/2022.11.03.5151086; this version posted November 4, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

using a branchpoint identification algorithm in cell lines from (f). N = 3 RNA-Seq replicates and
lariat analysis per cell line; *** p < 0.001 **** p < 0.0001 by unpaired t-test. (h) Analysis as in (a)
was performed using DEGs from RNA-Seq analysis of P1 and C2 patient cells. (i) Alternative 3’
and 5' splice sites (A3SS, A5SS), mutually exclusive exons (MXE), retained introns (RI), and
skipped exons (SE) were quantified using rMATS analysis on n=3 technical replicate RNA-Seq

samples from P1 and C2 patient cells.

Figure 5. Ttdn1¥2 mice recapitulate molecular and pathological phenotypes of NP-TTD.
(a) Weights of female littermate mice were determined at the indicated age. N = 5 mice per
genotype. * p < 0.05, ** p<0.01, *** p< 0.001, ****p<0.0001 by unpaired t-test. (b) Photograph
showing female littermate Ttdn1"* and Ttdn1%% mice at ages 1 month (left) and 15 months
(right). Note sparse hair is more apparent in aged Ttdn1¥4 mouse. (¢) Amino acid analysis of
total hair protein from littermate mice. N = 5 per genotype, ** p < 0.01, by unpaired t-test. (d)
RNA was extracted from the cortex of 8 week old littermate Ttdn1** and Ttdn1¥ mice. Stable
lariat species were identified and quantified using a branchpoint identification algorithm. N = 5
mice per genotype. **** p <0.0001 by unpaired t-test. (e) GSEA of the top 9 pathways
significantly differentially regulated in the cortex of 8 week old Ttdn144 mice based on MSigDb
Human Phenotype Ontology gene sets. (f) An ANOVA conducted on the data pertaining to
distance traveled in the peripheral zone of the test field showed that the Ttdn14“mice traveled a
significantly shorter distance than controls in this area [F(1,33)=4.32, p=0.046]. (g) An ANOVA
performed the walking initiation test (combined cohorts) data yielded a significant genotype
effect [F(1,33)=15.07, p=0.003], showing that the Ttdn1¥ mice took significantly longer to move
out of a small circumscribed area. (h) An rmANOVA conducted on the data from the
accelerating rotarod trials produced a significant genotype effect [F(1,33)=11.74, *p=0.002,],

and genotype x trials interaction [F(1,33)=6.67, indicating that the Ttdn7%4 mice spent
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significantly less time on the rotarod for some of the trials **p=0.014]. #p<0.025; ##p<0.003 (i)
and (j) Significant genotype effects were found following rmANOVAs conducted on the
swimming speed data from the cued and place trials conducted in the Morris water maze,
[genotype effects: F(1,33)=7.87, * p <0.00005; and [F(1,33)=33.86, *p<0.00005, respectively],
indicating that Ttdn14“ mice swam significantly more slowly than control mice. A significant sex
effect was found during the cued trials, [Sex effects on cued trials: F(1,33)=7.87, p=0.008], but
the genotype x sex interaction was not significant. ##p<0.015; 1p<0.0005; 11p<0.00005 (k) An
rmANOVA conducted on the auditory cue data from the conditioned fear test (day 3) resulted in
a significant genotype effect, [F(1,33)=20.69, *p=0.001], and a significant genotype x minutes
interaction, [F(7,231)=2.33, **p=0.033, Huyhn-Feldt (H-F) adjusted p], showing that the Ttdn14“
mice exhibited significantly reduced freezing levels for certain times during the test #p<0.05,

Ap<0.010, ##p<0.00625 (Bonferroni corrected level); 1p<0.0005; t1p<0.00005.

Figure 6. TTDN1 and spliceosome function in length-dependent gene expression. (a)
RNA-seq was performed in the indicated U20S cell lines, and stable lariat species were
identified and quantified using a branchpoint detection algorithm in the presence or absence of
Pladienolide B (Pla-B). N = 3 RNA-Seq replicates and lariat analysis per cell line; ns, not
significant by unpaired t-test. (b) Inverse relationship between transcript genomic length and
changes in expression (log2 fold-changes) in WT U20S cells upon spliceosome inhibition with
Pla-B. (c) and (d) Box plots of transcript genomic length of DEGs (<-0.585 log2 fold-change
(Downregulated), >0.585 log2 fold-change (Upregulated), and not differentially expressed genes
(Not significant)) from control and TTDN1 KO U20S cells in the presence or absence of Pla-B.
p values were determined by Wilcoxon rank-sum tests. (e) Venn diagram showing the number
of overlapping DEGs <-0.585 log2 fold-change between WT U20S cells treated with Pla-B and

TTDN1 KO U20S cells. p value was determined by one-sided Fisher’s exact test. (f) Protein
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levels in TTDN12>4%4 clonal U20S cell lines were compared to WT and TTDN1 KO
counterparts by Western blot using antibodies as shown. Normalized fold change in TTDN1
band intensity relative to GAPDH is shown below blot. (g) mRNA levels of indicated genes were
assessed by gqRT-PCR in the indicated clonal U20S cell lines, with B-actin as the normalization

control. ** p <0.01, *** p < 0.001, **** p < 0.0001 by unpaired t-test.

Figure 7. Tethering DBR1 to the intron binding complex rescues TTDN1 deficiency. (a) A
fusion of DBR1 to the intrinsically disordered domain of TTDN1 is predicted to recruit DBR1 to
intron binding complex, bypassing the requirement for TTDN1. (b) The indicated Flag vectors
were stably expressed in WT or TTDN1 KO HelLa-S cells. Following Flag immunoprecipitation,
input and IP material was Western blotted as shown. Figure representative of three independent
experiments. (c) Stable lariat species were identified and quantified using a branchpoint
identification algorithm in cell lines from (b). N = 3 RNA-Seq replicates and lariat analysis per
cell line; *** p < 0.001 **** p < 0.0001 by unpaired t-test. (d) and (e) Relationship between
transcript genomic length and changes in expression (log2 fold-changes) in the indicated HelLa-
S cell lines. (f-g) Box plots of transcript genomic length of DEGs (<-0.585 log2 fold-change
(Downregulated), >0.585 log2 fold-change (Upregulated), and not differentially expressed genes

(Not significant)) from (b).
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STAR Methods

RESOURCE AVAILABILITY

Lead Contact

Further information and requests for resources and reagents should be directed to and will be

fulfilled by the Lead Contact, Nima Mosammaparast (nima@wustl.edu).

Materials Availability

All reagents generated in this study are available from the Lead Contact without restriction.

Data and Code availability

* RNA-seq data will be deposited at GEO and will be made publicly available prior to publication,
or upon request.

* Links for original code are provided in the Key Resources Table.

* Any additional information required to reanalyze the data reported in this paper is available

from the Lead Contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell culture

Human cell lines (293T, HelLa-S, and U20S; all originally from ATCC) were cultured in
Dulbecco’s modified eagle medium (Invitrogen), supplemented with 10% fetal bovine serum
(FBS; Sigma), 100 U/ml of penicillin-streptomycin (Gibco) at 37°C and 5% CO.. Unaffected
control and NP-TTD patient fibroblast cell lines (obtained from the Coriell Institute for Medical
Research) were maintained in Eagle's Minimum Essential Medium with Earle's salts and non-

essential amino acids supplemented with 15% FBS and 1% penicillin-streptomycin.

Mice
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C57BL/6 mice were bred and maintained in our animal facility according to institutional
guidelines and with protocols approved by the Animal Studies Committee of Washington

University in St. Louis.

METHOD DETAILS
Plasmids

For mammalian cell expression, human TTDN1 or DBR1 were isolated by PCR from
human cDNA, cloned into pENTR-3C (Invitrogen), and subcloned into pMSCV-FLAG-HA,
pHAGE-CMV-FLAG, pMSCV (no tag), or pHAGE-CMV-3XHA by Gateway recombination
(Brickner et al., 2017; Sowa et al., 2009). TTDN1 deletions were created by PCR and cloned as
above. TTDN1 point mutations and the DBR1T™°MNTP fsion were synthesized as gBlocks (IDT)
using codon sequences optimal for human cell expression, and cloned into pENTR-3C. For
recombinant protein expression in bacteria, cDNAs were subcloned into pET28a-Flag or pGEX-
4T1. For expressing His-GFP-DBR1 or Flag-MBP-TTDN1-mCherry and its derivatives in insect
cells, cDNAs were subcloned into MacroBac 438 series vectors (Gradia et al., 2017). All

constructs derived by PCR or from gBlocks were verified by Sanger sequencing.

Cell culture and viral transduction

293T, HelLa-S, and U20S cells (all originally from ATCC) were cultured and maintained
as previously described (Brickner et al., 2017). Unaffected control and NP-TTD patient fibroblast
cell lines were obtained from the Coriell Institute for Medical Research and were maintained in
Eagle's Minimum Essential Medium with Earle's salts and non-essential amino acids
supplemented with 15% FBS and 1% penicillin-streptomycin (Nakabayashi et al., 2005).
Preparation of viruses, transfection, and viral transduction were performed as described
previously (Brickner et al., 2017). Knockout experiments (using lentiviral-based CRISPR/Cas9)

were performed by infecting cells with the indicated lentivirus and selecting with puromycin (1
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ug/ml) for 48-72 hours. For experiments with pladienolide-B, cells were treated with 250 nM of

the inhibitor for 24 hours.

CRISPR/Cas9-mediated knockouts

The U20S TTDN1 KO cells were created using RNP-based CRISPR/Cas9 genome
editing at the Genome Engineering and iPSC Center (GEiC) at Washington University, using the
gRNA sequence 5-ACTCCCGTACCCGTCTCGAG-3'. For CRISPR/Cas9 mediated lentiviral
knockout of TTDN1 and DBR1 in HeLa-S cells, gRNA sequences were cloned into
pLentiCRISPR-V2 (Addgene #52961). The gRNA sequences used to generate the HeLa-S
knockouts were: TTDN1, 5-TGGCTATTATTATTACCTGG-3’; DBR1 5'-
AGGCGGCAAACTTCACATGA-3'. For CRISPR/Cas9 substitution of TTDN1 exon 1, the N-
terminal aromatics mutant containing 13 alanine subsitutions for the aromatics residues
(TTDN1¢>A?) was cloned into an rAAV donor. The following guide RNAs were used to cleave
the endogenous WT exon 1 sequence: 5-AAATTCTGTCGCTGCATATC-3’ and 5-
'ATATGCAGCGACAGAATTTT-3'. All knockout/knock-in clones were verified by deep

sequencing and by Western blot analysis.

Purification of Flag-HA-TTDN1 and Flag-HA-DBR1 complexes and MS/MS analysis

Affinity purification of TTDN1 and DBR1 were performed as previously described, with
minor modifications (Dango et al., 2011). pMSCV-Flag-HA-empty vector, TTDN1 or DBR1
retrovirus was transduced into HeLa-S cells to achieve stable expression of Flag-HA-TTDN1 or
DBR1, respectively. Nuclear extract was prepared from the stable cell lines and the TTDN1 or
DBR1 complexes were purified using anti-Flag resin (M2; Sigma) in TAP buffer (50 mM Tris-HCI
pH 7.9, 100 mM KCI, 5 mM MgCl., 10% glycerol, 0.1% NP-40, 1 mM DTT, and protease

inhibitors). After elution in 1.0 mL TAP buffer plus 0.4 mg/mL Flag peptide (Sigma), the
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complexes were TCA precipitated, and associated proteins were identified by liquid
chromatography-MS/MS at the Taplin Mass Spectrometry Facility (Harvard Medical School)
using an LTQ Orbitrap Velos Pro ion-trap mass spectrometer (Thermo Fisher Scientific) and

Sequest software (Sowa et al., 2009).

Immunoprecipitation and Western blotting

Immunoprecipitation of Flag- or HA-tagged GFP, TTDN1, TTDN1 mutants, or DBR1 was
performed by transient transfection of constructs into 293T cells using Transit293 reagent (Mirus
Bio). Cells were collected, washed in 1X PBS, and frozen at —80 °C. Pellets were resuspended
in IP lysis buffer (50 mM Tris, pH 7.9, 300 mM NaCl, 10% glycerol, 1% Triton X-100, 1 mM DTT,
and protease inhibitors), lysed by sonication, incubated at 4°C with rotation, and spun at 20,000
x g for 30 minutes at 4°C. An equal volume of IP lysis buffer containing no salt was added (final
concentration of NaCl was 150 mM). Lysates were then incubated with anti-Flag (M2; Sigma)
resin or anti-HA resin (Santa Cruz sc-7392) for 3-4 hrs at 4°C with rotation. The beads were
washed extensively with IP lysis buffer containing 150 mM NaCl, and bound material was eluted
with 0.4 mg/ml Flag peptide (Sigma) or with Laemmli buffer and analyzed by SDS-PAGE. For
DBR1T™N-NTD rescue experiments, cells were transduced with the indicated pHAGE-CMV
lentiviral vectors. For immunoprecipitation of Flag-tagged GFP and DBR1"™N'NTD fysjon
proteins from HeLa-S cells, virally transduced cells were selected with 5 ug/ml blasticidin for 48-
72 hours, then collected, washed in 1X PBS, and frozen at -80 °C. Immunoprecipitation was
then performed as above.

Endogenous immunoprecipitation of DBR1 was carried out from 293T cells by collecting
and freezing the cells at -80 °C as above (Soll et al., 2018). Cell pellets were resuspended in
TAP buffer containing 300 mM KCI, lysed by sonication, and spun at 20,000 x g for 10 minutes
at 4°C. IP lysis buffer containing no salt was added to bring the final concentration of KCI to 100

mM. Samples were pre-cleared by incubation with protein A/G beads (Santa Cruz
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Biotechnology) with rotation at 4°C. After centrifugation, the supernatant was then incubated
with equal amounts of control IgG or DBR1 antibodies at 4°C overnight with rotation. Protein
A/G beads were then added and rotated at 4°C for 1 hr. The samples were then centrifuged and
washed extensively with TAP buffer. Bound material was eluted with Laemmli buffer and

analyzed by Western blotting.

Size exclusion chromatography

Nuclear extracts from control or TTDN1 KO HelLa-S cells were directly applied to a
Superose 6 Increase 10/300 GL column on an AKTA Pure or AKTA go FPLC (Cytiva)
equilibrated with TAP buffer. Fractions (1.0 mL each) were collected and concentrated using
StrataClean Resin (Agilent). Proteins were then eluted with Laemmli buffer and analyzed by

Western blotting.

Recombinant protein purification

For recombinant purification of GST-TTDN1, the baculovirus vector was produced using
the Bac-to-Bac expression system (ThermoFisher Scientific). Amplified baculovirus was used to
infect Sf9 cells and harvested after 72 hours. The cells were lysed by resuspending in Buffer L
(20 mM Tris pH 7.3, 150mM NaCl, 8% glycerol, 0.2% NP-40, 0.1% TritonX-100, 2mM -
Mercaptoethanol plus protease inhibitors). Cells were lysed by sonication, then rotated at 4°C
for 30 minutes. Extract was cleared by centrifugation, then added to washed Glutathione-
Sepharose beads. After rotation 4°C for 2h, beads were extensively washed in Buffer L, and
eluted in Buffer L plus 10mM Glutathione for 20min 4°C with rotation. Protein was dialyzed into
TAP Wash buffer overnight at 4°C.

Rosetta (DE3) cells expressing His-Flag-DBR1 were resuspended in His-lysis buffer (50
mM Tris-HCI pH 7.3, 250 mM NacCl, 0.05% Triton X-100, 3 mM B-ME, 30 mM imidazole, and

protease inhibitors) and lysed by sonication 3x for 30sec at 20% power. Extract was centrifuged
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at 12,300 x g for 15min 4°C, then supernatant was incubated with Nickel-NTA beads and eluted
for 20 minutes at 4°C with 300 ul His-lysis buffer containing 400 mM imidazole. Protein was
dialyzed into TAP Wash buffer overnight at 4°C.

Sf9 cells expressing Flag-MBP-TTDN1-mCherry and Flag-MBP-TTDN1 Aro>Ala-
mCherry were harvested and frozen at -80°C. Pellets were resuspended in MBP Lysis buffer
(50mM Tris-HCI pH 7.9, 500mM NaCl, 5% glycerol, 0.5mM DTT, 1mM PMSF, and protease
inhibitors). After douncing, the cell extracts were further lysed by sonication on ice at 25%
amplitude for 3 minutes (30 seconds on, 30 seconds off) and centrifuged at 12,000 x g for 30
minutes at 4°C. The supernatant was incubated with Hi-Flow amylose resin (NEB) for 1hour at
4°C, then washed extensively in MBP Lysis Buffer. Elution using MBP lysis buffer was
performed in the presence of 12.5 ul Precission protease (ThermoFisher, 2U/ul) at room
temperature for 1 hour with rotation. Washed glutathione-Sepharose resin (Sigma) were added
for 15 minutes to remove remaining Precission protease. For in vitro droplet assays performed
in the absence of PEG, TTDN1-mCHerry eluates were concentrated using Amicon Ultra-15
Centrifugal Filters (Millipore). Sf9 cells expressing His-GFP-prp-DBR1 were harvested and
frozen at -80°C. Pellets were resuspended in 30 mL Buffer L (50 mM Tris pH 7.3, 500 mM NacCl,
8% glycerol, 0.2% NP-40, 0.1% Triton X-100, 25 mM Imidazole, 1 mM B-Mercaptoethanol). An
additional 30 mL Buffer L was added prior to 30 minutes of rotation at 4°C to complete cell lysis.
Extract was centrifuged at 12,300 x g for 10 minutes, then supernatant was incubated with Ni-
NTA beads and eluted with Buffer L containing 400 mM imidazole. After dialysis into TAP buffer,
protein was concentrated using Amicon Ultra-15 Centrifugal Filters (Millipore), and then sample
was directly applied to a Superose 6 Increase 10/300 GL column on an AKTA Pure FPLC
(Cytiva) equilibrated with TAP buffer. 1 mL fractions were collected and analyzed by Coomassie

Blue staining. Peak fractions were kept and stored at -80°C.

In vitro condensate formation assays
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Recombinant mCherry (Biovision; #4993), TTDN1-mCherry, TTDN1 Aro>Ala-mCherry,
and/or GFP-DBR1 were rapidly thawed at 37°C, then diluted in buffer containing 50 mM Tris-
HCI pH 7.9, 5% glycerol, and the indicated NaCl and PEG-8000 concentrations. Samples were
mixed by brief vortexing, incubated at room temperature for 10 minutes, and visualized using an
Olympus fluorescence microscope (BX-53) using an UPlanS-Apo 100x%/1.4 numerical aperture
oil immersion lens and cellSens Dimension software. Live imaging for droplet fusion and fission
were visualized with Olympus fluorescence microscope (IX-83) using an UPlanS-Apo 100x/1.4

numerical aperture oil immersion lens and cellSens Dimension software.

Phase separation simulations

All-atom simulations were run using the CAMPARI simulations engine
(http://campari.sourceforge.net/) and ABSINTH implicit solvent model (abs_opls_v3.2) (Vitalis
and Pappu, 2009). Simulation setup was identical to that performed previously for the 135-
residue low-complexity domain from hnRNPA1 (Martin et al., 2020). Thirty independent
simulations were run for 150 M steps each with conformations saved every 100 K steps,
generating a final ensemble of 42,000 conformations. The large interval of 100 K steps between
conformation output is necessary given the large size of the IDR and ensures that local
conformational correlations are minimized. All-atom simulations were analyzed using
SOURSOP (https://soursop.readthedocs.io/). Contacts were defined as two residues with heavy
atoms within 5.0 Angstroms of one another. Secondary structure was calculated based on
DSSP. Coarse-grained simulations were run using PIMMS (https://zenodo.org/record/3588456)
with identical parameters applied previously for hnRNPA1 simulations (Martin et al., 2020).
Binodals were calculated from simulation analysis using the radial droplet density to measure
the high-concentration arm of the binodal. Sequence analysis (including patterning analysis)

was performed using localCIDER (Holehouse et al., 2017).
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Protein binding assays

All in vitro GST-protein binding assays were performed as described previously with
minor modifications (Mosammaparast et al., 2013). Briefly, 6 ug of the indicated GST-tagged
protein was incubated with 30 ul of blocked glutathione-Sepharose beads and 2 ug of Hise-Flag-
DBR1 in TAP buffer containing 1% BSA in a total volume of 100 pl. After incubation at 4°C with
rotation for 1 hour, beads were washed extensively using TAP buffer, followed by a final wash in
1X PBS. Bound material was eluted using Laemmli buffer and analyzed by SDS-PAGE and
Western blotting. For mCherry-protein binding assays, anti-mCherry Nanobody Affinity Gel
(Biolegend) were blocked with BSA overnight at 4°C in 1X TAP buffer and 3.3% BSA. 10 pug of
the indicated mCherry protein was incubated with 30 ul blocked Anti-mCherry Nanobody affinity
gel in TAP buffer in a total volume of 100 pl. After incubation at 4°C with rotation for 1 hour,
beads were washed extensively using TAP buffer. After addition of 1ug of GFP-DBR1, samples
were incubated at 4°C with rotation for 1 hour, washed extensively using TAP buffer followed by
a final wash in 1X PBS. Samples were eluted using Laemmli buffer, analyzed by SDS-PAGE

and Western blotting or Coomassie Blue staining.

RNA-Seq and data analysis

RNA was purified from cell lines using the Qiagen miRNeasy mini kit to accomodate
small RNA isolation (#217004). Samples for small RNA-sequencing were prepped with TruSeq
Small RNA library preparations kits; otherwise all other samples were prepared according to
library kit manufacturer’s protocol, indexed, pooled, and sequenced on an lllumina NovaSeq
6000 2x150bp with the Genome Technology Access Center at Washington University in St.
Louis, typically yielding 200 million paired-end reads per sample.

Total RNA isolation from mouse cortex was carried out as previously described

(Christian et al., 2020). In brief, cerebral cortex was dissected in ice-cold PBS from 5 female
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Ttdn1#4 and 5 WT littermates at 8 weeks of age. RNA was purified from cortex using the Qiagen
miRNeasy mini kit. Samples were prepared according to library kit manufacturer’s protocol,
indexed, pooled, and sequenced on an lllumina NovaSeq 6000 2x150bp with the Genome
Technology Access Center at Washington University in St. Louis, typically yielding 200 million
paired-end reads per sample.

Basecalls and de-multiplexing were performed with lllumina’s bcl2fastq software and a
custom Python demultiplexing program with a maximum of one mismatch in the indexing read.
RNA-Seq reads were then aligned to Ensembl GRCh38.76 or Ensembl GRCm38.76 assembly
for human or mouse samples, respectively, with STAR version 2.7.9a (Dobin et al., 2013).
Gene counts were derived from the number of uniquely aligned unambiguous reads by
Subread:featureCount version 2.0.3 (Liao et al., 2014). Isoform expression of known Ensembl
transcripts were quantified with Salmon version 1.5.2 (Patro et al., 2017). Sequencing
performance was assessed for the total number of aligned reads, total number of uniquely
aligned reads, and features detected. The ribosomal fraction, known junction saturation, and
read distribution over known gene models were quantified with RSeQC version 4.0 (Wang et al.,
2012).

All gene counts were then imported into the R/Bioconductor package EdgeR (Robinson
et al., 2010) and TMM normalization size factors were calculated to adjust for samples for
differences in library size. Ribosomal genes and genes not expressed in the smallest group
size minus one sample greater than one count-per-million were excluded from further analysis.
The TMM size factors and the matrix of counts were then imported into the R/Bioconductor
package Limma (Ritchie et al., 2015). Weighted likelihoods based on the observed mean-
variance relationship of every gene and sample were then calculated for all samples and the
count matrix was transformed to moderated log 2 counts-per-million with Limma’s
voomWithQualityWeights (Liu et al., 2015; Luo et al., 2009). The performance of all genes was

assessed with plots of the residual standard deviation of every gene to their average log-count
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with a robustly fitted trend line of the residuals. Differential expression analysis was then
performed to analyze for differences between conditions and the results were filtered for only
those genes with Benjamini-Hochberg false-discovery rate adjusted p-values less than or equal
to 0.05. For each contrast extracted with Limma, global perturbations in known Gene Ontology
(GO) terms, MSigDb, and KEGG pathways were detected using the R/Bioconductor package
GAGE (Luo et al., 2009) to test for changes in expression of the reported log 2 fold-changes
reported by Limma in each term versus the background log 2 fold-changes of all genes found

outside the respective term.

gqRT-qPCR

RNA was extracted using the QIAGEN miRNeasy Mini Kit (#217004). Reverse
transcription was performed on 2ug purified RNA using the High-capacity cDNA reverse
transcription kit with RNase inhibitor (ThermoFisher) using poly(dT) primers. SYBR Green
JumpStart Taq Ready Mix (Sigma S9194) with used with gPCR using the QuantStudio 6 Flex
Real-Time PCR System (Applied Biosystems). Relative quantification was performed using the

2784Ct meathod.

rMATS:

rMATS turbo v4.1.1 was used to detect the splicing events and significant splicing
differences between TTDN1 or DBR1 knockout and control samples, including patient fibroblast
samples and mouse samples. “Positive” and “negative” indicates inclusion and exclusion of
splicing event relative to control transcript. For an event to be considered for any downstream
analysis we required that each isoform was supported by at least 5 reads in half of the samples.

Differentially spliced events were required to have an absolute difference in inclusion level
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greater than 10% and a false discovery rate less than 10% (Shen et al., 2014)

(https://github.com/Xinglab/rmats-turbo).

Gene length analysis

Lengths of transcripts (CDSs plus UTRs) and numbers of exons for the human genome
assembly were obtained by intersecting the information from file knownGene.txt
(https://hgdownload.soe.ucsc.edu/goldenPath/hg38/database/, June 2020) with a custom
BioMart Ensembl file of GRCh38 (May 2020) using in-house scripts. One-exon transcripts were
excluded. The log10 of both transcript length and exon number were used for the analyses.
RNA-Seq data were taken from the list of differentially expressed transcripts displaying
significant Benjamini-Hochberg false-discovery rates, using various log2 fold-changes cutoffs as
specified, and comparing with the remaining transcripts. For the line plots of transcript length or
exon number versus log2 fold-changes we binned the ranked data with stride = 200 (i.e. 200
transcripts per bin) and displacement = 40 (overlap) unless otherwise specified. For each data
point, error range corresponds to the standard error. For the mouse genome assembly, we used
Ensembl GRCm38.76. We obtained transcript lengths and exon numbers using Daren Card’s
utility “genestats.sh” at https://gist.github.com/darencard/fcb32168c243b92734e85c5f8b59a1c3.
The “bgzip” and “tabix” utilities were downloaded from http://www.htslib.org/download/ (version
htslib-1.12); “bedtools” was version 2.29.2. The R libraries “ggplot2”, “ggpubr”, and “grid” along
with the Wilcoxon test were used to construct box plots. These show the median (unless
specified otherwise), interquartile range (IQR) from Q1 (25" percentile) to Q3 (75" percentile),
whiskers extending from Q1 — 1.5xIQR (minimum) to Q3 + 1.5xIQR (maximum), and outliers as

dots.

Lariat identification by splice site matching
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A lariat mapping pipeline was developed based on the method described in Pineda and Bradley,
2018. First, reads are filtered out if they contain >5% ambiguous characters. Then, reads are
mapped to the genome, and aligned reads are discarded. A mapping index is then created
based on the unaligned reads, and a FASTA file containing the first 20nt of each annotated
intron in the transcriptome is mapped to the unaligned reads. Reads are then identified where
only one 5’ splice site maps to them and the alignment has no mismatches or indels. These
reads are then trimmed of the sequence from the start of the 5’ SS alignment to the end of the
read, and reads were the trimmed portion is <20nt are filtered out. The remaining trimmed reads
are mapped to an index built from the last 250nt of every annotated intron. The trimmed read
alignments are then filtered to only consider those with <=5 mismatches, <=10% mismatch rate,
and no more than one indel of <=3nt. Then, for each trimmed read the highest scoring
alignment was chosen after restricting to alignments in the same gene as the 5’ SS alignment
and those with the expected inverted mapping order of the 5’ and 3’ segments. The end of this
highest scoring alignment is then taken to be the branchpoint of the lariat the read is derived

from.

Immunofluorescent microscopy

U20S cells expressing pHAGE-CMV-3XHA-TTDN1 were washed with 1X PBS before
fixation with 3.2% paraformaldehyde. The cells were then washed with immunofluorescence
wash buffer (1x PBS, 0.5% NP-40, and 0.02% NaN3s), then blocked with immunofluorescence
blocking buffer (immunofluorescence wash buffer plus 10% FBS) for 30 minutes. HA (Santa
Cruz sc-805) antibody was diluted in immunofluorescence blocking buffer at 1:300 overnight at
4°C. After staining with Alexa Fluor 488 secondary antibody (Millipore) and Hoechst 33342
(Sigma-Aldrich), samples were mounted using Prolong Gold mounting medium (Invitrogen).
Epifluorescence microscopy was performed on an Olympus fluorescence microscope (BX-53)

using an UPlanS-Apo 100%/1.4 numerical aperture oil immersion lens and cellSens Dimension
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software. Raw images were exported into Adobe Photoshop, and for any adjustments in image

contrast or brightness, the levels function was applied.

Targeting mouse Ttdn1 locus and animal husbandry

Ttdn1%4 and Ttdn1M#3VM143V mjce were created using CRISPR/Cas9 technology at the
Washington University Genome Engineering and iPSC Center as previously described (Zhao et
al., 2018). Female C57BL/6 mice were super-ovulated using 5 IU of Pregnant Mares Serum
Gonadotropin followed by 5 IU of Human Chorionic Gonadotropin 48 hours later. The females
were then mated to C57BL/6 male mice and day 0.5 embryos were isolated the morning after
mating. The fertile single cell embryos underwent pronuclear micro-injection delivering

the CRISPR gRNA (5-TTCAATGCTTGAAGACCCTTNGG-3’) mixed with RNA encoding Cas9
and donor DNA. The concentration of the injection mix was 5 ng/ul gRNA with 10 ng/ul Cas9
RNA. Tail samples were taken from pups and deep sequencing was performed to identify
animals carrying indels, and the exact modification that occurred. The founder male mouse with
the A34 allele, or the M143V knockin allele, was selected and mated to a C57BL/6 female to
isolate the allele, and heterozygous progeny were mated to generate the homozygous mutant
mice.

All animal protocols were approved by the Institutional Animal Care and Use Committee
and the Animal Studies Committee of Washington University in St. Louis, and in accordance
with guidelines from the National Institutes of Health (NIH). Mice were housed in a room on a
12:12 hour light/dark cycle, with controlled room temperature (20-22°C) and relative humidity
(50%). Home cages measured 28.5 cm x 17.5 cm x 12 cm and were supplied with corncob
bedding and standard laboratory chow and water. All mice were group-housed and adequate

measures were taken to minimize animal pain or discomfort.

Behavioral analysis
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The behavioral procedures were similar to previously described methods (Maloney et al.,
2019), except for the marble burying test, for which the general procedures described in (Cheng
et al., 2018) were used. All behavioral testing was conducted during the light cycle, by an
experimenter “blinded” to experimental group status of each mouse. The order of the tests was
the same as described below, which reflects attempts to minimize “carry-over” effects across
measures by conducting the most stressful measures last in the series. Only one test was
conducted per day. All equipment was cleaned with 2% chlorhexidine diacetate or 70% ethanol
between animals. Behavioral studies were conducted in two different cohorts of mice: cohort 1 —
Ttdn1**=10 (4M; 6F); Ttdn1¥4 =10 (4M; 6F); and cohort 2 - Ttdn1** =8 (4M; 4F); Ttdn1¥4 =9
(4M; 5F). Results presented are from analyzing the combined data set from the two different
cohorts of mice. Analysis of the combined data set was carried out to increase statistical power
for evaluating main effects of Genotype and Sex and their interactions. Behavioral testing
involved using identical protocols and test sequences for each cohort. Moreover, we conducted
“analysis screens” on all the behavioral data using an ANOVA model containing Genotype and
Cohort as between-subjects variables. These models were used to determine whether any
Genotype x Cohort interactions were present in order to judge the appropriateness of combining
the data sets. These analyses did not produce any significant Genotype x Cohort interactions
per se. However, in two instances, stationary rod (rotarod) and place path length (Morris water
maze), 3-way interactions including a Genotype x Cohort along with the main dependent
variable were observed, but this was of no consequence since there were no differences
between groups with regard to these two variables. Note that there was one difference between
the testing of the two cohorts. Specifically, only the Ttdn144 and Control mice from cohort 2
were evaluated on acoustic startle and prepulse inhibition of startle (PPI). This test was

conducted one week after the mice were assessed on conditioned fear to determine the
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likelihood that the significant impairment on the auditory cue test exhibited by the TTDN1 mice

was due to severe auditory deficits

Rotarod. The Ttdn1¥4 and WT mice were tested on the rotarod (Economex, Columbus
Instruments, Columbus, OH) to assess fine motor control. Each mouse was placed on a 9.5 cm
section of grooved rod measuring 3.81 cm in diameter surrounded by plastic walls and elevated
52 cm from the floor. Mice received five trials on three test days, where each test session was
separated by 4 days to minimize motor learning. The rod was stationary for trial 1 and
continuously rotating at 2.5 rpm for trials 2 and 3 for 60 s. The rod accelerated by 0.13 rpm per
second for trials 4 and 5 for 180 s. Time the mouse remained on the rod served as the
dependent variable. Note that the one-hour locomotor activity test, sensorimotor battery, and
marble burying test were conducted during days intervening between rotarod test sessions,

although only one test was scheduled for a given day.

One-hour locomotor activity and sensorimotor battery. Mice were placed in transparent

polystyrene enclosures (47.6x25.4x20.6cm) and movements were monitored using
computerized photobeam instrumentation. General activity variables (total ambulations, number
of vertical rearings) were collected along with emotionality indices (time spent, distance
traveled, and entries made in a 33 x 11 cm central zone, as well as distance traveled within a
5.5 cm contiguous area around the periphery. The following day, mice were run on a battery of
sensorimotor tests (walking initiation, ledge platform; pole, 60° and 90° inclined screens,
inverted screens) to assess movement initiation, balance, strength, and coordination. For
walking initiation, mice were placed in the center of a 21 x 21 cm square marked with tape, and
the amount of time mice took to leave the square was recorded. In the ledge and platform tests,
mice were placed on an elevated Plexiglas ledge (0.75 cm wide) or small circular wooden

platform (3.0 cm diameter) elevated to 30 or 47 cm, respectively, and the amount of time they
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could remain on either apparatus was recorded. In the pole test, mice were oriented head-up
with forepaws on top of a textured rod (8 mm x 55 cm) and the amount of time the mouse took
to turn around and climb down the pole was measured. If the mouse fell off the pole, it was
assigned a maximum score of 120 s. Inclined screen tests were performed by placing mice
head-oriented down on a wire mesh grid (16 x 10 cm) elevated 47 cm and inclined at 60° or 90°.
The time taken for the mouse to turn 180° and climb to the top of the wire mesh was then
measured. Inverted screen tests began identically to inclined screen tests described above,
except that the screen was inverted 180° after ensuring the mouse had a secure grip. The
amount of time the mouse could remain on the screen was recorded. Each test lasted a
maximum of 60 s, except for the pole measure (120 s). Means from two trials per test per

mouse were used in all analyses.

Marble burying. Species-specific, compulsive digging behavior was evaluated in the mice using

the marble burying test employing a procedure generally similar to previously-described
methods (Maloney et al., 2018). A rat cage was filled with aspen bedding to a depth of 3 cm
served as the apparatus. Twenty marbles were placed on top of the bedding in a 5 x 4 evenly
spaced configuration. The test began by placing a mouse in the center of the chamber and
allowing it to freely explore and dig for 30 min under normal laboratory lighting conditions. An
acrylic lid containing air holes was placed on top of the cage to prevent mice from escaping.
After 30 min, the mouse was returned to its home cage. Two observers counted the number of
marbles not buried (less than two-thirds of the marble was covered with bedding). The number
of marbles buried was then determined, and the average of the two scores was used in the
analysis. After the marbles were counted, the bedding was disposed of and the cage and

marbles were cleaned with 2% chlorhexidine diacetate.
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Morris Water Maze (MWM). Spatial learning and memory were assessed using the MWM three

days after completion of the sensorimotor battery. A computerized tracking system (ANY-maze;
Stoelting) recorded the swim path of the mouse to the escape platform and quantified path
length and latency to the escape platform, and swimming speeds during cued, place, and probe
trials conducted in a pool of opaque water. Mice were first tested on the cued condition to
assess whether they had any demonstrable nonassociative deficits (e.g., visual or sensorimotor
disturbances) that might affect subsequent performance during the place (spatial learning) trials.
For the cued trials, the escape platform was submerged beneath the surface of the water, but its
location was denoted by a red tennis ball atop a rod, which was attached to the escape platform
and served as a visual cue. Cued trials were conducted four times per day for two consecutive
days, for a total of eight trials with an inter-trial interval (ITI) of 30 min and a 60 s maximum per
trial. To limit spatial learning during cued trials, the location of the platforms was varied across
trials in the presence of very few distal spatial cues. Cued trial performance was analyzed as
four blocks of two trials each. Three days after completing the cued trials, spatial learning was
assessed during the place condition. For the place trials, the platform was hidden beneath the
surface of the opaque water and its location was kept constant across all trials in the target
quadrant, with several salient distal cues being present. Acquisition training involved releasing a
mouse from each of the pool quadrants for each trial, with the sequence of quadrants being
pseudorandomly determined for each test session. Two blocks of 2 consecutive trials each were
performed over five days, with 60 s maximum per trial and an ITIl of 30 s, during which time a
mouse was allowed to remain on the platform. Blocks were separated by approximately 2 h.
The place trials data were analyzed over five blocks of four trials, each block representing one
day of training. A 60 s probe trial was administered about 1 h after the last place trial on the fifth
day when the platform was removed, and the mouse was released into the maze from the

quadrant opposite where the platform had been located. The amount of time the mouse spent
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searching in each quadrant of the pool, as well as the number of times it crossed over the exact

location where the platform had been located (platform crossings) were recorded.

Conditioned fear. Three days after completing testing in the MWM, the mice were assessed on

Pavlovian fear conditioning. The procedure involved placing a mouse into a Plexiglas
conditioning chamber (26cmx18cm x18cm; Med-Associates), that contained distinct visual,
tactile, and olfactory cues. Freezing behavior was assessed for a 2-min baseline period prior to
tone-shock training. Three minutes after being placed in the conditioning chamber, and every 60
s thereafter, mice were exposed to 3, tone-shock pairings. Each pairing consisted of 20 s of
broadband white noise presented at 80 dB (conditioned stimulus; CS), with a 1.0 mA continuous
foot shock (unconditioned stimulus; UCS) presented during the last second of the tone. Mice
were placed back into the same conditioning chamber the following day and freezing behavior
was measured over an 8-min period. One day later, mice were placed into a chamber that
contained a different set of cues. Freezing behavior was recorded for a 2-min altered context
baseline period, after which mice were assessed on the auditory cue test, which involved the
presentation of the tone (CS) over an 8 min period. Freezing behavior was quantified using
FreezeFrame image analysis software (Actimetrics), where freezing was defined as no
movement beyond that associated with breathing. Data are presented as a percentage of time
spent freezing, relative to the total duration of the trial. Shock sensitivity was evaluated after fear

conditioning using previously described procedures.

Acoustic startle/prepulse inhibition of startle (PPI). After the completion of testing the second

cohort of mice, the decision was made to evaluate the second cohort on the acoustic startle
response and prepulse inhibition of the startle response (PPI) to provide some information on
the possibility that deafness or severe auditory deficits were responsible for the impaired

auditory cue performance during conditioned fear testing (day 3) of the Ttdn1¥4 mice. Thus, one
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week after completing the conditioned fear test for cohort 2, sensorimotor reactivity and gating
and the general intactness of the auditory system were evaluated in the mice by quantifying the
magnitude of their acoustic startle response and PPI (Hamilton Kinder, LLC), using methods
similar to those previously described (Cheng, 2018). Specifically, responses to a 120 dB
auditory stimulus pulse (40 ms broadband burst) and PPI (response to a prepulse plus the
startle pulse) were measured concurrently in the mice using Kinder Scientific Startle Reflex
chambers (Poway, CA, USA). A total of 20 startle trials were presented over a 20 min test
period during which the first 5 min served as an acclimation period when no stimuli above the 65
dB white noise background were presented. The session began and ended by presenting 5
consecutive startle (120 db pulse alone) trials unaccompanied by other trial types. The middle
10 startle trials are interspersed with PPI trials (consisting of an additional 30 presentations of
120 dB startle stimuli preceded by pre-pulse stimuli of either 4, 12, or 16 dB above background
(10 trials for each PPI trial type). Following pseudorandom presentation of all PPI and startle
trials, responses to 40 ms broadband bursts at 80, 90, 100,110 and 120 dB were measured to
screen for differences in auditory thresholds. A %PPI score for each trial was calculated using
the following equation: %PPI1=100*(ASRstartle pulse alone - ASRprepulse+startle

pulse)/ASRstartle pulse alone.

Neurohistology

At around 4.5 months of age, animals were perfused using 4% paraformaldehyde and
brains sectioned on a vibratome at 75 microns. Sections were then stained with hematoxylin by
immersing in two five-minute exchanges of 100% ethanol, 2 minutes in 95% ethanol, 2 minutes
in 70% ethanol, five dips in deionized water, and eight minutes in hematoxylin (Gill's
hematoxylin stock solution, Sigma-Aldrich, GHS132-1L). This was followed by two exchanges
of five dips in deionized water, ten seconds in 0.2% ammonia water, and a final five dips in

deionized water. Mounted sections were then coverslipped using an aqueous mounting medium
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(Permanent Aqueous Mounting Medium, Bio-Rad, BUF058A). Regional volumes were then
quantified using Stereo Investigator Software (Version 2020.2.3, MBF Bioscience, Williston, VT)
running on a Dell Precision Tower 5810 computer connected to a Qlmaging 2000R camera and

a Labophot-2 Nikon microscope with electronically driven motorized stage.
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REAGENT or
RESOURCE SOURCE IDENTIFIER
Antibodies

TTDN1 (Rabbit) Novus CAT#NBP2-31718
CAT#PA5-57244;

DBR1 (Rabbit) Invitrogen RRID:AB_2640394
CAT#ab9485;

GAPDH (Rabbit) | Abcam RRID:AB_307275
CAT#F7425;

Flag (Rabbit) Sigma RRID:AB_439687
CAT#901501;

HA (Mouse) BioLegend RRID:AB_2565006
CAT#A302-546A;

AQR (Rabbit) Bethyl Labs RRID:AB_1998969
CAT#A303-638A;
RRID:AB_1120511

XAB2 (Rabbit) Bethyl Labs 2
CAT#A301-419A;

ZNF830 (Rabbit) | Bethyl Labs RRID:AB_960966
CAT#A303-922A;

PRP8 (Rabbit) Bethyl RRID:AB_2620271
CAT#SAB4501215;
RRID:AB_1074527

PRP19 (Rabbit) Sigma 3
CAT#A301-601A;

SF3A1 (Rabbit) Bethyl Labs RRID:AB_1078817
CAT#sc-2027,;

IgG (Rabbit) Santa Cruz RRID:AB_737197

Chemicals, peptides, recombinant proteins

His-Flag-DBR1 This study N/A

GST (Soll et al., 2018) N/A

GST-TTDN1 This study N/A

GST-ASCC1 (Soll et al., 2018) N/A

Flag-MBP-

TTDN1-mCherry | This study N/A

Flag-MBP-

TTDN1-Aro>Ala-

mCherry This study N/A

mCherry Biovision 4993

His-prp-DBR1-

GFP This study N/A

Murine Rnase

Inhibitor NEB MO0314L

Rnase-free

Dnase Qiagen 79256

Flag peptide Sigma F3290

Anti-Flag M2

agarose beads Sigma A2220

Anti-HA agarose

beads Santa Cruz sc-7392 AC
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Pladienolide-B Cayman Chemical Company 16538

Puromycin Sigma P8833

Blasticidin S Sigma 15205

Protease &

phosphatase

inhibitor cocktail Thermo Fisher A32961

Ni-NTA beads Qiagen 88221

Hoechst 33342 BD Bioscience 561908

ProLong Gold Invitrogen P36930

Critical

Commercial

Assays

miRNeasy mini

kit Qiagen 217004

High capacity

cDNA synthesis

kit Thermo Scientific 4368814
Experimental models: Cell lines

293T ATCC N/A

HelLa-S ATCC N/A

U20S ATCC N/A

U20S TTDN1 KO | This study
HelLa-S TTDN1
KO This study
U20S WT/WT This study
U20S Ala/KO This study
HelLa-S DBR1
KO This study
Fibroblast: Male

TTDN1 2BP DEL,

187GG Coriell Institute for Medical Research GM06331

Fibroblast:

Female TTDN1

2BP DEL, 187GG | Coriell Institute for Medical Research GM06332

Fibroblast:

Female TTDN1

2BP DEL, 187GG | Coriell Institute for Medical Research GM06333

Fibroblast:

Female

unaffected Coriell Institute for Medical Research GM016648

Fibroblast: male

unaffected Coriell Institute for Medical Research GM016650
Experimental models: Mouse

Ttdn1** This Study

Ttdn 1M143vM143V This Study

Oligonucleotides

POUGF2
(forward) 5'-CAAGCATCCATGTCTCAAAGTC-3'
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5'ATTAACCCCATCCACCTCAC-3'

TLL1 (forward)

5'-AAAGAAGTGATGAAGAGAGTTACATTG-3'

TLL1 (reverse)

5'-GCCGATAGAGATTGCCTGAG-3'

BCR (forward)

5'-AATGGCTGAGAAGTGCTGT-3'

BCR (reverse)

5-CTTGTAGAGCAGAGTTTCCAGAG-3'

B-actin (forward)

5-CCAACCGCGAGAAGATGA-3’

B-actin (reverse)

5-CCAGAGGCGTACAGGGATAG-3

Recombinant DNA

pET-28a-Flag-
DBR1

This study

pFastBac-GST-
TTDN1

This study

pGEX-ASCC1

(Soll et al., 2018)

MacroBac438-
Flag-MBP-
TTDN1-mCherry

This study

MacroBac438-
Flag-MBP-
TTDN1-Aro>Ala-
mCherry

This study

His-prp-DBR1-
GFP

This study

pHAGE-3xHA-
GFP

This study

pHAGE-3xHA-
TTDN1

This study

pHAGE-Flag-
TTDN1

This study

pHAGE-Flag-
TTDN1 NA20

This study

pHAGE-Flag-
TTDN1 NAGO

This study

pHAGE-Flag-
TTDN1 CR1-2

This study

pHAGE-Flag-
TTDN1 ACR1-2

This study

pHAGE-Flag-
TTDN1 ACR2

This study

pHAGE-Flag-
TTDN1 E135K,
E137K

This study

pHAGE-Flag-
TTDN1 K141E

This study

pHAGE-Flag-
TTDN1 E146K,
D147K

This study

pHAGE-Flag-
TTDN1 E153K

This study
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DBR1 This study
pMSCV-Flag-HA-
TTDN1 This study
pHAGE-Flag-
TTDN1 Aro>Ala This study
pHAGE-Flag-
DBR1-TTDN1
IDR This study
pLentiCRISPR-
V2 -TTDN1 This study
pLentiCRISPR-
V2 -DBR1 This study
pLentiCRISPR-
V2 -NTC Tsao et al., 2021
Software and algorithms
ImagelLab N/A
ImagedJ N/A
rMATS turbo
v4.1.1 https://github.com/Xinglab/rmats-turbo
Gene length https://github.com/abacolla/nima_ttdn1
Branchpoint
detection
algorithm Pineda et al., 2018
Photoshop N/A
Prism/Graphpad | N/A
Stereo
Investigator
Software Version 2020.2.3, MBF Bioscience, Williston, VT

Sequest software

Eng et al., 1994
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Figure 2 (Townley et al.)
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Figure 4 (Townley et al.)
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Figure 6 (Townley et al.)
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Figure 7 (Townley et al.)
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Supplemental Figure S1
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(Townley et al.)
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b Supplemental Figure S4
(Townley et al.)
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Supplemental Figure S7
(Townley et al.)
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Supplemental Figure Legends

Supplemental Figure S1. TTDN1 as a putative phase-separating molecule (related to
Figure 1). (a) The radius of gyration (R,) and end-to-end distance (R.) offer polymeric metrics
used to quantify the global dimensions of disordered proteins. (top) All-atom simulations reveal
an expected Ry for TTDN1''22 of around 33 A, suggesting the IDR is relatively expanded when
compared to the Rymeasured for other disordered proteins of a similar length (Lazar et al.,
2021). The broad smooth distribution is indicative of effective and well-resolved conformational
sampling obtained by the simulations. (bottom) The end-to-end distance distribution is similarly
broad and follows the expected distribution for an expanded and flexible polymer. (b) Secondary

structure analyzed by DSSP confirms the disordered nature of TTDN1"'22

with the possible
exception of transient residual helicity between residues 90 and 110. As per standard DSSP
classification, secondary structure is defined as either (top) helicity, (middle) ‘extended’ (which
includes beta-sheet and beta-strand conformations) and (bottom) coil. Quantification reflects the
fraction of all simulations for which each residue is found in a given structural state. Error bars
reflect standard error of the mean over thirty independent replicas. (¢) TTDN1""?? phase
diagram (red) compared to that reported previously by Martin et al. (blue) (Martin et al., 2020).
Coarse-grained simulations were run as a function of temperature and the resulting phase
boundaries (binodals) show good agreement with a hypothetic phase diagram generated using
Flory-Huggins theory. Error bars are the standard error of the mean as calculated over three
independent simulations. (d) Intramolecular scaling map quantifying average inter-residue
distances as normalized by the distances expected for a Gaussian chain, as described
previously (Holehouse et al., 2015). (e) TTDN1-mCherry was purified from Sf9 cells and
analyzed by SDS-PAGE, followed by Coomassie blue staining. Positions of molecular weight

markers are shown on the left (Mw).
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Supplemental Figure S2. Proteomic and functional analysis of TTDN1 (related to Figure
2). (a) Immunofluorescence of HA-TTDN1-expressing cells. Scale bar, 20 um. (b) Flag-HA-
TTDN1 was isolated from HelLa-S nuclear extract using Flag immunoprecipitation. Peptides
unique to the TTDN1 purification from two independent experiments were identified by LC-
MS/MS. Peptide numbers for each protein are shown. (c) Flag IP was performed from 293T
cells expressing the indicated proteins. IP and input material were analyzed by Western blot as
shown. Figure representative of four independent experiments. Quantification on right. **
p<0.01, *** p < 0.001 by unpaired t-test. (d) DBR1 expression was evaluated in HeLa-S cells
from Figure 2g by Western blot. (e) and (f) Alternative 3' and 5’ splice sites (A3SS, A5SS),
mutually exclusive exons (MXE), retained introns (RI), and skipped exons (SE) were quantified
using rMATS analysis on n=3 technical replicate RNA-Seq samples from Figure 2h-i. (g) DBR1
was targeted using CRISPR/Cas9 in HelLa-S cells. Three separate knockout pools were
analyzed by Western blot using antibodies as shown. (h) Splicing event analysis was performed

using rMATS from the DBR1 KO cells.

Supplemental Figure S3. Purification and characterization of DBR1-GFP (related to Figure
3). (a) HeLa-S nuclear extract was isolated from control and TTDN1 KO cells, then fractionated
by size exclusion chromatography (SEC) on a Superose 6 column. Fractions were analyzed by
Western blot as shown, and molecular weight standards are shown on top. Figure
representative of two independent experiments; red asterisks indicate DBR1-containing
fractions absent in the KO. (b) Flag-HA-DBR1 was isolated from HelLa-S nuclear extract using
Flag immunoprecipitation. Peptides unique to the DBR1 purification from two independent
experiments were identified by LC-MS/MS. IBC components are shown in bold. (¢) Schematic
of human DBR1 highlighting its MPE and LRL domains. C-terminal disordered region is
indicated. (d) His-DBR1-GFP was purified from Sf9 cells and analyzed by SDS-PAGE, followed

by Coomassie blue staining. (e) mCherry-tagged proteins were immobilized on nanobody


https://doi.org/10.1101/2022.11.03.515106

bioRxiv preprint doi: https://doi.org/10.1101/2022.11.03.5151086; this version posted November 4, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

beads, and binding to DBR1-GFP was tested. Bound material was analyzed by Western blot or

Coomassie blue staining. Figure representative of three independent experiments.

Supplemental Figure S4. Characterization of TTDN1 and DBR1-deficient cell lines (related
to Figure 4). (a) Box plots of transcript genomic length of DEGs (<-0 log2 fold-change
(Downregulated), >0 log2 fold-change (Upregulated), and not differentially expressed genes
(Not significant)) from TTDN1 KO and control HeLa-S cells. p values were determined by
Wilcoxon rank-sum tests. (b) and (¢) Box plots of transcript exon numbers of DEGs (<-0 log2
fold-change (Downregulated), >0 log2 fold-change (Upregulated), and not differentially
expressed genes (Not significant)) from TTDN1 KO and control HeLa-S cells and U20S cells,
respectively. p values were determined by Wilcoxon rank-sum tests. (d) Inverse relationship
between transcript genomic length and changes in expression (log2 fold-changes) upon loss of
TTDN1 in HeLa-S cells. (e) Analysis as in (a) was performed using DEGs from RNA-seq
analysis of P2 and C1 patient cells. (f) Alternative 3' and 5' splice sites (A3SS, A5SS), mutually
exclusive exons (MXE), retained introns (RI), and skipped exons (SE) were quantified using
rMATS analysis on triplicate RNA-Seq samples from cells in (e). (g) and (h) Analysis as in (e)
and (f) was performed, respectively, using n=3 technical replicate RNA-Seq samples from P3

and C1 patient cells.

Supplemental Figure S5. Characterization of TTDN1-deficient mouse model (related to
Figure 5). (a) Schematic of targeting strategy used to generate Ttdn144 and Ttdn1M743V/M143V
mice. (b) Whole cell lysates from heart tissue of Ttdn1** and Ttdn1¥“ mice were used for

Western blot analysis with the indicated antibodies. (¢) Weights of male littermate mice were

determined at the indicated age. N = 5. ** p<0.01 by unpaired t-test. (d) Weights of female

littermate mice were determined at the indicated age. N = 4. n.s., not significant, by unpaired t-
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test. (€) Number of live births produced from intercrossing TTDN1*4 mice. (f) Weights of female
littermate mice were determined at the indicated age. N=3. * p < 0.05 by unpaired t-test. (g)
Alternative 3" and 5’ splice sites (A3SS, A5SS), mutually exclusive exons (MXE), retained
introns (RI), and skipped exons (SE) were quantified using rMATS analysis on cortex of 8-week-
old littermate WT and Ttdn1¥4 mice. (h) Brain weights of mice aged 4-5 months were measured

to the nearest milligram. * p<0.05 2-way ANOVA on Sex x Genotype.

Supplemental Figure S6: Ttdn14 mice perform similarly to controls on several
behavioral measures (related to Figure 5). (a-b) Repeated measures (rm) ANOVAs were
conducted on the total ambulations (a) and vertical rearings (b) data from the 1-h activity test,
which showed that the main effect of genotype was nonsignificant for both variables. However,
significant genotype by sex interactions were found for each variable [F(5,165)=2.88, p=0.037,
Huyhn-Feldt (H-F) adjusted p, and F(5,165)=7.16, p=0.0002 (H-F), respectively], but
subsequent pair-wise comparisons did not result in any significant differences between groups
within either sex according to Bonferroni correction (p<0.008). (c) An ANOVA performed on
distance traveled in the center-of-the-field during the 1-h activity test did not yield any significant
overall effects. (d) An ANOVA was conducted on the number of marbles buried in 30 min, but
no significant effects were found. (e) Ttdn1¥ and control mice were assessed for time spent on
a stationary rotarod, but no significant effects involving genotype or sex were found. (f) An
rmANOVA was performed on the time spent on a constant speed rotarod by Ttdn74“ and
control mice which yielded significant Genotype x Sex x Trials, [F(1,33)=9.45, p=0.004, (H-F),
and Sex x Trials x Sessions, [F(2,66)=5.04, p=0.009, H-F], but subsequent analyses conducted
for each sex did not reveal any significant comparisons beyond Bonferroni correction. (g-h)
rmANOVAs were conducted on the path length data from the cued (g) and place (h) trials, but

no significant effects were found. (i-j) ANOVAs used to assess retention performance during the
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probe trial showed that the Ttdn7¥ and control mice did not differ significantly on platform
crossings (i) or time in the target quadrant (j, 2 left-most bars in graph). Also, within-subjects
comparisons showed that both groups of mice exhibited spatial bias for the target quadrant by
spending more time in it versus times spent in each of the other quadrants. tp<0.00005 (j). (k-I)
Analysis of the conditioned fear data showed that no significant overall effects resulting from
rmANOVAs conducted on the data from the 2-min baseline or tone-shock (T/S) training during
day 1 (k), or on the contextual fear test data (day 2) (I). (m-0) Analysis of the acoustic startle
response (ASR) and prepulse inhibition (PPI) data (cohort 2 only) using rmANOVAs did not
reveal any significant effects involving genotype regarding the ASR to a standard 120 dB white
noise pulse (m) or to an ascending level of sound pressure levels (n), or during PPI testing

involving prepulses of 4, 8, 16 dB above background (o).

Supplemental Figure S7: Length-dependent gene expression changes upon spliceosome
inhibition or TTDN1 loss (related to Figures 6-7). (a) Box plot of exon numbers of DEGs (<-
0.585 log2 fold-change (Downregulated), >0.585 log2 fold-change (Upregulated), and not
differentially expressed genes (Not significant)) from control U20S cells in the presence or
absence of Pla-B. p values were determined by Wilcoxon rank-sum tests. (b) Inverse
relationship between transcript genomic length and changes in expression (log2 fold-changes)
upon loss of TTDN1 in the presence or absence of Pla-B. (c) Box plots of exon numbers of
DEGs (<-0.585 log2 fold-change (Downregulated), >0.585 log2 fold-change (Upregulated), and
not differentially expressed genes (Not significant)) from TTDN1 KO U20S cells in the presence
or absence of Pla-B. p values were determined by Wilcoxon rank-sum tests. (d) TTDN1 was
targeted using CRISPR/Cas9 in U20S cells. The resulting knockout and NTC pools were
analyzed by Western blot using antibodies as shown. Normalized fold change in TTDN1 band

intensity relative to GAPDH is shown below blot. () mRNA levels of indicated genes were


https://doi.org/10.1101/2022.11.03.515106

bioRxiv preprint doi: https://doi.org/10.1101/2022.11.03.5151086; this version posted November 4, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

assessed by RT-gPCR in U20S NTC and TTDN1 KO pools. Internal expression control was -
actin. Error bars represent standard deviation of data from two independent experiments. * p <
0.05 by unpaired t-test. (f) and (g) Box plots of exon numbers of DEGs (<-0.585 log2 fold-
change (Downregulated), >0.585 log2 fold-change (Upregulated), and not differentially

expressed genes (Not significant)) in cell lines from Figure 7b.
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