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ABSTRACT

Purpose: TRranscription EXport (TREX) is an evolutionarily conserved multifunctional
complex with essential roles in regulating transcription, mMRNA export, genome stability, cell
differentiation and survival. We aimed to determine if variation in the TREX subunits, in

addition to THOC2 and THOCS6 genes, caused Neurodevelopmental Disorders.

Methods: Through international collaboration we aggregated and assessed 40 individuals
with high impact variants across four TREX subunit coding genes: THOC2 and THOC6

(known disease genes), and THOC7 and ALYREF (THOC4) (candidate disease genes).

Results: On the background of considerable heterogeneity of neurodevelopmental and
clinical outcomes, we noted that all TREX subunit variants impact cognitive functioning and
development, speech and the respiratory systems as well as result in recognisable facial
dysmorphism. We identified and studied five recurrent THOC2 variants, which give
overlapping yet variable clinical presentations, including severe perinatal lethal
arthrogryposis multiplex congenita (AMC). Using cells from 13 affected individuals, we
show that their TREX subunit variants are generally partial loss of function (LoF), which
alter protein localisation, protein stability, protein-protein interactions or delete internal or C-
terminal protein functional domains. Cells from affected individuals from across all four

TREX subunits studied show consistent, yet variable accumulation of DNA damage.

Conclusion: The molecular, cellular and in silico data with the clinical presentations define a

TREX spectrum disorder due to functional variation across multiple TREX subunits.


mailto:jozef.gecz@adelaide.edu.au
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Introduction

Neurodevelopmental disabilities (NDDs) are a heterogeneous group of early onset
neurological and neuropsychiatric conditions, including intellectual disability (ID), autism
spectrum disorder (ASD), language disorders, and epileptic encephalopathies.?> Monogenic
etiologies are the most common causes.? Although rapid advancements in high-throughput
genomic technologies applied to very large patient cohorts and ever-evolving in silico
pathogenicity prediction tools have accelerated the identification of new NDD causative
alleles, only limited progress has been made on molecular and/or functional validation of

these variants. The estimated number of genes implicated in NDDs is higher than 1500.%#

The ATP-dependent multimeric TRanscription-Export (TREX) protein complex couples
transcription elongation to mMRNA nuclear export and consists of THO subcomplex (THOC1
(HGNC:19070), THOC2 (HGNC:19073), THOC3 (HGNC:19072), THOC5 (HGNC:19074),
THOC6 (HGNC:28369) and THOC7 (HGNC:29874)) and several additional proteins (RNA
helicase and splicing factor UAP56 (HGNC:13917), mRNA export adaptor
ALYREF/THOC4 (HGNC:19071), CIP29/SARNP (HGNC:24432), POLDIP3
(HGNC:23782), ZC3H11A (HGNC:29093), LUZP4 (HGNC:24971), UIF (HGNC:25407),
and CHTOP/SRAG (HGNC:24511)).°> Although pioneering studies showed that the TREX
complex is responsible for exporting mRNA from the cell nucleus to the cytoplasm in all
eukaryotic cells®’, more recent evidence has expanded its functional repertoire to essential
roles in transcription, mRNA 3’-end processing, stress response, mitotic progression and

prevention of DNA damage.®° We and others have shown that TREX is involved in



maintaining embryonic stem cell (ESC) self-renewal, pluripotency, and embryogenesis.>!11?
From among the TREX subunits, only THOC2 and THOCG6 have been consistently
implicated in NDDs, while the other subunits remain unexplored in this regard.**-

THOC?2, encoding the highly conserved and largest essential component of TREX, is one of
the 172 genes that have been associated with X-linked 1D (XLID).1*!® We reported missense
THOC?2 variants in four families including a large multigenerational family first ascertained
in 1971.%° The affected individuals had variable degrees of ID with speech delay, increased
body mass index (BMI), short stature, seizure disorders, gait disturbance, and tremors.
Subsequently, additional missense, splicing-defective and microdeletion THOC2 variants
were reported, expanding the clinical heterogeneity to include language, growth, movement,
and seizure disorders with ID as the core phenotype.'®>!620 The THOC6 gene also encodes for
a component of TREX that is highly expressed in the midbrain and eyes. We and others have
reported biallelic LoF variants in THOCG6 causing Beaulieu-Boycott-Innes syndrome (BBIS
OMIM:613680), an autosomal recessive NDD characterized by moderate to severe ID,
dysmorphic facial features, submucous cleft palate and other developmental anomalies

affecting the brain (corpus callosum dysgenesis), heart, kidneys and male genitalia. 3172122

Functional data from THOC2 and THOC6 NDD genes®*!’ indicated that other TREX
subunits may also be implicated in NDDs.*® Although the majority of the 33 new variants
from 40 individuals assessed herein were in THOC2 and THOCS6, we also show that variants
in THOC? and ALYREF (THOC4) genes have overlapping cell, molecular and clinical
impact. Collectively, the evidence suggests an NDD spectrum disorder due to partial LoF

variants across multiple TREX subunits.

Materials and Methods



Recruitment of affected individuals

The cohort of affected individuals with rare genetic variants in the TREX subunit genes was
assembled through international collaboration. Some of the patients were ascertained in
national programs for undiagnosed rare diseases and through matchmaker exchange.?® The
details on method/s of variant identification, validation, and inheritance pattern are included
in Supplemental Tables 1-13. Pedigrees of affected individuals 2, 4, 12, 14A-B, 22, 25A-B,

26 and 29 are presented in Supplemental Figure 1-1.

Variant classification/in silico analyses

For predicting pathogenicity, variants were compared using in silico tools within
dbNSFP4.7a%4% (including CADD, Provean, VEST4, AlphaMissense, BayesDel addAF, and
VARITY_R) and MutPred2.2® We graphed scatterplots with a set of predictive tools that used
independent algorithms. For AlphaMissense that predicts the effect of missense variants on
protein stability, we classified variants as pathogenic and benign if the scores were >0.564
and <0.34, respectively as recommended by the authors.?”?® For CADD?, variants were
classified based on the PHRED scores using a threshold of >23 for a pathogenic
classification. BayesDel (addAF) is a deleteriousness meta-score algorithm, which
incorporates population frequency into its model and allows it to identify benign variants
more easily with a universal cutoff value of >0.069265 for likely pathogenicity.®* VARITY is
an improved pathogenicity prediction algorithm/program for rare human missense variants,
which uses a meta-prediction strategy, with scores >0.55 for likely pathogenic. We also used
Franklin and GeneBe®! on-line tools based on ACMG/AMP® guidelines for classifying the

missense variants (Supplemental Table 1-1).



Variant interpretation using facial photographs and Human Phenotype Ontology
(HPO)

PhenoScore3? was used for genotype-phenotype analysis. HPO data was collected for 37
individuals. Of these, 36 for which the facial photographs were available and selected for
PhenoScore analysis. The 12 of these individuals are part of the current cohort and 24 were
previously published.® The effect of the THOC2 variant on protein function was known for
20 of these individuals. Their photographs and HPO data were pre-processed for PhenoScore
analysis. 8 individuals were then excluded because they were part of the same family (e.g.,
individual 29 and individual 38), which could cause a bias in the analysis of their facial
similarity. The remaining 12 individuals were paired with a sex-, age- and ethnicity-matched
same number of controls with an NDD from a Radboudumc in-house database. The
photographs and HPO terms of the individuals with a THOC2 functionally-proven variants
were then compared to the controls as described previously.3 A heatmap was generated using
local interpretable model-agnostic explanations (LIME), where the prioritized facial features
and most important HPO terms were highlighted. Subsequently, the photographs and HPO
terms of the remaining 16 individuals with a variant of uncertain significance (VUS) were
compared one by one to the trained PhenoScore model of the functionally-proven cohort.
This resulted in a match prediction where an AUC score of <0.3 leads to a ‘No Match’
prediction, a score between 0.3-0.7 is seen as a VUS, and a score of >0.7 leads to a
‘Phenotypic Match’ prediction. A schematic overview of which individual was included in

which analysis can be seen in Supplemental Table 1-2.

In silico mutagenesis and structural modelling
In silico mutagenesis was carried out using PyMol (Python Molecular) with the published

structure of human TREX complex (PDB 7ZNK).* The discs indicate van der Waals



overlaps or steric clashes between the mutated amino acids and their vicinity. Only the

rotamer with the fewest clashes was used.

RNA extraction, Reverse Transcription-quantitative PCR (RT-gPCR) and RNAseq
RNA was extracted using QlIAshredder (Qiagen, 79656) and RNeasy Micro Kit (Qiagen,
74004) with on-column RNase-free DNase treatment (Qiagen, 79254). 2 ug of RNA was
reverse transcribed using SuperScript IV reverse transcriptase (Thermo Fisher, 18090010)
using manufacturer’s protocol. The amount of THOC6 mRNA was assayed from affected and
unaffected sisters, and control LCLs by RT-qPCR using Power SYBR Green PCR Master
Mix (Thermo Fisher, 4368577) and the primers listed in Supplemental Table 3-1 and
normalised to the housekeeping gene HPRT1 mRNA. RNAseq was performed as reported
previously*2. Sashimi plots were generated using a command-line tool for the visualization of

splicing events across multiple samples.3*

Generation of expression plasmids

For generating Myc-tagged human THOCG6 expression plasmid, THOC6 coding sequence
was PCR amplified from fibroblast cDNA with hTHOCS6 in fusion_F and hTHOC6 _in
fusion_R primers (Supplemental Table 3-1) using Platinum Super Fi PCR Master mix
(Invitrogen, 12358-010) (95°C/203°F 3min; 98°C/ 208°F 10 sec, 59°C/138°F 10 sec,
72°C/162°F 30sec; 72°C/162°F 10 min/35 cycles) and gel-purified DNA was cloned into the
pCMV-Myc vector linearized with EcCORV and Notl using In-Fusion Snap Assembly cloning
reaction (TaKaRa, 638947). p.(Gly46Arg) and p.(Ser185Pro) variants were introduced into
the pCMV-Myc-THOC6 WT expression plasmid using PCR products generated by the
overlap PCR method and the primers listed in Supplemental Table 3-1. All constructs were

validated by Sanger sequencing.
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Cell culture and transfections

HEK293T, HeLa and fibroblast cells were maintained in Gibco’s Dulbecco’s Modified Eagle
Medium (DMEM), 1 mM Sodium Pyruvate, 4.5 g/L D-Glucose, 2 mM GlutaMax (Thermo
Fisher, 10569010) and 10% Fetal Bovine Serum (FBS). Immortalised lymphoblastoid cell
lines (LCLs) were maintained in Gibco’s Roswell Park Memorial Institute (RPMI) 1640
Medium, 1 mM Sodium Pyruvate, 2g/L D-Glucose, 2 mM GlutaMax, 25 mM HEPES

(Thermo Fisher, 72400047) and 10% FBS.

Protein lysates

LCLs were lysed in 50 mM Tris-HCI pH7.5, 50 mM KCI, 0.1% NP40, 5 mM EDTA, 50 mM
NaF, 0.1 mM NasVOs, 1x Protease inhibitor/No EDTA® and fibroblasts in 50 mM Tris-HCI
pH7.5, 250 mM NacCl, 0.1 Triton X-100, 1 mM EDTA, 50 mM NaF, 1x Protease
inhibitor/No EDTA, 0.1 mM NasVOa. Cells were sonicated for 15 second 30% amplitude,
clarified at 15,000rpm at 4°C/39°F for 15 minutes and assayed by BCA protein assay kit
(Pierce, 23225). For preparing the total, and nuclear and cytoplasmic protein fractions of
THOCS affected p.(Gly46Arg) and unaffected LCLs, 2x10° cells each were suspended in 200
pl 10 mM Tris-HCI pH8.0, 150 mM NaCl and 1x Protease inhibitor/No EDTA. 100 pl of
cells were used for preparing the total protein lysates. To the other 100 ul cells, Igepal CA-
630 (NP-40) was added to a final concentration of 0.03% and centrifuged at 1000 rpm at
4°C/39°F for 5 minutes. The supernatant was collected as cytoplasmic fraction and the
nuclear pellet washed with 200 pl 10 mM Tris-HCI pH8.0, 150 mM NaCl and 1x Protease
inhibitor/No EDTA. The pellets of nuclear fraction and LCLs (from 100 pl cells) were
resuspended in 100 pl 10 mM Tris-HCI pH8.0, 150 mM NaCl, 1x Protease inhibitor/No

EDTA pellet and 0.03% Igepal CA-630, sonicated (1x 10 seconds 30% amplitude on Sonic’s

11



Vibra-Cell VCX) and centrifuged at 15,000 rpm at 4°C/39°F for 15 minutes to collect
clarified nuclear and total proteins, respectively. The purity of the cytoplasmic and nuclear
fractions was confirmed by western blotting for Hsp90 (cytoplasmic) and histone H3/NONO

(nuclear) proteins.

Immunoprecipitation (IP)

For immunoprecipitations, HEK293T cells were seeded at a density of 5x10° cells/well in 6-
well culture plates. The next day, cells were transfected with pPCMV-Myc, pPCMV-Myc-
THOC6-WT, pCMV-Myc-THOC6-Gly46Arg or pPCMV-Myc-THOC6-Ser185Pro expression
plasmids using Lipofectamine 3000 reagent (Invitrogen, L3000015), harvested 24 hours later,
lysed in cold lysis buffer [1x PBS, 0.1% Triton X-100, 5 mM EDTA, 50 mM NaF, 0.1 mM
NasVO4 and 1x Protease inhibitor/No EDTA (Roche, 04693132001)], sonicated (1% 10
seconds 30% amplitude on Sonic’s Vibra-Cell VCX) and centrifuged at 15,000rpm at
4°C/39°F for 15 minutes. 10% clarified lysate was saved as input, and the remaining lysate
was subjected to IP using anti-c-Myc-Magnetic Dynabeads (Pierce, 88843). IP complexes
were eluted using 1x SDS protein-loading buffer®® (62.5 mM Tris-HCI, pH 6.8, 2% SDS,
10% glycerol, 5% B-mercaptoethanol) at 95°C/203°F for 5 min and stored at -80°C/-112°F

until western blot analyses.

Western blotting

For western blotting, the input and IP samples, and patient cell (LCLs and fibroblasts) lysates
were resolved in 4-15% TGX gels (BioRad, 4561086) and transferred onto nitrocellulose
membrane. The membrane was blocked in 10% skim milk in 1% Tris-Buffered Saline and
Tween 20 (1x TBST; 20 mM Tris-HCI pH7.5, 150 mM NaCl and 0.1% Tween 20) for 40

minutes and then probed with appropriate primary (overnight at 4°C/39.2°F) and secondary
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(2 hours at room temperature) antibodies (Supplemental Table 3-2) in 2% skim milk in 1x
TBST. The blots were then washed with 1x TBST and target proteins visualized using Clarity

Western ECL substrate (Bio-Rad, 1705061) on ChemiDoc XRS+ System (Bio-Rad).

Immunofluorescence staining

For THOCS protein localization, HeLa cells were plated at 2.5x10*well in a 12-well culture
plate containing Poly-L-Lysine coated coverslips (BD, BDAA354085). Next day, cells were
transfected with pCMV-Myc-THOC6-WT or pCMV-Myc-THOC6-Ser185Pro expression
plasmids using Lipofectamine 3000 reagent (Invitrogen, L3000001). For endogenous THOC2
localization, control or patient fibroblasts were plated at 2x10* cells/well on poly-L-lysine
coated coverslips (Merck, CLS354085). The following day, cells were washed with 1x PBS
for 5 minutes at room temperature, then were fixed with cold 4% paraformaldehyde for 10
minutes, washed 2x with 1x PBS, permeabilized with 0.4% Triton X-100 in 1x PBS for 8
minutes, washed 2x with 1x PBS, and blocked in 10% Horse Serum in 1x PBS for 1.5 hr at
room temperature. Cells were then incubated with appropriate primary antibodies
(Supplemental Table 3-2; 1 pg/ml) diluted in 10% Horse Serum in 1x PBS overnight at
4°C/39°F. The following day, cells were washed 3x with 1x PBS, incubated with appropriate
Alexa Fluor conjugated fluorescent secondary antibodies (Supplemental Table 3-2) for 2 hrs
at room temperature, washed 3x times with 1x PBS and then mounted with ProLong glass
antifade mounting medium with NucBlue stain (Invitrogen, P36981) followed by overnight

curing.

Single cell electrophoresis Comet assay and RNA:DNA immunofluorescence Comet
assay was used to assess DNA damage and RNA:DNA immunofluorescence was performed

to visualise R-loops in single cells as reported.*?
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Results

We identified 34 new variants in TREX subunits from 40 individuals affected by NDD,
including 25 missense, 3 splicing, and 1 in-frame six nucleotide deletion in THOC2
(Supplemental Table 4). In some individuals, variants of uncertain significance in other
OMIM genes were identified and these are provided in Supplemental Table 4, 13. We present
detailed in silico and functional assessment of variants of four TREX subunit genes, THOC2
and THOCG6 (known disease genes) and ALYREF (THOC4) and THOCT7 (candidate disease

genes).

Identification of new THOC2 variants

Adding to the 19 THOC2 variants previously reported by us'*1¢37 through international
collaboration, we collected THOC2 variants and clinical information on 34 affected
individuals with 29 variants (25 missense; 3 splicing defective; and one resulting in a two
amino acid in-frame deletion) (Supplemental Figure 1-2). Of these, five were recurrent
[NM_001081550.2:¢.229C>T p.(Arg77Cys)/individual 1, c.2158A>G
p.(Arg720Gly)/individuals 14A-B, ¢.3223C>T p.(Arg1075Trp)/individuals 19A-B;
€.3323C>T p.(Ser1108Leu)/individuals 20A-B and ¢.2482-1_2484del p.?/individual 29]
(Figure 1A, Supplemental Table 1-1, 4-10). Of the previously unreported 29 THOC?2 variants,
3 were de novo and the rest maternally inherited (see Supplemental Table 1-1, 4). For the 26
maternally inherited variants, eight were inherited over more than one generation [c.565A>G
p.(Ser189Gly)/individual 2, ¢.587T>A p.(lle196Asn)/individual 4, c.1844G>A
p.(Cys615Tyr)/individual 12, ¢.2158A>G p.(Arg720Gly)/individuals 14A-B, ¢.3427G>A
p.(Alal143Thr)/individual 22, ¢.4442G>A p.(Arg1481GIn)/individuals 25A-B,

€.4449+5 4449+6del p.(Leuld38_Argl483del)/individual 26) and ¢.2482-1 2484del

14



p.?/individual 29] (Supplemental Figure 1-1). We identified one missense variant
[c.2757G>A p.(Met919lle)/individual 16] that resulted in mis-splicing (Figure 4). We also
identified two affected females [c.1291G>A p.(Val431Met)/individual 7A, skewed X
chromosome inactivation and ¢.4442G>A p.(Arg1481GIn)/individual 25B, XCI status
unknown] who were part of the two brother-sister pairs (Supplemental Table 10). A
previously reported®®3 recurrent THOC2 splice-site variant ¢.2482-1_2484del p.?/individual
29 that causes arthrogryposis multiplex congenita (AMC) was also identified in one

individual (Figure 1A).

There were two affected male and female sib-pairs in the cohort: Individuals 7A-B with the
€.1291G>A p.(Val431Met) variant and individuals 25A-B with the c.4442G>A
p.(Arg1481Gln) variant had shared clinical presentations including developmental delay,
ASD, speech and language delay and facial dysmorphism. While individuals 7A-B with the
€.1291G>A p.(Val431Met) had severe ID, the individuals 25A-B with c.4442G>A
p.(Arg1481Gln) variant did not have formal diagnostic testing (Supplemental Table 10). In
addition to the two siblings we published®®, we identified two individuals with the ¢.3323C>T
p.(Ser1108Leu) variant/individual 20A (de novo)/20B (maternally-inherited). The four
individuals with the ¢.3323C>T p.(Ser1108Leu) variant showed overlapping phenotypes of
moderate to severe ID, developmental delay, speech and language delay, autistic features,
gait disturbances and facial dysmorphism along with other features (Supplemental Table 8).
The mother of individual 20B has mild cognitive disability and speech impairment; we could
not access gDNA to test her XCI status. A female with a heterozygous ¢.1291G>A
p.(Val431Met) variant/individual 7A showed a mildly skewed XCI (80%) in blood gDNA.
We can only speculate that skewed XCI may explain why these two females are affected. All

recurrent variants were unique, only one ¢.1291G>A p.(Val431Met) was observed in
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gnomAD v4.1 with allele frequency 1.0x10° originating from a heterozygous female*

(Supplemental Table 1-1).

Clinical outcomes of partial loss of THOC2 function

The detailed clinical data of the new cohort of affected individuals are provided in
Supplemental Table 4 and Supplementary information. Overall, the published'#® and
unpublished cases together showed increased clinical heterogeneity. The core, albeit with
some non-specific presentations similar across the combined cohorts, were ID (96.9%),
developmental delay (67.1%), speech delay (88.2%), dysmorphic facial features (72.0%),
autistic features (61.7%), visual abnormalities (39.2%) and hypotonia (55.5%) (Figure 1B,
1C, Supplemental Table 4 and Supplementary information). Other phenotypes included gait
abnormalities (53.1%), microcephaly (27.3%), epilepsy (33.7%), short stature (36.5%),
increased body BMI (31.8%), and mild to severe sensorineural hearing loss (32%) (Figure
1B, Supplemental Table 4). Both affected heterozygous females (individual 7A and 25B)
displayed developmental, expressive and receptive language delay along with autistic
features, facial dysmorphism, and skeletal anomalies (Supplemental Table 9). Interestingly,

individual 7A had severe 1D, whereas individual 25B had hypotonia.

We also identified an additional affected individual (individual 1) with a maternally inherited
€.229C>T p.(Arg77Cys) variant (Supplemental Table 5), which is known to reduce the
THOC?2 (and THOC1, THOCS5) protein stability.?>® The three individuals identified to date
with the ¢.229C>T p.(Arg77Cys) variant have severe to profound ID, developmental delay,
speech and language problems, feeding and respiratory difficulties, spasticity (2/3), and

epilepsy. Individual 1 has Dandy-Walker syndrome, severe developmental and epileptic
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encephalopathy, chronic respiratory failure requiring tracheostomy and persistent mechanical

ventilation, macrocephaly, a short and webbed neck (Supplemental Table 5).

Brain MRI data was available for 10 individuals with different THOC2 variants
(Supplemental Table 11). The most prominent were white matter abnormalities (including
delayed myelination) and agenesis or thinning of the corpus callosum, consistent with our
earlier findings.*>® The MRIs of ¢.2757G>A p.(Met919lle)/individual 16, ¢.3056G>A
p.(Argl019GIn)/individual 18 and ¢.4449+5 4449+6del p.(Leu1438 Arg1483del) individual
26 showed brain structural abnormalities (see Supplemental Table 11 and Supplemental
Figure 1-3). Strikingly, the patients with variants in ALYREF (THOC4)
NM_005782.4:¢.374C>A p.(Serl25Ter) and THOC7 NM_025075.2:¢.178T>C p.(Cys60Arg)
also showed delayed myelination/cortical maturation, and corpus callosum defects (see
Supplemental Table 11 and below). Our aggregate findings suggest that compromised

function of TREX subunits leads to diverse, but generally non-specific brain abnormalities.

In silico assessment and improved interpretation of THOC2 variants

We used the doNSFP4.7a database of functional predictions and annotations to predict the
potential pathogenicity of THOC2 variants. We compared the outputs of these tools for the
THOC2 missense variants (n=43, including published and unpublished) against the common
(n=47; allele frequency of >10°) and rare (n=88; allele frequency of <107) variants in the
gnomADv4.1 database. THOC2 missense variants identified from individuals with NDDs
were scored as significantly more deleterious (padj<0.0005 by ANOVA with Bonferroni
correction) than common and rare variants providing supporting evidence of pathogenicity
(Supplemental Figure 1-4). The majority of our THOC2 VUS, and particularly those with

functional evidence, clustered in the upper-right quadrants of the scatterplots; for example,
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MutPred2/CADD v1.7, VEST4/BayesDel addAF, and AlphaMissense/BayesDel addAF
(Supplemental Figure 1-5). This suggested higher confidence in the relevance of in silico
predictions. Assessing THOC2 missense variants with seven in silico tools predicted 12/25 to
be pathogenic (higher prediction cut-offs for >6 criteria) and 8/25 to be likely pathogenic
(higher prediction cut-offs for >3 to <5 criteria) (Supplemental Table 1-1). However, using
the more stringent American College of Medical Genetics and Genomics (ACMG/AMP)
criteria, only two variants were predicted to be pathogenic (¢.229C>T
p.(Arg77Cys)/individual 1; c.2757G>A p.(Met919lle)/individual 16) and 11/25 variants were
predicted to be likely pathogenic (Supplemental Table 1-1). As an alternative, we assessed
the effects of THOC2 missense variants on the wild-type 3D structure of TREX
(https://www.rcsb.org/structure/7ZNK). This molecular modelling approach predicted that
some of the 12/25 missense variants may affect the protein structure and/or its interaction
with the other TREX subunits, potentially destabilising the overall structure and function of
the complex (Supplemental Table 1-1 and Supplemental Figure 1-6). All of these 12 variants
were also predicted pathogenic by our in silico analyses (Supplemental Table 1-1). Overall,
we show that multiple in silico prediction tools and ACMG/AMP® criteria assess the
pathogenicity of THOC2 missense variants robustly, although functional evidence remains a

gold standard for confirming pathogenicity.

We also assessed the phenotype associated with THOC?2 variants using PhenoScore; an
Artificial Intelligence-driven phenomics framework that combines facial recognition
technology with HPO data to evaluate differences in phenotype.®? When comparing the facial
photographs and HPO data of 12 individuals with functionally-validated THOC?2 variants to
sex-, age- and ethnicity matched controls, it was shown that individuals with (likely)

pathogenic THOC?2 variants have a distinctive phenotype [area under the receiving operator
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curve, AUC = 0.86, brier = 0.16, p-value = 3.33E-05) (Supplemental Table 1-2). The
prioritized facial features are shown in Supplemental Figure 1-7 using a LIME heatmap. This
figure also shows the most important HPO terms for this cohort. After establishing this
PhenoScore model for THOC2, we examined the likelihood of pathogenicity for the 16
individuals with a VUS by separately matching them to the model. The results of this analysis
are shown in Supplemental Table 1-1 and 1-4. For 11 individuals PhenoScore predicted a
phenotypic match, 1 individual was predicted not to be a match and for the other 4

individuals the prediction remains a VUS.

Functional assessment of splice altering THOC2 variants

Five THOC?2 variants, four intronic and one missense, were predicted to alter splicing by
SpliceAl (Supplemental Table 1-3). We demonstrated deleterious outcomes on splicing on all
5 variants by RNAseq and assessed the impact of three of these variants
(c.4449+5_4449+6del/Individual 26, ¢.4754+1A>G/Individual 28 and ¢.4450-2A>G™®) by

western blotting on patient-derived cells (see below).

c.4449+5 4449+6del causes aberrant splicing leading to r.4312_4449del
p.(Leul438_Arg1483del)/Individual 26.

Clinical exome (blood gDNA) sequencing identified a ‘GT’ deletion affecting the intron 34
canonical donor splice site. This variant was inherited from the unaffected heterozygous
mother. The maternal grandmother and sister of the affected individual were also germline
heterozygous for this THOC2 variant. Both the heterozygous mother and sister had 95%
skewed X-inactivation and no NDD phenotype (Supplemental Figure 1-1). Sashimi plots,
RT-PCR (384 bp DNA in control vs 246 bp in the affected individual), and Sanger

sequencing showed that the ‘GT’ deletion results in aberrant splicing and an in-frame
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deletion of 138 bp (exon 34) (Figure 2A-B, Supplemental Figure 2). The aberrant transcript
was predicted to lack the 46 amino acids encoded by exon 34. Consistent with this prediction,
the western blot data showed a smaller THOC2 protein in the affected compared to control

fibroblasts (Figure 2C).

€.2482-1 2484del recurrent variant causes familial arthrogryposis/Individual 29.

Exome sequencing (ES) and genome sequencing (GS) of gDNA identified a THOC2 c.2482-
1_2484del variant in two terminated male fetuses from non-consanguineous Indian® and
French® couples, respectively. The authors proposed that the AMC in these fetuses was
caused by this variant, however molecular studies confirming the impact of the variant on
splicing were not reported. The variant was reported to be maternally-inherited in the first
family3® and de novo in the second family.® Using trio ES, we identified a third unrelated
Canadian family with multiple similarly affected pregnancies with the THOC2 ¢.2482-

1 2484del variant, resulting in prenatal onset, progressive AMC and neonatal demise
(Supplemental Figure 1-1). The index cases in this family were two male fetuses of a healthy
non-consanguineous couple of European descent. Both fetuses presented on detailed mid-
trimester ultrasound with evidence of fetal akinesia, multiple large and small joint
contractures and progressive hydrops consistent with AMC (Supplemental Figure 3). Both
pregnancies resulted in neonatal demises at 32 and 33 weeks, respectively; the boys survived
less than an hour. Autopsies were not performed, but both boys had fixed hyperextension of
the lower extremities, thin amyotrophic appearing lower limbs with fixed flexion contractures
of upper extremities, hands and feet. No additional malformations were present (additional
clinical data in Supplemental material). Females from different generations in this Canadian
family had neonatal demises of male children (Supplemental Figure 1-1). RNAseq and RT-

PCR data from fibroblasts derived from a demised male fetus (I11-2) showed two aberrant
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splicing events in the THOC?2 transcript. First, 61% of transcripts showed a 6 bp deletion
from the 5° of exon 23 (r.2482 2487 p.(Ser828 Lys829del), and second, 39% of transcripts
resulted in complete exon 23 exclusion (276 bp, r.2482_2757del p.(Ser828 Met919del)
(Figure 3, Supplemental Figure 4). However, we did not observe a change in abundance of
THOC?2 protein or presence of two bands: a full length ~175kDa and a smaller ~165kDa due
to deletion of 92 aa) in the fibroblasts of the affected individual compared to controls in
western blots probed with three different THOC2 antibodies (Supplemental Figure 7B and

data not shown).

€.2757G>A p.(Met919lle) causes aberrant splicing leading to skipping of exon 23
[r.2482_2757del p.(Ser828_Met919del)]/Individual 16.

This maternally inherited variant was identified by trio GS. The affected individual showed
severe clinical features (see Supplemental Table 4) and passed away at 9 years of age. The
brain MRI showed white matter anomalies (Supplemental Figure 1-3) with prominent
involvement of the internal capsules, but no convincing abnormality in the brainstem.
Spectroscopy showed large peaks for lactate, and elevated myoinositol. Although consistent
with mitochondrial disease, this could be the result of a generalised process of myelinolysis.
Whereas in silico analysis predicted ¢.2757G>A p.(Met919lle) to be tolerable, its location at
the 3” edge of exon 23 and splicing predictions (A score 0.38 donor loss) suggested that the
variant would ablate the adjacent splicing site and thus exon 23 (Figure 4). Consistent with
these predictions, the RNAseq data from the affected son and his heterozygous mother’s
fibroblasts showed partially aberrant splicing resulting in exon 23 skipping in the mother
(WT:skipped ratio ~4:1) and son (ratio ~1:1). The mother has normal intellectual and
behaviour, and her peripheral blood DNA analysis showed severe skewing of X-inactivation

(Androgen Receptor/AR allele ratio 89:11 and ZMYM3/ZNF261 93:7). The skipping and in-
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frame exclusion of exon 23 (276 bp) is predicted to delete 92 amino acids

p.(Ser828 Met919del) from the THOC2 protein (Figure 4).

¢.4754+1A>G variant causes aberrant splicing, resulting in r.4755_4761del and replacing
p.(His1586_Arg1593) by 13 other amino acids p.(His1586ProfsTer14) at the C-terminus of
THOC?2 protein/Individual 28.

An analysis of ID gene panel in ES data identified a de novo THOC?2 ¢.4754+1A>G variant
in a 4.5-year-old boy with developmental delay, recurrent infections, normal height, obesity
and hypermetropia. This variant is located in intron 37. Analysis of his blood RNA showed
that the variant leads to a frameshift and premature stop codon p.(His1586ProfsTer14)
(detailed in*!). The RNA-seq analysis also showed that the level of THOC2 expression in the
affected individual was not decreased compared to ~100 control samples, indicating that the
aberrant transcript was not degraded via nonsense mediated mMRNA decay (NMD). Moreover,
the transcript translated a C-terminally truncated THOC?2 protein (Figure 5B) that could be
detected by the THOC2/HPA antibody that binds the 1097-1200aa (present in the normal and
truncated protein) but not by the THOC2/630A antibody that recognised the most C-terminal
amino acids (Figure 5B). This result was confirmed by immunofluorescence (IF) staining of
the THOC2 protein in the affected (no IF with THOC2/630A antibody) and control (normal

IF with all three antibodies) cells (Supplemental Figure 5).

€.4450-2A>G variant predominantly causes exons 35-36 skipping (r. 4450_4677del
p.(Asp1484 Lys1559del) and a low level of other aberrant splicing events.®

We previously reported that the ¢.4450-2A>G variant abolishes splicing of intron 34, which
we argued, would lead to deletion of the C-terminal 58 amino acids.®™ Our RNAseq data now

show skipping of exons 35-36 in 87% THOC2 transcripts (Supplemental Figure 6A-B),
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resulting in the deletion of 228 bp and thus 76 amino acids [p.(Asp1484 Lys1559del)] coded
by these two exons but retaining the 34 C-terminal amino acids of the THOC2 protein. We
confirmed this observation by western blotting the affected son and heterozygous mother’s
fibroblast lysates. The antibodies binding to the most C-terminal part (anti-THOC2/630A)
and the 1400-1450 aa (anti-THOC2/629A) region of the THOC2 protein detected a protein of
expected size in the fibroblasts of the mother, affected son and control (Supplemental Figure
6C-D). Together, our data showed that the aberrant splicing of exon 35-36 leads to the
deletion of 228 bp from the THOC2 mRNA transcript, which encodes 76 amino acids rather
than the deletion of 58 amino acids from the C-terminal end of the THOC2 protein as

reported previously® (Supplemental Figure 6B-D).

THOC2 variant and TREX subunit protein studies

We analysed levels of THOC2 variant and TREX subunit proteins in fibroblasts of
individuals 10, 14A/B, 22, 24, 25A, 27, 29 or LCLs of individual 12 and 13 (Figure 5B,
Supplemental Figure 7). We observed reduced p.(Arg522Cys)/individual 10 and
accumulation of p.(Alal143Thr)/individual 22 THOC?2 variant (and other TREX subunit)
proteins. THOC2 protein appeared to be slightly smaller in ¢.4425 4430del
p.(Glul475_Lys1476del)/individual 24 compared to the control fibroblasts (Figure 5B).
Interestingly, we observed no change in the level of p.(Cys615Tyr) and p.(Gly659Ser)
THOC?2 proteins although the THOC7 was reduced in these affected LCLs (Supplemental
Figure 7). We did not observe mislocalisation of THOC?2 variant proteins in fibroblasts from

eight affected individuals (Supplemental Figure 5, 7D).

Partial LoF THOC?2 variants cause DNA damage
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TREX complex has been shown to prevent replication and transcription-associated genome
instability via efficient resolution of triple-stranded DNA-RNA-DNA structures called R-
loops.*>*3 Consistent with these reports, we found that compromised THOC?2 induced R-loop
accumulation and DNA damage in both dividing and neuronal cells.'?> Here we used a single
cell electrophoresis comet assay to assess the DNA damage in cells derived from the affected
individuals. Interestingly, seven missense variants impacting the THOC2 protein stability and
three out of four resulting in C-terminal deletion showed DNA damage (Supplemental Table
12). Overall, we also note that the THOC2 variants causing deletions near, at, or in the C-
terminal of the THOC2 protein are frequently associated with severe clinical features

(Supplemental Figure 8).

Novel THOCSG variants interfere with THO assembly leading to Beaulieu-Boycott-lnnes
syndrome (BBIS OMIM:613680), an expanded phenotype of prenatal onset

Many homozygous pathogenic variants in the THOCG6 gene, located on chromosome 16
(Figure 6A), have been associated with heterogeneous neurodevelopmental clinical features

with 1D, developmental delay and facial dysmorphism as the core phenotypes.

NM_024339.5:¢.136G>A p.(Gly46Arg) and ¢.553T>C p.(Ser185Pro) THOCG6 encoded
proteins are mislocalised and fail to interact with the other THO subunits.

In 2013, Beaulieu et al implicated THOC6 ¢.136G>A p.(Gly46Arg) homozygous variant in
four Hutterite females with the autosomal recessive BBIS (OMIM:613680) and showed that
exogenously expressed epitope-tagged p.(Gly46Arg) THOCG protein was predominantly
localised to the cytoplasm instead of to the nucleus in HeLa cells.'® Subsequently, LCLs from
the two affected and one unaffected sister were generated. Our western blotting on nuclear

and cytoplasmic LCL fractions showed presence of p.(Gly46Arg) protein in the cytoplasm in
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the two affected LCLs compared to the nucleus in the unaffected sister’s LCLs (Figure 6B).
This result showed that physiological mislocalisation of p.(Gly46Arg) protein in the affected
LCLs is similar to the transiently expressed epitope-tagged p.(Gly46Arg) protein in HeLa
cells.® We also observed reduced stability of p.(Gly46Arg) THOC6 and THOC?7 but not the
other THO subunits in the affected LCLs (Figure 6B). These effects were post-translational
as there was no detectable difference in the abundance of THOC6 mRNA between the
affected, unaffected sister and unrelated control LCLs (Figure 6C). Finally, co-
immunoprecipitation assay showed that the p.(Gly46Arg) protein loses interaction with
THOC2, THOCS and THOCT7 (Figure 6D). We also observed significantly higher DNA
damage in the affected compared to the unaffected sister’s LCLs as assayed by single cell
electrophoresis comet assay (Supplemental Figure 9). These data suggested that this variant

alters the structure and function of the THOCS6 protein.

Using GS (trio), we also identified a new ¢.553T>C p.(Ser185Pro) homozygous variant in a
7-year-old male born to consanguineous Syrian parents. Clinical features included moderate
ID with short stature, severe microcephaly, consistent with BBIS (OMIM:613680). He also
had distinctive facial features with prominent broad nasal tip, short columella, short philtrum,
triangular face, relative hypertelorism, wide mouth, thick vermilion of upper and lower lip
with small teeth, hypotonia, increased reflexes, wide-based stance, and unsteady gait. The
p.(Ser185Pro) THOCG variant was predicted to be damaging by multiple variant analysis
tools (Supplemental Table 2). The p.(Ser185Pro) was predicted to abolish the hydrogen bond
with Trp195, potentially destabilizing the fourth WD repeat of THOC6 and thereby affecting
its interaction with THOC5 (Supplemental Figure 10). The p.(Ser185Pro) protein did not
interact with the THO subunits THOC2, THOC5 and THOCY (Figure 6D), and like

p.(Gly46Arg), mislocalised to the cytoplasm (Figure 6E)..
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A new biallelic THOC?7 ¢.178T>C p.(Cys60Arg) variant is associated with NDD

The reanalysis of the genomic sequencing data of a large cohort of individuals recruited to
the Catalan Undiagnosed Rare Disease Program (URDCat)* identified a homozygous
THOC7 ¢.178T>C p.(Cys60Arg) variant in two siblings (a 17year old girl and an 11 year old
boy born to consanguineous parents) with a similar phenotype of global developmental delay,
moderate ID, sensorineural hearing loss and cerebellar vermis hypoplasia (Supplemental
Table 2). Multiple in silico variant analysis tools predicted p.(Cys60Arg) to be deleterious
(Supplemental Table 2). Although the siblings shared variants in three non OMIM genes
[DYNC1I2 ¢.393G>T p.(Leul31Phe), ANKRD30A ¢.1357A>G p.(Ile453Val) and BPIFB2
€.955C>T p.(Arg319Trp)], THOC7 was considered the most plausible disease-causing gene
(see Supplemental Table 13). We found that reduced stability of the p.(Cys60Arg) THOC7?
protein also reduced the stability of THOC1, THOC2, THOCS5, and THOCG6 but not THOC3,
ALYREF (THOC4) and UAP56 in the affected compared to control fibroblasts (Figure

7A). As no difference in average THOCY transcripts per million (TPM) was observed
between affected (106.1+0.6; n=2) and control (106.4+4.2; n=6) fibroblasts, the reduced
THOCT7 variant protein is likely due to proteasome-mediated post-translational regulation.
We also observed that this variant caused increased DNA damage as assayed by comet assay

and R-loop accumulation (Figure 7B-C, Supplemental Figure 11).

De novo LoF ALYREF (THOCA4) variants are associated with multiple developmental
malformations

ALYREF, a highly conserved and ubiquitously expressed gene located on chromosome 17,
codes for a multifunctional RNA binding export adaptor protein of TREX complex that is

involved in nuclear export of mMRNA.* We identified three de novo ALYREF variants:
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ALYREF NMO005782.4:¢.283C>T p.(GIn95Ter), ¢.302dup (302-303:agt/agGt)
p.(Ser101ArgfsTer35)* and ¢.374C>A p.(GIn125Ter). The ALYREF ¢.283C>T p.(GIn95Ter)
stop gain de novo heterozygous variant was identified by GS and validated by Sanger
sequencing in a male (Figure 8A-B)*. The affected individual has different malformations
[congenital diaphragmatic hernia (CDH), ventricular septal defect (VSD)], microcephaly and
speech problems but no significant neurodevelopmental issues. The affected fibroblasts were
very slow growing and significantly larger than the control fibroblasts derived from
unaffected individual (Figure 8C). The RNAseq data showed 22 ALYREF TPM in the
affected compared to 58+4.4 TPM in the control (n=10) fibroblasts. This along with the
observation that, of the ALYREF transcripts in the affected fibroblasts only 4% carried the
variant suggested that the ALYREF ¢.283C>T transcript is degraded by NMD, leading to
haploinsufficiency. The comet assay showed significantly higher DNA damage in affected
compared to control fibroblasts (Supplemental Figure 12). The second affected male with a
de novo ¢.302dup (302-303:agt/agGt) p.Ser101ArgfsTer35) ALYREF variant*® died on the
first day of life (DoL1) likely exacerbated by prematurity and lung hypoplasia. The third
affected individual had a de novo ¢.374C>A p.(GIn125Ter) ALYREF variant and

presented with several malformations (perinatal oesophageal atresia, supernumerary spleen,
colpocephaly, hypoplastic corpus callosum, hypoplastic semicircular canal) and epileptic
encephalopathy; their epilepsy may have been related to an additional intragenic GRM7
homozygous deletion (NC_000003.12:9.(?_7620079) (7621064 _?)del inherited from

heterozygous parents causing a more complex blended phenotype.

Discussion
TREX complex subunits play critical roles in stem cell maintenance, neuronal differentiation,

brain neural network activity and synapse development.*!2 With the gnomAD database
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suggesting that THOC?2 is intolerant to LoF (pLI = 1), this TREX subunit is essential for
sustaining life but its partial LoF leads to NDDs with 1D, developmental and speech delay as
the core phenotype and a range of comorbidities.'#® In this study, we present clinical
information, pathogenicity predictions and functional data from a larger cohort of individuals
affected by NDD that have pathogenic or likely pathogenic THOC?2 variants. We also present
functional evidence supporting pathogenicity of a newly-identified ¢.553T>C p.(Ser185Pro)
and a previously published ¢.136G>A p.(Gly46Arg) THOCG variant.'® Finally, we report
identification of and functional studies on the first ALYREF and THOC7 pathogenic variants,
implicating these in new monogenic NDDs. Although the core clinical presentation in the
individuals affected by THOC?2 variants remained the same'#®, we observed some overlap
with affected individuals with the ALYREF, THOC6 and THOC? variants, which we
collectively refer to as TREX spectrum disorder. Our identification of additional THOC2
variants'®>!® that result in C-terminal or internal (but closer to the C-terminus) deletions in the
THOC?2 protein confirmed that they are frequent (Figure 1, Supplemental Figure 8), often
with severe clinical features and occasionally causing death, e.g., ¢.2757G>A p.(Met919lle)

and ¢.2482-1_2484del.

Variants in TREX subunits can alter stability+28, interaction'’, localization’ and cause
internal or C-terminal deletion of protein. All of the THOC2, THOC6, THOC7 and ALYREF
variants identified to date cause partial LoF. In the current cohort, we observed reduced
stability of p.(Arg522Cys) THOC2, and p.(Cys60Arg) THOC? proteins in cells derived from
individuals with these variants (Figure 7A and Supplemental Figure 7). The reduced THOC2
and THOCTY protein stability also impacted the stability of other THO subunits in these cells,
which was consistent with previous reports showing that siRNA-mediated depletion, or

missense variants that reduce THOC2 protein can lead to reduced levels of other THO
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subunits.}*164” These data suggest that the stability of THO subunit proteins is critical for
maintaining the integrity and function of TREX complex. As such, the reduced stability of
the TREX complex can be a reliable biomarker for assessing pathogenicity of its subunit
variants. Moreover, absence of differences in the levels of transcripts of THO subunits
between the affected and control cells suggested that reduction in levels of variant (e.g.,
THOC2, THOC7) and other TREX subunit proteins likely resulted from their increased
susceptibility to proteasome-mediated degradation.*® The literature is awash with studies
showing that THO subunit depletion can cause mild to severe nuclear mRNA accumulation,
for example*’*°, causing molecular and cellular impacts in mammalian cells®*°, Drosophila®,
zebrafish®! and C. elegans.>® Importantly, Thoc2, along with Thoc5, regulates mouse
embryonic stem cell (mESC) self-renewal by selectively binding and regulating export of
mRNAs involved in the maintenance of pluripotency (e.g. Nanog, Sox2, Esrrb, KIf4),
Although mRNA export has been reported to be the most critical function of THOC2*, our
studies on the Thoc2 exon 37-38 deletion partial LoF mouse model revealed that this essential
protein plays a key role in regulating transcription and maintaining genome stability through
R-loop homeostasis.*? Similar to Thoc2, Thocl is essential for early embryonic
development®? and its loss compromises proliferation and lineage-generating capacity of stem
cells and genome stability.>*** Furthermore, that one third of the individuals affected by
THOC?2 variants have short stature that begins intrauterine, at birth and/or postnatally4-16:5°
(Figure 1B; Supplemental Table 4) is consistent with the observation that in mice, the Thoc2
exon 37-38 deletion male embryos and adults have significantly reduced weight and size than

the wild-type male littermates.*?

Although the clinical features such as ID with dysmorphic facial features, microcephaly, teeth

anomalies and cardiac malformations associated with THOCG6 ID syndrome - called BBIS
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(OMIM:613680) - have remained the same’3, a number of THOCG variants with additional
phenotypes have been reported.>® We previously showed that THOCG6 variants can lead to
mis-localisation and loss of interaction with the TREX complex.t3” Here we confirmed that
p.(Gly46Arg) THOCG protein is mislocalised in the cells derived from the affected
individuals. In addition, we identified a new ¢.553T>C p.(Ser185Pro) THOCG6 variant for
which the protein mislocalised to the cytoplasm and excluded it from interaction with other
TREX subunits in the nucleus. The individual carrying this variant had clinical presentations
overlapping with BBIS (OMIM:613680) (Supplemental Table 2). We also identified another
individual with ¢.298T>A p.(Trp100Arg), c.700G>C p.(Val234Leu) and ¢.824G>A
p.(Gly275Asp) homozygous variants on the same haplotype (Figure 6A, Supplemental Table
2). We have previously reported this variant and showed that p.(Gly275Asp) and triple
variant proteins, like p.(Gly46Arg) and p.(Ser185Pro), lose interaction with the THOC1 and
THOCS subunits.!” Overall, these data suggest that THOCG protein mislocalisation and
consequent loss of interaction with other THO subunits impacts TREX function critical for
healthy corticogenesis.'??? Shared features across individuals with THOC2, ALYREF,
THOCS6, and THOC? variants, e.g., ID, speech delay, and brain abnormalities support a

TREX spectrum disorder.

In the current study, in addition to the three published splicing variants causing C-terminal
THOC2 truncations®>*®, we report the identification and molecular events of five new
variants causing deletion of a part of the THOC2 protein due to aberrant splicing, e.g.,
c.2757G>A (p.Met919lle)/individual 16 causing exon 23/p.(Ser828 Met919del),
€.4449+5 4449+6del p.(Leul438_Argl483del)/individual 26,
c.4754+1A>G/p.(His1586ProfsTerl4)/individual 28, and c.2482-1 2484del/

p.(Ser828_Lys829del) or p.(Ser828 Met919del)/individual 29 and, c.4425 4430del
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p.(Glul475_Lys1476del)/individual 24, these now account for 8 of the 50 THOC?2 variants
identified so far (Figure 1, Supplemental Figure 8). We showed that in silico tools facilitate
predicting pathogenicity of THOC2 missense and splicing variants. The internal or C-
terminal protein deletions are highly likely to be pathogenic, again due to altered structure
and/or protein-protein interactions impacting protein functions such as protein folding,
turnover, trafficking and cellular signaling.>” All affected individuals with such
splice/deletion variants exhibited severe clinical presentations. Moreover, variants that
resulted in loss of exon 23 were particularly severe; individual 16 with the ¢.2757G>A
p.(Met919lle), p.(Ser828_Met919del) variant died at 16 years of age, and at least three
others®®=° with the ¢.2482-1_2484del variant, caused progressive AMC and neonatal demise
or termination of pregnancy due to hydrops and fetal immobility, suggesting a critical role of
this part of the THOC2 protein. Overall, the aggregate data from the known and the newly
identified (this manuscript) splice and microdeletion THOC2 variants affecting the C-
terminal part of the protein show that these cause severe clinical outcomes!®16:37-39
(Supplemental Figure 8). Relative clustering of variants in the C-terminal nucleic acid
binding domain (Figure 1) also reinforces the functional importance of this part of THOC2

protein.>8

The ¢.2482-1 2484del is the first recurrent variant that leads to severe fetal AMC and
hydrops. Two previous clinical reports implicated this variant in arthrogryposis®-°. Our
RNA studies on cells derived from affected individuals showed two major missplicing events
resulting in transcripts that would translate into THOC2 proteins that were 2aa (=175kDa)
and 92aa (~165kDa) smaller. We did not detect two THOC2 proteins or a change in the
abundance of THOC2 protein in the fibroblasts derived from the affected individuals. We

speculate, that typical THOC2 protein levels we detected could result from the stabilisation
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of 2aa- and destabilisation/degradation of 92aa-deleted THOC?2 proteins. Loss of 2aa or
92aa may also affect the THOC2 protein conformation and thus its function. Finally, the
type and level of aberrant splicing in different tissues of the developing embryo can result
in conformationally defective forms of THOC2 protein (and thus THO complex), leading to
observed clinical features. Together, the four cases of the recurrent ¢.2482-1_2484del
variant®3® and molecular studies suggest that this hypomorphic variant results in a
particularly severe fetal presentation of the TREX spectrum disorders with mid-trimester
AMC, fetal akinesia with hydrops and neonatal demise. Postnatal examination of the current
cases and histological evidence of muscular dystrophy with cytoplasmic bodies® argues for a
primary progressive myopathy in these severe cases. The identified THOC2 aberrant splicing
events likely lead to perinatal deaths similar to the autosomal recessive condition Lethal
Congenital Contracture Syndrome 1 (LCCS1) caused by variants in the GLE1 gene (OMIM:
603371)°°. GLE1 encodes an essential RNA export mediator protein conserved from yeast to
human and is located on the cytoplasmic face of the nuclear pore complex. That THOC?2
variant causes clinical impacts similar to GLE1 variants is not surprising as the two proteins
play similar cellular roles, for example, depletion of GLE1 or THOC2 causes nuclear mRNA
retention®”%%1 cell cycle progression defects'?®!, and accumulation of R-loops.2%2 This is
also consistent with our recent findings from Thoc2 exon 37-38 deletion mouse model
showing that compromised THOC?2 function significantly impacted the early embryonic
development of Thoc2 exon 37-38 deletion male mice.'? Others have also shown an essential
role of Thocl, Thoc2 and Thoc5 in early embryonic development.t®2 Together, these
data'1252 directly suggest the importance of normal TREX functions in early human health

and development.
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Recently, ¢.788C>T p.(Pro263Leu)/likely pathogenic, ¢.3477G>T p.(Arg1159Ser)/likely
pathogenic and ¢.4411G>T p.(Glul471Ter)/pathogenic THOC2 variants were reported in
male children clinically diagnosed with cerebral palsy (CP)®. CP is a clinical descriptor
encompassing a heterogeneous spectrum of nonprogressive disorders of movement and
posture which are frequently comorbid with other NDDs such as ID, epilepsy and ASD. Our
previous work identified gait disturbances, spasticity and hypotonia as central features of
THOC2 related disorder (OMIM:300957) and this observation is further supported by our
findings in the current cohort [e.g., c.623A>G p.(Asn208Ser)/individual 5 (GMFCS level V),
and ¢.1844G>A p.(Cys615Tyr) (GMFCS IV)/individual 12 variants], with >50% of
individuals having gait/movement abnormalities and ~20% with spasticity (Figure 1B). These

observations suggest that THOC2 should be considered in diagnostic testing for CP.

We report two stop-gain ¢.283C>T p.(GIn95Ter) and ¢.374C>A p.(GIn125Ter) and one
single nucleotide duplication ¢.302dup p.(Ser101ArgfsTer35) heterozygous de novo ALYREF
variants. The ¢.283C>T p.(GIn95Ter) variant fibroblasts show slower growth, significantly
enlarged cell size (Figure 8), increased DNA damage (Supplemental Figure 12), and NMD-
mediated degradation of variant transcripts causing haploinsufficiency. That reduced levels of
ALYREF (THOCA4) likely causes slower growth rate of affected fibroblasts is consistent with
multiple studies reporting that depletion of ALYREF leads to reduced cell growth®. That
primary human cells increase in size on permanent cell cycle arrest and senesce is supported
by the evidence showing that DNA damage induced senescence in human fibroblasts causes
significant increase in cell volume®®. Although excessive size of primary cells impairs cell
cycle progression and cell signaling®®, much less is known about the genetic perturbations
that can cause continued increase in cell size. We speculate that ALYREF ¢.283C>T

p.(GIn95Ter), and possibly also ¢.302dup (302-303:agt/agGt) p.(Ser101ArgfsTer35) and

33



€.374C>A p.(GIn125Ter), induced DNA damage and likely cell cycle arrest causes
enlargement of affected fibroblasts. Emerging evidence suggests that atypical activation of
senescence due to genetic defects may have a role in the pathogenesis of developmental

disorders®®.

We predict that the ¢.374C>A p.(GIn125Ter) and ¢.302dup p.(Ser101ArgfsTer35) transcripts
are also degraded as these variants, like ¢.283C>T, are located within the exon 2. These
variants would likely lead to ALYREF haploinsufficiency in the affected individuals causing
clinical consequences because ALYREF is an essential gene and has important roles in human
development. ALYREF is ubiquitously expressed, conserved from yeast to humans, and
harbours a canonical RNA-binding motif through which it directly interacts with RNAs.57:68
Compromised ALYREF function can lead to impaired nuclear export of both spliced and
intronless MRNAs®®, mRNA export from nucleus’®, transcriptional regulation’®, genome
stability*®, RNA 3’-end processing’?, nuclear export of non-polyadenylated mRNAs’2 and
cell cycle progression and cell proliferation; disruption of one or more of these cellular

processes can lead to clinical symptoms.

Little is known about the precise role of THOC?7 in the developing human brain. However,
that THOC7 depletion leads to severe polyA+ RNA export block*’ is consistent with the
preweaning lethality with complete penetrance observed in Thoc7 homozygous knockout
mice. Therefore, identification of ¢.178T>C p.(Cys60Arg) that impacts stability of THOC7
and other TREX subunit proteins has hallmarks similar to variants that reduce THOC2 and
TREX subunit protein stability.***® Our observations of increased R-loop accumulation and
DNA damage in THOC6, THOC7, ALYREF and multiple THOC2 affected cells (Figure 7,

Supplemental Figure 9, 11, 12, Supplemental Table 12) are consistent with the reports that
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TREX complex prevents genome instability by efficiently resolving the R-loops.*? These
findings along with our recent data showing that compromised THOC2 function leading to R-
loop accumulation and DNA damage may be responsible for the disease pathology!? although

further studies are required to confirm these observations.

There is no dedicated, simple functional assay to confirm the pathogenicity of TREX subunit
variants. In our experience, it is a combination of clinical data and molecular studies using
affected individuals’ cells, in silico and protein structure-based predictions, de novo or
multigeneration inheritance of variants and identification of recurrent variants, which aid the
classification of the TREX subunit variants. With identification of additional THOC2 and
THOCSG variants, the clinical heterogeneity of the associated conditions also expanded.
Identification of new disease-causing THOC7 and ALYREF variants has added to the
diversity of clinical presentations, which now also includes individuals without 1D, but with
developmental delay, intrauterine e.g., ¢.2482-1_2484del THOC2, DoL 1 e.g., ¢.302dup
p.(Serl01ArgfsTer35) ALYREF or childhood e.g., ¢.2757G>A p.(Met9191le) THOC2 demise,
and those who succumb to multiple severe complications e.g., ¢.229C>T p.(Arg77Cys).
Common genetic variation might also influence the clinical outcomes seen in individuals with
TREX subunit variants.” As the majority of the TREX subunits are encoded by genes
essential for life’*, mammalian knock-in models are just beginning to emerge*?. Study of
clinically accessible tissues of individuals affected by naturally-occurring variants, combined
with international collaboration to collect clinical data aided significantly to understand LoF
of TREX subunits. This is to be complemented by dedicated mouse*?, and iPSC-derived 2D
and 3D neural differentiation models, which will eventually deliver a robust functional
diagnostic framework and underpin precision medicine strategies for the individuals affected

by TREX spectrum disorders.
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Figure legends

Figure 1 Genetic and clinical features of THOC2 syndrome. A. Schematic illustration of
the human THOC2 protein showing nucleic acid binding domain (NBD) and the new (red)
and published'#!>16 (blue) THOC2 variants (NM_001081550.2). Missense and splicing,
frameshift or deletion variants are shown in the upper and lower panel, respectively. The #
after each variant indicates study participant’s number. B. Clinical presentations in THOC2
affected individuals. C. Photographs of the current cohort of affected individuals carrying the

THOC2 variants.
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Figure 2 THOC2 c.4449+5 4449+6del variant causes aberrant splicing leading to
p.(Leul438 Argl1483del). A. Schematic of THOC2 gene showing the location of GT
deletion in intron 34 that causes aberrant splicing and skipping of 138 bp exon 34 (deleting
46 amino acids). B. Sashimi plots showing THOC2 mRNA splicing events in the control and
affected fibroblasts. Splicing junctions are displayed as arcs connecting the exons. The
number of reads for each junction is indicated within the arcs. Y-axis show read depth. C.
Westen blot showing smaller THOC2 protein in the affected compared to control fibroblasts.

Lanes 1 and 2 showing THOC2 proteins in fibroblasts from two different passages.

Figure 3 THOC2 ¢.2482-1 2484del causing aberrant splicing is associated with
arthrogryposis multiplex congenita 7, X-linked (OMIM:301127). A. Schematic of
THOC2 gene showing the location of CAGT deletion at the intron 22-exon 23 boundary.
Percentage of misplicing events is shown on the right. Sanger sequencing chromatograms
showing genomic (PCRed with P582/P585 primers) and cDNA sequences (PCRed with
P394/P397 primers) of affected and control fibroblasts are shown. B. Sashimi plots showing
THOC2 mRNA splicing events in the control and affected fibroblasts. Splicing junctions are
displayed as arcs connecting the exons. The number of reads for each junction is indicated

within the arcs. Y-axis show read depth.

Figure 4 THOC2 ¢.2757G>A p.(Met919lle) causes aberrant splicing leading to skipping
of exon 23. A. Schematic of THOC2 gene showing the location of the G>A variant in exon
23. B. Sashimi plots showing THOC2 mRNA splicing events in the affected son,
heterozygous mother and control fibroblasts. Splicing junctions are displayed as arcs

connecting the exons. There is skipping of exon 23 in mother and son compared to controls.
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The ratio of reads (wild-type:skipped) is ~4:1 in heterozygous mother and ~1:1 in the

affected son.

Figure 5 THOC2 ¢.4754+1A>G variant causes aberrant splicing resulting in
replacement of p.(His1586 Arg1593) (r.4755 4761del) by 13 new amino acids
p.(His1586ProfsTerl14) at the C-terminus. A. Schematic of THOC2 gene showing the
location of A>G splice variant in intron 37. B. Western blot confirming the deletion of C-
terminal eight amino acids of the THOC2 protein. A schematic showing location of the two
antibody binding sites within the THOC2 protein (bottom). NBD, nucleic acid binding

domain.

Figure 6 THOCG ¢.553T>C p.(Ser185Pro) and ¢.136G>A p.(Gly46Arg) variant proteins
are mislocalised to cytoplasm and lose interaction with the THO subunits. A. Schematic
showing locations of published (black text) and new (red text) THOCS6 variants. ¢.664T>C
p.(Trp222Arg) and ¢.945+1 G>A (e not shown) are compound heterozygous variants. B.
Endogenous p.(Gly46Arg) THOCG protein mislocalises to cytoplasm and has reduced
stability in the affected LCLs. C. Reduced p.(Gly46Arg) THOCSG protein is not due to altered
levels of MRNA in the affected LCLs. Data is represented as the mean+SEM. D.
p.(Ser185Pro) and p.(Gly46Arg) THOCSG proteins loose interaction with the THOC2, THOC5
and THOCY subunits. E. Immunofluorescence showing mislocalisation of the p.(Ser185Pro)
THOCES protein in HeLa cells transfected with plasmids expressing Myc-tagged WT or
p.(Ser185Pro) THOCG protein. Cells were stained for THOCG6 (green, mouse anti-c-Myc

antibody), THOC2 (red, rabbit anti-THOC2 antibody, A303-630A) and nuclei (blue, DAPI).
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Figure 7 THOC7 ¢.178T>C p.(Cys60Arg) variant reduces protein stability, increases
DNA damage and R-loop accumulation. A. Western blot showing reduced THOC7 variant
and THOC1, THOC2, THOCS5, THOCS6 but not THOC3, ALYREF and UAP56 protein
stability in the two affected compared to the normal control fibroblasts. B. % Comet cells are
significantly higher in affected than control fibroblasts (n=2). One-way ANOVA. *p<0.05,
**p<0.01. C. R-loop accumulation is significantly increased in affected compared to control
fibroblasts (n=3; >600 cells each). S9.6 antibody-stained immunofluorescence images are
shown in Supplemental Figure 11. Each data point indicates the number of S9.6 foci/nucleus
that were calculated by dividing the total number of S9.6 foci by the number of cells in one

microscopic field. Mann-Whitney U-test. ***p<0.001, ****p<0.0001

Figure 8 de novo stop gain ALYREF exon 2: c. 283C>T p.(GIn95Ter) heterozygous
variant causes microcephaly and speech problems. A. Schematics showing location of the
two variants. UBM, UAP56-binding motif; RBD, RNA-binding domain; RRM, RNA-
recognition motif. B. Sanger sequencing chromatograms of genomic DNA sequence showing
heterozygous ¢.283C>T variant. C. Immunofluorescence detection of ALYREF protein in
control and affected fibroblasts. The affected fibroblasts are significantly larger than the

control fibroblasts (n=23). Mann-Whitney U-test. ****p<0.0001
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