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ABSTRACT

Functional Characterization of Snurportin-1 C-Terminal Domain in The
Context of a Novel Muscular Dystrophy
Burak Saribas
Master of Science in Cellular and Molecular Medicine

March 18,2024

SNUPN gene encodes for a nuclear import adaptor protein Snurportin 1 (SPN1)
which participates in the nuclear transport of small nuclear ribonucleoproteins (snRNPs),
by specifically binding to their m3G-cap. Nucleocytoplasmic shuttling is a highly
versatile process that plays a major role in the maturation of pre-mRNA before
translation, by facilitating the formation of the spliceosome complex through the transport

of snRNPs.

The spliceosome is a large RNA-protein complex that facilitates the removal of the
introns from nuclear pre-mRNA. Mutations in proteins involved in the nucleocytoplasmic
machinery can impair spliceosome formation, leading to abnormal splicing, and are
reported to be causative for various genetic disorders, including muscular dystrophies.
Muscular Dystrophies includes a variety of genetically and phenotypically heterogeneous
disorders characterized by progressive muscle weakness, often manifesting in infancy or
early childhood. To this date, muscular dystrophies have been associated with more than

85 genes, however, 40% of the cases do not have a definitive molecular diagnosis.

Our group recruited eighteen patients from fifteen unrelated families diagnosed with
muscular dystrophy. All patients presented with muscular weakness, sporadically
accompanied by either neurological defects and/or cataracts. By performing whole exome
sequencing we uncovered novel germline homozygous or compound heterozygous
variants in the SNUPN gene across all patients. Notably, no pathogenic variants of this
gene have previously been linked to muscular defects. We hypothesized that SNUPN
mutations result in structural defects in SPN1 that impair the nucleocytoplasmic transport

of the UsnRNPs.
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Interestingly, all the SPN1 pathogenic variants are localized in the poorly defined C-
terminal region of the protein. This region is known to be taking part in intramolecular
interactions. The primary aim of this study was to develop tools and conduct in vitro
assays to further characterize the function of the C-terminal region of SPNI and
ultimately investigate the protein’s ability to carry out intermolecular interactions via its

C-terminal region.

To address this question, we first generated SNUPN wild-type and mutant DNA
constructs in the pCS2+ mammalian expression vector by molecular cloning and site-
directed mutagenesis. Next, biochemical experiments were carried out by overexpressing
WT and mutants of SPN1 in HEK293T/HeLa cells to compare their levels, localization,
and interactions. Through these experiments, we aimed to unravel the importance of the
C-terminal region of the protein and the impact of the mutations on SPN1’s function in
self-oligomerization. We hypothesize that pathogenic SNUPN variants may disrupt self-
oligomerization of the C-terminal region of SPN1 thereby altering the cellular function
of the protein. This may ultimately impair the nucleocytoplasmic shuttling of the
UsnRNPs’ leading to spliceosome defects and the observed phenotype in patients.
Overall, this study aims to highlight the essential role of the uncharacterized C-terminal

region of the SPN1 protein.



OZETCE

Yeni Bir Muskiiler Distrofi Baglaminda Snurportin-1 C-Terminal Bolgesinin
Islevsel Karakterizasyonu
Burak Saribas
Hiicresel ve Molekiiler Tip

March 18, 2024

SNUPN geni, niikleer tasima adapt6r protein Snurportin 1 (SPN1)'1 kodlar, bu protein
kiiciik niikleer riboniikleoproteinlerin (snRNP'ler) niikleer tagimasma katilir ve 6zel
olarak m3G-cap'lerine baglanarak bu siireci saglar. Niikleositoplazmik tasima, once
ceviriden once pre-mRNA'nin olgunlasmasinda énemli bir rol oynayan ve snRNP'lerin
taginmast yoluyla spliceozom kompleksi olusumunu kolaylastiran son derece ¢esitli bir

stirectir.

Spliceozom, niikleer pre-mRNA'dan intronlarin ¢ikarilmasini kolaylastiran biiyiik bir
RNA-protein kompleksidir. Niikleositoplazmik makineye dahil olan proteinlerdeki
mutasyonlar, spliceozom olusumunu bozabilir, anormal mRNA kirpilmasina yol agabilir,
bu sebeplerden otiirii kas distrofisi dahil cesitli genetik bozukluklarin nedeni olarak
bildirilmistir. Kas distrofisi, genellikle bebeklik veya erken ¢ocukluk doneminde ortaya
cikan, ilerleyen kas zayiflig1 ile karakterize edilen genetik ve fenotipik olarak heterojen
bozukluklar1 igeren bir grup hastaliktir. Bugiine kadar, kas distrofisi 85'ten fazla genle
iliskilendirilmis olmasma ragmen, vakalarin %40''mda kesin bir molekiiler teshis

bulunmamaktadir.

Grubumuz, kas distrofisi tanist konmus on bes ayr1 aileden toplam on sekiz hastay1
calismamiza dahil etti. Tiim hastalar kas zayiflig1 ile birlikte, sporadik norolojik
bozukluklar ve/veya kataraktin eslik ettigi semptomlar gosterdi. Yapilan tim ekzom
dizileme sonucunda, tiim hastalarda SNUPN geninde yeni homozigot veya bilesik
heterozigot varyantlar ortaya cikti. Onemli bir sekilde, bu genin daha 6nce kas defektleri
ile iliskilendirilen patojenik varyantlar1 bulunmamaktadir. Bu verilerden yola ¢ikarak
SNUPN mutasyonlarinin, SPN1'in yapisal bozukluklara neden oldugu ve UsnRNP'lerin
niikleositoplazmik tasimasin1 bozarak spliceozom defektlerine yol agtigi hipotezi
gelistirildi.
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llging bir sekilde, tiim SPN1 patojenik varyantlar1 proteinin kotii tanimlanmig C-
terminal bolgesinde lokalizedir. Bu bdlgenin intra-molekiiler etkilesimlere katildigi
bilinmektedir. Bu ¢alismanin temel amaci, SPN1'in C-terminal bdlgesinin fonksiyonunu
daha fazla karakterize etmek ve nihayetinde proteinin C-terminal bdlgesi araciligiyla

inter-molekiiler etkilesim yetenegini arastirmaktir.

Bu soruyu yanitlamak i¢in, dnce SNUPN dogal tip (WT) ve mutant DNA
konstriiksiyonlarini  pCS2+ memeli anlatim vektoriinde molekiiler klonlama ve
yonlendirilmis mutajenez kullanarak olusturduk. Ardindan, biyokimyasal deneyler, WT
ve SPN1'in mutantlarin1t HEK293T/HeLa hiicrelerinde asir1 ifade ederek, diizeylerini,
lokalizasyonlarin1 ve etkilesimlerini karsilagtirmak iizere gerceklestirildi. Bu deneyler
aracilifiyla, proteinin C-terminal bolgesinin 6nemini ve mutasyonlarin SPN1'in kendisini
oligomerizasyonunda nasil bir etki yarattigin1 anlamay1 amagladik. Patojenik SNUPN
varyantlarinin, SPN1'in C-terminal boélgesinin kendi kendine oligomerizasyonunu
bozarak proteinin hiicresel fonksiyonlarin1 degistirebilecegini ve bu durumun
UsnRNP'lerin niikleositoplazmik taginmasini1 bozarak hastalardaki gézlemlenen fenotipe
yol acgabilecegini hipotez etmekteyiz. Genel olarak, bu calisma SPNI1 proteininin

karakterize edilmemis C-terminal bolgesinin temel roliinii vurgulamay1 amaglamaktadir.

Vil
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Introduction 1

Chapter 1:
INTRODUCTION

1.1  Snurportin 1 Protein

Majority of the eukaryotic organisms share the ability to transport RNA and protein
molecules between different compartments of the cell such as the cytoplasm and nucleus
(Ding & Sepehrimanesh, 2021; Gorlich & Mattaj, 1996). Nuclear translocation of
substrates occurs via factors that aid in the recognition of substrates and mediate their
transport via karyopherins (Yang et al., 2023). The usage of adaptors enhances the variety

of the cargoes that can be imported into the nucleus (Yang et al., 2023).

SNUPN gene located on chromosome 15 (15g24.2), encodes the Snurportin 1 (SPN1)
protein which is an essential nuclear import adaptor of the spliceosomal small nuclear
ribonucleoproteins (snRNPs) (Huber et al., 1998). snRNPs are RNA-protein complexes
found in the spliceosome which facilitate the removal of the introns from pre-mRNA for
their maturation (Gruss et al., 2017). The structure of the SPN1 protein is characterized
by three functional domains: an N-terminal importin-B1 binding domain (IBB), a core
trimethylguanosine (m3G-cap) binding domain, and a poorly defined C-terminal region
that is reported to be responsible for interacting with Exportin 1 (CRM1) (Ospina et al.,
2005) (Figure 1.1). Importin-B1 is a part of the Importin-B family of karyopherins that
functions in the nuclear transport of proteins from the cytoplasm to the nucleus (Luo et
al., 2013). The IBB domain (residues 1-65) plays a crucial role in facilitating the nuclear
import of the SPN1 protein in RanGTP independent manner (Mitrousis et al., 2008;
Ospina et al., 2005). This domain is highly conserved across higher eukaryotic species.
Thus, mutations that cause structural impairments in the IBB domain of the SPNI1

decrease the proteins™ nuclear import function (Ospina et al., 2005).

UsnRNP molecules contain a 2,2,7-trimethyl-guanosine cap (m3G-cap) in their
structure which allows for their specific recognition by SPN1 (Fischer et al., 2011). The
core m3G-cap binding domain (residues 162-300) of the SPN1 is highly specific for the
recognition of the m3G-cap (Piecyk et al., 2015; Strasser et al., 2005). Moreover, this
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domain has not been reported to share any sequence similarities with any other protein
(Strasser et al., 2005). m3G-cap binding pocket formed by this domain harbors two
significant tryptophan residues Trpl07 and Trp276 which facilitate the specific
recognition of the m3G-cap of the UsnRNPs". Furthermore, mutations on these residues

are reported to reduce the recognition and binding of the SPN1 to its ligand (Strasser et

al., 2005).

To this day, the C-terminal region of the SPNI1 (residues 301-360) remains
uncharacterized. Also, attempts to obtain the crystalized complete structure of SPN1
including the C-terminal, either alone or in complex with m3G-cap oligo and/or importin-
B1 have been unsuccessful (Strasser et al., 2004). This highlights the intrinsically
disordered nature of the C-terminal region of the protein. Moreover, in silico structural
prediction of the SPN1 protein suggests that the C-terminal region of the protein harbors
an alpha-helix between the residues Gly303 and Glu322 and is mainly composed of non-

polar residues (Nashabat et al., 2024) (Figure 1.2).

Alpha-helices are the most prevalent structural elements in proteins and are crucial
in determining their overall structure and functionality (Haimov & Srebnik, 2016). An
alpha helix is a type of secondary structural element that resembles a rod-like structure
with side chains that radiate outward in a helical array. Its central section is made up of a
tightly coiled main chain (Sefidkar et al., 2022). It has been well established that
interactions between hydrophobic side chains inside an a-helix, in addition to each
residue's inherent helical tendency, can impact the stability of the structure (Creamer &
Rose, 1995). Moreover, due to their inter- and intramolecular interactions via hydrogen
bonds, alpha helices were suggested to play essential roles in oligomerization, assembly,
and functioning of the protein through coiled-coil interactions (Liu et al., 2006; Zhang et

al., 2015).

Notably, intramolecular interactions between the N- and C-terminus regions of the
SPN1 have previously been reported by Matera et al., (2005). Their findings proposed
that loss of the C-terminal region of the protein increased the affinity of the SPN1 to

importin-B1. Furthermore, mutations on either region of the protein have the probability



Introduction 3

of disrupting the interaction between the two regions, consequently, resulting in a

decrease in the efficacy of nuclear import (Ospina et al., 2005).

L 1 2 3 45 6 7 8 9

A cm—§— 1A
1 25 65 162 254 301 360

B % s [  ™GBinding 7

Figure 1.1: The diagram shows the SNUPN gene and SPN1 protein. A) Diagram illustrates the nine
exons that make up the Homo sapiens SNUPN (MIM607902). B) SPN1 protein, consist of two conserved
domains; Importinf-1 binding domain (IBB) (1-25) (green) and trimethylguanosine (m3G)-cap-binding
domain (TMG) (162-165) (bright orange), and uncharacterized C-terminal region (301-360) indicated with

question mark.

Figure 1.2: In silico predictions of wild-type (WT) SPNI1 protein. Predicted 3D structure of the wild-
type SPN1 protein, C-terminus highlighted within a dashed border. Colors of the complete protein structure
are based on the secondary structures with alpha helices in red, beta sheets in blue, and loops in yellow

(adapted from (Nashabat et al., 2024)).



Introduction 4

1.2 Spliceosome and Biogenesis of Small Nuclear Ribonucleoproteins

RNA splicing is an essential process that occurs post-transcription for most of the
eukaryotic genes. The sections of eukaryotic genes that code for proteins are frequently
interrupted by non-coding “introns”. Thus, to form mature messenger RNAs (mRNAs),
these introns must be removed from the premature mRNA (pre-mRNA), and the protein-
coding portions termed “exons” must be connected. pre-mRNA splicing is a critical stage
in eukaryotic gene expression (Wilkinson et al., 2020). The spliceosome is a small-
nuclear RNA (snRNA)-protein complex that functions in the removal of the introns from
the pre-mRNA (Will & Lithrmann, 2011). Biogenesis of the snRNP’s starts with the
transcription of the U1, U2, U4, U5, and relatively less abundant U11, U12, and U4atac
snRNAs in the nucleus via RNA polymerase II (RNA Pol II) (Narayanan et al., 2002).

These non-coding and non-polyadenylated transcripts acquire m7G-cap
transcriptionally and they are exported to the cytoplasm by a complex composed of
Phosphorylated adapter RNA export protein (PHAX), The heterodimeric cap-binding
complex (CBC), Exportin 1 (CRM1) in Ran-GTP dependent manner following their
transcription (Fischer et al., 2011; Matera et al., 2007)

In the cytoplasm, dissociation of the snRNA export complex serves as a signal for
the snRNA maturation and formation of functional snRNP’s (Fischer et al., 2011). In the
cytoplasm, the formation of the stable snRNPs is orchestrated via the survival motor
neuron (SMN) protein complex (Raimer et al., 2017). Following the assembly of the Sm-
core domain (B/B’, D1, D2, D3, E, F, and G) which is crucial for the stability of the
snRNP, snRNAs undergo two major modifications; trimming of the 3’ extensions, and
hypermethylation of the m7G-cap to m3G-cap (TMG) (Fischer et al., 2011; Urlaub et al.,
2001). Hypermethylation of the m7G-cap to m3G-cap is carried out by the Tgs1 protein
and serves as a nuclear import signal (Narayanan et al., 2002; Raimer et al., 2017).
Nuclear import of the snRNPs is facilitated by SPN1 protein which binds specifically to
the m3G cap of the snRNPs and importin-f1 to form nucleocytoplasmic import complex

(Lott & Cingolani, 2011; Narayanan et al., 2002; Ospina et al., 2005).
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Following the assembly of the nucleocytoplasmic import complex, snRNPs are
imported to the nucleus to be localized in Cajal bodies (CBs) (Fischer et al., 2011;
Karijolich & Yu, 2010). CBs are membraneless nuclear bodies which are known to play
significant roles in RNA metabolism, biogenesis of ribosomes, maintenance of the
telomeres, splicing, and maturation of the snRNPs (Sawyer et al., 2016). Within the CBs,
firstly, nucleocytoplasmic import complex dissociates, and specific ligands are then
recruited to facilitate the maturation of respective snRNPs (Fischer et al., 2011; Sleeman
& Lamond, 1999). Additionally, snRNPs also undergo post-translational modifications,
such as pseudouridylation and methylation of specific nucleotides in these nuclear bodies

for their maturation, and mature snRNPs form the spliceosome complex for the removal

of the introns from pre-mRNA (Kiss, 2004; Machyna et al., 2013).
o Cytoplasm

Sm Proteins

Nucleus

m’G snRNA
RNA Pol || [———
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Figure 1.3: Schematic representation of biogenesis of the UsnRNP’s. snRNAs are encoded in the
nucleus by RNA polymerase I (RNA Pol II, in purple). (1) Upon their transport to the nucleus, the m’G
cap of the snRNAs is hypermethylated by Tgs1 to m3G-cap. (2) In cytoplasm m3G-capped snRNAs, Sm
proteins, and the SMN complex get together to form snRNPs. (3) The nuclear import adaptor SPN1 protein
specifically recognizes and binds to the m3G-cap of snRNP’s. (4) ImportinB-1 (Impp-1) binds to the SPN1,
and (5) transports the UsnRNP complex into the nucleus. (6) In the nucleus, complex dissociates, and

UsnRNP’s are localized in Cajal bodies where they mature to form spliceosomes.
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1.3 Spliceosomal Defects and Muscular Dystrophies

RNA splicing and alternative splicing events are among the key features of the
human transcriptome, as more than 90% of protein-coding genes in humans have multiple
isoforms (Pistoni et al., 2010). Improper splicing has been well established as one of the
most prevalent causes of hereditary diseases, which highlights the significance of proper
maturation of snRNPs for the formation of the splicing machinery (Lopez-Bigas et al.,
2005; Pistoni et al., 2010; Scotti & Swanson, 2016; Wang & Cooper, 2007). Various
diseases, such as cancer, retinitis pigmentosa, and numerous muscular dystrophies, have
been associated with splicing mutations and splicing factors including U2 snRNP, U4

snRNP, and SMN gene (Love et al., 2023).

Muscular  dystrophies (MDs) constitute genetically and phenotypically
heterogeneous groups of inherited disorders that are characterized by progressive
muscular weakness and wasting (Mercuri & Muntoni, 2013). The pathology of the MDs
encompasses the degeneration, necrosis of the muscular fibers, and replacement of the
affected tissue with fatty and fibrous tissues. These disorders exhibit a broad range in
terms of severity, pattern of the affected muscles, and the age of onset (Emery, 2002).
Moreover, MDs are one of the most prevalent among hereditary diseases, with 40% of

the cases lacking a definitive molecular diagnosis.

Impairments in the function of pre-messenger RNA splicing regulators, and
spliceosomal components could lead to aberrant splicing of several pre-mRNAs (Pistoni
et al.,, 2010). Diseases like FSHD or DM1 have already been associated with the
development of muscular diseases (Pistoni et al., 2010). Significantly, mutations in the
survival of the motor neuron 1 (SMN1) gene, which has an essential role in the biogenesis
of snRNPs lead to spinal muscular atrophy (SMA1) (Faustino & Cooper, 2003; Pistoni et
al., 2010).
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1.4  Snurportin 1 Protein and Muscular Dystrophies

Identification and characterization of the function of essential proteins in RNA
metabolism provide valuable insights for understanding the cause and progression of
muscular dystrophies. SPN1 protein plays a vital role in the assembly of the splicing
machinery. Despite its integral function, the detailed understanding of the protein's
endogenous role is still unknown and its association with human disease has never been

reported.

Moreover, the intrinsically disordered nature of its uncharacterized C-terminus
region poses challenges in investigating SPN1 function and interactions (Ospina et al.,
2005; Strasser et al., 2005). SPN1’s central function in the pathway of biogenesis of the
snRNPs, along with its interaction with major proteins such as SMN, suggests that defects

in SPN1 might play a significant role in the physiopathology of muscular dystrophies.

Notably, our team identified a total of nine unique recessive pathogenic mutations in
the SNUPN gene in eighteen families who present progressive muscular weakness
(Nashabat et al., 2024). The majority of these mutations are localized in the
uncharacterized C-terminal region, indicating a mutational hotspot. Eighteen affected
individuals display a range of muscular weakness, in relation to the severity of the

mutations which highlights the importance of the C-terminal domain.

In summary, the uncharacterized C-terminus of the SPN1 is mainly composed of
non-polar residues which are predicted to harbor an alpha-helix. Furthermore, C-terminus
is reported to be capable of intermolecular interactions (Nashabat et al., 2024; Ospina et
al., 2005). This thesis aims to investigate the role of the uncharacterized C-terminal
domain in self-interaction in the context of a novel muscular dystrophy, by generating
transient overexpression constructs of the wild-type and homozygous pathogenic mutants

that impair or disrupt the C-terminus of the SPN1.



Material and Methods 8

Chapter 2:
MATERIAL AND METHODS

2.1 Cloning PCR

To generate the overexpression constructs the whole open reading frame (ORF) of
human SNUPN and the cDNA fragments containing A 254-360 of the SNUPN gene were
amplified by iProof High-Fidelity PCR kit (Biorad, catalog # 1725330) using complement
primer sequences with additional Kozak consensus sequence on N-terminal, and BamHI
and Xhol restriction enzyme sites on N-terminal and C-terminal respectively. To
distinguish the overexpressed proteins from the endogenous proteins, constructs were
tagged with either the Flag epitope tag or the Myc epitope tag. Tag sequences were
integrated at the N-terminal of the protein after the start codon. For generating wild-type
and mutant SNUPN A254-360 fragment constructs (m1, m6, and m7) SNUPN wild-type
and mutant constructs were used as a template. Amplification reactions were prepared
with various combinations of primers to create constructs with desired tags. Primers are
listed in Table 2.1. Reaction setup and thermal cycling setup are described in Table 2.2
and Table 2.3 respectively. Subsequently, 5 uL from the PCR samples were mixed with
the 1 uL of 6X Gel Loading Dye (New England Biolabs, catalog # B7024A) and then
loaded in precast 1% Agarose gel, prepared with SyberTMSafe Stain (1:10000,
Invitrogen, catalog #S33102) in 1X TAE buffer. Samples were run under 120V for 60
minutes and visualization was performed with Gel Doc XR+ Molecular Imager

(BIORAD, catalog # 1708 195EDU).
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Figure 2.1: Schematic diagram illustrating the cloning PCR reaction. Generation of the Flag

(orange) and Myc (green) epitope-tagged versions of the SNUPN WT amplicons.

Table 2.1: List of Primers used in Cloning Experiment

Gene Label Strand Sequence (5°-3")
NUPN | SNUPN-ORE-E Foruard égCGGATCCGGGAAGATGGAAGAGTTGAGTAGGCC
SNUPN | eNUPN-ORF-R Reverse | TAGCTCGAGTTAATTCTCCATGAGGCATCCAGG
SNUPN | SNUPN ORF N-|_ T ATCGGATCCGGGAAGATGGACTACAAGGACGAC
Flag-F OTWAS | GAT GACAAGGAAGAGTTGAGTCAGGCCCT
SNUPN | SNUPN ORF N-| | 'ATCGGATCCGGGAAGATGGAGCAAAAGCTCATTTC
Myc-F TGAAGAGGACTTGGAAGAGTTGAGTCAGGCCCT
SNUPN | SNUPNA254360 | | ATCGGATCCATGGAGCAAAAGCTCATTTCTGAAGA
Myc-F GGACTTGGTAGATGGACTTCTCTTCTACCACA
SNUPN | SNUPNA254360 | | 'ATCGGATCCATGGACTACAAGGACGACGATGACAA

Flag-F

GGTAGATGGACTTCTCTTCTACCACA
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Table 2.2: PCR Reaction Setup

Component Volume f}i:r?clen tration
5X IProof HF Buffer 4 uL 1X
dNTP mix 0,4 uL 200 uM each
Forward Primer 1 pL 0.5 uM
Reverse Primer 1 pL 0.5 uM
DNA template 1 uL 1 ng
iProof DNA polymerase 0.5 uL 0.05 U/ pL
ddH20 12,1 uLL
Table 2.3: Thermal Cycling Protocol
Step Temperature Duration Cycle
Initial Denaturation 98 °C 30 seconds 1
Denaturation 98 °C 10 seconds
Annealing 55°C 30 seconds 10
Extension 72°C 30 seconds
Denaturation 98 °C 10 seconds
Annealing 63°C 30 seconds 25
Extension 72°C 30 seconds
Final Extension 72°C 10 minutes 1
Hold 4°C 0o

2.2  Gel Extraction

The identified bands were extracted from the agarose gel by using NucleoSpin Gel

and PCR Clean-up kit (MACHEREY-NAGEL, catalog # 740609.50) according to the

manufacturer’s instructions for Gel Extraction from agarose gels.

10
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2.3  Polyadenylation of Blunt-ended PCR Fragment

iProof™ High-Fidelity DNA Polymerase generates blunt-ended PCR fragments. To
facilitate TA cloning of the constructs into the pPGEMT-Easy vector, dATP (New England
Biolabs, catalog #N0440S) was added at the 3' end of the purified PCR products via Taq
DNA Polymerase with ThermoPol Buffer (New England Biolabs, catalog #M0267L),
reaction setup can be visualized in Table 2.4. After incubating the reaction mixture for 90
minutes, PCR samples were purified by using NucleoSpin Gel and PCR Clean-up kit
(MACHEREY-NAGEL, catalog #740609.50) according to the manufacturer’s

instructions for PCR purification.

Table 2.4: Polyadenylation Reaction Setup

Component Volume Final Concentration
10X ThermoPol Buffer SuL 1X

Taq DNA polymerase 1 pL 5 Units/50 puL
dATP 1 uL 2 mM

PR produgs 5 uL (500 ng) 500 ng/50 uL
Water To 50 uL

2.4  pGEM-T Easy Vector Ligation

Polyadenylated constructs were cloned into pGEM®-T Easy (Promega, catalog
#A1360) cloning vector kit. The ligation reaction was prepared according to the
manufacturer’s instructions with a 1:3 vector to insert ratio; the reaction setup can be
visualized in Table 2.5. Samples were incubated at room temperature for 1 hour, and later
on, samples were transformed into DH5a chemically competent cells, and the remaining

reaction was stored at -20°C.

11
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Table 2.5: pGEM-T Easy Ligation Reaction Setup

Component Volume Final Concentration
12))1(\I ARE?;jsengatlon Buffer, T4 5uL 1X

pGEMP®-T Easy Vector 1 uL 50 ng/uL

PCR product 2 uL 55 ng/ulL

T4 DNA Ligase SuL 3 Weiss units/pl
Water To 10 uL

2.5  Transformation to Chemically Competent DH5a. Cells

Before starting, the desired number of plates were placed in an incubator at 37 °C
upside down and left to dry. 5 puL of ligation product was transformed into 50 pL of DH5a
competent cells and mixed via gentle flicking a few times, then mixtures were incubated
for 30 minutes on ice. Later on, the mixture heat shocked in a water bath exactly at 42 °C
for 30 seconds and subsequently incubated on ice for 2 minutes. 950 pL of LB medium
were added to transformed cells and mixtures were incubated for 1 hour at 37°C with 225
rpm shaking. Following the incubation, samples were centrifuged for 2 minutes at 7000
rpm and 900 pL of the supernatant was aspirated, and the cell pellet was resuspended in
the remaining 100 pl. 100 pL of transformed cell culture was plated onto LB/Agar plates
with ampicillin (100 ug/mL, GOLDBIO, catalog #A-301-25), and, 40 uL of 2% 5-Bromo-
4-chloro-3-indolyl b-D-galactopyranoside (X-Gal) (Glentham Life Sciences, catalog #
7240-90-6) in dimethyl sulfoxide (DMSO). Each mixture was well spread on plates and

plates were placed into the incubator at 37°C, overnight.

12
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2.6  Small Scale Plasmid DNA Isolation

A single colony was inoculated from the plate and grown overnight at 37°C on a
shaker in 5 mL of LB media supplemented with ampicillin (100 ug/mL) for selection.
On the next day, 2 mL from the liquid culture was centrifuged at 11.000 rcf for 30 seconds
to pellet the cells. Plasmid DNA was isolated using the NucleoSpin Plasmid Kit
(MACHERY-NAGEL, catalog #740588.50) according to the manufacturer’s protocol,
and stored at -20°C.

2.7  Cycle Sequencing of the Constructs

The DNA sequence of the constructs was checked with the use of BigDye Terminator
v3.1 Cycle Sequencing Kit (catalog #4336917) according to the manufacturer’s
instructions with the use of primer sequences of SP6 and T7 promoter region-specific
primers (Table 2.6), reaction and thermal cycling setups can be visualized in Table 2.7

and Table 2.8.

Table 2.6: List of Sequencing Primers

Label Sequence (5°-3%)

SP6 Sequencing
Primer
T7 Sequencing
Primer

ATTTAGGTGACACTATAG

TAGCTCGAGTTAATTCTCCATGAGGCATCCAGG

Table 2.7: BigDye Terminator v3.1 Cycle Sequencing Reaction Setup

Component Volume Final Concentration
BigDye™ Terminator 3.1 Ready L ul
Reaction Mix H
BigDye™ Terminator v1.1 & v3.1

. 2 uL 1X
5X Sequencing Buffer H
SP6 Sequencing Primer 0.5 uL 0.5 uM
T7 Sequencing Primer 0.5 uL 0.5 uM
Template ms 200 ng/ uL
Water To 10 uL

13
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Table 2.8: BigDye Terminator v3.1 Cycle Sequencing Thermal Cycling Setup

Step Temperature Duration Cycle
Initial Denaturation 95°C 3 minutes 1
Denaturation 95°C 30 seconds
Annealing 50°C 15 seconds 35
Extension 60°C 30 seconds
Hold 4°C 0 1

Colony Picking Inoculation Overnight Incubation Centrifugation

/ I 5% overnight g 37°C
. s FIEE e .
J &=
-’ g ~—
Resuspension Lysis Neutralization Seperate cell debris

Transfer to eppendorf
tube Centrifuge

Bind plasmid I
DNA to matrix Elute plasmid DNA Validation of Construct
by Sanger Sequencing
Centrifuge ,J(_plasmlds )| Centrifuge | g | Centrifuge vaww\\
X2 ey

1 Nucleotide 2

Figure 2.2: Illustration of isolation and validation of the SNUPN plasmid DNA constructs.
Schematic illustrates the steps performed for isolation of the plasmid constructs (1-10), and the technique

of validation (11) after obtention of the purified plasmid DNA. Schematic is illustrated by biorender.

2.8  Restriction Digestion

Restriction digestion was performed to isolate the insert from the pGEM® -T Easy
vector and allow proper matching between the inserts and the pCS2+ vector during
ligation. pCS2+ vector and constructs were digested, with BamHI (New England Biolabs,
catalog #R0136S) and Xhol enzymes (New England Biolabs, catalog #R0146S). The
reaction setup can be visualized in Table 2.9. Samples were incubated at 37°C for 20
minutes. After the digestion, 5 uLL from the samples migrated under 120V for 60 minutes

in precast 1% Agarose gel, prepared with Syber™Safe Stain (1:10000, Invitrogen, catalog

14
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#S33102) in 1X TAE buffer. Visualization was performed with Gel Doc XR+ Molecular
Imager (BIORAD, catalog # 1708195EDU). Inserts isolated via gel extraction and the
pCS2+ vector digestion reaction were purified with NucleoSpin Gel and PCR Clean up
kit (MACHEREY-NAGEL, catalog # 740609.50) according to the manufacturer’s

protocol.

Table 2.9: Restriction Digestion Reaction Setup

Component Volume Final Concentration
10X rCutSmart™ Buffer 5uL 1X
BamHI 1 uL 20 units/ 50 uL
Xhol 1 pL 20 units/ 50 pLL
DNA | g 20 ng/ uL
Water To 50 uL

2.9  Subsequent Cloning into pCS2+ Mammalian Expression Vector

Digested SNUPN constructs were cloned into the digested pCS2+ expression vector
via the Quick Ligation™ kit (New England Biolabs, catalog #M2200). The ligation
reaction contains 100 ng vector DNA, 80 ng insert (according to 1:3, vector: insert ratio),
2X Quick Ligase Buffer, and Quick Ligase Enzyme, to a final reaction volume of 20 pl,
reaction setup can be visualized in Table 2.10. The ligation reaction was incubated at
room temperature for 10 minutes, and then it was used for transformation in DH5a
chemically competent cells as described earlier. Following the transformation, plasmid
DNA was isolated from positive clones via the small-scale plasmid isolation and
extraction method described earlier. Next DNA sequence of the plasmids was validated

via Cycle Sequencing.

15
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Table 2.10: Quick Ligation Reaction Setup

Component Volume
Vector 2 uL (100ng)
Insert 4 uL (80 ng)
Quick Ligase 1 uL
Quick Ligase Reaction Buffer 2X 2uL
Water To 20 pL
SNUPN PCR Product
4 ;
R‘estriction Sites Restriction Sites
t
Restriction Restriction
Enzymes @ \ s @ Enzymes
Restriction Enzyme
L Digestion |
Sticky Ends | Sticky Ends ¢
'
w T 1LJ1]IIZ|IE[IZ|]ZIZIIIIIIZII[I]]]]]IF;T
DNA Ligase .

Figure 2.3: Schematic of molecular cloning. Integration of the SNUPN WT inserts into pCS2+
mammalian expression vector, followed by their transformation into chemically competent DH5-a bacteria.

Schematic is illustrated by biorender.

16
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2.10 Large Scale Plasmid DNA Isolation and Extraction

5 nanogram (ng) from the validated construct is transformed into DH5a cells as
described earlier. A single colony was inoculated from the plate and grown for 8 hours at
37°C on a shaker in 5 mL of LB media supplemented with ampicillin (100 ug/mL). 1 mL
from the liquid culture was transferred to the 200 mL LB media supplemented with
ampicillin (100 ug/mL). On the next day, bacteria cells were harvested via centrifugation
at 4.000 for 15 minutes at 4°C. Plasmid DNA was isolated by using NucleoBond Xtra
Maxi Plus kit (MACHERY-NAGEL, catalog #740416.50) according to the

manufacturer’s protocol, and stored at -20°C.

2.11 Site-Directed Mutagenesis

Site-directed mutagenesis was used to substitute or delete specific nucleotides to
create patient mutations. The SNUPN wild-type construct was used as a template to
generate mutant constructs by Quick-Change II XL Site-Directed Mutagenesis kit
(Agilent, catalog #200522). All primer sequences used for site-directed mutagenesis are
shown in Table 2.11, reaction and thermal cycling setup can be visualized in Table 2.12.
cycling parameters can be visualized in Table 2.13. Subsequently, after the thermal
cycling reaction was incubated on ice for 2 minutes and the PCR reaction was digested
with 1 pl of Dpn I (10 U/ul ) for 1 hour at 37°C for the digestion of the parental DNA.
Following, 45 ul of XL1-Blue Supercompetent Cells provided in the kit thawed on ice
and 2 pl of the B-ME mix provided with the kit was added to the cells, and the mixture
was incubated on ice for 10 minutes. 2 pl of the Dpn I-treated DNA was transferred to
the mixture and reaction was incubated on ice for 30 minutes, subjected to heat-pulse for
30 seconds in a water bath at 42°C, and incubated on ice for 2 minutes subsequently. 500
uL of pre-heated LB broth was added later and the mixture was incubated for 1 hour at
37°C with 225 rpm shaking. After the incubation, 250 pL of the mixture was plated onto
LB/Agar plates with ampicillin (100 ug/mL), and the plate was incubated at 37°C
overnight. Isolation, extraction, and validation of the plasmid DNA were carried out with

the protocols described earlier.

17



Material and Methods

18

Table 2.11: The List of Primers Used in Site-Directed Mutagenesis Experiment

Gene Label Strand Sequence (5°-3°)

SNUPN | SNUPN-MI 926 T>G) F Forward | CACCAGCTCCAGCAGAGTATGGAGCACA
AGAAG

SNUPN | v pna1 (026 T5G) R Reverse | CTTCTTGTGCTCCATACTCTGCTGGAGCT
GGTG

SNUPN | SNUPN-M6 (902-903DEL)F | Forward | GACCACCAAGCCAGACTGCTGGGCAC

SNUPN | SNUPN-M6 (902-903DEL)R | Forward | GTGCCCAGCAGTCTGGCTTGGTGGTC

SNUPN | sNUPN-M7 (899-900DEL)F | Reverse | GACCACCAAGCCAGTATGCTGGGCACCA

SNUPN | SNUPN-M7 (899-900DEL)R | Forward | TGGTGCCCAGCATACTGGCTTGGTGGTC

Table 2.12: Site-Directed Mutagenesis Reaction Setup

Component Volume Final Concentration
10X Reaction Buffer Sul 1X

dsDNA template 1 pL 10 ng/50 pL
Forward primer 125 ng 125 ng/50 uL
Reverse primer 125 ng 125 ng/50 pL
dNTP mix 1 pL

QuikSolution 3ul

PfuUltra HF DNA polymerase 1 uL 2.5 U/ul

Water To 50 L

Table 2.13: Site-Directed Mutagenesis Thermal Cycling Setup

Step Temperature Duration Cycle
Initial Denaturation 95 °C 1 minute 1
Denaturation 95°C 50 seconds

Annealing 60°C 50 seconds 18
Extension 68°C 5 minutes

Final Extension 68°C 7 minutes 1
Hold 4°C oo 1

18
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2.12 Cell Culture and Transient Transfection

HEK?293T cells (ATCC, catalog no. CRL-3216, RRID: CVCL_0063) were cultured
in high glucose DMEM (Sigma, Catalog # D6429) supplemented with 10% fetal bovine
serum (FBS) (Biowest, catalog #S1600-500) and 1% penicillin/streptomycin (Biowest,
catalog #1.0022-100) and they were maintained in a humidified 5% CO? atmosphere at
37°C. All the cell lines were also tested negative for Mycoplasma contamination using
the MycoAlert Mycoplasma Detection Kit (Lonza, catalog #L.T07-118). Transfection
with the expression constructs was carried out with a Lipofectamine 2000 kit (Invitrogen,
catalog #11668019) according to the manufacturer’s protocol. Non-transfected respective
cell lines which contain the same number of cells were cultured alongside the transfected

cells for negative control.

2.13 Whole Protein Extraction from Cultured Cells

48 hours after transfection of the cells cell medium was removed and cells were
treated with pre-warmed 4 ml 0.05% Trypsin-EDTA 0.53 mM (Wisent, catalog #325-
542-EL) and incubated for 5 minutes at 37°C. Trypsin was deactivated by the addition of
the 5 mL cell culture medium mentioned above, samples were transferred into a 15 mL
falcon tube and centrifuged at 1500 rpm for 5 minutes. Supernatants were removed and
the pellet was resuspended with 5 mL of filtered ice-cold PBS and centrifuged at 12.000
rpm for 5 minutes at 4°C. After the removal of the supernatant, total protein from the cells
was extracted by using cold 350 uL of 1X RIPA lysis buffer (Millipore, catalog #20-188)
supplemented with cOmplete™, EDTA-free Protease Inhibitor Cocktail (Roche, catalog
#11873580001). Samples were incubated on ice for 30 minutes, and later on, centrifuged
at 17.000 rcf for 30 minutes at 4°C. Each supernatant is transferred into a sterile low-

protein binding centrifuge tube and stored at -20°C.
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2.14 Immunoprecipitation

The whole cell lysate was isolated as described earlier and Anti-Flag M2 beads
(Sigma-Aldrich, catalog #A2220) were subjected to one wash with PBS and 3 times with
1 X RIPA lysis buffer. Next 20 pL aliquot of Anti-Flag M2 beads (Sigma-Aldrich, catalog
#A2220) was collected via centrifugation at 6.000 rpm for 90 seconds at 4°C. Beads were
resuspended in cell lysate and, the mixture was incubated on a rotator overnight at 4°C.
On the following day, the mixture was washed 6 times with 1X RIPA lysis buffer. Elution
of the proteins was carried out with the addition of 50 pL of 2X Laemmli loading buffer
with 60 mM DTT, and incubation of the samples at 95°C for 10 minutes. In the final step,
beads were removed with centrifugation at 6.000 rpm for 90 seconds at 4 °C, and the
supernatant was collected into a sterile-low protein binding Eppendorf tube. Analysis of
the samples was carried out by western blot and HRP conjugated anti-mouse IgG light
chain specific secondary antibody (Abbkine, catalog #A25012) and HRP conjugated anti-
rabbit IgG light chain specific secondary antibody (Abbkine, catalog # A25022) were

used in the visualization.

2.15 Western Blotting

For western blotting, the samples were reduced by Laemmli sample buffer (Biorad,
catalog #161-0747) containing dithiothreitol (DTT) and denatured for 5 min at 95°C.
Then, the Precision Plus Protein Dual Color Standard (Bio-Rad, catalog # 1610374) and
equal volumes of protein samples were loaded on 4-20 % Criterion™ TGX™ Precast
Midi Protein Gels (Bio-Rad catalog # 5671093) for SDS-PAGE gel electrophoresis and
run at 80 V for 2 hours. Following, proteins were transferred on an Immun-Blot® Low
Fluorescence PVDF Membrane (Bio-Rad, catalog #1620261) using Trans-Blot®
Turbo™ Transfer System (Bio-Rad, catalog #1704150). Therefore, Trans-Blot Turbo
Midi-size Transfer Stacks (nitrocellulose membranes) were immersed in Trans-Blot
Turbo 1X Transfer buffer (Bio-Rad, catalog #10026938), one nitrocellulose membrane
was placed as the bottom layer inside of the cassette and, a Trans-Blot Turbo Midi-size
PVDF membrane equilibrated with first submersion in 100% methanol and then 1X
transfer buffer. PVDF membrane was placed on top of the nitrocellulose membrane and
gel was placed on the PVDF membrane. The second wetted nitrocellulose membrane was

placed on top of the gel to serve as the top ion reservoir stack. Potential air bubbles were
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removed by gentle rolling with the blot roller. The transfer was performed by the
administration of the 2.5A-25 V for 7 minutes. Later on, membranes were blocked with
5 % milk/TBST for 1 hour at room temperature and then probed with the primary
antibodies diluted in 5 % milk/TBST overnight at 4 °C (Table 2.14). After 3 washes in
TBST, membranes were incubated with the respective HRP conjugated anti-mouse
(1:1000, Abbkine, catalog # A21010) and anti-rabbit (1:1000, Abbkine, catalog #
A21020) secondary antibodies in 5 % milk/TBST. After 3 washes in TBST, the signal
was revealed by the Pierce™ ECL Western Blotting Substrate (Thermo Fisher Scientific,
catalog #32106) and the SuperSignal West Chemiluminescent Substrates (Thermo Fisher
Scientific, catalog #34580/34096/A38554). In the end, membranes were developed by
ChemiDoc MP Imaging System (Bio-Rad, catalog # 17001395).

Table 2.14: Primary Antibodies Used in Western Blot

Antibody Host Class Assay and dilution | Company Catalog #
Anti-SPN1 Rabbit Polyclonal Ill;llrg(‘)’g(’bk’t: Proteintech 15358
Anti-GAPDH Mouse Monoclonal III/I;ISS noblot: Santa Cruz 47724
Anti-Myc Mouse Monoclonal Ilr/nlr(r)l(L)l 3 oblot: Sigma 05-724
Anti-Flag Rabbit Polyclonal Ilr/rirggg(’bk’“ Cell Signaling | 2368
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Chapter 3:
RESULTS

3.1  Preliminary Clinical and Functional Data

3.1.1 Clinical and Molecular Analysis

The first patient (II:1), was a female from Kosovo born from a non-consanguineous
family, her development was normal until the early stages of her childhood (Figure 3.1A).
At the age of 5, she developed an abnormal gait with mildly anterior pelvic tilt,
experienced frequent falls, and her symptoms worsened progressively over time. Clinical
examinations of her limb muscles reflected a generalized muscle weakness (Figure 3.1A).
Clinical observations were compatible with a diagnosis of muscular dystrophy (MD).
However, routine molecular genetic examinations failed in the identification of
pathogenic variants linked to any muscular dystrophy. Therefore, our team carried out a
whole exome sequencing (WES) and uncovered a novel germline homozygous
pathogenic mutation in SNUPN (MIM607902) (m1, Chrl5: c.926T>G, p.11e309Ser). This
homozygous variant had never been reported in public databases such as gnomAD,
ExAC, or Exome Variant Server. Except for de novo mutation p.Asp255Glu affiliated
with a disease yet of uncertain pathogenicity, there had not been an association of any

homozygous SNUPN variant with a disorder (Cappi et al., 2016).

Segregation analysis on unaffected parents (F1-1:1 and F1-1:2) and brother (F1-11:2)
confirmed revealed that this unique mutation segregated with the disease, which suggests
an autosomal recessive inheritance pattern. Furthersmore, in silico analysis of
pathogenicity of the m1 mutation with prediction tools such as CADD, DANN, MCAP,
FATHMM-MKL, SIFT, polyPhen-2, and MutationTaster anticipated to be deleterious.
Additionally, the mutated amino acid residue (Ile309) of SPN1 was highly conserved
across vertebrate species, which contributes to the prediction of the possible pathogenicity
(Figure 3.2C). Later on, 17 more cases from 14 unrelated families originating from
Europe (F2), USA (F3), Switzerland (F4), Iraq (F5 and F12), Iran (F6 and F7), Macedonia
(F8), Romania (F9), Guatemala (F10), another from Kosovo (F11), Columbia (F13 and
F14), and Germany (F15) were identified through GeneMatcher (Sobreira et al., 2015) or

22



Results 23

Centogene (Rostock, Germany) in-house database. All the cases were diagnosed with
muscular dystrophy features. Routine molecular genetic examinations failed in the
identification of the genetic cause in all patients of the cohort. Therefore, trio or single
WES was carried out, which revealed recessive pathogenic mutations in the SNUPN gene
that confirmed Mendelian recessive inheritance. Overall, our team identified four
germline homozygous mutations which also consist of the one in patient F1 (ml:
c.926T>G; p.le309Ser (F9 and Fl11)) and three novel (m6: c.902_903delAT;
p-Tyr301Cysfs*29 (F4, F13, F14); m7: c.899_900delAC; p.Asp300Valfs*30 (F5-F7,
F12); m9: c.164G>A; p.Arg55GIn (F10) as well as four compound heterozygous
mutations (m2: c¢.760-1G>A and m3: c.958delA; p.Met320ter (F2); m4: ¢.848C>G;
p-Ser283ter; and mS: ¢.922C>T; p.GIn308ter (F3); m8: c.787C>T; p.GIn263ter and m1:
c.926T>G; p.1le309Ser (F8); m1: ¢.926T>G; p.lle309Ser and m4: ¢.848C>G; p.Ser283ter
(F15)) (Figure 3.1B).

In summary, eighteen affected individuals exhibit common muscular defects with
varying degrees of severity (refer to Table 15). Overall, our results provide compelling
clinical and genetic evidence that SNUPN mutations are causally related to a unique

subtype of muscular dystrophy disorder (Nashabat et al., 2024).
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Figure 3.1: Identification of patients with muscular dystrophy carrying biallelic SNUPN variants.
A) Images of the affected patients: Affected girl from family F1 (F1-II: 1:8 years old), exhibiting aberrant
posture with left dissymmetry and having trouble raising her arms (Left). Affected individuals from family
4 (F4-1I:2; 16 years old) (middle) and family 12 (F12-II:2; 8 years old) (right) are confined in a wheelchair
and rely on artificial breathing apparatuses illustrating the profound severity of their disability. B)
Pedigree’s of fifteen families showing autosomal recessive inheritance. Double lines denote a
consanguineous marriage, symbols filled with black represent affected, and, crossed symbols indicate
deceased individuals. The triangle symbol represents miscarriages. Compound heterozygous variations are
displayed according to their paternal origin and SNUPN variant coordinates are supplied (Nashabat et al.,

2024).
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Table 3.1: Patient’s clinical features associated SNUPN mutations

Clinical Features Number of Patients Tested Percentage
Muscular Weakness 18/18 100%
Elevated CK Levels 16/17 94%

Myopathy (EMG) 11/11 100%

Neurological Defects 7/9 78%

Bilateral Cataract 6/18 33%
Spine Malformation 12/16 75%
Resp. Insufficiency 11/18 61%
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Figure 3.2: Schematic of SNUPN gene and SPN1 protein with identified mutations. A) Illustration

of the genomic structure of Homo sapiens SNUPN (MIM607902) which consists of nine exons. B)

Schematic diagram of the SPN1 protein composed of two conserved domains: Importinf-1 binding domain

(IBB) (green) and trimethylguanosine (m3G)-cap-binding domain (TMG) (bright orange). Nine pathogenic

germline variants are depicted on both SNUPN genomic and SPN1 protein schematics. The majority of the

pathogenic variants (m1-m8) are localized in the C-terminus region between residues 254-320, whereas

solely the m9 pathogenic variant is found in the N-terminus region. The question mark highlights the

uncharacterized C-terminal domain (Nashabat et al., 2024).

3.1.2  Analysis of SNUPN and SPN1 Levels in Patient Fibroblast

To begin investigating the potential pathogenic effects of SNUPN mutations, primary

fibroblasts were isolated from three affected patients (F17//"! F2m/m3 F4_[1:.2m%m0 F4.-

I1:3"%/"6) who carry the homozygous mutation located at the uncharacterized C-terminal

domain of SNUPN. We then performed quantitative PCR (RT-qPCR) and western

blotting to compare mutant and wild-type endogenous Snurportin-1 mRNA and protein

levels in mutant and control fibroblast lines. Results of the RT-qPCR experiment revealed

no statistically significant difference between the wild-type and mutant (F1"/"! F2m2/m3,

F4-11:2"6/"6 and F4-11:3""5) mRNA levels for SNUPN gene in fibroblasts (Figure 3.3).

However, analysis of SPN1 level in the whole protein lysate by western blot using anti-
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Snurportin-1 antibody showed the presence of two bands with lower kDa and less
intensity which corresponds to the truncated SPN1 mutant variants in patients with
compound heterozygous mutation (F2"?%) (Figure 3.4 A, Lane 3). Furthermore,
quantification of SPN1 levels in independent protein extracts using four to six western
blots analysis revealed a significant decrease in the total level of SPN1 in all the mutants

compared to three WTs (Figure 3.4A and 3.4B).
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Figure 3.3: RT-qPCR graph of SNUPN mRNA levels in patient fibroblasts. SNUPN expression
analysis shows no significant difference between the three wild-type (WTs) and four mutants (F17/"/,
F2m2im3 | FA-I1:2m5/m6  F4-11:3"%70 in fibroblast. Fold change relative to WTs is plotted as mean = SEM, (n=3

biological replicate). ns, non-significant (two-tailed unpaired t-test) (Nashabat et al., 2024).
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Figure 3.4: Western blot analysis of SPN1 levels in mutants. A) Western blot result of SPN1 protein
levels in patients F17/  F2m2/m3 FA-I[:2m%m6 F4-11:3"%"6 compared to WT fibroblasts. GAPDH served as
a loading control. B) Quantification of SPN1 protein levels in patients F17/m/ F2m2/m3  F4_][:2m0/6 | F4-
11:3"6/6 compared to WTs (n=3) fibroblasts using four to six independent western blots. In the analysis,
each dot indicates one quantification. Fold change relative to WTs is plotted as mean = SEM. ns, non-

significant; **P < 0.01; ***P < 0.001 (two-tailed unpaired t-test) (Nashabat et al., 2024).
3.1.3 Insilico Predictions of SPN1 Mutants 3D Structure

SPN1 residues between 254 and 320 harbor the majority of the pathogenic variants
(m1-m8&) which are expected to alter either the TMG binding domain or the C-terminus
region which have not been characterized yet (Figure 3.2B). Marwan Ahmad Nashabat,
PhD in the lab investigated the structural impacts of the pathogenic variants on SPN1 by
using prediction models generated with I-TASSER server (2015) and PyMOL Molecular
Graphics System computational tools based on SPN1 reference proteins (PDB 3GJX and
1XKS) (Fig. 3.5)

Structural prediction reveals a well-defined alpha helix in the C-terminal domain
between Gly303 and Glu322 in WT SPN1 protein (Nashabat et al., 2024). Notably, this
region is predicted to be partially (m1) or completely (6 and m7) disrupted in mutant

SPNI1 proteins (Figure 3.5).

Alpha helices are well known to play a pivotal role in the structural stability of
multiple protein subunits (Yakimov et al., 2016). We thus hypothesized that structural
alterations at the C-terminus of the mutant SPN1 proteins might cause an impairment in

their ability to form oligomeric complexes. This hypothesis was further supported by a
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previous study showing that N- and C-terminus domains of SPN1 protein can form an

intramolecular interaction (Ospina et al., 2005).

mT:SPN1"le3095er mG6:SPN 101029 m7:SPN1Asp30ovalfst30

Figure 3.5: In silico predictions of wild-type (WT) and mutant SPN1 proteins. Predictions for the
3D structure of the wild-type SPN1 protein and SPN1 models for homozygous pathogenic variants (m1,
m6, and m7) affecting C-terminus (shown in the dotted box). Colors of the complete protein structure are
based on the secondary structures with alpha helices in red, beta sheets in blue, and loops in yellow.
Magenta color was used to represent mutated amino acids in m6 and m7 patients’ models (Nashabat et al.,

2024).

3.1.4 SPNI C-Terminal Domain Mutations Impair Self-Interaction in Patient
Fibroblast

To investigate our hypothesis regarding the self-interaction of the endogenous SPN1
protein, we analyzed cytoplasmic fractions extracted from WT, F1ml/ml ppm2/m3 g4
I1:3M%/m® mytant fibroblasts using western blot. We excluded the usage of reducing agents
(Dithiothreitol (DTT)) and blotted with an SPN1-specific antibody the entire membrane.
Normally, DTT is commonly used in biochemistry to destabilize alpha helix structures
by reducing or breaking disulfide bonds, thereby unfolding the 3D structure of the protein.

By strategically excluding DTT in our experiment, we aimed to preserve SPN1 3D

conformation and detect its potential self-oligomerization.

Our data illustrated in Figure 3.6 revealed:

(1) A band around 41 kDa in all the samples corresponding to the SPN1 monomer,
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(2) The higher band at around 150 kDa that was decreased in the missense mutant
(F1™/my “and completely absent in compound heterozygous and frameshift
mutants (F2"%™ and F4-11:3"%"6 respectively) that display more severe C-

terminal disruption.

(3) However, the observed band at 100 kDa provided inconsistent results between
independent experiments. Therefore, we are not yet able to explain its presence

and specificity.

These preliminary data provided strong support for our hypothesis regarding the self-
oligomerization potential of the SPN1 protein. We concluded that due to its size, the band
around 150 kDa likely corresponds to an SPN1 tetramer. Notably, this oligomer formation

appeared to be hindered in all the samples carrying mutations affecting the C-terminal.

A ) «‘6‘«\6
@@ >
SRR NS
Kig = =~ = = = By
150- | — — = SPN1 oligomer
T00-[— — E—

PR S— — - —

41- , <«SPN1 monomer
37- P W o= | "™ e~ SON 1 truncated

37- (i —— o |- GAPDH
1 2 3 4 5

Figure 3.6: Western blot analysis of endogenous SPN1 protein in fibroblast cytoplasmic fraction.
SPN1 bands appear at 41 kDa, 100 kDa and 150 kDa. SPNI oligomer band (150 kDa) was faint in the

missense mutant (F1™m!) and entirely vanished in compound heterozygous (F2™™3) and frameshift (F411-

2méméy mutant samples. GAPDH was used as a loading control.
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3.1.5 Hypothesis

According to our structural predictions, the C-terminus of SPN1"T harbors an alpha-
helix spanning from Gly303 to Glu322. This region is predominantly composed of non-
polar amino acid residues, known to facilitate hydrophobic interactions. Integrating our
structural prediction and experimental data, our hypothesis has evolved to suggest that
SPN1 may form homo-dimeric and/or homo-tetrameric complexes through hydrophobic
intramolecular interactions facilitated by the alpha helix structure at the C-terminal
(Figure 3.7). Furthermore, we propose that structural alterations in the alpha helix,
induced by mutations, could potentially impede SPN1"s cellular function by disrupting

the self-interaction of monomers for the formation of a higher-order complex.
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Figure 3.7: Hlustration of the hypothesis of SPN1 Self-Oligomerization. (1) The diagram shows the
self-oligomerization hypothesis of SPN1 monomers (in purple) through hydrophobic interactions. Arrows
(right) indicate the possible interaction routes and lines (left) indicate the formation of probable
hydrophobic interactions. Schematic also includes the hypothesis about (2) SPN1 homo-dimer formation,
suggested by the band at 100 kDa, and (3) homo-tetramer formation, suggested by the band around 150
kDa.

3.2 Generation of the Tool

Normally, exploring the endogenous protein interactions within patient cells offers
the most reliable insights for the functional characterization of protein domains. However,
low endogenous protein levels present methodological challenges for biochemistry
analyses (Prelich, 2012). Thus, to deepen our understanding of the SPN1 C-terminal
domain, we chose to transfect SNUPN WT or mutant plasmids in HEK293T/HeLa, well-

established cell lines used for transient gene overexpression.

31



Results 32

3.2.1 Construct Design

Transient gene overexpression is a useful technique for functional studies that
enables the bypass of methodological challenges and aids the investigation of the role of
proteins and their domains. One of the most common approaches for establishing a
transient overexpression tool is the integration of the gene of interest into an expression
plasmid vector. For the initial step of generating overexpression tools, we designed
primers that specifically target the coding sequence (CDS) of the human SNUPN gene
(NM_005701.4) to integrate it into mammalian expression vector pCS2+. In the design
of the forward primer, we included additional 3 bases at 5™ to increase restriction digestion
efficiency, followed by a BamHI restriction enzyme recognition site for directional
cloning. To enhance the initiation of the translation we included a leader sequence of 6
nucleotides before the first ATG. After the start codon, either a Flag or Myc-epitope tag
sequence was incorporated at the N-terminal for specific detection and isolation of
overexpressed proteins. The design is concluded with the rest of the CDS to ensure
specific primer initiation (Figure 3.8A). Moreover, the design of the reverse primer
contains a 3™ -CDS, stop codon to terminate the translation, Xhol restriction enzyme

recognition site, and leader sequence (Figure 3.8B).

In our primer design strategy, we determined the length of the additional bases
according to manufacturer instructions (Cleavage Close to the End of DNA Fragments,
New England Biolabs) to increase restriction digestion efficiency. Furthermore, BamHI
and Xhol enzyme sequences were specifically chosen for the restriction digestion since
these enzymes do not exhibit any cleavage activity neither within the insert nor outside
of the multiple coding site of the pCS2+ plasmid. Flag or Myc-epitope tags were
integrated into forward primer specifically to tag the proteins from the N-terminal for a
couple of reasons: (1) to preserve the native conformation of the C-terminal for our
investigation, and (2) generation of the frameshift patient mutations will disrupt the C-

terminal along with the epitope tag.

32



Results 33

BamHI Codin
A Add. Recognition o " FLAG or MYC Epitope Tag Se uén%e
Forward Site - —

Reverse ¢ A----m 3
Xhol

Codi =
oding TAA Recognition Add.
Sequence Site

Figure 3.8: : Illustration of the primer designs used in molecular cloning of SNUPN. A) Sequence
blueprint of the forward primer. Sequence order is composed of additional nucleotides (Add.) (black),
BamHI restriction enzyme recognition site (pink), Leader sequence (orange), start codon (ATG) (green),
Flag or Myc epitope tag sequence (red) and the coding sequence (green). B) Sequence blueprint of the
reverse primer which consists of the coding sequence (green), stop codon, Xhol restriction enzyme

recognition site (pink), and additional nucleotides (Add.).

3.2.2  Generation of the wild-type SNUPN constructs

At the initial stage, we optimized a PCR reaction with two different annealing
temperatures to amplify the wild-type SNUPN gene with desired modifications for
epitope tagging and molecular cloning. The aim behind the usage of a single PCR reaction
with two different annealing temperatures was to accommodate the difference between
the melting temperatures (Tm) of the primers. This difference is due to the inclusion of

the 6-nucleotide leader sequence and epitope tag sequences in the forward primer.

Following the successful amplification of the SNUPN WT inserts (SNUPN N-Flag
WT, SNUPN N-Myc WT) (Figure 3.9A), PCR reactions were polyadenylated and
integrated into pGEM-T easy vector via TA cloning. This intermediate employment of
the pGEM-T easy vector provides a couple of advantages in the process of molecular
cloning: (1) integration of the gene of interest into a stable plasmid backbone for storage,
(2) obtaining high amounts of the gene of interest to be used in subsequent restriction

digestion reaction.
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After integrating the gene of interest in the pGEM-T easy vector, a restriction
digestion reaction was performed with the BamHI and Xhol enzymes. This reaction is
carried out for the pGEM-T easy vectors that either contain SNUPN N-Flag WT or
SNUPN N-Myc WT, as well as the empty pCS2+ mammalian expression vector.

Next, inserts were isolated by gel extraction and integrated into the pCS2+ vector via
ligation reaction. Ligates of SNUPN N-Flag WT and SNUPN N-Myc WT were
transformed into DHS5-alpha bacteria for selection and amplification. Subsequently, the
1solated plasmids were digested with BamHI and Xhol enzymes to validate the integration
of the inserts into the pCS2+ vector. The results of the gel analysis showed that both
SNUPN N-Flag WT and SNUPN N-Myc WT inserts were successfully integrated into the
pCS2+ vector (Figure 3.9B).

Cycle sequencing of the constructs, with the usage of primers specific to the SP6 and
T7 promoter regions located at the 5° and 3" ends of the multiple cloning site of the pCS2+
vector, further validated the successful integration of the inserts into the vector. Also, it
confirmed the successful cloning of SNUPN N-Flag WT, and SNUPN N-Myc WT without

any unspecific mutation (Figure 3.13)
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Figure 3.9: PCR amplification and integration of SNUPN constructs into a mammalian expression
vector. A) Agarose gel image of the PCR amplification of the Flag (3), and Myc (4) epitope tagged WT

SNUPN coding sequence. Bands are at the correct size for both Flag (1107 base pair (bp)) and Myc (1113
base pair (bp)) epitope-tagged inserts. Samples migrated under 120V for 25 minutes in 0.8% agarose gel.
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B) Validation of the integration of the inserts into mammalian expression plasmid via restriction digestion.
For both SNUPN N-Flag WT (2), and SNUPN N-Myc WT (3) constructs, upon digestion with the two
restriction enzymes used for cloning and migration on agarose gel, two bands were observed. A band at
4000 base pair (bp) and one at 1000 base pair (bp) correspond to pCS2+, the mammalian expression plasmid
and SNUPN WT inserts, respectively.

(79 .. 137) SNUPN ORF N-FLAG-F BamHI (79)

__XhoI (1198)
T SNUPN-ORF-R (1174 .. 1204)
FLAG-SNUPN WT

5186 bp

Figure 3.10: Circular plasmid map of the Flag-SNUPN wild-type construct. Genetic map of the
5186 bp pCS2+ plasmid that contains Flag-SNUPN WT (SNUPN N-Flag, in purple). The map is generated

by using SnapGene software (from Insightful Science).
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Figure 3.11: Circular plasmid map of the Myc-SNUPN wild-type construct. Genetic map of the
5192 bp pCS2+ plasmid that contains Myc-SNUPN WT (SNUPN N-Myc, in purple). The map is generated

by using SnapGene software (from Insightful Science).

3.2.3 Generation of the Homozygous Pathogenic Mutations

Pathogenic mutations in the SNUPN gene are localized between SPN1 residues 254
and 320 in a region identified as a mutational hotspot. They are anticipated to alter the
TMG binding domain (aa. 162 to 301) or the uncharacterized C-terminus domain (aa. 301
to 320). To further evaluate the impact of these mutations on the structure and function
of SPN1 protein, we next generated homozygous pathogenic patient mutation constructs

by using wild-type (WT) SNUPN N-Flag and wild-type (WT) SNUPN N-Myc constructs

as templates.
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For this purpose, three mutations were selected: a missense mutation from our index
patient (F1"!) and two frameshift mutations from family 4 and family 5 (F4-11:2"%/"0,
F5-11:2"”7) . The missense mutation changes only a single amino acid in the C-terminal
region, leading to a mild phenotype in the patient, reduced levels of SPN1, and impaired
oligomer formation. Conversely, frameshift mutations result in premature termination
codon and the loss of the SPN1 C-terminal region. Notably, these frameshift mutations
lead to a much stronger patient phenotype, accompanied by a reduction in SPN1 levels

and complete loss of oligomer formation.

These constructs were generated by using the “Agilent-QuikChange Primer Design”
tool that design complementary primer sequences containing the desired modification
(single nucleotide substitution for m1: c.926T>G; p.lle309Ser, two nucleotide deletion
for m6: ¢.902_903delAT; p.Tyr301Cysfs*29 and m7: ¢.899_900delAC;
p-Asp300Valfs*30) at the center of the primers. Following the amplification of the mutant
strand by PCR reaction, the plasmid mix was subjected to Dpnl enzyme for the cleavage
of the parental DNA. Dpnl specifically recognizes and cleaves methylated DNA, thus
removing only the parental DNA, which is methylated, to avoid contamination of the WT
construct. Finally, the mutant construct samples were transformed into bacteria for the
nick repair, selection, and amplification (Figure 3.12). Plasmids were isolated from the
bacteria, and finally, mutant constructs without any undesired mutation were validated by

Cycle sequencing.
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Mutant Strand Plasmid Mix Dpnl Digestion Mutant Transformation
Synthesis of Construct
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Figure 3.12: Site-directed mutagenesis for the creation of homozygous pathogenic SNUPN
mutants. The schematic diagram shows the experimental flow of the site-directed mutagenesis to create

homozygous pathogenic SNUPN mutants located at the uncharacterized C-terminal region of the gene. (1)
Mutant strand synthesis via PCR reaction, (2-3) Treatment of the heterogeneous plasmid mixture with Dpnl
enzyme, which is composed of methylated parental DNA (yellow and blue), and unmethylated mutant
construct (green and purple). (4-5) Obtaining and transformation of the mutant construct to XL10-Gold

Ultracompetent Bacteria Cells for nick repair, amplification, and selection.
3.2.4 Validation of the Tools

As previously mentioned, the final step of each construct generation involved the
verification of the SNUPN sequence through cycle sequencing, a modified version of
Sanger sequencing for the determination of DNA sequence (Blakesley, 1993). The main
difference between the two methods is the incorporation of a heat-resistant DNA
polymerase in Cycle sequencing, giving the advantage of repeating the sequencing
reaction by using DNA over and over again in the same tube as a PCR reaction (Blakesley,

1993; Platt et al., 2007).

For this purpose, primers specific to the SP6 and T7 promoter regions located at the
5" and 3" ends of the multiple cloning site of the pCS2+ vector, were used. The analysis
confirmed the successful integration of the Flag and Myc epitope tags at the N-terminus
of the SNUPN WT constructs (SNUPN N-Flag WT, and SNUPN N-Myc WT respectively)
(Figure 3.13). Additionally, cycle sequencing also further validated their integration into
the pCS2+ vector. mutant constructs m1: c.926T>G; p.lle309Ser, m6: ¢.902_903delAT;
p-Tyr301Cysfs*29 and m7: ¢.899_900delAC; p.Asp300Valfs*30 were validated as well.
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The final step of validation for all the constructs was to assess their ability to express
SPN1 in easy transfectable cellular system such as HEK293T. Protein lysates were
prepared from HEK293T cells transfected with wild-type or mutant, Flag- or Myc-
Tagged SNUPN constructs. Flag or Myc epitope tag-specific antibodies revealed the
presence of SPN1 monomer at the correct size (around 41 kDa) in all samples, except for
the untransfected control. This specific detection indicated the successful generation,

transfection, and translation of the constructs (Figure 3.14).

A NM_005701.4 1-cccevnnees cransnaces sons ATGGAA GAGTTGAGTC-16 892-AGACTATGCT GGGCACCAGC TCCAGCAGAT-921
= WT  1-ATGGACTACA AGGACGACGA TGACAAGGAA GAGTTGAGTC-40 921-AGACTATGCT GGGCACCAGC TCCAGCAGAT-950
QL © m1  1-ATGGACTACA AGGACGACGA TGACAAGGAA GAGTTGAGTC-40 921-AGACTATGCT GGGCACCAGC TCCAGCAGAG-950
2 W m6  1-ATGGACTACA AGGACGACGA TGACAAGGAA GAGTTGAGTC-40 921-AGACTEMGCT GGGCACCAGC TCCAGCAGAT-950
w Z m7  1-ATGGACTACA AGGACGACGA TGACAAGGAA GAGTTGAGTC-40 921-AGMITATGCT GGGCACCAGC TCCAGCAGAT-950

H 368 338

1
| SPN1%T N-Flag | | SPN17N-Flag
m6:1y!r301(,yf5’29
1 %8 1 338
[ SPN1™ N- Flag | W SPN1™ N-Flag 1
m1:lle309Ser m7: As;p300lefs‘30
B NM_005701.4 R R R ATGGAAGAGT-16 892-CCAAGCCAGA CTATGCTGGG -911 922-AGCAGATTAT-931

WT  1-ATGGAGCAAATAGCTCATTTC TGAAGAGGAC TTGGAAGAGT-40 921-CCAAGCCAGA CTATGCTGGG-940 951-AGCAGATTAT-1049
mi1  1-ATGGAGCAAATAGCTCATTTC TGAAGAGGAC TTGGAAGAGT-40 921-CCAAGCCAGA CTATGCTGGG-940 951-AGCAGABTAT-1049
m6  1-ATGGAGCAAA AGCTCATTTC TGAAGAGGAT TTGGAAGAGT-40 921-CCAAGCCAGA CTEIGCTGGG-940 951-AGCAGATTAT-1049
m7  1-ATGGAGCAAATAGCTCATTTC TGAAGAGGAC TTGGAAGAGT-40 921-CCAAGCCAGEMMTATGCTGGG-940 951-AGCAGATTAT-1049

SNUPN
N-Myc

370 ‘. 340

SPNT™ N-Myc | W SPN1™N-Myc [

]
mé: Tyr301Cyfs*29

—

1 v ! 340

[ SPN1™ N-Myc [ | ® SPN177N-Myc
m1:1le309Ser m7: Asp300Valfs*30

Figure 3.13: Validation of the generated tools by Cycle sequencing. A) Top: Multiple sequence
alignment of sequencing results of the SNUPN N-Terminal Flag (highlighted in orange) tagged constructs
showing wild-type (WT) and variants m1 (orange), m6 (red), and m7 (purple). Bottom: schematics of the
corresponding SPN1 proteins. B) Top: Multiple sequence alignment of sequencing results of the SNUPN
N-Terminal Myc (highlighted in green) tagged constructs showing wild-type (WT) and variants ml
(orange), m6 (red), and m7 (purple). Bottom: schematics of the corresponding SPN1 proteins.
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Figure 3.14: Validation of the constructs by western blot. Western blot assay was performed with
the protein samples from HEK293T cells transfected with wild-type or mutant, Flag or Myc-Tagged SPN1
constructs. A) Membrane blotted with anti-Flag antibody reveals the expression of SPN1 for wild-type
(WT) (2) and mutant (3-5) samples. B) Membrane blotted with anti-Myc antibody reveals the expression
of SPN1 for wild-type (WT) (2) and mutant (3-5) samples. Non transfected HEK293T proteins were used

as a negative control to check the specificity of the SPN1 expression.

3.3  Wild-Type SPNI1 is Capable of Self-Oligomerization

To further investigate the self-oligomerization capability of SPN1 protein we
overexpressed Myc-epitope tagged SPNIVT construct in HeLa cells. Cytoplasmic
fractions from the SPN1 overexpressed sample, along with the untransfected control were
analyzed by western blot experiment in the absence of DTT, a reducing agent. A Myc-
tag-specific antibody was used to enable the detection of the SPN1 protein in the entire

membrane. We observed in the sample SPN1WT

overexpressed, the presence of two
robust bands at 41 kDa and 150 kDa and a faint band around 75 kDa likely corresponding
to the SPN1 dimer (Figure 3.15, lane 2). This data corroborated our findings obtained in
primary fibroblasts demonstrating the presence of SPN1 oligomer band at 150 kDa whose

size appears to correspond to a tetramer complex (Figure 3.6, Lane 1).
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Figure 3.15: : Wild-type SPN1 is capable of self-oligomerization. Western blot analysis of the HeLa

cells cytoplasmic fractions without DTT treatment. In the Myc-SPN1%T sample, two major specific bands
at 41 and 150 kDa appear in Myc-SPN1WVT sample compared to untransfected sample. Note the presence of

a faint band above 100 kDa.

3.4  SPNI Mutants Affect Self Oligomerization

Next, to further confirm the role of the C-terminus of SPN1 in its self-oligomerization
and validate our findings, we compared the overexpression of Myc-epitope tagged
SPNIVT with the two frameshift mutants SPN1TYBOICHE™29 anq SPN]Asp300Valfs30
constructs in HeLa cells. We specifically chose these mutant constructs based on the
severe predicted impairment of their alpha helix in the C-terminus and the complete loss

of oligomerization in mutant fibroblast (Figure 3.6, Lanes 2, 3, and 5).

A western blot experiment was performed without the use of DTT, and the entire
membrane was probed with e Myc epitope tag-specific antibody. This analysis revealed
the presence of the SPN1 monomer around 41 kDa in all samples. As expected, a higher
band at 150 kDa band was present in SPN1WT (Lane 1) whereas in frameshift mutant
samples (SPN1TyBOICysts™29 apnq SPN1AsP300Valls™30) it wag completely absent (Lanes 2 and

3). Results were difficult to interpret again for the band at 100 kDa (Figure 3.16A).
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In the following experiment, cytoplasmic extracts of the Myc-tagged SPN1WVT,
SPN | 11e309Ser - gpN | Tyr301Cysfs™29 - and SPNlAsp3oova‘lf’“*30 constructs were treated with and
without DTT allowing us to perform a comparative analysis. Our findings revealed the
presence of a 150 kDa band in SPN1WV" lysate without DTT treatment (Figure 3.16B,
Lanes 1 and 2). Notably, the SPN1 oligomer band at 150 kDa appeared moderately faint

ki
1Tyr301Cysfs 29 and

in SPN11¢395¢r and completely disappeared in lysates from SPN
SPN 14sp300Valfs™30 without treatment (Figure 3.16B, Lanes 2, 3 and 4). Interestingly, DTT
treatment of overexpressed SPN1WT and SPN11309Ser samples resulted in the total
disappearance of oligomeric complexes (Figure 3.16B, Lanes 5 and 6). Moreover, DTT
treatment of the SPN1TYP0ICHsE™29 g SPN1AsP300Vals™30 §id not show any significant

differences compared to their untreated counterparts (Figure 3.16B, Lanes 7 and 8).

Thus, we can conclude that SPN1 oligomers are resistant to dissociation via SDS.
However, these structures were sensitive to dissociation through DTT treatment,
indicating the covalently linked nature of the interactions. Moreover, the SPN1 self-
oligomerization process seems to be significantly hindered by mutations that induce

alteration of the 3D conformation of the protein’s C-terminal region.
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R N N ’\“é@ S
N N oS oY o N 0V OV N Y
O W RSO RIS SRS A S SR S S R
kDa__= = - __DTT kDa - - - - + + + + DTT

<SPN1 oligomer

2 <SPN1 monomer
50-

37HHH ~SPN1 monomer 17 [ oy W —— | SPN
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Figure 3.16: SPN1 mutants affect self-oligomerization. A) Western blot analysis of HeLa cells
cytoplasmic fraction transfected either with Myc-SPN1WVT (Lane 1) Myc SPN1Ty30ICyst*29 (T ape 2) and
Myc-SPN4p300Valfs*30 (] ape 3). SPN1 oligomer band at 150 kDa entirely disappeared in the Myc-
SPNTy301Cysfs*29 and Myc-SPN14sp300Valfs™30 gample in absence of DTT. B) Analysis of cytoplasmic fraction
of HeLa cells transfected with wild-type or mutant Myc-SPN1 constructs. two bands at 41 and 150 kDa
(SPN1 oligomer) were observed in the samples transfected with Myc-SPN1WT (Lane 1), and Myc-
SPN11e30%er (Lane 2). SPN1 oligomer band completely disappeared in lysates transfected with Myc-
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SPN 1 Tys01Cysts*29 or Myc-SPN14sp300Valfs*30 Band at 150 kDa was not seen in the WT or mutant samples

after they were treated with DTT (Lanes 5 and 6).
3.4.1 SPNI Self-Oligomerization Confirmed by Co-Immunoprecipitation

The next step of our experiments aimed to validate SPN1 self-oligomerization
through co-immunoprecipitation. In this experiment, we co-overexpressed SPNI1
constructs Myc- and Flag-epitope-tagged in HEK293T cells. Subsequently, their protein

lysates were subjected to Flag immunoprecipitation (Figure 3.17)

First, we confirmed that Flag-SPN1"T was capable of specifically pulling down
Myc-SPN1WVT (Figure 3.17, Lane 2), thereby validating for the first time a self-interaction
between SPN1 monomers. Interestingly, as anticipated in the earlier DTT treatment
experiment, Flag-SPN11¢3995¢r pylled down Myc-SPN11e3995¢r i 3 Jess effective manner
compared to SPN1WT (Figure 3.17, Lane 3). Furthermore, in line with our hypothesis and
earlier results, SPN1TYR301Cys29 g SPN1AsP300Valis™30 pyytants, predicted to have much
more severe structural defects at the C-terminal domain were incapable of forming self-

oligomers, unlike the SPN1VT and SPN | le309Ser (Figure 3.17, Lanes 4 and 5).

Thus, our overall data strongly suggests that SPN1 can form oligomeric structures,

and the C-terminal region of the protein is essential for oligomerization.
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Figure 3.17: Co-immunoprecipitation (co-IP) assay validated SPN1 self-interaction. Western blot
analysis on samples co-immunoprecipitated by Flag-specific beads. HEK293T cells co-transfected with
Flag- and Myc- epitope-tagged SPN1. Anti-Myc (top) and anti-Flag (bottom) antibodies used to blot input
and eluate samples, revealed self-interaction in SPN1%T (Lane 2) and SPN1¢395¢r (Lane 3) whereas this

interaction disappeared in SPN1TY301Cssf829 and Flag-SPN14sp300Valfs™30 (T ane 4 and 5 respectively).

3.5  C-Terminal Domain of the SPNI is Sufficient for Self-Oligomerization

Overall, our findings suggest that SPN1 protein functions within a higher complex
in the cytoplasm, firmly demonstrating the protein's ability to form homodimers or homo-
tetramers. This is evident from the observed sizes of the oligomeric bands which are
around 100 and 150 kDa. However, the C-terminal region of the protein appears to be
more significant for the formation of the tetramer rather than the dimer, as portrayed by

the systematic decrease of the 150 kDa band.
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3.5.1 Insilico Prediction of the C-Terminal Interaction

Alpha helices play a pivotal role in the formation of coiled-coil structures,
contributing to the stability and structural integrity of the protein (Lupas et al., 2017). Our
structural model pointed out a well-defined alpha helix in the C-terminal domain between
Gly303 and Glu322 in WT SPN1 protein which mainly comprises hydrophobic residues.
Our experimental results strongly suggest that mutations at the C-terminal domain, which
harbors the alpha-helix, disrupt the self-oligomerization capability of SPN1. This strongly
suggests that the structural motif of the SPN1 tetramer potentially relies on hydrophobic
interactions at the C-terminus in accordance with the coiled-coil concept. To gain a better
understanding of the nature of this self-oligomerization and the role of the C-terminal
region in the interaction Marwan Ahmad Nashabat Ph.D. student in the laboratory,
conducted a prediction of coiled-coil SPN1 oligomeric states using LOGICOIL. The
results delineated a region in the C-terminus between amino acids Gly303 to Leu339 that
is strongly predicted to form tetrameric structures. Next, this particular region was used
to generate a prediction of tetramer using Alphafold2-Colab and Socket2 for the coiled-
coil interaction. The best Predicted Aligned error (PAE) resulted in a model in which two
antiparallel helices interact with each other in a parallel orientation. Notably, this model
suggested that I1e309 residue was directly involved in these hydrophobic interactions

(Figure 3.18).

330 l1e309 299

Figure 3.18: In silico prediction of tetramer formation with C-terminal region. Alphafold2 colab
and Socket2 coiled-coil prediction of coiled-coil interactions which forms tetramer with C-terminal region
(residues 299-330). Predicted hydrophobic interactions are highlighted in blue and I1e309 residue is
highlighted in red (Nashabat et al., 2024).
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3.5.2 Role of the SPNI C-Terminus in Self-Oligomerization

In light of our experimental findings and prediction models regarding the self-
oligomerization of the SPN1 and the essential role of the C-terminal region, we aimed to
further investigate the interaction between WT and mutant C-terminal region. For this
purpose, we generated several truncated constructs containing exclusively the C-terminal
region of the protein. We selected the region between amino acid residues 254-360 to
encompass all our pathogenic variants and tagged the constructs with either Flag or Myc

(Flag-SPN 1234360 and Myc-SPN1%436%) (Figure 3.19).

First, Flag-SPN1WVT(234-360) C_terminal fragment construct along with its Myc epitope-
tagged counterpart was co-overexpressed in HEK293T cells. Subsequently, we subjected
their protein lysates to Flag immunoprecipitation (Figure 3.20B). Our observation
indicated that Flag-SPN1%VT?54+369) could interact with its Myc-tagged counterpart (Lane
1). Moreover, Myc-SPN1WVT(254:360) w a5 also able to interact with SPN1 full-length (Flag-
SPN1WTU-360)y confirming that the SPN1 C-terminal region alone is sufficient for the

formation of the SPN1 multimeric complex (Figure 3.20B, Lane 2).

After establishing the essential role of the C-terminal part in the formation of the
oligomer, our subsequent aim was to investigate the interacting capabilities of the SPN1
mutants using the same experimental setup. For this purpose, we co-overexpressed either
wild-type Flag epitope-tagged SPN1 full-length or fragment (SPN1WT(1-360) gpN1WT(254-
360y constructs along with Myc epitope-tagged SPN1 mutant fragment (Myc-SPN1>*
30y constructs in HEK293T cells (Figure 3.21A). Additionally, we overexpressed Flag
SPN171254:360) along with its Myc epitope-tagged counterpart. Missense mutant (Myc-
SPN254-3600le3095en)y 'y a5 capable of interacting with SPN1WVT254360) fraoments (Figure
3.21B, Lane 1) whereas frameshift mutants (Myc-SPN124328(Tyr01Cyst™29) anq Myc-
SPN1254-328(Asp300Valfs™30)y - completely lost the ability to interact with SPN1WT(234-360)
fragments (Figure 3.21B, Lane 2 and 3) which validated our previous findings.
Interestingly, the binding efficiency of the Myc-SPN12343601e3095er) fraoment to its Flag
counterpart was significantly lower compared to its binding to the Flag-SPN1WT(254-360)
(Figure 3.21B, Lane 4), confirming our predictions regarding the specific involvement of

I1e309Ser residue in the self-oligomerization.
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In conclusion, our data demonstrates that SPN1 molecules are capable of forming
oligomeric structures through the interaction of their C-terminal region. Furthermore,
pathogenic variants affecting the SPN1 C-terminal region can disrupt the self-interaction
underscoring the significance of the C-terminal region for stability and functioning of

SPN1 (Nashabat et al., 2024).

A B
254 360 254 360
i SPN1""N-Tagged i SPN1™ N-Tagged

m1:1le309Ser

C D

254 330 254 330
i SPN1™ N-Tagged i i SPN1™"N-Tagged i
m6 Tyr301Cyfs29* m?iz Asp300Valfs30*

Figure 3.19: Schematic representation of the SPN1 C-terminal truncated constructs region. A)
Wild-type SPN1 23360 B) m1 mutant SPN1 23369 C) m6 mutant SPN1 @436 showing last 29 amino
acids modified in red. D) m7 mutant SPN1 @360 showing last 30 amino acids modified in red. N-terminal

tags represented in (purple).
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Figure 3.20: Wild-type SPN1 C-Terminus domain is capable of self-interaction. A) Schematic
illustration of the structure of the N-terminally Flag (shown in orange) wild-type (WT) full SPN1(1-360)
(shown in purple), and wild-type (WT) SPN1 254-360 (C-terminus) fragments tagged with Flag- (orange)
or Myc-epitope tag (green) in which they keep their alpha-helix structure (in grey). B) Co-
immunoprecipitation (co-IP) assay performed in HEK293T cells co-transfected with Flag- and Myc-
epitope-tagged SPN1 C-terminus fragments by the usage of Flag-specific beads. Anti-Myc (top) and anti-
Flag (bottom) antibodies used to blot input and eluate samples, revealed self-interaction between Myc-
SPN1WT (254-360) and Flag-SPN1WT 254-360) (Lane 1). Furthermore, it also showed interaction between Myc-

SPN1WT (254-360) and Flag-SPN1WT (1369 (Lane 2).
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Figure 3.21: SPN1 mutants affect the interaction between the C-terminal domain of the protein.
A) Schematic illustration of the structure of the mutant SPN1 254-360 (C-terminus) fragments tagged with
Flag- (orange) or Myc (green)-epitope tag. SPN1™! 234360 fraoments keep their alpha-helix structure, yet
they have a change (in red) in the structure. On the other hand, SPN 176 (254328 and SPN 177 (254:328) constructs
completely lost the alpha-helix structure. B) HEK293T cells co-transfected with Flag- and Myc- epitope-
tagged SPN1 C-terminus fragments. Anti-Myc (top) and anti-Flag (bottom) antibodies used to blot input
and eluate samples, revealed the interaction between Myc-SPN1WT234369 and missense mutant (Flag-
SPN17/(254-360)) (Lane 1).this interaction disappeared in fragments with frameshift mutation (Flag-
SPN176(24-328) and Flag-SPN1"7(254328)y (Lane 2 and 3). Also, self-interaction appears to be reduced in

missense co-transfected lysate (SPN 17 (234360)) (Lane 4).

49



Conclusion 50

Chapter 4:
CONCLUSION

SPN1 protein plays a crucial role in the biogenesis of spliceosomal UsnRNPs by
facilitating their nuclear transport for maturation. However, despite its pivotal role and
interactions with proteins necessary for spliceosome formation, this protein has not yet
been fully characterized. In the course of our investigation, we identified pathogenic
mutations in SPN1 protein in eighteen individuals exhibiting muscular dystrophy
features. In total, nine variants were identified, eight of which are located in the
uncharacterized C-terminus region of SPNI, indicating a mutational hotspot.
Furthermore, the severity of muscular dystrophy in patients, ranging from mild to severe,
aligns with the severity of the mutational consequence of the SPN1 variants at the C-
terminus region. Individuals with homozygous missense pathogenic variants at the C-
terminal show milder phenotypes, whereas patients with mutations altering completely
the C-terminus present severe muscle atrophy. Thus, investigating the role of SPN1’s C-
terminus in modulating the protein’s conformation and subsequent interactions was

essential to understanding its role in the disease.

This study, for the first time in the literature, demonstrates the essential role of the
uncharacterized C-terminus region of SPN1 in its self-oligomerization. Moreover, we
show that the C-terminus of the wild-type SPN1 alone is sufficient for the formation of a

higher homo-tetrameric complex, a process impaired or abolished in the SPN1 mutants.

Interestingly our findings are in line with the literature. Indeed, a large proportion of
proteins in eukaryotic cells are part of oligomeric protein complexes, constituting
approximately 30% of all proteins in the cell (Kumari & Yadav, 2019). Protein self-
oligomerization is a significant event that provides proteins with evolutionary advantages,
including the development of new structural and functional properties, the emergence of
new regulatory mechanisms, and the establishment of higher-order complexity for diverse
functions (Ali & Imperiali, 2005; Gotte & Menegazzi, 2023). Moreover, the most
prevalent oligomeric form of proteins is homo-oligomers, more specifically, homo-
tetramers (Goodsell & Olson, 2000; Gotte & Menegazzi, 2023; Kumari & Yadav, 2019).

In our western blot analysis, the consistent detection of SPN1 higher bands around 100
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kDa and 150 kDa in control samples led us to speculate about the presence of SPN1
homo-dimer and -tetramer. Moreover, the decrease or absence of the band at 150 kDa in
patients with a missense mutation (F1”"") or compound heterozygous (F2"*"%) and
frameshift (F411-2"%"%) mutations, respectively, confirmed the specificity of this band.
These data, combined with the previously described intermolecular interaction between
SPN1 C- and N-terminus (Ospina et al., 2005) and the in silico prediction of the C-
terminal alpha helix, provided strong evidence that this protein exists in a higher-order

complex.

The specificity of the 150 kDa homo-tetrameric band was later confirmed by in vitro
analysis of transient overexpression of WT and mutant SPN1 constructs, aligning
precisely with the data observed in patient samples. Strikingly, our study also
demonstrates that the alpha helix at the C-terminus region is essential and sufficient for
the formation of SPN1 homo-tetramer (Figure 4.1A). The frameshift variants (m6:
SPN1Tyr301Cysfs*29 and 7 SPN14sP300Valis™30) wwhich led to the most severe deficiencies in
oligomerization, were identified in patients displaying the most extreme muscular
dystrophy phenotypes. Conversely, patients with milder symptoms carried missense
mutation (m1: SPN113995¢r) characterized by relatively minor self-oligomerization
disruptions. Hence, there appears to be a correlation between the extent of alteration in
the C-terminus of SPNI, its biological function, and the clinical features observed in

patients.

On the other hand, the 100 kDa band, which we speculate might correspond to a
homo-dimer, did not exhibit any systematic decrease and provided inconclusive results
throughout our analyses. Combining our experimental data, which does not demonstrate
a significant systematic decrease of the homo-dimeric band in mutant samples, with
Matera's findings, we hypothesize that the 100 kDa band may result from the interaction
of the N- and C-termini to form SPN1 homo-dimer. Meanwhile, the interaction of C-

termini is likely to play a role in the formation of the homo-tetramer (Ospina et al., 2005).
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Notably, similar observations have been reported by Niba et al. (2022), in which they
associate the degree of disruption of the oligomerization of mutated SMN protein with
the severity of spinal muscular atrophy (SMA) (Niba et al., 2022). We next hypothesize
that the oligomerization defect in SPN1 mutants may lead to impaired nuclear transport
of the UsnRNPs. Indeed, other members of our laboratory have demonstrated retention
of Sm proteins in the cytoplasm of several patient's fibroblasts lines (Nashabat et al.,
2024). Lastly, we have also shown improper spliceosome maturation in the patient’s cells.
Taken together, these defects support the muscular dystrophy phenotype observed in

patients.

Interactions between SMN and SPN1 proteins are well-established. These proteins
known to function in the UsnRNP import complex have been reported to indirectly bind
to each other through snRNPs (Narayanan et al., 2002). Given the close association
between SMN and SPN1, along with their ability to form higher complexes, future studies
focusing on the hetero-oligomerization of these proteins could offer crucial insights into

the development and progression of muscular dystrophies.

It is well established that the spliceosome complex plays a crucial role in cellular
processes. Interestingly, it many other proteins within this complex are also implicated in
Mendelian diseases. For instance, UsnRNPs have been linked to various conditions such
as retinitis pigmentosa, neurodegeneration, and cancer (Griffin & Saint-Jeannet, 2020).
Additionally, proteins within the Sm core domain have been associated with
cerebrocostomandibular syndrome, and notable proteins like SMN and Gemin 5 are
implicated in neurodegenerative disorder (Vazquez-Arango & O’Reilly, 2018). Thus,
delving deeper into the role of proteins within the snRNP complex such as Importinf3-1
(ImppB-1), which have not yet been linked to hereditary disorders could offer new

invaluable insights.

While our study strongly demonstrates the involvement of the C-terminal in homo-
tetramer formation, it still lacks a clear explanation for its homo-dimerization. Further
studies delving deeper into the interaction between the N- and C-terminus of SPN1 may
help address this question and provide additional insights into the biological function of

the C-terminus. Interestingly, in the database PhosphoSitePlus, which contains
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experimentally verified post-translational modifications (PTMs) of proteins, it has been
shown that the SPN1 C-terminus is highly susceptible to phosphorylation (Hornbeck et
al., 2019). Indeed, 8 residues have been found phosphorylated between residues 300 to
350. Considering the dynamic nature of the C-terminus alpha helix, we speculate that
changes in the phosphorylation state of these residues may alter its structural
conformation or modify its function. Thus, in the future, it will be interesting to assess
the impact of PTMs in the C-terminus region on the interaction and cellular functions of

SPN1.

In conclusion, this thesis marks the first establishment of the self-oligomerization
capability of SPN1 monomers through coiled-coil interactions of the C-terminus alpha
helices. Our findings strongly suggest that a higher complex of SPN1 is necessary for its
cellular role. Further investigation of the C-terminus holds promise for fully uncovering
the role of SPNI1, thereby providing a better understanding of the development and

progression of muscular dystrophies.
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Figure 4.1: Illustration of the SPN1 homo-tetramerization. A) The diagram illustrates the self-
oligomerization hypothesis of wild-type (WT) SPN1 monomers (in purple) through hydrophobic
interactions of the C-terminal alpha helices. B) The diagram illustrates the impairment of the self-

oligomerization of the mutant SPN1 proteins, due to disruption of C-terminus region (in red).
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