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Abstract 

Human progeroid disorders tend to mimic aspects of physiological ageing seen in humans 

that include disruption of various cellular functions. Amongst molecular processes, 

alternative splicing events generating truncated pathogenic variants are previously 

implicated in progeroid disorders such as Hutchinson-Gilford Progeria syndrome. In 

eukaryotic spliceosome, correct splicing is ensured by the interplay of splicing factor 

proteins. The retention and splicing (RES) complex is a heterotrimer involved in splicing 

processes that prevents nuclear pre-mRNA leakage and is highly conserved from yeast 

to other higher organisms. However, the function of its components are poorly understood 

in mammalian development. 

 

In this study, we identified a homozygous nonsense mutation affecting a RES component 

BUD13 in five individuals diagnosed with a complex progeroid disorder. The disease is 

characterised by growth restriction, lipoatrophy and early demise in three individuals of 

an unidentified cause. The C- terminal region of BUD13 is specifically associated with 

splicing activity. Upon investigation of human adult fibroblasts from patients, the 

pathogenic variant was observed to induce alternative splicing of the BUD13 pre-mRNA, 

producing a truncated but stable protein carrying an in-frame deletion at the N-terminal. 

A lower expression level of the truncated variant correlated with shorter life expectancy 

of the individuals and also with a higher degree of mitochondrial perturbation, nuclear 

aberration, impaired proteostasis and early cellular senescence. However, upon whole 

transcriptome analysis of fibroblasts from affected individuals, very few pre-mRNA or 

nascent transcripts were found to be misspliced. Modeling of the exact human mutation 

in mice using CRISPR/Cas9 also caused alternative splicing to produce an in-frame 

deleted Bud13 variant (Bud13-106del). A second mouse model carrying frame shift 

mutation at the N-terminus also led to the generation of an alternatively spliced out 

product (Bud13-113del). The Bud13-113del variant interestingly gave rise to viable 

chimeric mice that eventually displayed some major aspects of the human disease 

including progressive lipoatrophy and early demise. In both the mouse models, reduced 

expression of the Bud13 protein caused early embryonic lethality as has also been shown 

previously for loss-of-function of Bud13 in zebrafish. 
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Altogether, the N-terminus of BUD13, not present in yeast, truncated by the variant 

detected in the affected individuals is much less conserved than the C-terminus, 

suggesting that this part of the protein could have acquired additional functions during 

evolution. Our findings indicate that the protein and its N-terminus, governing various 

cellular functions and senescence, are critical candidates for future studies to understand 

physiological ageing in humans. 
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Zusammenfassung 

 

Humane progeroide Erkrankungen ahmen Facetten des physiologischen Alterns des 

Menschen nach und häufig treten dabei Beeinträchtigungen zellulärer Strukturen. Bisher 

wurden bezüglich zugrundeliegender molekularer Prozesse insbesondere alternative 

Spleißvorgänge, die verkürzte pathogene Varianten erzeugen, bei progeroiden 

Störungen wie dem Hutchinson-Gilford-Syndrom in Betracht gezogen. Für ein korrektes 

Spleißen im eukaryotischen Spleißosom sorgt das Zusammenspiel einer Vielzahl 

Spleißfaktoren bezeichnet werden. Der Retentions- und Spleißkomplex (RES) ist ein 

Heterotrimer, welches an Spleißprozessen beteiligt ist und von Hefen bis zu anderen 

höherentwickelten Organismen hoch konserviert ist. Die Funktion seiner Komponenten 

sind jedoch bei der Entwicklung von Säugetieren nur unzureichend verstanden. 

 

In dieser Studie haben wir bei fünf Personen, bei denen eine komplexe progeroide 

Störung diagnostiziert wurde, eine homozygote Nonsense-Mutation identifiziert, die eine 

RES-Komponente BUD13 betrifft. Diese ist gekennzeichnet durch 

Wachstumseinschränkungen, einer Lipoatrophie und dem frühen Ableben von drei der 

fünf Individuen. Die C-Terminalvon BUD13 ist von entscheidender Bedeutung für die 

Spleißaktivität. Bei der Untersuchung der menschlichen, reifen Fibroblasten der 

Patienten wurde beobachtet, dass die pathogene Variante ein alternatives Spleißen der 

BUD13-prä-mRNA induziert und ein verkürztes, aber stabiles Protein mit einer in-frame-

Deletion am N-Terminus produziert. Ein niedrigeres Expressionsniveau der verkürzten 

Variante korrelierte mit einer kürzeren Lebenserwartung der Individuen und auch mit 

einem höheren Grad an mitochondrialen Störungen, nuklearen Aberrationen, gestörter 

Proteostase und früher zellulärer Seneszenz. Allerdings wurde bei der Analyse des 

gesamten Transkriptoms der Fibroblasten der Betroffenen festgestellt, dass nur sehr 

wenige die prä-mRNA oder die naszierenden Transkripte falsch gespleißt wurden. Die 

Imitation der humanen Mutation mit CRISPR/Cas9 führte auch zu alternativem Spleißen 

und zwei in-Frame-deletierten Bud13-Varianten (Bud13-106del und Bud13-113del) im 

Mausmodell. Die Bud13-113del Variante brachte interessanterweise Maus-Chimären, 

die letztendlich einige wichtige Aspekte der menschlichen Krankheit zeigten, darunter 

fortschreitende Lipoatrophie. In beiden Mausmodellen verursachte die verminderte 
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Expression des Bud13-Proteins eine frühe embryonale Letalität, wie zuvor auch für den 

Funktionsverlust von Bud13 bei Zebrafischen gezeigt wurde. 

Alles in allem, die N-terminale Region von BUD13, die in Hefen nicht vorhanden ist und 

die von der in den betroffenen Individuen entdeckten Variante verkürzt wird, ist viel 

weniger konserviert als die C-terminale Region.  Unsere Ergebnisse deuten darauf hin, 

dass das Protein und sein N-Terminus, die verschiedene Zellfunktionen und die 

Seneszenz steuern, entscheidende Kandidaten für zukünftige Studien zum Verständnis 

des physiologischen Alterns beim Humanen sind. 
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Chapter 1: Introduction 

 

1.1. The Inevitable Course of Physiological Ageing 

Ageing, as the time-dependent process of progressive waning of one’s physiological 

being, is accompanied by an increased frailty and vulnerability to death in most living 

organisms. The pace & shape of ageing displayed throughout various species across the 

tree of life (Darwin, 1859) have been of immense interest to mankind for centuries. 

Variability in the same owing to confounders ranging from genetic & environmental 

backgrounds to organismal complexity are not unheard of. Lifespans can be of the order 

of a few minutes in the simplest prokaryotes up to hundreds of years as seen in a 

mammalian species such as the bowhead whale (Johnson A et al., 2019). For human 

lifespan, at large, the average life expectancy with the availability of better health systems 

has witnessed an increase over the last centuries (Folgueras et al., 2018) drawing a larger 

focus on its genetic/biological bases. 

At the very macroscopic level in humans, ageing is typically recognised by the gradual 

loss of muscle mass & agility, progressive decline in hearing ability, loss of vision, 

development of wrinkles, loss and greying of hair, and arthritic inflammation and a marked 

higher risk of developing cancer, heart diseases, and neurodegeneration. Hence, it does 

not come as a revelation that at the microscopic cellular level or the more complex 

molecular level, physiological ageing is governed by an amalgam of processes underlying 

the vast plethora of tissue level signs and symptoms as previously described. 

Growing evidence has repeatedly indicated ageing as the primary risk factor for the 

development of complex disorders such as cardiovascular diseases, diabetes, cancers, 

and neurodegenerative diseases (Lopez- Otin et al., 2013). As a result, elucidating the 

pathologies underlying these diseases has become an important aspect of ageing and its 

associated investigations. 
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1.2. Cellular manifestations of physiological ageing 

A prominent representation of cellular ageing include various layers of progressively 

decelerating operative mechanisms at the genetic and molecular level. While the genomic 

integrity and stability are continually challenged by exogenous physical, chemical and 

biological agents, endogenous threats such as faulty DNA replication, defective repair 

mechanisms, perturbed nuclear architecture and a buildup of mitochondrial stress also 

contribute towards cellular stress. 

 

1.2.1. Accumulation of cellular damage 

The accumulation of cellular damage is a common factor governing chronological ageing 

with DNA damage and mutation accumulation as primary drivers of the process (Somatic 

Mutation theory of Ageing, Szilárd, 1959). The accumulation of genetic lesions such as 

point mutations, translocations, and gene disruptions arising from extrinsic or intrinsic 

damage tend to be minimised by a complex network of DNA repair mechanisms working 

to recover nuclear DNA from damage. However, an accumulation of such damage over 

a timeline of physiological ageing is inevitably capable of affecting essential genes and 

transcriptional pathways resulting in dysfunctional cells, ultimately jeopardizing tissue and 

organismal homeostasis. Indeed, deficiencies in repair mechanisms have shown to lead 

to accelerated ageing or progeroid syndromes such as Cockayne syndrome and Werner 

syndrome, discussed in subsequent sections.  

Additionally, as organisms age with due course of time, the diminishing efficiency of the 

mitochondrial respiratory chain leads to reducing ATP generation and an increased 

production of reactive oxygen species. The process forms a continuous cycle of events 

that only further deteriorates the mitochondria causing extensive global cellular damage 

(Free radical theory of ageing, Harman, 1956). 

 

1.2.2. Cellular senescence  

Cellular senescence describes as an irreversible state of permanent cell cycle arrest often 

brought about because of genotoxic stress (Loaiza and Demaria, 2016). Hayflick using 

human fibroblasts under serial passaging in culture (Hayflcik and Moorhead, 1961) first 

described the phenomenon. Marked by both phenotypic and transcriptional 

https://www.sciencedirect.com/science/article/pii/S1568163712000086?via%3Dihub#bib1095
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heterogeneity, transcriptome programs underlying senescence vary depending on cell 

type and the kind of stress it undergoes (Hernandez-Segura, A et al., 2017). For instance, 

a diminishing production of immune cells responsible for adaptive immunity causing 

immunosenescence are attributed to myeloid malignancies (Shaw et al., 2010).  

Several non-exclusive markers of senescence include constitutive DNA damage 

response signaling, senescence-associated β-galactosidase (SA-βgal) activity, and 

increased expression of cyclin-dependent kinase inhibitors p16INK4A (CDKN2A) and 

p21CIP1 (CDKN1A) amongst others (Loaiza and Demaria, 2016).  

 

 

1.2.3. Telomere attrition 

 

Terminal ends of linear DNA molecules can undergo replication only in the presence of a 

special DNA polymerase called telomerase. However, most mammalian somatic cells do 

not express the enzyme due to which telomeric regions are susceptible to age-related 

deterioration from chromosome ends (Blasco, 2007), a process called as telomere 

exhaustion or telomere attrition. It explains the limited proliferative ability of cells cultured 

in-vitro that tend to undergo replicative senescence or in other words, attain the Hayflick 

limit (Hayflcik and Moorhead, 1961). Additionally, nucleoprotein complexes called 

shelterins (Palm and de Lange, 2008) conceal telomeres. Rightly called so as they shield 

telomeres from repair machineries, shelterins result in recurrent DNA damage to 

telomeric ends causing detrimental results including senescence (Fumagalli et al., 2012). 

Hence, telomere shortening occurs concomitantly with cellular ageing, both as a cause 

and effect simultaneously, and as a result forms an important factor for stem cell decline 

in ageing tissues. 

 

Both cellular senescence and telomere attrition reflect components of a larger machinery 

of cellular ageing where impaired stem cell division is an integrative consequence of 

multiple types of damage. 
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1.3. Human Progeroid Disorders: Accelerated ageing  

 

A major challenge in the domain of mammalian ageing research, at the molecular level, 

has been the dissection of interconnectedness between various hallmarks of ageing and 

their relative contributions. The availability of animal models emulating the ageing 

process in humans has only been partly instrumental in bridging the research gap due to 

evolutionary inter-species differences. In this light, placed at nearly the opposite end of 

the spectrum of physiological ageing, are the ‘Human Progeroid Disorders’. They tend 

to recapitulate hallmarks of physiological ageing (figure1, Carrero et al., 2016), thereby 

offering alternatives to study isolated hallmarks of ageing by shedding light on the 

mechanisms underlying the pathogenesis of these diseases. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.1. Various molecular and cellular hallmarks of human progeroid syndromes that tend to 

represent signs often visible in physiological ageing. Adopted from Carrero et al., 2016. 
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Progeroid or progeria-like disorders may be prudently referred to as premature ageing 

diseases. They represent diseases that tend to mimic, in part, but may differ from 

normative ageing as seen in the general human population. Individuals suffering from 

such a disease seemingly exhibit, to a certain degree, complications typical of old age at 

a very early stage in life. Investigations aimed at probing such accelerated ageing are 

instrumental towards understandings of natural models of more specific isolated 

hallmarks of ageing. Thus, explicating the molecular details and associated patho-

mechanisms of novel progeroid disorders becomes interesting in the light of 

understanding better the rather complex process of ageing. This thesis aims to uncover 

the molecular anomalies underlying one such novel and complex progeroid disorder. 

 

Human progeroid disorders are often classified into two categories: Segmental disorders 

that represent multisystemic diseases affecting several organs and tissues. Some well-

studied examples are Hutchinson-Gilford Progeria syndrome (HGPS or Classical 

Progeria), various types of cutis laxa (Kornak,U. 2009), Cockayne syndrome (Batenburg 

et al., 2015) and Werner syndrome (Martin, G.M.et al., 2000). Unimodal disorders, on the 

other hand, primarily affect a single organ or tissue (Martin and Oshima., 2000) , such as 

monogenic Alzheimer type dementias.  

 

 

 

 

 

 

 

 

 

 

 

Fig.2. Image of a girl (17-year-old) with Hutchinson-Gilford 

Progeria Syndrome (HGPS). Adopted from Miyamoto, M.I. et 

al, 2014. 
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A more recent classification categorises the progeroid diseases into two separate sets 

depending on the underlying molecular pathway: the first group consists of those 

progeroid diseases, which are recognised by anomalies in the components of the nuclear 

envelope (eg. HGPS) and the second one is characterised by defects in genes involved 

in the DNA damage repair pathway (eg. Cockayne Syndrome) (Carrero et al., 2016). 

Although a vast number of progeroid disorders do exhibit these hallmarks of ageing as 

the fundamental pathologies, it is noteworthy that such a classification system tends to 

exclude progeroid disorders recognised by antagonistic hallmarks (Carlos Lopez- Otin et 

al., 2013) of ageing and do not display either of the pathologies. The cutis laxa disease 

spectrum, for instance, includes a number of syndromes with varying underlying genetic 

mutations affecting other subcellular organelles and processes, such as the retrograde 

Golgi trafficking (Kornak U et al., 2008, Fischer B et al., 2012) and the mitochondrial 

structure (Ehmke et al., 2017).  
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1.4. General Mechanisms of Progeroid Disorders 

 

1.4.1.  Irregular Nuclear Architecture 

 

A common feature of several progeroid disorders has been irregularities in nuclear 

organisation and unstable nuclear envelope, in turn causing genome instability (Dechat 

et al., 2008). A well understood example is the Classical, HGPS, most cases of which are 

characterised by a recurrent heterozygous silent mutation in LMNA causing the aberrant 

splicing of lamin A and leading to the production of a toxic protein called progerin; the 

association of progerin with the inner nuclear membrane is detrimental for nuclear shape 

and function (Goldman R et al., 2004). Interestingly, progerin has also reportedly been 

detected in healthy ageing individuals (Righolt et al., 2011; Scaffidi and Misteli, 2006) 

owing to the sporadic occurrence of the same splicing event as seen in the LMNA gene 

in HGPS and therefore has been of immense interest to ageing researchers. In addition, 

such profound morphological abnormalities in the nuclear envelope have also been 

observed in Nestor-Guillermo progeria syndrome (NGPS) (Loi et al., 2016), restrictive 

dermopathy (RD) (Columbaro et al., 2010) and atypical progeria such as mandibuloacral 

dysplasia type A & B (Barthelemy et al., 2015). The mutations are not necessarily 

contained within LMNA in case of such a nuclear aberration, like in NGPS and RD. In 

NGPS, a homozygous mutation causing reduced BANF1 protein levels, affects nuclear 

assembly, chromatin organisation and regulation of gene expression (Cabanillas et al., 

2011). Cells from such individuals display nuclear blebbing and altered subcellular 

distribution of emerin (Puente et al., 2011). RD, on the other hand, can arise from 

mutations affecting either Lamin A/C (Navarro et al., 2004) or ZMPSTE24, affecting the 

proteolytic function of the metalloprotease of removing the three C-terminal residues of 

farnesylated Lamin A/C (Moulson et al., 2005; Navarro et al., 2005). Cultured cells from 

affected individuals show an aggregation of unprocessed, toxic lamin A in nuclei reflecting 

the defective processing of lamin A (Moulson et al., 2005). 
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Fig.3. Irregular nuclear architecture and the presence of progerin in Hutchinson-Gilford Progeria 

Syndrome (A) and (B) physiological ageing- Fibroblasts are stained for anti-lamin A antibody. 

HGPS fibroblasts show an irregular blebbed appearance due to the production of permanently 

farnesylated, toxic prelamin A (progerin). 

 

 

 

1.4.2. The delay in cutting the chase: Deficits in DNA Damage Repair 

 

Nuclear DNA damage is a direct cause of ageing and accumulation of DNA damage due 

to progressive decline in efficacy of repair mechanisms as a part of both premature and 

physiological ageing has been elucidated (Vijg and Suh, 2013).  

 

Individuals with Cockayne syndrome (CS), carrying mutations in either CSA or CSB, 

undergo devastating physical and neurological debilitation while those with Xeroderma 

Pigementosum (XP) show increased cancer susceptibility. Individuals with CS and with 

XP show a high photosensitivity to UV light. CS cells have been shown to be 

hypersensitive to ionising radiations known to induce not only double strand breaks 

(DSBs) (Leadon & Cooper, 2003), but also oxidative damage (Batenburg NL et al., 2015). 

Specifically, the detection of such DSBs followed by the recruitment of the damage 

signaling and repair proteins is attributed to the marker protein, γH2AX, also called as 

repair ‘’foci’’ (Lukas et al., 2011; Chapman et al., 2012). Defects in nucleotide excision 

repair have also been reported to result in these progeroid phenotypes (Marteijn et al., 

2014). 
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Mutations in the RecQ helicase family of proteins, integral to the processes of DNA 

replication and genome maintenance, have been implicated in progeroid conditions such 

as Rothmund Thomson syndrome and Werner syndrome (Crabbe et al., 2006). Cells from 

individuals carrying WRN mutations have typically shown chromosomal instability, 

telomere dysfunction and senescent phenotype (Crabbe et al., 2007) resulting in 

accelerated ageing symptoms and high susceptibility to cancer.  

 

 

1.4.3. How much is too much: ROS generation and Mitochondrial Stress 

 

The free radical theory of ageing (Harman D. 1965) correlates progressive dysfunction of 

the ATP producing sub-cellular organelle with an increased production of reactive oxygen 

species (ROS). Although a re-evaluation of the theory proposes that ROS may actually 

prolong lifespan in lower organisms such as yeast (Mesquita et al., 2010), the findings 

from human progeroid disorders and their corresponding mouse models have 

consistently shown to support the initial theory for more complex organisms.  

 

De Novo SLC25A24 mutations affecting the inner mitochondrial membrane carrier of the 

respiratory chain and subsequent oxidative stress in the Gorlin-Chaudhry-Moss 

Syndrome have shown to result in a rare progeroid phenotype characterised by skeletal 

and connective tissue anomalies (Ehmke et al., 2017). The autosomal-recessive cutis 

laxa type 3 (ARCL3) spectrum of diseases caused by mutations in either PYCR1 or 

ALDH18A1, which encode enzymes of the mitochondrial proline cycle, cause a 

multisystem disorder with pronounced progeroid appearance and marked by a typical 

facial gestalt, lax & wrinkly skin, cataract and profound intellectual disability (Fischer, B et 

al., 2012). 

 

Rothmund-Thomson syndrome caused by mutations in RECQL4, coding for a helicase 

enzyme localised at the mitochondria as well as telomeres, causes a growth deficiency 

alongside skin abnormalities arising from oxidative stress leading to inefficient DNA 

damage repair and ultimately growth arrest (Croteau at el., 2012; Puzianowska-Kuznicka 

and Kuznicki, 2005; Werner et al., 2006). The pathogenesis of disorders such as 

Hutchinson-Gilford Progeria Syndrome (arising from mutations affecting the nuclear 

envelope) and Cockayne Syndrome (caused by impaired DNA damage repair proteins) 
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has also been linked to a marked downregulation of mitochondrial oxidative 

phosphorylation proteins and increased ROS production (Rivera-Torres et al., 2013; 

Scheibye-Knudsen et al., 2013). 

 

 

1.4.4. Golgi Apparatus Malfunction 

 

Progeroid disorders arising from impaired Golgi complex function have also been 

described influencing retrograde trafficking and its transport & secretory functions. They 

have furthered the developing class of hereditary congenital disorders of glycosylation 

owing to delayed transport and damaged posttranslational modification in the Golgi 

complex (Kornak, U et al., 2007; Egerer, J et al., 2015; Chan W.L. et al., 2018). 

 

Mutations in the ATP6V0A2 gene encoding the α2 subunit of the V-type H+ -ATPase, 

influencing proton translocation and possibly vesicular fusion with the ER, have been 

reported in individuals with autosomal recessive cutis laxa type 2 of the Debré type 

(ARCL2) or wrinkly skin syndrome (Wu, X et al., 2004; Morava, E et al., 2005; Kornak, U 

et al., 2007). The mutations, causing elevated TGF-β signaling (Fischer, B et al., 2012), 

have shown to perturb the normal glycosylation of serum proteins and affecting Golgi 

trafficking in fibroblasts from the affected individuals.  

 

Additionally, the condition of gerodermia osteodysplastica (GO), a progeroid phenotype 

affecting both skin and bone, has also been attributable to loss-of-function mutations in 

a golgin called GORAB. The mutations affect either GORAB localisation within the Golgi 

or its interaction with small GTPases, ultimately disrupting Golgi targeting and secretion 

(Egerer, J et al., 2015). Furthermore, Chan, W.L. et al. in 2018 uncovered impaired 

proteoglycan glycosylation and elevated TGF- β signaling for a mouse model for GO. 

 

 

1.4.5. Defects in Nutrient Sensing and Proteostasis 

 

Homozygous knockout mice for Zmpste24, associated with accelerated ageing and a 

reliable model of HGPS, reportedly exhibit profound transcriptional alterations in levels of 
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circulating GH and IGF-1 (Marino et al., 2010). The glucose-sensing, insulin and IGF-1 

signaling pathway or the IIS and its upstream regulator, growth hormone (GH, released 

by the pituitary gland) and downstream targets, such as autophagy and protein translation 

regulating mTOR, have been shown to play an essential role of nutrient and energy 

handling on longevity (Barzilai et al., 2012, Fontana et al., 2010). In addition, the 

interconnected nutrient-sensing systems of AMP-activated protein kinase (AMPK) and 

sirtuins, with their respective roles of sensing high AMP levels and NAD+ levels, have also 

been shown as positive regulators of longevity. Compounds such as metformin and 

resveratrol inducing activation of AMPK were uncovered to beneficially alter the splicing 

pattern of LMNA gene in patient-derived HGPS cells and lower progerin levels, thereby 

alleviating the pathological defects (Finley J, 2014, 2018). Recently, Monnerat et al., 

2019, using non-targeted and targeted metabolomics for biomarker validation in HGPS, 

revealed several globally changed metabolic pathways including those of fatty acid 

oxidation, glucose, amino acids, and sphingolipids, among others. Interestingly, 

Zmpste24-null mice show an extensive basal autophagic activation that is associated with 

a series of changes in lipid and glucose metabolism (Marino et al., 2010). 

 

Ageing associated studies have repeatedly reiterated the gradual accumulation of 

improperly processed proteins in ageing and related diseases such as Alzheimer ’s and 

Parkinson’s disease. These damaged/misfolded proteins result from the general failure 

of protein homeostasis (Powers et al., 2009), also referred to as proteostasis. It comprises 

of quality control mechanisms for correct protein folding and degradation of proteins by 

the lysosome-autophagy systems, which are critical to maintain the proteome as 

functional and stable. However, contrary to this well-established concept for chronological 

ageing, progeroid diseases caused by nuclear lamina mutations or DNA damage repair 

defects were shown to exhibit a marked activation of autophagic proteolysis in progeroid 

mice (Marino et al., 2010). Since the accumulation of such damaged proteins underlies 

the pathology of various progeroid disorders, it possibly hints towards a general measure 

of accelerated catabolism as a pro-survival strategy. 

 

Although the mechanisms regulating such proteins underlying progeroid phenotypes is 

largely obscure, a growing body of research is attempting possible therapeutic 

interventions to promote the autophagic clearance of defective proteins. Studies in HGPS 

have shown that regulatory molecules, such as SMURF2 and Rapamycin, can promote 
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a high turnover of lysosomal breakdown and rapid clearance of progerin, the mutant and 

toxic form of lamin A underlying HGPS. SMURF2 was shown to negatively regulate lamin 

A and progerin expression in a SMURF2-dose and E3 ligase-dependent manner, with its 

overexpression leading to a significant reduction in nuclear distortion (Borroni, AP et al., 

2018). MTOR inhibitor, rapamycin, was also shown to selectively and efficiently clear 

farnesylated progerin via autophagy bringing about correction of aberrant genome 

organisation and decreased DNA damage respectively (Graziotto, JJ et al., 2012; Bikkul 

M.U. et al., 2018). 

 

 

1.5. Splicing: in Ageing and Progeria 

 

Pre-mRNA alternative splicing presents a crucial event of the ‘‘Central Dogma of 

molecular biology’’ (Crick FH, 1958) in the genetic flow of information that also apparently 

regulates the complex process of ageing. 

 

1.5.1. Out you go: The process of Splicing  

 

More than 90% of the pre-mRNA generated by the process of transcription is removed 

as introns, and only about 10% of the average pre-mRNA is eventually joined to form the 

protein-coding exonic sequence. This process, called as pre-mRNA splicing, is carried 

out within the nucleus prior to the transport of the mature mRNA to the cytosol for 

subsequent translation into proteins (Tazi J et al., 2009). However, the use of exon is 

alternative, meaning, the cell takes the decision on which part of the pre-mRNA ultimately 

goes on to become an exon and which one is excluded as intron. As a result, the process 

of alternative splicing generates plentiful transcripts or proteins from a single protein-

coding gene, thereby increasing the use of genetic information (Lander ES et al., 2001; 

Ben-Dov C et al., 2008; Tazi J et al., 2009).  

 

The DNA sequences that define exons, introns and regulatory sequences essential for 

correct splicing are referred to as consensus splice site sequences. These include 

classical signals or cis-elements, which are donor (5’) & acceptor (3’) splice sites, branch 

point and polypyrimidine tract sequences, as well as auxiliary elements (or cis-acting 

regulatory elements) such as exonic and intronic splicing enhancers (ESE and ISE 
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respectively) and silencers (ESS and ISS respectively) (Abramowicz and Gos, 2018). The 

process of splicing is catalysed by a part of the proteome called as the Spliceosome, 

which is a protein-RNA complex. The machinery of trans-acting factors contains more 

than 300 different proteins besides five small ribonucleoproteins (snRNPs-U1, U2, U4-

U6) that have small nuclear RNA entities, which identify the specific splice sites by the 

spliceosome forming complementary RNA-RNA complexes (Faustino and Cooper 2003). 

The trans-acting factors regulate the process of alternative splicing by their association 

with the cis-elements. The splice sites are mostly recognised at the exon-intron 

boundaries by sequences containing GT and AG motifs at the 5’ and 3’ respective ends 

of the intron.  

The proper identification of the splice sites is extremely crucial as errors leading to 

improper removal of introns may lead to changes in the open reading frame (ORF) or 

even result in the formation of unstable proteins that can be potentially detrimental to the 

cell. 

 

 

 

 

 

 

 

Fig.4. Schematic diagram showing the prerequisites of splicing: Consensus splice site sequences 

or cis-acting elements include classical signals (donor, acceptor, & branch sites and 

polypyrimidine tract) and auxiliary splicing elements including enhancers (ESE and ISE) and 

silencers (ESS and ISS). Adapted from Faustino and Cooper, 2003. 

 

The process of splicing consists of the formation of four complexes between the pre-

mRNA and the spliceosome spanning two major events, the first one being the 

identification of the splice sites at intron/ exon junctions and the second one includes the 

removal of introns and joining of the exon ends- 

i. Early Complex ‘E’ - The snRNP U1 identifies and binds to the complementary AG-

GU sequence at the 5’ splice site or the donor site of the intron accompanied 

simultaneously by the binding of SF1 and followed by U2AF65 to SF1 at the 
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branchpoint sequence. The U2AF65 is also bound to the polypyrimidine tract 

situated between the 3’ end of the intron and the branch point. 

ii. ATP-dependent Complex ‘A’ – Upon the displacement of SF1 protein by U2 

snRNP, complex A is formed. The RNA helicases Prp5 and Sub2 stabilise the 

interaction between the U2 snRNP and the branchpoint, which then marks the 

recruitment of the tri-snRNP U4/ U6.U5. 

iii. Complex ‘B’ – The recruitment of the tri-snRNP gives rise to complex B formation, 

which is also called as the pre-catalytic spliceosome. 

iv. Complex ‘ B* ’ – Additional helicases bring about changes in the conformation of 

complex B that leads to the dissociation of U1 & U4, and eventually the formation 

of complex B*. 

v. Complex ‘C’ – The action of such specific helicases also brings about additional 

interactions between snRNPs, U2 and U6 leading to the formation of a pre-mRNA 

loop typical of complex C formation. The complex is characterised to undergo two 

transesterification reactions that bring about the release of the loop, a step called 

as the lariat formation and the final steps of intron removal and exon end joining 

resulting in spliced mRNA. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.5. Schematic diagram showing the splicing process consisting of the formation of four 

complexes between the pre-mRNA and the spliceosome. Adopted from Abramowicz and Gos, 

2003. 
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The consensus sequences so involved in the process are often very short and there tend 

to be very many similar sequences existent elsewhere in the genome. These sequences 

are named as noncanonical or cryptic splice sites and are generally not used in the 

splicing process due to the lack of cis-regulatory elements (Cartegini et al., 2002; 

Abramowicz and Gos, 2018), assuring pre-mRNA splicing being executed at a high 

fidelity (Fox-Walsh and Hertel, 2009). However, in the presence of a point mutation 

altering canonical sites, cryptic splice sites can come into use generating a truncated 

protein that may or may not undergo nonsense-mediated decay (NMD) depending on 

whether a premature termination codon (PTC) is introduced (owing to a shift in the ORF) 

or if the deletion is in-frame. In case of NMD, the effect is comparable to a gene deletion 

(Sterne-Weiler and Sanford, 2014). Splicing mutations may also potentially create new 

splice sites other than the canonical or the cryptic sites. 

 

 

1.5.2. To splice or not to splice: Human Disorders with Splicing Alterations  

 

Defects in pre-mRNA splicing can arise from either mutations affecting a splicing cis-

element or mutations that result in an effect in trans (Faustino and Cooper, 2003). The 

latter involves components of the splicing machinery and hence are potentially 

deleterious to multiple genes resulting in spliceosomopathies. Thus, categorically, human 

disease caused by disrupted alternative splicing can arise from- 

(i) Cis effects- mutations disrupt either the use of constitutive or alternative splice sites 

Mutations present in either exons or introns can result in splicing pattern modifications 

causing genetic disorders. When present in canonical splice sites, the mutations 

generally lead to exon skipping; one to several exons may be excluded accompanied by 

the generation of distinct mRNA splice isoforms. For e.g. a variant in the COL5A1 gene 

causing Ehlers-Danlos syndrome leads to the production of several transcripts (Takahara 

et al., 2002). A de novo donor splice site mutation in the FBN1 gene causing a neonatal 

progeroid variant of Marfan syndrome with congenital lipodystrophy reportedly led to the 

skipping of one entire exon and the subsequent production of a truncated yet stable 

protein with an altered C-terminal (Jacquinet A et al., 2014). 
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Amongst the well-understood progeroid disorders, Hutchinson-Gilford Progeria 

Syndrome (HGPS, OMIM: 176670), as stated elsewhere, is caused due to the missplicing 

of the LMNA gene encoding lamin A and lamin C proteins. About 80% of the cases arise 

from a de novo point mutation causing a heterozygous base substitution (C->T) that result 

in the activation of a cryptic splice site within exon 11 of the gene affecting mature lamin 

A production. The use of the cryptic splice for alternative splicing site results in a 

truncation of 50 amino acids at the carboxy terminus of prelamin A protein that is 

permanently farnesylated (LA∆50) and cannot undergo further processing to render 

mature lamin A (Eriksson et al., 2003, Young, S et al., 2006). LA∆50 is associated with 

the aberrant nuclear changes as seen in cultured patient-derived HGPS fibroblasts 

(Goldman R.D. et al., 2004). 

 

(ii) Trans effects- mutations either affect the constitutive / basal splicing machinery or 

affect the regulators of alternative splicing 

Human diseases resulting from defects in spliceosome components have also been 

described for diseases such as retinitis pigmentosa (RP) and spinal muscular atrophy 

(SMA).  

RP is characterised by progressive retinal degeneration, night blindness, loss of 

peripheral vision, eventually resulting in complete blindness that may be inherited as an 

autosomal dominant, autosomal recessive, or X-linked disorder. One of the genes 

implicated in autosomal dominant RP includes PRPF31 whose functions are best defined. 

The PRPF31 is a U4/U6 snRNP-associated protein that via direct interactions with a U5-

specific protein, promotes the association of U4/U6 snRNP with the U5 snRNP. The 

association of tri-snRNP U4/ U6.U5 is critical to complex B or pre-catalytic spliceosome 

formation and reportedly, the depletion of PRPF31 prevents the assembly of the active 

spliceosome (Makarov et al., 2002). Additionally, PRPC8 mutations cause a very severe 

type of RP inherited in an autosomal dominant fashion (McKie et al., 2001). The PRP8 

protein reportedly establishes direct contact with the 5’ & 3’ splice sites and with U6 and 

U5 snRNAs, providing overall structural integrity to the catalytic core and regulating the 

RNA helicase activity, which in turn modulates the extensive RNA: RNA base-pairing 

rearrangements essential for the spliceosome activation (Faustino and Cooper, 2003, 

Collins and Guthrie, 2000). 
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Spinal muscular atrophy is diagnosed with a progressive loss of motor neurons of the 

spinal cord and is inherited in an autosomal recessive fashion. This results in skeletal 

muscle denervation, consequentially leading to subsequent weakness, atrophy and 

paralysis of voluntary muscles. Majority of the cases for SMA are attributed to 

homozygous mutations in complex components of the survivor of motor neuron gene 

(SMN) complex, best described for its role in the cytoplasmic assembly of U1, U2, U4, 

and U5 snRNPs that contain a common set of seven Sm proteins as well as respective 

unique sets of proteins for each snRNP (Will and Lührmann 2001). Depletion of SMN in 

Xenopus oocytes correlated with prevention of U1 snRNP assembly; remarkably, 

overexpression of an N-terminal truncation mutant of SMN was shown to result in 

cytoplasmic accumulation of Sm proteins, SMN, and U snRNAs (Meister et al., 2001, 

Pellizzoni et al., 1998) 

 

1.5.3. The Inevitable Effects of Alternative Splicing on Senescence and Ageing  

 

Increasingly available literature indicates an intimate association of pre-mRNA splicing 

dynamics with cellular senescence and organismal ageing. Notably, more than 50% of 

age-related alternative splicing alterations are estimated due to changes in the 

expression of splicing factors (Mazin et al., 2013). For instance, differential splicing of the 

ENG gene, encoding for the glycoprotein endoglin, regulates vascular ageing and cellular 

senescence depending on the production of the long or short variant (L-endoglin or S-

endoglin). L-endoglin has a proliferative and pro-angiogenic effect on endothelial cells 

while S-endoglin has been shown to contribute to cellular senescence and lower the 

proliferation of endothelial cells of transgenic mice overexpressing S-endoglin (Blanco et 

al., 2008). During normal ageing, a gradual shift towards the S-form occurs in the 

endothelial cells (Blanco et al., 2008, Blanco and Bernabeu, 2011). 

 

Progerin, the misspliced lamin A protein synthesised in HGPS is detected in trace 

amounts in healthy ageing individuals and senescent cells lacking HGPS mutations. This 

indicates that lamins, including progerin, as possible regulators of senescence pathways 

in both HGPS and healthy individuals via alternative splicing. (Wood et al., 2014, Freund 

et al., 2012). 

 



33 
 

1.6. Discovery of the RES complex in Yeast: Bud13 function in S. cerevisiae 

 

The structure and function of the Bud13 protein were initially elucidated in the yeast model 

Saccharomyces cerevisiae with the discovery of a new trimeric complex. Proteomic 

analysis revealed the protein as part of a novel heterotrimeric protein complex composed 

of, besides Bud13, the Snu17 and Pml1 proteins and is present in the 

nucleus/spliceosome. 

 

The complex was reportedly important for efficient splicing, both in-vitro and in-vivo and 

the downstream effect of its inactivation was discovered to be nuclear pre-mRNA leakage. 

This complex was named as the pre-mRNA REtention and Splicing or the RES complex 

(Dziembowski A et al., 2004). Interestingly, the subunits were found not to be essential 

for viability. 

 

 

1.6.1. Structure 

 

Brooks M et al. in 2009 followed up the structural investigation of the yeast complex and 

its functional consequences using serial truncations and mutagenesis of the complex 

subunits. Mutation of the putative binding site of the Pml1 subunit revealed no effect on 

the RES complex assembly or its downstream function of pre-mRNA splicing.  Tripsianes 

et al. in 2014 combined structural and biochemical analysis to unravel a novel RNA-

recognition motif (RRM) - protein surface formed by the Snu17p-Bud13p interaction. 

Additionally, Wysoczanski P et al., in 2014, presented the dynamics of cooperative folding 

within the three-dimensional structure of the RES core complex. An intricate folding of the 

sub-factors was shown to stabilise the RRM of the Snu17p, thereby strengthening the 

RNA-binding efficiency within the spliceosome. 

 

 

1.6.2. Function 

 

RES complex in yeast was found to be a crucial facilitator for enhanced splicing. Although 

the subunits were discovered not to be critical for the overall viability of the organism, 

yeast cells disrupted for the respective RES subunits have shown to display growth 



34 
 

defects that are aggravated at higher temperatures (Dziembowski A et al., 2004), as well 

as alterations in the budding pattern (Ni and Snyder, 2001). Deletion of Snu17 or Bud13 

has particularly shown to be correlated with a greater  accumulation of unspliced, intron-

containing pre-mRNAs while that of Pml1 has been concluded to be majorly influential in 

the pre-mRNA retention function of the RES (Dziembowski A et al., 2004, Zhou Y et al. 

2017). 

 

However, experimental approaches involving pre-mRNA co-immunoprecipitation and 

splicing assays uncovered that the interaction of the RES with the spliceosome is rather 

transient. This implied that the complex may not be absolutely vital for splicing 

(Dziembowski A et al., 2004) and its function is more like that of an enhancer.  The action 

of RES was eventually shown to occur before the first catalytic step of the splicing process 

in the efficient transformation of the pre-catalytic B spliceosome into an activated Bact 

complex (Bao P et al., 2017). As an enhancer, its function was speculated to be of 

particular significance to the processing of weak introns typically characterised to have a 

poor 5’ splice site that do not conform to the consensus sequence (Dziembowski A et al., 

2004; Spingola M et al., 2004; Frederick W et al., 2006). But advanced studies have 

shown otherwise in that RES-regulated transcripts can also include those harbouring 

consensus 5’ splice sites (Schmidlin T et al., 2008; Tuo S et al., 2012; Zhou Y et al., 2013) 

 

A number of dependents since then have been described in yeast that require one or 

more of the complex components for efficient splicing and nuclear retention of unspliced 

pre-mRNA, including a subset of Mer1-dependent introns crucial for meiosis (Frederick 

W et al., 2006), Tan1 expression regulating tRNA maturation (Zhou Y et al., 2013), and 

Med20 expression that co-regulates RNA polymerase II transcription via the Mediator 

complex (Zhou Y et al., 2017). 
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1.7. BUD13 Function in Vertebrates 

 

1.7.1. Findings from the Zebrafish Model 

 

In 2018, Fernandez et al. uncovered the role of the RES complex during vertebrate 

development using the zebrafish model. Generation of loss-of-function mutants for the 

three components of the splicing complex revealed their role during early development. 

The mutants displayed an increased cell death in the brain and decrease in differentiated 

neurons. Transcriptomic analysis of the complex components in the mutants further 

revealed a global defect in intron splicing, with a strong missplicing of short, GC-rich 

introns via intronic retenetion (IR) in the knockout studies. 

 

1.7.2. Insights into Mammalian BUD13 function 

 

Frankiw et al. followed this in early 2019, displaying the role of BUD13 in mouse-bone-

marrow- derived macrophages. Using RNA antisense purification-mass spectrometry 

(RAP-MS), which employs antisense biotin-containing single-stranded DNAs 

complementary to exonic regions of the target gene revealing both mRNAs associated 

with its total pool of transcripts, BUD13 was identified as a splicing modulator of intron 4 

of the IRF7 gene intron (figure 2), regulating the type I interferon response in 

macrophages upon viral infection. 

 

Additionally, they assessed global splicing differences owing to BUD13 knockdown and 

revealed an increased IR and affected gene expression of a special subset of genes 

having short, GC-rich introns with non-consensus splice donor sites. The mode of action 

for BUD13 was concluded to be that of an antagonist to IR in the general alternative 

splicing dynamics. Notably, however, BUD13 depletion and subsequent assessment of 

differential alternative splicing events in multiple datasets revealed very few of such 

differential events and even fewer events specifically for intronic retention. 
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Fig.6. Effect of BUD13 on IRF7 intronic retention (IR) - Knockdown of BUD13 apparently 

correlates with an increased retention of introns in IRF7 pre-mRNA processing leading to its rapid 

degradation via nonsense -mediated decay and a decrease in mature IRF7 transcripts, ultimately 

reducing IRF7 protein and dampening type I interferon response. Adopted from Frankiw et al., 

2019. 

 

 

Furthermore, Nussbacher and Yeo carried out a computational screen of eCLIP data 

(enhanced version of Crosslinking and Immunoprecipitation) from the publicly available 

ENCODE project to discover RNA binding proteins that regulate micro-RNA levels 

(Nussbacher J.K. and Yeo G.W., 2018). BUD13 protein was found to interact and stabilise 

miR-144 along cooperatively with ILF3 besides suppressing miR-210 processing to 

subsequent mature species. 

 

 

1.7.3. BUD13 function from GWAS studies-Population Genetics perspective 

 

Genome-wide association studies (GWASs) are observational studies aimed to 

investigate associations of genetic variants or SNPs (Single Nucleotide Polymorphisms) 

and possible associated traits to account for population wide determinants of human 
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disease. Most of the BUD13-associated studies aimed at uncovering heritable variants in 

metabolic disorders & cardiovascular diseases, and determined not only exonic but also 

noncoding and intergenic SNPs. Several GWASs have revealed a strong correlation of 

gene clusters containing BUD13 with triglyceride metabolism in European and Asian 

populations (Kim H et al., 2019; Bandesh K et al., 2019, Zhang et al., 2017, Parra EJ et 

al., 2017, Hebbar P et al., 2017, Teslovich TM et al., 2015). Polymorphisms present in 

gene clusters including the trio of BUD13/ ZNF259/ APOA5 have been repeatedly 

described at the 11q23.3 chromosomal region to influence coronary artery disease and 

dyslipidemia occurrences. 

 

1.7.4. Complexity owing to overt simplicity: Intrinsic Disorder in BUD13 

 

Intrinsically Disordered Proteins (IDPs) or simply unfolded proteins are polypeptide 

chains that challenge the key protein structure model in that a well-defined structure is a 

necessary prerequisite for the correct function of a protein. IDPs contain sites of unstable 

tertiary structure under physiological conditions in –vitro; such a site adopts a well-defined 

structure, such as alpha-helices or beta-sheets, only upon the binding of a target molecule 

(Dyson HJ and Wright PE, 2005; Dunker AK et al., 2008). They constitute a fourth class 

of proteins in addition to the globular, fibrous and membrane proteins (Andreeva A et al., 

2014). 

 

BUD13 protein has been labelled as the most highly disordered protein under the 

category of non-abundant proteins in the spliceosomal proteome. The Pfam domain at 

the C-terminal of the protein has been shown to map to disordered regions of 

spliceosomal proteins (Korneta et al., 2012). Interestingly, this domain is associated with 

RES complex function and is highly conserved from yeast to man (Korneta et al., 2012; 

Fernandez et al., 2018; Frankiw et al., 2019); however, mammalian BUD13 consists of a 

long N –terminal component, absent in yeast, whose properties in terms of intrinsic 

disorder are still not explicated. 
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Fig.7. Intrinsically disordered proteins (IDPs) lack well-defined structures, which they attain only 

upon the binding of specific target molecules. 
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Chapter 2: Methods 

 

2.1. General Cell culture methods 

 

2.1.1. Maintenance and Expansion of Cultured Cells 

Skin fibroblasts from skin biopsies from patients A1-A5 were isolated according to a 

standard protocol. The cells were maintained in AmniomaxTM C-100 basal medium 

(Invitrogen) supplemented with AmniomaxTM C-100 supplement (Invitrogen). 

Immortalised HeLa and U2OS cell lines were maintained in DMEM high-glucose (Lonza) 

supplemented with 10% fetal calf serum (FCS, Gibco), 1% ultraglutamine (Lonza) and 

1% penicillin-streptomycin (PEN-STREP, Lonza). All the cells were maintained in a 

humidified incubator at 37℃ & 5% CO2 and the medium was changed every 3 or 4 days. 

When the cultured cells reached about 80-90% confluency, they were split into new 

flasks-the adherent cells were washed with Dulbecco’s phosphate buffered saline (DPBS, 

Gibco) and trypsinised with 0.05% trypsin-EDTA (Gibco) for 1-2 minutes at 37℃ until 

detachment, immediately followed by the resuspension of the cells in fresh medium and 

redistribution into new flasks in a ratio depending on the cell line and purpose. 

 

2.1.2. Embryonic stem cell (ESC) culture 

This work has been supported by Malte Spielmann, PhD and Miguel Rrodriguez, MSc 

from the Charité Universitäsmedizin Berlin and Max Planck Institute for Molecular 

Genetics, Berlin.G4-ESCs were cultivated on CD1 feeders and maintained in ES+LIF 

medium as described by Kraft et al. (2015). All cells were grown at 37°C and 5% CO2. 

 

2.1.3. MEF isolation 

Following the sacrifice of pregnant mice at E13.5, embryos were isolated and minced in 

a 6cm dish. Head, liver and spleen were removed using a sharp forcep and the tissue 

was minced until homogeneous and collected in 5ml 1X PBS (Phosphate-buffered saline) 

in a 15ml falcon, followed by addition of 5ml Trypsin/EDTA. The falcon was shook and 
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incubated at 37°C in a water bath for 10 minutes following which it was shook again and 

letting the tissue fragments settle for 2 minutes. 5ml of this solution was transferred to 

25ml medium in a 50mol falcon followed thrice by 5 ml Trypsin/EDTA digestion. After the 

last digest, the entire suspension was transferred into 50ml medium in a falcon, shook 

and centrifuged at 100 rpm for 5 minutes. The pellet was re-suspended in fresh medium 

and seeded into 75 cm2 cell culture flasks. 

 

2.1.4. Cryopreservation 

Long –term cryopreservation of cells was carried out using a freezing medium composed 

of 50% DMEM high-glucose, 40% FCS and 10% dimethyl sulfoxide (DMSO) in cryovials 

(Sarstedt) for long-term storage in liquid nitrogen. Briefly, adherent cells were trypsinised 

and suspended in growth medium followed by centrifugation at 1000 rpm for 5 minutes. 

The cell pellet so obtained was dissolved in freezing medium and brought to liquid 

nitrogen tanks. 

 

2.1.5. Thawing of cells 

Cryovials containing cells frozen in DMSO medium were thawed at room temperature 

followed by suspension in growth medium and centrifugation at 1000 rpm for 5 minutes. 

The supernatant was discarded and the cell pellet was suspended in growth medium and 

transferred to an appropriate cell culture flask. 

 

2.1.6. Cell number determination 

Cell enumeration for various experiments was carried out using a Neubauer commercial 

chamber (Blaubrand®). 

 

2.1.7. Cellular transfection 

Immortalised HeLa and U2OS cell lines were transfected with 2µg of these plasmids   

using the JetPei® DNA transfection reagent (PolyPlus transfection®) according to 

manufacturer’s instructions. 
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2.2. Molecular Biology methods 

 

2.2.1. Patient material and cells 

The affected individuals A4 & A5 and the parents of patients A1-A3 provided their written 

consent for genetic testing and the publication of images. From all patients, peripheral 

blood samples were taken and DNA from lymphocytes was extracted according to 

standard protocols.  

 

2.2.2. RNA isolation 

Cells were lysed in a defined density three days past confluency and Trizol® (Invitrogen) 

was used for cell lysis. Total cellular RNA was extracted using the Direct-Zol RNA Miniprep 

kit (ZymoResearch).  

 

2.2.3. cDNA synthesis, RT-PCR analysis and qPCR 

cDNA was transcribed using the RevertAid H Minus First Strand cDNA Synthesis Kit 

(Fermentas) according to the protocol of the manufacturer.  

RT-PCR on human and murine samples was performed using FIREPol® DNA polymerase 

(Solis BioDyne) and cDNAs synthesised as described above. Primer sequences are 

included in table 1 while reaction mixture and PCR program for RT-PCR are included in 

table 2. The PCR was carried out on a Proflex PCR system (Applied Biosystems®).  

PCR amplified products were loaded on a 1.5% agarose gel prepared in 1X TAE buffer 

with Ethidium Bromide (1:20,000). Agarose gel-electrophoresis was performed to 

separate out PCR amplified products combined with a DNA gel loading dye (ThermoFisher 

Scientific). Visualisation of the bands was done using the gel documentation system, 

G:Box (Syngene). Differential bands were cut from the gel and DNA was extracted using 

the NucleoSpin Gel and PCR Clean-up Kit (Macherey-Nagel) as per the manufacturer’s 

instructions. Purified DNA fractions were subjected to direct Sanger sequencing using the 

PCR primers. 
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Quantitative PCR was carried out using Eva Green (Solis BioDyne) on a Quant Studio 03 

system (ThermoFisher Scientific). The reaction was carried out in 96 well plates in a total 

volume of 20 μl. The primer sequences are included in table 3 while the qPCR program 

is included in table 4. 

 

 

 

 

 

 

 

Table.1. Primers used for RT-PCR for splicing analysis; PCR carried out using cDNA reverse 

transcribed from RNA that was isolated from human adult fibroblasts and mouse embryonic stem 

cells. 

 

 

 

 

Table.2. (A) Reaction mixture and (B) PCR program for RT-PCR carried out for splicing analysis 

using cDNA reverse transcribed from RNA that was isolated from human adult fibroblasts and 

mouse embryonic stem cells. 

Primer name Primer sequence 5’ -> 3’ 

Human 

hBUD13_F1 TGACTCCTCAGACACTTCACC 

hBUD13_R1 GCCCTGGACTTTGTTTATGC 

Mouse 

cmBud13_e3-5F CTCCAGTGCCAAGTGGAAG 

cmBud13_e3-5R GACTCCTTCGAGGTGGAGAG 

Temp (°C) Time Cycles  

95 05 min 1 

95 

56 

72 

50 sec 

50 sec 

02 min 

35 

72 10 min 1 

4     ∞           

Reagent Amount 

cDNA  5-10 ng 

FIREPol® 5 μl 

5‘- primer (F) (10 μM) 0.5  μl 

3‘- primer (R) (10 μM) 0.5  μl 

ddH2O upto 25 μl   
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Table.3. Primers used for qPCR for gene expression; qPCR carried out using cDNA reverse 

transcribed from RNA that was isolated from human adult fibroblasts and mouse embryonic stem 

cells. 

 

 

  

 

 

 

 

Table.4. qPCR program for gene expression analysis; PCR carried out using cDNA reverse 

transcribed from RNA that was isolated from human adult fibroblasts and mouse embryonic stem 

cells. 

 

2.2.4. Generation and Transient Overexpression of BUD13 and BUD13-S1 proteins 

i. Generation of pEF5/FRT/BUD13-V5 and pEF5/FRT/BUD13-S1-V5 plasmid vectors 

We purchased a pEF5/FRT/V5 (Invitrogen) expression plasmid vector containing the 

BUD13 open reading frame (ORF) from DNASU (pENTR-BUD13-open).  

Primer name Primer sequence 5’ -> 3’ 

qhBUD13_e3-4F AAAGCAGATGGAGGCCTTTC 

qhBUD13_e3-4R ATGAATCCGGGGTATCGTG 

qhBUD13_e9-10F ATATCGCTGGGACGGAGTG 

qhBUD13_e9-10R CTCCACTGCCTTCTTGCTG 

qhBUD13-jn-patF CAAGGAGGCCTCAGCATAATTC 

qhBUD13-jn-patR TGGTTCTAGGAGGAGAGGGATC 

qhGAPDHF CTGCACCACCAACTGCTTAG 

qhGAPDHR  ACAGTCTTCTGGGTGGCAGT 

Stage Temp (°C) Time Cycles  

Hold stage 50 

95 

02 min 

10 min 

1 

PCR stage 95 

60 

15 sec 

60 sec 

40 

Melt curve stage 95 

60 

95 

15 sec 

60sec 

01 sec 

1 
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We subsequently generated pEF5/FRT/BUD13-S1-V5 containing the splice isoform 

(BUD13-S1) as seen in the patients from pENTR-BUD13-S1, which was generated using 

the Gibson assembly® strategy- a procedure that efficiently joins overlapping DNA 

fragments in a single-tube isothermal reaction. Briefly, two separate PCR amplified 

fragments were generated in such a manner that when put together, they would yield the 

BUD13-S1 insert and the linear vector was generated using restriction enzyme -mediated 

digestion, thereby totaling three separate fragments. The PCR primers used for the 

Gibson assembly were made to have two sequence components, an overlap sequence 

for the assembly of adjacent fragments (5’ –end) and a gene-specific sequence for 

template priming during PCR amplification (3’ –end). 

 

 

 

 

 

 

Table.5. Protocol for Gibson assembly® strategy- Samples were incubated in a thermocycler at 

50°C for 15 minutes followed by sample storage at -20°C for subsequent transformation using 

E.coli. 

 

ii. Generation of BUD13 and BUD13-S1 proteins fused with GFP 

pENTR-BUD13-open and pENTR-BUD13-S1 were recombined with expression vector 

constructs carrying GFP (pcDNA5/FRT/TO+AcGFP1+rfb) to yield BUD13 and BUD13-S1 

proteins fused with GFP. The GFP constructs were kindly provided by Dr. Leo Nijtmans. 

 

iii. Transient Overexpression and quantification of lobulated cells 

Immortalised human cell lines, namely the HeLa and U2OS cell line, were transfected 

with 2µg of these respective plasmids using the JetPei® (PolyPlus) method according to 

manufacturer’s instructions. The average percentage of lobulated nuclei were calculated 

Reagent Amount for 2-3 fragment assembly 

Total amount of fragments 0.02-0.5 pmols (X μl) 

Gibson Assembly Master Mix (2X) 10 μl 

Deionised water 10-X μl 

Total volume 20 μl 
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for the V5- tagged wild type and mutant BUD13 protein transfections. All differences were 

analysed using the student’s t- test. 

 

2.2.5. Sanger sequencing 

Sanger sequencing was performed on genomic DNA to validate the pathogenic variant 

c.688C>T in BUD13 (NM_032725) in all the patients A1-A5 as well as to genotype 

chimeric mice for Bud13-113del mutation using genomic DNA isolated from tail or ear-

cuts. Reference sequences were downloaded from Ensembl (Hunt S et al., 2018). Primer 

sequences are summarised in table 6. 

Additionally, human and murine RT-PCR products with cDNA were also sequenced to 

investigate aberrant splicing gained by this pathogenic variant. The RT-PCR primers used 

in these investigations were utilised for Sanger sequencing as well. 

BigDye Terminator cycle sequencing kit (Thermo Fisher Scientific) was used and 

products were sequenced on an ABI 3730 DNA Analyzer (Thermo Fisher Scientific). The 

sequencing reaction used is described in table 7. 

 

 

 

 

 

 

 

 

Table.6. Primers used for Sanger sequencing- genomic DNA and genotyping experiments. 

 

 

 

Primer name Primer sequence 5’ -> 3’ 

Human 

hBUD13_e4F AAAACTGTGCAGGCCTTTTG 

hBUD13_e4R ACCCAGCCTCTCACTTTTCA 

Mouse 

seqBud13_F1 CCACGGTGAAGATGGACATT 

seqBud13_R1 AGGGGAGTGGTTATGGGTCT 
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Table.7. BigDye v3.1 sequencing reaction 

 

2.2.6. Whole exome sequencing (WES) 

WES for patients A1-A3 had been already carried out prior to the beginning of the PhD 

project. WES for patient A1 and A2 was carried out at Centre National de Génotypage 

(Evry, France). The DNA sample from patient A3 was whole exome sequenced after 

approval was obtained from the ethics board of the Charité Universitäsmedizin Berlin. 

Blood samples from patients A4 and A5 were sent to Centogene AG for routine genetic 

diagnostic workup and WES.  

 

2.2.7. Transcriptome sequencing  

Total cellular RNA from patients A1-A3 and three matched controls was extracted as 

described above. Poly-A enrichment was performed according to an in house protocol. 

Sequencing was performed on an Illumina’s Hi-Seq 1500 system. 60-70 million sequence 

reads were generated and raw data were transferred to the work group of Florian Heyd 

for further processing. Total RNA from murine embryonic stem cells (mESc) was provided 

to commercial service (Eurofins MWG GmbH, Ebersberg, Germany). Poly-A enrichment 

was carried out and sequencing was performed on an Illumina NovaSeq 6000 S2 PE150 

XP platform. On average, 70 million sequence reads were generated per sample and raw 

data were transferred to the work group of Florian Heyd for further processing. 

 

2.2.8. Bacterial transformation and plasmid DNA isolation 

Chemocompetent E.coli cells were thawed on ice. 3ul of ligation reaction mixture was 

added to 50ul of chemocompetent cells and mixed by gently pipetting up and down and 

incubated on ice for 30 minutes. Following this, heat shock at 42°C 30 seconds was 

Temp (°C) Time Cycles  

96 

50 

60 

30 sec 

15 sec 

04 min 

25 

8     ∞           
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carried out in a heating block. The cells were then incubated on ice for at least 2 minutes 

followed by the addition of 950ul of SOC medium. The bacteria were then incubated at 

37°C at 600rpm (for constant shaking) for one hour in a heating block. 50-100ul of the 

transformation mixture was then plated on pre-warmed LB agar plates containing the 

appropriate antibiotic (200ug/ml Ampicillin or 50ug/ml Kanamycin). The plates were 

incubated at 37°C and 5% CO2 overnight in a bacterial incubator. 

Plasmid DNA isolation was carried out for mini and midi preparation using the Invisorb® 

spin plasmid mini two kit (Invitek Molecular) and the Nucleobond® PC 100 midi kit 

(Macherey-Nagel) respectively. 

 

 

2.3. Biochemical methods 

 

2.3.1. Protein extraction from cultured adherent cells 

Adherent cells were washed thrice with ice-cold 1X PBS. The PBS was then completely 

drained off and followed by the addition of ice-cold RIPA buffer ((150 mM NaCl, 50 mM 

Tris, 5 mM EDTA, 1% Triton X-100, 0.25% deoxycholate, 0.1% SDS supplemented with 

complete proteinase inhibitor, Roche) to the adherent cells (100ul/106cells in a well). The 

cells were scraped off the dish using a plastic cell scraper and the lysate was transferred 

into ice-cold eppendorfs, and finally spun in a pre-cooled centrifuge at 13,500 rpm for 15 

minutes. The supernatant was immediately transferred to a fresh, ice-cold eppendorfs 

and the pellet was discarded. The supernatant was then used for protein concentration 

determination for further experiments. 

 

2.3.2. Determination of protein concentration 

Protein concentrations were analysed using the BCA Protein Assay Reagent Kit (Pierce) 

according to the supplier’s protocol. The protein absorbance was measured at 562 nm 

for the samples and for a set of BSA standards. Protein concentrations were estimated 

using the BSA standard curve. 
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2.3.3. SDS-PAGE (Sodium Dodecyl Sulphate- PolyAcrylamide Gel Electrophoresis) 

10 μg protein per lane was separated on 4-12% gradient gel (NuPAGE) using 1X 

NuPAGE running buffer. The electrophoresis was carried out at 60 V for 30 minutes 

followed by 100 V for a time duration depending on the size of the protein under 

investigation.  

 

2.3.4. Western blotting- Protein transfer and detection 

Nitrocellulose membranes were activated and equilibrated in methanol containing 1X 

transfer buffer (25mM Tris, 192 mM Glycine, 20% MeOH). The gel-membrane 

sandwiches were prepared considering the direction of protein transfer for semi-dry 

blotting (Peqlab) at 10 V for 1.5 hours for two membranes in a single machine. 

After blotting, membranes were blocked using the Odyssey® blocking buffer in 1X PBS 

and probed with primary antibodies overnight at 4 degrees. Depending on the developing 

protocol, the membranes were incubated with appropriate secondary antibodies.  

For chemiluminiscence based detection, the membranes were washed and incubated for 

an hour with HRP-conjugated secondary antibodies followed by visualisation of bands 

with ECL reagent (PerkinElmer). For fluorescence based detection, the membranes were 

washed and incubated for an hour with fluorophore-conjugated secondary antibodies 

followed by visualisation of bands with using the LICOR® system. All the blots were 

carried out at least three times with different cell lysates every time. A list of antibodies 

used for western blotting experiments is provided in table 8. 

 

2.3.5. Quantification of Immunoblot experiments 

Images showing the relative expression of BUD13 and GAPDH in three controls and all 

affected individuals were analyzed using ImageJ. Densitometry values for BUD13 were 

corrected against GAPDH signals and the relative expression of BUD13 was calculated 

using one control as calibrator. The values from three independent experiments were 

averaged and the standard error of the mean was calculated. All differences were 

analysed using the student’s t- test. 
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Table.8. Antibodies used for Western blotting experiments. 

 

2.3.6. Proteomics analysis 

The proteomics analysis was carried out and supported by David Meierhofer, PhD at the 

Mass Spectromtery Facility, Max Planck Institute for Molecular Genetics. 

 

 

2.4. Cell biology techniques and Cellular Assays 

 

2.4.1. Immunofluorescence (IF) 

A defined number of cells depending on the experimental need were seeded and grown 

on glass coverslips overnight, following which, the next day, they were fixed in 4% 

paraformaldehyde for 10 minutes at room temperature. This was followed by 

simultaneous permeabilisation and blocking using 0.4% Triton X-100 in 3% BSA in 1X 

PBS for 10 minutes. The cells were than washed twice with 1X PBS and incubated with 

the primary antibody at 4°C overnight. After that, cells were washed three times with 1X 

 Antibody Manufacturer Dilution 

Primary 

antibodies 

Rabbit anti-BUD13 Abcam, ab11783 1:1000 

Goat anti-Lamin A/C Santa Cruz, sc-6215 1:1000 

Rabbit anti-Cathepsin D Abcam, ab75852 1:1000 

Rabbit anti-H2AX Cell signaling, 7631T 1:1000 

Rabbit anti-p-H2AX Cell signaling, 9718S 1:1000 

Mouse anti-GAPDH Thermo Fisher, AM4300 1:2000 

Secondary 

antibodies 

Anti-Rabbit IgG, HRP- Cell signaling, 7074S 1:2000 

Anti-Mouse IgG, HRP- Cell signaling, 7076S 1:2000 

Donkey Anti-Goat HRP Invitrogen, A15999 1:2000 

IRDye® 680RD Donkey 

anti-Mouse  

LI-COR 1:10,000 

IRDye® 800RD Donkey 

anti-Rabbit  

LI-COR 1:10,000 
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PBS and then stained with secondary antibody at room temperature for 1 hour. The 

counterstaining was done using DAPI to stain the DNA and the cells were mounted in 

Fluoromount G. A list of antibodies used for IF experiments is provided in table 9. 

 

 

 Antibody Manufacturer Dilution 

Primary 

antibodies 

Rabbit Anti-Emerin Santa Cruz, sc-15378 1:1000 

Rabbit Anti -GFP Abcam, ab556 1:1000 

Mouse Anti-V5 Sigma Aldrich, V8012 1:1000 

Secondary 

antibodies 

Alexa Fluor® 555, 

Donkey anti-Rabbit 

Thermo Fisher, A31572 1:1000 

Alexa Fluor® 488, 

Donkey anti-Mouse 

Thermo Fisher, A21202 1:1000 

Alexa Fluor® 488, 

Donkey anti-Rabbit 

Thermo Fisher, A21206 1:1000 

Table.9. Antibodies used for Immunofluorescence experiments. 

 

2.4.2. DNA damage repair/ UV-irradiation assay 

2 X105 cells /ml were seeded and grown overnight on coverslips in the 6-well plate format. 

The cells were irradiated using UV-Stratalinker at 60,000uj/cm-square for 60 seconds 

followed by fixation using 4% PFA and immunofluorescence staining using appropriate 

primary and secondary antibodies. The average percentage of high number of the 

respective foci (γ-H2AX, 53-BP1) between the mutant and control cell lines were 

evaluated. All differences were analysed using the student’s t- test. 

 

2.4.3. Beta-Galactosidase staining 

Senescence associated beta-galactosidase staining was carried out using the 

Senescence β-Galactosidase Staining Kit (Cell Signaling Technology) as per the 

manufacturer’s protocol. Briefly, 30,000 cells/ well were seeded in the 24-well plate format 

in triplicates for all the patient and control fibroblasts and grown overnight following which 
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the cells were fixed and stained using manufacturer supplied solutions for ~8 hours at 

37°C in the dark. This was followed by the removal of staining solution and subsequent 

washing of the cells thrice with 1X PBS. The cells were visualised and counted using a 

light microscope. In the event of excess salt crystals, the stained cells were briefly 

incubated with dimethyl sulfoxide for 5 minutes. 

 

2.4.4. ROS (reactive oxygen species) assay 

The ROS assay was performed by Claire Schlack-Leigers, BSc, using a ROS sensitive 

dye CM-H2-DCFDA in 1X DMEM cell culture medium and measuring excitation and 

emission wavelength at 495nm and 530nm respectively using a plate reader. 

 

2.4.5. Immunohistochemistry 

Histology of murine fat depots- The fat depots from the gonadal and scapulae region were 

fixed using 4% PFA overnight followed by sectioning using microtome and staining using 

Haemtoxylin and Eosin. The microtome sectioning and staining was performed by Björn 

Fischer-Zirnsak, PhD. 

 

2.4.6. Transmission Electron microscopy 

The transmission electron microscopy experiments were carried out at the microscopy 

and cryo-electron microscopy service group at the Max Planck Institute for Molecular 

Genetics, Berlin. 

 

2.5. CRISPR/Cas9 mediated Genome Editing and Animal Experiments 

The genome editing experiments have been carried out by Malte Spielmann, PhD 

(Bud13-113 del mouse) and Miguel Rodriguez, MSc (Bud13-106 del mouse). Briefly, 

Single guide RNAs (sgRNA) with minimal off-target specificity were designed using the 

CRISPR design tool from the MIT Zhang lab. Complementary strands were annealed, 

phosphorylated, and cloned into the CRISPR/Cas vector. G4 ESCs (WT) were used as 
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the template for the CRISPR experiments. Transfection, further handling of the cells, and 

morula aggregation were all performed as described by Kraft et al., (2015).  

The G4 mouse embryonic stem-cell clones obtained after genome editing were 

characterised using PCR-based methods to select clones homozygous for the mutation 

introduced. The selected ES cells were aggregated in the transgenic facility of the Max 

Planck Institute for Molecular Genetics using diploid aggregation. 

  

The subsequent molecular analyses of the clones and the animal work with the chimeras 

were undertaken by the author, Namrata Saha supported by Björn Fischer-Zirnsak, PhD. 

 

 

2.5.1. Growth curve 

For all animals, the total body weight has been determined every week. On the 37th week 

after birth, the mice from the first aggregation died from a so far unknown reason. 

Following the subsequent aggregation, the animals were sacrificed around the same 

period for further analysis. 

 

2.5.2. Analysis of fat depots 

Mice were sacrificed using cervical dislocation. The total body weight at the 37th week of 

life was determined. From n=13 control and n=11 Bud13113del animals, the fat depots of 

gonadal and scapulae fat were dissected and the weight was determined. 

 

2.6. Bioinformatics analysis 

 

2.6.1. Bioinformatics on Transcriptome data 

The bioinformatics analysis on transcriptome data was carried out by Alexander 

Neumann, Heyd group, Free University.  

Reads were mapped to reference genomes (hg38 for human, mm10 for mouse) using 

STAR version 2.5.3a (Dobin et al 2012). rMATS version 4.0.2 (Shen et al 2014) was used 
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for alternative splicing and DESeq2 version 1.24.0 (Anders et al 2012) for differential gene 

expression analysis. An alternative splicing event was considered differential with an FDR 

lower than 0.1 and an inclusion level difference greater 0.1 or smaller -0.1. Genes were 

considered differentially expressed with an adjusted p value smaller than 0.05 and a 

minimal expression change of 20%. Genes with low expression in both tested conditions 

(below 10th percentile) were filtered out. Downstream functional profiling was performed 

using gProfiler version e97_eg44_p13_d22abce (Raudvere et al 2019). The duplicate-

merged eCLIP peak file against BUD13 (identifier ENCSR830BSQ, produced in the Yeo 

lab) was downloaded from ENCODE (doi: 10.1038/nature11247). BAM files were handled 

using bedtools version 2.29.0 (doi: 10.1093/bioinformatics/btq033). 

 

2.6.2. Interspecies alignment 

The following protein sequences were extracted from the UniProt database (Bateman A, 

2019). BUD13 (Human): Q9BRD0; Bud13 (Mouse): Q8R149; Bud13 (Yeast): P46947; 

Bud13 (Zebrafish): F1QH05. Clustal Omega (Sievers F et al., 2011) was used for 

sequence comparison. 

 

2.6.3. Splice site prediction 

Prediction of a potential impact of splicing due to the pathogenic variant c.688C>T in 

BUD13 (NM_032725) was carried out using Human Splice Finder version 3.0 (Desmet F 

et al., 2009), while predictions in mouse were carried out using splice site prediction by a 

tool base on neural network -Berkeley Drosophila Genome Project (fruitfly.org) (Adams 

M et al., 2000). 
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Chapter 3: Results 
 

 

The project has focused on understandings towards a novel progeroid disorder, 

manifested in mild to severe forms, in five different individuals investigated from four 

consanguineous families of Algeria and Portugal.  

 

 

3.1. Clinical Phenotype: Segmental Progeroid Disorder 

 

The project began with the study of three individuals (A1-A3) from two unrelated families 

(figure 8A ) in Algeria who were clinically diagnosed with a complex progeroid phenotype 

with the closest differential diagnosis as Cockayne syndrome. The affected individuals 

were all offspring of consanguineous mating and displayed mostly normal birth 

parameters such as those relating to birth weight (ranging between 2.5-3.6 kg) and 

occipitofrontal circumference (OFC within 33-39 cm). However, in the very first year of 

life, they developed a progressive postnatal growth retardation with some of the earliest 

visible representations as slowing down of height and weight gain. The individuals 

reportedly developed little muscle tissue and exhibited muscle hypotonia. The most 

prominent feature was acute lipoatrophy, a progressive loss of subcutaneous fat tissue, 

which led to a prematurely aged facial appearance. In addition, there were feeding 

problems and the young individuals suffered from achalasia that made it difficult for food 

and liquid to pass into their stomach. Plasma cholesterol levels were reported to be 

normal. However, these feeding problems were seemingly not primarily responsible for 

the missing weight gain since also feeding through gastric tubes did not improve the 

situation. Complexities such as dry & wrinkled skin, cataracts or corneal clouding, 

conductive hearing impairment, and rapid stiffening & swelling of joints, besides impaired 

cognitive development were encountered. The patients had a life span ranging from six 

to nine years and died due to unknown reasons.  

 

Interestingly, two more individuals (A4-A5) harbouring precisely the same mutation (figure 

8A) were discovered from two independent families in Portugal. Although they carry the 

exact same mutation as the younger individuals who died young, the older individuals 

exhibit a milder progeroid phenotype and evidently, a much longer lifespan. The latest 
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report indicated them as 33 and 55 years of age, respectively. These persons were also 

reportedly born normal (birth weight 3.2 & 3.3 kg respectively and normocephalic OFC). 

One of the individuals developed a mild short stature whereas the other reportedly 

developed a height in the lower normal range. Lipoatrophy, dry & wrinkled skin, 

conductive hearing impairment in conjunction with a progressive bilateral sensorineural 

hearing loss, corneal clouding, and facial dysmorphism have also been reported in these 

individuals. Although no feeding problems have been reported except for one of them 

(A4) being prone to vomiting during childhood, both of them suffer from achalasia. 

Cognitive development is above average and there is reportedly no joint swelling/ 

stiffness in either of them. Strikingly, both of them have shown elevated levels of plasma 

cholesterol, and also show cardiovascular features of aortic valve thickening (patient A4) 

and mild heart valve regurgitation (both patients A4 & A5). Figure 8(B) table summarises 

the clinical data from all the five individuals. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.8. (A) Left to right- Facial appearance of five different individuals (A1, A2, A3, A4, and A5) 

investigated as a part of the study from four different consanguineous families.  
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Background Patient A1 Patient A2 Patient A3 Patient A4 Patient A5 

Sex female male female female male 

Origin Algeria Algeria Algeria Portugal Portugal 

Consanguinity yes yes yes yes yes 

Age at last 
examination 

7 y 9 y 6 y 33 y 50 y 

Clinical Data  

Early demise 7 y 9 y 6 y no no 

Birth weight 2500 g 2770 g 3650 g 3240 g 3300 g 

OFC birth 33 cm 39 cm (4 
months) 

36,5 cm normocephalic normocephalic 

Weight last 
examination 

13 kg 10.18 Kg 9.05kg (-
6SD) 

48,5 kg (2nd-
9th centile, 
BMI 19.9) 

45 kg (<0.4th 
centile, BMI 
17.9 

OFC last 
examination 

47 cm 46.5 cm 48.6 cm 
(10thcentile) 

54,9 cm (25-
50th centile) 

54 cm (2nd 
centile) 

Height last 
examination 

87 cm 85.7 cm 87cm (-6SD) 156 cm (9th 
centile) 

158,5 cm (4cm 
< 3rd centile) 

Mental retardation yes yes mild delay no no 

MRI normal normal normal n.a. n.a. 

EEG normal normal normal n.a. n.a. 

Demyelinating 
sensitive 
neuropathy  

yes yes n.a. no no 

Feeding problems yes yes yes prone to 
vomiting 
during 
childhood 

no 

Achalasia yes yes yes yes yes 

Dry, wrinkled skin yes yes yes yes yes 

Reduced 
subcutaneous fat 
tissue 

yes yes yes yes yes 

Lipoatrophy yes yes yes yes yes 

Conductive 
hearing 
impairment 

yes yes yes yes  yes  

Cochlear implants no no no bilateral bilateral 

facial dysmorphy  yes yes yes yes yes 

progressive joint 
stiffness /swelling 

yes yes yes no  no  

retinal dystrophy yes yes n.a. no no 

Catarct no no yes yes yes 

Corneal clouding yes yes yes yes yes 

Plasma 
Cholesterol  

normal normal normal increased increased 

Cardiovascular 
features 

no no no thickening of 
the aortic 
valve; mild 
aortic 
regurgitation  

mild mitral 
valve 
regurgitation 

 

Fig.8. (B) Summary of the clinical data from all the five investigated individuals. 
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3.2. Analysis and Follow-up Investigations from Various Sequencing Approaches 

 

3.2.1. Detection and Validation of Disease-Causing Mutation in BUD13 

 

The patients’ phenotype was not compatible with any known genetic syndrome. Due to 

some overlap with Cockayne syndrome, a collaboration partner excluded the known 

disease genes for this condition. Since obviously a novel disease gene had to be 

identified, we opted for whole exome sequencing (WES) (figure 8C) in all the affected 

individuals. The exact same homozygous nucleotide substitution leading to a nonsense 

(stop) mutation was uncovered in all the five individuals, namely, chr11 

(GRCh37):g.116633617G>A, c.688C>T in the BUD13 gene (NM_032725). The alteration 

was predicted to lead to a premature termination codon (PTC) p.(Arg230*) in the BUD13 

protein known to be involved in post-transcriptional processing or splicing processes. 

Additionally, we confirmed our findings from exome sequencing using the Sanger 

sequencing approach using genomic DNA from all the individuals (data excluded). 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.8. (C) Whole exome sequencing (WES) revealed  a 

homozygous nucleotide substitution leading to a 

nonsense-mutation in the BUD13 gene 

chr11(GRCh37):g.116633617G>A, c.688C>T.                    



58 
 

Following the discovery of the mutated gene, literature analysis uncovered BUD13 to play 

a role in splicing processes as part of a complex called as the pre-mRNA Retention and 

Splicing (RES) complex. Hence, we followed up our experimental investigations with the 

molecular genetic analysis of the nonsense mutation (section 2.2) accompanied with 

transcriptomic analysis (section 2.3) while suspecting a global splicing defect as a 

probable pathomechanism. 

 

3.2.2. The c.688C>T Mutation in BUD13 creates an abnormal splice site 

 

A splice site analysis for the BUD13 gene using Human Genome Splice Finder (HGPS, 

version 3.0) was carried out in order to shed light on any splicing events that may arise 

within the gene owing to the mutation so observed. The analysis revealed that the 

nonsense mutation p.(Arg230*) within exon 4 of human BUD13 activates a cryptic donor 

splice site (figure 9). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.9. Bioinformatics splice site analysis using Human Genome Splice Finder (HGPS, version 

3.0)- splice site anlysis uncovered the activation of a cryptic donor splice site in the presence of 

nonsense mutation p.(Arg230*) within exon 4 of human BUD13.  

 



59 
 

To further investigate these findings, we performed a qPCR and a massive reduction of 

BUD13 mRNA expression was seen in the young individuals. Approximately, 80% 

reduction was observed in the relative mRNA expression of the affected gene in the 

young patient fibroblasts, meaning relative mRNA expression was only 20% of the wild 

type as seen in control fibroblasts (figure 10A). Interestingly, for the older patients 

investigated much later, this reduction was observed to be only 50%, as opposed to the 

80% in younger patients, resulting in a residual BUD13 gene expression of about 50% in 

the older patients. Following this, cDNA amplification (RT-PCR) using primers in exons 

adjacent to the exon harboring the nonsense mutation showed one additional band in the 

patient/mutant fibroblasts only, indicative of alternative splicing events (figure 3B). Sanger 

sequencing performed on cDNA revealed an in-frame deletion of 54 amino acid residues 

in isoform 1 or S1 (64kD) (figure 10B & 11). The residual 20% and 50%, in the two 

respective groups of patients, are most likely a consequence of the presence of splice 

isoform 1, which is not present in healthy individuals (figure 12). Furthermore, in line with 

the qPCR experiments, a higher expression of splice form 1 is observed in the older 

patients. 

 

 

 

(A)                                       (B) 

 

 

 

 

 

 

 

 

 

 

Fig.10. Molecular genetic findings in mutant HAFs from PCR-based approaches- A) qPCR 

findings- Relative mRNA expression using cDNA from adult human fibroblasts from three control 

(C1, C2, & C3) and five patient (A1, A2, A3, A4 & A5) cell lines respectively. An 80% reduction 

was seen in the relative mRNA expression of the affected BUD13 gene in the younger individuals 
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(6-9years old) as opposed to the 50% reduction observed in the older ones (33-53 years old). (B) 

RT-PCR findings- Oligonucleotide primer sequences spanning the nonsense mutation were used 

to investigate cDNA from the five patient and three control cell lines respectively. One novel 

isoform (BUD13-S1 or S1) was only seen in the affected individuals. 

 

 

 

 

 

 

 

 

 

Fig.11. Sanger sequencing findings for all mutant patient HAFs for BUD13-S1- All the patients 

displayed the exact same alternative splicing pattern with an in-frame deletion of 165 base pairs 

within BUD13 leading to the generation of BUD13-S1. 

 

 

 

 

 

 

 

Fig.12. qPCR findings for BUD13-S1- Relative mRNA expression 

of splice form 1 of BUD13 (BUD13-S1) using cDNA from adult 

human fibroblasts. The relative mRNA expression of S1 in the older 

patients (33-53 years old) was almost three times than that observed 

in the younger patients (6-9years old). 
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Immunoblotting experiments confirmed the same discrepancy between the two groups of 

patients, as observed in the PCR based approaches, and in addition revealed the stability 

of the splice form at the protein level (figure 13). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.13. Schematic overviews of splice form 1 (S1) as observed for the affected protein in the 

patient fibroblasts. Sanger sequencing revealed that Splice form 1 leads to a deletion of 54 amino 

acids. Immunoblotting (IB) findings- Whole-cell lysates (10ug protein/lane) from control and 

patient fibroblasts were separated by 4-12% gradient gel SDS-PAGE and immunoblotted with 

antibodies against BUD13. Equal protein loading was confirmed by re-blotting with anti-GAPDH 

antibody.    S1-BUD13 protein was found to be relatively more abundant in the cells from the older 

patients. 

 

 

Both established literature and protein databases (Ensembl, Uniprot) indicated that in 

terms of subcellular localisation, the protein normally localises to the nucleus. To assess 

the impact of the mutation on the normal nuclear localisation of the BUD13 protein, 

transient heterologous overexpression was carried out using jetPEI® mediated 

transfection in HeLa and U2OS cell lines followed by visualisation of the cellular 

localisation of the proteins using immunofluorescence. The results displayed that both 
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the BUD13-WT and BUD13-S1 green fluorescent fusion proteins (GFP) normally 

translocate into the nucleus (figure 14). 

 

 

 

 

 

 

 

 

 

Fig.14. Heterologous overexpression of BUD13-WT and BUD13-S1 GFP fusion proteins in HeLa 

cells - 250,000 cells/ml were transfected with 2µg plasmid DNA in 1ml of DMEM High glucose 

medium containing 5% FCS, and 1% Ultra glutamine using jetPEI® transfection (Polyplus) for 8 

hours followed by fixation with 4% PFA and staining with anti-Emerin (1:1000) and anti-GFP 

(1:1000). Cells were visualised under the 40X objective of the confocal microscope. 

 

 

3.2.3. Transcriptomic Analysis of Patient Fibroblasts 

 

Speculating a splicing defect at the beginning of the project, we sequenced the mRNA 

isolated from the cultured fibroblasts of only the young individuals in order to analyse 

global gene expression patterns and uncover novel RNA species and dysregulated 

pathways. We compared the patient fibroblasts against control cell lines for the given 

assessment (supported by Geno Splice and Alexander Neumann, Heyd group, Free 

University). The polyadenylation approach was adopted for such an analysis of the 

transcriptome. It is based on capturing and sequencing most mRNAs carrying a poly(A) 

tail from total cellular RNA. 
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Firstly, the RNA-seq identified a striking reduction of the BUD13 mRNA in all affected 

individuals (figure 15B). A closer inspection of the transcriptome data revealed altered 

splice events within the affected BUD13 exon 4 as was also uncovered in the molecular 

genetic analysis (figure 15A). However, very few genes with differential alternative 

splicing patterns and intronic retention were identified. Additionally, the global intron 

retention rate was not significantly elevated in the young patient fibroblasts (figure 16A). 

The data were specifically checked for intronic 4 retention in IRF7 pre-mRNA processing 

following up from the findings in mouse-bone-marrow-derived macrophages by Frankiw 

et al., in 2019. However, no anomalies in the patient fibroblasts were observed. 

 

 

The data upon detailed analysis uncovered 125 genes to be significantly dysregulated 

(upon considering genes to be differentially expressed when minimal expression change 

is 20%; Anders S and Huber W, 2012) in cultured fibroblasts from the young individuals 

(figure 16B). Of particular notice with subsequent qPCR validation was the upregulation 

of p21 mRNA expression (discussed further in section 3.5. Cellular Senescence) and the 

downregulation of the MAF gene (encoding a transcription factor) known to play a role in 

embryonic lens development and chondrocyte terminal differentiation (figure 17). At the 

later stages of the project upon the discovery of newer patients, we additionally 

investigated the fibroblasts from the old patients to check for p21 and MAF expression 

using qPCR. Notably, unlike the young patients, there were no significant changes in 

gene expression. 
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Fig.15. RNA-seq findings for patient fibroblasts (A) Variant Calling Format (Vcf) file screenshot 

as observed using Integrated Genomics Viewer- Transcriptomic data revealed alternative splicing 

within the BUD13 gene to generate a new splice isoform. Fewer reads (in grey blocks) map to 

exon 4 of BUD13 in the event of the nonsense mutation as is specifically shown for patient 1 in 

the lower panel compared to control 1 in the upper panel for comparison. 

 

 

 

 

 

 

 

 

 

 

 

Fig.15. (B) Reduced BUD13 mRNA in all 

affected individuals as revealed by the 

polyadenylation (PolyA) approach. 
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(A)                                                        (B) 

 

 

 

 

 

 

 

                           

 

 

Fig.16. Analysis of ~27,159 genes via the polyadenylation approach for RNA sequencing in 

cultured fibroblasts from the young individuals as compared to control cell lines.(A) Global intron 

retention rate was not significantly altered in the young patient fibroblasts compared to control cell 

lines. (B) Schematic overview of number of events identified for differential gene expression, 

alternative splicing and intronic retention.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.17. qPCR validation for MAF gene expression- MAF was found to be downregulated 

(*<=0.05) in the cultured fibroblasts from the young individuals as opposed to both the controls 

and the fibroblasts from the old individuals. 
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Interestingly, combining data from Gene Ontology (GO) analysis and pathway analysis 

(KEGG and REACTOME) on dysregulated genes revealed the mitotic cell cycle pathway 

to be the most highly dysregulated pathway, with both the approaches indicating a severe 

downregulation of several genes involved in mitotic cell cycle division such as CDC25B 

(cell division cycle 25B), CENPF (centromere protein F), and CDKN2B (cyclin-dependent 

kinase inhibitor 2B/ p15). 

 

A proteomics analysis was also simultaneously carried out alongside RNA-seq to 

systematically identify and quantify the proteome of the cultured fibroblasts from the 

young individuals (supported by David Meierhofer, Mass Spectromtery Facility, Max 

Planck Institute for Molecular Genetics). The experimental approach involved quantitative 

mass spectrometry using the metabolic labeling technique of stable isotope labeling with 

amino acids in cell culture (SILAC) strategy (Meierhofer et al., 2008). The differentially 

labeled samples are mixed at an early stage of the experimental procedure and analysed 

together by liquid chromatography with tandem mass spectrometry (LC-MS/MS). The 

peptide peaks of the differentially labeled samples are then quantified relative to each 

other, providing the peptide and protein ratios. 

The topmost dysregulated pathways as revealed by KEGG analysis were noted. Amongst 

the downregulated pathways, the lysosomal, the extracellular matrix (ECM) receptor 

interaction and the cell adhesion molecules (CAMS) were particularly interesting. A large 

number of amino acid metabolic pathways such as those of arginine, proline, alanine, 

aspartate, glutamate and tryptophan were found to be significantly upregulated. It was 

further noteworthy that fatty acid metabolism and peroxisome pathways were also 

significantly upregulated (figure 18). 

 

A closer look at the cross-section of the two datasets from proteomics and RNA-seq 

analysis revealed a large number of dysregulated genes encoding proteins for ribosomal 

subunits or proteins involved in ribosomal biogenesis such as RPS2, RPL13, and 

RPL18A etc. Strikingly, the intersection between 125 dysregulated genes from our RNA-

seq analysis with the eCLIP peak file dataset against BUD13 (Nussbacher J.K. and Yeo 

G.W., 2018) uncovered 20 genes to have eCLIP peaks with BUD13 of which 7 were 

ribosomal protein encoding genes (including candidates RPS2, RPL13, and RPL18A). 

RPL18A, encoding the 60S ribosomal protein L18a, was noted to have the highest 

number of eCLIP peaks amongst all the 20 genes (figure 19); eCLIP or enhanced UV 



67 
 

Crosslinking Immunoprecipitation is a highly specific method to study RNA-binding 

proteins (RBPs)  in order to capture their endogenous direct RNA targets. It has been 

demonstrated to show a large-scale robust profiling enabling integrative analysis of 

diverse RBPs revealing factor-specific profiles, common artefacts of CLIP and RNA-

centric perspectives on RNA-binding protein activity (Van Nostrand EL et al., 2016). In 

their study, Nussbacher J.K. and Yeo G.W utilised two open resources made available 

via ENCODE- 365 immunoprecipitation-grade RBP antibodies (Sundaraman et al., 2016) 

and eCLIP dataset for 126 RBPs (Van Nostrand EL et al., 2016) in order to systematically 

uncover RBPs regulating microRNA levels. 

 

 

 

 

 

 

 

 

 

Fig.18. Proteomics analysis findings- Top 10 significantly dysregulated pathways (*=< 0.05) as 

revealed by the analysis of the complete proteome of cultured fibroblasts from the young patients. 

 

 

 

 

 

 

 

Fig.19. Intersection between dysregulated genes 

from RNA-seq analysis with eCLIP dataset 

against BUD13 (Nussbacher J.K. and Yeo G.W., 

2018)- 20 dysregulated genes from RNA-seq 

analysis have eCLIP peaks with BUD13 

including ribosomal protein encoding genes. 
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3.3. Impact of BUD13 deficiency on cellular pathways also involved in ageing 

 

 

3.3.1. Mitochondrial changes 

Given the implication of extensive cellular damage from ROS accumulation (reactive 

oxygen species) leading to subsequent oxidative damage in both physiological ageing 

(Green et al., 2011) and human progeroid disorders such as autosomal-recessive cutis 

laxa type 3, Gorlin-Chaudhry-Moss Syndrome, Cockayne syndrome and Werner 

syndrome  (Ehmke et al., 2017; Fischer, B et al., 2012, Batenburg NL et al., 2015, Werner 

et al., 2006), we checked for the possibility of an elevated ROS in cultured fibroblasts 

isolated from the young individuals (6-9 y) and detected an elevated ROS in these 

fibroblasts (figure 20). 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.20. ROS aasay for patient HAFs- Increased production of reactive oxygen species (ROS) 

indicative of oxidative stress in cultured fibroblasts cultured from the young individuals 

(*<=0.05). 

 

3.3.2. DNA damage 

Since the closest differential diagnosis for patients with mutated BUD13 is Cockayne 

syndrome, a progeroid disorder known to have an underlying defective DNA repair 
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pathway and also linked to a marked increase in ROS production (Rivera-Torres et al., 

2013; Scheibye-Knudsen et al., 2013), we investigated DNA damage response in the 

young patient fibroblasts as the next step. 

 

Preliminary immunofluorescence experiments (figure 21) with the fibroblasts from the 

young individuals (6-9 years) did not reveal an altered recruitment of proteins involved in 

early DNA damage (double strand breaks) response following UV- irradiation (60,000 

microjoules/cm2 for 60 seconds). We assessed the DNA damage response using two 

markers, namely phosphorylation of H2AX (γ-H2AX) and the recruitment of 53-BP1 

almost immediately post UV-irradiation (0h/ zero hour) (Mariotti LG et al., 2013).  

Strikingly, a closer look revealed a reduction of the core H2AX protein in the high-

passaged fibroblasts from young individuals (figure 22 (A)) as compared to passage-

matched control fibroblasts. The blot when repeated in order to check for the same in the 

older individuals did not reveal any changes in core H2AX protein expression. 

Consequently, upon checking for γ-H2AX in all the individuals, a reduced total γ-H2AX 

was uncovered in the young patients only (figure 22 (B)). 

 

 

 

 

 

 

 

 

 

 

 

Fig.21. DDR assays in patient HAFs using γ-H2AX and 53-BP1 responses- Two independent 

experiments to assess γ-H2AX and 53-BP1 responses respectively post UV-irradiation (60,000 
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microjoules/cm2) in human adult fibroblasts from the young individuals. Following irradiation for 

60 seconds, cells were fixed immediately using 4% PFA followed by staining with anti- Gamma-

H2AX (1:500) or 53-BP1 (1:500) and visualized under the 40X objective of the confocal 

microscope. The average percentage of high number of the respective foci between the patient and 

control cell lines did not reveal a significant difference (ns>0.05). 

 

(A) 

 

 

 

 

 

 

 

 

  

Fig.22. Western blotting results for core H2AX and γ-H2AX protein in patient HAFs- (A) Levels 

of H2AX (core H2AX) in the high passage (>P10) fibroblasts from the young individuals 

compared to passage-matched control fibroblasts. The fibroblasts from the young individuals 

displayed a reduced abundance of H2AX protein level. Whole-cell lysates (10ug protein/lane) 

from control and patient fibroblasts were separated by 4-12% gradient gel SDS-PAGE and 

immunoblotted with antibodies against H2AX. Equal protein loading was confirmed by re-blotting 

with anti-GAPDH antibody.  
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(B) 

 

 

 

 

 

Fig.22. (B) Levels of γ-H2AX protein levels in the high passage matched fibroblasts from the 

young and the old individuals compared to passage-matched control fibroblasts. The fibroblasts 

from only the young individuals displayed a reduced abundance γ-H2AX which probably follows 

from a reduced expression of core protein. 

 

 

3.3.3. Aberrant Nuclear architecture 

Interestingly, further characterisation of the patient fibroblasts using Emerin staining in 

immunofluorescence revealed altered nuclear morphology in the patient fibroblasts. This 

finding is similar to the situation as seen in classical Hutchinson Gilford Progeria 

Syndrome (HGPS). Experiments using cells from HGPS patients have shown that the cell 

nucleus is highly lobulated owing to mutations in the LaminA/C protein leading to the 

formation of a toxic protein called as Progerin (Gonzalo et al., 2015). Enumeration 

showed that the younger patients had almost five times the percentage of invaginated 

cell nuclei compared to the controls while the older patients had twice as much relative to 

the control cell lines. There was no real consistency in the invaginations and the 

subsequent nuclear morphologies so observed (figure 23). 
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Fig.23. Immunofluorescence findings for aberrant nuclear architecture in patient HAFs - 200,000  

cells/ml were seeded in DMEM High glucose medium containing 10% FCS, 1% Pen-Strep and 

1% Ultra glutamine following  which they were fixed with  4% PFA and stained with anti-Emerin 

(1:1000). Cells were visualised under the 20X objective of the confocal microscope. Enumeration 

revealed the highest percentage of invaginated nuclei in the younger patients compared to the 

control cell lines (*<=0.01; **<=0.05). 

 

We followed this up with a western blot in order to check for the abundance of Lamin A/C 

protein in all the patient cells. The blot revealed changes neither in Lamin A nor in Lamin 

C protein abundance and the possibility of progerin expression was also ruled out (figure 

24). Chromosomal abnormalities were also not detected upon examination of metaphase 

chromosomes post cell synchronisation (data excluded). 
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Fig.24. Western blotting findings for Lamin A/C protein- (A) Lamin A/C protein expression using 

immunoblotting. Whole-cell lysates (10ug protein/lane) from control and patient fibroblasts were 

separated by 4-12% gradient gel SDS-PAGE and immunoblotted with antibodies against Lamin 

A/C. Equal protein loading was confirmed by re-blotting with anti-GAPDH antibody.  

 

 

 

 

 

 

 

 

 

 

 

 

Fig 24. (B) No significant differences in protein abundance were observed between the patient and 

control cell lines (ns>0.05). 
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Interestingly, the overexpression of BUD13-S1 apparently led to nuclear invaginations in 

the cells, a phenotype which is also seen in the patient fibroblasts. Quantification revealed 

quite a significantly higher percentage of cells with invaginated nuclei transfected with 

BUD13-S1 as opposed to BUD13-WT protein (figure 25) 

 

 

 

 

 

 

 

 

 

 

 

 

                                                                         

 

Fig.25. Heterologous overexpression of V5 tagged BUD13-WT & S1 respectively in HeLa and 

U2OS cell lines- Cells transfected with pEF5/FRT/BUD13-WT-V5 exhibited normal nuclear 

morphology compared to those transfected with pEF5/FRT/BUD13-S1-V5 exhibiting nuclear 

invaginations, under the 20X objective of the confocal microscope. Cells were transfected using 

jetPEI® transfection (Polyplus) for 8 hours followed by fixation with 4% PFA and staining with 

Anti-V5 (1:1000) and counter staining with DAPI. A significantly higher percentage of both HeLa 

and U2OS nuclei were invaginated upon BUD13-S1 transfection (**<=0.01) 

 

 

A closer look the transmission electron microscopy (TEM) images (supported by the 

Microscopy and Cryo-electron Microscopy service group, Max Planck Institute for 

Molecular Genetics), for cells from both the younger and the older individuals versus 

control cell lines, confirmed our findings from IF experiments with regards to abnormal 

nuclear architecture. In addition, the images revealed numerous electron dense granules 

in the cell cytoplasm of the younger patients only. The granules, qualitatively, appeared 
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far more numerous in these fibroblasts compared to the cultures fibroblasts from the older 

patients (figure 26). 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.26. Transmission electron microscopy (TEM) images- HAFs from the young (6-9y, A2) and 

the old individuals (33-53y, A4) showed abnormal nuclear architecture in comparison to the 

control cell lines (C2). In addition, the images revealed numerous electron dense granules in the 

cell cytoplasm of the young patients only. In terms of numerosity of the granules, 6-9y>33-

53y>Controls. 

 

 

3.3.4. Defective Proteostasis 

Suspecting an upregulation in lysosomal numbers in the cell cytoplasm from our TEM 

results, we checked for Cathepsin D protein expression, a proteolytic lysosomal enzyme, 

using fibroblasts from the patients and healthy control cell lines. A significantly higher 

relative expression of the heavy chain protein of the fully active mature protease was 

found in the cells of the younger individuals compared to the healthy controls and the 

older individuals respectively (figure 27). However, the relative protein abundance in the 

older patients was similar to that in the control cell lines. 
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Fig.27. Cathepsin D protein expression using immunoblotting- Whole-cell lysates (10ug 

protein/lane) from control and patient fibroblasts were separated by 4-12% gradient gel SDS-

PAGE and immunoblotted with antibodies against Cathepsin D. Equal protein loading was 

confirmed by re-blotting with anti-GAPDH antibody. Mature Cathepsin D protein levels were 

significantly elevated in the younger patients, relative to both the older patients’ and control cell 

lines respectively. * = <0.005. 

 

 

3.3.5. Cellular Senescence 

In addition, upon checking for the presence of senescence-associated beta-

galactosidase enzyme, a high percentage of patient fibroblasts displayed the typical blue 

colour of the enzyme-substrate reaction based assay (figure 28). This was indicative of a 

positive senescence associated beta-galactosidase staining. This observation is in line 

with the observation of a marked premature ageing phenotype. In tandem with our 

previous results, the older patients showed a lower percentage of cells exhibiting the blue 

colour associated with the senescent phenotype in comparison to the younger patients. 
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Fig.28. (A) Senescence-associated-beta-Galactosidase staining in patient HAFs- Senescence 

associated beta-galactosidase staining of control and patient (6-9years and 33-53years 

respectively) fibroblasts. Positive senescence-related beta-galactosidase stainings shown by the 

blue granules within cytoplasm were seen most patient cells compared to the control cell lines. 

 

 

 

 

 

 

 

 

 

 

 

 

(B) Enumeration revealed the following order, when 

percentage of cells showing the typical blue colour 

indicative of positive senescence associated beta- 

galactosidase staining was calculated :  

6-9y> 33-53y>Control (*<=0.05) 
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Also, in reference to our transcriptomic analysis findings, p21 mRNA expression was 

found to be upregulated in the cultured fibroblasts from the young individuals (figure 29), 

which is interesting in the light of the fact that it encodes a cyclin-dependent kinase 

inhibitor (CKI) promoting cell cycle arrest in response to various stimuli. Additionally, we 

checked for p16 expression, another CKI known to regulate cellular senescence (Campisi 

et al., 2007), in cultured fibroblasts from all individuals. The results, however, despite 

repeated experiments were inconclusive for p16 expression. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.29. qPCR validation for p21 gene expression- p21 was found to be highly upregulated 

(p<0.05) in the cultured fibroblasts from the young individuals as opposed to both the controls 

and the fibroblasts from the old individuals. 
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The insertion of the exact human mutation in mice is possible using the CRISPR/Cas9 

genome editing system. The recurrent nonsense human mutation in the BUD13 gene, in 

spite of being exactly the same in all the patients, presented us with two contrasting 

phenotypes with features not simply limited to two sets of drastically varying life 

expectancies. It was hence vital to understand the downstream effects of the precise 

human mutation in the Bud13 gene in a mouse model. In addition, it was also of interest 

to check for the effects, especially if any on global splicing, from the complete knockout 

of Bud13 protein. Reflecting on a ubiquitous expression of the Bud13 protein in mice as 

reflected by our qPCR results, we anticipated a multisystem disease manifestation upon 

genetic modification of the protein using CRISPR/Cas9. 
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3.4. Findings from Mouse model Investigations 

 

The assessment of Bud13 relative expression in various tissues and organs of healthy 

C57BL/6 or ‘’black 6 mice’’ revealed that the gene is highly expressed in the mouse long 

bone tissue and skin, and in the liver and kidney (figure 30). 
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CRISPR/ Cas9 Mediated Genome Editing in Bud13 

 

The transversions, as seen in humans, were established using single strand 

oligonucleotides (ssODN) as templates containing the mutation and single guide RNAs 

(sgRNA) directing Cas9 activity. The ssODN serves as donor sequence during the repair 

of the double-strand break via non-homologous end joining (NHEJ) or homology-directed 

repair (HDR) in murine embryonic stem cells resulting respectively in a deletion or the 

knock-in of the desired mutation (figure 31). 

 

 

 

 

 

 

 

 

Fig.31. Brief overview of CRISPR/Cas9 genome editing of mouse embryonic stem cells or mESCs 

(CRISPR scheme adopted from addgene.org)- repair of site directed double strand breaks (DSBs) 

via homology-directed repair (HDR) or non-homologues end joining (NHEJ) induced by Cas9 

endonculease guided by one or more synthetic guide RNAs (sgRNAs). PAM or protospacer 

adjacent motifs follow the DNA cleavage site and are directly recognised and cut by Cas9. 

 

 

Applying CRISVar (Kraft et al., 2015) for the generation of Bud13 mutant mice (supported 

by Malte Spielmann, Mundlos group, Max Planck Institute for Molecular Genetics and 

Miguel Rodriguez, Krawitz group, Charité Universitätsmedizin Berlin), mouse embryonic 

stem cells (ESCs) harbouring two kinds of Bud13 exonic mutations were generated. The 

introduction of the exact human mutation p.(Arg230*) in mouse Bud13 gene exon 4 

(Bud13-106del) resulted in early embryonic lethality in the homozygous state. 

Additionally, since the guide selected for knocking in the human mutation p.(Arg230*) was 

predicted to have an off-target binding sequence located upstream of the nonsense 



82 
 

mutation, silent mutations were incorporated in the region to avoid a second cut by Cas9 

enzyme following HDR. We hence ensured that any effect at the molecular and 

subsequently at the organismal level is due to only the knock-in so inserted at the 

genomic level. Furthermore, the examination of a second mouse embryonic stem cell 

clone (Bud13-113del) carrying a genomic frameshift mutation (p.Leu199Ilefs*11) led to 

the generation of viable chimeric animals reflecting some features of the human progeroid 

phenotype.  

 

 

   (A) 

 

 

 

   (B) 

 

 

 

Fig.32. Scheme of the predicted consequences of different exonic Bud13 mouse mutations at the 

genomic level- (A) insertion of the exact human mutation p.(Arg230*) and (B) frameshift 

mutation (p.Leu199Ilefs*11) in exon 4 of Bud13. 

 

3.4.1. Molecular Genetic Analysis of Bud13 Mutations in Mice 

 

Bioinformatic in-silico splice predictions (Fruitfly) for the exact human mutation 

p.(Arg230*) in the mouse Bud13 gene revealed a splicing event following the activation of 

a cryptic donor splice site, similar to that seen in humans. It was hypothesised that the 

human mutation in the murine system might lead to a viable germline knockout, which can 

serve to further investigate the pathomechanism of this novel progeroid syndrome. 

However, the aggregation of ESC clone did not even result in viable first generation 

chimeric animals. Molecular investigations in the mouse embryonic stem cells using RT-

PCR (figure 33) revealed that the knock-in emulating the human mutation resulted in two 

alternatively spliced out products: first, a lowly expressed, larger isoform containing a 
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much larger deletion of 318 base pairs or in other words, a 106 amino acid in-frame 

deletion (compared to the much smaller, in-frame deletion of 55 amino acids generated 

by the human mutation) and a second, smaller isoform containing a premature termination 

codon.  

 

We also simultaneously generated a second mouse model targeting a 75 base pair 

frameshift mutation (p.Leu199Ilefs*11) in the same exon carrying the human mutation 

p.(Arg230*), that is,  exon 4 of the Bud13 gene with the objective of studying the 

downstream effects of the knockout of the Bud13 protein. Molecular investigations 

presented that the genomic deletion leads to an alternative splicing event creating a 

product with an in-frame deletion of 339 base pairs or 113 amino acids. Interestingly, the 

splice site used in this case was not predicted via bioinformatics splice site analysis. 

 

Immunoblotting results (figure 34) revealed a scenario, which was in tandem with our RT-

PCR results. The larger splice isoform generated as a result of alternative splicing in 

Bud13 in 106-del showed a very low protein level expression, somewhat reflecting a 

situation similar to that observed in our young patients (6-9 years) who had a less 

abundant splice form 1 (20%) of human BUD13. The smaller isoform arising from 

alternative splicing in the same model evidently underwent nonsense mediated decay 

owing to the premature termination codon and hence, was undetectable at protein level 

expression. On the other hand, the 113-del mice displayed an evidently higher Bud13 

protein expression, representing a situation similar to that observed in the older patients 

(33-53 years) who had a higher abundance (50%) of splice form1 of BUD13 protein. 
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Fig.33. RT-PCR findings from mouse embryonic stem cells (Bud13-113del and Bud13-106del) - 

Oligonucleotide primer sequences spanning exon 4 of the mouse Bud13 gene were used to 

investigate cDNA isolated from the mouse ESCs. 

 

 

 

 

 

 

 

 

 

 

 

Fig.34. Immunoblot analysis of CRISPR/ Cas9 genome edited mouse embryonic stem cells 

(Bud13-106del and Bud13-113del) - alternative splicing events yielded a truncated Bud13 protein 

generated by a 106amino acid and 113 amino acid deletion respectively. The protein generated in 

the 106-del mouse model was evidently much less abundantly expressed than that generated in the 

113-del mouse. 
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3.4.2. Findings from Aggregation of Mouse Embryonic Stem Cells (mESCs) 

 

The aggregation of the mESCs for Bud13106-del did not lead to the generation of even 

chimeric animals, indicating that the residual expression of the Bud13 protein caused due 

to the knock-in of the exact human mutation and subsequent alternative splicing was 

apparently incompatible with life. 

 

However, the aggregation of mESCs for Bud13113-del resulted in first generation (P0) highly 

chimeric mice (Bud13113delCh) that were generated using diploid aggregation. The animals 

were viable and were born without any sign of a disease phenotype. 

 

The chimeras seemingly continued to grow normally. We crossed the chimeras, first with 

wild-type (WT) animals with an aim to obtain the F1 generation of heterozygous (50% 

knockout) animals followed by inbreeding within F1 to obtain the F2 generation of 

homozygous (100% knockout) animals (scheme outlined in figure 28 pedigree). 

Genotyping experiments carried out to genetically stratify the offspring from the final 

crossing revealed only heterozygotes and wild type animals that is in strong contrast to 

the Mendelian ratio. We concluded that crossing of the germline heterozygotes did not 

give homozygotes. Additionally, investigation of embryos up to embryonic stage E8.5 

animals also did not reveal any homozygotes. A homozygous knockout of the germline 

mutation for the Bud13 frameshift mutation was concluded to be embryonic lethal. The 

table in figure 28 summarises the various mouse Bud13 mutations and the consequences 

so observed. 
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Fig.35. Pedigree chart representing the scheme for generation of various mouse lines aimed at 

ultimately generating mice carrying homozygous germline mutation for the Bud13- 113-del for 

further analysis. However, inter-litter mating between the germline heterozygotes from the same 

parent mice did not result in any germline homozygotes. 

Fig.36. Consequences of mouse Bud13 mutations- The modification of mouse embryonic stem 

cells using CRISPR/Cas9 yielded different outcomes at genomic-, RNA-, protein-, and organismal 

level. 

Interestingly, the chimeric animal after approximately 20 weeks of life displayed a marked 

kyphosis. In comparison to the control animals, the Bud13113delCh mice progressively lost 

body weight and exhibited variable lens clouding (figure 37). Fat pad analysis from the 
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two fat depots, namely scapulae fat and gonadal fat of these animals uncovered a 

reduced subcutaneous fat content compared to the control animals (figure 38). In 

addition, histological staining using eosin and hematoxylin revealed a much smaller 

diameter of the fat cells/ adipocytes in the experimental animals compared to the controls 

(figure 39). Bud13113delCh mice ultimately died around the 38th week of life reproducing 

several aspects of the human progeroid condition. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.37. Growth curve for Bud13113delCh mice- These mice exhibited a growth phenotype similar to 

that seen in the patients, especially the younger individuals. The mice, although born normal, begun 

to show complications such as progressive severe lipoatrophy, a kyphosis, and some of them 

cataracts after approximately 30 weeks of life. The mice ultimately died around the 37th week of 

life. 
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Fig.38. Fat pad analysis for Bud13113delCh mice- Images and corresponding graphs quantifying the 

analysis of fat depots from Bud13113delCh mice- The amount of both scapulae and gonadal fat (grams 

(g)) of these animals indicated an extremely reduced subcutaneous fat content compared to the 

control animals. Graph exhibiting a reduced mass of gonadal fat tissue in these animals. 

 

 

 

 

 

 

 

 

 

 

 

Fig.39. Histological staining of the gonadal fat tissue 

from Bud13113delCh mice - Smaller fat cells/adipocytes 

as revealed by hematoxylin & eosin staining of 

gonadal fat depot of Bud13113delCh mice. 
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However, a closer look at the nuclear structure and cytoplasm of the Bud13113delCh mouse 

embryonic stem cells as did not reveal anomalies similar to those seen in the human adult 

fibroblasts (data excluded). Hence, we additionally generated mouse embryonic 

fibroblasts (MEFs) from the Bud13113delCh chimeric embryos to cross check our findings 

from the human cells. The possibility of ROS-associated oxidative damage was ruled out 

since, unlike the HAFs, no change in the core H2ax protein was observed and 

furthermore, abnormal nuclear architecture and an unusual accumulation of electron 

dense granules in the cell cytoplasm were also not observed (data excluded). The mutant 

MEFs reflected a growth behaviour similar to the wild type mouse embryonic fibroblast 

cell lines, clearly negating onset of early cellular senescence.  Additionally the prospect 

of a DNA damage repair defect was eliminated as well due to a normal γ-H2ax response 

post UV-irradiation (60,000 microjoules/cm2) (figure 40).  

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.40. γ-H2ax response post UV-irradiation (60,000 microjoules/cm2) in mouse embryonic 

fibroblasts generated from Bud13113delCh mice embryos. Following irradiation for 60 seconds, 

cells were fixed immediately using 4% PFA followed by staining with anti- Gamma-H2AX 

(1:500) or 53-BP1 (1:500) and visualized under the 40X objective of the confocal microscope. 

The average percentage of high number of the respective foci between the mutant and control 

mouse cell lines did not reveal any change. 
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Interestingly, the MEFs displayed a downregulation of Maf gene expression similar to that 

observed in the human adult fibroblasts (figure 41). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.41. qPCR validation for Maf gene expression- Maf was found to be downregulated (*<=0.05) 

in the cultured mouse embryonic fibroblasts from the Bud13113delCh chimeric embryos as opposed 

to the wild type mouse embryonic fibroblasts.  

 

 

 

3.4.3. Transcriptomic analysis of mESCs 

 

RNA-seq analysis of the mouse ES cells (mESCs), similar to our results from the human 

adult fibroblasts of the young patients, did not hint towards any splicing abnormalities- the 

global intron retention rate for pre-mRNA processing revealed no significant changes in 

either of the mouse models compared to the control mouse cell lines (figure 42). 
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Fig.42. RNA-seq results for mouse embryonic stem cells- The 

global intron retention in the two mouse models, Bud13-106del 

and Bud13-113del, was not found to be differentially regulated. 
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Chapter 4: Discussion 

 

The investigation of five individuals diagnosed with a complex progeroid phenotype, 

affecting multiple tissues, led us to the discovery of a single disease-causing mutation in 

the BUD13 gene. The gene is known to encode a subunit of the RES complex, which 

plays a role in splicing (Dziembowski A et al., 2004, Brooks MA et al., 2009, Fernandez 

et al., 2018, Frankiw et al., 2019). However, the only significant splicing anomaly induced 

by the mutation as detected in patient-derived skin fibroblasts, was an abnormal, 

alternatively spliced variant in BUD13, as indicated by our molecular genetic findings and 

confirmed by Sanger sequencing and RNA sequencing analysis. Associated with this 

abnormal splice variant or hypomorphic BUD13 allele are a spectrum of clinical 

manifestations, cellular phenotypes and molecular consequences that are discussed in 

this section. 

 

 

4.1. Development of a Novel Progeroid Disorder 

 

In our results section, we had tabulated and put across the different phenotypic features 

as observed in each of these patients. In this section, we try to understand as to what 

extent our own molecular findings and other well-understood mechanisms can explain 

the observed phenotype, and additionally draw a comparison to diseases where similar 

phenotypic features are observed. 

 

 

4.1.1. Variable disease severity and life expectancy  

 

The major anomaly that this study presented us with, was that the five individuals 

investigated displayed the exact same mutation, chr11 (GRCh37): g.116633617G>A, 

c.688C>T leading to a premature termination codon (PTC) in the BUD13 gene but a highly 

varying disease expressivity. This variability, at the very outset, is reflected by the 

differences in life expectancy between the young and the old individuals harbouring the 

mutation. At the molecular level, following whole exome sequencing analysis, the Sanger 
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sequencing results confirmed the presence of a homozygous nucleotide substitution that 

leads to an alternative splicing event causing a truncated protein. The expression levels 

of this truncated version or the mutant protein, referred to by us as BUD13-S1, is co-

relatable with not only the life expectancy of the patients, but also influencing the severity 

of the associated clinical presentations. Our western blot results quantifying BUD13-S1 

protein expression showed that the demised young individuals within 6-9 years of age 

expressed only about 20% of the normal protein while, on the other hand, the older 

individuals between 33-55 years of age who continue with life, express almost about 50%. 

In agreement with these findings, a higher proportion of mutated BUD13 transcripts seem 

to undergo nonsense-mediated decay (NMD) in the dermal fibroblasts isolated from the 

young individuals as compared to our adult patients. As a result, fewer transcripts seem 

to undergo the alternative splicing event to render BUD13-S1 in young individuals, that 

eventually correlates to their residual 20% expression. Thus, NMD and alternative 

splicing, together are the crucial underlying molecular mechanisms determining the 

residual expression of the mutant protein, the expressivity and the variability of the 

disease. 

 

The explanations to why alternative splicing and NMD operate variably could be, in part, 

attributed to the differing genetic backgrounds and environmental influences on the two 

groups. The younger individuals hailed from North Africa (Algeria) while the older 

individuals were traced to be inhabitants of Southern Europe (Portugal). Additionally, one 

may speculate that the Algerian patients may harbour critical locus/loci outside BUD13, 

which modify the phenotype to more deleterious as opposed to that observed in the 

Portuguese patients. However, our study is restricted to only five individuals that have 

been reported for the given mutation and disease. Therefore, an increasing number of 

patients with different ethnic background may shed light on this question.  

 

A variable expressivity of a mutant protein is likely expected in the event of varying 

mutations contained within a gene. However, variable expressivity for exact same 

mutations, although rare, has previously been reported mostly for mutations contained in 

factors involved in pre-mRNA splicing. For instance, variable expressivity was observed 

for the same specific splicing machinery/ trans mutation in the PRPF3 gene causing 

autosomal dominant retinitis pigmentosa (ADRP) in 22 individuals of a Swiss family 

(Vaclavik V et al., 2010). The same mutation led to variable expressivity in the age of 



94 
 

onset of night blindness and the severity of the disease progression. The gene codes for 

a ribonucleoprotein playing a role in in pre-mRNA splicing as a component of the U4/U6-

U5 tri-snRNP complex involved in spliceosome assembly and as a component of the 

precatalytic spliceosome (spliceosome B complex). Additionally, the clinical phenotype 

associated with hypoplastic amelogenesis imperfecta was shown to vary in expressivity 

in a family carrying a heterozygous splicing donor site mutation in an intron of the ENAM 

protein (Koryucu et al., 2018). Interestingly, Carlston CM et al. In 2017 reported variable 

expressivity in a large family with non-classical Diamond-Blackfan anemia (DBA) related 

to a specific splice variant of ribosomal protein L11 (RPL11). Therefore, these studies, 

including our findings in BUD13, suggest that mutations affecting splicing lead to a 

variable expressivity of the disease even though patients harbor the same mutation. 

 

 

4.1.2. Physiological manifestations 

 

Postnatal growth retardation was observed in at least four individuals in terms of height 

& weight parameters (while the fifth individual, one of the older individuals presented 

values in the lower normal range), reflecting a downstream problem of generalised 

nutrient absorption. The lack of nutrient absorption and a general failure to thrive despite 

tube feeding in one of the younger individuals additionally reflected a much more severe 

systemic problem. This manifestation was presumably present in all the younger 

individuals who died at an early stage of life. The severity is further reflected with sensory 

neuropathy, little muscle tissue and muscular hypotonia or weak muscle tone in these 

young individuals. In addition, from our proteomics data for the fibroblasts isolated from 

the young patients, many amino acid metabolic pathways are upregulated as revealed by 

KEGG analysis. The upregulation of the general amino acid metabolism hints towards a 

counteractive measure against severe deprivation of amino acids in the young 

individuals. Our observations from proteome analysis are interesting in the light of 

previous literature showing downregulation of mTOR complex 1 (mTORC1) activity by 

amino acid deprivation (Li M et al., 2013), which contributes to various disease states due 

to its involvement in diverse processes. These include glucose homeostasis, adipocyte 

metabolism, body mass & energy balance, learning and ageing amongst others 

(Magnuson B et al., 2012).  
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The common phenotype of achalasia observed in all the five individuals may have well 

compounded the weight loss. Achalasia is described as an oesophageal motility disorder 

marked by an impairment of the lower oesophageal sphincter relaxation and loss of 

oesophageal peristalsis; consequentially, people with achalasia experience difficulties in 

swallowing food, one of whose presenting symptoms is weight loss (Arora Z et al., 2017). 

Although limited, studies aimed at evaluating findings from oesophageal manometry, a 

test to assess the function of the lower oesophageal sphincter and the muscles of the 

oesophagus, between older adults with an esophageal disorder and non-older adults 

have indicated that ageing is an important influential factor in increasing oesophageal 

motor abnormalities (Kunen et al., 2020, Andrews et al., 2008). However, there are very 

few human syndromes involving achalasia and the symptoms are reportedly caused by 

damage to the nerves of the oesophagus (Stuart et al., 2016). The most enigmatic one is 

probably the triple A syndrome caused by mutations in ALADIN, also a nuclear protein 

like BUD13. The BUD13 protein has been described to be present in the nucleus where 

it reportedly ensures correct splicing and release of mature mRNA through the RES 

complex, at least for a specific subset of introns (Fernandez et al., 2018, Sundararaman 

et al., 2016). In contrast, ALADIN is a protein present specifically in the nuclear pore and 

its loss from the nuclear pore complex (NPC) hinders nuclear transport of several 

proteins. The mutant protein in case of triple A syndrome selectively impairs transport of 

discrete import complexes through the NPC causing the decreased nuclear accumulation 

of proteins such as aprataxin, a repair protein for DNA single strand breaks, and DNA 

ligase I, which leads to disease development (Hirano et al. 2006). It is interesting to note 

that both BUD13 and ALADIN have nuclear transport functions and that their impairment 

is associated with clinical representation of neuropathy including damage to the 

oesophageal nerves, leading to achalasia. Hirano et al. additionally proposed that 

oxidative stress and consequent DNA damage, beyond the restricted capacity of the 

repair proteins possibly contribute to eventual cell death in case of triple A. We have also 

uncovered evidence for oxidative stress, DNA damage, and cellular senescence in the 

backdrop of mutant BUD13, which we have detailed in section 4.4 focused on cellular 

alterations.  

 

Moreover, although variable in degree, all individuals display lipoatrophy or a 

subcutaneous loss of adipose/fat tissue. In our proteomics analysis of cultured fibroblasts 

from the young individuals, we observed that the fatty acid metabolism and peroxisomal 
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pathways are upregulated. Perhaps, the breakdown of fat as a source of energy hints 

towards a compensatory mechanism to balance the energy requirements, which are 

otherwise unmet due to a lack of nutrient absorption. This is further substantiated by the 

observation of a rapid loss of fat in these individuals. It is noteworthy that lipoatrophy is a 

common phenotype in several accelerated ageing or human progeroid disorders such as 

Hutchinson-Gilford Progeria syndrome, Werner syndrome, Néstor-Guillermo progeria 

syndrome, and several forms of Cutis laxa (Carrero et al., 2016). Additionally, the older 

individuals with a longer life span exhibit an increased level of plasma cholesterol in 

addition to cardiovascular features such as aortic valve thickening and mild heart valve 

regurgitation, that probably accompany cholesterol accumulation. The feature is striking 

in the light of the fact that several GWAS studies have implicated a strong association 

between gene clusters containing BUD13 single-nucleotide polymorphisms (SNPs) with 

triglyceride metabolism and cardiovascular diseases (Han et al., 2019, Parra et al., 2017, 

Fu et al., 2015). Our clinical data is in line with these studies in pointing towards a possible 

function of BUD13 protein in lipid metabolism. Thus, BUD13 mutation causing reduced 

abundance of the protein possibly leads to a variable degree of alteration in lipid 

metabolism depending on the residual protein expression. 

 

In the light of potential alterations in the lipid metabolism in patients harbouring BUD13 

nonsense mutation, studies focused on the differentiation of bone marrow multipotent 

mesenchymal stem cells into osteoblasts or adipocytes have shown the process to be 

governed under an ageing associated switch mechanism. It has been demonstrated that 

the switch, progressively with age, is directed towards adipogenesis and is accompanied 

by decreased bone density (Ucelli et al., 2008).  Interestingly, the basic leucine-zipper 

transcription factor, Maf was shown central to the osteoblast lineage commitment in mice, 

and with increased oxidative stress, a reduced Maf expression was associated with an 

increased expression of peroxisome proliferator-activated gamma (PPARG), leading to 

increased adipogenesis (Nishikawa et al.,2010, McCauley L. K.,2010). Moreover, Maf is 

known to play a role in chondrocyte terminal differentiation or the end state of chondrocyte 

differentiation pathway, which is known to make chondrocytes hypertrophic and is 

essential for bone growth and development (Goldring M, 2012). This is interesting to note 

especially because in addition to a generalised nutrient absorption issue combined with 

achalasia, all the individuals in this study have undergone growth retardation with the 

younger individuals having additionally exhibited progressive joint stiffening.  
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Fig.43. Expression of Maf is determinant in whether mesenchymal stem cells differentiate into 

osteoblasts or adipocytes-Maf is downregulated in ageing as well under elevated levels of reactive 

oxygen species (ROS). Downregulated Maf leads to increased PPARG expression and thereby 

increased adipogenesis (adopted from McCauley L. K.,2010). 

 

 

While an increased adipogenesis could be speculated as part of the compensatory 

mechanism in the light of lipoatrophy, we have observed both a reduced MAF expression 

and an increased level of ROS in the young individuals under study. Strikingly is the 

protein not only critical in view of its role in bone development and growth, but it is also 

known to control the expression of multiple crystallin genes and embryonic lens 

development. Specifically, c-MAF, which is amongst the large Maf subfamily members 

containing a putative activation domain at the N terminus, can transactivate the γF-

crystallin promoter and is thereby required for vertebrate lens differentiation through its 

action on crystallin gene expression, thus, unsurprisingly, mutations in MAF gene have 

been reported with several ocular defects including congenital cataract (Reza et al., 2020, 

Anand et al., 2018, Kim et al., 1999). In line with these studies, we also observed cataracts 

and corneal clouding in the young and older individuals with BUD13 deficiency. In 

conclusion, the downregulation of the MAF gene in the young individuals may offer an 

explanation to why they underwent growth retardation and cataracts or corneal clouding 

at a very early stage of life as part of the severe progeroid phenotype. The older 
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individuals, on the other hand, had a significantly higher relative MAF expression that was 

comparable to the controls. This fits to the observation of a slower and progressive 

progeroid phenotype development than younger individuals. However, since we also 

observed cataract in the older individuals, we hypothesise that the cells contained in the 

eye lens are more sensitive to hypomorphic BUD13 mutation even though MAF is 

normally expressed.   

 

 

4.1.3. Neurological presentations 

 

Although no structural brain defects were reported, the young individuals exhibited mild 

mental retardation. Coupled to the fact that they also suffered from conductive hearing 

impairment, it does not come as a surprise that a normal cognitive development was 

hampered  in contrast to older individuals who underwent bilateral cochlear implants. 

Notably, Fernandez et al., showed that a loss of function mutation in Bud13 led to strong 

structural brain defects and widespread cell death in the central nervous system (CNS) 

with a particular reduction in the number of differentiated neurons, including both 

excitatory and inhibitory neuronal populations (Fernandez et al., 2018). This BUD13-

dependent CNS function is probably directly proportional to BUD13 expression levels and 

that perhaps an expression level even lower than 20% (as is true for the S1 splice isoform 

in the young patients) may lead to more severe brain defects. Interestingly, a higher 

expression of the same mutant splice isoform S1 apparently overcomes neurological 

defects as is seen in the older individuals. These patients, aided with bilateral cochlear 

implants to overcome hearing problems, show a near perfect cognitive development in 

addition to normal brain structure. Furthermore, the older individuals additionally 

displaying a progressive bilateral sensorineural hearing loss hinting towards BUD13 

protein functions also in the direction of structure & metabolism of the inner ear.  

 

In summary, referencing back to the classical definition from literature, ageing is a 

complex set of changes that gradually occur over a period, resulting in progressive 

weakening of physiological being. Of the classic macroscopic features, it is recognisable 

that many of these are presented in all or most of the individuals in our study and include 

loss of fat tissue and muscle mass, poor vision and hearing ability, and arthritic 

inflammation accompanied with a higher risk of developing heart diseases in the surviving 
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individuals. The severity of these presentations is associated with the residual 

expression of the alternatively spliced BUD13-S1 arising from the hypomorphic 

BUD13 allele. 

 

 

4.2. Molecular consequences of a homozygous hypomorphic BUD13 allele 

 

4.2.1. Structure of the BUD13 protein and its evolution 

 

A close inspection of the BUD13 locus reveals specific structural features, including a 

compositional bias, and include: several repeats of the specific amino acid combinations, 

Proline-Arginine-Arginine (PRR) and Proline-Arginine-Lysine (PRK), an arginine-rich 

domain at the N-terminal and a coiled coil domain overlapping the RES at the C-terminal. 

The coiled coils are versatile motifs that can potentially function as molecular spacers 

separating different functional domains within a polypeptide or can communicate 

conformational modifications along their length (Truebestein and Leonard, 2016). 

Additionally, BUD13 is an intrinsically disordered protein (IDP), a property typical of 

proteins with multiple functions that lack specific tertiary structures. Notably, RES 

complex was described to be enriched in regions of long, compositionally biased disorder 

that were proposed to function as sensors for the spliceosome (Korneta and Bujnicki, 

2012). BUD13 protein, that participates in the splicing activities of RES, was described 

as the most highly disordered protein in the spliceosomal proteome with no Pfam domain 

corresponding to ordered structural domains; (Korneta and Bujnicki, 2012). A prediction 

tool called DISPROT to visualise the disordered regions in BUD13 (figure 45) revealed 

that most of the protein is composed of intrinsically disordered residues. Furthermore, 

splice form 1 of the protein (BUD13-S1) including the RES domain showed similar to 

BUD13 an intrinsic disorder (Figure 45). 
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Fig.44. Prediction of intrinsically disordered regions in BUD13 using VL3H analysis (neural 

network based) of DISPROT-Predictor of Protein Disorder. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.45. Prediction of intrinsically disordered regions in BUD13-S1 using VL3H analysis (neural 

network based) of DISPROT-Predictor of Protein Disorder. 
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The lack of specific tertiary structures (or presence of intrinsic disorder) is perhaps, 

essential for the protein to acquire different specific functions upon its interaction with 

other target proteins. While the RES-associated, C-terminus of BUD13 is aimed towards 

pre-mRNA retention and splicing, it is interesting to reflect on additional functions for the 

remainder of the protein considering that the 55 amino acid deleted N-terminus leads to 

a rather complex progeroid disease. Interestingly, BUD13 protein evolution from yeast to 

human has incorporated a longer N-terminal sequence that is completely absent in the 

yeast (figure 46). This hints towards additional functions of the protein in higher and more 

complex organisms while the RES-associated C-terminal remains highly conserved.  

Fig.46. Protein alignment of a longer human BUD13 vs a shorter Zebrafish Bud13 and the shortest 

Yeast Bud13 as estimated using Uniprot database (Bateman A, 2019) and Clustal Omega 

alignment tool (Sievers F. et al., 2011) for sequence comparison. 

Structural and functional evidence for RES complex members in humans, described as a 

heterotrimer of three proteins-BUD13, RBMX2 & SNIP1, is also inadequate. So far, 

established literature mentions the disease phenotype brought about by only one of the 

components of the RES, namely SNIP1 wherein, a homozygous mutation was in three 

Amish patients led to psychomotor retardation, epilepsy and craniofacial dysmorphism 

(Puffenberger et al., in 2012). The RES components are often not detectable in 

approaches using cross-linking and mass spectrometry to prepare stalled spliceosome 

preparations (Frankiw et al., 2019, Brooks M et al., 2009, Bertram et al., 2017). However, 

given the protein-protein interactions between the components, as reiterated in various 

databases such as STRING (Szklarczyk D et al., 2019) and InTACT (Orchard S et al., 

2013), we attempted to detect the intact complex in the event of BUD13 nonsense 
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mutation using functional approaches such as non-denaturing, native gel electrophoresis 

and co-immunoprecipitation (co-IP) experiments. However, owing to the structural 

complexities of protein-protein interactions within the complex and other technical 

limitations, we were unable to detect the whole complex. Therefore, we speculate whether 

the protein complex, besides its organisational complexity, is also characterised by a 

rather transient interaction for its splicing-associated role. 

 

 

4.2.2. Impact of the hypomorphic BUD13 mutation 

 

4.2.2.1. Differential Splicing within BUD13 pre-mRNA 

 

The further investigation of the nonsense mutation uncovered by whole- exome 

sequencing revealed a noteworthy splicing event within BUD13. Using PCR- based 

approaches and Sanger sequencing, we confirmed that the mutation activates a cryptic 

splice site for alternative splicing, which leads to the shortening of its N-terminus, thereby 

generating a truncated BUD13-S1.  Our qPCR, RT-PCR and western blot results, taken 

together, show that the stop mutation containing transcripts most likely undergo 

nonsense-mediated decay (NMD) as is typical for transcripts harbouring pre-mature 

termination codons (PTCs). The shorter alternatively spliced form or splice isoform 1, also 

referred to as BUD13-S1 by us, is a stable protein product of about ~64kD. However, the 

expression of the S1 form is varying between the two groups of individuals investigated 

as a part of this study- A variable expression of BUD13-S1 (20-50%) was found 

associated with differing severity of the complex progeroid phenotype. The 

mutation may lead to a rather deleterious phenotype depending on the abundance of S1, 

wherein an expression level of about 50% of the normal protein level is compatible with 

an obviously higher life expectancy compared to a marginal 20% abundance; but both 

the scenarios are accompanied by complications reducing the quality of life. Our study 

and its findings are the first functional evidence showing a human BUD13 nonsense 

mutation, which gives rise to the N-terminal truncated form called S1. Moreover, upon 

checking exclusively for BUD13-S1 relative mRNA expression in fibroblasts isolated from 

healthy individuals, our qPCR results confirmed that his truncated version of the protein 

is not normally produced in healthy control fibroblasts. 
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A deeper look using Sanger sequencing combined with bioinformatics splice site 

prediction using Human Genome Splice Finder (version 3.0) revealed that the BUD13 

stop mutation in exon 4 leads to a massive leap in the consensus value (defined as the 

probability of a splice site used for alternative splicing) of an alternative cryptic donor 

splice site from 68% to almost 95%. The activated cryptic site eliminates the mutation 

starting from exactly one nucleotide before the mutant nucleotide until the next acceptor 

splice site whose high consensus value of nearly 90% remains unchanged in the event 

of the mutation, thereby generating an in-frame 165 base pair deletion (55 amino acids 

~6.18kD). This comes across as a remarkable mechanism of the cell to eliminate the 

defect contained within its arginine-rich domain at the N-terminal and preserve the 

overlapping coiled-coil and RES domains at the C-terminal. 

 

It is noteworthy that the human disease arising from the BUD13 mutation in our case 

study may not be the first instance of a scenario where splice anomalies associated with 

a splicing factor correlate to the severity/expressivity of a human disease. The 

upregulation of novel isoforms, additionally, has also been observed before in several 

human disease. This part of the discussion is taken up in greater detail in the section 

entitled 3. Alternative splicing in human disease. 

 

4.2.2.2. Lack of global splicing defect- Inferences from Transcriptomic analysis 

 

Literature evidence for RES-associated protein function in yeast and zebrafish splicing 

processes indicate, that in the whole picture of splicing and associated proteins, RES can 

be characterised as a trans-acting, enhancer spliceosome element recruited after the 

recognition of cis splicing elements (Dziembowski A et al., 2004, Brooks MA et al., 2009, 

Fernandez et al., 2018). Additionally, we know that the mammalian RES complex has 

been described as a heterotrimer of three proteins-BUD13, RBMX2 & SNIP1 (Frankiw et 

al., 2019, Betram et al., 2017). Thus, in the backdrop of a hypomorphic BUD13 allele and 

a splicing-associated role for RES, we initially hypothesised a global splicing defect 

arising due to the BUD13 variant. 

 

We performed RNA sequencing to assess for a generalised splicing defect as a possible 

disease mechanism underlying the novel progeroid phenotype. However, the revelation 
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of only a very few genes undergoing differential alternative splicing and intronic retention 

gives rise to the following school of thought: Despite an in-frame deletion at the N-

terminus of the protein leaving the C-terminus associated RES domain intact, BUD13-S1 

continues to preserve the highly evolutionarily conserved C-terminal RES domain that is 

apparently sufficient for  

 

a) cooperative binding and assembly of complex components, 

b) interactions of the complex specifically those within the components, and  

c) execution of normal RES-associated splicing activities. 

 

This ruled out the possibility of an effect on the global splicing machinery through RES 

(spliceosomopathy), in that the spliceosomal components by themselves can probably 

carry out their intended function. This, in turn, indicates that the nonsense mutation 

activating a cryptic splice site, which regulates alternative splicing, is operative in disease 

development. Taken together, our results overall indicate that the development of 

the progeroid phenotype is attributable to either the overall reduced expression of 

the BUD13 protein, or specifically, to the shortened N-terminus, or perhaps, even 

a combination of both. 

 

These observations are also interesting in the light of the findings from the other model 

organisms evaluated for the importance of RES function, particularly the zebrafish and 

the yeast. Notably the RES domain associated with Bud13 was disrupted and was 

accompanied with general splicing changes. Fernandez et al., 2018 generated Bud13 

zebrafish mutants using CRISPR/Cas9 to introduce a seven- nucleotide deletion that 

generated a premature termination codon and disrupted protein function including the 

RES domain. The transcriptomic analysis of the Bud13 mutants uncovered a global defect 

in intron splicing, with strong mis-splicing of a subset of introns that were short, rich in GC 

content and flanked by GC depleted exons, features that are associated with intron 

definition (Fernandez et al., 2018). Moreover, the Bud13 zebrafish mutants were 

embryonically lethal. Additionally, in the yeast model, deletion of Bud13 also including the 

RES domain correlated with a greater accumulation of unspliced, intron containing pre-

mRNAs (Dziembowski A et al., 2004, Zhou Y et al. 2017). However, inactivation of Bud13 

was shown to alter yeast budding pattern and cause slow growth and thermosensitivity 

(Dziembowski A et al., 2004, Ni and Snyder, 2001), but not affect overall organism 
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viability. These studies confirmed our observations, that intact RES domain of mutant 

BUD13 maintain normal splicing properties of the RES complex in our patients. In 

addition, it is worth reiterating the evolution of the Bud13 protein and its accompanying 

role in more complex organisms: The loss of the protein is associated with lethality of 

more complex organisms, as in the case of vertebrates (Fernandez et al., 2018) as well 

as in humans and mice (section 4.5 of discussion), whereas in yeast not. 

 

To understand the downstream effects of the BUD13 hypomorphic allele, in addition to 

the analysis of polyA+ RNA from the cultured fibroblasts of the young individuals (6-

9years), we simultaneously investigated the proteome, comparing the two findings 

against respective datasets from control cell lines cultivated under similar cell culture 

conditions. We drew a cross-section of the two datasets. The cross-section of the 

proteomics and RNA-seq datasets as well as that of dysregulated genes from RNA-seq 

analysis with the eCLIP peak file against BUD13 (Nussbacher J.K. and Yeo G.W., 2018) 

revealed several dysregulated ribosomal proteins leading us to speculate whether BUD13 

may potentially regulate ribosomal biogenesis and influence global cellular translational 

processes. Typically, ribosomopathies are the diseases arising from defects in ribosomal 

components, ribosomal RNA processing or in ribosomal assembly factors (Narla A. and 

Ebert B.L., 2010). Rewired cellular protein & energy metabolism and extensive oxidative 

damage stress causing DNA damage are some hallmarks of well understood 

ribosomopathies such as Diamond-Blackfan anemia (DBA), Treacher Collins syndrome 

(TCS), cartilage hair hypoplasia (CHH) and other skeletal dysplasias (Kampen et al., 

2019). These are cellular and molecular phenotypes also observed in our case study. 

Diamond-Blackfan anemia (DBA) is a constitutional erythroblastopenia marked by either 

absence or decrease of erythroid precursors (Draptchinskaia et al., 1999). Notably, 

mutations in RPL18A and RPL35, which are genes that have been uncovered as 

dysregulated ribosomal candidates in our transcriptomics/targeted proteomics cross-

section, have been found associated with DBA (Wang et al., 2014). In another instance, 

RPL13 variants, also uncovered in our cross-sectional dataset, were recently found 

associated with varying expressivity of SEMD, a heterogenous group of disorders that 

are accompanied with variable growth failure and skeletal impairments, reminiscent of 

clinical presentations also seen with the BUD13 nonsense mutation (Constantini et al., 

2021). TCS, a condition that primarily affects the bones and other tissues of the face and 

is almost always accompanied with hearing loss but normal intelligence, as is also 
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observed in most of our patients, arises from a lack of polymerase I/III activity owing to 

mutations in TCOF1, POLR1C and POLR1D, leading to a reduction of mature ribosomes 

and lowering overall translation, which weakens cells and promotes quiescence (Plomp 

RG et al., 2015, Trainor and Merrill, 2014).  

 

In the light of a moonlight function for BUD13 in mammals, it is worth considering if the 

BUD13 protein has additional roles in ribosomal function besides its splicing-associated 

activities via RES, and perhaps if the N-terminal is maybe dedicated to such an additional 

function. This marks a path for future experiments to further investigate the ribosomal 

candidates uncovered in the study and assess for a potential ribosomopathy. 

 

 

4.3. Alternative splicing in human disease 

 

Splicing factor mutations can either affect constitutive or alternative splice sites resulting 

in cis effects, or affect one or more components of the splicing machinery, thereby 

causing trans effects (Faustino and Cooper, 2003). The stop mutation contained in 

BUD13 disrupted a constitutive splice site resulting in the generation of a truncated, yet 

stable mRNA splice isoform.  

Such splicing pattern modifications resulting in distinct mRNA splice isoforms have also 

been observed previously in other human progeroid diseases such as Marfan syndrome 

(Takahara et al., 2002, Jacquinet A et al., 2014) and Hutchinson-Gilford Progeria 

syndrome (Goldman R.D. et al., 2004). A de novo donor splice site mutation in the FBN1 

gene causing a neonatal progeroid variant of Marfan syndrome with congenital 

lipodystrophy reportedly led to the skipping of one entire exon and the subsequent 

production of a truncated yet stable protein with an altered C-terminal (Jacquinet A et al., 

2014). The BUD13 splicing anomaly and the subsequent BUD13-S1 associated nuclear 

aberration closely resembles to what is seen in Classical Progeria, also called as 

Hutchinson-Gilford Progeria Syndrome. The disease results from the mis-splicing of the 

LMNA gene encoding the lamin A and lamin C proteins. About 80% of the HGPS cases 

arise from a de novo point mutation causing a heterozygous base substitution (C->T) that 

result in the activation of a cryptic splice site within exon 11 of the gene affecting mature 

lamin A production. The use of the cryptic splice for alternative splicing site results in a 
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truncation of 50 amino acids at the carboxy terminus of prelamin A protein that is 

permanently farnesylated (LA∆50) and cannot undergo further processing to render 

mature lamin A (Eriksson et al., 2003, Young, S et al., 2006). LA∆50 is associated with 

the aberrant nuclear changes as seen in cultured patient derived HGPS fibroblasts 

(Goldman R.D. et al., 2004). Amongst splice site mutations in other diseases, upregulated 

novel isoforms have been reported for diseases like Ehlers-Danlos syndrome and X-

linked retinitis pigmentosa. For instance, a splice-acceptor variant in the COL5A1 gene 

causing Ehlers-Danlos syndrome leads to the production of several transcripts (Takahara 

et al., 2002). X-linked retinitis pigmentosa can be caused due to mutations in the retinitis 

pigmentosa GTPase regulator (RPGR) gene. Both misspliced and novel splice variants 

have been reported in cases of RPGR mutations that have been found to be differentially 

regulated in several human tissues indicating that the gene splicing is a part of the 

pathogenic mechanism underlying the severity of the disease (Schmid F et al., 2010). 

 

Interestingly, BUD13 posed an additional complexity: -we initially suspected an effect 

through the spliceosome machinery, or in other words, a spliceosomopathy since the 

protein is a component of the splicing machinery by virtue of its activity in RES complex 

(Dziembowski A et al., 2004, Wysoczanski P et al., in 2014, Fernandez et al., 2018, 

Frankiw et al., 2019). Nevertheless, our findings from RNA-seq carried out in both the 

patient fibroblasts as well as in our mouse models hinted at the absence an effect on the 

global splicing machinery. This indicated the combined effects of alternative splicing and 

nonsense-mediated decay owing to the exonic BUD13 mutation being operative in 

disease development. However, it must be stated that disease mutations contained in the 

core elements of the splicing machinery are rare. Some examples of such diseases 

include retinitis pigmentosa (RP) and spinal muscular atrophy (SMA). Amongst these, 

cases that additionally show splice anomalies present within the factors are even rarer. 

RP is characterised by progressive retinal degeneration and associated complexities 

eventually causing complete blindness. It has been associated with mutations in splicing 

factor PRPF31, which prevents the association of U4/U6 snRNP with the U5 snRNP, and 

the subsequent assembly of the active spliceosome (Makarov et al., 2002). SMA is 

diagnosed with a progressive loss of motor neurons of the spinal cord and most cases 

arise due to mutations in the SMN complex components (SMN1 and SMN2) that are 
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involved in the assembly of the snRNPs- U1, U2, U4 and U5, which are spliceosome 

components (Sossi et al., 2001). 

 

 

4.4. Cellular alterations caused by BUD13 deficiency 

 

4.4.1. Genomic Instability 

 

As one of the starting points of investigation, the human progeroid phenotype caused by 

the BUD13 point mutation in the young individuals was diagnosed to closely resemble 

the Cockayne syndrome phenotype by the administering physicians. Individuals with 

Cockayne syndrome are characterised by short stature, a characteristic facial 

appearance, sensorineural hearing loss, cataract, progressive neurological dysfunction, 

and intellectual deficit. Subcutaneous lipoatrophy is additionally present that can lead to 

signs of premature ageing of the skin. In classical type I form of the disease, the first 

symptoms generally appear during the first year of life (Batenburg et al., 2015, Scheibye-

Knudsen et al., 2014). 

 

The underlying pathomechanism involves accumulation of excessive lesions owing to 

defects in the DNA repair mechanism. Mutant cells tend to show a defective or inefficient 

DNA damage repair (DDR) signaling cascade upon UV exposure, with persistent DNA 

damages leading to cell death, cancer, and ageing (Batenburg et al., 2015). We checked 

for any potential signals for DDR in the dermal fibroblasts isolated from the young 

individuals, using a controlled dose of UV-irradiation. 

In the case of exposure to DNA-damaging agents such as UV-radiation, phosphorylated 

or γ-H2AX is well known to represent repair foci for double strand breaks (DSB) (Löbrich 

M et al., 2010). On the other hand, 53BP1 is an important mediator of the DSB repair that 

recruits the downstream responsive proteins of the signaling cascade and promotes non-

homologous end joining-mediated DSB-repair; the 53BP1 foci tend to co-localise with 

those of γ-H2AX (Campisi et al., 2007, Fradet-Turcotte A et al., 2013, Panier & Boulton, 

2014). Interestingly, we observed the unaltered recruitment of γ-H2AX and 53BP1 upon 

UV-C irradiation of the fibroblasts. UV-C is known to have the highest energy and shortest 
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wavelength in the UV-spectrum (UV-A, UV-B, and UV-C). Notably, a controlled dose of 

such an irradiation on cultured fibroblasts from the young individuals did not affect the 

double-strand break repair signaling cascade. Next, we checked for H2AX and γ-H2AX 

protein levels without any UV-irradiation and uncovered a reduced abundance of basal 

levels of H2AX and γ-H2AX proteins in the young individuals. This perhaps could be 

attributable to chronic oxidative stress that can lead to progressive accumulation of 

reactive oxygen species (ROS), which can promote H2AX degradation by the 

proteasome. This may prevent normal accumulation of γ-H2AX at the end and has indeed 

previously been reported in triple-negative breast cancers (Gruosso et al., 2016).  

Therefore, it may not be prudent to assume from our findings that an impaired DNA 

damage repair response is not the underlying pathomechanism here, as is for Cockayne 

syndrome, but is rather a downstream effect of the cellular stress brought about by 

BUD13 nonsense mutation. 

 

Strikingly, on the other hand, a relatively high abundance of γ-H2AX is seen in passage-

matched fibroblasts from the older patients compared to the control fibroblasts. This 

observation is like what is seen in some human progeroid disorders such as Werner 

syndrome and Hutchinson-Gilford Progeria syndrome. An increased level of γ-H2AX is 

additionally accompanied by increased substrates of other DNA damage markers like 

53BP1, and phosphorylated ATM/ATR. Furthermore, patient cells have a reduced 

proliferative potential, increased senescence associated-β-gal markers, upregulated 

expression of senescent marker genes p16Ink4a and p21Waf1, and activation of 

senescence associated secretory phenotype. Noteworthy is that, compared to young 

healthy donors, an elevated histone H2AX phosphorylation is also observed in elderly 

individuals as a part of a cellular phenotype observed in physiological ageing (Ashapkin 

et al., 2019, Carrero et al., 2016). In patients with BUD13 deficiency, a 50% residual 

BUD13-S1 protein expression is associated with a relatively mild progeroid phenotype 

and is marked by a slower progression towards cellular senescence, which has been 

further discussed in section 4.4.4. 
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4.4.2. Irregular Nuclear Architecture 

 

The nuclear architecture in cultured patient fibroblasts is distorted as shown in our results 

of the transmission electron microscopy and additionally confirmed via 

immunofluorescence staining of nuclear protein emerin in patient HAFs. In terms of 

quantification, unsurprisingly, the younger individuals had a way higher percentage (five 

times) of invaginated nuclei than the older individuals that carried a lower proportion of 

invaginated nuclei comparable to those in the control cells. This is in line with a classical 

marker/feature of several progeroid disorders having inconsistencies in nuclear 

organisation and an unstable nuclear envelope (Dechat et al., 2008). Particularly, the 

nuclear phenotype in fibroblasts from our patients closely resembled to that seen in the 

Classical HGPS arising from progerin production and it is especially interesting as the 

BUD13 protein is localised to the nucleus (Na, I et al., 2016, Goldman R et al., 2004). In 

the Nestor-Guillermo progeria syndrome (NGPS) (Loi et al., 2016) and restrictive 

dermopathy (RD) (Columbaro et al., 2010) as well, the mutations are not necessarily 

contained within LMNA in case of a nuclear aberration, however, the respective mutations 

can affect prelamin A mediated interactions in the chromatin (NGPS, Loi et al., 2016) or 

the overall processing of prelamin A (RD, (Moulson et al., 2005; Navarro et al., 2005). 

Therefore, we checked for production of the toxic protein, permanently farnesylated lamin 

A (also called as progerin) as is seen in HGPS. However, in western blot we did not 

observe any progerin expression in the patient fibroblasts.   

 

Interestingly, a lower expression of BUD13 protein in-vivo (as BUD13-S1) correlates with 

a higher degree of nuclear aberration and a more severe disease phenotype. It is worth 

reflecting on whether the toxicity exerted by S1 is dosage dependent. We conclude that 

normal BUD13 expression is critical to maintain a proper nuclear architecture and function 

and perhaps, a truncated BUD13 may be variably toxic dependent on its expression 

levels. 

 

Furthermore, the heterologous overexpression of BUD13-S1, in vitro, mimics the nuclear 

phenotype in immortalised cells such as HeLa and U2OS. Taken together, it would be 

interesting to uncover in future experiments if the invagination replicated in vitro is also 

dependent on expression levels of S1 (as is observed in vivo in terms of the degree of 

nuclear invagination differences within the patients) to understand whether BUD13 
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operates within a myriad of nuclear proteins involved in a feedback loop crucial for 

maintenance of nuclear architecture and proper mitotic cell division. 

 

A classical parallel of the distorted nuclear structure with progeroid disorders such as 

HGPS and NGPS, the nuclear function of BUD13 is enlightening. Given the rather 

significant effect exerted by a truncated BUD13, it is possible to assume that the protein 

may play an influential role in nuclear assembly and mitotic cell division. This is further 

supported by our findings of - 

 

(i) a highly dysregulated mitotic cell division pathway from both gene ontology (GO) 

and pathway analysis from our RNA-seq findings from the young patients, and 

 

(ii) although an unspecific marker, an elevated mRNA expression of p21 is indicative 

of cellular stress in the background of BUD13 mutation, which is well documented 

to inhibit the cell cycle and promote cyclin-dependent kinase inhibition and cell 

cycle arrest in the G1/ S phase of the mitotic cell division.  

 

Also, the absence of chromosomal aberrations upon investigation of metaphase 

chromosomes using cytogenetics approaches ruled out chromosomal anomalies 

 

 

4.4.3. Accumulation of cytosolic aggregates 

 

A clear qualitative difference in the numerosity of the cytosolic, electron dense granules 

(as seen in transmission electron microscopy results) was observed between the young 

and the old individuals. Th dermal fibroblasts from the young individuals displayed a much 

denser accumulation of such granules. Experiments focused on plasmid- mediated 

heterologous overexpression of the BUD13-S1 protein in HeLa and U2OS cells showed 

that BUD13-S1 is still able to localise within the nucleus. The possibility thus, of 

mislocalisation for splice form 1 or BUD13-S1 in the cytoplasm was ruled out. 

 

Although we were unable to uncover the exact nature of the granules, the finding in 

combination with some of our other observations, hint at a few possible directions that 

need to be further investigated in future experiments. Firstly, we have additionally 
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detected an upregulation of the lysosomal enzyme, Cathepsin D (the fully active mature 

form of the aspartic endopeptidase) in only the young individuals. As one of the most 

abundant proteases, enzymatically active Cathepsin D has the primary biological function 

of protein degradation in an acidic environment of lysosomes (Benes et al., 2009; Tatti et 

al., 2012). The investigation of the lysosomal pathway might be interesting for future 

studies to determine if altered lysosomal activity perhaps plays a part in such an 

accumulation of cytosolic granules, especially since progeroid diseases, such as those 

caused by nuclear mutations or genomic instability, were shown to exhibit a marked 

activation of autophagic proteolysis in progeroid mice. The accumulation of damaged 

proteins was seen as accumulated cytosolic granules and was proposed as a general 

measure of accelerated catabolism as a pro-survival strategy (Marino et al., 2010). The 

investigation of the lysosomal-autophagy pathway thus, might be interesting to unravel if 

there is also a similar pro-survival strategy to which the pathway contributes to in the case 

of our progeroid disorder under study. 

 

Secondly, some splice factor proteins were shown to contribute to cell survival in the 

event of oxidative stress by associating with stalled ribosomes localised to stress 

granules, a feature not observed under steady state; for instance, frontotemporal lobar 

dementias and amyotrophic lateral sclerosis caused by the loss of a splicing factor called 

TDP43. While short term stress led to a transient association, long term/ lethal stress 

caused the protein to completely dissociate from the stress granules (Tollervey J.R. et 

al., 2011, Higashi S. et al., 2013). Remarkably, in our case study, elevated levels of 

reactive-oxygen species were detected in the dermal fibroblasts of the young patients, 

indicating oxidative stress. The fibroblasts are under long-term stress, reaching cellular 

senescence early as compared to healthy control fibroblasts. Also, there were no signs 

of mutated BUD13 protein in the cytoplasm. It is interesting to speculate if the cytosolic 

granules in the event of BUD13 mutation are also representative of stress granules 

associated with impaired ribosomal activity. As we have observed several dysregulated 

ribosomal proteins from the intersection of the transcriptomics and proteomics data, it 

would be interesting to perform follow- up experiments investigating a potential 

pathomechanism involving altered translation or in other words, a ribosomopathy 

indication. 
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Thus, experiments focused on investigating the lysosomal-autophagy pathway and/or 

ribosomal candidates may help in shedding light on the precise nature of these electron 

dense granules in the cell cytoplasm, observed in the backdrop of a highly reduced 

expression of BUD13 protein. 

 

 

4.4.4. BUD13-S1 Production Accompanied by Cellular Senescence 

 

Cellular senescence can be induced by several stress factors or stressors associated 

with a myriad of cellular and molecular functions. One of the better understood pathways 

is the regulation of senescence by the p53 (tumor suppressor regulating cell cycle) and 

p16 -pRB (retinoblastoma protein) tumor suppressor pathways (figure 48). Upon 

activation by a signal such as DNA damage response, p53 is known to induce 

senescence growth arrest by inducing p21 expression, which in turn suppresses the 

phosphorylation of pRB protein by cyclin-dependent kinases (CDKs). This eventually 

inhibits the proliferation inducing activity of the E2F protein (a transcription factor) that 

controls the expression of genes for cell-cycle progression. In contrast, signals for 

senescence involving the p16-pRB pathway ply by inducing p16 expression. This 

prevents phosphorylation and causes subsequent inactivation of pRB via CDKs, thereby 

suppressing E2F activity (Campisi et al., 2007). Interestingly, especially in the light of 

splicing-associated changes with BUD13, the mechanism that has only recently begun to 

be better understood due to alternative splicing, which is emerging as an important 

contributor to both senescence and ageing. 
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Fig.47. Schematic representation of induction of cellular 

senescence by p53 or p16 - Active p53 induces 

senescence growth arrest by inducing p21 expression 

while p16-pRB suppress E2F expression that controls the 

expression of genes for cell-cycle progression. 

 

 

The synergism between alternative splicing of BUD13 and cellular senescence in BUD13-

S1 containing fibroblasts is thought provoking. The alternative splicing event leading to 

the production of S1 leads to cellular senescence in cultured fibroblasts in both sets of 

individuals expressing different levels of BUD13-S1 protein. However, the rate at which 

senescence approaches the two sets of cultured fibroblasts is apparently different- while 

a residual 20% S1 expression causes an elevated p21 expression and a highly positive 

signal for senescence-associated beta-galactosidase, a 50% residual S1 expression is 

associated with a relatively mild disease phenotype and marked by a slower progression 

towards cellular senescence. A p21 expression comparable to control cell lines in the 

fibroblasts from the older individuals (further supported by a normal growth behaviour in 

cell culture) is probably indicative of a lower impact of progressive stress-induced 

senescence. Furthermore, the p16 expression results were inconclusive. However, it 

must be noted that p16 and p21 are not equivalent, and that although the regulation 

between p53 and p16-pRB pathways may be reciprocal, there may be differences in how 

cells in culture behave when one or the other pathways regulate the senescence 

response (Campisi et al., 2007, Sherr, C.J. & Roberts, J.M., 1999). This might offer an 

explanation to our inconclusive p16 expression results. 
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Our findings are also interesting in the light of a recent study evaluating spliceosomal 

genes influencing both replicative senescence (RS) and oxidative stress- induced 

senescence (OSIS). The study in primary human fibroblasts uncovered 58 significantly 

and commonly associated spliceosomal genes in both RS and OSIS transcriptomes. The 

genes, including BUD13, exhibited a common shift in expression at the pre-senescent 

stage and their perturbation was concluded to trigger cells to enter senescence, 

suggesting their role as a gatekeeper (Kwon et al., 2020). As BUD13 splicing- associated 

changes in this study not only include a definitive evidence of cellular senescence but 

also the development of a premature ageing disease phenotype, this study provides 

functional evidence to propose alternative splicing in BUD13 or the generation of BUD13-

S1 as a crucial regulator of cellular senescence and additionally, physiological ageing. A 

remarkable example in this light is progerin, that is reportedly generated in diseases such 

as Hutchinson-Gilford Progeria syndrome. The protein, as seen in disease condition 

owing to aberrant LMNA splicing, has also been detected in primary fibroblast cultures 

obtained from the skin of normal donors at old ages owing to the sporadic occurrence of 

the same splicing event as seen in HGPS and therefore, has been of immense interest 

to ageing researchers (Righolt et al., 2011; Scaffidi and Misteli, 2006). 

 

An in-depth, cellular characterisation of the mutant fibroblasts thus, revealed 

changes in the nuclear lamina, elevated ROS levels, accumulation of electron 

dense, cytosolic aggregates and poor proliferation accompanied by signs of 

cellular senescence. As is the case for variable clinical severity, the extent of these 

cellular changes or the damage also correlate to the residual BUD13-S1 

expression. The cellular phenotypes are, moreover, reminiscent of classical 

hallmarks observed in physiological ageing as well as several human progeroid 

disorders. The findings hint BUD13 as perhaps a crucial candidate regulating 

physiological ageing and cellular senescence, perhaps through alternative 

splicing.  
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4.5. Comparison of BUD13 human mutation with Bud13 mutations in mice 

 

Mouse models have gained a lot of momentum in being excellent mammalian systems to 

study ageing. Firstly, they have a relatively short lifespan, which makes it feasible to 

monitor the ageing process in a reasonable window frame. Secondly, the mouse 

gestation period can be more frequent and quicker compared to other higher mammalian 

systems, lasting on an average of about three weeks. This makes it relatively faster to 

obtain more progeny in a given frame of time to obtain a high n number for experiments. 

However, despite a popular model choice for disease modeling, the relevance of mice in 

disease studies has been questioned due to obvious species differences and various 

false positives that have been reported previously for mouse data. Also, the reliance of 

most mouse studies on a single genetic background may delimit the expanse of 

inferences that may be drawn (Gasch et al., 2016). 

 

 

4.5.1. Consequences of the insertion of exact human mutation: mouse Bud13106del 

 

The knock-in of the precise human mutation in the mouse Bud13 gene led to two 

alternative splicing events resulting in the production of two transcripts at the mRNA level: 

 

(i) One large isoform of Bud13 (p. Arg229_Asp334del), “106-del”, which is almost the 

same size as the splice isoform generated in the 113-del mouse model, and 

 

(ii) A more abundant shorter isoform carrying a premature termination codon (PTC) 

 

Since the large isoform was not as abundantly expressed and the shorter isoform 

underwent nonsense-mediated decay due to the PTC, the overall protein-level residual 

expression of the Bud13 protein in the 106-del mouse was probably deleteriously low and 

may explain the unviability of even the first-generation chimeric animals. Interestingly, 

although the knock-in of the precise human mutation does lead to an alternative splicing 

event, the size of the deletion brought about as a result is much larger in the mouse as 

compared to the human situation (55 amino acid deletion). 

 



117 
 

4.5.2. Consequences of a large N-terminal deletion: mouse Bud13113del 

 

On the other hand, a targeted frame-shift mutation in Bud13 N-terminal region resulted in 

an alternative splicing event creating a Bud13 product, deleted in-frame for 113 amino 

acids (p. Asp198_Ala310del) and expression levels similar to the wild type protein. 

Evidently, Bud13 from our observations, besides its greatly discussed RES associated 

activity in the spliceosome, has come across as a highly alternative splicing prone pre-

mRNA with both the activation of cryptic splice sites and the generation of new splice 

sites upon exonic mutations.   

 

However, the diploid aggregation of mouse embryonic stem cell clones carrying a 113-

amino acid deletion in the Bud13 protein led to the generation of only viable chimeras and 

germline heterozygotes but not germline homozygotes. This observation re-iterates the 

observation as seen in vertebrates (Fernandez et al., 2018), that a fully functional Bud13 

protein is very crucial for the overall organismal viability and functionality in mice and that 

truncations present in the germline homozygous state may lead to early embryonic 

lethality. 

 

 

 

 

 

 

 

 

 

Summary of the outcomes of different mouse Bud13 mutations- The modification of mouse 

embryonic stem cells using CRISPR/Cas9 yielded different outcomes at genomic-, RNA-, protein-

and organismal level. 
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4.5.3. Bud13 deletions versus BUD13 human mutation 

 

In comparison to the 55-amino acid deletion in the BUD13 protein arising from the human 

mutation, the deletions owing to the CRISPR/Cas9 mediated genetic engineering in 

mouse Bud13 are more than double the size of the human mutation. This may potentially 

explain why the mouse mutations are so deleterious- the 106 amino acid deletion (106-

del) in murine ESCs did not even give rise to chimeras while the 113-del was not 

compatible with life in germline homozygotes. However, there is one interesting similarity 

to the human condition in terms of a correlation between protein expression levels and 

life expectancy. 

 

The splice isoform generated because of alternative splicing in Bud13 in 106-del with a 

very low expression level of the protein reflected a situation similar to that observed in our 

young patients (6-9 years) who harboured a less abundant splice form 1 (20%) of human 

BUD13. They underwent a more severe phenotype and early demise like that observed 

in 106-del mice. 

 

On the other hand, the 113-del mice with an evidently higher Bud13 protein expression 

and still a lot more compatibility with life as seen with the viability of chimeric animals and 

germline heterozygotes, represented a situation similar to that observed in the older 

patients (33-53 years) who, with a higher abundance (50%) of splice form1 of BUD13, are 

undergoing a much slower and progressive phenotype. The absence of a disease 

phenotype at birth and a rather late onset of disease in the chimeras may be considered 

a similarity to the human phenotype in the late onset. The approach used for the 

generation of chimeric animals was the diploid aggregation method. It involves 

aggregation between wild type embryo from the foster mother and the mutant diploid 

embryo where mutant cells should ideally contribute to all cell lineages, unless they are 

restricted by the CRISPR/Cas9 mediated genetic modification (Artus and Hadjantonakis, 

2011). Hence, the presence of wild type cells in the chimeras may have been responsible 

for delaying the onset of the mutant phenotype to help us uncover a later effect of the 

Bud13 mutation as is also seen in the human phenotype. 

The histological finding of smaller fat cells in Bud13113delCh along with the observation of 

reduced fat pad are an indication of a progressive lipoatrophy phenotype similar to that 
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seen in humans. The absence of a DNA damage repair defect in the presence of UV-

radiation was also similar to that seen in humans. 

 

Overall, given the observation that the insertion of the exact human mutation in Bud13 

leads to an alternative splicing event causing a large in-frame deletion of 106 amino acids, 

an ideal mouse model to mimic the human mutation would be a CRISPR/Cas9 mediated, 

55 amino acid in-frame deletion at the N-terminus, which is of the exact size as the human 

mutation. Following the deletion, downstream investigations would be instrumental in 

conclusively indicating if the Bud13-protein expression in mice and the resulting 

organismal (un)viability is really corelateable to the size of the deletion contained in the 

N-terminus. 

Interestingly, the RNA-seq analysis of the mouse embryonic stem cells also did not 

indicate any signs of dysfunctional splicing processes. Our observation is in line with the 

findings from Buskin et al., 2018 showing that CRISPR/Cas9 edited iPSCs for the most 

severe clinical phenotype of retinitis pigmentosa brought about clear abnormalities in the 

differentiated retinal pigment epithelium despite very little splicing deficiency reflected by 

very few differential splicing events. The absence of a high rate of global intron retention 

rate is a clear evidence of unaffected global pre-mRNA processing, indicative of an 

unaffected RES complex function as is also seen in humans. A protein alignment of 

mutated BUD13 (human) versus mutant Bud13 (mouse) reinstates that the C-terminus 

might be sufficient for splicing associated activities of the protein (figure 49). 

 

 

 

 

 

 

 

Fig.48. Protein alignment of a mutant human BUD13 p.(Arg230*) versus mouse Bud13 (Bud13-

106del/ Bud13-113del) versus a shorter Zebrafish Bud13 and the shortest, Yeast Bud13 as 

estimated using Uniprot sequence database (Bateman A, 2019) and Clustal Omega alignment tool 

(Sievers F. et al., 2011) for sequence comparison. 
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5. Summary and Outlook 

 

5.1. Findings from BUD13 Human Mutation 

 

In summary, at the time of submission of this report, our results are the very first evidence 

to the scientific community about the effects of BUD13 mutation pathogenicity in humans 

and the downstream effects of the possible variations, therein, as observed in nature. Our 

findings intersect with several molecular/cellular hallmarks of ageing and human 

progeroid disorders including classical, Hutchinson Gilford Progeria Syndrome, 

corroborating our statement that the disease is a progeroid phenotype.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.49. Summary of the effects of BUD13 p.(Arg230*) nonsense mutation at organismal, 

molecular and cellular level, leading to a progeroid phenotype in humans. 

 

 

Although at the molecular level, the BUD13 -associated splicing activity of RES complex 

apparently remains unaffected, the pre-mRNA itself undergoes an incredible splicing 

event yielding an isoform that we refer to as BUD13-S1 or simply S1: the expression 

levels of S1 are decisive of both the lifespan and the severity of the disease phenotype. 

An extensively reduced expression of S1 protein leads to a rapidly accelerated ageing or 
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progeroid phenotype that is accompanied at the cellular level, at least in dermal 

fibroblasts, by rapidly accumulating oxidative stress, invaginated cellular nuclei, genomic 

instability, and cellular senescence. A variable degree of lipoatrophy in all the individuals 

hints towards an altered lipid metabolism. Additionally, the fibroblasts isolated from the 

patients exhibit numerous aggregates in the cytoplasm. It remains to be understood with 

future experiments as to what is the exact nature of the rapidly assimilating electron dense 

granules, especially in the cell cytoplasm of the young individuals. Could this observation 

have a link to the suspected additional role of the N-terminus of BUD13? A detailed 

investigation of potential pathomechanisms involving the lysosomal-autophagy pathway 

and altered ribosomal biogenesis & translational regulation were proposed to shed light 

on this question. 

 

Furthermore, what causes the strange invaginations in BUD13 mutated nuclei? Unlike 

progeroid laminopathies, the nuclear envelope for BUD13 mutant cells is seemingly 

intact. S1 protein is not toxic to cellular nuclei as seen in the case of the older patients. 

There are some hints of hindrances in mitotic cell division, but it is unclear at what stage 

and which proteins are affected in the process. Future experiments must be focused on 

understanding the downstream effects of BUD13 nonsense mutation on the progression 

of cell cycle checkpoints. 

 

 

5.2. Findings from Bud13 Mouse mutations 

 

In support of our observations in humans, we have corresponding mouse models 

mimicking the disease statuses to some extent. Although, at the genomic level, we were 

able to insert the exact human mutation in Bud13, it led to an alternative splicing event 

(106-del) different to that observed in case of the human mutation. This event in addition 

to the embryonic lethality of the exact homozygous nonsense mutation in Bud13 in mouse 

is most likely due to the vast inter-species differences. Our work provides functional 

evidence to speculations from previous RES- associated investigations in showing how 

the protein has evolved over the course of evolution with increasing complexity of higher 

organisms, from yeast to zebrafish to mammals such as mice and the more complex, 

human beings. The protein, understandably so far, represents an under-investigated 

candidate that maybe extremely influential in physiological ageing processes. 
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Fig.50. Summary of the effects of Bud13 

protein mutations on mice at a molecular 

level and organismal, leading to a 

potentially deleterious phenotype in 

mice. 

 

 

 

As a future experiment, it would be interesting to circumvent the rather interesting nature 

of the mouse Bud13 to eliminate genomic mutations via pre-mRNA alternative splicing 

and bring about a CRISPR/Cas9 mediated deletion in only the RES activity associated, 

C-terminal domain (keeping the N-terminal intact) to check  

 

(i) first, the extent to which splicing processes are affected using RNA-seq and 

compare them against the changes observed in the backdrop of N-terminal 

variations, or in other words, differentiate between N and C-terminal functions, 

and 

(ii) if there are changes in splicing (which are expected in the light of RES-

associated activities), what are the consequential proteome or metabolome 

level disparities? Do such changes affect organismal viability or in other words, 

is RES complex crucial to mammalian organismal viability? 
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